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and if extrinsic, pharmaceutical dose antioxidants are administered, the body’s natural
adaptive ability to produce in trinsic antioxidants may be thwarted [38].
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port normal metabolic function and healthy aging. Conversely, the accumulation of ROS 
and inadequate ROS defense responses has been implicated as a key mechanism leading 
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posure progresses slowly as part of the normal aging process but is more pronounced and 
accelerated in severe underlying pathological processes such as in cancer wasting (cancer 
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Figure 3. Redox Balance of ROS and Antioxidants. Exercise potentiates the release of reactive
oxygen species due to increased oxidative exposure. However, exercise training also induces an
adaptive response with the upregulation of antioxidant defense mechanisms that will help restore
redox balance. The downregulation of endogenous antioxidant systems or the increased production
of reactive oxygen species can precipitate an imbalance in redox balance and potentiate chronic
oxidative damage.

Ultimately, exercise-related ROS adaptations improve oxygen transport and delivery
that translate into better aerobic fitness that help explain many of the health benefits
of exercise. Furthermore, upregulation of endogenous antioxidant systems can work in
concert with exogenous dietary antioxidants to mitigate ROS-related tissue damage and
support normal metabolic function and healthy aging. Conversely, the accumulation of ROS
and inadequate ROS defense responses has been implicated as a key mechanism leading
to significant atrophy in muscle tissue. Muscle atrophy due to chronic excessive ROS
exposure progresses slowly as part of the normal aging process but is more pronounced and
accelerated in severe underlying pathological processes such as in cancer wasting (cancer
cachexia) [39], neurodegenerative diseases (Parkinson’s, Alzheimer’s), and immobilization
(musculoskeletal injury) [40].
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3. HO-1, BVRA, and Bilirubin as Inflammatory Mediators
3.1. Exercise-Induced HO-1 as a Mediator of Immune System Responses

HO-1 produces a known potent antioxidant and enzyme responsible for the cleavage
of heme, yielding biliverdin, iron (Fe2+), and carbon monoxide (CO) [41,42]. The HO-
1 pathway also regulates some of the metabolic and inflammatory aspects of insulin
resistance. While there is a connection between inflammation and the development of
insulin resistance, it is unclear which development precedes and which is causative [43].
HO-1’s role in inflammation and insulin resistance appears equivocal in the literature.

The presence of HO-1 mimics the same efficacious properties as bilirubin [44]. Biliru-
bin downregulates the M1 macrophages associated with the release of pro-inflammatory
cytokines [45–47]. Future work to understand how HO-1 may affect M1 cells may shed
light on potential underlying mechanisms to explain how bilirubin downregulates M1
cells. HO-1 also protects the liver from ischemia-reperfusion injury by modulating the
macrophage phenotype into the anti-inflammatory M2 state in mouse livers [48,49]. This
serves as evidence for an HO-1 role as a hepatic cryoprotective agent. In this same study,
low HO-1 mRNA levels in human liver transplants correlated with increased expression
of M1 pro-inflammatory markers [48,49]. Liver-specific biliverdin reductase A (BVRA)
knockout animals with reduced hepatic bilirubin had worsened fatty liver on a high-fat
diet compared to littermate controls [50], which was confirmed in global BVRA knockout
animals [51]. Bilirubin reduces lipid content and inflammatory markers in mouse models
of obesity-induced NAFLD [46,47].

Work by Gobert et al. found HO-1 to prevent an inflammatory response and has
implicated HO-1 as a virulence factor in H. Pylori and other bacteria in order to evade
the immune system [52]. Other work has described using a heme-inducing compound
to effectively reduce obesity, insulin sensitivity and increase serum adiponectin levels.
Inhibition of the HO-1 system decreased adiponectin and increased pro-inflammatory
cytokines, TNFα, IL-6, and IL-1 [53–55]. Adiponectin, a known anti-inflammatory hormone,
is thought to be working indirectly through HO-1-activation [56]. The complete mechanism
of this anti-inflammatory activity is not fully understood, but some theories with convincing
evidence reveal new insight on HO-1 and the importance of its catabolic products.

The HO-1 pathway can decrease inflammation by producing biliverdin/bilirubin,
which has protective anti-inflammatory effects, especially in vascular endothelial tissue [57].
Another anti-inflammatory action of HO-1 is through carbon monoxide production, which
is a known cryoprotectant and anti-apoptotic factor in endothelial cells that have the
potential to crosstalk with nitric oxide, a known vasodilator. Although this work serves
as further evidence that HO-1 has important underlying anti-inflammatory and insulin-
sensitizing mechanisms that may augment bilirubin’s therapeutic value, it is essential to
note that the supporting evidence is not unequivocal. In contrast to these aforementioned
findings, conflicting data suggest that HO-1 is implicated in driving inflammation and may
even support insulin resistance in humans. Jais et al. demonstrated that HO-1 levels predict
a strong positive prediction of metabolic disease in human subjects [58], while Ghio et al.
reported HO-1 elevation due to cytokine stimulation in inflammatory disease [59]. Whether
HO-1 is present in response to the inflammation or if it is the direct cause of inflammation
is not completely clear.

Although HO-1’s direct role on insulin resistance and inflammation has not been fully
elucidated, the influence of exercise on the HO-1 pathway may shed light on these equivocal
data. Niess et al. showed that HO-1 expression in leukocytes increased significantly after
sustained endurance exercise in marathon runners. The authors interpreted this to be
due to the excessive amount of free radical production, although the mechanism that
causes this upregulation of HO-1 in exercise is not completely clear [60]. However, it
can be postulated that since exercise promotes ROS generation, it would induce nuclear
factor (erythroid-derived 2)-like-2 (Nrf2) expression, which is a key transcription factor
in inducing HO-1 [61–63]. A potential explanation for the upregulation of HO-1 may be
that acute exercise can also propagate a transient pro-inflammatory state to increase levels
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of HO-1 via increased cytokine activity. Others have suggested that ROS, themselves,
can induce and upregulate HO-1. Kurata et al. found that the HO gene was induced by
12-O-tetradecanoylphorbol 13-acetate response element (TRE) in the presence of hydrogen
peroxide, a ROS [64]. These oxidative free radical levels vary based on habitually trained
versus untrained subjects. The trained individuals had a much more robust adaptive
antioxidant defense system and thus a lower level of ROS production [65]. HO-1 levels
at rest are significantly reduced in trained subjects compared to untrained subjects [60].
This suggests an adaptive regulatory feedback mechanism to which, at rest, basal ROS
are downregulated in trained individuals and hence, a lower HO-1 level. The prevailing
hypothesis surrounding this observation is that HO-1 is upregulated to offer protection
from the free radicals that are produced with exercise (Figure 3) [59].

3.2. The Emerging Role of Biliverdin Reductase in Immune Response

BVRA plays a vital role in macrophage polarization and as a target for regulating
responses to bacterial lipopolysaccharides and complement activation products. BVRA
is expressed in macrophages where it is tyrosine phosphorylated. Phosphorylated BVRA
then binds to phosphatidylinositol 3-kinase (PI3K) at the p85α subunit to activate down-
stream signaling to Akt [66,67]. Macrophage classification occurs according to activation
state and function. M-1 macrophages are classically activated macrophages that express
cytokines such as TNFα and interleukin-17A. M-2 macrophages are alternatively activated
macrophages that express anti-inflammatory cytokines such as interleukin-10 (IL-10) and
transforming growth factor-beta (TGFβ). Overexpression of BVRA in macrophages ele-
vates expression of M-2 macrophage markers, while knockdown of BVRA increases M-1
macrophage markers [68]. Renal ischemia-reperfusion injury increases the levels of BVRA
positive macrophages increasing the levels of IL-10, helping in the reparative process [68].
The recruitment of macrophages is an influential process in the inflammatory response.
Release of chemokines that act on specific receptors such as the complement activation
fragment 5a receptor one (C5aR1) recruits macrophages to sites of tissue injury. Loss of
macrophage BVRA results in greater levels of C5aR1 increasing inflammation [69]. These
studies demonstrate the critical role of BVRA in both macrophage chemotaxis and polariza-
tion. Augmentation of macrophage BVRA levels may be an effective treatment to bolster
anti-inflammatory pathways in a number of inflammatory diseases. How they might affect
metabolic adaptations to exercise is yet to be determined.

3.3. The Effect of Exercise on Bilirubin and Its Actions

Given that HO-1 expression is directly influenced by exercise training (Figure 4), it
is logical to assume that exercise increases plasma bilirubin levels. Hinds et al. recently
conducted a study where rats genetically selected for high capacity running (HCR) and low
capacity running (LCR) were used to identify the metabolic pathways in the liver altering
plasma bilirubin levels through exercise [70]. The investigators observed that HCR rats
had significantly greater plasma bilirubin and hepatic BVRA expression while having a
reduced expression of the glucuronyl hepatic enzyme UGT1A1. Significant increases in
PPARα-target genes were also observed in HCR rats compared to the LCR. For the first time,
these results suggest hepatic mechanisms involved in bilirubin synthesis and metabolism
that may explain the positive effects of exercise on plasma bilirubin and metabolic health.

There are a limited number of articles published on this topic in humans [71,72]. In a
controlled study that examined different levels of training intensity, researchers found that
the high-intensity training group (defined as 12 kilocalories per kilogram per week (KKW)
energy expenditure) presented a significant increase in total serum bilirubin in comparison
to the sedentary control group. Those who trained at moderate intensity levels (defined as
4 and 8 KKW) experienced no significant differences in serum bilirubin levels [71]. Priest
et al. observed an increase in bilirubin in male runners after a 13-mile run along with an
increase in alkaline phosphatase. Bile acids and bilirubin have been shown to be elevated
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in these runners [73]. In both studies, bilirubin levels seem to be elevated in response to
high-volume, exhaustive forms of exercise with high energy expenditure.
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Figure 4. The heme oxygenase pathway signaling during exercise. Exercising (aerobic) raises
plasma bilirubin levels by (1) suppression of the glucuronyl transferase enzyme UGT1A1 that
conjugates bilirubin for removal from blood, and (2) activation of the heme oxygenase pathway (HO-
1-BVRA-PPARα). The increased bilirubin combats reactive oxygen species (ROS) and ROS-induced
inflammation and DNA damage. The bilirubin also activates the nuclear receptor transcription factor,
PPARα, to reduce adiposity. Created with BioRender.com (accessed on 9 December 2021).

A subgroup analysis from Swift et al. revealed another interesting trend that showed
those who were insulin resistant in the high-intensity exercise group had a significant
increase in bilirubin compared to the insulin-sensitive group [71]. A more recent study
confirmed these observations by examining why moderate-to-vigorous physical activity
(MVPA) resulted in a significant increase in serum bilirubin in insulin-resistant subjects but
not in insulin-sensitive subjects. The authors hypothesized that the observed increase in
bilirubin in the insulin-resistant subjects could be due to a lower basal level of bilirubin,
resulting in a more remarkable absolute change in bilirubin in response to MVPA [74]. The
underlying rationale for this pattern of bilirubin change in response to different exercise
volumes should be further explored to improve our understanding of the connection
between insulin resistance and changing bilirubin levels.

Several studies in athletes have also reported a strong correlation between elevated
bilirubin and the degree of exercise intensity and an associated increase in erythrocyte
hemolysis [71,75–77]. Witek et al. reported normal bilirubin reference ranges for 339 male
and female Polish athletes [72]. While approximately 45% of the samples had bilirubin
levels in the range of 7–14 µM, 12% of the athletes had 21–28 µM. Nineteen percent of
the total bilirubin values exceeded the established normal limit of 21 µM. These elevated
concentrations appeared to be related to changes caused by regular exercise and were not
directly related to increased hemolysis. The authors suggested that other exercise-induced
mechanisms seem to affect bilirubin concentrations, such as altered liver function and
upregulation of bilirubin production (to serve as an antioxidant) in response to increased
oxidative stress (ROS). A study of young Polish athletes (aged 18–40 years) reported that
bilirubin levels increased in response to both a ketogenic diet and short-term, high-intensity
exercise (CrossFit) [78]. Study subjects increased their bilirubin concentrations in both
diet groups in response to exercise (Customary diet: 10 ± 5 to 19 ± 8; Ketogenic diet:

BioRender.com
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14 ± 0 to 20 ± 8 µM; p < 0.05). These studies bring to question if bilirubin levels are
being controlled by exercise to correct metabolic imbalances, mitigate oxidative stress, and
reduce inflammation.

3.4. The Hormonal Function of Bilirubin in Exercise and the Impact of PPAR Signaling

The PPARs are a subfamily of ligand-activated nuclear receptor transcription factors
with three distinct isoforms: α, β/δ, γ [79]. These isoforms are found in different tis-
sues, each with a predominant isoform. PPARα is expressed in hepatocytes, enterocytes,
and vascular endothelium and works to improve mitochondrial efficacy in FA oxidation
in these tissue types. PPARβ/δ are expressed more ubiquitously in the body but pre-
dominate in skeletal muscle and macrophages and are important in fatty acid oxidation
and macrophage immunosuppression through the reduction in NF-κB inflammatory cy-
tokines [80,81]. PPARγ is found mainly in white and brown fat adipocytes and enhances
genes involved in the metabolism of glucose and adipocyte differentiation [82–86]. PPAR’s
are activated in the presence of their specific corresponding natural or synthetic pharma-
cological ligands. All PPAR isoforms will activate in the presence of unsaturated fatty
acid (PPAR pan agonist), which acts as a ligand to the PPAR isoforms [87]. It should be
noted that all of the PPAR isoforms are considered to drive anti-inflammatory pathways.
A hepatocyte-specific and adipocyte-specific knockout of PPARα in mice fed a high-fat
diet showed greater fat content in each of the KOs, which both also exhibited significantly
higher inflammation compared to control littermates [88,89]. Similarly, studies showing
that overexpression of inflammatory meditator glucocorticoid receptor beta (GRβ) in the
liver of C57/bl6 mice induced hepatic lipid accumulation in 5 days on a normal chow diet
by suppression of hepatic PPARα [90].

We have shown that bilirubin (unconjugated form) binds directly to the PPARα nuclear
receptor to induce transcription of genes (Figure 5) [91–94], which control adiposity and
glucose sensitivity. Interestingly, competitive binding studies and transcriptional activity
assays demonstrated that bilirubin’s binding to the PPARs is specific to only PPARα, and it
has no actions or binding to PPARγ or PPARβ/δ [91,92]. In looking more specifically at
ligands for PPARα, a synthetic ligand such as fenofibrate (fibrates) is widely used in the
treatment of hypertriglyceridemia in order to reduce serum triglyceride levels. Through
the binding and subsequent activation of the PPARα nuclear receptor, fenofibrate reduces
plasma triglycerides and VLDL/LDL concentrations [95]. An increased expression of
PPARα offers significant induction of β-oxidation [46,47,63,92,94] and myocardial ATP
production, which are markers for myocardial viability [96,97]. It can also reduce the
oxidative stress that occurs after a high-fat meal [95]. As mentioned above, unconjugated
bilirubin has been demonstrated to act as a novel endocrine ligand that activates the
transcriptional activity of PPARα by direct interaction, which changes coregulator proteins
bound to the nuclear receptor to control gene activity [92]. PPARα activation by bilirubin
in obese mice with glucose intolerance leads to a decrease in fasting blood glucose, as
well increase in lean body mass and an increased presence of FGF21 (fibroblast growth
factor 21) [42]. FGF21 can act as a metabolic regulator by rapid reduction in blood glucose
and insulin levels in obese models [42,98] (readers are referred to another review discussing
modulation of metabolism by FGF21 for more information [99]). The impact that bilirubin
has on exercise via FGF21 is unknown. More studies are needed to elucidate the protective
properties of bilirubin that occur via it driving the PPARα-FGF21 pathway that reduces
adiposity and improves insulin sensitivity.
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Figure 5. Selectivity of bilirubin for the PPAR isoforms and signaling mechanisms. The PPAR
isoforms are bound by corepressors proteins until they are bound to the ligand, which induces a
change from co-repressors to co-activators. Unconjugated bilirubin enters the cells and activates
PPARα and not the PPARγ or PPARβ/δ isoforms. Bilirubin binding to PPARα induces a complex
with RXR causing an exchange of corepressor proteins for co-activators. The bilirubin-induced
PPARα-RXR complex controls specific genes for metabolic control of adiposity (UCP1, CPT1A, FGF21,
ADRB3, and others), which might be based upon specific co-activators (PGC1α, NCOA1, NCOA2,
MED1, etc.) bound in the complex.

Exercise plays a role in the activation of the PPAR systems. Exercise increases the levels
of AMP-activated kinase (AMPK), ERK1/2-MAPK, and PKC, which are kinases in the
skeletal muscle involved in increasing the expression of downstream transcription factors.
These kinases are found to increase the transactivation of PPARα and thus an increase
in FA oxidation and glucose production, which can be used as fuel during exercise [100].
PPARα, in particular, has strong actions on improving the efficacy of FA oxidation in
the liver and adipose tissues [88,89]. PPARα mRNA upregulates in bouts of exercise
and in times of starvation in order to metabolize fat and use it for an effective energy
source [101,102]. Acute exercise also provides increases in liver and serum FGF21, which
provides systemic insulin sensitization [103]. PPARα expression is necessary for optimized
endurance exercise. PPARα knockout models had significantly less tolerance to endurance
exercise than the control. This lack of tolerance is due to a rapid depletion of hepatic
glycogen [104]. We have shown that reducing PPARα activity in the liver leads to lower
hepatic glycogen content [88,90], and activation by bilirubin increases it [47,70]. Similarly,
hepatocyte-specific BVRA knockout animals on a high-fat diet had reduced bilirubin-
PPARα activity and lower glycogen levels [50]. Endurance athletes were found to have a
specific polymorphism that produces an increased binding capacity of PPARα in skeletal
muscle and more type I slow-twitch fibers [105]. This suggests that PPARα may have
critical roles in exercise and is necessary to perform enhanced endurance activity [106].
Similar to PPARα, PPARγ and PPARβ/δ mRNA is also elevated as a result of an aerobic
exercise training program [107,108]. PPARβ/δ are the least studied of the isoforms. There
is evidence to support PPARβ/δ’s ability to rectify metabolic disorders and enhance β-
oxidation in muscle [109]. Many of its effects mimic the functionality of PPARα; however,
the PPARβ/δ is more ubiquitously expressed than PPARα [110].


