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Abstract: Bilirubin has been regarded as a powerful endogenous antioxidant and anti-inflammatory
molecule, able to act on cellular pathways as a hormone. Diabetic kidney disease (DKD) is a common
chronic complication of diabetes, and it is the leading cause of end-stage renal disease. Here, we will
review the clinical and molecular features of mild hyperbilirubinemia in DKD. The pathogenesis
of DKD involves oxidative stress, inflammation, fibrosis, and apoptosis. Serum bilirubin levels
are positively correlated with the levels of the antioxidative enzymes as superoxide dismutase,
catalase, and glutathione peroxidase, while it is inversely correlated with C-reactive protein, TNF-
α, interleukin (IL)-2, IL-6, and IL-10 release in diabetic kidney disease. Bilirubin downregulates
NADPH oxidase, reduces the induction of pro-fibrotic factor HIF-1α expression, cleaved caspase-3,
and cleaved PARP induction showing lower DNA fragmentation. Recent experimental and clinical
studies have demonstrated its effects in the development and progression of renal diseases, pointing
out that only very mild elevations of bilirubin concentrations result in real clinical benefits. Future
controlled studies are needed to explore the precise role of bilirubin in the pathogenesis of DKD and
to understand if the use of serum bilirubin levels as a marker of progression or therapeutic target in
DKD is feasible and realistic.

Keywords: bilirubin; diabetic kidney disease; oxidative stress; inflammation; fibrosis; apoptosis

1. Introduction

Historically bilirubin was considered only as a non-functional, waste product of heme
catabolism, a sign of liver disease or, even worst, potentially neurotoxic molecules. Since
mammals spend energy and resources converting biliverdin (a non-toxic compound that
is relatively easy to secrete) into bilirubin (which needs to be further metabolized for its
excretion via a biliary system), it is reasonable to believe that bilirubin is more than just a
degradation product of heme catabolism. In the last decades, clinicians began to notice mild
hyperbilirubinemia presented by Gilbert Subjects (but also levels in the upper quartiles of
the currently accepted physiological serum bilirubin range) protected against the increase
of civilization diseases (cardiovascular diseases, diabetes, obesity, metabolic syndrome)
based mainly on oxidative stress. Meanwhile, basic scientists began to investigate the
mechanisms involved in the protective role of this molecule, and together with the bilirubin
antioxidant capacity as an ROS scavenger, they discovered that bilirubin is an important
modulator of various biological functions in the human body, and it is able to act as a
hormone directly targeting its receptor to exert its effect [1]. Since a tiny increase of serum
bilirubin levels seems to significantly reduce the impact of oxidative stress-based diseases,
scientists are taking into consideration the possibility to increase serum bilirubin levels as a
preventive method against civilization diseases [2].

Diabetic kidney disease (DKD) occurs in approximately 20% to 40% of patients with
type 1 or type 2 diabetes mellitus. Early diagnosis of DKD is fundamental to avoid the
progression to end-stage renal failure. Current research is focused on finding methods to
predict DKD progression and improving the treatment [3].
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Endogenous bilirubin appeared crucial both as a potential marker for progression and
as a therapeutic target for the prevention of DKD. According to different recent studies well
explained in the present review, total serum bilirubin level could be considered a marker of
DKD progression, helpful in detecting low- and high-risk patient groups. Patients with
a low–normal total bilirubin concentration may be managed aggressively to delay the
progression to kidney failure. Bilirubin as a marker has the advantage to be measured
easily, inexpensively, and routinely in most medical centers. Further studies are required
to determine whether the total bilirubin concentration is a potential therapeutic target
for the prevention of CKD. There is a plethora of measures able to mildly increase serum
bilirubin levels, including lifestyle changes, the use of natural compounds as nutraceuticals
or chemical drugs, and the possibility to include bilirubin in nanoparticles [4].

In the present work, we will review the clinical effects of mild hyperbilirubinemia
against civilization diseases (with a focused attention on DKD) and the related molecular
mechanisms and pathways involved. This evidence is necessary to better understand if the
use of serum bilirubin levels as a marker of progression or therapeutic target in DKD is
feasible and realistic.

2. Bilirubin
2.1. Bilirubin Metabolism

Bilirubin belongs to the tetrapyrrolic compounds superfamily, and it is the end product
of heme catabolism occurring mainly in the splenic reticuloendothelial system [5]. A healthy
adult produces around 4.4± 0.7 mg/Kg by bodyweight of bilirubin daily [6]. The senescent
erythrocytes are the principal sources of the heme group but not the only ones; although
approximately 80% of this quantity derives from hemoglobin of senescent red cells, the
remaining part is shared between the turnover of myoglobin (another protein containing
the heme group and specialized into O2 transport), cytochromes, and other hemoproteins,
such as microsomal cytochrome CYP-450 [7]. Altogether, these proteins provide the 15–20%
of the available substrate; lastly, the destruction of immature red blood cells in the bone
marrow donates 3% of the heme group [8].

Bilirubin metabolism consists of several steps, including production, uptake by the
hepatocyte, conjugation, excretion into bile ducts, and delivery to the intestine (Figure 1).
Jaundice can result from defects in any of these steps of bilirubin metabolism.

First, the heme group is converted by the heme oxygenase 1 enzyme (HMOX, Online
Mendelian Inheritance in Man (OMIM) 1 No.*141250) into biliverdin releasing CO, Fe2+,
H2O, and contemporary oxidating NADPH into NADP. This enzyme induces the opening of
the heme ring, the freeing of iron ion, and the formation of a tetrapyrrolic chain. Biliverdin
is subsequently reduced to bilirubin by cytosolic enzyme biliverdin reductase (BLVRA,
OMIM No.*109750) in the presence of NADPH [5].

Since bilirubin is highly insoluble in water (the solubility threshold in plasma is as
low as 70 nmol/L = 0.004 mg/dL) [9], it can be carried in the vascular bed by the binding
to albumin, the most abundant protein in the blood. Due to the strong binding affinity
(Ka = 7 × 107/M) and the high concentration of albumin in human serum, most bilirubin
is bound to albumin, and just less than 0.1% of bilirubin remains unbound and, therefore,
named free bilirubin (Bf). The pathophysiological properties of this pigment are related
to the fraction of free bilirubin rather than total bilirubin [10,11]. Thanks to the albumin
binding, bilirubin can reach the liver where the pigment is actively transported inside the
hepatocytes at the sinusoidal membrane via the OATP1B1, organic anion transporting
polypeptide 1B1 (OMIM No.*604843) [6]. Once in hepatocytes cytoplasm, bilirubin is
solubilized by specific binding proteins of which the two most interesting are protein
Y (ligandin, α isoform of glutathione S-transferase B) and protein Z (liver-specific fatty
acid-binding protein, FABP 1) and directed to the endoplasmic reticulum [8].
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Figure 1. Bilirubin metabolism. HMOX-1/2: hemeoxygenase enzyme; NADPH: nicotinamide
adenine dinucleotide phosphate reduced form; O2: oxygen; Fe2+: ferrous ions; NADP+: nicotinamide
adenine dinucleotide phosphate oxidized form; CO: carbon monoxide; BLVRA: biliverdin reductase A
enzyme; UCB: unconjugated bilirubin; Bf: free bilirubin; UGT1A1: uridine diphosphate-glucuronosyl
transferase 1A1; UDPGA: uridine 5′-diphosphoglucuronic acid; UDP: uridine diphosphate; CB:
conjugated bilirubin;MRP-2:multidrug resistance-associated protein 2.

Then, bilirubin in the liver is conjugated with one or two molecules of glucuronic acid
by the UDP-glucuronosyltransferase 1A1 (UGT1A1) enzyme [12]. Conjugated bilirubin (CB)
is efficiently secreted into bile, mostly by the ATP-dependent MRP2/ABCC2 transporter
(OMIM No.*601107) and spilled in the duodenum [13]. Within the intestine, almost all
bilirubin is deconjugated. The majority is excreted as urobilinoids [14], while the other
part is excreted as unconjugated bilirubin (UCB). Firstly, CB is deconjugated into UCB by
beta-glucuronidase, and then microbiota reduces UCB to urobilinogen and stercobilinogen.
Stercobilin and urobilin are excreted via feces. Physiologically, a small fraction of UCB and
urobilinogenis reabsorbed by enterohepatic circulation. Urobilinogen moves to the kidney
to be filtered, and then it is excreted through the urine [7]. UCB is reabsorbed in the colon
and returned to the liver by the portal circulation [15].

Defects in UCB hepatic uptake and conjugation increase serum UCB levels, with a
consequent rise of the blood Bf fraction content [16].

2.2. Bilirubin as Janus Bifrons

Bilirubin behavior in a human body has two faces, similar to the Janus Bifrons, a
Roman god. Severe hyperbilirubinemia lasting for a long time leads to neuronal injury or
bilirubin encephalopathy (kernicterus). Kernicterus is usually characterized by choreoa-
thetoid cerebral palsy, impaired upward gaze, and sensorineural hearing loss, whereas
cognition is relatively spared. Prolonged and severe unconjugated hyperbilirubinemia is
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responsible for kernicterus due to the ability of the Bf to cross the blood-brain barrier and
to precipitate into the brain as it is neurotoxic [17,18]. Unconjugated hyperbilirubinemia
could be caused by an increase of UCB production or by a less effective hepatic uptake or
conjugation of bilirubin. The most common conditions of unconjugated hyperbilirubinemia
are Crigler-Najjar syndromes (CNS) type 1 and 2. CNS type 1 patients frequently present
kernicterus and a complete loss of UGT1A1 activity, while in CNS type 2 patients, the
enzyme works partially due to a missense mutation [19]. The toxic effects of bilirubin are
exploited by inhibition of DNA synthesis, RNA synthesis, protein synthesis in the brain
and liver, and the alteration of carbohydrate metabolism in the brain [11,16,17]. A model
for inherited deficiency of bilirubin glucuronidation is the Gunn rat. It is a natural mutant
rat discovered by Dr. Gunn in 1934. These rats are jaundiced and present unconjugated
hyperbilirubinemia due to natural mutation that causes the lack of the enzyme uridine
diphosphate glucuronosyltransferase. It was transmitted as an autosomal recessive charac-
teristic. The Gunn rat is a natural model for bilirubin encephalopathy [20,21], and much of
the knowledge of bilirubin toxicity and its treatment has come from studies performed in
these rats [16,22]. However, the Gunn rat represents a well-described animal model to in-
vestigate not only the neuronal-damaging effects of hyperbilirubinemia in neonates [16,22],
but also the systemic protective effects of mild hyperbilirubinemia in adults [16,23–26].

Although its excessive accumulation can cause permanent brain damage, more recent
studies recognized this bile pigment has numerous beneficial effects when its level is
mildly elevated [5,27]. These effects have been shown in patients with Gilbert’s Syndrome
(GS). GS is a benign condition caused by a partial deficiency of hepatic bilirubin UDP
glucuronosyltransferase (UGT1A1) without any signs of liver damage [16,28]. The addition
of an extra dinucleotide sequence, TA, to the subsequent TATA box promoter of UGT1A1
(known as the UGT1A1 * 28 allele) would appear to be the most common molecular defect
in GS. Homozygous subjects show ~10–35% UGT1A1 activity compared to normal subjects.
Clinically they present random hyperbilirubinemia, usually associated with prolonged
fasting, fever, and important physical exercise. GS is the most common hereditary jaundice,
and the prevalence of GS in the population is ~8%. Since mild hyperbilirubinemia reduces
the prevalence of metabolic syndrome, including obesity, overweight, diabetes type II,
certain cancers, and cardiovascular diseases (CDV), UGT1A1 mutations may provide a
genetic advantage [29]. For these reasons, scientists hypothesized that the high frequency
of homozygous genetic mutations of the UGT1A1 gene worldwide could be due in part to
evolutionary advantages [30]. Modulation of bilirubin levels may be an attractive issue to
work on for metabolic disease treatment and/or prevention. Although Gilbert syndrome is
known as a benign condition, the metabolism of some drugs that undergo glucuronidation
may be affected in these patients, as UGT1A1 is a hepatic enzyme, e.g., non-steroidal
inflammatory drugs, statins, and human immunodeficiency virus protease inhibitors. The
reduced glucuronidation capacity of the hepatocytes can result in severe toxicity for the
organism [30].

In recent years, the Gunn rat was also utilized to study the protective effects of mild
hyperbilirubinemia in adults [16,23–26]. The hyperbilirubinemic homozygous Gunn rats
(jj) maintain serum bilirubin concentrations close to the upper limit of Gilbert subjects,
also showing increased bilirubin levels in tissues and organs for their entire lives. UCB
concentration in hyperbilirubinemic homozygous Gunn rats (jj) serum (approximately from
2.42 to 7.36 mg/dL) [31,32] overlaps with elevated bilirubin concentrations seen in Gilbert
subjects [31,33,34].

In addition, recent research reveals that low plasma bilirubin levels, defined as ‘hypo-
bilirubinemia’, are a possible new pathology analogous to the other end of the spectrum
of extreme hyperbilirubinemia. Plasma bilirubin levels lower than 0.6 mg/dL are com-
monly seen in patients with metabolic dysfunction, which may lead to cardiovascular
complications and possibly stroke [35].
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2.3. Bilirubin Protective Effects

Bilirubin has been regarded as a potent endogenous antioxidant agent. Therefore, in
recent years, the role of bilirubin in the possible prevention of oxidative stress-mediated
diseases, in particular CVD, was reviewed extensively [2]. Evidence for an in vivo antiox-
idant capacity of mild hyperbilirubinemia is provided by Gilbert subjects and Gunn rat
models. Regarding CVD incidence, Gilbert subjects were shown to have a significantly
lower prevalence (2% vs. 12%) compared with the normobilirubinemic population [36,37].
The effects on lipid profile and cholesterol levels contributing to the protective actions of
UCB have been demonstrated in individuals with Gilbert’s polymorphism and in animal
models of moderate hyperbilirubinemia [38]. Higher serum bilirubin is positively asso-
ciated with an increased HDL/LDL ratio and protection of these lipids from oxidation,
as well as with lowering LDL cholesterol, ApoB/ApoA1, and VLDL. UCB might also
protect from metabolic syndrome and diabetes [31,39] and may predict the progression
of DKD in patients with type 2 diabetes. Recently, several retrospective observational
longitudinal studies performed in Chinese [40,41], Korean [42], and Turkish [43] type 2
diabetes patients showed that total levels of bilirubin are inversely associated with the
incidence and progression of diabetic kidney disease (DKD) and suggested that the serum
total bilirubin level may be used as a marker of DKD progression. In all these studies,
the type 2 diabetic patients with normal total bilirubin levels were divided into three or
four groups according to the quartiles of the total serum bilirubin levels at baseline. In all
studies, the group with higher bilirubin levels (mg/dL) (G3: 0.6–0.9 [43]; Q3 ≥ 0.82 [41];
Q4: 1–1.13 [40]; Q4 > 0.88 [42]) had the lowest risk of progression of CKD. These findings
were confirmed in Chinese patients with type 1 diabetes mellitus [44]. The antioxidant
ability of UCB is linked to the redox system converting UCB to biliverdin where the reactive
oxidant species (ROS) are consumed and the bilirubin regenerated via BLVR [45]. Con-
versely, severe hyperbilirubinemia causes ROS production [46], protein oxidation, and lipid
peroxidation [47,48], leading to apoptosis [49] in various cellular systems. The antioxidant
and pro-oxidant effect of bilirubin are also confirmed by our in vitro comparative study
that defined the intracellular bilirubin thresholds that set the switch between bilirubin
effects [50].

Anti-inflammatory and immunomodulatory activities by bilirubin were also demon-
strated [51]. These effects consist of a cascade of events, including mild hyperbilirubinemia,
ER stress, and inflammation [1,52]. Milder elevations of bilirubin concentrations atten-
uate ER stress and decrease the level of inflammatory cytokines [46,53,54], both in vitro
and in vivo [55]. Bilirubin exhibits a significant anti-inflammatory capacity due to mecha-
nisms such as inhibition of adhesion molecule expression, suppression of inflammatory
cell infiltration, and reduction of pro-inflammatory cytokine levels in animal models of
end otoxemia, septicemia, and injury from ischemia reperfusion. Furthermore, bilirubin
has been demonstrated to fight lipopolysaccharides (LPSs), a product of bacteria. LPSs
induce liver damage and cardiovascular disease [53,54]. In addition, UCB and HO-1 si-
multaneously reduce the increasing tumor necrosis factor-α (TNF-α), nitric oxide (NO),
iNOS, endothelial dysfunction, and they block proliferation and migration of the cells via
Raf/ERK/MAPK pathway and display anti-inflammatory activity as well. Bilirubin affects
cell signal transduction to prevent the nuclear translocation of nuclear factor (NF) kappaB
induced by TNF-α [27,56]. In an in vitro model of gut inflammation, ERstress and the
subsequent inflammatory response were reduced by co-treatment with UCB [57].

Recently, Hinds demonstrated bilirubin hormonal function [58]. Bilirubin directly
binds to receptors involved in energy homeostasis implementation (such as peroxisome
proliferator-activated receptors [PPARs], aryl-hydrocarbon receptor [AhR], or constitutive
and androstane receptor [CAR]), processes of biotransformation (such as CAR, pregnane X
receptor (PXR)), or sensitive perception (via MRGPRX4 (Mas-related G protein-coupled
receptor X4)) [6,59]. In addition, bilirubin can complex with some molecules involved in
energy homeostasis [60], belonging mostly to a lipocalin superfamily of proteins, such
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as fatty acid-binding protein [FABP1] or apolipoprotein D [apoD] and activate various
additional cell-signaling pathways [6,59].

3. Diabetic Kidney Disease

DKD (also called “chronic kidney disease” [CKD] due to diabetes or diabetic nephropa-
thy [DN]) [61] is a common chronic complication of diabetes, and it is the majorcause of
end-stage renal disease. Up to 40% of type II diabetic patients progress to DKD, and the
incidence of this metabolic disorder is increasing rapidly worldwide [62]. In recent years,
due to the increase in childhood obesity, the prevalence of type II diabetes is becoming more
common in the young population in which DKD manifests itself more aggressively than in
the adult population [63]. In addition, increasing evidence has shown that sex and gender
differences are implicated in the prevalence of different and specific DKD phenotypes and
in the impact and control of common DKD risk factors. Evidence on sex/gender differences
in DKD, while considering hormonal, genetic, and clinical factors, keep the door open for a
distinct and personalized therapeutic approach [64].

Clinically, proteinuria (excess of serum proteins in the urine) is the main index of
diabetic nephropathy; nevertheless, it is not an accurate method to evaluate its severity or
prognosis since many patients develop DKD and renal disorders without prior protein-
uria. Kidney biopsy, even if it is an invasive procedure, is essential for DKD differential
diagnosis and staging of the disease [65]. DKD is also characterized by hypertension, renal
failure leading to edema, and uremic symptoms. The functional unit of the kidney is the
nephron, consisting of glomerulus, proximal tubule, Henle’s loop, and distal convoluted
tubule. A fine circulatory system lets blood to reach the glomeruli, where plasma is fil-
tered into the Bowman’s capsule. The human kidney can filter 180 L of blood through
its glomeruli and produce about 2 L of urine daily [66]. DKD affects both tubular and
glomerular elements of nephrons leading to glomerulosclerosis, tubulointerstitial fibrosis
(TIF), tubular atrophy, podocytes detachment, and apoptosis and results in the loss of
normal renal architecture and renal filtration capacity [67]. The pathogenesis of DKD may
be multifactorial. The earliest changes are triggered by metabolic factors and are related to
uncontrolled or chronic hyperglycemia. However, the roles of various mechanisms have
been established, including those of high glucose and advanced glycation end-product
(AGE) exposure, the polyol pathway activation, glomerular hyper-filtration, ROS increase,
diacylglycerol (DAG)/protein kinase C (PKC) pathway activation, TGF-β signaling, and
renin–angiotensin–aldosterone system (RAAS) signaling [68].

Oxidative stress and renal ROS lead to the development of diabetic nephropathy.
Physiologically, the kidney generates an important amount of ROS because of its high
metabolic activity that is balanced by a wide antioxidant system. ROS are produced by
different macromolecules, including NAD(P)H oxidase, AGE, defects in polyol pathway,
uncoupled nitric oxide synthase (NOS), and mitochondrial respiratory chain via oxidative
phosphorylation. The pathologic states, such as hyperglycemia, shifts the oxidative balance
toward a pro-oxidant state that accelerates tissue and vascular damage. Increased ROS
modulates the activation of protein kinase C, mitogen-activated protein kinases, and various
cytokines and transcription factors, leading to the progression to fibrosis and end-stage
renal disease.

Inflammation has a key role in the evolution of kidney disease. During the inflamma-
tory process caused by hyperglycemia, monocytes and lymphocytes penetrate the kidney
by secreting proinflammatory cytokines and reactive oxygen species. The inflammatory re-
sponse is amplified by leukocyte activity that promotes cell damage, leading to fibrosis [69].
Nuclear factor-κB (NF-κB), interleukin-6 (IL-6), TNF-α, transforming growth factor-β (TGF-
β), and soluble C-X-C chemokine ligand (CXCLs) are cytokines and chemokines that play
essential and crucial roles in the inflammatory response [70]. Basic and clinical studies
demonstrate the role of IL-6 signalling in progression of DKD. Serum IL-6 levels increased
in diabetic patients with DKD versus those without DKD [71], and experimental evidence
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indicate that IL-6 damages podocytes in the evolution of DKD, inducing their hypertrophy,
and can lead to cell cycle arrest [72].

Renal fibrosis is an end-stage disease change in DKD. Among promoters of kidney
fibrosis, recently HIF-1α was identified [73]. In experimental models of chronic kidney
diseases, its activation has been demonstrated to stimulate accumulation of collagen and
recruitment of inflammatory cells [74,75]. The main stimulus for HIF activation is hypoxia,
but HIF-1αis is also activated by Ang II [76]. The pro-fibrotic HIF-1α pathway leading
to tubulointerstitial fibrosis maturation involves LOXl2 [77]. HIF-1α regulates biological
processes relevant for tissue repair, wound healing, and fibrogenesis. Fibrogenesis consist
of extracellular matrix synthesis and turnover, cell adhesion and migration, and epithelial
to mesenchymal transition (EMT)) [73]. Among the genes regulated by HIF signaling are
phosphoglycerate kinase-1 (PGK), glucose transporter-1 (GLUT1), vascular endothelial
growth factor (VEGF), erythropoietin (EPO), and tissue inhibitor of metalloproteinase-1
(TIMP-1)) [73].

Cell death is shown to take part in increasing renal cell depletion in DKD. In vitro
studies have shown that hyperglycemia and the high level of glucose death can induce
apoptosis. Hyperglycemia occurring in people with diabetes mellitus provokes accelerated
apoptosis, leading to cell shrinkage, chromatin condensation, and DNA fragmentation in a
variety of cell types, including renal proximal tubular epithelial cells.

Some studies have found that a high production of glucose by kidney cells is able to
upregulate proapoptotic molecules (i.e., Bax) and reduce the expression of antiapoptotic
molecules (Bcl2 and BclxL). Regulation of apoptotic-related genes by high glucose is very
complex. In proximal tubular cells it was demonstrated that high glucose and hyper-
glycemia cause cell apoptosis through regulation of the Bcl2/caspase 3/PARP pathway [78].
Activated caspase-3 is primarily responsible for the induction of PARP cleavage during cell
death [79].

Other players shown to contribute to cell death in DKD are: hypoxia, oxidative stress,
inflammatory cytokines, the renin–angiotensin–aldosterone system, advanced glycosyla-
tion end products, and glucose degradation products [80–83].

4. Bilirubin Protection against Diabetic Kidney Disease

Bilirubin exerts a preventive role against different metabolic processes known to medi-
ate the onset and the progression of many diseases, particularly vascular diseases, diabetes,
metabolic syndrome, and obesity. Mild hyperbilirubinemic Gilbert subjects have a signif-
icantly lower risk to be affected by diseases characterized by increased oxidative stress,
inflammation, or cell proliferation [8]. Additionally, homozygous Gunn rats combine hyper-
bilirubinemia with marked anti-inflammatory, antiproliferative [24], antihypertensive [25],
blood lipid-modulating properties [84], and with fewer signs of cellular senescence [11].
Even if most of the reported studies referred to experimental animal models (that could
be not representative of the human disease), negative correlation of serum bilirubin lev-
els with DKD progression were reported by different clinicalpapers [40–43]. In chronic
hyperglycemia conditions, different pathways are activated and tissue damage occurs,
mainly through the induction of oxidative stress, inflammation, fibrosis, and upregulation
of some growth factors and their receptors [85]. However, bilirubin can exert its positive
and protective effects on these activated and modified pathways in DKD (Figure 2).

4.1. Oxidative Stress

Oxidative stress in DKD is a critical factor that pairs hyperglycemia with vascular
complications via two major pathways. The first is the metabolic modifications of target
molecules present in the tissue, while the second is the alterations in the renal hemodynam-
ics. Excess superoxide leads to DNA damage and activation of nuclear poly ADP ribose
polymerase (PARP), which blocks glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
activity converting early glycolytic intermediates into pathogenic mediators [86].
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Figure 2. Bilirubin protective effect on mechanisms leading to in diabetic kidney disease. ROS:
reactive oxygen species; NADPH: nicotinamide adenine dinucleotide phosphate reduced form; IL-6:
interleukin-6; TNFα: tumor necrosis factor alpha; CRP: C-reactive protein; HIF1α: hypoxia inducible
factor 1, alpha subunit; LOXl2: lysyl oxidase like 2; DNA: deoxyribonucleic acid; PARP: nuclear poly
ADP ribose polymerase.

Bilirubin is a strong antioxidant, preventing the effects of free radical production
and, therefore, oxidative damage [19,31]. Kumar et al. demonstrated that serum bilirubin
concentration is negatively correlated with malondialdehyde (MDA), a marker of oxidative
stress, while it is positively correlated with superoxide dismutase, catalase, and glutathione
peroxidase activity, all antioxidative enzymes [87,88]. Vitek et al. [33] also showed signifi-
cantly elevated total antioxidant status in GS compared to healthy controls and patients
with ischemic heart disease and controls.

In addition, in animal models, antioxidants are effective in treating DKD [89]. En-
dogenously elevated bilirubin of homozygous Gunn rats specifically protects the vascular
compartment from systemic oxidative stress [90]. Bilirubin diminishes kidney damage in
cyclosporine-induced nephropathy [91] and ischemia-reperfusion injury [92]. In the Gunn
rat diabetic model, bilirubin reduces the streptozotocin-induced pancreatic damage [93]. In-
hibition of oxidative stress and the downregulation of NADPH oxidase are the mechanisms
demonstrated to protect rodents against DKD [94]. Moderate unconjugated hyperbiliru-
binemia regressed the vasoconstrictor effect of Ang-II, the decline of glomerular filtration
rate, and the increase of renal blood flow and systolic blood pressure by scavenging ROS
produced by angiotensin II (Ang-II) [95]. Moreover, UCB affected the intracellular Ca2+

imbalance and reversed the expression of vasoconstrictive pre-pro-endothelin induced
by Ang-II [96]. Mild hyperbilirubinemia was also shown to lower (Ang II)–dependent
hypertension in mice, inhibiting superoxide production [97].

4.2. Inflammation

Another potential factor of DKD development is weak chronic inflammation [98].
Experimental findings to date have shown the anti-inflammatory properties of bilirubin
in Type-2 diabetes. Bilirubin can affect the expression levels of cell adhesion molecules
and complement activity and suppress differentiation of T cells [99,100], the release of
interleukin (IL)-2, IL-6, IL-10 and TNF-α and also reduce the expression of major histo-
compatibility complex class-II expression in macrophages [101]. Not only can bilirubin
modulate the immune system, but also the BLVRA enzyme [1]. Hyperbilirubinemic Gunn
rats show a reduced inflammatory response in LPS-mediated systemic inflammation [102].

An inverse association of bilirubin with C-reactive protein (CRP), was also reported
in various diseases as obesity and diabetes [63,91,103]. A longitudinal cohort study on



Biomedicines 2022, 10, 696 9 of 16

Korean males examined the correlation between serum bilirubin level and the prevalence
of diabetes mellitus and chronic kidney disease in patients with diabetes mellitus in a
Korean population. Age, sex, weight, height, waist circumference, history of hypertension
and diabetes mellitus, and smoking and alcohol consumption were the clinical parameters
examined. Results show that serum bilirubin was inversely associated with levels of insulin
resistance and inflammatory markers, serum insulin, and CRP.

However, the anti-inflammatory and immunomodulatory effects of bilirubin are also
responsible for the anti-atherosclerotic effects seen in patients with Gilbert’s syndrome [104].
Recently Keum et al. [4] demonstrated that bilirubin nanoparticles (BRNPs), comprising
bilirubin, provoke a significant anti-inflammatory activity against various oxidative stress-
associated diseases, including hepatic ischemia-reperfusion injury, inflammatory bowel
disease, experimental autoimmune encephalomyelitis, allergic lung inflammation, psoriasis,
and is let xenotransplantation, counteracting inflammation by scavenging excess ROS.

4.3. Fibrosis

Kidney fibrosis is the end-stage pathological change in DKD, and it was shown in
animal models that it could be ameliorated by bilirubin treatment. Elevated bilirubin levels
are associated with a better renal prognosis and less presence of fibrosis. Furthermore,
bilirubin treatment diminishes fibronectin expression in tubular epithelial cells in a dose-
dependent manner [105].

HIF-1α can promote renal fibrosis in some kidney diseases. Peritubular capillary loss
due to glomerular injury diminishes the oxygen supply leading to chronic interstitial and
tubular cell hypoxia in chronic kidney diseases. HIF-1α is expressed across the entire
kidney and plays a central role in this hypoxic response of tubular epithelial cells [75].
Prolongated activation of HIF-1α signaling in renal epithelial cells increases maladaptive
responses, inducing fibrosis and tissue destruction. HIF-1α functions downstream of a
pro-fibrotic signaling cascade initiated by angiotensin II in renal interstitial fibroblasts were
recently associated with a consequent activation of the epithelial-mesenchymal transition
and excessive accumulation of collagen. Ang II induces dose-dependent HIF-1α and LOXl2
protein expression, acting as a pro-fibrotic marker [106].

Bilirubin seems to modulate the expression of the pro-fibrotic marker. It reduces the
induction of pro-fibrotic factor HIF-1α by AGEs and angiotensin II on proximal tubular
epithelial cells, and this decrease correlates with downregulation of HIF-1 transcriptional
targets, LOXL2 and α-SMA [46]. Furthermore, under physiological oxygen concentration,
bilirubin increasesHIF-1α mRNA transcription by reducing ROS and subunits of NADPH
oxidase in proximal tubular epithelial cells. Bilirubin also impacts the post-transcriptional
modification of HIF-1α protein attenuating ROS effects on the suppression of the P70S6K
pathway [103].

4.4. Apoptosis

Podocyte apoptosis may exert a crucial role in both early and late stages of DKD,
contributing to further reducing the number of the podocytes and the glomerular filtration
capacity [66]. Cleavage of PARP by caspase-3 is supposed to be a hallmark of apoptosis [79].

Hyperbilirubinemia reduces the angiotensin II-induced podocytes damage by showing
lower DNA fragmentation, cleaved caspase-3, and cleaved PARP induction in hyperbiliru-
binemic Gunn rats [46]. Also, the bilirubin anti-apoptotic effect was described in the rat
model with cyclosporine-induced nephropathy (CsA) in which apoptotic cells in rat kidneys
treated with bilirubin were significantly fewer than in controls [107]. Oh et al. [91] reported
that bilirubin-treated CsA-induced rats presented a block of apoptosis via the upregulation
of antiapoptotic protein bcl-2 and downregulation of proapoptotic Bax expression.

Recent studies highlight the renoprotective function of autophagy in podocytes in
models of DKD. Li et al. [108] showed that puerarin, an active compound of radix puer-
ariae, attenuates DKD by promoting autophagy in podocytes. Even resveratrol, another
antioxidant compound similar to bilirubin, successfully attenuates apoptosis-activating
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autophagy in db/db mice and podocytes [109]. In addition, bilirubin was described to
beable to induce autophagy as a pro-survival cell mechanism [110] and protected podocytes
in models of DKD [46]. Furthermore, heme oxygenase-1 (HMOX-1), an antioxidant enzyme
that is induced in response to oxidative stress, promotes autophagy and inhibits apoptosis
through the activation of AMPK [111].

5. Conclusions and Future Prospective

In the present review, we focused on the beneficial role of mild hyperbilirubinemia
against DKD. Recent basic and clinical studies have demonstrated its effects in the onset
and progression of renal diseases, pointing out that only little or very mild elevations
of serum bilirubin concentrations provide real clinical benefits. Endogenous bilirubin
appeared crucial, both as a potential marker for progression and as a therapeutic target for
the prevention of DKD. Patients with a low–normal total bilirubin concentration may be
managed more aggressively to delay the progression to kidney failure. Further studies are
required to determine whether the total bilirubin concentration is a potential therapeutic
target for the prevention of CKD. Scientists are taking into consideration modulating plasma
bilirubin concentrations to prevent several oxidative stress and inflammation-mediated
diseases, such as DKD.

Author Contributions: Conceptualization, A.B. and C.B.; writing—original draft preparation, A.B.
and C.B.; writing—review and editing, A.B., C.B. and C.T.; supervision, C.B. and C.T.; project
administration, C.B.; funding acquisition, C.B. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was funded by Beneficentia Stitfung and in house FIF grant.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: No conflicts of interest, financial or otherwise, are declared by the authors.

Abbreviations

ABCC2 ATP-binding cassette transporters subfamily C2
AGEs Advanced glycation end products
AhR Aryl-hydrocarbon receptor
AMPK Serine/threonine kinase AMP-activated protein kinase
AngII Angiotensin II
ApoA1 Apolipoprotein A1
ApoB Apolipoprotein B
ApoD Apolipoprotein D
Bax Bcl-2 Associated X-protein
Bcl2 B-cell lymphoma 2
Bcl-XlB cell lymphoma-extra large
Bf Free bilirubin
BLVRA Biliverdin reductase A enzyme
BRNPs Bilirubin nanoparticles
CAR Constitutive androstane receptor
CB Conjugated bilirubin
CDV Cardiovascular disease
CKD Chronic kidney diseases
CNS Crigler-Najjar syndromes
CO Carbon monoxide
CRP C-reactive protein
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CsA Cyclosporine
CXCLs Soluble C-X-C chemokine ligand
CYP-450 Cytochrome 450
DAG Diacylglycerol
DKD Diabetic kidney disease
DNA Deoxyribonucleic acid
DN Diabetic nephropathy
EMT Epithelial to mesenchymal transition
EPO Erythropoietin
ERK Extracellular signal-regulated kinase
FABP 1 Fatty acid-binding protein
Fe2+ Ferrous ions
GAPDH Glyceraldehyde-3-phosphate dehydrogenase
GLUT1 Glucose transporter-1
GS Gilbert syndrome
HDL High-density lipoprotein
HIF-1α Hypoxia-inducible factor 1, alpha subunit
HMOX Hemeoxygenase enzyme
IL-10 Interleukin-10
IL-2 Interleukin-2
IL-6 Interleukin-6
iNOS Inducible nitric oxide synthase
LDL Low density lipoproteins
LOXl2 Lysyl Oxidase Like 2
LPS Lipopolysaccharid
MAPK Mitogen-activated protein kinase
MDA Malondialdehyde
MRGPRX4 Mas-related G protein-coupled receptor X4
MRP2 Multidrug resistance-associated protein 2
NADP Nicotinamide adenine dinucleotide phosphate
NADP+ Nicotinamide adenine dinucleotide phosphate oxidized form
NADPH Nicotinamide adenine dinucleotide phosphate reduced form
NADPH oxidase Nicotinamide adenine dinucleotide phosphate oxidase
NF-kβ Nuclear factor kappa-light-chain-enhancer of activated B cells
NO Nitric oxide
NOS Nitric oxide synthase
O2 Oxygen
OATP1B1 Organic anion transporting polypeptide 1B1
OMIM Online Mendelian Inheritance in Man
P70S6K p70S6 kinase
PARP Nuclear poly ADP ribose polymerase
PGK Phosphoglycerate kinase-1
PKC Protein kinase C
PPARs Peroxisome proliferator-activated receptors
PXR Pregnane X receptor
RAAS Renin–angiotensin–aldosterone system
Raf Rapidly accelerated fibrosarcoma
ROS Reactive oxygen species
TGF-β Transforming growth factor-β
TIF Tubulointerstitial fibrosis
TIMP-1 Tissue inhibitor of metalloproteinase-1
TNF-α Tumor necrosis factor alpha
UCB Unconjugated bilirubin
UDP Uridine diphosphate;
UDPGA uridine 5′-diphosphoglucuronic acid
UGT1A1 uridine diphosphate-glucuronosyl transferase 1A1
VEGF Vascular endothelial growth factor
VLDL Very low-density lipoprotein
α-SMA α-smooth muscle actin
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