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INTRODUCTION

The potent antioxidant properties of bilirubin and the inverse
relationship between serum bilirubin level and cancer risk support the
protective function of bilirubin, particularly in tobacco-induced lung
cancer. 4-(Methylnitrosamino) -1-(3-pyridyl)-1-butanone (NNK) is one
of the procarcinogens in tobacco smoke that requires metabolic
activation to form its metabolite; 4-(methylnitrosamino) -1-(3-pyridyl) -
1-butanol (NNAL). The activation produces free radicals with DNA-
damaging properties. From the findings of previous studies, it can be
deduced that bilirubin prevents the development of tobacco-induced
lung cancer by directly scavenging free radicals derived from tobacco
product smoke and inhibiting cytochrome P450 2A6 and 2A13-
mediated NNK metabolism. Furthermore, as an endogenous substrate of
CYP2AG6, bilirubin affects the expression and hydroxylation activity of
CYP2A6, but the impact of bilirubin on CYP2A13 has yet to be
investigated in detail. More research is necessary to elucidate the impact
of bilirubin on NNK and NNAL metabolism mediated by both enzymes.
Consequently, this review describes the current status and potential
capabilities of bilirubin. The ongoing research gaps and areas for future
research are highlighted.

Bilirubin is known to be the pigment that gives bile its color. Initially, haem in haemoglobin is
converted to green biliverdin by haem oxygenase during the breakdown of senescent red blood cells by
phagocytes. This is then broken down into orange bilirubin by biliverdin reductase. Later, serum albumin
is transported to the liver, where most bilirubin is conjugated with glucuronide before being excreted into
the bile. At the same time, the unconjugated fraction remains bound to albumin. Both conjugated and
unconjugated fractions produced total serum bilirubin [1][2]. The unconjugated bilirubin is stored in the
gallbladder and will be released into the small intestine to break down fats from food [3]. Increased
production, reduced uptake, and low glucuronidation capacity increase plasma unconjugated bilirubin
levels [4].
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The normal levels of total bilirubin and conjugated bilirubin ranged from 0.1 to 1.2 mg/dl and 0.1 to
0.3 mg/dl, respectively. Total bilirubin above 1.2 mg/dL is considered elevated, while a higher
concentration in serum (>2.5 mg/dL) would lead to hyperbilirubinemia and jaundice [5]. A rapid and
reliable method is important for measuring serum bilirubin levels as an early diagnosis of conditions such
as hyperbilirubinemia [6]. Bilirubin levels have become one of the parameters monitored in toxicity and
safety studies of chemicals such as drugs, herbs, and foods. For example, the toxicity of herbal extracts can
be inferred from the high serum bilirubin levels observed in subjects after consumption [7]. In contrast,
bilirubin levels have been monitored to indicate hemooxygenase activity or the status of endogenous
antioxidants in the patients [8]. However, serum bilirubin is often monitored after exposure to chemicals.

In addition to nicotine and polyaromatic hydrocarbons (PAH), tobacco products such as cigarettes and
electronic cigarettes contain toxicants collectively called tobacco-specific nitrosamines (TNSA). 4-
(Methylnitrosamino) -1-(3-pyridyl)-1-butanone (NNK) is one of the tobacco-specific nitrosamines
(TSNA). Cytochrome P450 2A6 and 2A 13 metabolize NNK to form 4-(methylnitrosamino)-1-(3-pyridyl)
-1-butanol (NNAL) [9]. A proportion of NNAL is detoxified by glucuronidation and excreted in human
urine. However, NNAL also has carcinogenic properties as NNK. The methyl DNA adducts and aldehyde
DNA adducts produced during the metabolism of NNK and NNAL by CYP2A6 and 2A13 induce oxidative
stress, and the general tumorigenic properties of tobacco smoke in humans have previously been
extensively discussed [10].

Low levels of unconjugated bilirubin have been hypothesized, indicating a lack of antioxidant
protection and the progression of cell injury [11]. Therefore, it is likely that people with genetically raised
serum bilirubin, although exposed to high levels of smoke oxidants, could be protected from lung cancers
[12]. Also, bilirubin is a better antioxidant than vitamin E in breaking down chains of peroxyl radical chains.
As a circulating antioxidant in the body, bilirubin production and metabolism are likely to profoundly
impact critical steps in cellular pathways and homeostasis [5]. More research is needed to elucidate this
endogenous antioxidant's biological purpose, particularly in protecting against lung cancer. Therefore, this
review discusses the current findings, the potential role of bilirubin, and the knowledge gap that can be
addressed for future research.

SERUM BILIRUBIN LEVEL IN SMOKERS

Smoking tobacco products, such as cigarettes and electronic cigarettes, or exposure to environmental
tobacco smoke (ETS) are among the many ways a person can be exposed to free radical sources. When a
smoker inhales a lit cigarette, two types of smoke are mainstream tobacco smoke (MTS) and side-stream
tobacco smoke (SSS), which results from the passive burning of the lit cigarette [ 13]. Direct decomposition
of tobacco components produces primary free radicals in tobacco smoke. They are affected by the
constituents' chemical structure and pyrolysis temperature [14]. The free radicals in conventional cigarette
smoke were oxygen-centered, most likely alkoxy radicals. In contrast, carbon-centered radicals were found
in the aerosol of the heat-not-burn product and electronic cigarettes [15].

Generally, free radical inhalation or intake overwhelms endogenous antioxidant defense. Reduced
serum levels of bilirubin in smokers compared to non-smokers are due to an antioxidant response to
oxidative stress caused by chronic smoking [16]. On the other hand, the bilirubin level increased in both
smokers and non-smokers after alcohol consumption. The study postulated that the increase was caused by
slight subclinical hemolysis, but the mechanism responsible remains uncertain. However, an increase in
total bilirubin among non-smokers could be due to competitive inhibition of bilirubin conjugation by
alcohol. This finding was not observed in smokers, suggesting that smokers may not receive the same
benefit from moderate drinking as non-smokers [17].

Bilirubin levels have also been associated with cancer risk in female and male smokers. For every 0.1
mg/dL decrease in bilirubin, the risks of lung cancer incidence and mortality increased by 5% and 6%,
respectively, in male smokers [18]. In contrast, the hazard ratio of coronary heart disease incidents
decreased with elevated bilirubin in females but not men [19]. Furthermore, statistical evaluations on 10-
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year electronic medical records using a combination of machine learning and classical statistical approaches
found an association between low bilirubin levels (< 0.6 mg/dL) with the cause of death related to bilirubin
levels such as cancer and cardiovascular diseases in men. However, no significant association was found
between serum bilirubin levels and lung cancer risk in women [20].

Bilirubin protects against prolonged oxidative stress to prevent the onset and progression of chronic
diseases such as cancer [21]. This is supported by data that show a prevalence of cancer and cardiovascular
disease among individuals with elevated circulating bilirubin concentrations lower than in normal
populations [22]. So, it is no surprise that low bilirubin levels associated with smoking increase the risk of
lung cancer [23]. Furthermore, lower serum bilirubin levels have been frequently observed in patients with
lung cancer compared to healthy subjects. Therefore, monitoring serum bilirubin levels has been proposed
as a clinically reliable marker for predicting lung cancer [24].

Interestingly, smoking cessation has an impact on serum bilirubin levels as well. Smokers who
abstained from smoking for an extended period showed a significant increase in their indirect
(unconjugated) and total bilirubin levels [11]. Bilirubin concentration increased with time after smoking
cessation in former smokers. According to other studies above, increased daily and cumulative tobacco
consumption was associated with lower concentrations of plasma bilirubin [25].

The results of previous studies draw an association between bilirubin concentration and oxidative stress
levels and the risk of developing lung cancer. Smoking is associated with instant gratification provided by
inhaled nicotine and DNA damage induced by more than 70 carcinogens in lung tissue. Therefore, lung
cancer is the most prevalent cancer induced by tobacco smoke. Tobacco smoke compositions such as
benzo(a)pyrene (BP) and aldehydes, as well as their ability to induce DNA damage and their effects on
DNA repair, have been well studied [26]. The metabolic activation of tobacco-specific nitrosamines
(TNSA) is the subject of this review.

Activation of Tobacco-Specific Nitrosamines (TSNA) by Enzymes CYP2A6 and CYP2A13.

Essentially, freshly harvested tobacco contains a negligible amount of TSNAs. However, there is an
increase in the amounts at the late yellowing and early browning stage of tobacco leaves during the final
curing of cigarette production. There have been efforts to reduce harmful carcinogens, including NNK; in
new smokeless tobacco products through modified agricultural production, manufacturing, and storage
practices [27]. Compared to conventional cigarettes, free radical levels are substantially reduced in
electronic cigarettes and heat-not-burn products [15]. However, NNK is present in both conventional
cigarettes and electronic cigarettes and has been established as one dangerous nitrosamine with
toxicological implications [28]. A study reported that four weeks of exposure to NNK influenced the
expression of the Twist protein, which plays a vital role in tumor cell invasion, migration, and metastasis,
suggesting an increased risk of lung cancer metastasis among the population exposed to NNK [29].

Inhalation exposure in the population exposed to tobacco smoke accounts for a predominant portion of
daily uptake for cigarette users. At the same time, oral ingestion could be the primary source of NNK
exposure for oral tobacco product users. Once in the body, 89% of NNK is rapidly converted by carbonyl
reductase to NNAL [9], which is then glucuronidated by UDP-glucuronosyltransferases (UGT) and
excreted in urine [30]. As a result, the urinary concentration of NNAL has been used to quantify exposure
to NNK. Determining NNAL concentrations in urine collected from smokers and non-smokers helps
monitor smokers and non-smokers' exposure to nicotine and tobacco smoke [31]. The resulting finding
helps direct health protection plans for the general population or identify vulnerable populations, as well as
determine the efficacy of tobacco product regulation [32].

The remaining free NNK and NNAL are hydroxylated by cytochrome P450 2A6 (CYP2A6) and 2A13
(CYP2A13) enzymes. The reaction produces electrophilic species that react with DNA to form DNA
adducts [33]. This aligns with a study in which inhalation exposure to carcinogens from tobacco smoke
generates bronchial adducts if the formation of DNA adducts formation is persistent and some do not
undergo DNA repair. Miscoding will occur during DNA replication, resulting in permanent mutations and
genomic instability, affecting normal cellular growth control mechanisms and increasing the risk of lung
cancer [34]. CYP2AG6 is expressed in the liver, and CYP2A13 is expressed predominantly in the respiratory
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tract, including the lung [35]. Although both enzymes are homologous, the enzymes exhibited significant
differences in their substrate preference for NNK, where the levels of a-hydroxylated NNK metabolites by
CYP2A13 were higher than those by CYP2A6 in lung cells A549 and H1437, respectively [9].

Studies on the structures of both enzymes have been carried out to understand better the factors
controlling the binding and metabolism of nicotine and NNK, two substrates responsible for human tobacco
addiction and lung cancer. For example, a hydrogen bond between pyridine rings of both nicotine and NNK
pyridine rings with CYP2A13 is a key interaction for enzyme affinities and ligand orientations. However,
it is not present for CYP2AG6 [25]. Furthermore, the docking study suggests that amino acid residues Met
365 and Leu 366 of CYP2A13 compared to Val 365 and Ile 366 of CYP2A6 may contribute to differences
in NNK metabolism. On the contrary, most of the remaining differences between CYP2A6 and CYP2A13
are located outside the active site, either in the N-terminal transmembrane region or on the protein's surface.
[36].

Evidently, inhibition of the CYP2A6 enzyme has been significant for smoking cessation. For example,
selective inhibition of CYP2A6 by methoxsalen impeded nicotine first-pass metabolism, and the
combination reduced smoking rates among smokers [37]. Genomic variation in CYP2A6 has also been
found to be the most substantial risk factor for the heaviness of smoking, where slower metabolizers present
better quit rates. This has been associated with failure to quit smoking cessation [38]. Another study on the
effect of the CYP2A6 genotype and smoking status showed that nicotine patches are efficacious for
smoking cessation. However, people with CYP2A6*4/*4 might be more sensitive to adverse effects and
find it more challenging to quit smoking once they start smoking habit [39]. Furthermore, the
polymorphisms of CYP2A13 enzymes influence the hydroxylation of NNK and NNAL, thus affecting the
formation of urinary metabolites and modifying the risk of urothelial carcinoma [40]. Therefore, it is
plausible that inhibition of this pathway or polymorphism of the genes CYP2A6 and CYP2A23 would
affect the formation of DNA adducts and tobacco-related carcinogenesis, thus altering the risk of tobacco
use disorder and smoking-related diseases.

Intracellular Bilirubin Management by CYP2A6 Enzyme

The production of bilirubin and biliverdin from hemolysis degradation is part of the pathophysiology
response to inflammation [41]. Bilirubin has been established as an endogenous antioxidant that circulates
in human plasma, and both bilirubin and biliverdin protect against tissue injury [42]. Mechanisms of
antioxidant activity include scavenging reactive epoxides before they bind to DNA and cause mutation
[43], activating the pathway to repair bilirubin-induced DNA damage [44], protecting against smoke-
induced emphysema by suppressing inflammatory cell recruitment and pro-inflammatory cytokine
secretion, increasing anti-inflammatory cytokine levels and antioxidant superoxide dismutase activity [45].

UGT1AL in the liver primarily regulates bilirubin metabolism. Therefore, impaired glucuronidation of
bilirubin affects elimination. It can result in high blood bilirubin levels, which have been linked to
neurotoxicity and movement disorders [46]. However, slower elimination of bilirubin is beneficial under
oxidative stress while restoring the balance of free radicals and antioxidants. For example, cadmium-
induced oxidative stress activates Nrf2, a transcription factor that controls the expression of many
cytoprotective genes in response to oxidative stress. This activation activates Nrf2-dependent
hemooxygenase-1 (HO-1) and causes an increase in bilirubin concentration, resulting in high bilirubin
oxidant scavenging activity. The study also found that mouse cytochrome P450 CYP 2A5 can be a bilirubin
oxidase to metabolize bilirubin to biliverdin. Therefore, it was postulated that Cyp2a5’s metabolism of
bilirubin to biliverdin by Cyp2a5 does not aim to eliminate bilirubin but to prevent the accumulation of
bilirubin at pro-oxidant levels, indicating the role of Cyp2a5 in the management of intracellular bilirubin
[47].

The mouse Cyp2a5 and human CYP2AG6 genes are considered orthologous due to their similar function
and regulation [48]. CYP2A plays a significant role in the metabolic activation and detoxification of many
exogenous and endogenous compounds [49]. CYP2A6 has been established to involve the activation of
free radicals derived from inhalation of smoke from tobacco products. Thus, the regulation of CYP2A6 in
response to cellular perturbations and the activity of aspects that govern the CYP2AG6 is intriguing. A study
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reported that unspecific cellular stress, such as DNA damage and transcriptional arrest, activates p53 and
increases the expression of CYP2A6. However, the interaction of p53 and Nrf2 at the distal promoter
inhibits CYP2AG6 activation [50]. As members of the CYP2A family, the substrates for CYP2A6 and
CYP2A13 vary from drugs to toxins. Therefore, it was reasonable to learn that bilirubin is an endogenous
substrate of CYP2A6, and a high bilirubin concentration can regulate CYP2A6 gene expression.
Furthermore, bilirubin treatment was also found to delay the degradation of the CYP2AG6 protein in a dose-
dependent manner. However, it did not alter the level of CYP2A6 mRNA, suggesting the ability of bilirubin
to stabilize the CYP2AG6 protein in its active conformation [51].

It can be deduced that induction of CYP2A6 could be due to specific cellular events associated with
exposure to inducers, such as the NNK. Oxidative stress increases bilirubin production, but some of the
bilirubin would be oxidized by free radicals and eliminated as waste products, which is relevant to previous
epidemiological observations that associate bilirubin level with cancer risk. As an endogenous substrate for
CYP2AG, bilirubin prevents the development of tobacco-induced lung cancer by directly acting on the free
radical, leading to its oxidation to biliverdin, where biliverdin can be reduced back to bilirubin by biliverdin
reductase. The remaining bilirubin would bind to CYP2A®6 to stabilize the proteins, causing its oxidation
to biliverdin. Itis plausible that the CYP2A6 gene is part of the defense machinery that controls intracellular
bilirubin levels during and after transient attack by free radicals [48], but which mechanism is dominant
would depend on the levels of intracellular free radicals and bilirubin [52].

The high affinity of bilirubin as an endogenous substrate of the CYP2A6 enzyme suggests the potential
of bilirubin to inhibit NNK metabolism mediated by CYP2A6, which will be demonstrated in the near
future. To date, no research on substrate preference between CYP2A13 and bilirubin that could impact the
CYP2A13 activity has been conducted. However, the enzymes CYP2A6 and CYP2A13 are homologous
despite some differences. Thus, it is postulated that bilirubin could also influence NNK metabolism by
CYP2A13. However, this remains to be confirmed.

The in silico approach has been advantageous in characterizing and elucidating protein-ligand binding
sites. It also allows exploration of the protein-ligand interaction at active and allosteric sites. The approach
can be adopted to evaluate the binding of bile pigments, bilirubin, and biliverdin to the active and allosteric
sites of the enzymes CYP2A6 and CYP2A13. Furthermore, the relation between bilirubin level and urinary
NNAL concentration has yet to be established, which may be an exciting point to approach for future
studies.

CONCLUSION

The relationship between serum bilirubin levels and the probability of developing cancer among
smokers has received significant interest. Prolonged exposure to procarcinogens could increase the serum
level. Bilirubin is an endogenous antioxidant that is cytotoxic at high concentrations. However, the
discovery of bilirubin as a high-affinity endogenous substrate for CYP2A6 suggests a cytoprotective role
of CYP2AG6 against bilirubin toxicity by lowering cellular levels of bilirubin. This review discusses the
mechanisms that naturally regulate the bilirubin concentration within the optimal therapeutic range for its
antioxidant activity.

The metabolism of NNK and NNAL by CYP2A13 and CYP2AG results in a cellular disturbance that
disturbs the free radical-antioxidant balance, leading to the development of lung cancer. As a high-affinity
substrate for CYP2AG6, the efficacy or possibility of bilirubin interacting with CYP2A6 and/or CYP2A13
in the presence of NNK is still unknown. This review highlighted the potential of bilirubin as a CYP2A6
substrate to limit the production of NNK-derived free radicals. The interaction of bilirubin with CYP2A13
has yet to be explored.
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