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Immune-Related Functions of Heme Oxygenase-1

Elias A. Lianos 1 and Maria G. Detsika 2,*

1 Veterans Affairs Medical Center and Virginia Tech, Carilion School of Medicine, Salem, VA 24153, USA;
elias.lianos@va.gov

2 1st Department of Critical Care Medicine & Pulmonary Services, GP Livanos and M Simou Laboratories,
Evangelismos Hospital, National and Kapodistrian University of Athens, 10675 Athens, Greece

* Correspondence: mdetsika@med.uoa.gr

Heme oxygenase (HO)-1 is a well-known cytoprotective enzyme due to its enzymatic
action, which involves the catalysis of heme into anti-apoptotic and antioxidant molecules
such as bilirubin, biliverdin and CO. Apart from heme, its natural inducer and substrate,
HO-1 responds to numerous stimuli and is, therefore, implicated in multiple cellular,
molecular and immunological pathways. Its role as a potential immunoregulator has been
studied both via its by-products and via the direct involvement of HO-1 in immune-related
cellular functions and responses. The Antioxidants journal Special Issue titled “Heme
Oxygenase (HO)-1 as an Immunoregulator in Health and Disease” aims to highlight its role
in immune-related pathways. This Special Issue includes twelve articles, eight of which
are research articles reporting recent advances in research on the role of HO-1 in various
immune-related mechanisms, and four of which are review articles that provide detailed,
up-to-date information and evidence on its role as an immunoregulator in different diseases
or health systems.

Cannedo-Marroquin et al. described the increase in the lung HO-1 expression of mice
primarily infected with human respiratory syncytial virus (hRSV) and subsequently with a
Mycobacterium bovis (M. bovis) strain referred to as Bacillus Calmette-Guerin (BCG) [1]. In a
series of elegantly performed experiments, the study showed that a pre-infection with hRSV
promoted lung pathology such as increased infiltration of innate immune cells, includ-
ing interstitial and alveolar macrophages, during a subsequent mycobacterial challenge,
thus impairing pulmonary immune responses and promoting secondary mycobacterial
colonization, which was also associated with increased lung tissue HO-1 expression.

The involvement of HO-1 in viral infection was also explored in the study by Detsika
M. G. and colleagues, who investigated changes in the expression of HO-1 in COVID-19 [2].
The study assessed HO-1 mRNA levels in COVID-19 patients with severe and critical
illness and found that HO-1 levels increased in critically ill patients. This increase was
accompanied by an increase in HO-1 expression at the tissue level in critically ill COVID-19
patients and was associated with poor prognosis.

The role of HO-1 in COVID-19 infection was further analyzed by Toro et al. [3]. Their
review article consists of a thorough description of the anti-inflammatory and antiviral
properties of HO-1 and its consequent potential for combating clinical manifestations of
the disease.

Fitzgerald H.K. et al. explored the potential of Trypanosoma brucei (T. brucei)-derived
ketoacids indole pyruvate (IP) and hydroxyphenylpyruvate (HPP) to induce HO-1 and
modulate CD4+ T cell responses [4]. The study reported upregulation of HO-1 by IP and
HPP through Nrf2 in human dendritic cells (DC) associated with decreased DC maturation
and pro-inflammatory cytokine production, thus affecting CD4+ T cell differentiation.

The role of HO-1 as an immunomodulator was also assessed in a model of parasitic
disease [5]. Costa et al. showed that mice infected with Fasciola hepatica (F. hepatica), a
fluke that infects livestock and humans, causing fasciolosis, exhibited increased HO-1
expression in peritoneal antigen-presenting cells (APCs). The later produced decreased
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levels of reactive oxygen and nitrogen species, and their presence was associated with
increased levels of regulatory T cells in an IL-10 activity-dependent manner.

The effect of the HO-1 pathway on inflammation was also assessed by Hirvonen et al.,
whose work involved healthy volunteers and revealed that the administration of D-glyceric
acid activated mitochondrial metabolism and reduced inflammation [6]. Measurement
of the HO-1 reaction by-products showed increased blood bilirubin levels, which were
associated with ameliorated inflammation and lower levels of blood triglycerides.

Another study utilized CO-releasing molecules (CORMs) on primary tenocytes in
order to investigate their potential to reduce inflammation [7]. Appetecchia et al. treated
primary tenocytes with various concentrations of specific CORMs previously tested for
their efficacy to produce efficient amounts of CO, an important HO-1 reaction by-product.
The results of the study showed an improvement in tendon homeostasis and a reduction in
PGE2 secretion.

The impact of HO-1 and its reaction by-products, especially bilirubin, is described
in detail in the review article by Thomas D. T. and colleagues [8]. The article depicts the
function of bilirubin as an antioxidant and metabolic hormone and how the HO-1–BVRA–
bilirubin–PPAR axis influences inflammation and metabolic function and interacts with
exercise to improve the outcomes of weight management.

An additional role of HO-1 as a potential modulator of the expression of proteins
regulating the activation of the complement cascade was investigated by Detsika et al. [9].
Using tissue samples obtained from transgenic rats with complete HO-1 deficiency, it was
shown that la ack of HO-1 reduced decay accelerating factor (DAF) expression in kidney,
liver and lung tissue and CR1-related gene/protein Y (Crry) expression in kidney and liver
tissue. The reduction in kidney DAF and Crry expression resulted in an increase in C3b
deposition in kidney tissue, thus indicating an additional immunomodulatory role of HO-1
as a complement cascade regulator.

The important relationship of HO-1 and kidney disease via its potential as an im-
munomodulator is described in detail in the review article by Athanassiadou and col-
leagues [10]. The article serves as an up-to-date overview on the involvement of HO-1 in
kidney disease through its effect on immune pathways and responses.

Similarly, in the review article by Xia and Zhong, the immunomodulatory role of
HO-1 in allergic airway inflammation is described in detail [11]. Specifically, the anti-
inflammatory effect of HO-1 in different stages of airway inflammation via the regula-
tion of various immune cells, including dendritic cells, mast cells, basophils, T cells and
macrophages, is discussed.

Finally, the anti-tumoral role of HO-1 via different mechanisms, including immune
mediated pathways, was demonstrated in the study by Lage-Vickers et al. [12]. The study
employed a proteomics approach and analyzed prostate cancer proteomic data in order to
assess the significance of HO-1 interactors.

In conclusion, this Special Issue emphasizes the potential of HO-1 to modulate various
immune cellular and physiological pathways, thus strengthening the evidence for its
promising role as a putative target leading to innovative avenues of therapeutic strategies.

Funding: This work was supported by a Veteran Affairs Merit Award 5I01BX004333-04, titled ‘Novel
Complement-targeted treatment strategies’, awarded to Elias A. Lianos.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Canedo-Marroquin, G.; Soto, J.A.; Andrade, C.A.; Bueno, S.M.; Kalergis, A.M. Increased Heme Oxygenase 1 Expression upon a
Primary Exposure to the Respiratory Syncytial Virus and a Secondary Mycobacterium bovis Infection. Antioxidants 2022, 11, 1453.
[CrossRef] [PubMed]

2. Detsika, M.G.; Nikitopoulou, I.; Veroutis, D.; Vassiliou, A.G.; Jahaj, E.; Tsipilis, S.; Athanassiou, N.; Gakiopoulou, H.; Gorgoulis,
V.G.; Dimopoulou, I.; et al. Increase of HO-1 Expression in Critically Ill COVID-19 Patients Is Associated with Poor Prognosis and
Outcome. Antioxidants 2022, 11, 1300. [CrossRef] [PubMed]

2



Antioxidants 2023, 12, 1322

3. Toro, A.; Ruiz, M.S.; Lage-Vickers, S.; Sanchis, P.; Sabater, A.; Pascual, G.; Seniuk, R.; Cascardo, F.; Ledesma-Bazan, S.; Vilicich, F.;
et al. A Journey into the Clinical Relevance of Heme Oxygenase 1 for Human Inflammatory Disease and Viral Clearance: Why
Does It Matter on the COVID-19 Scene? Antioxidants 2022, 11, 276. [CrossRef] [PubMed]

4. Fitzgerald, H.K.; O’Rourke, S.A.; Desmond, E.; Neto, N.G.B.; Monaghan, M.G.; Tosetto, M.; Doherty, J.; Ryan, E.J.; Doherty, G.A.;
Nolan, D.P.; et al. The Trypanosoma brucei-Derived Ketoacids, Indole Pyruvate and Hydroxyphenylpyruvate, Induce HO-1
Expression and Suppress Inflammatory Responses in Human Dendritic Cells. Antioxidants 2022, 11, 164. [CrossRef] [PubMed]

5. Costa, M.; da Costa, V.; Frigerio, S.; Festari, M.F.; Landeira, M.; Rodriguez-Zraquia, S.A.; Lores, P.; Carasi, P.; Freire, T. Heme-
Oxygenase-1 Attenuates Oxidative Functions of Antigen Presenting Cells and Promotes Regulatory T Cell Differentiation during
Fasciola hepatica Infection. Antioxidants 2021, 10, 1938. [CrossRef] [PubMed]

6. Hirvonen, O.P.; Lehti, M.; Kyrolainen, H.; Kainulainen, H. Heme Oxygenase-1 and Blood Bilirubin Are Gradually Activated by
Oral D-Glyceric Acid. Antioxidants 2022, 11, 2319. [CrossRef] [PubMed]

7. Appetecchia, F.; Consalvi, S.; Berrino, E.; Gallorini, M.; Granese, A.; Campestre, C.; Carradori, S.; Biava, M.; Poce, G. A Novel Class
of Dual-Acting DCH-CORMs Counteracts Oxidative Stress-Induced Inflammation in Human Primary Tenocytes. Antioxidants
2021, 10, 1828. [CrossRef] [PubMed]

8. Thomas, D.T.; DelCimmuto, N.R.; Flack, K.D.; Stec, D.E.; Hinds, T.D., Jr. Reactive Oxygen Species (ROS) and Antioxidants as
Immunomodulators in Exercise: Implications for Heme Oxygenase and Bilirubin. Antioxidants 2022, 11, 179. [CrossRef] [PubMed]

9. Detsika, M.G.; Theochari, E.; Palamaris, K.; Gakiopoulou, H.; Lianos, E.A. Effect of Heme Oxygenase-1 Depletion on Complement
Regulatory Proteins Expression in the Rat. Antioxidants 2022, 12, 61. [CrossRef] [PubMed]

10. Athanassiadou, V.; Plavoukou, S.; Grapsa, E.; Detsika, M.G. The Role of Heme Oxygenase-1 as an Immunomodulator in Kidney
Disease. Antioxidants 2022, 11, 2454. [CrossRef] [PubMed]

11. Xia, Z.; Zhong, W. Immune Regulation of Heme Oxygenase-1 in Allergic Airway Inflammation. Antioxidants 2022, 11, 465.
[CrossRef] [PubMed]

12. Lage-Vickers, S.; Sanchis, P.; Bizzotto, J.; Toro, A.; Sabater, A.; Lavignolle, R.; Anselmino, N.; Labanca, E.; Paez, A.; Navone, N.;
et al. Exploiting Interdata Relationships in Prostate Cancer Proteomes: Clinical Significance of HO-1 Interactors. Antioxidants
2022, 11, 290. [CrossRef] [PubMed]

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.

3





Citation: Canedo-Marroquín, G.;

Soto, J.A.; Andrade, C.A.; Bueno,

S.M.; Kalergis, A.M. Increased Heme

Oxygenase 1 Expression upon a

Primary Exposure to the Respiratory

Syncytial Virus and a Secondary

Mycobacterium bovis Infection.

Antioxidants 2022, 11, 1453. https://

doi.org/10.3390/antiox11081453

Academic Editors: Elias Lianos

and Maria G. Detsika

Received: 2 June 2022

Accepted: 23 July 2022

Published: 26 July 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

antioxidants

Article

Increased Heme Oxygenase 1 Expression upon a Primary
Exposure to the Respiratory Syncytial Virus and a Secondary
Mycobacterium bovis Infection
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Abstract: The human respiratory syncytial virus (hRSV) is the leading cause of severe lower respira-
tory tract infections in infants. Because recurrent epidemics based on reinfection occur in children
and adults, hRSV has gained interest as a potential primary pathogen favoring secondary oppor-
tunistic infections. Several infection models have shown different mechanisms by which hRSV
promotes immunopathology to prevent the development of adaptive protective immunity. However,
little is known about the long-lasting effects of viral infection on pulmonary immune surveillance
mechanisms. As a first approach, here we evaluated whether a primary infection by hRSV, once
resolved, dampens the host immune response to a secondary infection with an attenuated strain of
Mycobacterium bovis (M. Bovis) strain referred as to Bacillus Calmette-Guerin (BCG). We analyzed
leukocyte dynamics and immunomodulatory molecules in the lungs after eleven- and twenty-one-
days post-infection with Mycobacterium, using previous hRSV infected mice, by flow cytometry and
the expression of critical genes involved in the immune response by real-time quantitative reverse
transcription polymerase chain reaction (RT-qPCR). Among the latter, we analyzed the expression of
Heme Oxygenase (HO)-1 in an immunization scheme in mice. Our data suggest that a pre-infection
with hRSV has a conditioning effect promoting lung pathology during a subsequent mycobacterial
challenge, characterized by increased infiltration of innate immune cells, including interstitial and
alveolar macrophages. Our data also suggest that hRSV impairs pulmonary immune responses,
promoting secondary mycobacterial colonization and lung survival, which could be associated with
an increase in the expression of HO-1. Additionally, BCG is a commonly used vaccine that can be
used as a platform for the generation of new recombinant vaccines, such as a recombinant BCG strain
expressing the nucleoprotein of hRSV (rBCG-N-hRSV). Therefore, we evaluated if the immunization
with rBCG-N-hRSV could modulate the expression of HO-1. We found a differential expression
pattern for HO-1, where a higher induction of HO-1 was detected on epithelial cells compared to
dendritic cells during late infection times. This is the first study to demonstrate that infection with
hRSV produces damage in the lung epithelium, promoting subsequent mycobacterial colonization,
characterized by an increase in the neutrophils and alveolar macrophages recruitment. Moreover, we
determined that immunization with rBCG-N-hRSV modulates differentially the expression of HO-1
on immune and epithelial cells, which could be involved in the repair of pulmonary tissue.

Keywords: RSV; mycobacteria; HO-1; tuberculosis; susceptibility
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1. Introduction

Human respiratory syncytial virus (hRSV) is the leading cause of acute lower res-
piratory tract infection (ALRTI) in children under five-year-old, displaying high rates of
hospitalization and over 90,000 death-related cases [1,2]. Children under two years of
age, people with comorbidities, such as cardiac and pulmonary affections, and the elderly,
are the most susceptible to developing hRSV bronchiolitis and pneumonia [3]. HRSV
infections cause airway inflammatory hyperresponsiveness characterized by the secretion
of pro-inflammatory cytokines, including interleukin (IL)-6, IL-4, IL-13, and tumor necrosis
factor (TNF)-α, leading to the recruitment of innate leukocytes, such as neutrophils, as well
as adaptive immune cells including T and B cells [4].

The consequences associated with hRSV infection during the early stages of infection
include poor adaptive immunity that allows reinfections [5,6] and increased susceptibility to
the development of allergies [7], post-bronchiolitis wheeze (PBW), and asthma [8]. Another
important consequence of hRSV infections is the frequent establishment of secondary
bacterial infections, such as Streptococcus pneumoniae (S. pneumoniae), which can lead to
more severe clinical symptoms of pulmonary pathology, and are considered an essential
factor that contributes to mortality rate [9–12]. Different studies have suggested that
primary respiratory viral infections can induce host susceptibility to secondary infections,
either acute or concomitant bacterial infection (S. pneumoniae) or established bacterial
infection after viral clearance, such as Mycobacterium tuberculosis (M. tuberculosis) [13].
However, the susceptibility that an initial infection with hRSV promotes for secondary
infections with M. tuberculosis has not been evaluated. Here we sought to evaluate whether
hRSV infection shapes the lung immune response and promotes pulmonary inflammatory
hyperresponsiveness in a chronic mycobacterial infection model.

The Mycobacterium bovis (M. Bovis) strain, referred to as Bacillus Calmette-Guerin (BCG),
is an attenuated version of a known species belonging to the M. tuberculosis complex [14].
Although infections with BCG do not recapitulate all pathological features observed with
M. tuberculosis, BCG is a valuable model for studying anti-mycobacterial immune responses
mimicking important aspects of bacilli-host interaction [15,16]. Moreover, BCG provides a
functional model for chronic infections as viable bacilli can persist for up to 10 months in
the lungs [17].

Heme Oxygenase (HO)-1 is an enzyme that catalyzes a reaction in which the heme
group turns into carbon monoxide (CO), biliverdin, and free iron [18]. HO-1 promotes heme
group homeostasis and has a cryoprotective role against tissue damage. Additionally, it has
been reported that the activity of HO-1 has an antiviral effect on pathogens such as hRSV,
among others [19–21]. In the case of mycobacteria, the function of HO-1 in the host is induced
by the dormancy mechanism activated by the mycobacteria, promoting an anti-inflammatory
response that avoids the immune system and ensures their survival [22,23]. The expression
of HO-1 is controlled by a transcription factor named nuclear factor erythroid 2-related
factor (Nrf2), which can be activated as a consequence of stimuli such as hypoxia [24].
The OX-2 glycoprotein membrane (CD200) is an important molecule expressed on the
surface of alveolar epithelial cell type II, which can bind to the receptor CD200R on the
surface of alveolar macrophages [25]. The union of CD200 with its receptor on the alveolar
macrophages leads to their inhibition, downregulating the inflammatory response in the
pulmonary epithelium [25]. By doing this, CD200 can regulate the airway immunological
response against infections.

As mentioned above, hRSV-infection can cause airway inflammation and hyperrespon-
siveness [4]. However, the link between hyperresponsiveness of the airways and long-term
pulmonary sequels regarding Mycobacterium infections is unclear. Therefore, we evaluated
whether the lungs of hRSV-infected mice are immunologically susceptible to secondary
bacterial colonization along with pulmonary pathology. With this aim, we performed
long-term bacterial colonization using BCG as the Mycobacterium infectious model after
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a primary infection with hRSV in C57BL/6 mice [26,27]. Additionally, HO-1 induction
during hRSV-infection produces an anti-inflammatory environment and reduction of viral
loads [20]. Since the HO-1 effect in BCG immunization has not been evaluated, we decided
to test whether the effect previously described was increased using a BCG-based vaccine
prototype against hRSV. This study aimed to determine the contribution of HO-1 during
a mycobacterial infection that followed an infection by hRSV and after an immunization
scheme followed by an hRSV challenge.

2. Materials and Methods

2.1. Ethics Statements

All experimental protocols followed guidelines from the Sanitary Code of Terrestrial
Animals of the World Organization for Animal Health (OIE, 24. Edition, 2015) and were
reviewed and approved by the Scientific Ethical Committee for Animal and Environment
Care of the Pontificia Universidad Católica de Chile (Protocol number 160915010 and
160405005). All mouse experiments were conducted in agreement with international ethical
standards and according to the local animal protection law number 20,800.

2.2. Viral Propagation and Titration

Human Epidermoid carcinoma strain 2 (Hep-2) cell line (American Type Culture Col-
lection, CCL-23TM) (American Type Culture Collection, CCL-7TM) was used to propagate
hRSV serogroup A2, strain 13018–8, a clinical isolate from Instituto de Salud Pública de
Chile [28]. Hep-2 monolayers were grown in T75 flasks with Dulbecco’s Modified Eagle
Medium (DMEM) (Life Technologies Invitrogen, Carlsbad, CA, USA) supplemented with
10% fetal bovine serum (FBS) (Gibco Invitrogen Corp, Carlsbad, CA, USA) until 80–90%
confluency. Flasks containing 5 mL of DMEM 1% FBS for infection with hRSV, the viral
inoculum with 2 × 105 plaque formation units (PFU), were incubated at 37 ◦C. After 2 h
of virus adsorption, supernatants were replaced with fresh DMEM 1% FBS medium and
incubated for 48 h (i.e., until cytopathic effects were detectable). For harvesting, cells
were scraped, and the flask content was pooled and centrifuged first at 300× g for 10 min
and then at 500× g for 10 min to remove cell debris. Using the same harvesting pro-
tocol, supernatants of non-infected cells were collected and used as the non-infectious
control (referred to from here on as Mock). Viral titers of supernatants were determined by
immunocytochemistry in 96-well plates with Hep-2 cells, as described previously [29,30].

2.3. Mycobacterium Bovis-BCG-Culture, and Storage

The BCG Danish 1331 strain was grown in medium 7H9 (Sigma-Aldrich, Saint Louis,
MO, USA, M0178-500G), a specific mycobacteria broth [30], supplemented with 10% Mid-
dlebrook oleic acid, albumin, dextrose, and catalase (OADC) Growth Supplement (Sigma-
Aldrich, M0678-1VL), with constant stirring at 120 rpm until reaching an OD600 nm equal
to 0.8. At this point, the mycobacteria culture was washed three times with 1X PBS-0.05%
Tween 80, resuspended with 1X PBS-glycerol 50% at a final concentration of 1 × 106 colony-
forming units (CFU)) per vial and frozen at −80 ◦C until their use. For the infection, BCG
vials were centrifuged at 14,000× g and resuspended in PBS for intranasal administration.

2.4. Mouse Immunization and Viral Infection

The effect of a recombinant BCG (rBCG) strain in the modulation of HO-1 was evalu-
ated by immunization with rBCG expressing the nucleoprotein of hRSV (rBCG-N-hRSV) as
described next. Six to eight-week-old BALB/cJ mice were immunized by sub-cutaneous
1 × 108 CFU of BCG WT or rBCG-N-hRSV in a final volume of 100 μL per dose at days
0 and 14. Twenty-one days after immunization, mice were intraperitoneally anesthetized
and challenged by intranasal infection with ~1 × 107 PFU of hRSV A2, strain 13018-8. On
days 7 and 14 post-infection, mice were euthanized. rBCG production was performed as
described previously [30].
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2.5. Mouse Viral and Mycobacterial Infections

Two infection schemes were conducted to determine the consequences of hRSV infec-
tion and the effect of a subsequent infection. The short scheme was performed to evaluate
if the inoculation with mycobacteria could infect and damage the pulmonary tissue a
few days after the clearance of hRSV (day 10 post-infection with hRSV). Euthanasia was
performed 11 days after the inoculation with mycobacteria since the alveolar tissue repair
was not complete on this day. For this reason, it would be expected to find an effect induced
by the administration of mycobacteria. The choice of this day was mainly due to the slow
replicative cycle of this bacterium, which makes it difficult to carry out these tests at earlier
times. The long scheme was performed to evaluate if, a significant number of days after the
clearance of hRSV (day 21 post-infection with hRSV), the inoculation with mycobacteria
could infect and damage the pulmonary tissue. During the day of the inoculation, the
cell target of mycobacteria alveolar macrophages was replaced, allowing the mycobacte-
ria more time to proliferate and cause an effect on the lung. Euthanasia was performed
21 days after the inoculation with mycobacteria since, on this day, the alveolar tissue repair
is not complete. Six to eight-week-old C57BL/6J mice received an intranasal infection
with 1 × 107 PFU of hRSV A2 strain 13018-8 of 100 μL per mouse. After 10- or 21-days
post-infection (dpi), mice were intranasally instilled with 1 × 106 CFU/mice of BCG. After
11- and 21-days post inoculation with BCG, mice were euthanized for collection of lung
samples, bronchoalveolar lavage (BAL), and mediastinal lymph nodes. The controls were
mock and vehicle (Sauton diluent) for the inoculation with hRSV and BCG, respectively.
The administration of the first and second inoculation and their description are described
in Table 1.

Table 1. Schemes of infection and their times.

Day of the First
Inoculation

(Mock or Human Respiratory
Syncytial Virus)

Day of the Second
Inoculation

(Vehicle or Bacillus Calmette-Guerin)

Day of the
Euthanasia

(After the Second Inoculation)

Short scheme 0 10 11

Long scheme 0 21 21

2.6. Evaluation of hRSV-Associated Disease Parameters

To determine the infiltration of polymorphonuclear cells, BAL was collected as previ-
ously described [29] and stained with anti–CD11b PerCP-Cy5.5 (clone M1/70, BD Pharmin-
gen, San José, CA, USA), anti-CD11c APC (clone HL3, BD Pharmingen), anti-IA/IE APCcy7
(clone M5/114.15.2, Biolengend), anti-Singlec F PE CF594 (clone E50-2240, BD Bioscience,
San José, CA, USA), anti-Ly6C BV605 (clone HK1.4, Biolegend, San José, CA, USA) and anti-
Ly6G FITC (Clone 1A8, BD Pharmingen) antibodies. As previously described, viral loads
were detected in the lungs by real-time quantitative reverse transcription polymerase chain
reaction (RT-qPCR) [28,30,31]. In addition, lung samples were stored in 4% paraformalde-
hyde solution (PFA), maintained at 4 ◦C, embedded in paraffin, cut, and stained with
H&E as previously described [29]. The BCG count after 21 dpi was performed by seeding
1000 μL of lung homogenate in 7H10 plates and incubation for 14 to 21 days at 37 ◦C
with 5% CO2. To evaluate the presence of HO-I in the lungs by flow cytometry, the lungs
were incubated with collagenase IV for 30 min at 37 ◦C with agitation (120 rpm). Then
the cells were homogenized using a 70 μm cell strainer. The cells were incubated with
ammonium-chloride-potassium (ACK) lysis buffer for 5 min and centrifugated 300 g for
5 min at 4 ◦C, and then stained with α-CD45-BV510 (clone 30-FL1, BD Horizon, San José,
CA, USA), α-CD11c APC (clone HL3, BD Pharmingen), α-IA/IE-V500 (clone M5/114.15.2,
BD Pharmigen), α- CD326(Ep-CAM) PE (clone G8.8, Biolegend). Then, for HO-1 intra-
cellular staining, fixed cells were incubated with anti-mouse HO-1 monoclonal antibody
(mAb) (Abcam, UK) in permeabilization buffer (1% saponin, 10% FBS in PBS) for 45 min
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at 4 ◦C. For all antibody dilutions, 1 μL of antibody was diluted in 500 μL of a buffer PEB
(1X Phosphate Buffered Saline (PBS)-0.5% Bovine Serum Albumin (BSA)-0.2mM Ethylene-
diaminetetraacetic acid (EDTA)). Data were acquired in an LSRFortessa X2-0 cytometer
(BD Biosciences) and analyzed using FlowJo v10.0.7 software (BD Biosciences). The gating
strategy for detecting immune cells is shown in Supplementary Figure S1.

2.7. Lung Histopathology Analyses

Before proceeding with BAL collection, the major bronchus of the left lung was
clamped using 10 cm Kelly hemostatic forceps to perform histopathology analyses without
significantly altering tissue architecture. After obtaining the BAL from the right lung, the
left lung was fixed with 4% paraformaldehyde, then paraffin-embedded using a Leica
ASP300S enclosed, automatic tissue processor (Leica Microsystems, Wetzlar, Germany).
Then, 5 μm-thick tissue sections were obtained using a Microm HM 325 Rotary Microtome
(Thermo Scientific, Waltham, MA, USA) before being mounted and stained for histopathol-
ogy analyses using H&E stain. A histopathological score was used to measure structural
alterations in lung sections of control and infected animals [32,33]. The histopathological
score was as follows: 0 = normal tissue morphology, normal alveolar architecture, connec-
tive tissue associated with bronchi (slight presence of immune cells); 1 = alveolar spaces are
reduced, and there are immune cells present; 2 = bronchoalveolar involvement is defined
as reduced alveolar spaces and high infiltration of immune cells (neutrophils and lympho-
cytes) within and surrounding the airways, including bronchi; 3 = pulmonary consolidation
is evidenced by loss of alveolar spaces, bronchial walls thickening or bronchial collapse, and
high cellular infiltration. In addition, Ziehl-Neelsen (ZN) staining was performed accord-
ing to standard protocols [34,35]. In brief, the major bronchus of the left lung section was
dewaxed by washing with decreasing alcohol concentrations (from 96% to 70% ethanol),
heat-fixed, then stained with carbol-fuchsin (Bacto TB Carbolfuchsin KF, Becton-Dickinson,
Sparks, MD, USA) for 4 min, washed, and incubated with 3% hydrochloric acid (HCl) until
the stain was completely dissolved. Counterstaining was performed with brilliant green
(Bacto TB Brilliant Green K, Becton- Dickinson, Sparks, MD, USA) for 20 s. Sections were
air-dried after thorough washing.

2.8. Relative Expression by RT-qPCR

Quantitative real-time RT-qPCR total RNA was isolated from lung tissues collected
using the Trizol reagent according to the manufacturer’s instructions (Thermo Fisher
Scientific). Complementary DNA (cDNA) synthesis from total RNAs was performed
using the iScriptTM Reverse Transcription Supermix for RT-qPCR (Bio-Rad, Hercules, CA,
USA) and random primers. RT-qPCR reactions were carried out using a StepOne plus
thermocycler (Applied Biosystems, Waltham, MA, USA). The abundance of ho-1 and nrf2
mRNAs were determined by relative expression to the respective housekeeping gene
(β-actin gene) by the 2-ΔΔ threshold cycle (ΔΔCt) method [36]. The RT-qPCR assays
performed had 100% efficacy. For n-hRSV gene expression, absolute quantification data
were expressed as the number of hRSV N-gene copies for every 5 × 103 copies of the β-actin
transcript, as previously described [28,37]. The choice of using the β-actin gene for a single
reference gene is based on present high stability [31,38]. The primers used can be found
in Table 2.

2.9. Statistical Analyses

All statistical analyses were performed using GraphPad Prism version 6.0 Software.
Statistical significance values and analyses are detailed in each figure legend. For Figure 1, only
a normal distribution was observed for the data in Figure 1B. The data from Figure 1C–F
showed a non-normal distribution, so non-parametric Mann-Whitney tests were performed.
One-way ANOVA tests with a post hoc Tukey test were performed in Figures 2–5 and
Supplementary Figures S2–S4 since the data showed a normal distribution. Two-way
Anova with a post hoc Dunnett’s multiple comparisons test were performed to compare
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the kinetics of the weight curves of Figure 2A and Supplementary Figure S2A. Figure 1A
used a two-way ANOVA with a post hoc Šídák’s multiple comparisons test.

Table 2. List of primers used for real-time quantitative reverse transcription polymerase chain
reaction (RT-qPCR) analysis.

Gene Forward Primer Reverse Primer Gene Accession Code

n-hRSV 5′-GCTAGTGTGCAAGCAGAAATC-3′ 5′-TGGAGAAGTGAGGAAATTGAGTC-3′ Gene ID: 1489820

Mouse ho-1 5′-CCTCTGACGAAGTGACGCC-3′ 5′-CAGCCCCACCAAGTTCAAA-3′ Gene ID: 15368

Mouse nrf2 5′-TTCTTTCAGCAGCATCCTCTCCAG-3′ 5′-ACAGCCTTCAATAGTCCCGTCCAG-3′ Gene ID: 18024

Mouse ifn-β 5′-AGCTCCAAGAAAGGACGAACA-3′ 5′-GCCCTGTAGGTGAGGTTGAT-3′ Gene ID: 15977

Mouse il-6 5′-TAGTCCTTCCTACCC CAATTTCC-3′ 5′-TAGTCCTTCCTACCCCAATTTCC-3′ Gene ID: 16193

Mouse cd200 5′-CTCTCCACCTACAGCCTGATT-3′ 5′-AGAACATCGTAAGGATGCAGTTG-3′ Gene ID: 17470

Mouse β-actin 5′-ACCTTCTACAATGAGCTGCG-3′ 5′-CTGGATGGCTACGTACATGG-3′ Gene ID: 11461

Figure 1. Evaluation of infection, inflammation, and immunomodulatory parameters from human
respiratory syncytial virus (hRSV)-infected mice. (A) Body mass loss of C57BL/6 mice infected with
1 × 107 plaque formation units (PFU) of hRSV A2 for ten days. All the following parameters were
measured at day 10 post hRSV infection. (B) Determination of viral load through specific real-time
quantitative reverse transcription polymerase chain reaction (RT-qPCR) for hRSV. (C) Neutrophils
(D) Heme Oxygenase (HO)-1, (E) OX-2 glycoprotein membrane (CD200), and (F) nuclear factor
erythroid 2-related factor (NRF2). Data are shown as median ± interquartile range of at least two
independent experiments with three animals per group. (B) One-way ANOVA was performed with
a post-hoc Tukey test. (C–F) t-student was performed with the Mann-Whitney U test (* p < 0.05;
*** p ≤ 0.001). Created with BioRender.com.
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Figure 2. Evaluation of infection parameters from primary infection with a human respiratory
syncytial virus (hRSV) and 11 days post-infection with Bacillus Calmette-Guerin (BCG). (A) Scheme
of infection in mice. (B) Body mass loss of C57BL/6 mice infected with 1 × 107 plaque formation
units (PFU) of hRSV A2 and a subsequent challenge with BCG intranasal at day 10 post-infection with
hRSV. The significant difference corresponds to a two-way ANOVA of multiple comparisons between
hRSV-BCG versus mock-vehicle and hRSV-BCG versus hRSV-vehicle. (C) Determination of viral load
through specific real-time quantitative reverse transcription polymerase chain reaction (RT-qPCR)
for hRSV. (D) Lung tissue sections were stained with Hematoxylin and Eosin (10× magnification).
(E) Histopathological score. (F) Bacterial load in the BCG-groups. (G–K) Flow cytometry analyses
of bronchoalveolar lavages (BAL) from mice infected with Mycobacterium bovis (M. bovis). The
figure shows the absolute cell numbers for neutrophils (G), monocytes (H), eosinophils (I), alveolar
macrophages (J), and interstitial macrophages (K) in BAL of M. bovis-infected mice. Data are shown
as means ± SEM of three independent experiments with 3–4 animals per group. One-way ANOVA
was performed with a post-hoc Tukey test. (* p <0.05; ** p < 0.01; *** p ≤ 0.001; **** p ≤ 0.0001).
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Figure 3. Determination of mycobacteria and Heme Oxygenase (HO)-1 activity during a short
infection scheme with the human respiratory syncytial virus (hRSV) and Bacillus Calmette-
Guerin (BCG). (A) Acid-fast staining of Mycobacterium bovis-infected mouse lungs collected on day
11 post-inoculation with BCG (100× magnification). Quantification by real-time quantitative reverse
transcription polymerase chain reaction (RT-qPCR) of ho-1 (B) and the nuclear factor E2-related
factor 2 (nrf2) (C). Data are shown as means ± SEM of three independent experiments with
3–4 animals per group. One-way ANOVA was performed with a post-hoc Tukey test (* p < 0.05).
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3. Results

3.1. HRSV Infection Induces de Expression of Immunomodulatory Molecules

Our study model evaluated different disease and cellular infiltration parameters to
characterize the inflammatory immune response induced by hRSV. A significant reduction
in viral loads was observed during previous studies using a mouse infection model by
day 7 post hRSV instillation [39]. Therefore, we measured weight loss and viral load by
quantitative RT-PCR from the lungs of mice at 10 dpi and used as positive controls (C+)
the viral load at 3 dpi (Figure 1A,B). No significant differences were found in the weight
loss after the infection compared to mock-treated mice (Figure 1A). As shown in Figure 1B,
animals showed levels of n-hRSV RNA close to non-detectable, indicating an adequate
viral clearance by day 10 post-challenge, making it an appropriate inoculation time point
for subsequent BCG challenge. As expected, only a significant difference was found in the
positive control with respect to the groups evaluated (p = 0.0001). These results correlated
with a low percentage of neutrophils recruited in the lungs (Figure 1C). Additionally,
to evaluate whether the resolution of the infection was affected by anti-inflammatory
modulators, the expression of ho-1, nrf2 related to oxidative stress, and cd200 genes were
measured by RT-qPCR. At 10 dpi, we observed a significant increase in ho-1 (p= 0.0152)
and cd200 (p = 0.0244) relative expression in convalescent mice lungs compared to control
animals. However, no differences were observed in the transcription factor controlling ho-1
gene expression nrf2 between the groups (Figure 1F). We have recently shown that HO-1
upregulation has an antiviral protective effect in the lungs by limiting viral replication in
the tissue and epithelial cells, as well as by modulating the immunogenicity of antigen-
presenting cells (APC), such as dendritic cells (DC) and alveolar macrophages [20,40].
Given these data, it could be suggested that upon viral clearance, the high levels of ho-1
expression in the lower respiratory tract might play a role in modulating the immunity to
secondary infections.

3.2. Previous hRSV Infection Causes Further Long-Term Susceptibility to Mycobacterium
Bovis-Driven Pneumonia

To further evaluate whether animals that have cleared hRSV from the lungs re-
main immunocompetent to clear secondary infections, control (mock-instilled) and hRSV-
convalescent animals were challenged with M. bovis BCG after 10 dpi. BCG inoculation
was given intranasally to mice using a saline solution as a control (Figure 2A). As shown
in Figure 2B, hRSV-convalescent mice were inoculated with BCG (hRSV-BCG), but not
their relevant controls (Mock-BCG), showed increased weight loss at day 13 post-infection.
Statistical differences were found along the kinetics for hRSV-BCG vs. Mock-Vehicle or
Mock-BCG groups (p ≤ 0.0001). This weight loss can be associated with the infection with
BCG rather than hRSV persistence, as evidenced by the absence of detectable viral loads
at day 21 post-infection (Figure 2C). As expected, only a significant difference was found
in the positive control with respect to the groups evaluated (p = 0.0002). Additionally,
this was associated with more severe histopathological scores in both groups infected
with BCG. Careful histopathological scoring did not show any significant difference in
the semiquantitative blinded scoring of both BCG-infected groups despite a more marked
thickening of alveolar walls (Figure 2D,E). The more severe lung pathology observed at
21 dpi in the hRSV-BCG group was characterized by the thickening of the lung parenchyma
due to interstitial inflammation in discrete and well-defined foci developed around bronchi
and alveolar sacs (Figure 2E), which showed a significant difference compared to Mock-
Vehicle (p = 0.00219). Although less severe, a mild inflammation of the lung parenchyma
was observed with foci in the bronchi in mice pre-treated with Mock and then inoculated
with BCG (Mock-BCG) (Figure 2D,E). Additionally, the maintenance of the pulmonary
architecture and no significant lung inflammation were observed in both vehicle-inoculated
controls (Mock-Vehicle and hRSV-Vehicle groups). Mycobacteria CFUs were detected in
the lungs of animals previously inoculated with either mock or hRSV (Figure 2F). Con-
sistent with the histopathological score, only the hRSV-BCG group showed a significant
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increase of BAL neutrophils (Ly-6C− CD11b+ Ly-6Ghi) compared to the Mock-Vehicle group
(p = 0.0445) (Figure 2G). Accompanying neutrophils, we observed no significant differences
in BAL monocytes (Ly-6C+ CD11b+ Ly-6G−) and eosinophils (CD11b+ Siglec F+) in all
groups of mice (Figure 2H,I, respectively). Next, we analyzed other lung immune cell pop-
ulations by flow cytometry, such as interstitial and alveolar macrophages. Consistent with
the infiltration of neutrophils in BAL, alveolar macrophages, defined as CD11b− CD11c+

Siglec-F+ [41], showed a significant increase only in hRSV-BCG compared to both Mock-
Vehicle (p = 0.0062) and Mock-BCG (p = 0.0159) groups (Figure 2J). A slight, non-significant
increase was observed in the hRSV-Vehicle group (Figure 2J). No significant increase in
interstitial macrophages (CD11b+CD11c+Siglec-F−) was detected between groups, but a
slight increase was found in the hRSV-BCG group. (Figure 2K).

To assess whether the increased susceptibility to M. bovis BCG induced by a previous
hRSV infection is short-lived, we evaluated a long scheme in which the second inoculation
and the euthanasia were performed 21 and 42 days after the first inoculation, respectively
(Table 1). Interestingly, the results obtained from these trials showed that there were no
significant changes between those reflected in the parameters of disease or inflammation
evaluated in the different groups of animals (Supplementary Figure S2), except for more
significant damage related to the histological score (Supplementary Figure S2E).

Following our detection of viable bacilli in the lungs of BCG-infected animals, we
performed ZN staining of the lung sections shown in Figure 3A to assess whether the sig-
nificant increase in pathology and infiltration of neutrophils correlated with the increased
presence of dormant bacilli, which might not be detected by ex vivo culture of lung ho-
mogenates. In agreement with the low numbers of CFU detected in BCG-infected animals,
no active M. bovis was found in the lungs of both BCG-infected groups of mice (Figure 3A).
However, a population of macrophages that reacted with the stain was observed only in
the lungs of hRSV-BCG treated mice but not in the other treatments (red arrows). Since ZN
staining binds to mycolic acids, the observation of weak ZN staining suggests the existence
of either myeloid cells processing remainder mycobacterial components, or macrophages
containing bacilli with a low metabolic rate (i.e., under dormancy) [42].

Since HO-1 induction has been associated with both impairment of antigen processing
by APC [40] and bacilli dormancy [23], we sought to evaluate whether the detection of
ZN-stained cells was associated with the modulation of HO-1 expression in the lungs. A
significant increase of almost 50% in the relative expression of HO-1 was observed only in
hRSV-BCG, as compared to mock-vehicle (p = 0.0357), hRSV-vehicle (p = 0.0263) or mock-BCG
(p = 0.0239) control groups (Figure 3B). No significant differences were observed in the
expression of Nrf2, suggesting that HO-1 up-regulation might imply other transcription
factors [43] (Figure 3C).

No significant changes were observed in the determination of dominant BCG in the
lungs of the long scheme animals, nor were differences in the expression levels of HO-I or
NRF2 (Supplementary Figure S3).

3.3. Characterization of the Inflammatory Landscape of the Lungs

As mentioned above, CD200 can induce an inhibitory signal in alveolar macrophages,
among other APC, downregulating the inflammation in the pulmonary tissue [25]. No
significant differences in the expression of the epithelial anti-inflammatory molecule CD200
were observed between the groups of the short scheme (Figure 4A), suggesting that the ab-
sence of CD200 upregulation might support the observed lung pathology [43]. Additionally,
the relative expression of pro-inflammatory cytokines IFN-γ, IFN-β, and IL-6 was evalu-
ated, but no significant differences were found for any of these molecules (Figure 4B–D).
Only a slight increase in the relative expression of IFN-γ was detected in the hRSV-BCG
compared to the other groups (Figure 4B). For the long scheme, an increase in the relative
expression was observed for all molecules evaluated. Still, only significant differences
were found for the expression of ifn-γ for the hRSV-BCG group compared to mock-vehicle
(p = 0.0094) (Supplementary Figure S4B).
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Figure 4. Determination of the relative expression of immunomodulatory molecules and cytokines
in infection with Bacillus Calmette-Guerin (BCG) at 10 days post-human respiratory syncytial
virus (hRSV)-infection. Quantification by real-time quantitative reverse transcription polymerase
chain reaction (RT-qPCR) of OX-2 glycoprotein membrane (cd200) at day 10 post-infection (A),
interferon-gamma (ifn-γ) (B), interferon beta (ifn-β) (C), and interleukin (IL)-6 (D). Data are shown as
means ± SEM of three independent experiments with 3–4 animals per group. One-way ANOVA was
performed with a post-hoc Tukey test.

3.4. rBCG-N-hRSV Immunization Promotes a Higher Induction of HO-1 on Epithelial Cells than
in DCs at Late Infection Times

BCG is commonly used as a vaccine to prevent infections by M. tuberculosis and is
often used as a vector for generating new recombinant vaccines [14]. Therefore, we decided
to evaluate if the immunization with an rBCG-N-hRSV can modulate the expression of
HO-1 in hRSV-infected mice. After 7 and 14-dpi with hRSV, mice were euthanized, and
both epithelial and DCs from the lungs were stained to evaluate the presence of HO-
1 (Figure 5). The HO-1 expression observed on day 7 post-infection in DCs showed a
non-significant decrease in the rBCG-N-hRSV immunized mice compared to mock-treated
mice. A similar result was observed in the rBCG-N-hRSV group in BCG-WT and hRSV-
infected mice (Figure 5B). In contrast, when HO-1 was evaluated in epithelial cells, the
mock-treated group showed the lowest non-significant levels of expression as compared
to the rest of the infected groups (mock-treated compared to hRSV-infected (p = 0.9680),
BCG-WT (p = 0.2232), rBCG-N-hRSV (p = 0.733)) (Figure 5C). When the HO-1 expression
was evaluated on day 14 post-infection in DCs, similar results were obtained compared
to day 7 post-infection. Interestingly, although the behavior of the groups was similar to
that previously reported, the magnitude order was 4 to 5-fold less (Figure 5D). On the
other hand, epithelial cells showed a different effect in the HO-1 expression on day 14 post-
infection, demonstrating a different behavior distinct from the HO-1 expression in epithelial
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cells on day 7 post-infection. In this line, the HO-1 expression was higher in both mock-treated,
and rBCG-N-hRSV immunized mice than in hRSV-infected or BCG-WT groups (Figure 5E),
suggesting that the immunization with rBCG-N-hRSV promotes a lasting induction of HO-1
through time.

Figure 5. Detection of Heme Oxygenase (HO)-1 in cell populations during an immunization scheme
with recombinant BCG expressing the nucleoprotein of human respiratory syncytial virus (rBCG-
N-hRSV). Immunization scheme of BALB/c mice (A). Analysis by flow cytometry of dendritic cells
(DC) (B) and epithelial cells (C) at 7 days post-challenge, and DCs (D) and epithelial cells (E) at
14 days post-challenge. Data are shown as means ± SEM of one independent experiment with three
animals per group. One-way ANOVA was performed with a post-hoc Tukey test.

4. Discussion

The infection with hRSV is the principal cause of ALRTI, and it has been demon-
strated that it can predispose to secondary lung infections [1]. The effects of primary viral
infections on the outcome of concomitant secondary acute bacterial infections have only
been studied in mice [13], such as S. pneumoniae, which induces a more severe pulmonary
pathology [11,44]. Some studies have demonstrated that the immunopathology gener-
ated during coinfections of viruses, with either other viruses or bacteria, depends on the
primary viral infection stage [14,42]. Therefore, it is important to establish the stage of
the viral infection that will be evaluated. It has been reported that the administration
of S. pneumoniae following the peak of hRSV replication in the lungs increases bacterial
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burden (analyzed as CFU and infiltration of inflammatory cells [13]. However, the link
between hyperresponsiveness of the airways and long-term pulmonary sequels is not
clear, although two possible explanations have been suggested. First, it was proposed
that hRSV produces long-term damage in the airway epithelium, which may favor the
infection by other pathogens [13,45]. In this line, studies with other respiratory viruses,
such as influenza A virus, have shown a detrimental effect of the viral infection on the
survival rate and clearance of M. tuberculosis in mice after viral clearance was demonstrated
in the lungs [46]. As a second hypothesis, it was proposed that hRSV-infection exerts an
immunomodulatory effect on the lungs, which predisposes to allergy and asthma [47].
To the best of our knowledge, no studies address whether hRSV infection exerts long-
lasting effects on pulmonary immune responses, especially after the resolution of the initial
viral insult.

As mentioned previously, the infection with BCG is a valuable model for studying anti-
mycobacterial immunity, including forming granulomatous lung lesions and acquiring a
paucibacillary state [15,16]. The mouse model of intranasal BCG infection is suitable for ad-
dressing whether hRSV blunts the desired type 1 T helper (Th1)-driven anti-mycobacterial
immune responses, which correlate with protection to other mycobacterial species [48,49].
Furthermore, it has been described that hRSV-effects can last up to 42 dpi in the BALB/c
mouse model [50] and up to 20 dpi in C57BL/6 mice [51].

This work aimed to unravel whether a previous infection with hRSV can elicit an
immune response that facilitates the mycobacterial infection in a murine model. Therefore,
we used an intranasal administration of attenuated M. bovis strain, BCG, to establish our
subsequent infection model. Since BCG has been used as an infection model of TB [49,52,53],
here we used an intranasal administration of BCG after the clearance of the infection with
hRSV in mice to elucidate if this viral infection promotes an immune response that favors a
secondary BCG infection. One of the significant discoveries in this work was the detection
of brown structures in the lung epithelium in the hRSV-BCG group, where it was possible to
identify the presence of mycobacteria in the acid-fast staining (Figure 3A). One hypothesis
is that these brown spots, present only in the hRSV-BCG group, are lipid droplets that
lose the acid-fast staining, as the color is brown and even considered orange or red [42]
(Figure 3A and Supplementary Figure S3A). These drops of lipids can result from a mech-
anism of Mycobacterium when it remains dormant, considering that the Mycobacterium is
surrounded by a monolayer of phospholipids and uses these structures as a primary source
of carbon [42]. This stage occurs when the bacteria are in a context that promotes hypoxia,
such as when the pulmonary tissue is not yet fully recovered during respiratory infections,
such as hRSV [54,55]. The absence of complete recovery in the pulmonary tissue can be
suggested due to the significant increase of CD200 (Figure 1F) and HO-1 relative expression
(Figure 1E), which promote an anti-inflammatory environment [55]. Additionally, we can
suggest that both CD200 and HO-1 might play a role in restructuring the lung’s epithelial
environment after 10 dpi with hRSV [55]. After inoculating the mice with BCG, further
damage was observed, and the cell infiltration remained increased, as shown in Figure 2.
Similar results are observed in Supplementary Figure S2. The mycobacteria acquire a dor-
mant state that increases the expression of HO-1 to produce carbon monoxide and promote
an anti-inflammatory state in the host cells [23,56]. Accordingly, the increased detection of
HO-1 and the possibility of macrophages containing bacilli in a dormant state (Figure 3) can
be related to the presence of mycobacteria in the epithelium [57,58]. In this context, tissue
oxygenation is impeded, favoring the conditions in which the Mycobacterium is put into
a dormant state through triglyceride metabolism [59–61]. Unlike hRSV, which produces
ALRTI, BCG infection produces a less diffuse pulmonary pathology and, therefore, a less
pronounced body weight loss (Figure 2B,E).

One of the limitations of this study was that the observation of mycobacterial infection
was performed over an unprolonged period. With an even longer-term scheme, it would
be possible to observe how the mycobacteria behave at cellular levels and if the cellular
populations change on this day. This is because the airway epithelium has a cell replacement
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every twenty days but not in the alveolar macrophages, which can stay in the lung for
years [62–64]. However, it must be considered that the alveolar macrophages will remain
in the lungs for long periods if they are not destroyed by pathogenic infections [65]. Even
more, some respiratory viruses, such as influenza virus, can promote changes in the alveolar
macrophages to induce an extended antibacterial response [66]. In addition, more days
allow for identifying the mycobacteria by acid-fast staining, which is correlated with the
CFUs counts (Figures 2F and 3A). This study also used BCG mycobacteria as a model,
making it possible to use it in a murine model and address scientific questions with an
attenuated pathogen. However, this work proves that it serves as a model for research
on secondary Mycobacterium infections despite not having the same effect and clinical
symptoms as an infection with M. tuberculosis.

In addition, relative cytokine expression was evaluated for ifn-γ, ifn-β, and il-6
(Figure 4B–D), which participate in the control of mycobacterial infections and other
bacterial infections [67,68]. Thus, ifn-γ, ifn-β, and il-6 are related to mycobacteria coloniza-
tion in these schemes. In the case of ifn-γ in the short scheme of infection, the relative
expression was more elevated in the hRSV-BCG group than in Mock-BCG and the other
groups (Figure 4B). Interestingly, in the short infection scheme, the hRSV-BCG group had
a lower relative expression of ifn-β than the hRSV-Vehicle (Figure 4C). Still, in the long
infection scheme, only the hRSV-BCG group had a higher relative expression of this gene
than the hRSV-Vehicle (Supplementary Figure S4C). ifn-β is a molecule that helps delay
the beginning of mycobacterial infection [67], and as such, the data observed on the long
scheme might be explained due to viral clearance. However, in the long scheme, we can
see a similar phenomenon to ifn-γ, where the group with the highest expression was in
the groups with mycobacteria inoculation (Supplementary Figure S4B), which could be
attributed to the presence of mycobacteria. This increase in the expression of ifn-γ could be
associated with the presence of alveolar macrophages, which are sentinels in the pulmonary
epithelium that promote a favorable environment [69,70]. Both the short (Figure 4D) and
long (Supplementary Figure S4D) schemes presented similar relative expressions of ifn-γ.
Lastly, the increased relative expression of il-6 does not inhibit the growth of mycobacteria,
even though it has been reported that an increased secretion helps to protect the host
against mycobacteria [68]. These data would imply that the presence of mycobacteria
activates the expression of these cytokines.

We have previously shown the anti-inflammatory effect of HO-1 induction in vivo
and in vitro [20]. Here we extend these observations by showing that at 7 dpi with hRSV,
mice pre-vaccinated with BCG showed an elevated expression of HO-1 in DCs, but the
group treated with mock had the highest HO-1 within hRSV and BCGs-groups (Figure 5B).
A similar effect was found at day 14 dpi, but the activation of HO-1 was four to five-fold
less than previously reported (Figure 5D), and this HO-1 in DCs elevated just in the mock
group with respect to hRSV-infection was reported [20]. Interestingly, the effect of HO-1
in epithelial cells differed from that observed in DCs. Here, at 7 dpi, all hRSV-infected
groups had a similar HO-1 response to the mock-treated group (Figure 5C). However, this
effect was different at 14 dpi, where only rBCG-N-hRSV immunized mice had high HO-I
levels, similar to the mock-treated group (Figure 5E). This last statement might suggest
that hRSV-N-BCG promotes a prolonged state of HO-I activation in epithelial cells that
helps eliminate the virus and recover damaged tissue [71]. No changes in the MFI of HO-I
were found between the groups at different times (data not shown). Interestingly, it has
been reported that the infection with hRSV can modify the methylation profile of immune
cells and epithelial cells, promoting the secretion of Th2 cytokines and viral replication [72].
Since the activation of Nrf2 can be regulated epigenetically, it would be interesting to
evaluate whether hRSV infection can modulate the activation of Nrf2 in an epigenetically-
manner [73]. In this sense, a limitation of our article is that we did not explore whether a
primary infection with hRSV can modulate epigenetic changes that may participate in the
resolution of the disease against subsequent administration with M. bovis.
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5. Conclusions

Pulmonary infections modulated by hRSV negatively modulate the respiratory and
immune response, which promotes a sub-sequential M. bovis exposure, leading to inefficient
mycobacterial clearance and increased host inflammatory response. The clearance is
impeded by a possible dormancy state established by mycobacteria. Additionally, the
mycobacteria promote HO-1 expression activating the dormancy state. In other words,
hRSV promotes the development of pulmonary-tuberculosis-like in mice by increasing
lung inflammation and the survival of infecting bacilli.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/antiox11081453/s1, Figure S1: Gating strategy for identifying pulmonary cells found either in
bronchoalveolar lavage (BAL) or in lung homogenates; Figure S2: Evaluation of infection parameters
from primary infection with human respiratory syncytial virus (hRSV) and 21 days post-infection
(dpi) with Bacillus Calmette-Guerin (BCG). (A) Scheme of infection with a prime infection of hRSV
A2 (1 × 107 plaque formation units (PFU) and then a subsequent instillation of BCG at 21 dpi.
(B) Percent body weight in C57BL/6 mice background after 21 days of subsequent BCG challenge, the
mice have a prime infection with hRSV. (C) Real-time quantitative reverse transcription polymerase
chain reaction (RT-qPCR) for determination of viral load. Determination of infiltration in the lungs of
mice infected with BCG on day 21 post-infection with hRSV. (D) Lung tissue sections were stained
with Hematoxylin and Eosin (10X magnification). (E) Histopathological score. (F) Bacterial load in the
BCG-groups. (G-J) Flow cytometry analyses of BAL from mice infected with Mycobacterium bovis (M.
bovis). The figure shows the absolute cell numbers for neutrophils (G), monocytes (H), eosinophils (I),
and alveolar macrophages (J) in BAL of BCG-infected mice. Data are shown as means ± SEM of three
independent experiments with 3–4 animals per group. One-way ANOVA was performed with a post
hoc Tukey test. (** p < 0.01; **** p ≤ 0.0001). (F) t-student test was using parametric distribution was
used; Figure S3: The long scheme of hRSV-infection favors colonization infection with mycobacteria
in the lungs. (A) Acid-fast staining of attenuated M. bovis-infected mouse lungs that were collected
on day 21 post-infection with hRSV (10X and 100X magnification). Quantification by RT-qPCR of
Heme Oxygenase (ho)-1 (B) and the nuclear factor erythroid 2-related (nrf2) (C). Data are shown as
means ± SEM of three independent experiments with 3–4 animals per group. One-way ANOVA
was performed with a posterior Tukey test; Figure S4: Determination of the relative expression of
immunomodulatory molecules and cytokines in infection with BCG at 21 days post-hRSV-infection.
Quantification by RT-qPCR of the OX-2 glycoprotein membrane (cd200) at day 10 post-infection (A),
interferon gamma (ifn-γ) (B), interferon beta (ifn-β) (C), and interleukin (il)-6 (D). Data are shown as
means ± SEM of three independent experiments with 3–4 animals per group. One-way ANOVA was
performed with a posterior Tukey test.
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Abstract: Heme-oxygenase (HO)-1 is a cytoprotective enzyme with strong antioxidant and anti-
apoptotic properties and previous reports have also emphasized the antiviral properties of HO-1,
either directly or via induction of interferons. To investigate the potential role of HO-1 in patients
with coronavirus disease 2019 (COVID-19), the present study assessed changes in HO-1 expression
in whole blood and tissue samples. Upregulation of HO-1 protein was observed in lung, liver,
and skin tissue independently of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
presence. A significant increase of blood HO-1 mRNA levels was observed in critically ill COVID-19
patients compared to those in severe COVID-19 patients and healthy controls. This increase was
accompanied by significantly elevated levels of serum ferritin and bilirubin in critically ill compared
to patients with severe disease. Further grouping of patients in survivors and non-survivors revealed
a significant increase of blood HO-1 mRNA levels in the later. Receiver operating characteristic (ROC)
analysis for prediction of ICU admission and mortality yielded an AUC of 0.705 (p = 0.016) and 0.789
(p = 0.007) respectively indicating that HO-1 increase is associated with poor COVID-19 progression
and outcome. The increase in HO-1 expression observed in critically ill COVID-19 patients could
serve as a mechanism to counteract increased heme levels driving coagulation and thrombosis or as
an induced protective mechanism.

Keywords: heme-oxygenase (HO-1); COVID-19; immune response

1. Introduction

Heme-oxygenase (HO)-1 is a cytoprotective enzyme with strong antioxidant and anti-
apoptotic properties attributed to its enzymatic activity, which involves the degradation of
heme to biliverdin with simultaneous release of carbon monoxide (CO) and ferrous iron.
Heme-oxygenase has a strong anti-inflammatory potential by modulating production of
interleukins (IL) [1].
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The strong anti-inflammatory characteristic of HO-1 has been confirmed in the con-
dition of HO-1 depletion, both in humans and mice. Lack of HO-1 has been shown to
result in hyperinflammation with a significant increase in various factors such as IL-1b,
IL-6, interferon (IFN)-g, and tumour necrosis factor-a (TNF-a) both in humans and ani-
mals [2,3]. Furthermore, mice lacking HO-1 typically show increased sensitivity in sepsis
models induced by endotoxins such as lipopolysaccharide (LPS) [4,5]. The same study also
reported an induction of HO-1 mRNA levels following LPS administration [5]. Increased
HO-1 mRNA levels have also been reported for critically ill patients irrespective of the
cause [6].

HO-1 has also been reported to possess antiviral properties, both through its by-
products and directly. A previous study reported that activation of HO-1 and CO release
inhibited Enterovirus 71 infection by suppressing formation of reactive oxygen species
(ROS) [7]. Furthermore, HO-1 was reported to directly interact with interferon regulatory
factor 3 (IRF3) thus triggering INFα/β responses and eliminating influenza virus replication
in-vitro [8]. The HO-1 expression has also been reported in a cohort of patients with
severe disease from Dengue virus showing a strong suppression of expression with disease
severity [9] while expression patterns have also been identified in human immunodeficiency
(HIV) patients, hepatitis B (HBV) and hepatitis C (HCV) patients [10]. Specifically, a
suppression of HO-1 expression was shown in HIV patients with high viral loads [10],
while the opposite was observed in patients with HCV suggesting a variable role of HO-1
depending on the type of viral infection and/or type of virus.

Given the strong anti-inflammatory and antiviral potential of HO-1, therapeutic strate-
gies against severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) have been
proposed by various experts [11,12]. However, few studies have yet investigated the profile
of HO-1 expression in coronavirus disease 2019 (COVID-19) patients in either tissue or
blood level. The current study assessed HO-1 expression levels in blood (mRNA) and
tissues (protein) of COVID-19 patients and correlated these levels with disease outcomes.

2. Materials and Methods

2.1. Patients

A written informed consent was obtained from all patients. Ethical approval was
obtained from the Ethics committee of Evangelismos Hospital. All patients had a positive
polymerase chain reaction (PCR) test for SARS-CoV-2 performed on a nasopharyngeal
sample. A total of 47 patients were recruited. Patients were grouped into those with severe
disease (n = 27) and critically ill (n = 20). Patients were further grouped into survivors
(n = 38) and non-survivors (n = 9). Healthy volunteers with a mean age of 38 years and
equal numbers of female and male individuals (n = 5) were used as controls (n = 10).
Blood samples were obtained on admission for all patients and analysed on the same
day. Patient demographic and clinical data are shown in Table 1. Formalin-fixed and
paraffin-embedded lung, kidney, liver, heart, and skin tissue samples were obtained at
autopsy from two non-survivors from the critical patient arm of the study.

Table 1. Patient clinical and demographic data.

Severe
COVID-19

Critical
COVID-19

p Value

Age (years) 60.26 ± 15.96 66.65 ± 11.45 0.149
Male 12 (44.44%) 15 (75.00%) 0.111

Comorbidities 19 (70.37%) 15 (75.00%) 0.940

Symptoms

paO2/FIO2 318.80 ± 63.62 137.90 ± 79.23 <0.0001
Days of illness before admission 5.65± 1.62 5.77 ± 2.98 0.852
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Table 1. Cont.

Severe
COVID-19

Critical
COVID-19

p Value

Laboratory baseline

White blood cells (cells/μL) 6664.00 ± 3841 13897 ± 1231 <0.0001
Neutrophils (cells/μL) 68.34 ± 16.62 79.80 ± 13.01 0.012

Lymphocytes (cells/μL) 27.58 ± 19.17 12.02 ± 13.30 0.001
Platelets (cells/μL) 207333 ± 88056 271737 ± 139869 0.100

C-reactive protein (mg/L) 7.05 ± 7.57 13.67 ± 11.52 0.025
Troponin (ng/mL) 37.58 ± 109.70 311.80 ± 845.90 0.114

Urea (mg/dL) 34.89 ± 24.78 84.16 ± 94.24 <0.001
Creatinine (mg/dL) 0.82 ± 0.19 1.10 ± 0.88 0.368

Aspartate aminotransferase (U/L) 43.33 ± 37.50 150.70 ± 419.20 0.237
Alanine transaminase (U/L) 34.76 ± 22.94 62.17 ± 74.60 0.002

Gamma-Glutamyltransferase (U/L) 46.37 ± 39.22 83.26 ± 96.73 0.062
Lactate Dehydrogenase (U/L) 306.8 ± 128.9 535.6 ± 552.1 0.021

Albumin (g/dL) 3.846 ± 0.409 3.210 ± 0.506 <0.0001

Days of hospital stay 8.00 ± 4.019 18.80 ± 14.10 <0.0001
Survival 25 (92.59%) 12 (60.00%) 0.026

2.2. Histopathology and Immunohistochemistry

Tissue sections were heat-treated in citric acid buffer and then incubated with 2% H2O2
to inactivate the endogenous peroxidase. Following blocking with 3% normal goat serum
(NGS) for 1 h, sections were incubated with anti-HO-1 monoclonal antibody (cat no: ADI-
SPA-895, Enzo Life Sciences, Farmingdale, NY 11735, USA) at a 1:100 dilution overnight
at 4 ◦C. After incubation with an HRP-conjugated secondary antibody, binding was de-
tected using Vectastain ABC Kit (Vector Laboratories, Burlingame, CA, USA) according
to manufacturer’s instructions. The 3,3-diaminobenzidine was used as chromogen and
slides were counterstained with haematoxylin and observed under an Olympus (BX50F4)
microscope (Centre Valley, PA 18034, USA). For SARS-CoV-2 tissue staining with an anti-
SARSCoV-2 (G2) monoclonal antibody [13] was performed at a 1:300 dilution as previously
described [13]. Routine procedures for Prussian blue (detection of hemosiderin, a ferritin
complex) staining were carried out.

2.3. RNA Extraction, Reverse Transcription and Real-Time PCR

For RNA extraction blood samples were collected in Tempus Blood RNA Tubes
(Applied Biosystems, Foster City, CA, USA) and stored at −80 ◦C. RNA was extracted
according to the manufacturer’s instructions. The RNA concentration was determined
for each sample prior to reverse transcription using NanoDrop One (ThermoScientific,
Whaltham, MA 02451, USA). Reverse transcription reactions were performed using 4 μL of
the 5× FastGene® Scriptase II ReadyMix (Nippon Genetics, Duren, Germany) and 100 ng
of RNA for each reaction. Reactions were carried out in a CFX90 cycler (BioRad, Hercules,
CA, USA) at the following conditions: 25 ◦C for 10 min, 42 ◦C for 60 min and 85 ◦C for
5 min. Real time PCR reactions were carried out in a CFX90 cycler. Each reaction consisted
of 1 μL primer-probe assay mix (IDT, Coralville, IA, USA), 10 μL Luna Master Mix (Biolabs,
Waltham, MA, USA) and 1 μL cDNA. The GAPDH was used as a housekeeping gene for
data normalization. The sequences for the Real time PCR primers and probes for HO-1
mRNA were as follows: forward primer: 5′-GTT CCT CAT GAA CTC AGC ATT-3′, reverse
primer: 5′-GAG CCA GCA CGA ACG AG-3′, probe: 56-FAM/AGC ATG CCC /ZEN/CAG
GAT TTG TCA GA/3IABkFQ. Reactions were carried out in triplicate and results were
analysed by the ΔΔCT method
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2.4. Statistical Analysis

Results are reported as absolute numbers, medians, or means and standard deviations,
as appropriate. Statistical analysis was performed using the GraphPad Prism 8.0 software
for Windows. Data were tested for normality using the Shapiro–Wilks test. Unpaired t-test
or Mann–Whitney U was used in the case of data displaying normality or not respectively.
One-way Anova was used for analysis of three groups and the Fisher’s least significant
difference (LSD) test was used for post-hoc analysis. Receiver operating characteristic (ROC)
analysis was performed using ICU admission, or survival as the classification variable
and HO-1 mRNA levels on admission as prognostic variables. p < 0.05 was considered
statistically significant.

3. Results

3.1. Tissue HO-1 Induction Is Independent from SARS-CoV-2 Presence

Tissue sections obtained post-mortem from critically ill COVID-19 patients were
stained for HO-1 and hemosiderin to assess whether HO-1 induction occurred at the tissue
level and whether it was accompanied by Fe deposition. As shown in Figure 1, HO-1
localization was observed in lung, liver, and skin tissue sections. Specifically, HO-1 im-
munohistochemical expression in the lung was observed in cells lining the cleft-like spaces
which are probably endothelial cells, and in cells within the cleft-like spaces most possibly
macrophages (point with arrow). In liver, HO-1 immunohistochemical expression was
mainly observed in Kupffer cells (arrow) within the liver sinusoids while a weak granular
stain was also discerned in the cytoplasm of hepatocytes with a perinuclear localization.
In the same locations, Prussian blue histochemistry revealed abundant granular pigments
indicative of ferric iron. The HO-1 immunohistochemical expression was also detected in
skin tissue. Skin sweat glands with HO-1 expression were observed in the cytoplasm of
epithelial cells without Fe deposition. The HO-1 was not detected in kidney or heart tissue
sections and these were also negative for Prussian blue staining. To assess whether HO-1
localized in tissues that were positive for presence of SARS-COV-2, tissue sections demon-
strating HO-1 induction were further stained for SARS-CoV-2 protein. The SARS-CoV-2
was only detected in the liver and the kidney (Figure 2); SARS-CoV-2 was not detected in
any other tissue sample (Figure S1).

3.2. HO-1 Induction in Blood Samples of COVID-19 Patients

We next determined HO-1 induction in whole blood samples of COVID-19 patients
obtained on admission in either ward or ICU. The HO-1 mRNA levels were significantly
elevated in critically ill COVID-19 patient group compared to those in both healthy and
severe disease groups (Figure 3a). There was no significant difference in HO-1 mRNA
levels between severe disease and healthy control groups (Figure 3a). In addition to the
increase in HO-1 mRNA in the critically ill group, there was also an increase in serum
ferritin (Figure 3b), bilirubin (Figure 3c) and iron (Fe) levels (Figure 3d). This increase was
statistically significant between the critically and severely ill groups for all parameters apart
from Fe levels. Furthermore, there was no difference in haemoglobin, gamma-glutamyl
transferase (GGT) and alkaline phosphatase (ALP) levels between the critically and severely
ill groups (Figure 4).

3.3. HO-1 Induction in COVID-19 Patients Is Associated with Disease Progression and Mortality

We next performed ROC curve analysis to assess whether HO-1 induction predicts
COVID-19 outcomes (progression and mortality). To this end, patients were further
grouped into survivors (n = 38) and non-survivors (n = 9). A significant increase of
HO-1 whole blood mRNA levels was also observed in non-survivors versus survivors
(Figure 5b). The ROC curves were generated for prediction of ICU admission and mortality
and revealed an AUC of 0.705 (95% 0.5545–0.8566, p = 0.016) and 0.789 (95% 0.5977–0.9813,
p = 0.015), respectively (Figure 5c,d).
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Figure 1. HO-1 upregulation and hemosiderin deposition in tissues of critical COVID-19 patients.
Representative images from lung, kidney, liver, heart, and skin tissue sections obtained from critical
COVID-19 patients autopsy samples and stained for HO-1 protein (and their respective controls) and
Prussian blue. Magnification at ×400.

Figure 2. SARS-CoV-2 detection in tissue tissues from critical COVID-19 patients. Post-mortem tissue
samples were obtained and directly processed for detection of SARS-CoV-2 by immunohistochemistry.
Representative images of SARS-CoV-2 (G2 mab) staining in liver and kidney tissue sections and their
respective negative controls. Magnification at ×400.
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Figure 3. HO-1 is upregulated in critical COVID-19 patients with concomitant increase in ferritin
and bilirubin. Whole blood samples were obtained on admission from patients with either severe or
critical disease and processed directly. (a) HO-1 mRNA upregulation determined in critical patients
versus severe and healthy controls from whole blood samples. Increase of ferritin (b), bilirubin
(c) and iron levels (d) in critical versus severe COVID-19 patients. Data are expressed as means ± SD.
Statistical analysis was performed by one-way ANOVA in three group comparisons and Mann–
Whitney U test in two group comparisons. * p < 0.05, ** p < 0.01. Analysis of variance and post hoc
analysis was performed by Uncorrected Fisher’s least significant difference test.

 
Figure 4. Unaltered levels of haemoglobin, gamma glutamyl transferase (GGT) and alkaline phos-
phatase (ALP) levels in critical versus severe COVID-19 patients. Levels of (a) haemoglobin (b) gamma
glutamyl transferase (GGT) and (c) alkaline phosphatase (ALP) in blood samples obtained on ad-
mission from COVID-19 patients by routine in-hospital blood analysis. Data are expressed as
means ± SD. Statistical analysis was performed by Mann–Whitney U test. No statistically significant
changes were observed.
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Figure 5. HO-1 mRNA levels are associated with COVID-19 progression and outcome. HO-1 mRNA
upregulation in whole blood samples from (a) critical versus severe patients (b) survivors versus
non-survivors. Receiver operating characteristic (ROC) curves of HO-1 mRNA levels for prediction
of need for intensive care (c) and mortality (d). The corresponding areas under the curve (AUC), p,
sensitivity and specificity, odd ratio and cut off values are represented in (e). Statistical analysis was
performed by Mann–Whitney U test. * p < 0.05.

4. Discussion

Severe and critical COVID-19 infection largely exhibits characteristics of a multi-
inflammatory condition culminating in viral sepsis. The highly pro-inflammatory profile
of these patients could be counteracted by the induction of anti-inflammatory molecules
such as HO-1. Our results show significantly elevated whole blood HO-1 mRNA levels
in critically ill patients indicating that HO-1 induction could be acting as a protective
mechanism against the inflammation. The HO-1 has previously been shown to reduce IL-6
and CXCL1 levels in mouse models of ischemia/reperfusion (IRI) models of renal and lung
injury [14,15]. To achieve HO-1 induction in these models, hemin was used as a natural HO-
1 inducer and was found to reduce IRI cytokine storm. The HO-1 induction in COVID-19
patients could therefore potentially add to reduce the cytokine storm observed. The same
studies reported a reduction of lung tissue injury upon hemin induced HO-1 upregulation.

The HO-1 also has an established antiviral effect. Previous studies have reported
upregulation of HO-1 by cobalt protoporphyrin which eliminated Zika virus (ZIKV) repli-
cation in vitro in HEK-293A cells expressing a ZIKV replicon [16]. Another study described
the HO-1 dependent inhibition of Ebola viral replication following HO-1 induction by
cobalt protoporphyrin (CoPP) [17]. Furthermore, hemin treatment of monocytes and T cells
previously infected with HIV pleiotropic strains was shown to ameliorate viral infection
in vitro while tin protoporphyrin, an established inhibitor of HO-1 activity was shown to
attenuate HIV infection indicating the antiviral effect of the enzymatic role of HO-1 [18]. A
similar study conducted for SARS-CoV-2 recently reported no effect of HO-1 upregulation
on SARS-CoV-2 replication in vitro. Specifically, the study utilized monkey kidney and
human lung epithelial cell lines, infected with SARS-CoV-2 and assessed the antiviral effect
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of HO-1 by induction through hemin at 48 and 72 h post infection with no significant
reduction in viral replication [19] despite the augmented HO-1 expression.

In our study, HO-1 was detected in lung, liver, and skin tissue sections of critically ill
patients. The detection of HO-1 in tissue samples was independent from SARS-CoV-2 pres-
ence as HO-1 presence was confirmed in lung and skin tissue sections that were negative
for SARS-COV-2, while absence of HO-1 was observed in renal tissue that was positive
for SARS-COV-2. This observation indicates that the induction of HO-1 targets COVID-19
independent of a direct antiviral effect possibly because of the systemic inflammatory
response triggered during the infection. A limitation of our study regarding staining of
tissues from COVID-19 patients is the lack of healthy controls as well as the limited number
of patients included in the study (n = 2). Instead, we have used a negative control of the
same tissue sample. Therefore, although HO-1 was detected in specific tissue samples we
could not assess the degree of protein expression. Another study has also described the
detection of HO-1 in skin tissue samples from COVID-19 patients [20]. However, the study
included patients with mild symptoms and the specimens were obtained from specific
skin lesions and reported downregulation of HO-1 protein expression when compared to
healthy controls. Further analysis in samples from critically ill patients is needed to confirm
our results.

The increase of HO-1 whole blood mRNA levels observed in critical COVID-19 patients
was coupled to increased Fe, albeit not significantly, and a significant increase in bilirubin
(Figure 3). Whether the increase in Fe and bilirubin levels could be attributed to the HO-1
induction (which releases heme-bound iron and generates bilirubin) is difficult to assess.
However, the fact that GGT and ALT levels were no different between severe and critically
ill patients (Figure 4) indicates that the increase in bilirubin was not due to liver damage.
The elevated levels of Fe observed in these patients, however, could be another mechanism
for HO-1 induction. Specifically, Fe is needed for heme synthesis, which is the natural
inducer of HO-1. The Fe is usually bound by ferritin, the levels of which were increased
in tandem with HO-1 mRNA increase (Figure 3). Any unbound Fe may therefore be
captured for heme synthesis leading to HO-1 induction. However, apart from liver tissue,
the induction of HO-1 in tissue levels was not always associated with Fe deposition.

The HO-1 mRNA levels were shown to be significantly elevated in non-survivors and
ROC analysis showed a high AUC value indicating that this increase of HO-1 expression
is associated with mortality. Whether this association of HO-1 with mortality is due to
the upregulation of HO-1 as a protective mechanism or whether the overexpression of
HO-1 may intensify a ‘lethal’ effect remains to be unravelled. Specifically, it has been
shown that apart from its beneficial properties, HO-1 overexpression may have detrimental
effect both at tissue and circulation level and this is mainly attributed to the release of
heme-derived catalytically active iron which has been shown to promote a pro-oxidant
environment [21,22]. In our study, Fe blood levels were increased in critically ill patients
but not significantly. Furthermore, circulating iron levels reflect transferrin bound iron and
not heme derived iron. Moreover, iron deposition at tissue levels was only observed in the
liver of critically ill patients indicating that the upregulation of HO-1 remains within the
‘non-toxic threshold’ of expression. Taken together, the observations above, indicate that
the association of HO-1 upregulation with mortality of COVID-19 patients is probably due
to its induction as a protective mechanism rather than a toxic epiphenomenon of the course
of COVID-19 viral infection.

This study showed a strong association of increased HO-1 expression and disease
progression as well as outcome, specifically, mortality. The high AUC values shown for the
need for ICU treatment and mortality allow for a suggestion of the potential use of HO-1 as
a biomarker for COVID-19 disease progression and outcome. However, considering the
limited size of the study population, HO-1 may be proposed as a strong indicator rather
that a biomarker of COVID-19 progression and mortality. Validation of HO-1 expression
levels in larger COVID-19 patient cohorts is therefore necessary to confirm the potential use
of HO-1 as a prognostic tool for COVID-19 management and to compare its performance

32



Antioxidants 2022, 11, 1300

with other established parameters used for COVID-19 disease progression, such as C-
reactive protein (CRP) and the neutrophil to lymphocyte ratio (NLR). Another study
previously reported elevated levels of HO-1 in COVID-19 patients with low oxygen levels
(SpO2 ≤ 95%) [23], measured by a standard ELISA method accompanied by increased
heme levels. However, the study was also performed on a limited number of patients and
stressed the need for further investigation in larger cohorts. Finally, one study reported
the use of HO-1 as a marker for disease progression in a patient with exacerbation of
idiopathic pulmonary fibrosis (IPF) following SARS-CoV-2 infection and COVID-19, and
they found that serum HO-1 which reflected M2 macrophage activation allowed monitoring
of the disease progression [24]. However, the study was focused specifically on patients
with exacerbation of IPF following COVID-19 and did not suggest HO-1 as a marker for
COVID-19 progression in general.

5. Conclusions

This study describes the expression pattern of HO-1 in COVID-19 patients, both at
the tissue level and the blood mRNA level. The increase of HO-1 in critically ill and
disease COVID-19 patients indicates that its induction serves as a protective mechanism.
Further studies are needed to determine the underlying mechanisms for HO-1 induction in
COVID-19 to directly assess its potential as a therapeutic strategy against COVID-19.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/antiox11071300/s1. Figure S1: SARS-COV-2 absence in tissue
samples from critical COVID-19 patients.
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Abstract: Heme oxygenase 1 (HO-1), the rate-limiting enzyme in heme degradation, is involved
in the maintenance of cellular homeostasis, exerting a cytoprotective role by its antioxidative and
anti-inflammatory functions. HO-1 and its end products, biliverdin, carbon monoxide and free
iron (Fe2+), confer cytoprotection against inflammatory and oxidative injury. Additionally, HO-1
exerts antiviral properties against a diverse range of viral infections by interfering with replication
or activating the interferon (IFN) pathway. Severe cases of coronavirus disease 2019 (COVID-19),
an infectious disease caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2),
are characterized by systemic hyperinflammation, which, in some cases, leads to severe or fatal
symptoms as a consequence of respiratory failure, lung and heart damage, kidney failure, and
nervous system complications. This review summarizes the current research on the protective role of
HO-1 in inflammatory diseases and against a wide range of viral infections, positioning HO-1 as an
attractive target to ameliorate clinical manifestations during COVID-19.

Keywords: heme oxygenase 1; COVID-19; influenza A virus; respiratory syncytial virus; human
immunodeficiency virus; Ebola virus; Dengue virus; Zika virus; Hepatitis virus; SARS-CoV-2

1. Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) emerged in late 2019
in Wuhan, China. The World Health Organization (WHO) declared coronavirus disease
2019 (COVID-19) a pandemic health emergency as of 31 January 2020. The treatment goal
in COVID-19 patients is to prevent or to decrease the strong virus induced inflammatory
stimuli associated with a wide spectrum of poor prognosis clinical manifestations [1].
Heme oxygenase 1 (HO-1) is a microsomal enzyme with a primary antioxidant and anti-
inflammatory role involved in heme degradation, generating carbon monoxide (CO),
biliverdin (BV), and free iron (Fe2+) [2]. Hence, HO-1 induction is a useful approach for
inflammatory diseases treatment [3–6]. Additionally, HO-1 displays antiviral properties
against a wide range of viruses [7]. Hemin, a previously Food and Drug Administration
(FDA) and European Medicines Agency (EMA) approved drug for acute intermittent
porphyria treatment [8,9], is a well known inducer of HO-1 that increases its plasma
concentration in humans. Thus, hemin rises as a promising drug candidate against the
replication of different viruses, including SARS-CoV-2. In this review, we summarize
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the current research on the protective role of HO-1 in inflammatory diseases and in a
diverse range of viral infections, positioning this protein as a potential therapeutic target to
ameliorate COVID-19’s clinical manifestations.

2. Re-Emergence of the Coronavirus Disease

Coronaviruses (CoVs) are a large family of positive sense, single stranded RNA
(+ssRNA) viruses that infect humans, other mammals, and birds, causing respiratory,
enteric, hepatic, and neurologic diseases [10,11]. CoVs first became renowned in 2002–2003
during an outbreak of a virus with zoonotic origin; the severe acute respiratory syndrome
coronavirus (SARS-CoV) originated in China, with 8096 cases and 774 deaths reported
between 2002 and 2003 [12], and a case–fatality ratio of 7.2% [13]. In 2012, the Middle
East respiratory syndrome coronavirus (MERS-CoV), another virus with zoonotic origin,
emerged in Saudi Arabia and caused 927 fatalities among 2581 registered cases [14,15].

By the end of 2019, the Wuhan Health Commission from China reported a number of
pneumonia cases of unknown cause and varying severity in the city of Wuhan, China. High
throughput sequencing allowed the quick identification of a novel CoV belonging to the
beta-coronavirus family, which was named severe acute respiratory syndrome coronavirus
2 (SARS-CoV-2), as the causative agent of Coronavirus disease 2019 (COVID-19) [16]. This
pathogen rapidly spread globally via travel related cases; constituting a pandemic and
setting an immense challenge for public health [16]. Unlike SARS-CoV and MERS-CoV,
SARS-CoV-2 can be transmitted among people before the onset of symptoms or from asymp-
tomatic individuals [17], limiting effective control of the spread. As of 30 December 2021,
the WHO reports 281,808,270 confirmed cases and 5,411,759 deaths worldwide [15].

Although COVID-19 is primarily a respiratory disease, SARS-CoV-2 has the capac-
ity to infect a broad range of cell types in different organs and systems, including the
central nervous system [18]. SARS-CoV-2 infection begins in the proximal airways and
could trigger severe and sometimes fatal symptoms when reaching the distal lung [19].
Among the severe respiratory diseases caused by SARS-CoV-2, acute respiratory distress
syndrome (ARDS) and acute lung injury (ALI) [20,21] are complications mainly caused by
an exacerbated immune response in elders and patients with comorbidities [22]. Cytokine
storm contributes to ALI and the development of ARDS in patients with severe pneumonia
caused by SARS-CoV-2, as well as SARS-CoV and MERS-CoV [23,24]. Surprisingly, in
addition to the respiratory symptoms, patients may suffer from cardiac, hematological,
neurological, hepatic, gastrointestinal and kidney complications [25]. COVID-19 may result
in long term sequelae characterized by organ injuries that cannot be completely reversed.
Several patients, even those with mild cases, may develop lasting symptoms that can have
disabling consequences [26,27].

The COVID-19 era is far from being constrained, and the emergence of new viral vari-
ants causing future outbreaks remains a threat. As of December 2021, the WHO has defined
five variants of concern (Alpha (B.1.1.7), Beta (B.1.351), Gamma (P.1), Delta (B.1.617.2), and
Omicron (B.1.1.529)), as well as two variants of interest (Lambda (C.37) and
Mu (B.1.621)) [15]. It has been reported that some variants, such as the recently described
Omicron [28], have higher transmission rates and are able to escape neutralizing antibodies
generated by natural infection and vaccination, or therapeutic antibodies [29–32]. Incom-
plete knowledge on the pathogenesis of SARS-CoV-2 and the diverse array of symptoms
and manifestations of COVID-19 pose a great challenge for the development of effective
treatments that should mainly focus on both, decreasing viral replication and modulating
the immune response.

3. Cytokine Storm and Inflammation

Inflammation involves defense mechanisms against infection or injury. It is responsible
for activating both innate and adaptive immune responses [33,34]. During infections, innate
cells recognize pathogen associated molecular patterns (PAMPs) from the invading agent. In
the case of inflammation triggered by tissue damage, trauma or ischemia, innate cells recognize
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host specific molecules that are released during cell injury or necrotic death, defined as damage
associated molecular patterns, such as nucleic acids and adenosine triphosphate (ATP) [33].
During the early stages of inflammation, innate immune cells and endothelial cells (EC)
release a diverse set of cytokines: chemotactic cytokines, such as monocyte chemotactic
protein-3 (MCP-3) and interferon (IFN) γ-induced protein 10 (IP-10), and recruit other
immune cells to the site of infection or inflammation. Proinflammatory cytokines, such as
tumor necrosis factor alpha (TNF-α), interleukin-6 (IL-6), and IL-1β [35,36], are also released
and trigger the activation of inflammatory pathways, including the mitogen activated
protein kinase (MAPK), nuclear factor kappa-B (NF-κB), and Janus kinase (JAK)-signal
transducer and activator of transcription (STAT) pathways [34]. Some pathogenic viruses
(i.e., highly virulent subtypes of influenza) and bacteria (i.e., Francisella tularensis) can induce
the acute dysregulated production of inflammatory cytokines, known as “cytokine storm”
or hypercytokinemia [37]. The hypercytokinemia and exacerbated secondary events, such
as coagulation, eventually result in widespread necrosis, organ failure and death [33,38].

Once SARS-CoV-2 infects target cells, innate immune cells are recruited to the infection
site, where they release cytokines and initiate the activation cascade of adaptive B and T cell
immune responses [39]. In most cases, the immune system is able to eliminate virus
infected cells and resolve the immune response. However, in some patients, this process
is dysfunctional, impairing the effective clearance of infected cells, and causing severe
damage to the host [40].

4. The Lead Role of Interferons upon Viral Infection

During viral infections, pattern recognition receptors are stimulated to produce IFN
by the innate immune cells. IFNs are crucial for the induction of an antiviral state via
autocrine and paracrine signaling. There are three types of IFNs: type I, type II and type III.
Type I (IFNα, IFNβ, IFNω, IFNτ, IFNε) and Type III (IFNλ1, IFNλ2/3, IFNλ4) share similar
dynamics after binding to its receptor, as cross-phosphorylation between JAK1 and tyrosine
kinase 2 (TYK2) occurs [41]. Subsequently, a docking site for STAT1 is exposed, STAT1 is
phosphorylated, translocates to the nucleus, and induces the transcription of interferon
stimulated genes (ISGs). The IFNs biological effects are wide, including immuno-regulation,
antiviral, anti-angiogenic, and pro-apoptotic functions [42]. However, many pathogens
have evolved to elude the action mechanisms of these powerful cytokines [43–45].

In critically ill COVID-19 patients, a hyperinflammation state prevails. In March 2020,
a retrospective study on 150 patients from Wuhan, China, found elevated levels of IL-6
and C-reactive protein (CRP) in SARS-CoV-2 infected patients that died compared with
discharged patients [46]. An independent report based on 50 COVID-19 patients with
moderate to severe disease, identified IP-10, MCP-3, and IL-1 receptor antagonist (IL-1ra)
as independent predictors for disease severity [47]. A longitudinal analysis showcased
IL-18 and IFN-α as top biomarkers for predicting mortality. Consequently, higher counts of
inflammatory monocytes, plasmablast like neutrophils and eosinophils have been described
in patients with severe disease [39].

Blanco-Melo et al. reported an impairment in the response of type I and type III IFNs
against SARS-CoV-2 infection [40]. In contrast, a recent study found that severe COVID-19
cases showed an exacerbated expression of type I IFNs, which could lead to augmented
inflammation [48]. Several clinical trials evaluating IFNs have been carried out in COVID-
19 patients. Two different studies showed a reduction in the mortality rate after IFNβ-1a
and IFNβ-1b treatment [49,50]. Another study, using IFNα-2b, reported a decrease in
detectable SARS-CoV-2 in the upper respiratory tract associated with lower inflammatory
cytokines levels, such as IL-6 and CRP [51]. In addition, peginterferon λ treatment was
associated with a reduction in viral RNA [52]. Furthermore, there are several ongoing
clinical trials, using recombinant human IFNs or IFNs combined with other drugs [53–55].
These evidences highlight IFNs as potential targets for COVID-19 treatment. In the next
section we will focus on the stimulation of IFN pathway by HO-1 induction.
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5. Understanding the Protective Role of Heme Oxygenase 1

Heme oxygenases (HO) are metabolic enzymes that partake in the degradation of the
heme group [2]. To date, three isoforms of this protein have been found: HO-1, which
can be induced by external factors (such as hypoxia, oxidative stress, heat shock, reactive
oxygen species (ROS), among others) [56]; HO-2, a constitutively expressed isoform; and
HO-3, a nonfunctional isoform in humans [57].

In particular, HO-1, encoded by the HMOX1 gene, is involved in the maintenance of
cellular homeostasis, exerting a cytoprotective role by its anti-inflammatory, anti-oxidative
and anti-apoptotic functions, as revealed in a human case of genetic HO-1 deficiency [58]. This
enzyme participates not only in normal physiological processes, but also performs a protective
role in inflammatory physiopathological conditions, such as kidney disease [59], cancer [60,61],
cardiovascular disease [62], asthma [63] and inflammatory bowel diseases [4,64].

HO-1 is expressed in most cell types and tissues; however, its capacity to counteract
inflammation seems to be critically dependent on its specific functions in myeloid cells and
in EC [65]. In myeloid cells, HO-1 acts as a key regulator of the TLR4/TLR3/IRF3 induced
production of IFN-β and primary IRF3 target genes in macrophages [66] and modulates
maturation and specific functions of dendritic cells [67,68]. Moreover, HO-1 over-expression
in macrophages negatively regulates the expression of diverse proinflammatory molecules
and increases the expression of anti-inflammatory cytokines [69–71]. Among HO-1 effects
on EC, it is significant to mention its ability to inhibit the expression of pro-inflammatory
genes related to EC activation, such as the TNF-α-induced adhesion molecules, E-selectin
and VCAM-1, via a mechanism associated with the inhibition of NF-κB activation [72].

HO-1 cleaves the heme group generating BV, CO and Fe2+. Heme is usually bound
to a myriad of proteins and it is involved in several homeostatic functions [56]. However,
elevated concentrations of heme can cause cell damage because it is a pro-oxidant molecule.
It can diffuse through cell membranes and deliver a redox active iron, producing ROS [73].
Excessive amounts of these molecules are toxic and induce oxidative stress that, in turn,
generates DNA and protein damage, aggregation and lipid peroxidation, triggering cells
permeability and driving cell lysis and death [73].

Several studies highlight heme catabolism end products as potential therapeutic targets
in vascular disease, based on their anti-inflammatory and antiproliferative functions [74].
BV and its reduced form, bilirubin (BR), are powerful antioxidants that are able to scavenge
ROS and counteract the oxidative stress. BV and BR are critical for the regulation of
inflammation by exerting immunosuppressive effects [75], as they have been reported
to have potent anti-inflammatory activity against insulin resistance by reducing visceral
obesity and adipose tissue inflammation [76].

In addition, CO is considered an anti-apoptotic [77], antiproliferative and anti-
inflammatory factor [78]. CO contributes to blood vessel development [79] and promotes
angiogenesis, a crucial process involved in tissue reparation after a pathological state [80].
Interestingly, CO also reduces inflammation and inhibits apoptosis by interacting with antigen-
presenting cells and suppressing T cell proliferation [81]. Moreover, it has been reported
that it downregulates proinflammatory cytokines via the p38/MAPK pathway in RAW
264.7 macrophages and C57BL/6 mice [70], by the c-Jun N-terminal kinase (JNK) pathway in a
murine model of sepsis [82] and through the extracellular signal regulated kinase (ERK) signal-
ing pathway in CD4+ T cells [81]. Further, HO-1/CO induced downregulation of the NLRP3
(NOD-, LRR- and pyrin domain-containing protein 3) inflammasome activation has been
demonstrated in different models of murine hepatic and lung inflammatory injury [83–85].

Moreover, the HO-1 mediated increase in Fe2+ concentration upregulates the expres-
sion of ferritin, an iron chelating protein [86]. Ferritin exerts antioxidative and cytoprotec-
tive effects [74], as this product scavenges redox active Fe2+, rendering it not harmful for
cells and avoiding subsequent production of ROS via Fenton reaction. Fe2+ performs its
function by inhibiting IL-2 and IgG production, and downregulating the MAPK and NF-κB
signaling pathways [56,75,87].
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Therapeutic Potential of HO-1 Induction to Treat Chronic Inflammation

As HO-1 and its reaction products exert protective anti-inflammatory effects in dif-
ferent preclinical models [3–5,88–90], the induction of the HO-1 system has emerged as a
promising potential therapy for chronic inflammatory diseases. Most of the studied strate-
gies are based on the use of the traditional pharmacological inducers: hemin [91,92], an
FDA and EMA approved drug, and cobalt protoporphyrin IX (CoPP) [5,93,94]. In addition,
many phytochemicals, such as quercetin, curcumin and resveratrol, are currently under
investigation, due to their potential as HO-1 alternative inducers to counteract inflamma-
tion processes with lower cytotoxic secondary effects [95–97]. Alternatively, there are also a
few approved drugs, such as 5-aminosalicylic acid (5-ASA), dimethyl fumarate (DMF), and
5-aminolevulinic acid (5-ALA), whose beneficial properties in inflammatory conditions
are explained, at least in part, by their capacity to induce HO-1 [96,98,99] (Figure 1). Addi-
tionally, another effective option is the use of BV/BR based therapies, which have proven
to be effective for these chronic pathologies [100–102] and/or the direct administration of
CO via inhalation, CO-releasing molecules (CORMs) or hybrid carbon monoxide-releasing
molecules (HYCOs). HYCOs are a type of compound where CORMs are combined with
DMF, causing a powerful anti-inflammatory action due to its effect on the NRF2/HO-1
pathway [5,100,103–106] (Figure 1).

Figure 1. Inducers of HO-1. HO-1 degrades heme producing equimolar amounts of carbon monox-
ide (CO), biliverdin (BV) and Fe2+. HO-1’s inducers are grouped into protoporphyrins, a type of
porphyrins that forms heme; phytochemicals, natural antioxidants compounds contained in plants;
and approved drugs, compounds that were previously approved by the FDA. CoPP: cobalt pro-
toporphyrin IX; 5-ALA: 5-aminolevulinic acid; DMF: dimethyl fumarate; 5-ASA: 5-aminosalicylic
acid; CORMs: CO-releasing molecules; HYCOs: Hybrid carbon monoxide-releasing molecules; BR:
bilirubin. The images of HO-1 and CoPP were taken from RCSB PDB (PDB ID: 1N3U) and The
National Center for Biotechnology Information [107,108].

6. HO-1 Mechanism of Action against Inflammatory Lung Diseases

There is extensive literature about the role of HO-1 in lung diseases. This protein
is expressed in type II pneumocytes and in alveolar macrophages and contributes to the
protection of the lung tissue. The main HO-1 inducers in the lungs are pro-inflammatory
cytokines, such as TNF-α and IL-6, the heme group and nitric oxide (NO), as well as hypoxia
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and hyperoxia conditions [109] (Figure 2). There is sound evidence that states that HO-1
induction is a critical defense factor during acute and chronic lung processes [109–111].

Figure 2. HO-1 and inflammatory lung diseases. HO-1 is expressed in pulmonary cells and confers
protection against inflammatory lung diseases such as acute respiratory distress syndrome (ARDS),
acute lung injury (ALI), and SARS-CoV-2 infection. Schematic representation displaying HO-1’s
reaction and its products’ protective effects in the lung tissue.

As mentioned earlier, during COVID-19 disease, the number of immune cells in-
filtrating lung tissues and the pro-inflammatory cytokines levels are augmented [112].
Consequently, anti-inflammatory proteins have a crucial role in halting the cytokine storm
and the sequelae generated by viral infection [113].

In particular, ALI and ARDS are the most prevalent diseases emerging from an ex-
tended diversity of lung injuries [114,115]. ALI and ARDS are pathophysiologically charac-
terized by lung damage, inflammatory infiltration, and an exacerbation of the host immune
response [116]. Several reports indicate that ALI and ARDS might be explained by the
presence of high ROS levels, where HO-1 acts as a protective factor against oxidative
stress under pharmacological induction [117]. HO-1 induction by hemin shows a pro-
tective role against ventilator induced lung injury in rabbits with ALI/ARDS, increasing
anti-inflammatory cytokine levels, such as IL-10, as well as decreasing the inflammatory
infiltrate of immune system cells and the secretion of inflammatory cytokines, such as TNF-
α and IL-8 [118] (Figure 2). Furthermore, it has been found that HO-1 confers protection
against ischemia-reperfusion injury (LIRI) [119].

HO-1 regulates diverse signaling pathways that are affected during pulmonary dis-
eases. In rats, HO-1 inhibits the PERK/eIF2-α/ATF4/CHOP pathway, which is involved
in the endoplasmic reticulum stress (ERS) characteristic in ALI, and also promotes the
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decrease in intrapulmonary cell apoptosis [120]. It was also reported that the PI3K/Akt
pathway attenuates oxidative damage during ALI/ARDS through HO-1 regulation [121].
In pathologies such as silicosis, characterized by excessive ROS production, lung injury is
attenuated by HO-1 induction. The mechanism underlying this cytoprotective effect relies
on the ERK pathway inhibition by HO-1, CO and BV [122].

Reaction products derived from the HO-1 mediated heme catalysis have protective roles
in lung pathologies as well. CO is known to provide protection against ALI and ARDS by
reducing cytokine and chemokine levels [105,117,123]. CO decreases EGR-1 (early growth
response protein 1), a proinflammatory protein that regulates the expression of TNF-α and
IL-2 [124], in mice lungs [123]. Fujita et al. demonstrated that Hmox1 deficient mice had
increased mortality after lung ischemia, an effect reverted by CO administration [125]. Fur-
thermore, BV exerted antioxidative, anti-inflammatory and anti-apoptotic effects in a rat
model of LIRI [126]. BV administration protected against hemorrhagic shock induced ALI
through a decrease in the inflammatory infiltrate and proinflammatory cytokines levels [127].

7. Unveiling How HO-1 Promotes Viral Clearance

HO-1 has immunomodulatory properties on the innate immune response and there
is compelling evidence suggesting that it also plays a central role in the modulation of
adaptive immunity. HO-1 displays antiviral properties against a wide range of viruses [7]
(Figure 3). Several reports have demonstrated that HO-1 induction is associated with
the activation of the IFN pathway. However, the mechanism underlying the antiviral
properties of HO-1 exerted by both its classical and noncanonical activities are yet to be
fully elucidated.

Figure 3. HO-1’s induction and its effect on different viral infections. Table containing previously
reported studies about HO-1 involvement in influenza A virus (IAV), respiratory syncytial virus
(RSV), human immunodeficiency virus (HIV), ebola virus (EBOV), dengue virus (DENV), zika
virus (ZIKV), hepatitis C virus (HCV), hepatitis B virus (HBV), herpes simplex virus 2 (HSV-2),
enterovirus 71 (EV71) and severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infections.
The table includes the experimental model, HO-1 inducers, its mechanism of action, its effect and the
study’s PMID. CoPP: cobalt protoporphyrin IX, DMO-CAP: 6-demethoxy-4′-O-methylcapillarisin,
ROS: Reactive oxygen species, IFN: interferon, MDM: monocyte derived macrophages, BV: Biliverdin,
CO: carbon monoxide, CORM-2: CO-releasing molecule-2.
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7.1. Respiratory Viruses: IAV and RSV

Influenza A virus (IAV) is a single stranded RNA virus whose infection remains a
persistent global health threat with high morbidity and mortality [128]. An estimate of 4.0
to 8.8 deaths per 100,000 individuals with seasonal influenza associated respiratory occur
annually (all types of influenza virus) [129]. Considering that the inhibition of virus induced
ROS formation impairs IAV replication, proteins such as HO-1 are useful to counteract IAV
infections in the host cell [130]. Wang et al. studied the effect of hemin in IAV infections and
demonstrated that hemin attenuates the lymphocytopenia caused by IAV infection both
in vitro and in vivo [131]. These results suggest that the anti-influenza effect of hemin may
be mediated by HO-1’s ability to regulate systemic and local inflammatory responses [131].
Furthermore, Hashiba et al. reported that HO-1 gene transfer is a potential strategy to
treat lung injury caused by IAV [132] and Cummins et al. suggested that the therapeutic
induction of HO-1 expression may represent a novel adjuvant to enhance influenza vaccine
effectiveness [133]. It has also been reported that the HO-1 inducers rupestonic acid derivative
YZH-106 and the flavonoid 6-demethoxy-4′-O-methylcapillarisin (DMO-CAP) inhibited IAV
replication by activating the HO-1 mediated IFN response [134,135]. Additionally, Ma et al.
evaluated the effect of CoPP in IAV infection, focusing on the IFN pathways. The authors
demonstrated that HO-1 induction attenuates IAV replication, and the most intriguing
finding was that the catalytic function of HO-1 was not essential for the anti-IAV effect
of CoPP. Interestingly, they found that HO-1 interacts with IFN regulatory factor 3 (IRF3)
promoting its phosphorylation and nuclear translocation, thus activating the IFN pathway.
Consequently, CoPP treatment increased the expression of IFITM3, PKR and OAS1, three
ISGs markedly involved in the anti-IAV response [128].

Respiratory syncytial virus (RSV) is an RNA virus of the Pneumoviridae family and
the most common cause of lower respiratory tract infections in children worldwide [136]. It
interacts with host cells’ toll-like receptors in the primary airway epithelium, and promotes
the expression and secretion of inflammatory cytokines [137], under the NF-κB pathway’s
regulation [138]. Similar to IAV, CoPP HO-1 induction inhibited RSV replication and viral
particle production in lung adenocarcinoma (A549) and HEp-2 cells. Most importantly,
in vivo assays in BALB/cJ mice treated prophylactically with CoPP also showed a reduction
in viral replication and viral particle production, alongside a decrease in inflammatory cell
infiltration, and inhibition of proinflammatory cytokine or chemokine secretion during
RSV infection [139].

The mentioned reports suggest that HO-1 is involved in host cellular defense mecha-
nisms against IAV and RSV infections. Of note, HO-1’s antiviral effects are mediated by its
classical and noncanonical functions.

7.2. Retroviridae: HIV

The human immunodeficiency virus-1 (HIV-1) genome consists of two identical single
stranded RNA molecules and it is the causative agent of acquired immune deficiency
syndrome (AIDS). HIV infection has become a clinically manageable disease since the
development of combination antiretroviral therapy (ART). Globally, 1 million people died
from HIV/AIDS in 2016; without ART, more than twice as many people would have died
from this disease [140]. In 2020, the United Nations Programme on HIV/AIDS (UNAIDS)
reported that of all people with HIV worldwide, 66% were virally suppressed [141,142].
However, emerging drug resistance and limitations in access and adherence to ART impose
a threat to controlling the spread of the virus [143]. Current drugs do not eradicate the
virus, making lifelong treatment necessary [143].

Several reports from in vitro and in vivo models, and HIV infected subjects, have
linked HO-1 with HIV replication and its effects on HIV mediated neurodegeneration. In
cultured monocytes and HIV infected mice, hemin efficiently inhibited viral replication; the
effect observed in vitro was mediated by HO-1 enzymatic activity [144]. Using an in vitro
model of HIV mediated neurotoxicity, HIV infection dysregulated the macrophage antioxi-
dant response and reduced levels of HO-1. Restoration of HO-1 expression in HIV-infected
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monocyte derived macrophages (MDM) reduced neurotoxin release without altering HIV
replication [145]. In HIV infected subjects, HO-1 protein levels were reduced in the dorso-
lateral prefrontal cortex, which correlated with central nervous system (CNS) viral load
markers of immune activation. In a model of human astrocytes treated with IFNγ, an HIV
associated CNS immune activator, HO-1 was degraded by the immunoproteasome [146].
Additionally, the use of CoPP reduced HIV-MDM glutamate release and neurotoxicity,
suggesting a role for HO-1 in HIV associated neurocognitive disorders pathogenesis [147].

Altogether, these reports propose HO-1 induction as a protective mechanism against
HIV infection. In particular, the HO-1’s classical functions mediate its antiviral properties
against HIV.

7.3. Filoviridae: EBOV

Ebola virus (EBOV) is a negative-sense RNA virus that belongs to the Filoviridae
family [148,149]. From 2013 to 2015 there was an important outbreak in West Africa, which
caused >25,000 infections and >10,000 deaths. The average EBOV case fatality rate is ~50%
and case fatality rates has ranged from 25% to 90% in past outbreaks [15]. Hemin treatment
significantly reduced EBOV replication and delayed pathogenesis in vitro, by stimulating
the cellular innate response against the infection [150,151]. In MDM, hemin treatment
inhibited EBOV infection in a dose dependent manner. A similar effect was observed in
other cell lines, such as HeLa and human foreskin fibroblasts cells, in which hemin also
reduced viral replication [150]. Furthermore, it has been reported that the ebola virus
protein 35 (VP35) is a critical protein involved in the inhibition of IRF3 phosphorylation
as a mechanism that might counteract the antiviral response [152]. Thus, considering that
HO-1 promotes IRF3 phosphorylation and activation, its induction may represent a novel
therapeutic strategy against EBOV infection.

The cited studies place HO-1 as a novel therapeutic target against EVOB infection. No-
tably, HO-1’s noncanonical functions are involved in the present example of antiviral action.

7.4. Hepatic Viruses: HCV and HBV

Hepatitis C virus (HCV), a single stranded positive sense RNA virus, is associated with
chronic hepatitis, cirrhosis, steatosis and hepatocellular carcinoma [153]. HCV treatment
includes a combination of pegylated IFN-α and ribavirin, which has low efficacy and
important side effects. With the development of direct-acting antiviral agents, such as
sofosbuvir and simeprevir, patient outcomes have greatly improved; however, the disease
remains a concern [154]. Since HCV infection generates oxidative damage to hepatocytes,
the modulation of HO-1 expression emerges as an attractive therapeutic approach to reduce
chronic liver disease. Abdalla et al. observed lower HO-1 mRNA and protein levels in HCV
infected patients’ livers, while this alteration was not found in patients with other chronic
liver diseases. The authors also reported HO-1 downregulation in hepatocyte cell lines
expressing the HCV core protein [155]. Further, the overexpression or hemin-induction of
HO-1 in the hepatoma cell line Huh7 decreased HCV replication and conferred protection
against oxidative injury [156]. This effect of HO-1 on HCV replication might be explained
partly by the iron dependent inactivation of the HCV RNA polymerase NS5B [157], and by
the BV mediated inhibition of HCV NS3/4A protease and induction of an antiviral response
by IFNα2 and IFNα17 [153,158]. Moreover, overexpression of miR-let-7c, which interferes
with the production of proinflammatory cytokines in osteoarthritis and rheumatoid arthritis
synovial fibroblasts [159], can reduce HCV replication by targeting HO-1 transcriptional
repressor Bach1 [160].

Hepatitis B virus (HBV) is a DNA virus that causes serious liver diseases, representing the
most common etiological agent for these pathologies [161]. It has been shown that pharmaco-
logical and genetic HO-1 overexpression attenuates viral replication both in vivo and in vitro
in HepG2 cells [161–163], while also playing a hepatoprotective role [162]. The effect of HO-1
induction using hemin and CoPP mitigated the effects of HBV replication [6,161,162]. On
the other hand, blocking HO-1 by siRNA reversed the inhibition of viral replication [6].
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Interestingly, Protzer et al. evaluated the effect of HO-1 on HBV core protein by pulse-chase
metabolic labeling experiments finding that HO-1 can destabilize structural proteins to
prevent the formation of viral capsids, highlighting a direct HO-1 antiviral mechanism
rather than limiting its effect to its anti-inflammatory properties [6].

Hence, the summarized reports established the antiviral effects of HO-1 by impairing
HCV’s and HBV’s replication.

7.5. Arbovirus: DENV and ZIKV

Dengue virus (DENV) is a single stranded positive sense RNA virus [164] that induces
oxidative stress by the activation of inflammatory regulators, such as NF-κB, and leads
to the progression and pathogenesis of DENV [165]. In this pro-oxidant scenario, Tseng
et al. demonstrated that HO-1 promoter activity and protein synthesis gradually increased
during the early stages of DENV infection (6 to 12 h), but they were markedly decreased at
later stages (24 to 72 h) [166]. Strikingly, pharmacological and genetic HO-1 induction after
infection impaired viral protein synthesis and replication, and reduced DENV mortality.
This effect was due to BV but not CO nor Fe2+ production [166]. The authors demonstrated
that BV inhibits NS2B/NS3 DENV protease, thus promoting the antiviral IFN response and
impairing its blockage by this protease [166]. Accordingly, Su et al. showed the anti-DENV
activity of miR-155, which inhibits Bach1, a protein that negatively regulates the expression
of many oxidative stress-response genes, including HMOX1 [167]. This, in turn, results in
the induction of HO-1, boosting the IFN responses against DENV replication by the activa-
tion of interferon induced protein kinase R (PKR), 2’-5’-oligoadenylate synthetase 1 (OAS1),
OAS2, and OAS3 expression [167]. Interestingly, the summarized studies demonstrate that
HO-1’s antiviral effects against DENV infection involve both, its canonical, in this case
mediated by BV, and noncanonical functions.

Zika virus (ZIKV), a single stranded positive sense RNA, is the causative pathogen
of Zika fever in humans [168]. Using A549 and embryonic kidney (HEK-293) cell lines, El
Kalamouni et al. demonstrated that ZIKV infection downregulated HO-1 expression by
triggering endoplasmic-reticulum-associated protein degradation, thus halting its antiviral
effects [168]. This report highlights HO-1’s protective role relevance, as it demonstrates that
ZIKV infection promotes the decrease in HO-1 expression levels as an evasion mechanism.

7.6. Neurotropic Viruses: HSV-2 and EV71

Herpes simplex virus (HSV) includes HSV-1 and HSV-2, two double stranded DNA
viruses that belong to Herpesviridae family. HSV produces recurring lesions in skin and
mucosae and can also latently infect neurons of the trigeminal or dorsal root ganglia. HSV
infection can result in encephalitis and meningitis [169]. Ibañez et al. demonstrated that
pharmacological induction of HO-1 by CoPP hampered HSV-2 propagation in epithelial
and neuronal cells. Furthermore, by CORM-2 treatment the authors also showed that the
effects of HO-1 were partly mediated by CO [170].

Enterovirus 71 (EV71) is a single stranded positive sense RNA virus that belongs
to the Picornaviridae family and is the causative agent of hand foot and mouth disease
in children [171]. It was demonstrated that the overexpression of HO-1, as well as CO
treatment, decreased viral replication in SK-N-SH cells suggesting that the antiviral effect
is mediated by the downregulation of EV71 induced ROS levels [172].

Regarding neurotropic viruses, the summarized reports showcase that HO-1 displays
protective effects against HSV-2 and EV71 involving its enzymatic function.

7.7. COVID-19 Causative Agent: SARS-CoV-2

SARS-CoV-2, is the novel beta coronavirus of the Coronaviridae family whose genome
is composed of a single stranded RNA molecule [173]. It has been shown that hemin,
hemoglobin and protoporphyrin IX bind to SARS-CoV-2 proteins, blocking its adsorption
and replication independently from HO-1 induction [174]. However, the current litera-
ture regarding HO-1’s antiviral effect against SARS-CoV-2 remains unclear. Maestro et al.
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showed that hemin does not inhibit SARS-CoV-2 viral replication in vitro [175]. Kidney ep-
ithelial Vero-E6 and lung Calu3 cell lines were treated with hemin and results showed that,
despite a strong activation of HO-1 in both cell lines, there was no effect on SARS-CoV-2
viral replication, measured by the amplification of the N viral gene by RT-qPCR [175].
However, a more recent report proposed hemin as a potential drug for treating COVID-19
via HO-1 induction [176]. Interestingly, authors observed a reduction in SARS-CoV-2 repli-
cation, both when pretreating and after SARS-CoV-2 infection treatment of Vero76 with
this drug. Genetic induction or silencing of HO-1 in Vero76 cells demonstrated that the
antiviral effect of hemin relies on this protein. Strikingly, this effect was mediated not only
by Fe2+ and BV, but also by an HO-1 enzymatic independent mechanism. Further, they
showed that hemin induced HO-1 boosted ISG15, OAS1 and MX1 protein expression in
SARS-CoV-2 infected cells, highlighting the importance of stimulating the host cell’s IFN
response against this virus [176]. Of note, there are reports from our laboratory showcasing
that MX1 gene expression is increased in COVID-19 patients. However, MX1 expression
is lower in elderly patients, where the disease has been shown to be more severe than in
younger people. Additionally, through an in depth proteomics analysis, we described MX1
as a novel HO-1 interactor in prostate cancer (PCa) cell lines [177]. Moreover, genetic and
pharmacological HO-1 induction in PCa cells triggered an increase in MX1 at mRNA and
protein levels, and altered HO-1 cellular localization, showcasing a clear association be-
tween both proteins. Further, MX1 silencing with a specific siRNA significantly decreased
the expression of ERS genes (HSPA5, DDIT3 and XBP1), demonstrating the role of MX1 in
pro-death events [177].

In summary, the induction of the host infected cells antiviral response appears to be
critical for COVID-19 treatment, which could be partly achieved by hemin mediated HO-1
induction, also preventing viral adsorption and replication by binding SARS-CoV-2 proteins.
These antiviral effects are mediated by canonical and noncanonical HO-1’s functions.

8. HO-1 Induction as a Strategy against COVID-19

There are mainly two different approaches to develop antiviral therapies: (1) therapies
directed against viral factors; or (2) therapies targeting the host immune system. To date, the
second strategy has received increasing attention due to the fact that targeting viral factors
might cause viruses to mutate, increasing the rate of resistance to antiviral drugs [178]. In
contrast to the viral genome, host cells’ DNA does not have a high mutational frequency.
Therefore, overpowering viral infection by targeting host factors involved in the antiviral
response is conceivably an effective strategy to counteract the severe consequences, while
also fighting the infection [179].

During the last two years, several reports have focused on the understanding of the
virus–host interaction underlying COVID-19 disease. The worrying situation of the SARS-
CoV-2 pandemic and the threat of new variants, such as Omicron, which is spreading across
the globe at an unprecedented rate, drive the interest of scientists to seek for new anti-
SARS-CoV-2 strategies. Its enhanced transmissibility compared to the Delta variant could
be explained in part by its increased rate of replication in human primary airway cultures,
higher binding to ACE2, and ability to efficiently enter cells in a TMPRSS2-independent
manner [180]. Fortunately, preliminary data of the Omicron variant suggest a lower virus
load in both lower and upper respiratory tract, associated to less inflammatory processes
in the lungs, using a mouse model of severe disease [181]. However, exceptionally high
transmissibility could result in a great burden on healthcare systems across the globe. In
this context, HO-1 emerges as a potential target to boost the host’s response to fight the
infection and prevent severe COVID-19.

Certainly, HO-1 and its reaction products possess beneficial effects for the host dur-
ing viral infections: it reduces inflammation and exerts antiviral actions. The most serious
COVID-19 complications are: sepsis like inflammation, coagulopathy, and cardiovascular
or respiratory complications. Furthermore, respiratory failure triggers hypoxia which, in
combination with neuroinflammation, generates neurological complications [182]. When
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inflammation is not modulated, it turns into hyperinflammation and results in tissue damage
or organ failure [183]. Enhancing HO-1 expression might help avoid the severe conse-
quences of this disease. For example, it has been reported that HO-1 induction decreases
inflammation, inhibits platelet aggregation, and increases fibrinolysis and phagocytosis, thus
preventing tissue damage, thrombosis and sepsis [184]. Additionally, hemin is an activator
of neuroglobin, a protein involved in oxygen transport and storage in neurons that increases
oxygen’s intracellular partial pressure in neurons, and is crucial to protect neurons from
hypoxic injury [185–187]. In addition, as mentioned above, HO-1 has a reported antiviral
activity against multiple viruses. This effect depends on its classical activity involving its reac-
tion subproducts (BR, BV, CO and Fe2+) and the activation of the IFN pathway; interestingly,
its noncanonical activity is also involved in the antiviral effect of HO-1.

HO-1 expression is essentially regulated at the transcriptional level by NRF2. It has
been reported that SARS-CoV-2 infection suppresses the NRF2 antioxidant gene expression
pathway, and that NRF2 agonists limit viral replication and repress the proinflammatory
response of SARS-CoV-2 [188]. This evidence highlights the relevance of the NRF2 signaling
pathway on the antiviral response, suggesting that the activation of NRF2 might be a useful
strategy against COVID-19 [189].

As explained before, clinical complications associated with COVID-19 disease have
been described in different organs, including vascular, cardiac, renal, hepatic, endocrine
and neurological complications [190] (Figure 4). Interestingly, HO-1 has been reported to
be associated with a reduction in tissue damage, mainly through its anti-inflammatory
and antioxidative functions in different organs [4,97,147,191–207] (Figure 3). It would be
interesting to address HO-1’s vasoprotective and antithrombotic effects for the prevention
of thromboembolic events caused by SARS-CoV-2.
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Figure 4. HO-1’s role in different sites that can be affected upon SARS-CoV-2 infection. Extra
pulmonary manifestations of COVID-19 are grouped according to their site or body system. HO-1’s
reported functions in different experimental conditions or diseases are grouped according to the
model or system in which they are studied. The image of the human body has been adapted from
Uhlén et al. (Human Protein Atlas, proteinatlas.org) [208].

9. Closing Remarks

Drug repurposing is an attractive proposition, since it involves the use of derisked and
previously approved compounds, with lower development costs and shorter development
times [209]. Since the onset of the COVID-19 pandemic, we have witnessed a plethora
of alternative drugs as potential therapeutic avenues to fight the disease. Thus, hemin,
a previously FDA and EMA approved drug for acute intermittent porphyria treatment,
rises as a promising drug candidate, inducing HO-1 plasma concentration in humans,
and posing a host defense advantage to fight SARS-CoV-2. Further work on optimal
drug concentrations, pharmacokinetics and pharmacodynamics should be performed in
order to prove hemin’s effectiveness (either alone or in combination with other drugs) to
halt infection.
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Abstract: The extracellular parasite and causative agent of African sleeping sickness Trypanosoma
brucei (T. brucei) has evolved a number of strategies to avoid immune detection in the host. One
recently described mechanism involves the conversion of host-derived amino acids to aromatic
ketoacids, which are detected at relatively high concentrations in the bloodstream of infected indi-
viduals. These ketoacids have been shown to directly suppress inflammatory responses in murine
immune cells, as well as acting as potent inducers of the stress response enzyme, heme oxygenase 1
(HO-1), which has proven anti-inflammatory properties. The aim of this study was to investigate
the immunomodulatory properties of the T. brucei-derived ketoacids in primary human immune
cells and further examine their potential as a therapy for inflammatory diseases. We report that the
T. brucei-derived ketoacids, indole pyruvate (IP) and hydroxyphenylpyruvate (HPP), induce HO-1
expression through Nrf2 activation in human dendritic cells (DC). They also limit DC maturation
and suppress the production of pro-inflammatory cytokines, which, in turn, leads to a reduced
capacity to differentiate adaptive CD4+ T cells. Furthermore, the ketoacids are capable of modulating
DC cellular metabolism and suppressing the inflammatory profile of cells isolated from patients
with inflammatory bowel disease. This study therefore not only provides further evidence of the
immune-evasion mechanisms employed by T. brucei, but also supports further exploration of this
new class of HO-1 inducers as potential therapeutics for the treatment of inflammatory conditions.

Keywords: heme oxygenase 1; Trypanosoma brucei; inflammatory bowel disease; aromatic ketoacids;
dendritic cells; immunomodulation; anti-inflammatory therapies

1. Introduction

Infection of the mammalian vasculature and central nervous system (CNS) with the
extracellular protozoan parasite Trypanosoma brucei (T. brucei) can lead to fatal human sleep-
ing sickness, also known as African trypanosomiasis. Like most parasites, trypanosomes
are continuously challenged by the host-immune system, however, they have evolved very
effective evasion strategies in order to maintain infection and prolong the host’s survival [1].
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An infection with T. brucei is accompanied by the excretion of high levels of ketoacids into
the host’s bloodstream [2,3], a phenomenon that was, until recently, largely unexplained.
The ketoacids are derived from the conversion of aromatic amino acids (tryptophan, ty-
rosine, and phenylalanine) to indole pyruvate (IP), hydroxyphenylpyruvate (HPP), and
phenyl pyruvate (PP), through the action of a cytoplasmic aspartate aminotransferase
(TbcASAT), which is expressed by the parasite.

In recent years, we, and others, have demonstrated that these molecules have po-
tent immunomodulatory properties, which likely contribute to the suppression of host
immune responses, but that may also be exploited for potential therapeutic benefit [4–8].
For example, IP and HPP are potent inducers of the immunosuppressive enzyme heme
oxygenase-1 (HO-1) in murine glia and macrophages [5]. This occurs in a nuclear factor
(erythroid-derived 2)-like 2 (Nrf2) dependent manner and leads to a reduction in LPS-
induced pro-inflammatory cytokines and innate immune cell maturation. Indeed, HO-1
has well established anti-inflammatory properties and is induced by a vast number of
stimuli during oxidative stress and inflammation. It catalyses the conversion of heme to
biliverdin with the liberation of free iron and carbon monoxide (CO). Biliverdin is then
converted to bilirubin by biliverdin reductase [9,10] and both biliverdin and bilirubin are
considered powerful antioxidants, while many of the anti-inflammatory effects of HO-1
are attributed to CO. The potent anti-inflammatory properties of HO-1 are underlined by
rare HO-deficiencies in humans and HO-1 knockout mice, which, along with the expected
sensitivity to oxidative stress, show high levels of chronic inflammation [11–13]. Unsurpris-
ingly, induction of HO-1 with known and novel HO-1 inducers is now being explored as
a therapy for a number of autoimmune and inflammatory diseases and we have recently
reviewed this in detail elsewhere [14].

In addition to HO-1 induction, T. brucei-derived ketoacids are also capable of inhibiting
HIF-1α–induced pro-IL-1β expression, as well as prostaglandin production, an effect which
was shown to be dependent on the activation of the aryl hydrocarbon receptor [4,5,8]. The
immunomodulatory effects of IP and HPP have also been confirmed in animal models of
disease. In a murine model of skin damage caused by exposure to ultraviolet B radiation,
administration of IP resulted in a reduction in damage lesions and expression of the
pro-inflammatory cytokines, IL-1β and IL-6 [6]. Furthermore, IP administration reduced
disease severity in the DSS colitis model, and this was accompanied by a decrease in the
expression of pro-inflammatory cytokines IL-12, TNF, IFNγ, and IL-1β, and an increase in
the expression of the anti-inflammatory cytokine IL-10 [7]. A reduction in Th1 cells, as well
as a reduced capacity for dendritic cells (DC) to activate T cells, was also observed [7].

Despite the recent interest in these ketoacids as immunomodulators, to date, they have
been primarily studied in murine immune cells with very little evidence to support their
mechanism of action in human immune cells. In this study, we investigate the immunomodu-
latory properties of the T. brucei-derived ketoacids, IP and HPP, in primary human immune
cells and further examine their potential as a therapy for inflammatory diseases.

2. Materials and Methods

2.1. Reagents and Chemicals

4-hydroxyphenylpyruvic acid (HPP) and indole-3-pyruvic acid (IP) were purchased
from Merck (Darmstadt, Germany) and dissolved in RPMI to a final concentration of 2 mM
before use. Ultrapure lipopolysaccharide (LPS) from E. Coli O111:B4 was purchased from
Enzo Life Sciences (Bruxelles, Belgium). Complete RPMI or complete IMDM were prepared
by supplementing with 10% foetal bovine serum (FBS), 2 mM L-glutamine, 100 U/mL
penicillin, and 100 μg/mL streptomycin, which were all purchased from Merck (Darmstadt,
Germany). Lymphoprep is manufactured by Axis-Shield poC (Dundee, Scotland). GM-
CSF and IL-4 were purchased from Miltenyi Biotec (Bergisch Gladbach, Germany). The
protease inhibitor cocktail and High-Pure RNA Isolation Kit were purchased from Roche
(Basel, Switzerland). The western blot antibodies for Nrf2, HK2, p-AMPK, t-AMPK, p62
and LC3 were all purchased from Cell Signalling Technology (Danvers, MA, USA), while
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the antibody for HO-1 was purchased from Enzo Life Sciences (Bruxelles, Belgium), and
the β-actin antibody and secondary anti-rabbit were purchased from Merck (Darmstadt,
Germany). The Fixable Viability Dye, antibodies for CD40, CD80, CD83, and CD86, and
Annexin V & PI staining kit were all purchased from eBioscience (San Diego, CA, USA). The
DQ-Ovalbumin, CD3 and IL-17 flow antibodies, FIX & PERM™ Cell Permeabilization Kit,
anti-CD3, and all ELISA kits used were purchased from Invitrogen (Waltham, MA, USA).
The High-Capacity cDNA reverse transcription kit was purchased from Applied Biosystems
(Beverly, MA, USA) and the iTaq Universal SYBR Green mastermix from Bio-Rad (Hercules,
CA, USA). The MagniSort Human CD14 Positive Selection kit and MagniSort Human CD4
T cell Positive Selection kit were purchased from Thermo Fisher Scientific (Waltham, MA,
USA). The Zombie NIRTM Fixable Viability kit was purchased from BioLegend (San Diego,
CA, USA). The antibodies for CD8, ki67 and IFNγ were purchased from BD biosciences
(East Rutherford, NJ, USA). The Complete XF assay medium was purchased from Agilent
(Santa Clara, CA, USA). The Corning™ Cell-Tak Cell and Tissue Adhesive was purchased
from Fisher Scientific (Waltham, MA, USA). Oligomycin was purchased from Cayman
Chemicals (Ann Arbor, MI, USA) and carbonyl cyanide-p trifluoromethoxyphenylhydra-
zone (FCCP) from Santa Cruz biotechnology (Dallas, TX, USA). The HEK-BlueTM hTLR4
assay system was purchased from InvivoGen (San Diego, CA, USA). Dulbecco’s phosphate
buffered saline (PBS), enhanced chemiluminescent substrate, phosphatase inhibitor cock-
tail, Antioxidant assay kit, Phorbol 12-myristate 13-acetate (PMA), ionomycin, brefeldin
A, rotenone, antimycin A, and 2-deoxy-D-glucose (2-DG) were all purchased from Merck
(Darmstadt, Germany).

2.2. Human Blood Samples

The Irish Blood Transfusion Service (IBTS) at St. James’s Hospital in Dublin supplied
leukocyte-enriched buffy coats for these studies, from donors who provided informed
written consent. Ethical approval was obtained from the research ethics committee of
the School of Biochemistry and Immunology at Trinity College Dublin, and all experi-
ments were carried out in accordance with the Declaration of Helsinki. Peripheral blood
mononuclear cells (PBMC) were isolated by a density gradient centrifugation. The cells
were cultured in complete RPMI medium and maintained in humidified incubators at
37 ◦C with 5% CO2.

2.3. Dendritic Cell Culture

The MagniSort Human CD14 Positive Selection kit was used according to the manu-
facturer’s protocol to positively select for CD14+ monocytes from PBMC. CD14+ monocytes
were then cultured at 1 × 106 cells/mL in complete RPMI and supplemented with GM-CSF
(50 ng/mL) and IL-4 (40 ng/mL) to generate monocyte-derived DC. On day three of culture,
half of the media was replaced with fresh media supplemented with cytokines at the same
starting concentration. On day six, non-adherent and loosely adherent cells were gently
removed for use. The purity of CD14loDC-SIGN+ DC was confirmed by flow cytometry
and was routinely >95%. DC were cultured at 1 × 106 cells/mL for all further assays.

2.4. Western Blot Experiments

For detection of HO-1 expression, DC were cultured in the presence of HPP or IP
(250–1000 μM) for 3, 6, and 24 h, or treated with the Nrf2 inhibitor ML385 (10 μM) for
1 h prior to treatment with HPP or IP at 1000 μM for 24 h. Cell lysates were prepared
by washing cells in PBS prior to lysis in RIPA buffer (Tris 50 mM; NaCl 150 mM; SDS
0.1%; Na.Deoxycholate 0.5%; Triton X 100). For detection of Nrf2 expression, DC were
cultured in the presence of HPP (1000 μM) or IP (1000 μM) for 6 or 24 h, then washed in
PBS and lysed in Laemmli loading buffer. For detection of hexokinase 2 (HK2) expression,
DC were cultured in the presence of HPP or IP at 1000 μM for 6 h prior to stimulation
with LPS (100 ng/mL) for 12 h, then washed in PBS and lysed in Laemmli loading buffer.
For detection of p-AMPK and t-AMPK expression, DC were cultured in the presence of
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HPP or IP (both 1000 μM) for 15 min, then washed in PBS and lysed in Laemmli loading
buffer. For the detection of p62 and LC3, DC were cultured in the presence of HPP or IP
(both 1000 μM) for 6, 12, or 24 h, then washed in PBS, lysed in Laemmli loading buffer,
and sonicated. All samples were lysed in the presence of a protease inhibitor cocktail
and phosphatase inhibitor cocktail set. Samples were electrophoresed and transferred
to PVDF. The membranes were incubated overnight at 4 ◦C with monoclonal antibodies
specific for HO-1, Nrf2, HK2, p-AMPK, t-AMPK, p62, and LC3. The membranes were
washed in TBS–Tween prior to incubation with an anti-rabbit streptavidin-conjugated
secondary antibody for 2 h at room temperature. A Bio-Rad ChemiDoc MP system was
used for developing the blots. The membranes were subsequently re-probed with a loading
control, β-actin, in order to normalise the protein of interest to the loading control for
densitometric analysis.

2.5. Antioxidant Assay

DC were cultured in the presence of IP or HPP (both 1000 μM) for 1 h. The cells were
lysed by sonication in ice-cold PBS and centrifuged at 14,000 rpm for 10 min to pellet any
debris. The total antioxidant capacity of the cells was analysed using an Antioxidant assay
kit according to the manufacturer’s protocol. The assay measures the reduction of Cu2+

by an antioxidant to Cu+, which can subsequently form a coloured complex with a dye
reagent in the kit. The absorbances of the samples were read at 570 nm and compared to the
absorbances of a range of known concentrations of Trolox standards. The data is displayed
as the total antioxidant capacity of the cells expressed as an equivalent concentration of
Trolox (μM).

2.6. DC Flow Cytometry Experiments

DC were collected upon completion of the experiment, washed in PBS, and stained
accordingly. DC were stained using an Annexin V & PI staining kit according to the manu-
facturer’s protocol for viability assays. For the maturation marker assay, DC were initially
stained with Fixable Viability Dye, for dead cells, and subsequently with fluorochrome-
conjugated antibodies for CD40, CD80, CD83, and CD86. In order to measure the phago-
cytic capacity, DC were incubated with RPMI-containing DQ-Ovalbumin (500 ng/mL) for
20 min at 37 ◦C, before transferring to 4 ◦C for a further 10 min incubation to stop the
uptake of the model antigen. DC were then washed in PBS and immediately acquired.
All of the above experiments were acquired on a BD FACS Canto II, and the analysis was
performed using FlowJo v.10 software (Tree Star Inc., Ashland, OR, USA).

2.7. Quantitative Real-Time PCR

DC were cultured in the presence of HPP or IP (both 1000 μM) for 6 or 24 h. Detection
of NAD(P)H dehydrogenase (quinone 1) (NQO1, accession number P15559) expression and
glutathione reductase (GSR, accession number P00390) expression were measured using
quantitative real-time PCR. RNA was first extracted using the High-Pure RNA Isolation
Kit, followed by cDNA synthesis using the High-Capacity cDNA reverse transcription
kit. iTaq Universal SYBR Green mastermix was used in the reaction along with relevant
primers—the sequences are listed in Table 1. A Bio-Rad CFX96 Real-Time System was used
to carry out the reaction. mRNA expression levels for genes of interest were quantified and
normalized to the housekeeping (β-actin) mRNA levels.

Table 1. Primer sequences. Table containing the forward and reverse primer sequences for NQO1,
GSR, and β-actin.

Gene Forward Primer Reverse Primer

NQO1 5′ TGAAGAAGAAAGGATGGGAG 3′ 5′ TTTACCTGTGATGTCCTTTC 3′

GSR 5′ GACCTATTCAACGAGCTTTAC 3′ 5′ CAACCACCTTTTCTTCCTTG 3′

β-actin 5′ GGACTTCGAGCAAGAGATGG 3′ 5′ AGCACTGTGTTGGCGTACAG 3′
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2.8. DC ELISA Experiments

For detection of cytokines, DC were cultured in the presence of HPP or IP
(500–1000 μM) for 6 h prior to stimulation with LPS (100 ng/mL) for 24 h. Concentrations
of IL-12p70, IL-23, TNF, IL-6, and IL-10 were quantified from supernatants by ELISA as per
the manufacturers’ protocols.

2.9. DC-CD4+ T Cell Co-Cultures

The MagniSort Human CD4 T cell Positive Selection kit was used according to the
manufacturer’s protocol to isolate CD4+ T cells from PBMC. CD4+ T cells were co-cultured
with allogeneic DC that had been pre-treated with IP or HPP and stimulated with LPS
as before. The cells were co-cultured at a ratio of 10:1 T cells to DC for five days with no
ketoacid present. The supernatants were removed for analysis of IL-10 by ELISA prior to
restimulation of the cells in complete RPMI in the presence of 50 ng/mL PMA, 500 ng/mL
ionomycin, and 5 μg/mL brefeldin A for 4 h. The cells were washed in PBS and stained for
viability (Zombie NIRTM Fixable Viability kit) for 15 min at room temperature. The cells
were then washed again in PBS and stained with fluorochrome-conjugated antibodies for
surface markers CD3 and CD8 for 15 min at room temperature. The cells were then washed
and fixed (FIX & PERM™ Cell Permeabilization Kit) for 15 min at room temperature.
Finally, the cells were washed and stained for intracellular markers Ki67 and IFNγ in
permeabilization buffer for 15 min at room temperature. A BD LSRFortessa flow cytometer
was used to acquire samples, and analysis was performed using FlowJo v.10 software.

2.10. Two-Photon Fluorescence Lifetime Imaging Microscopy (FLIM)

DC were cultured in the presence of HPP (1000 μM) for 6 h prior to stimulation with
LPS (100 ng/mL) for 12 h. Two-photon excited NAD(P)H- Fluorescence Lifetime Imaging
Microscopy (FLIM) was used to measure the levels of free and protein-bound NADH
within these cells, and was performed on a custom multiphoton system (further details
regarding experimental setup can be found at the following [15,16]). At least three images
for each model were acquired. Afterwards, regions of interest (ROI) were selected, and the
NAD(P)H fluorescence decay was analysed.

For the NAD(P)H fluorescence decay analysis, an overall decay curve was generated
by the contribution of all pixels in the ROI area. Afterwards, it was fitted with a double
exponential decay curve (Equation (1)):

I(t) = α1e−
t

τ1 + α2e−
t

τ2 + c (1)

I(t) represents the fluorescence intensity at time (t) after laser excitation. α1 and
α2 represent the fraction of the overall signal comprised of a short and long lifetime
component, respectively. τ1 and τ2 are the long and short lifetime components, respectively.
C corresponds to background light. X2 is calculated to evaluate the goodness of multi-
exponential fit to the raw fluorescence decay data—the lowest χ2 values were considered
in this study.

For NAD(P)H, a two-component fit was used to differentiate between the free (τ1)
and protein-bound (τ2) NAD(P)H. The average lifetime (τavg) of NAD(P)H for each pixel
is calculated by a weighted average of both the free and bound lifetime contributions
(Equation (2)):

τavg =
(α1 × τ1) + (α2 × τ2)

(α1 + α2)
(2)

2.11. Metabolic Profiling Using Seahorse Analysis

DC were cultured in the presence of IP or HPP (both 1000 μM) for 6 h prior to
stimulation with LPS (100 ng/mL) for 12 h. The cell culture medium was replaced with
complete XF assay medium (pH of 7.4, supplemented with 10 mM glucose, 1 mM sodium
pyruvate, 2 mM L-glutamine) and DC were then transferred at a density of 2 × 105
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cells/well to a Seahorse 96-well microplate, which was coated with Corning™ Cell-Tak Cell
and Tissue Adhesive and incubated in a non-CO2 incubator. Blank wells were prepared
containing XF assay medium only to subtract the background oxygen consumption rate
(OCR) and extracellular acidification rate (ECAR) during analysis. Oligomycin (1 mM),
FCCP (1 mM), rotenone (500 nM), antimycin A (500 nM), and 2-DG (25 mM) were prepared
in XF assay medium. Inhibitors were loaded into the appropriate injection ports on the
cartridge plate and incubated for 10 min in a non-CO2 incubator at 37 ◦C. Oligomycin,
FCCP, rotenone and antimycin A, and 2-DG were sequentially injected while the OCR and
ECAR readings were simultaneously measured. Wave software (Agilent Technologies,
Santa Clara, CA, USA) was used to analyse the results. The rates of basal glycolysis,
max glycolysis, glycolytic reserve, basal respiration, max respiration, and respiratory
reserve were calculated as detailed in the manufacturer’s protocol and as supplied in
Supplementary Table S1.

2.12. IBD Patient PBMC Experiments

This study received ethical approval from St Vincent’s University Hospital Ethics and
Medical Research Committee to take blood samples from consenting patients (N = 14)
attending a specialist outpatient clinic for inflammatory bowel disease (IBD). PBMC were
isolated as above and frozen at −80 ◦C. PBMC were thawed and treated with either IP or
HPP (250–1000 μM) for 6 h prior to stimulation with anti-CD3 (1 μg/mL) for 12 h. The
media was then removed and replaced with fresh media to circumvent issues that occur as
the compounds become fluorescent after incubations over long periods of time, and cells
were maintained in the presence of anti-CD3 for a further four days. The supernatants were
then removed for analysis of IL-10, IFNγ, and IL-17A by ELISA. PBMC were restimulated
in complete IMDM medium in the presence of 50 ng/mL PMA, 500 ng/mL ionomycin,
and 5 μg/mL brefeldin A for 4 h. The cells were washed in PBS and stained for viability
(Zombie NIRTM Fixable Viability kit) for 15 min at room temperature. The cells were then
washed in PBS and stained with fluorochrome-conjugated antibodies for surface markers
CD3 and CD8 for 15 min at room temperature. After this, the cells were then washed
and fixed (FIX & PERM™ Cell Permeabilization Kit) for 15 min at room temperature.
Finally, the cells were washed and stained for intracellular markers Ki67, IFNγ and IL-17 in
permeabilization buffer for 15 min at room temperature. The cells were then washed and
acquired on a BD LSRFortessa flow cytometer. The analysis was performed with FlowJo
v.10. All antibodies used in this experiment were chosen carefully to avoid channels which
still had some fluorescence issues, despite the steps taken to overcome this.

2.13. Assessment of Endotoxin Contamination

The HEK-BlueTM hTLR4 assay system was used to test IP and HPP for LPS contam-
ination. HEK-blue cells (5 × 105 cells/mL) expressing TLR4 were stimulated with LPS
(0.1–100 ng/mL; positive control), or HPP or IP (both 1000 μM) for 24 h. Supernatants from
the HEK-blue cells were incubated with HEK-blue detection medium, to measure SEAP
expression, for 30 min at 37 ◦C and absorbance was read at 650 nm.

2.14. Statistical Analysis

Prism 9 software (GraphPad Software Inc., San Diego, CA, USA) was used to perform
the statistical analysis on all datasets. A repeated measures one-way ANOVA, with either
Dunnett’s or Šídák’s post hoc test, as appropriate, was used for analysis of three or more
datasets. A Paired Student’s t-test was used for the analysis of only two datasets. The
analysis of datasets with more than one variable were performed using a two-way ANOVA
with Šídák’s multiple comparisons post hoc test. Asterisks are used in the figures to denote
p values < 0.05, which were considered significant.
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3. Results

3.1. HPP and IP Upregulate HO-1 in Primary Human DC

We have previously shown that HPP and IP are capable of inducing HO-1, as well as
having immunomodulatory effects, in murine macrophages and glia [5]. Therefore, we
sought to investigate if T. brucei-derived ketoacids have similar effects in primary human
DC, as these are crucial immune cells linking the innate and adaptive immune system.
DC were treated with HPP or IP (500–1000 μM) for 24 h (these concentrations are similar
to the levels of aromatic ketoacids in circulation close to the peak of parasitaemia during
trypanosomiasis and have been used in previously published studies [4,5,8,17]). Both HPP
and IP were found to be non-toxic to human DC, having no effect on cell viability at these
concentrations, and were confirmed to be endotoxin free (Supplementary Figures S1 and
S2). HO-1 expression in HPP- and IP-treated DC was next examined by western blot at
a range of timepoints (3, 6, and 24 h) and concentrations (250–1000 μM). Immature DC
constitutively expressed HO-1 in line with previous reports [18–20], however, treatment
with either HPP or IP resulted in a trend towards increased expression of HO-1 at all
concentrations tested with a significance observed at 1000 μM in each case (Figure 1A). At
this concentration, significant upregulation of HO-1 occurred within 3 h of HPP treatment,
while significant induction of HO-1 occurred following 24 h treatment with IP (Figure 1B).
Both IP and HPP also increased the total antioxidant capacity of DC and this was observed
within 1 h of incubation with either compound (Figure 1C). The ketoacids also appear to
be more potent antioxidants than the established HO-1 inducers, carnosol and curcumin
(Figure 1C). These results indicate that IP and HPP rapidly enhance the total antioxidant
capacity of human DC, while also upregulating the stress-response protein, HO-1.

3.2. HPP and IP Induce HO-1 through Nrf2 Activation

We have previously reported that HPP and IP activate Nrf2 in murine immune cells,
and this is likely the mechanism through which they upregulate HO-1 [5]. We therefore
sought to investigate if they have a similar mechanism of action in human DC. To test this,
DC were treated with HPP or IP (1000 μM) for 6 and 24 h, and Nrf2 protein expression
was measured by western blot. An increase in Nrf2 protein was observed in HPP-treated
DC at 6 h (Figure 2A), while IP-treated DC showed increased Nrf2 protein expression
(and therefore accumulation) at 24 h (Figure 2A). Both HPP and IP were also found to
drive mRNA expression of the additional Nrf2-regulated genes, NQO1 and GSR, further
confirming their ability to activate this transcription factor (Figure 2B). Finally, treatment of
DC with the Nrf2 inhibitor ML385 (10 μM, a non-toxic dose, Supplementary Figure S3) for
1 h, prior to treatment with either HPP or IP (1000 μM) for 24 h, resulted in a significant
decrease in the expression of HO-1 (Figure 2C), further confirming that ketoacid driven
HO-1 expression is regulated by Nrf2.
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Figure 1. Hydroxyphenylpyruvate (HPP) and indole pyruvate (IP) upregulate HO-1 in primary
human dendritic cells (DC). (A) Primary human DC were left untreated (UT) or incubated with HPP
or IP (250–1000 μM) for 24 h. HO-1 expression was detected by western blot. Densitometry results
shown are mean ± SEM of the relative expression of HO-1: β-actin from five healthy donors. (B) DC
were left UT or incubated with HPP or IP at 1000 μM for 3, 6, or 24 h. HO-1 expression was detected
by western blot. Densitometry results shown are mean ± SEM of the relative expression of HO-1:
β-actin from seven healthy donors. (C) Primary human DC were left UT or incubated with HPP or
IP at 1000 μM, or carnosol or curcumin (both 10 μM), for 1 h. Total antioxidant capacity of the cells
was determined and expressed as an equivalent concentration of Trolox (μM). Pooled data showing
the mean (±SEM) from five healthy donors. Repeated measures one-way ANOVA, with Dunnett’s
multiple comparisons post hoc test, was used to determine statistical significance by comparing
means of treatment groups against the mean of the control group (** p < 0.01, * p < 0.05). ImageLab
(Bio-Rad) software was used to perform densitometric analysis.
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Figure 2. HPP and IP induce HO-1 through Nrf2 activation. (A) Primary human DC were left
untreated (UT) or incubated with HPP or IP at 1000 μM for 6 or 24 h. Nrf2 expression was measured
by western blot. Densitometry results shown are mean ± SEM of the relative expression of Nrf2:
β-actin from five healthy donors. (B) Primary human DC were left UT or incubated with HPP or
IP at 1000 μM for 24 h. mRNA expression of the Nrf2-dependent genes, NQO-1 and GSR, were
measured by RT-PCR. Results show mean (±SEM) for six healthy donors. (C) Primary human DC
were pre-treated either with or without the Nrf2 inhibitor ML385 (10 μM) for 1 h, prior to incubation
with HPP or IP at 1000 μM for 24 h. HO-1 expression was measured by western blot. Densitometry
results shown are mean ± SEM of the relative expression of HO-1: β-actin from five healthy donors.
(A) One-way ANOVA, with Dunnett’s multiple comparisons post hoc test, was used to determine
statistical significance. (B) Two-way ANOVA, with Šídák’s multiple comparisons post hoc test, was
used to determine statistical significance. (C) One-way ANOVA, with Šídák’s multiple comparisons
post hoc test, was used to determine statistical significance (**** p < 0.0001, *** p < 0.001, ** p < 0.01,
* p < 0.05). ImageLab (Bio-Rad) software was used to perform densitometric analysis.
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3.3. HPP and IP Reduce the Production of Pro-Inflammatory Cytokines in LPS-Stimulated
Human DC

We recently demonstrated that HPP and IP are capable of reducing the production
of pro-inflammatory cytokines in murine glia and macrophages [5]. We next sought to
determine if they have similar immune modulating activity in human DC. To test this,
DC were treated with either HPP or IP (500–1000 μM) for 6 h prior to stimulation with
LPS (100 ng/mL) for 24 h. Cytokine concentrations were measured in cell supernatants
by ELISA. Both HPP and IP treatment dose-dependently reduced production of the pro-
inflammatory cytokines TNF, IL-6, IL-12p70, and IL-23, and this effect was most potent
at the 1000 μM concentration (Figure 3A–H). As well as driving the production of pro-
inflammatory cytokines, LPS treatment over time is usually accompanied by production
of the anti-inflammatory cytokine IL-10 as a means of regulating inflammatory responses.
Interestingly, IP treatment resulted in a significant enhancement of IL-10, while HPP
treatment showed a similar, albeit non-significant, trend (Figure 3I,J). These results suggest
that both IP and HPP are capable of reducing the production of pro-inflammatory cytokines
in LPS-stimulated DC, whilst also promoting a more anti-inflammatory phenotype.

3.4. HPP Treatment Inhibits the Maturation of LPS-Stimulated Human DC, Resulting in Reduced
Activation of CD4+ T Cells

In order to determine if the ketoacids impact DC maturation (and in turn T cell
activation), human DC were treated with HPP (500–1000 μM) for 6 h prior to stimulation
with LPS (100 ng/mL) for 24 h. Surface expression of maturation and co-stimulatory
markers (CD40, CD80, CD83 and CD86) were measured by flow cytometry (due to the
fluorescent nature of IP it is unsuitable for this flow cytometric analysis and hence was
not included in these experiments). As expected, the expression of co-stimulatory markers
was increased in LPS-stimulated DC. The average Median Fluorescent Intensity (MFI) of
these cells was set to 100% and used as a control for comparison to the HPP-treated cells.
There was a significant decrease in MFI at both HPP concentrations when compared to the
LPS-stimulated control (Figure 4A). The phagocytic capacity of DC was next measured
upon incubation of DC with FITC-conjugated DQ-Ovalbumin (DQ-Ova; 500 ng/mL) and
uptake of the model antigen was assessed by flow cytometry. Compared to untreated
cells, the ability of LPS-treated DC to phagocytose DQ-OVA was significantly impaired,
signifying a heightened maturation status, however, pre-incubation with HPP prior to LPS
treatment attenuated this effect and maintained the DC in an immature state (Figure 4B).
Finally, and in order to determine if the reduced DC activation status that occurs in the
presence of HPP has an impact on T cell activation, DC were treated with HPP (1000 μM)
for 6 h prior to stimulation with LPS (100 ng/mL) for 24 h. The cells were then incubated
with CD4+ T cells at a ratio of 10:1 (CD4+ T cells:DC) for five days. The supernatants were
removed for cytokine analysis by ELISA and cells were stimulated with PMA (50 ng/mL),
ionomycin (500 ng/mL) and brefeldin A (5 μg/mL) for 4 h. Expression of ki67, which is a
measure of cell proliferation, was assessed by flow cytometry in CD3+CD8− cells (gating
strategy shown in Supplementary Figure S4), as was production of the pathogenic Th1
cytokine, IFNγ. T cells co-cultured with HPP-treated, LPS-stimulated DC showed a trend
towards reduced ki67 and IFNγ expression when compared to T cells co-cultured with
LPS-stimulated DC alone (Figure 4C). Interestingly, the T cells exhibited a trend towards
enhanced production of the anti-inflammatory cytokine IL-10, when compared to T cells
co-cultured with LPS-stimulated DC alone (Figure 4D). Overall, these results indicate that
HPP reduces the maturation of innate DC, which in turn impacts adaptive T cell responses
and may skew them towards a more anti-inflammatory phenotype.
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Figure 3. HPP and IP reduce the production of pro-inflammatory cytokines in LPS-stimulated human
DC. Primary human DC were left untreated (UT) or incubated with IP (A,C,E,G,I) or HPP (B,D,F,H,J)
(500–1000 μM) for 6 h prior to stimulation with LPS (100 ng/mL) for 24 h. Cell supernatants were
assessed for TNF, IL-6, IL-23, IL-12p70, and IL-10 secretion by ELISA. Pooled data depict mean
(±SEM) cytokine concentrations for four to seven healthy donors (means of three technical replicates
per donor). Repeated measures one-way ANOVA, with Dunnett’s multiple comparisons post hoc
test, was used to determine statistical significance, by comparing means of treatment groups against
the mean of the control group (** p < 0.01, * p < 0.05).
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Figure 4. HPP treatment reduces DC maturation and subsequent CD4+ T cell activation. Primary
human DC were left untreated (UT) or incubated with HPP (500–1000 μM) for 6 h prior to stimulation
with LPS (100 ng/mL) for 24 h. (A) Cells were stained for CD40, CD80, CD86, and CD83 and analysed
by flow cytometry. Histograms showing the expression of maturation markers for HPP-treated,
LPS-stimulated DC compared to unstimulated cells or LPS stimulation alone from one representative
experiment. Pooled data showing the mean (±SEM) MFI for each marker expressed as a percentage
of control (LPS stimulation alone) from six to seven healthy donors. (B) DC were incubated with
FITC-conjugated DQ-Ovalbumin (DQ-Ova; 500 ng/mL) for 20 min and were immediately acquired
by flow cytometry. Dot plots depicting DQ-Ova uptake from one representative experiment. Pooled
data showing the mean (±SEM) DQ-Ova uptake as a percentage of total cells from nine healthy
donors. (C) DC were pre-treated with HPP prior to stimulation with LPS, and subsequently cultured
with CD4+ T cells for five days. Dot plots depicting ki67 expression (as a measure of proliferation)
and IFNγ expression from one representative experiment. Pooled data showing the mean (±SEM)
of ki67+ and IFNγ+ cells as a percentage of CD3+CD8− cells from four healthy donors. (D) Cell
supernatants were assessed for IL-10 secretion by ELISA. Pooled data depict mean (±SEM) cytokine
concentrations for four healthy donors (means of three technical replicates per donor). Repeated mea-
sures one-way ANOVA, with Dunnett’s multiple comparisons post hoc test, was used to determine
statistical significance by comparing means of treatment groups against the mean of the control group
(*** p < 0.001, ** p < 0.01, * p < 0.05).

3.5. HPP and IP Modulate Metabolic Reprogramming in LPS-Stimulated Human DC

Metabolic reprogramming has been observed in immune cells and numerous recent
studies have demonstrated that their activation/maturation is accompanied by a metabolic
switch favouring glycolysis over oxidative phosphorylation [21]. In order to determine if T.
brucei–derived ketoacids have an effect on immune cell metabolism, DC were pre-treated
with IP or HPP (1000 μM) for 6 h prior to stimulation with LPS (100 ng/mL) for 12 h. These
cells were then analysed in a Seahorse XFe96 analyser following the addition of oligomycin
(1 mM), an inhibitor of mitochondrial complex V, FCCP (1 mM), a mitochondrial uncoupler,
rotenone (500 nM) and antimycin A (500 nM), which are inhibitors of the mitochondrial
complexes I & III, respectively, and 2-DG (25 mM), an inhibitor of glycolysis. The metabolic
activity of the cells was then determined by measuring the ECAR, which is a measure
of glycolysis, and the OCR, which is a measure of oxidative phosphorylation. IP- and
HPP-treated DC showed no change in basal glycolysis when compared to LPS stimulation
alone (Figure 5B). LPS-treated cells showed a trend towards increased max glycolysis, and
this was significantly decreased in the presence of either HPP or IP (Figure 5C). Both IP and
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HPP were also capable of significantly decreasing the glycolytic reserve in LPS-stimulated
cells (Figure 5C). There were no significant changes in the basal respiration (Figure 5F),
max respiration (Figure 5G), and respiratory reserve (Figure 5H) in IP- or HPP-treated
DC when compared to LPS stimulation alone, suggesting that they have no impact on
oxidative phosphorylation.

Figure 5. HPP and IP modulate metabolic reprogramming in LPS-stimulated DC. Primary human DC
were pre-treated with either HPP or IP at 1000 μM for 6 h before stimulation with LPS (100 ng/mL)
for 12 h. The extracellular acidification rate (ECAR) and the oxygen consumption rate (OCR) were
measured using a Seahorse XFe96 analyser before and after the injections of oligomycin (1 mM), FCCP
(1 mM), antimycin A (500 nM) and rotenone (500 nM), and 2-DG (25 mM). Bioenergetic profiles from
one representative experiment depicting (A) ECAR and (E) OCR measurements over time. Pooled
data (N = 6) depicts the calculated mean (±SEM) of (B) basal glycolytic rate, (C) max glycolytic rate,
(D) glycolytic reserve, (F) basal respiratory rate, (G) max respiratory rate, and (H) respiratory reserve
for each treatment group. (I) HK2 expression was measured by western blot. Densitometry results
shown are mean ± SEM of the relative expression of HK2: β-actin from five to seven healthy donors.
(J) FLIM images of DC measuring intracellular NADH. Pooled data (N = 4) depicts the mean (±SEM)
of the ratio of bound:free NADH, represented by the τ average. Repeated measures one-way ANOVA,
with Dunnett’s multiple comparisons post hoc test, was used to determine statistical significance by
comparing means of treatment groups against the mean of the control group (** p < 0.01, * p < 0.05).
ImageLab (Bio-Rad) software was used to perform densitometric analysis.

Expression of HK2, the rate limiting enzyme in the glycolytic pathway, was next
assessed by western blotting. HK2 is known to be induced by inflammatory stimuli and, as
expected, LPS stimulation induced the upregulation of HK2 in DC. However, there was re-
duced expression of the enzyme in IP-treated DC, and a trend towards reduced expression
(albeit not significant) in HPP-treated DC when compared to LPS-stimulated DC (Figure 5I).
The effects of HPP treatment on the metabolism of DC was further investigated using FLIM,
which measures the intracellular levels of NADH. Bound NADH, which is associated with
oxidative phosphorylation, or free NADH, which is associated with glycolysis, can be
distinguished based on their distinct lifetimes upon fluorescence excitation. The ratio of
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bound to free NADH can be used to measure whether a cell is favouring the engagement of
glycolysis (a decrease in the ratio due to increased free NADH) or oxidative phosphoryla-
tion (an increase in the ratio due to increased bound NADH). Similar to the Seahorse results
reported above, LPS-stimulated DC ramped up glycolysis, as represented by a decrease in
the τ average compared to untreated DC (Figure 5J). Cells pre-treated with HPP exhibited
a significant increase in the τ average compared to the LPS-stimulated controls, indicating
they are favouring oxidative phosphorylation to generate their energy (Figure 5J). Overall,
these results indicate that T. brucei-derived ketoacids modulate DC metabolism, reducing
engagement of glycolysis, which is associated with rapid inflammatory responses.

3.6. HPP and IP Activate Autophagy-Related Proteins

We have previously demonstrated that the HO-1 inducers carnosol and curcumin acti-
vate the autophagy regulator AMPK, which incidentally is also known to downmodulate
glycolysis in immune activated cells [22]. Furthermore, the key autophagy-related protein,
p62, is linked to Nrf2 activation [23–25]. In order to determine if T. brucei-derived ketoacids
have any impact on autophagy-related proteins, DC were treated with IP or HPP (both
1000 μM) for 15 min and phosphorylation (and therefore activation) of AMPK was assessed
by western blotting. IP treatment resulted in a significant increase in AMPK phosphory-
lation while there was a trend towards increased activation with HPP (Figure 6A). DC
treated with IP also showed an increase in both p62 and LC3-II (which is converted from
LC3-I during autophagy) over time, and this was most potent after 24 h (Figure 6B,C). HPP
treatment significantly increased p62 expression after 6 h and significantly increased LC3-II
expression after 24 h (Figure 6B,C). These results indicate both ketoacids are activating
autophagy-related proteins in human DC.

3.7. HPP and IP Reduce Proliferation and Cytokine Expression in PBMC Isolated from
IBD Patients

It has previously been reported that IP has powerful immune suppressive effects in
a murine experimental colitis model [7]. In order to determine if these results translate
to a more clinical setting, PBMC were isolated from IBD patients and treated with IP or
HPP (250–1000 μM) for 6 h prior to stimulation with anti-CD3 (1 μg/mL) for a further
four days. Furthermore, the culture media was replaced with fresh media after 18 h of
incubation with the compounds to circumvent issues surrounding the fluorescence of IP
over long periods of time. The supernatants were removed for cytokine analysis by ELISA
and cells were stimulated with PMA (50 ng/mL), ionomycin (500 ng/mL), and brefeldin A
(5 μg/mL) for 4 h. Expression of ki67, and the cytokines IFNγ and IL-17 (both of which are
known to play a pathogenic role in IBD), were measured by flow cytometry in CD3+CD8−
cells (gating strategy shown in Supplementary Figure S5). IP was non-toxic to PBMC at
all concentrations tested, however there was some toxicity seen when using the higher
concentrations of HPP (Supplementary Figure S6). Despite this being significant, it is
unlikely to account for the effects seen, as flow markers were examined in live cells only.
Both IP- and HPP-treated cells were capable of dose-dependently reducing the proliferation
and expression of IFNγ when compared to anti-CD3 stimulation alone (Figure 7A,B), while
having no effect on the intracellular levels of IL-17. However, when cell supernatants were
assessed by ELISA, there was a significant reduction in both IFNγ and IL-17 production in
IP- and HPP-treated cells (Figure 7C,D). Unlike purified DC, the ketoacids did not enhance
the production of IL-10 from PBMC, suggesting a cell-type specific effect (Figure 7C,D).
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Figure 6. HPP and IP modulate autophagy-related proteins. (A) Primary human DC were left
untreated (UT) or incubated with IP or HPP at 1000 μM for 15 min. Phosphorylation of AMPK was
measured by western blot. Densitometry results shown are mean ± SEM of the relative expression of
p-AMPK: β-actin from four healthy donors. (B,C) Primary human DC were left UT or incubated with
IP or HPP at 1000 μM for 6, 12, or 24 h. Expression of (B) p62 and (C) LC3 were measured by western
blot. Densitometry results shown are mean ± SEM of the relative expression of (B) p62: β-actin from
five healthy donors and (C) LC3 II: β-actin from six healthy donors. (A) Statistical significance was
determined using a Paired t-test. (B,C) Statistical significance was determined by repeated measures
one-way ANOVA with Dunnett’s multiple comparisons post hoc test to compare means of treatment
groups to the control group (*** p < 0.001, ** p < 0.01, * p < 0.05). ImageLab (Bio-Rad) software was
used to perform densitometric analysis.
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Figure 7. HPP and IP reduce proliferation and cytokine expression in ex vivo stimulated PBMC from
patients with Inflammatory Bowel Disease. PBMC isolated from IBD patients were treated with (A,C)
HPP or (B,D) IP (250 μM–1000 μM) for 6 h prior to stimulation with anti-CD3 for 12 h. After 18 h,
culture media was replaced with fresh media and cells were incubated for a further 4 days with
anti-CD3 stimulation. Supernatants were removed for analysis of cytokine concentration by ELISA.
(A,B) Proliferation and cytokine production by CD3+CD8− cells was analysed by flow cytometry.
Pooled data (N = 14) depicting the mean ± SEM of ki67 (as a measure of proliferation), IFNγ, and
IL-17 in CD3+CD8− T cells. (C,D) Cell supernatants were assessed for concentrations of IL-10, IFNγ,
and IL-17 by ELISA. Pooled data depicts mean (±SEM) cytokine concentrations for six IBD patients
(means of three technical replicates per donor). Statistical significance was determined by repeated
measures one-way ANOVA with Dunnett’s multiple comparisons post hoc test to compare means of
treatment groups to the control group (*** p < 0.001, ** p < 0.01, * p < 0.05).

4. Discussion

The production of large amounts of immunomodulatory aromatic ketoacids during T.
brucei infection likely serves to benefit the parasite by prolonging infection, proliferation,
and, ultimately, survival in the host. While the secretome of T. brucei has been shown to
reduce the secretion of IL-12, IL-10, IL-6, and TNF in both murine and human DC [26,27],
the ketoacids, IP and HPP, have been shown to directly ameliorate inflammatory cytokine
production in murine macrophages and glia [4,5]. This is further supported by studies
demonstrating their therapeutic efficacy in murine models of disease [4,6,7]. Given the key
role played by DC in shaping both innate and adaptive immune cell responses, we sought
to determine if these effects translate to this vital human immune cell population, which not
only serves to present antigens during infection, but also plays a key role in determining
pathogenic T cell responses during disease. We demonstrate that both IP and HPP are
capable of significantly reducing the secretion of a number of pro-inflammatory cytokines,
including TNF, IL-6, IL-12, and IL-23 in LPS-stimulated DC. Furthermore, the ketoacids
upregulate HO-1 in an Nrf2 dependant manner, which is in line with studies demonstrating
that HO-1 induction can promote a more tolerogenic DC phenotype [18,19,28]. In support
of this, we also demonstrate that ketoacid-treated DC have a reduced capacity to activate T
cells, which in turn limits the production of the pathogenic T cell cytokine IFNγ, which is
known to play a deleterious role in a number of inflammatory/autoimmune conditions
including IBD [29].

In comparison to the previous data from murine macrophages and glia, a larger
repertoire of cytokines is inhibited by the ketoacids in human DC. For example, IP and HPP
had no effect on TNF secretion in murine glia and no effect on either TNF or IL-6 secretion
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in bone marrow derived macrophages [4,5], however, these cytokines were significantly
reduced in LPS-activated human DC. Furthermore, IP directly induced the production of
the anti-inflammatory cytokine IL-10 in DC. The maturation status of DC is also impacted
by ketoacid treatment, with the HPP-treated cells exhibiting a reduction in co-stimulatory
and maturation markers, which, in turn, prevents their ability to participate in T cell
activation. The upregulation of HO-1 was also accompanied by the expression of additional
Nrf2-regulated genes and both IP and HPP appeared to exhibit direct antioxidant activity,
which may explain their ability to activate Nrf2, given its well documented capacity to
rapidly respond to oxidative stress.

Further analysis of these novel HO-1 inducers also revealed that they can modulate im-
mune cell metabolism. Indeed, recent studies have highlighted an important link between
immune cell activation and metabolism. It is now well recognised that, not only do different
immune cells engage different metabolic pathways, but that the activation/maturation state
of the immune cells is accompanied by metabolic switches. For example, innate immune
cells, including macrophages and DC, ramp up glycolysis in order to rapidly generate suffi-
cient energy and the building blocks required to fight infection [21]. This phenomenon is
also a feature of pathogenic immune cells, and a significant effort is underway to determine
if controlling/preventing dysregulated metabolic reprogramming can serve to ameliorate
detrimental immune cell activation during disease. Here we demonstrate that both IP and
HPP can decrease the max glycolysis observed in LPS-treated DC while also downregulat-
ing the expression of hexokinase 2, the rate-limiting enzyme in glycolysis. These results are
similar to our recent observations with the HO-1 inducers, carnosol and curcumin, sug-
gesting that HO-1 may be an important regulator of immune cell metabolism [30]. Further
study is required to determine if additional features of metabolism are affected by ketoacids
and whether metabolic reprogramming occurs during T. brucei infection, but these in vitro
results are in line with the notion that metabolism is intricately linked with immune cell
activation, and that the downmodulation of glycolysis in immune cells promotes a more
tolerogenic phenotype.

From a therapeutic stance, IP in particular has shown potential in a murine model of
colitis where administration of the ketoacid not only improved disease outcome, but also
decreased expression of pro-inflammatory cytokines, including IL-12, IFNγ, and TNF [7].
We observed similar results in PBMC from IBD patients where both HPP and IP reduced the
proliferation of anti-CD3 stimulated T cells, as well as the secretion of both IL-17 and IFNγ.
Indeed, induction of HO-1 is being explored as a therapy for IBD and has shown promise
in a number of murine models of disease [31–35]. Patients are currently treated largely with
anti-inflammatories including 5-aminosalicylic acid (5-ASA), corticosteroids, methotrexate,
and anti-TNF therapies [36]. However, many patients are/become refractory to these
treatments and will require surgery in their lifetime. While further in vivo study is required
to fully elucidate their efficacy and provide further information regarding treatment route,
dosing, and long-term effects, these findings provide further impetus to explore aromatic
ketoacids as a treatment for IBD (and indeed other inflammatory diseases), either alone or
in combination with existing therapies.

Finally, a particularly interesting finding of this study is the observation that IP and
HPP can activate key autophagic proteins. Autophagy itself is carried out by a number
of autophagy-related (Atg) proteins and initiation is under the control of the protein
kinases mTOR and AMPK, which are both intrinsically linked to immune cell metabolism
(AMPK inhibits glycolysis while mTOR activation is linked to induction of glycolysis).
The autophagic process is complicated and involves many different proteins and has
been reviewed in detail elsewhere [37–39]. Briefly, a complex of Atg proteins lipidates
LC3-I converting it to LC3-II [37,38]. LC3-II binds to the autophagosome membrane and
facilitates the docking of cargos and proteins for degradation through their binding to
p62 [40]. Following maturation, the autophagosome fuses with the lysosome to form
the autolysosome, the contents of which are then degraded and recycled. In this study,
we show that IP and HPP activate AMPK and increase expression of p62 and LC3-II.
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Autophagy is of particular importance for DC, as many of their key functions, including
antigen uptake and presentation, are strongly associated with autophagy [41]. Despite some
conflicting reports, generally it appears that activation of autophagy gives rise to a more
tolerogenic DC phenotype, exhibiting reduced antigen presentation and maturation [41],
which is similar to the results seen in this study. Furthermore, AMPK activation has been
shown to attenuate pro-inflammatory cytokine production and DC maturation [22,42].
Therefore, ketoacid-induced AMPK and subsequent autophagy activation may serve to
downmodulate DC maturation, antigen presentation, and glycolysis.

Notably, p62 is not only an important autophagy-related protein, it also plays a crucial
role in the activation of Nrf2 [23–25]. Nrf2 is activated upon release from KEAP1, which
can occur when p62 sequesters KEAP1, targeting it for degradation and allowing Nrf2 to
translocate to the nucleus [23–25]. Therefore, the activation of p62 by both ketoacids, but in
particular IP, may be responsible for the subsequent activation of Nrf2, and therefore HO-1,
by these ketoacids. While HPP induces HO-1 at an earlier time than IP, the latter appears to
have more potent effects overall. In most cases, the in vitro effects of IP are most apparent
at 24 h, and we cannot rule out the possibility that it is converting to another form over time.
Further study is undoubtedly required to delineate the true impact of aromatic ketoacids
(and their potential derivatives) and HO-1 induction on autophagy-related processes, in
addition to the noted effects on DC metabolic reprogramming.

5. Conclusions

In conclusion, the data presented here expands our understanding of the mechanism
of action of T. brucei-derived ketoacids in human immune cells and suggests that HO-1
induction may be useful to regulate the metabolism and, therefore, function of immune
cells in inflammatory disease. We firmly believe that these compounds represent novel and
exciting HO-1 inducers worthy of further exploration.
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human DC; Figure S2: IP and HPP are not contaminated with endotoxin; Figure S3: ML385 is
non-toxic to human DC; Figure S4: Gating strategy used to generate data shown in Figure 4; Figure
S5: Gating strategy used to generate data shown in Figure 6; Figure S6: IP is non-toxic to PBMC,
while higher concentrations of HPP shows significant, albeit mild, reductions in viability; Table S1:
Seahorse calculations.
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Abstract: Fasciola hepatica is a fluke that infects livestock and humans causing fasciolosis, a zoonotic
disease of increasing importance due to its worldwide distribution and high economic losses. The par-
asite regulates the host immune system by inducing a strong Th2 and regulatory T (Treg) cell immune
response through mechanisms that might involve the expression or activity of heme-oxygenase-1
(HO-1), the rate-limiting enzyme in the catabolism of free heme that also has immunoregulatory
and antioxidant properties. In this paper, we show that F. hepatica-infected mice upregulate HO-1
on peritoneal antigen-presenting cells (APC), which produce decreased levels of both reactive oxy-
gen and nitrogen species (ROS/RNS). The presence of these cells was associated with increased
levels of regulatory T cells (Tregs). Blocking the IL-10 receptor (IL-10R) during parasite infection
demonstrated that the presence of splenic Tregs and peritoneal APC expressing HO-1 were both
dependent on IL-10 activity. Furthermore, IL-10R neutralization as well as pharmacological treatment
with the HO-1 inhibitor SnPP protected mice from parasite infection and allowed peritoneal APC
to produce significantly higher ROS/RNS levels than those detected in cells from infected control
mice. Finally, parasite infection carried out in gp91phox knockout mice with inactive NADPH oxidase
was associated with decreased levels of peritoneal HO-1+ cells and splenic Tregs, and partially
protected mice from the hepatic damage induced by the parasite, revealing the complexity of the
molecular mechanisms involving ROS production that participate in the complex pathology induced
by this helminth. Altogether, these results contribute to the elucidation of the immunoregulatory and
antioxidant role of HO-1 induced by F. hepatica in the host, providing alternative checkpoints that
might control fasciolosis.

Keywords: helminth; heme-oxigenase-1; immunoregulation; antigen presenting cell; regulatory T
cell; ROS/RNS

1. Introduction

Fasciolosis is a major parasitic disease of livestock caused by the trematode Fasciola
spp. [1]. Nowadays, the number of infected people around the world is increasing, which
makes fasciolosis an emerging zoonosis [1]. The World Health Organization (WHO)
estimates that approximately 180 million are at risk of infection and 17 million people are
infected, with a high prevalence in humans in Africa and South America [2]. Moreover, the
economic losses caused by fasciolosis are estimated at around 3 billion US dollars per year
due to livestock infection [1].

During infection, Fasciola hepatica modulates the host immune response characterized by
the presence of regulatory dendritic cells (DC) [2–5], alternative activated macrophages [6], and
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an adaptive immune response characterized by Th2 and regulatory T cell (Treg)-associated
cytokines [7–10]. Macrophages and DC comprise a highly heterogeneous myeloid cell
population specialized in antigen presentation. DC play a crucial role in orchestrating
the adaptive immune response by activating naïve T cells and inducing their differentia-
tion into different effector T cells depending on the pathogen [11,12]. Furthermore, both
macrophages and DC can promote inflammation by secreting pro-inflammatory cytokines
and reactive oxygen or nitrogen species (ROS/RNS), although they can also inhibit in-
flammation through anti-inflammatory cytokine production [13–15]. Thus, they exhibit
functional plasticity that enables them to adapt to various local conditions in order to
restore homeostasis after inflammation [11,12,16].

Heme-oxygenase-1 (HO-1) is the inducible rate-limiting enzyme involved in the
catabolism of free heme. It participates in several processes, by providing cytoprotec-
tion, protecting from heme-induced toxicity, and regulating the host inflammatory re-
sponse [14,17]. In fact, HO-1 acts as a stress-responsive enzyme induced by the nuclear
factor NF-E2-related factor 2 (NRF2), to provide defense against oxidative-induced injury
during inflammatory processes [14]. HO-1 also limits the secretion of pro-inflammatory
cytokines [18,19] and promotes anti-inflammatory cytokines [20,21], in a process triggered,
at least in part, by ROS in macrophages, although its effects depend on the model of
study [14]. In the same line, expression of HO-1 inhibits DC-maturation and the production
of ROS [22]. In addition, HO-1 expression by DC induces the production of IL-10, an anti-
inflammatory cytokine, that inhibits T-cell proliferation [23]. Additionally, IL-10-producing
anti-inflammatory M2c macrophages express HO-1 [24], especially on those that express
CD163, a hemoglobin scavenger receptor, that in fact mediates IL-10 production and HO-1
synthesis [25]. Therefore, HO-1 acts as a key mediator of anti-inflammatory pathways in
both macrophages and DC.

Several reports demonstrate that HO-1 can have both beneficial and detrimental effects
for the host immunity against different pathogens [26]. Furthermore, the antioxidant role
of HO-1 in infectious diseases is still unclear, especially in helminth parasites. Interestingly,
bilirubin, one of the enzymatic byproducts of HO-1, suppresses the killing of bacteria by
reducing the neutrophil burst via its antioxidant activity [27]. In addition, HO-1 promotes
bacteria survival inside macrophages by decreasing ROS production, as demonstrated
for Salmonella typhimurium [28] and Mycobacterium abscessus [29] via its ROS-diminishing
properties. Recently, we showed that the anti-inflammatory effects of HO-1 induction
are detrimental in F. hepatica infection, which is dominated by a Th2/Treg differentiation
profile [17]. However, the antioxidant mechanisms induced by HO-1 during F. hepatica
infection have not been approached so far.

Thus, in this work, we investigated the role of ROS/RNS production by myeloid HO-
1+ cells during F. hepatica experimental infection in mice, and characterized the adaptive
cell immune response. Our results indicate that HO-1 expression by myeloid cells during
F. hepatica infection negatively correlates with the production of ROS or RNS and the
increase of antioxidant molecules. Furthermore, the pharmacological inhibition of HO-1 by
a well-characterized inhibitor of HO-1 enzymatic activity, tin protoporphyrin IX (SnPP), in
F. hepatica-infected mice was associated with lower levels of Tregs, in a process that was
mediated by IL-10 biological activity. However, the gene expression of the NADPH oxidase
subunit gp91phox was decreased when SnPP was administrated to infected mice. Moreover,
parasite infection carried out in gp91phox knockout mice with inactive NADPH oxidase
showed decreased levels of peritoneal HO-1+ cells, splenic Tregs, and partially protected
mice from the hepatic damage induced by the parasite, revealing that a more complex
molecular mechanism involving ROS production participates in the intricate pathology
induced by this helminth. Altogether, these results contribute to the elucidation of the
immunoregulatory and antioxidant role of HO-1 during F. hepatica infection, providing
interesting molecular checkpoints that might control fasciolosis.
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2. Materials and Methods

2.1. Mice

Female BALB/c mice (six- to eight-week-old) were purchased from DILAVE Labo-
ratories (Uruguay). Gp91phox- knockout (B6.129S-Cybbtm1Din/J) mice were purchased
from Jackson Laboratory (USA) and maintained at UATE, Institut Pasteur Montevideo. Six
to eight BALB/c, gp91phox-, and C57BL/6 littermates (controls for gp91phox- mice) were
used per experiment. Animals were kept in the animal house (URBE, School of Medicine,
UdelaR, Uruguay), with water and food supplied ad libitum. Mouse handling, care, and
experiments were carried out in compliance with institutional guidelines and regulations
from the National Committee on Animal Research (Comisión Nacional de Experimentación
Animal, CNEA, https://www.cnea.gub.uy/, accessed on 12 November 2021, National Law
18.611, Uruguay). Procedures involving animals were approved by the Universidad de
la República’s Committee on Animal Research (Comisión Honoraria de Experimentación
Animal, CHEA Protocol Number 07153-000817-18).

2.2. Parasite Protein Extract (FhTE)

FhTE was prepared from live adult flukes obtained from infected bovines. Flukes
were washed for 1 h at 37 ◦C with phosphate buffered saline (PBS), pH 7.4, sonicated, and
then centrifugated at 40,000× g for 60 min [4,30]. Finally, protein lysates were dialyzed
against PBS. FhTE protein concentration was measured using the bicinchoninic acid assay
(Sigma, St. Louis, MO, USA). In order to remove endotoxin contamination, FhTE was
applied to a column containing endotoxin-removing gel (detoxi-gel, Pierce Biotechnology,
Waltham, MA, USA), and endotoxin levels were quantified using the Limulus Amebocyte
Lysate kit Pyrochrome (Associates of Cape Cod, East Falmouth, MA, USA) and found to be
lower than 0.05 EU/mL. Furthermore, at the used concentrations, FhTE did not induce the
production of pro-inflammatory cytokines such as IL-12 or IL-6 [4,30]. The concentration
of F. hepatica extracts used in the in vitro experiments did not modify cell viability, as
evaluated by the MTT (2-[4,5-dimethyl-2-thiazolyl]-3,5-diphenyl-2H-tetrazolium bromide)
assay [4,17,30].

2.3. F. hepatica Infections
2.3.1. Parasite Infections, Animal Treatments, and Sample Obtention

The infection was achieved by orally administrating 10 F. hepatica metacercariae
(Montevideo, Uruguay) per mouse. Mice were bled and peritoneal exudate cells (PECs),
spleens, and livers were removed after 1, 8, 15, and 21 days post-infection (dpi), while
non-infected animals were used as controls. Each experimental group contained at least
four mice. PECs and hepatic leukocytes were obtained as already described [31]. Red cells
were lysed with ammonium chloride potassium buffer.

HO-1 activity was inhibited using SnPP (40 mg/kg), and vehicle (PBS, 200 μL) was
used as a control. The SnPP dose was within a range of doses used in previous works [32,33].
Mice received intraperitoneal injections of SnPP 1 day before infection, 1 day after infection,
and every 4 days until the end of the experimental protocol (between 19 and 21 dpi).
When gp91phox- and non-infected littermates were used (n = 6–8/group), infections were
performed in the same conditions as previously described. In order to neutralize IL-10
receptor (IL-10R), BALB/c mice (n = 6–8/group) were intraperitoneally injected with 15 μg
of monoclonal rat IgG2a anti-IL-10R (clone 1B1.3A from BioXcell, Lebanon, NH, USA) or
an isotype-matched control antibody (clone HRPN from BioXcell, Lebanon, NH, USA), the
day before and after infection with F. hepatica and every 3 days until animal sacrifice at
20 dpi. Blood samples were obtained, and PECs, spleens, and livers were removed. The
infection severity was assessed with a defined clinical score according to the following
parameters: presence or absence of peritoneal hemorrhage, presence of macroscopic liver
damage and splenomegaly, and the amount of cell content in the peritoneal cavity [17],
where the minimum score was 0 and the maximum was 10. The alanine aminotransferase
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(ALT) activity in sera was used to quantify liver damage, determined with a commercial
kit (Spinreact, Girona, Spain) according to the manufacturer’s instructions.

2.3.2. Proliferation Assay and Cell Culture

Splenocytes (0.5 × 106/well) from infected mice or uninfected naïve mice (control
group) were cultured for 5 days at 37 ◦C and 5% CO2, in RPMI-1640 with 400 μg/mL
of glutamine (Capricorn, Ebsdorfergrund, Germany) complete medium containing 10%
heat-inactivated fetal bovine serum (FBS, Capricorn Scientific, Ebsdorfergrund, Germany),
50 mM of 2-mercaptoethanol, 100 U/mL of penicillin, and 0.1 mg/mL of streptomycin
(Merk, Sigma-Aldrich, St. Louis, MO, USA) in the presence or absence of FhTE (75 μg/mL),
as previously described [30]. An IFNγ-specific sandwich ELISA assay (Biolegend, San
Diego, CA, USA) was used to quantify IFNγ levels in culture supernatants.

RAW264.7 macrophages were cultured at 0.5 × 106/mL in complete RPMI medium
in the presence or absence of the HO-1 inductor (CoPP) and inhibitor (SnPP) (50 and
100 μM, respectively) or FhTE (75 μg/mL) overnight at 37 ◦C. Afterwards, the ROS/RNS
production was determined as described in the following section.

2.4. Flow Cytometry

Cell suspensions from PECs, livers, and spleens were washed twice with PBS containing
2% FBS and 0.1% sodium azide (FACS buffer), stained with specific antibodies for 30 min
at 4 ◦C as previously published [31]. The following antibodies were used: anti-Sirpα (P-
84), -CD11c (N418), -CD86 (GL1), CD8 (53-6.7), -Siglec-F (E50-2440), -F4/80 (BM8), -CD11b
(M1/70), -CD40 (HM40-3), -CD80 (16-10A1), and I-A/I-E (M5/114.15.2). Expression of
FoxP3, HO-1, and IL-10 was analyzed by intracellular staining. Cells in which IL-10 was
analyzed were incubated with Brefeldin-A for 6 h at 37 ◦C and phorbol myristate acetate
(PMA, 200 nM) (Merk, Sigma-Aldrich, USA). After two washes with FACS buffer, cells were
incubated with the following antibodies: anti-CD3 (17A2), -CD4 (RM4-5), -CD8 (53-6.7),
or -F4/80 (BM8). After permeabilization with Cytofix and Perm wash buffers (Biolegend,
USA), cells were incubated with IL-10 (JES5-1E3), FoxP3 (MF14), and HO-1 (clone ab13248
from Abcam, Waltham, MA, USA) specific antibodies. ROS/RNS produced by F4/80+ cells
were determined with 2′,7′-dichlorofluorescein diacetate (DCFDA, Merk, Kenilworth, NJ,
USA) probe, a fluorogenic dye that is oxidized into the fluorescent 2′,7′-dichlorofluorescein.
Briefly, cells were incubated in PBS for 30 min at 37 ◦C with DCFDA, washed with FACS
buffer, and fluorescence was measured in a flow cytometer. Analyses were performed
using a BD Accuri C6 Plus cytometer and software (BD-Biosciences). Antibodies were
obtained from Biolegend (USA). Analyses were performed with Accuri C6 Plus software.

2.5. Determination of Oxidative and Antioxidative Genes by qRT-PCR

Nrf2, catalase, glutathione peroxidase (gpx) 1 and 2, superoxide dismutase (sod) 1 and
2, and NADPH-oxidase subunits p47phox and gp91phox mRNA levels were detected using
the Eco real-time PCR System (Illumina, San Diego, CA, USA) and Fast SYBR® Green Mas-
ter Mix (Applied Biosystems, Waltham, MA, USA). ARN purification was performed with
Tri-Reagent (Merk, Kenilworth, NJ, USA) of PECs obtained from BALB/c mice at 20 dpi,
SnPP-treated or untreated, as previously described [17]. Standard amplification conditions
were 10 min at 95 ◦C, 40 thermal cycles of 15 s at 95 ◦C, 30 s at 60 ◦C, and 30 s at 72 ◦C,
with a final extension of 10 min at 72 ◦C. The following primers were used: nrf2-F: 5′-
CAGCATGTTACGTGATGAGG-3′, nrf2-R: 5′-GCTCAGAAAAGGCTCCATCC-3′, gpx1-F: 5′-
GGGACTACACCGAGATGAACGA-3′, gpx1-R: 5′-ACCATTCACTTCGCACTTCTCA-3′, gpx2-
F: 5′-GAGGAACAACTACCCGGGACTA-3′, gpx2-R: 5′-ACCCCCAGGTCGGACATACT-3′,
sod1-F: 5′-TGGGTTCCACGTCCATCAGTA-3′, sod1-R: 5′-ACCGTCCTT TCCAGCAGTCA-3′,
sod2-F: 5′-ATTAACGCGCAGATCATGCA-3′, sod2-R: 5′-TGTCCCCCACCATTGAACTT-3′,
catalase-F: 5′-GCGTCCAGTGCGCTGTAGA-3′, catalase-R: 5′-TCAGGGTGGACGTCAGTGAA-
3′, p47phox-F: 5′-GAGGCGGAGGATCCGG-3′, p47phox-R: 5′-TCTTCAACAGCAGCGTACGC-
3′, gp91phox-F: 5′-CCAGTGAAGATGTGTTCAGCT-3′, gp91phox-R: 5′-GCACAGCCAGTAGA
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AGTAGA-3′, gapdh-F: 5′-ATGACATCAAGAAGGTGGTGAAG-3′, gapdh-R: 5′-TCCTTGGAGG
CCATGTAGG-3′. Results were expressed as the ratio between each gene under study and
GAPDH expression. Relative gene expression levels were calculated using the 2−ΔΔCT method
and normalized to GAPDH. All reactions were performed with at least five biological replicates.

2.6. Statistical Analysis

Results of the experiments were expressed as mean ± SEM. GraphPad Prism version
6.04 for Windows (GraphPad Software, San Diego, CA, USA) was used to perform statistical
analyses. Results were analyzed using one-way ANOVA followed by Tukey’s test, or the
two-tailed Student’s t-test, depending on the experiment. Significant differences shown by
an asterisk were considered when p < 0.05.

3. Results

3.1. HO-1 Expression in F4/80+ Peritoneal Cells Inversely Correlate with ROS/RNS Production

In order to confirm the recruitment of PECs expressing HO-1 to the peritoneum of
F. hepatica-infected mice, we identified HO-1+ cells by flow cytometry at different time
points of the infection. As seen in Figure 1A, the clinical score increased upon infection,
although ALT in serum significantly increased only after 21 dpi, demonstrating liver dys-
function. In addition, HO-1+ cells significantly increased in the peritoneal cavity during the
infection (Figure 1B,C and Supplementary Figure S1). These cells were mainly composed by
F4/80+ cells (Figure 1D,E and Supplementary Figure S1), and their increase also correlated
with the advanced stages of the infection (after 15 dpi). The expression of HO-1 in F4/80+

cells slightly increased after 1 dpi, while it considerably increased during the infection
(Figure 1F). On the other hand, the production of ROS/RNS was significantly increased
only at 1 dpi, and decreased during infection (Figure 1G), suggesting that the expression of
HO-1 in peritoneal F4/80+ cells inversely correlated with the production of ROS/RNS. In
order to provide more evidence in this regard, we incubated RAW 264.7 macrophages with
parasite components (FhTE) in the presence of CoPP or SnPP, and analyzed the production
of ROS/RNS by these cells. FhTE slightly increased the production of ROS/RNS, while
CoPP and SnPP significantly decreased and increased the production of ROS/RNS by FhTE-
treated macrophages, respectively (Figure 1H). Of note, FhTE per se induced ROS/RNS
expression, which could be the result of an active respiratory burst, such as that seen in
F4/80+ cells from PECs of infected mice at 1 dpi (Figure 1G). Altogether, these results
might indicate that F. hepatica induces the expression of HO-1 in F4/80+ cells recruited to
the peritoneum, inhibiting ROS/RNS production during the course of the infection.

3.2. The Presence of Peritoneal HO-1+ Cells Associates with Increased Splenic CD4+ CD25+ and
CD8+ CD25+ Cells during Infection

Considering that HO-1 can induce regulatory T cells [34–37], we analyzed the presence
of both CD4+ and CD8+ cells in spleens of infected mice. Although we could not find
any significant differences between the percentage of CD4+ and CD8+ cells during the
infection, we did observe that they significantly increased in number after 15 dpi (Figure 2A
and Supplementary Figure S2). We also analyzed the presence of splenic CD25+ CD4+

(Figure 2B and Supplementary Figure S2) or CD8+ (Figure 2C and Supplementary Figure S2)
T cells. Again, no significant differences were found in the percentage of these cells during
the infection, while their number significantly increased after 15 dpi. Finally, we analyzed
the presence of CD4+ T cells in livers from infected animals and did not find any difference
in their percentage nor their number (Figure 2D and Supplementary Figure S3). However,
the number, but not the frequency, of hepatic CD25+ CD4+ T cells was increased in advanced
infected mice (Figure 2E and Supplementary Figure S3). Further analyses demonstrated
that the number of splenic CD25+ CD4+ and CD25+ CD8+cells positively correlated with
the number of peritoneal HO1+ cells (Figure 2F).
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Figure 1. HO-1 expression in F4/80+ peritoneal cells inversely correlates with ROS/RNS production.
Mice (n = 4–6) were infected with 10 metacercariae and sacrificed at 1, 8, 15, and 21 dpi. Non-infected
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mice were used as control (NI). (A) Clinical signs including hemorrhage, splenomegaly,
and macroscopic liver damage were assessed to evaluate the severity of the disease [17].
ALT activity in sera was used as a marker of liver damage. (B) Analysis by flow cytometry
of HO-1+ cells in PEC from infected and control (NI) mice. (C) Frequency and cell number
of HO-1+ cells in the peritoneal cavity of infected and control (NI) animals by flow
cytometry. (D) Analysis by flow cytometry of F4/80+ HO-1+ cells in PEC from infected
and control (NI) mice. (E) Frequency and cell number of F4/80+ in the peritoneal cavity of
infected and control (NI) animals by flow cytometry. (F) HO-1 expression in F4/80+ in
the peritoneal cavity of infected and control (NI) mice. Letters on histograms correspond
as follows: a: NI, b: 1 dpi, c: 15 dpi, d: 21 dpi. Median fluorescence intensity is shown
(MeFI) in the plot. (G) ROS/RNS quantification in F4/80+ in the peritoneal cavity of
infected and control (NI) mice using the DCFDA probe by flow cytometry. Letters on
histograms correspond as follows: a: NI, b: 1 dpi, c: 15 dpi, d: 21 dpi. Median fluorescence
intensity is shown (MeFI) in the plot. (H) Murine RAW264.7 macrophages were cultured
in the presence of 75 μg/mL of FhTE or CoPP (100 μM/mL) and SnPP (50 μM/mL)
overnight at 37 ◦C. Then, cells were collected and incubated for 30 min at 37 ◦C in
PBS with the DCFDA probe and analyzed by flow cytometry. The RNS/ROS levels are
shown as the ratio between FhTE/medium (FhTE), CoPP + FhTE/CoPP (CoPP/FhTE),
and SnPP + FhTE/SnPP (SnPP/FhTE). Representative experiments are shown. Asterisks
indicate significant differences with p < 0.05, performed by one-way ANOVA followed by
Tukey’s test with multiple comparisons.

3.3. HO-1 Activity Decreases the Production of ROS/RNS by F4/80+ Cells and Correlates with an
Increase of Splenic Regulatory CD4+ T Cells Induced by F. hepatica Infection

In order to evaluate whether HO-1 interferes with the production of ROS/RNS, we
treated F. hepatica-infected mice with the HO-1 inhibitor SnPP. SnPP treatment was associ-
ated with a decrease in the clinical signs of infected mice (Figure 3A). In addition, SnPP
treatment of infected mice abrogated the increase of HO-1+ cells, both in frequency and
number, induced by the infection, since no significant difference was found in infected
mice with respect to the control group with SnPP treatment (Figure 3B and Supplementary
Figure S4). Surprisingly, a significant increase in F4/80+ cell number, but not frequency,
was found in both SnPP-treated and non-treated infected mice (Figure 3C and Supple-
mentary Figure S4). Indeed, the F4/80+ cell number was higher in SnPP-treated infected
mice. Nevertheless, F4/80+ cells of SnPP-treated infected mice produced higher levels of
ROS/RNS than control infected mice (Figure 3D), although they expressed similar levels of
HO-1 (Figure 3E). Of note, the expression of ICOSL in peritoneal F4/80+ cells of infected
mice was significantly reduced with SnPP treatment (Figure 3F). Lastly, SnPP treatment
during F. hepatica infection did not induce an increase in the number of splenic CD4+ T
cells (Figure 3G) or CD4+/CD25+ T cells (Figure 3H), although these cells expressed higher
levels of CTLA4 in the absence of SnPP treatment (Figure 3H). Altogether, these results
suggest that HO-1 activity inhibited by SnPP decreases the production of ROS/RNS during
fasciolosis and correlates with an increase of splenic regulatory CD4+ T cells in a process
that might involve ICOSL in antigen-presenting cells or CTLA4 expression in Tregs.

To complement these results, we evaluated whether the inhibition of HO-1 by SnPP
treatment affected the recruitment or the phenotypical characteristics of peritoneal F4/80+

cells at the early stages of F. hepatica infection. To this end, we analyzed F4/80+ cells in the
peritoneal cavity of SnPP-treated mice at 1 dpi and compared them with both non-treated
infected and control mice. We observed the presence of two different cell populations
according to F4/80 expression (Figure 4A and Supplementary Figure S1). SnPP treatment
increased both the frequency and number of F4/80int cells, while it reduced F4/80hi cells
in the peritoneal cavity of infected mice at 1 dpi (Figure 4B). Nevertheless, F4/80int cells
expressed similar levels of HO-1 (Figure 4C) and ROS/RNS (Figure 4D) in F4/80int cells
regardless of SnPP treatment. Interestingly, peritoneal F4/80int cells expressed higher
levels of CCR2 (Figure 4E), while only those from SnPP-treated infected mice expressed
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significantly increased levels of IL-33R (Figure 4F), which could be related to the initiation
of an early immune response against the parasite. Thus, these results suggest that the
presence of F4/80int IL-33R+ cells in the peritoneum is induced by SnPP treatment, which
in turn protects mice from infection.

Figure 2. Peritoneal HO-1+ cells correlate with increased splenic CD4+ CD25+ and CD8+ CD25+ cells during F. hepatica
infection. Mice (n = 4–8/group) were infected with 10 metacercariae and sacrificed at 1, 8, 15, and 21 dpi. Non-infected mice
were used as control (NI). (A) Frequency and cell number of splenic CD4+ or CD8+ cells from infected and control (NI) mice.
(B,C) Frequency and cell number of splenic CD4+ CD25+ (B) or CD8+ CD25+ (C) cells from infected and control (NI) mice.
(D) Frequency and cell number of hepatic CD3+ CD4+ cells from infected and control (NI) mice. (E) Frequency and cell
number of hepatic CD4+ CD25+ cells from infected and control (NI) mice (right). (F) Splenic CD4+ CD25+ or CD8+ CD25+

cell number in function of the number of peritoneal HO-1+ cells in NI and infected mice. The mean of CD4+ CD25+ (in
Figure 2B), CD8 CD25+ (in Figure 2C), and HO-1+ cells (in Figure 1C) was plotted. Gate analyses by flow cytometry are
shown in Supplementary Figures S2 and S3. The results shown represent one experiment. Asterisks indicate significant
differences with p < 0.05, performed by one-way ANOVA followed by Tukey’s test with multiple comparisons.
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Figure 3. The HO-1 pharmacological inhibitor SnPP decreases the production of ROS/RNS by peritoneal F4/80+ cells and
correlates with an increase of splenic FoxP3+CD25+/CD4+ T cells induced by F. hepatica infection. The HO-1 pharmacological
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inhibitor SnPP decreases the production of ROS/RNS by peritoneal F4/80+ cells and correlates with an increase of splenic
FoxP3+CD25+/CD4+ T cells induced by F. hepatica infection. Mice were injected with SnPP (40 mg/kg) or vehicle (PBS) one
day before infection and every 4 days until the end of the experimental protocol. Mice (n = 5/group) were infected with
10 metacercariae (day 0) and sacrificed at 20 dpi. Non-infected (NI) mice (n = 3/group) both treated and untreated with SnPP
were used as control. (A) Clinical signs of infected mice were analyzed to assess disease severity [17]. (B) Frequency and cell
number of HO-1+ cells in the peritoneal cavity of SnPP-treated or untreated infected and control (NI) animals by flow cytometry.
(C) Frequency and cell number of F4/80+ cells in the peritoneal cavity of SnPP-treated or untreated infected and control (NI)
animals by flow cytometry. (D) ROS/RNS quantification in F4/80+ cells of the peritoneal cavity of SnPP-treated or untreated
infected and control (NI) mice using the DCFDA probe by flow cytometry. HO-1 (E) and ICOSL (F) expression in F4/80+ cells in
the peritoneal cavity of SnPP-treated or untreated infected and control (NI) mice. (G) Splenic CD4+ T cell frequency and number
from SnPP-treated or untreated infected and control (NI) mice. (H) Splenic CD4+/CD25+FoxpP3+ cell frequency and number
from SnPP-treated or untreated infected and control (NI) mice (left). CTLA4 expression in splenic CD4+/CD25+FoxpP3+ cells
from SnPP-treated or untreated infected and control (NI) mice. Gate analyses by flow cytometry are shown in Supplementary
Figures S2 and S4. Results obtained for one representative experiment are shown. Asterisks indicate significant differences with
p < 0.05, performed by one-way ANOVA followed by Tukey’s test with multiple comparisons.

Figure 4. Analyses of peritoneal F4/80+ cells at the early events of F. hepatica infection. Mice (n = 5/group) were injected with
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SnPP (40 mg/kg) or vehicle (PBS) one day before infection, infected with 10 metacercariae (day 0), and sacrificed at 1 dpi.
Non-infected (NI) mice (n = 3/group) both treated and untreated with SnPP were used as a control. (A) Analysis of F4/80int

and F4/80hi cells in PEC from SnPP-treated or untreated infected and control (NI) mice by flow cytometry. (B) Frequency
and cell number of F4/80int (upper plots) or F4/80hi (lower plots) cells in the peritoneal cavity of SnPP-treated or untreated
infected and control (NI) animals. HO-1 (C), ROS/RNS (D), CCR2 (E), and IL-33R (F) expression in peritoneal F4/80int and
F4/80hi cells by flow cytometry. “nd” means none detected, since barely any F4/80hi cells in SnPP-treated infected mice
were detected. Median fluorescence intensity is shown (MeFI) in the plot. Gate analyses by flow cytometry are shown in
(A) and Supplementary Figure S1. Representative experiments are shown. Asterisks indicate significant differences with
p < 0.05, performed by one-way ANOVA followed by Tukey’s test with multiple comparisons.

3.4. The Inhibition of HO-1 Activity by SnPP Controls the Gene Expression of
Antioxidant Molecules

To deeply analyze the relationship between HO-1 expression in peritoneal cells in-
duced by F. hepatica infection with the production of ROS/RNS, the gene expression of
different molecules involved in the oxidative and antioxidative responses was evaluated.
PECs of SnPP-treated infected mice were characterized by a significant decrease in the
mRNA levels of the transcription factor nrf2 (Figure 5A). Moreover, the SnPP-induced
decrease in nrf2 gene expression levels was associated with decreased mRNA levels in the
antioxidant enzymes catalase, glutathione peroxidase 2 (gpx2), and superoxide dismutase 2
(sod2) (Figure 5B). However, no differences were found in the gene expression of gpx1,
while an increase in sod1 expression was observed (Figure 5B). Finally, an unexpected
decrease in the mRNA levels of the NADPH oxidase subunits gp91phox and p47phox was
observed with SnPP treatment of infected mice (Figure 5C).

3.5. Deficiency of Functional NADPH Oxidase Partially Protects Mice from Liver Damage
Induced by F. hepatica and Limits the Production of IL-10

Considering the fact that SnPP treatment protected mice from parasite infection and
that reduced levels of gp91phox mRNA were found in PECs from infected mice, we analyzed
the infection in gp91phox knockout mice. gp91phox deficiency reduced the clinical signs and
liver damage induced by F. hepatica infection (Figure 6A and Supplementary Figure S5).
This partial protection was associated with a lower increase of HO-1+ peritoneal cells,
both in frequency and number (Figure 6B). Moreover, HO-1+ cells from gp91phox knockout
infected mice expressed lower levels of MHCII (Figure 6C) and CD40 (Figure 6D), but
not CD80 (Figure 6E), than those from wildtype mice, indicating that NADPH oxidase
may play a role both in the immune response and the pathogenesis induced by F. hepatica
infection. Further characterization of the peritoneal cells from these mice indicated that
the increase of F4/80+ cells was abrogated in the absence of gp91phox (Figure 7A), and as
expected, very low levels of ROS/RNS produced by these cells (Figure 7B). Additionally,
these cells expressed lower levels of Sirpα (Figure 7C), ICOSL (Figure 7D), and IL-10
(Figure 7E). Finally, lower numbers of CD4+ (Figure 7F and Supplementary Figure S6)
and CD4+/CD25+FoxP3+ Tregs (Figure 7G and Supplementary Figure S6) were found in
gp91phox knockout infected mice with respect to wildtype mice. However, no significant
differences in the production of IFNγ by splenocytes stimulated with parasite components
(FhTE) between gp91phox knockout and wildtype infected mice were detected (Figure 7H).
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Figure 5. mRNA levels of antioxidative and oxidative genes in the infection by F. hepatica. Mice (n = 5/group) were injected
with SnPP (40 mg/kg) or PBS 1 day before infection, infected with 10 metacercariae (day 0), and sacrificed at 20 dpi.
nrf2 (A), catalase, gpx1, gpx2, sod1, sod2 (B), and p47phox and gp91phox (C) gene expression in PECs from SnPP-treated and
control infected mice evaluated by qRT-PCR. mRNA levels were analyzed by qRT-PCR with respect to gapdh expression in
PECs from SnPP-treated and control infected mice (PBS). Results were compared to the infected (control) group of mice and
represented as the ratio between gene expression in SnPP-treated and control mice. Asterisks indicate significant differences
with p < 0.05, performed by the Student’s t-test.

3.6. IL-10 Signaling Is Crucial for HO-1 Expression in F. hepatica-Infected Mice

Considering the fact that IL-10 induces HO-1 expression that can favor the production
of IL-10, and that IL-10 is crucial for Treg differentiation [36], we analyzed whether there
was a relationship between IL-10 signaling and HO-1 expression during F. hepatica infection.
To this end, we treated infected mice with a neutralizing antibody of IL-10 receptor (IL-10R).
The results demonstrate that IL-10R blocking reduced the clinical signs associated with
parasite infection (Figure 8A). Although the recruitment of F4/80+ cells in the peritoneum
of infected mice was not affected by IL-10R neutralization (Figure 8B), it abrogated the
elevated expression of HO-1 induced by F. hepatica infection (Figure 8C). Interestingly,
IL-10R neutralization reduced the frequency, but not the number, of CD4+ (Figure 8D
and Supplementary Figure S7) and CD4+CD25+ (Figure 8E and Supplementary Figure S7)
T cells in the spleens of infected animals. Altogether, these results indicate that IL-10
signaling is essential for HO-1 expression of F4/80+ cells during F. hepatica infection, likely
affecting the differentiation of regulatory T cells.
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Figure 6. Gp91phox (gp91p-) knockout (n = 6–8/group) and littermate control (n = 2/group) mice were infected with
10 metacercariae and sacrificed at 20 dpi. Non-infected mice were used as a control. (A) Clinical signs analyzed to assess
disease severity [17]. Quantification of liver damage by ALT activity in sera. (B) Flow cytometry analysis of HO-1+ in
PECs from gp91phox knockout mice and littermate controls (upper panel). (C) Frequency and cell number of HO-1+ cells in
the peritoneal cavity of infected and non-infected animals by flow cytometry (lower panel). MHCII (C), CD40 (D), and
CD80 (E) expression in HO-1+ cells in the peritoneal cavity of infected and control mice. Letters on histograms correspond
as follows: a: infected gp91phox, b: infected wildtype littermates. Median fluorescence intensity is shown (MeFI) in the
plot. Asterisks indicate significant differences with p < 0.05, performed by one-way ANOVA followed by Tukey’s test with
multiple comparisons.
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Figure 7. Peritoneal F4/80+ cells from wildtype infected mice present a regulatory-like phenotype. Gp91phox (gp91p-) knockout
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(n = 7–8/group) and littermate control (n = 2–4/group) mice were infected with 10 metacercariae and sacrificed at 20 dpi.
Non-infected mice were used as a control. (A) Flow cytometry analysis of F4/80+ cells in PEC from gp91phox knockout mice
and littermate controls (upper panel). Frequency and cell number of F4/80+ cells in the peritoneal cavity of infected and
non-infected animals by flow cytometry (lower plots). ROS/RNS (B), Sirpα (C), ICOSL (D), and IL-10 (E) expression in
F4/80+ cells in the peritoneal cavity of infected and uninfected mice. Letters on histograms correspond as follows: a: infected
gp91phox, b: infected littermates, c: uninfected gp91phox, and d: uninfected littermates. Median fluorescence intensity
is shown (MeFI) in the plot. (F) Frequency and cell number of splenic CD4+ cells from infected and non-infected mice.
(G) Frequency and cell number of splenic CD4+/CD25+ Foxp3+ cells from infected and non-infected mice. Gate analyses
by flow cytometry are shown in (A) and Supplementary Figure S1. (H) IFNγ levels in culture supernatants of splenocyte
proliferation assay cultured with FhTE for 5 days at 37 ◦C. The results shown represent one experiment. Asterisks indicate
significant differences with p < 0.05, performed by one-way ANOVA followed by Tukey’s test with multiple comparisons.

Figure 8. IL-10 signaling is essential for HO-1 expression in F. hepatica-infected mice. Fifteen μg of monoclonal rat IgG2a

anti-IL-10R antibody was administrated by intraperitoneal injection the day before and after infection with F. hepatica and
every 3 days until sacrifice (n = 5–8/group). The control group (n = 4/group) received an isotype control antibody. At day
20 post-infection, animals were sacrificed and splenocytes were analyzed by flow cytometry. (A) Clinical signs were analyzed
to assess disease severity [17]. (B) Analysis by flow cytometry of F4/80+ cells in PEC from infected and non-infected (NI)
mice showing frequency and number of F4/80+ cells in PECs. (C) HO-1 expression in F4/80+ cells in the peritoneal cavity
of infected and uninfected mice. (D) Frequency and cell number of CD4+ T cells in spleens from infected and non-infected
(NI) mice. (E) Frequency and cell number of CD4+ CD25+ T cells in spleens from infected and non-infected (NI) mice. Gate
analyses by flow cytometry are shown in (B) and Supplementary Figure S7. Representative results of one representative are
shown. Asterisks indicate significant differences with p < 0.05, performed by one-way ANOVA followed by Tukey’s test with
multiple comparisons.
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4. Discussion

In this work, we have examined the cellular and molecular mechanisms that govern
the expansion or differentiation of Tregs induced by HO-1+ cells in F. hepatica infection. We
presented evidence showing that HO-1 activity results in decreased ROS/RNS production
by F4/80+ antigen-presenting cells, thereby enhancing the pathological effects caused
by F. hepatica and promoting parasite infection. Furthermore, apart from its antioxidant
capacity, HO-1 has other functions, such as its immunoregulatory properties and controlling
gene expression as a transcription factor [14,21,26,32,38]. Indeed, HO-1 inhibition promotes
IFNγ- and NOS2-mediated control of M. tuberculosis infection in mice [39]. Furthermore,
it has been previously reported that HO-1 has a role in suppressing pro-inflammatory
Th1 immune responses in experimental colitis, and sickle cell alloimmunization has been
reported, and it protects from atherosclerosis [40,41]. Finally, HO-1 can impair the immunity
against other pathogens, such as Plasmodium yoelii [42].

Indeed, we demonstrated that during F. hepatica experimental infection in mice, there is
an increase in the expression of HO-1 in F4/80+ cells in the peritoneal cavity and it inversely
correlates with ROS/RNS production. Furthermore, we demonstrated an association be-
tween the expression of HO-1 and the presence of putative Tregs in the spleens of infected
animals (Figure 9A). These results were also confirmed when using the HO-1 inhibitor
SnPP, which inhibits its enzymatic activity. At first sight, the inhibition of HO-1 activity
by SnPP would suggest that its effects are caused by the heme-catabolizing activity rather
than by its expression and function as a transcription factor. Indeed, F4/80+ peritoneal cells
from SnPP-treated mice did not show a decrease in HO-1 expression, although a significant
increase in ROS/RNS production was detected. SnPP is a metalloporphyrin that acts as a
competitive inhibitor of HO-1 both in vitro and in vivo. Its efficiency can be explained by
its higher binding affinity to HO-1/2 than to heme [43,44]. However, enzymatically inactive
HO-1 can still mediate protection against hydrogen peroxide-induced toxicity, probably by
promoting the gene expression of antioxidant proteins [14,45], although the mechanisms
underlying these effects are still unclear. Thus, the possibility that HO-1 would act as tran-
scription factor cannot be discarded, since the nuclear localization of HO-1 in F4/80+ cells
derived from F. hepatica-infected mice with or without SnPP treatment was not investigated.
Furthermore, it is unlikely that the protective outcome of SnPP treatment represents a direct
effect on F. hepatica, since the degree of infection and pathological effects induced by the
parasite were also related to an increase in Tregs, evidencing that HO-1 activity influences
the host adaptive immunity in vivo. Indeed, our results indicate that the increase of the
mRNA levels of nrf2, a transcription factor responsible for the regulation of cellular redox
balance and protecting antioxidant responses [46,47], is accompanied by an increase in
some antioxidant enzyme genes, demonstrating that the infection, HO-1, Tregs, and the
Nrf2 master regulator comprise a complex axis of antioxidant and immunoregulatory prop-
erties in F. hepatica infection. However, the function of these enzymes should be determined
in order to confirm their antioxidant role during F. hepatica infection. On the other hand,
heme-activated murine macrophages have functional anti-inflammatory features that are
dependent on the enzymatic activity of HO-1 [38]. Thus, the immunoregulatory and im-
munosuppressive properties of HO-1 together with its antioxidant properties demonstrate
that its function during F. hepatica infection goes far beyond heme degradation itself.

The role of ROS/RNS in helminth parasite killing is still controversial. Some reports
showed that the infection by Strongyloides papillosus induced an oxidative/nitrosative stress
in sheep [48], although its effect on the parasite itself has not been demonstrated. On the
other hand, Schistosome infection relates to an immense oxidative stress by the host that is
not sufficient to control infection [49]. Further data demonstrated that excretory/secretory
factors from Mesocestoides corti inhibit ROS-induced neutrophil extracellular traps, showing
that the parasite could use this mechanism to attenuate the effects induced by ROS [50].
It should be highlighted, however, that although oxidative mechanisms are induced by
helminth parasite infections, their detrimental role in the parasite itself as well as in the
host surroundings is not well-established yet [51–53]. A recent report has demonstrated
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a high oxidative status in serum and liver in rabbits infected with F. gigantica, together
with a decline in the SOD and catalase gene expression and enzyme activity in sera from
infected animals [54], which is not in agreement with data from our work in F. hepatica
experimentally infected mice. However, the authors came to the conclusion that the
disruption of antioxidant and detoxification cascades by F. gigantica likely leads to the
pathogenic response from the host [54].

(A) (B) 

Figure 9. General hypothesis. (A) ICOSL+ F4/80+ APC express HO-1 induced by parasite infection that promotes IL-10
production and differentiation or expansion of CTLA4+ Tregs. (B) SnPP treatment inhibiting HO-1 activity in IL-33R+

F4/80+ APC allows ROS/RNS production, that induce parasite damage in early stages of the infection.

It is worth noting that in our work, we used a DCFDA fluorescent probe that does
not distinguish between ROS and RNS. Therefore, these studies should be complemented
with others using ROS-specific probes such as DHE or specific inhibitors of nitric oxide
production (such as L-Name). In order to analyze the ROS produced by NADPH-oxidase,
we used, instead, gp91phox knockout mice. Interestingly, the fact that mice that are
deficient in NADPH oxidase function, with a considerable decrease in ROS production,
were partially protected against F. hepatica infection, suggests that the moment when ROS
is produced by NADPH oxidase might be crucial to limit F. hepatica-induced damage
(Figure 9B). Indeed, an exacerbated ROS production induced by a pro-inflammatory
immune response can be detrimental to leukocyte cell function or viability and induced
damage to the immune system [54]. Thus, a prolonged and not regulated production
of ROS by F4/80+ cells could benefit the parasite, and not the host. Of note, these cells
expressed higher levels of ICOSL and IL-10 than those from gp91phox knockout mice, which
could be associated with the differentiation or expansion of a higher number of splenic
Tregs, which in turn express higher levels of CTLA4. Indeed, both ICOSL [55,56] and
CTLA4 [57] are key mediators of Treg differentiation. In the same line, macrophages can
suppress T cell responses and favor the expansion of Tregs [58]. Furthermore, ROS levels on
T cell activation seem to be important, since small quantities of ROS result in antigen hypo-
responsiveness, while high doses lead to oxidative stress-induced apoptosis [59]. Further
analysis of the role of IL-10 produced by antigen-presenting cells in the differentiation or
expansion of Tregs showed that IL-10 signaling is essential to increase HO-1 expression in
peritoneal F4/80+ cells and likely the production of Tregs. Interestingly, it would seem that
the parasite exploits the host defense mechanisms, on the one hand by recruiting HO-1+

cells with less antioxidative functions that produce IL-10, and on the other hand by in
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turn inducing the differentiation to Tregs. Nevertheless, the production of IL-10 by the
host would also protect host cells in the acute pro-inflammatory immune response, caused
either by damage induced by the parasite in the early state of the infection or by liver
damage, at least in this experimental model. However, more experiments are needed in
order to confirm these results, and to determine the role of ROS in the induction of Tregs
and its relationship with IL-10.

One hypothesis that can explain these results might be the fact that ROS/RNS pro-
duction is (partially) effective only during early stages of F. hepatica infection (Figure 9B).
After ingestion of metacercariae by the mammalian host, juvenile flukes penetrate the host
intestine wall and reach the liver through the peritoneal cavity between 4 and 6 days in
livestock, although it is thought that it takes around 24 h in mice [3]. To further understand
the early events that take place during F. hepatica infection in mice, we analyzed HO-1
expression and F4/80+ cell recruitment at 1 dpi, finding that two different populations
expressing different levels of F4/80 are present in the peritoneum, and those elicited in
SnPP-treated mice expressed higher levels of IL33R (Figure 9B). IL33 is an alarmin that
participates in the type 2 innate immune response, promoting innate lymphoid cells type 2.
However, during Schisotosoma infection, IL-33 seems to contribute to the development
of pathology via the induction of type 2 innate lymphoid cells and alternative activation
of macrophages, thus favoring the infection [60–62]. Therefore, the functions of IL-33
during F. hepatica infection in mice, and in particular the overexpression of its receptor in
antigen-presenting cells at the early events of the infection, remain to be elucidated.

In conclusion, our work showed that HO-1 is a key molecule that favors F. hepatica
infection, by which HO-1 could control ROS/RNS production and Treg differentiation and
how the parasite elicits/triggers these mechanisms. Altogether, these results contribute
to the elucidation of the immunoregulatory and antioxidant roles of HO-1 induced by F.
hepatica in the host, providing interesting checkpoints that might control fasciolosis.
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Abstract: It has been shown that small doses of oral D-glyceric acid (DGA) activate mitochondrial
metabolism and reduce inflammation among 50–60-year-old healthy volunteers. The present results
with the same small doses reveal that after a 4-day DGA regimen, a dose of DGA activated the HO-1
pathway acutely, while enhanced inflammatory status after the 4-day DGA regimen seemed to be
able to downregulate the HO-1 pathway in non-acute measurement. Blood bilirubin was strongly
upregulated towards the end of the altogether 21-day study period with positive associations towards
improved inflammation and reduced blood triglycerides. After the 4-day DGA regimen, hepatic
inflow of blood bilirubin with albumin as the carrier was clearly upregulated in the lower-aerobic-
capacity persons. At the same time also, blood triglycerides were down, pointing possibly to the
activation of liver fatty acid oxidation. The combination of activated aerobic energy metabolism with
transient HO-1 pathway activation and the upregulation of blood bilirubin may reduce the risks of
chronic diseases, especially in aging. Furthermore, there exist certain diseases with unsatisfactorily-
met medical needs, such as fatty and cholestatic liver diseases, and Parkinson’s disease, that can be
possibly ameliorated with the whole-body mechanism of the action of the DGA regimen.

Keywords: HO-1; bilirubin; HIF-1α; subclinical inflammation; ROS

1. Introduction

Bilirubin is a product of heme catabolism. The cytosolic heme oxygenase (HO) reaction
produces biliverdin, iron (Fe), and carbon monoxide (CO) [1,2]. Biliverdin is further reduced
into (unconjugated) bilirubin via the biliverdin reductase (BVR) enzyme [2]. In the BVR
reaction, one cytosolic NADH is oxidized into NAD+. The majority of blood bilirubin is
made from the breakdown of hemoglobin from senescent red blood cells, but a significant
part of bilirubin also originates from the turnover of various heme-containing proteins
found in other tissues, primarily in the liver and muscles. Heme oxygenase is the rate-
limiting factor in bilirubin production [3].

Water insoluble unconjugated bilirubin is excreted from cells and carried by albumin in
plasma for hepatic conjugation and further excretion via bile ducts into the intestines [4]. An
increase in bilirubin concentration, both in plasma and in tissues, has been shown to possess
significant antioxidant [5] and anti-inflammatory effects, as well as therapeutic effects in
neurodegenerative diseases, such as Parkinson’s disease [6,7]. Additionally in recent
studies, bilirubin has been shown to activate fatty acid metabolism via the peroxisome
proliferator-activated receptor alpha (PPARα) [8].

Inducible heme oxygenase (HO-1) activity has also been found relevant for antioxidant
and anti-inflammatory protection independently of bilirubin. Furthermore, it is beneficial
in therapies of many chronic diseases, such as NAFLD [9]. HO-1 is activated by stress
factors e.g., by increased reactive oxygen species (ROS) generation via the NF-E2–related
factor2 (Nrf2 transcription factor). The Nrf2 transcription factor upregulates the mRNA,
protein, and enzymatic activity of HO-1 [10]. Nrf2/HO-1 is induced, e.g., by oxidative stress
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from mitochondrial oxidative phosphorylation (OXPHOS). Nrf2 related HO-1 activation
is additionally linked to the upregulation of mitochondrial biogenesis [10]. For simplicity,
we later refer to combined HO-1 and BVR reactions that generate bilirubin and Fe as the
HO-1 pathway.

Too much Nrf2 or HO-1 activation may also cause deleterious effects [1]. In fact, all the
products of the HO-1 pathway are toxic at higher concentrations, but even at physiological
levels CO may possess important protective effects in certain pathologic situations [11,12].
Endogenous CO is eventually excreted from the body via the lungs [13]. The liver stores
and regulates excess endogenous blood Fe [14].

HO-1 is upstream of bilirubin while the hypoxia inducible factor 1 alpha (HIF-1α)
expression is induced by bilirubin in the physiological oxygen content [15], i.e., HIF-1α
may be downstream of bilirubin when bilirubin concentration is increased in normoxia.
Furthermore, HO-1 has been recognized as a downstream gene of HIF-1α pathway in many
tissues during hypoxia [16,17]. Finally, HO-1 expression has been shown to be transcrip-
tionally regulated by PPARα [18]. Due to multiple direct and indirect connections and
feedback mechanisms, it is difficult or sometimes even impossible to separate independent
therapeutic effects of HO-1 activation from the effects of bilirubin, and vice versa [19]. This
is especially valid in studies related to whole physiological systems.

Physical exercise activates ATP generation by cytosolic glycolysis and mitochondrial
OXPHOS, and also ROS generation [20]. Induced ROS generation activates a counterbal-
ancing antioxidant HO-1 pathway, and as a follow-up the generation of bilirubin and Fe
are upregulated. It has been found that conducting strenuous exercises elevates the plasma
bilirubin level [21]. Furthermore, some studies indicate that plasma bilirubin is elevated
in highly exercising subjects due to the reduced rate of hepatic bilirubin conjugation and
subsequent reduced excretion of bilirubin from the body [22,23].

Effective counterbalancing of elevated oxidative stress and inflammation makes HO-1
pathway studies somewhat challenging because HO-1 activation aims at suppressing itself
via neutralizing ROS that originally caused the activation. Additionally, all details of
bilirubin in the entire body metabolism are not fully understood [7]. Nevertheless, it is
wildly accepted that a gradual basal increase in bilirubin concentration within the physio-
logical range and mild or transient HO-1 activation forms therapeutic effects throughout
the body [24,25].

D-glyceric acid (DGA) is a trace metabolite present in vertebrates [26]. An oral DGA
regimen has been shown to possess similar signaling effects to physical exercise and may
promote health benefits related to mitochondrial activation, at least in older persons [27].

In this study we aim to find out whether the HO-1 pathway is activated and the
blood bilirubin level is elevated after an acute oral DGA dose. The same research ques-
tions are studied in the non-acute 4-day and 4 + 14-day DGA administration of doses
in healthy 50–60-year-old humans. Additionally, shorter 4-day whole-body effects of the
DGA regimen on the HO-1 pathway are analyzed separately in high-capacity and lower-
capacity persons. Because possible ROS scavenging (antioxidant) effects can be analyzed
only in cell cultures, we report the impact of DGA administration on ROS generation
from a human primary hepatocyte study and from a rat primary astrocyte study in the
Supplementary Materials.

2. Materials and Methods

2.1. Participants

Altogether 27 healthy 50–60-year-old Caucasian participants were carefully selected
for the study group. This age group was chosen because systemic inflammation markers
are on average somewhat elevated even in healthy persons at that age [28]. All the par-
ticipants were informed of the experimental design, and the benefits and possible risks
that could be associated with the study prior to signing an informed consent to voluntarily
participate in the study. Detailed selection criteria and other characteristics beyond the
information presented in Table 1B can be found in Hirvonen et al., (2021) [27]. All studies
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were conducted in line with the statement of the Ethical Committee of the Central Finland
Health Care District (Dnro 1U/2019, KSSHP). Trial registration number (14 January 2021),
ClinicalTrials.gov Identifier: NCT04713319.

Table 1. (A) Study phases and timings, (B) characteristics of the study group and analysed subgroups
modified from our earlier publication [27].

(A)
 

 

2 recovery days 
from VO2max, 
thereafter 4 
days of DGA 

regimen twice a 
day for all

Day0
0-control

Morning fasting 
blood sample at 

rest

DGA (N = 
17) or  

placebo  
(N=10) 
dose

Day4 
4 days with 

DGA
Morning 

fasting blood 
sample at 

rest 

Mo

0-control 
preparation: 
4 days with 
controlled 
diet and 
activities

Day4 + 
45 min

2nd fasting 
blood 

sample in 
45 min

DGA 
dose 

halved 

Day21  
Morning fasting 
blood sample at 

rest

(B)

0-Control 4-Day Health, HC-LC DGA vs. Placebo

Study Group
Whole Group

(N = 27)
LC Subgroup

(N = 17)
HC Subgroup

(N = 10)
DGA Group

(N = 17)
Placebo Group

(N = 10)

Mean age (years) 56 years
(range 50.3–60.9) 55 56 56 55

Mean VO2max
(ml/kg/min)

35.5
(range 21.8–48.8) 31.3 43.8 35.1 36.1

Mean BMI 25.3
(range 20.1–31.7) 26.2 23.5 25.0 25.8

Female/Male 16 females/11
males 10/7 6/4 10/7 6/4

2.2. Study Setup and Monitoring

There were altogether three measurement days (Day0, Day4 and Day21) in the study
(Table 1A). First fasting and resting blood samples at Day0, Day4 and Day21 were taken
12 h after the last DGA or placebo dose (non-acute). Blood samples for each participant
were always taken at the same time in the morning (±2 min). On Day4, an acute blood
sample was additionally drawn at the study site 45 min after the morning sample. In
between, a dose of DGA or placebo was taken immediately after the morning blood sample
(Table 1A). Furthermore, on Day0 after the morning blood sample, an indirect VO2max test
with a bicycle ergometer was performed for all participants to assess aerobic capacity.

The test setup was double-blinded. Measurements were always performed on the
same weekday (Friday or Saturday) for each participant. To avoid any bias from the
strenuous VO2max test at Day0, we added two full recovery days after it before initiating
the oral DGA regimen. For simplicity, we call the second measurement day “Day4” because
it was taken after the 4-days of the DGA regimen. The different phases of the study are
illustrated in Table 1A.

Normal lifestyle and stable behavior were encouraged through the use of personal
diaries and reminder emails. Morning interviews were carried out individually when
participants arrived at the study site at a minimum of 30 min before the first blood sample.
Moreover, participant’s health status and the timing of the last dose were always checked.
All the participants, who came to the Day0 measurement, completed the whole study.
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2.3. Characteristics of the Study Group and Analysed Subgroups

The study group consisted of healthy 50–60-year-old males and females. Its character-
istics are presented on the first column of Table 1B (later also called the “whole group”).
In the Day4 analyses, the whole group was further divided into the high aerobic capacity
(HC) and lower aerobic capacity (LC) subgroups based on seven scale classification [29].
The HC subgroup consisted of the two best aerobic capacity classes with “Excellent” and
“Very Good” aerobic capacity and the LC subgroup consisted of participants from five
lower classification groups. From our study group, ten participants (6 females and 4 males)
ended in the HC subgroup and 17 participants (10 females and 7 males) in the LC subgroup
(Table 1B).

The placebo group was chosen randomly among females and males separately be-
forehand. In practice, the number of placebo-treated participants was zero until Day4
morning measurement, which enabled HC–LC subgroup division with a sufficient number
of observations for statistical comparison. The priming of the placebo group with the
4-day DGA regimen may have had an impact on the 45-min results on Day4, and this was
considered when analyzing them.

2.4. Test Substances and Doses, Preparations, and Administration

D-glyceric acid calcium salt and the placebo (E509/calcium chloride) were dissolved
into 1.5 L bottles of water beforehand for each participant. The calculated dose of DGA or
placebo was to be drunk in the morning and in the evening. In the placebo group there
were equal molar amounts of calcium with water.

Selected doses, regimens, and measurement timings in the present study were based
on earlier in vitro and in vivo pre-tests related to the regulatory acceptance processes of
DGA. The dose of DGA used was 2 times 3.33 mg per body mass (kg) per day. The acute
dose of DGA received on the morning of Day4 was the same as the previous 8 doses,
and the placebo group received an equimolar amount of calcium within calcium chlo-
ride, also dissolved into water. More detailed information can be found in the study of
Hirvonen et al. [27].

2.5. Blood Samples and Biomarker Measurements

Blood samples were drawn from the antecubital vein of each participant always at
the same time in the morning. The samples were immediately cooled and centrifuged
in heparin plasma tubes and stored into 2 mL portions at −80 °C. Plasma total bilirubin
and Fe were measured with clinically accredited standard methods (Synlab, Helsinki,
Finland). Total bilirubin represents plasma unconjugated bilirubin in our study model,
and in the following, the term plasma bilirubin represents plasma total bilirubin. Plasma
glycoprotein acetyls (GlycA) [30], triglycerides (TGs), free fatty acids, and albumin were
measured (Nightingale Health Oy, Kuopio, Finland) using nuclear magnetic resonance
(NMR) technology with regulatory approval for diagnostics [31]. GlycA, TGs, free fatty
acids, and albumin were measured only from non-acute samples. Plasma interleukin 6
(IL-6) was measured using the IMMULITE® 2000 immunoassay system and alkaline phos-
phatase (ALP) with the IFCC method (kits 981832–981833, Thermo Scientific). The mRNA
expressions of inducible heme oxygenase (HO-1) and hypoxia inducible factor 1 alpha
(HIF-1α) were measured from white blood cells (WBCs). More detailed information can be
found in Hirvonen et al. [27].

2.6. In Vitro Side Studies with Human Primary Hepatocytes and Rat Primary Cortical Astrocytes

In our studies with human primary hepatocytes and rat primary astrocytes, net
ROS generation with DGA was compared to 0-controls, and additionally to the positive
antioxidant controls [32]. On top of negative and positive controls, dose response studies
were conducted to confirm consistent results.

We used two different reagents to detect oxidation caused by ROS to avoid possible
pitfalls from selection of only a single detection method. In the hepatocyte studies we used a
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reactive oxygen species (ROS) assay kit ab113851 (Abcam). It uses the cell permeant reagent
2′,7′—dichlorofluorescein diacetate (DCFDA), a fluorogenic dye that measures hydroxyl,
peroxyl and other ROS activity within the cell. In the astrocyte study we used CellROX
Green staining. CellROX® Oxidative Stress Reagents are fluorogenic probes designed to
reliably measure ROS in live cells.

In both hepatocytes and astrocytes, mild metabolic stress was induced by new nutrition
i.e., by measuring cellular ROS generation 1–2 h after the change of culture media with
new nutrition and tested concentrations. The main results, including a brief methods
description, are now for the first time scientifically reported in Supplementary Materials.

2.7. Statistical Methods

Each person was used as her/his own control. In that way, individual “noise factors”
could be eliminated and we were able to pairwise test whether the intra-individual re-
sponses were similar among the persons of the study. Furthermore, to achieve statistically
unambiguous results all blinded participants were in the same comparison group during
the first week. Pre-assessment on the sufficient group size was based on the results from
our pilot tests and related volatilities. Among our relatively homogenous study group with
fully comparable intra-individual measurement points, selected group size turned out to
be clearly sufficient.

Statistical tests were conducted using IBM SPSS statistics software (ver. 26) and
Microsoft Excel. Statistical tests for group averages of intra-individual changes were based
on paired Student’s t-tests. Unpaired t-tests were used when testing the HC and LC
subgroups or the DGA and placebo groups against each other. When testing intraday
45 min changes in the DGA group, possible circadian variation was corrected by deducting
the mean change in the placebo group from the DGA group observations. Squared linear
correlations (R2) from scatter diagrams were calculated between selected studied variables.
Technically, R2 can be interpreted as the ratio of explained variation to the total variation
of the explanatory variable. The significance of R2 was statistically tested by the F-test.
When N < 10, we checked the normality of the underlying data visually or using the
Kolmogorov–Smirnov test. A p-value lower than or equal to 0.05 in a one-sided t-test was
considered statistically significant (marking = * or #) and a p-value lower than or equal
to 0.01 as statistically very significant (marking = ** or ##). A non-significant p-value is
marked by “n.s.” or > 0.05, and p >> 0.05 in quite clear cases. All presented tests were
predetermined or derived from predetermined test settings.

3. Results

3.1. Changes in Bilirubin and Iron Concentrations during the Entire Study Period

Blood bilirubin concentration increased by 18.6% from Day0 to Day21 in the DGA
administration group (p = 0.009) while in the placebo group, no statistically significant
changes were noticed (Figure 1A). Furthermore, the Day21 changes from Day0 in the
DGA group differed statistically significantly (p = 0.023) from the respective changes in the
placebo group (Figure 1A). There was an interesting decline by 8.8% in blood Fe from Day0
to Day4 (p = 0.042). Blood bilirubin and Fe concentration shared a similar pattern during
the study period (Figure 1A,B).
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Figure 1. End products of the HO-1 pathway in blood 12 h after the last DGA or placebo dose:
(A) Mean (±SEM) blood bilirubin concentration, (B) Mean (±SEM) blood Fe concentration. Notes:

(1) The Day21 DGA and Placebo averages are indexed to Day0 so that Day21 fully reflects the change
from Day0. (2) * and ** indicate paired t-test, # indicates non-paired t-test between the%-changes
from Day0 to Day21.

3.2. Biomarkers Downstream of Bilirubin and the HO-1 Pathway during the Entire Study Period

Figure 2A shows that the relative changes between GlycA and bilirubin from Day0
to Day21 correlated significantly (R2 = 0.353, p = 0.015). Respectively, the changes be-
tween triglycerides and bilirubin correlated statistically significantly (R2 = 0.305, p = 0.032)
(Figure 2B) and a not-significant correlation was noticed between the changes Day4 to
Day21 in IL-6 and bilirubin (Figure 2C).

Figure 2. Bilirubin associated Day21 anti-inflammatory, fat metabolic, and mRNA expression effects:
(A) scatter diagram and R2 of the percent changes from Day0 to Day21 between GlycA and bilirubin,
(B) scatter diagram and R2 of the percent changes from Day0 to Day21 between blood triglycerides
and bilirubin, (C) scatter diagram and R2 of the percent changes from Day4 to Day21 between IL-6
and bilirubin, (D) mean (±SEM) blood IL-6 concentration, (E) mean (±SEM) mRNA expression of
HIF-1α from collected WBCs. Notes: (1) In (D,E), the Day21 DGA and placebo averages are indexed
to Day0 so that Day21 fully reflects the change from Day0. (2) * and ** indicate paired t-test, # indicates
non-paired t-test between the %-changes from Day0 to Day21. In (A–C), the p-values are based on an
F-test. (3) One Day21 observation was deducted from (B) as an outlier. Additionally, one Day0 IL-6
observation was excluded from (D) when comparing the changes from Day0 to Day21 in the placebo
group against the DGA group.
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Strong upregulation of blood bilirubin from Day4 to Day21 was typically accompanied
by a reduction of subclinical inflammation (IL-6) at the individual level (Figure 2C). IL-6
declined by 19.0% from Day0 to Day21 in the DGA administration group (p = 0.002), while
in the placebo group it declined only by 2.6% (Figure 2D). Furthermore, the individual
changes of IL-6 in the DGA compared to the placebo group differed statistically significantly
(Figure 2D) [27].

HIF-1α mRNA expression in WBCs (Figure 2E) shared a similar pattern in all observa-
tion points to blood bilirubin in the DGA group (Figure 1A). HIF-1α mRNA expression
increased by 37.0% from Day0 to Day21 in the DGA administration group (p = 0.014) while
in the placebo group there was no change (Figure 2D). Furthermore, the 49% increase
(p = 0.004) in HIF-1α mRNA expression resembles the 24% increase in blood bilirubin from
Day4 to Day21.

HO-1 mRNA expression in WBCs was very weak on Day0. Eight of the successfully
analyzed twenty-five WBC samples showed a lower signal than the 0.29 detection limit and
were set to zero (graph not shown). On Day4, the number of zeros increased to 11, which
may suggest that the HO-1 mRNA expression was downregulated during the 4-day DGA
regimen. Further in line with blood bilirubin (Figure 1A), average HO-1 mRNA expression
increased in the DGA group by 34.0% on Day21 from Day0. However, poor mRNA signals
destroyed the possibility of drawing statistical conclusions on the changes of HO-1 mRNA
expression in WBCs.

3.3. Acute 45 Min Activation of the HO-1 Pathway on Day4

Blood bilirubin concentration rose by 2.3% 45 min after the acute dose in the DGA
group (p = 0.066) but not in the placebo group (Figure 3A). Blood Fe rose by 9.1% (p < 0.001)
in the DGA group but not in the placebo group (Figure 3B). Furthermore, there existed a
statistically very significant positive correlation between the 45-min %-changes of Fe and
bilirubin at the intra-individual level in the DGA group (Figure 3C).

Figure 3. HO-1 pathway end products excluding CO in blood 45 min after acute DGA dose:
(A) 45 min average intraindividual percent change in bilirubin (±SEM), (B) similar 45 min change in
Fe (±SEM), (C) scatter diagram between 45 min %-changes of bilirubin and Fe after acute DGA dose.
Notes: ** indicate paired t-test, # indicates non-paired t-test between the %-changes in 45 min. In (C),
the p-value is based on an F-test.

The average relative increase in blood bilirubin (Figure 3A) was much lower than in
Fe (Figure 3B) as some of the individual relative changes in blood bilirubin concentrations
were negative, unlike in Fe (Figure 3C).

3.4. 4-Day Changes of Blood Bilirubin Are Tightly Linked to the Changes of Its Carrier in Blood

On Day0, bilirubin concentration in the HC subgroup was on average 12.8 μmol/L,
while in the LC subgroup it was 9.6 μM (p = 0.085). Higher bilirubin in the HC compared
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to the LC subgroup remained throughout the 4-day DGA regimen until Day4 (Figure 4A).
Conversely, Day0 blood albumin concentration was very similar in the HC and LC sub-
groups (Figure 4B). Interestingly, both blood albumin and bilirubin declined in the LC
subgroup during the 4-day DGA regimen. Moreover, there existed a very tight association
(p < 0.001) at an individual level between molar changes of albumin and bilirubin during
the 4-day DGA regimen (Figure 4C). In the HC subgroup, there was no correlation between
the changes of albumin and bilirubin during the 4-day DGA regimen (graph not shown).
Furthermore, there was no association between the changes of Fe and albumin (R2 = 0.017,
p >> 0.05) in the LC subgroup. We additionally measured the association between the 4-day
changes of blood free fatty acids (= total fatty acids minus TGs) and blood albumin, and
found only a mild positive correlation (R2 = 0.075, p > 0.05, graph not shown).

Figure 4. 4-day DGA regimen activates hepatic bilirubin metabolism and Fe storage in the LC sub-
group: (A) mean (±SEM) blood bilirubin in the HC and LC subgroups separately, (B) mean (±SEM)
blood albumin in HC and LC subgroups separately, (C) cross correlation between intraindividual
4-day molar changes of albumin (vertical scale) and bilirubin (horizontal scale) in the LC subgroup.
(D) mean (±SEM) blood ALP in the HC and LC subgroups separately, (E) mean (±SEM) blood Fe in
the HC and LC subgroups separately, and (D) cross correlation between intra-individual four-day
percent changes of Fe (vertical scale) and bilirubin (horizontal scale) in the whole group. Notes:

* and ** indicate paired t-test from Day0 to Day4, # indicates non-paired t-test between the bilirubin
concentration on Day4. In (C,F), the p-values are based on an F-test.

Remarkably, plasma alkaline phosphatase (ALP) was reduced in each LC participant
during the 4-day DGA regimen (p < 0.0001, Figure 4D). Also, blood Fe concentration was
reduced statistically very significantly in the LC subgroup (Figure 4E). The reduction of
average blood Fe was 16.3% in the LC subgroup. Finally, there was a very strong correlation
between the 4-day relative changes of blood Fe and bilirubin (Figure 4F, p < 0.0001).
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3.5. 4-Day Responses of Blood Bilirubin and Fe Concentrations Are “Inversely” Associated with
the Changes of Blood TGs and Subclinical Inflammation (GlycA)

Blood TGs concentration deviated strongly between the HC and LC subgroups at
Day0 (Figure 5A). During the 4-day DGA regimen, the difference in TGs between the
HC and LC subgroups reduced. Especially in the LC subgroup, there was a significant
reduction in blood TGs. The Day0 concentrations in the HC and LC subgroups were
opposite compared to each other in blood bilirubin (Figure 4A) and TGs. Nevertheless,
the responses in bilirubin and TGs to the 4-day DGA regimen were in the same directions
(Figures 4A and 5A). Moreover, there existed a statistically significant positive correlation
between the 4-day individual percent changes of blood TGs and blood bilirubin (Figure 5B),
and with the 4-day percent changes of blood Fe (Figure 5C).

Figure 5. 4-day DGA regimen activates the LC subgroup: (A) mean (±SEM) blood TGs in the HC and
LC subgroups separately, (B,C) cross correlation between intra-individual four-day percent changes
of TGs (vertical scale) and (B) blood bilirubin (horizontal scale) and (C) blood Fe (horizontal scale) in
the whole group. (D) Mean (±SEM) blood GlycA in the HC and LC subgroups separately. (E,F) Cross
correlation between intraindividual four-day percent changes of GlycA (vertical scale) and € blood
bilirubin (horizontal scale) and (F) blood Fe (horizontal scale) in the whole group. Notes: * and
** indicate paired t-test from Day0 to Day4, # indicates non-paired t-test between the TGs and GlycA
concentrations on Day0. In (B,C) and (E,F), the p-values are based on an F-test.

Blood subclinical inflammation (GlycA concentration) deviated strongly between the
HC and LC subgroups at Day0 (Figure 5D). During the 4-day DGA regimen, the difference
reduced and, especially in the LC subgroup, there occurred a remarkable reduction in
blood GlycA (Figure 5D). There existed a statistically significant positive correlation at an
individual level between the 4-day relative changes of GlycA and bilirubin (Figure 5E).
Moreover, the 4-day relative changes of GlycA correlated strongly with the relative changes
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of Fe (Figure 5F). Finally, responses in GlycA during the 4-day DGA regimen resemble the
respective changes in TGs (Figure 5A,D). There existed a very strong association between
the 4-day relative changes of blood TGs and GlycA (R2 = 0.686, p < 0.001, graph not shown).

3.6. In Vitro Reduction of ROS

The DGA regimen effectively hinders excessive ROS generation and possesses a similar
or superior equimolar antioxidant effect to glutathione, and vitamins C and E in hepatocytes
(Supplementary Materials). Similar ROS scavenging results were obtained from rat primary
optic astrocytes, both in naturally induced and hydrogen peroxide induced ROS models
(Supplementary Materials).

4. Discussion

Blood bilirubin concentration increased significantly 12 h after the last DGA on Day21
in the DGA group but not in the placebo group. However, the increase in blood Fe and
the mRNA expression of the HO-1 gene in WBCs were not statistically significant. As
expected, the increase in blood bilirubin during the 21-day DGA regimen was associated
with reduced blood TGs and systemic inflammation. In the acute 45 min test, HO-1 enzyme
activity seemed to be activated, based on responses in blood bilirubin and Fe levels. In the
4-day comparisons intra-individual responses of blood bilirubin and albumin correlated
very strongly in the LC subgroup, indicating an activation of hepatic bilirubin intake.
Furthermore, hepatic inflow of Fe was possibly activated in the LC subgroup during the
4-day DGA regimen. Finally, the changes in blood TGs and GlycA between the days 4 and
21 correlated inversely with bilirubin (and Fe).

4.1. Acute 45 Min Activation of the HO-1 Pathway

Based on the increasing acute 45-min responses in blood bilirubin and Fe, it can be
interpreted that the acute DGA dose seems to upregulate whole-body enzymatic activity
of the HO-1 pathway. The suggestion is based on the fact that the HO-1 pathway is the
only physiologically relevant source of bilirubin and Fe in blood [3,5,33]. Furthermore,
statistically significant positive correlation between the changes of blood bilirubin and Fe
was observed at the intra-individual level, which underlines that the main source of the
acute responses is the same.

Interestingly, the acute increase in blood bilirubin concentration (+2.3%, Figure 3A)
was much smaller than the 9.2% increase in blood Fe. At the same time, multistep HO-1
pathway reactions produce one iron and one bilirubin per one heme substrate, and the
molar concentrations of bilirubin (10.3 μM) and Fe (17.9 μM) in blood on Day4 morning
were rather close to each other. These somewhat contradictory results may be explained by
a temporary increase in intracellular biliverdin/bilirubin concentration during the 45 min
after the acute dose of DGA.

The increase in tissue biliverdin/bilirubin concentrations may materialize in the
peripheral tissues that generate biliverdin from the HO-1 reaction [1] and/or in the liver
that handles the excretion of bilirubin from the body [3,4]. In the latter case, liver sinusoids
import bilirubin from the blood rapidly, which may be possible because after the 4-day
DGA regimen the hepatic import of bilirubin was increased. In both cases, a possible
cause of the increased concentrations is the intracellular antioxidant properties of the BVR
enzyme activity [5]. In a reverse reaction, BVR is able to convert formed bilirubin back to
biliverdin and induce a reducing antioxidant reaction in each cycle [5]. The acute DGA dose
increases DGA concentration in cells which induces similar pathways as in exercise [27],
while exercise signaling may induce transient ROS generation [20]. Scavenging of formed
extra ROS may need antioxidant BVR activity and thus postpone the release of bilirubin
into blood circulation [23] after the acute DGA dose.
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4.2. Day21 Non-Acute Activation of the HO-1 Pathway

An important take away from the acute 45 min experiment is the transient activation
of the HO-1 pathway. It happens after each DGA dose, even after the priming with earlier
DGA doses. This pattern may eventually lead to the permanent (non-acute) upregulation
in blood bilirubin and at least temporary whole-body enzymatic activation of the HO-1
pathway after each DGA dose. The 34% increase, although statistically non-significant, in
the mRNA expression of HO-1 in WBCs was in line with transient whole-body activation
of the HO-1 pathway.

We cannot exclude the possibility that the strong increase in blood bilirubin level
from Day0 to Day21 in the DGA group was partially based on a downregulation of the
hepatic conjugation activity of bilirubin. It has been shown that exercising persons possess
elevated bilirubin levels [21], and further that rats with higher exercise capacity possess
lower hepatic conjugation activity and thus higher plasma bilirubin concentration [22]. The
DGA regimen activates similar pathways as an exercise regimen, e.g., the concentration
of blood beta-hydroxybutyrate increases by 20% [27]. Thus, the observed almost 20%
increase in bilirubin concentration, and also the higher bilirubin in the HC subgroup
(Figure 4A), were consistent with earlier findings [23]. Interestingly, PPARα is one of the
key transcription factors taking part in hepatic beta-hydroxybutyrate biosynthesis [34] and
as already mentioned, bilirubin has been shown to activate PPARα nuclear translocation [8].

4.3. Day21 Non-Acute Activation of Downstream Metabolites and Pathways

Transient HO-1 pathway activation and bilirubin independently possess antioxidant
and anti-inflammatory effects [5,10]. There existed a statistically significant association
(p = 0.015) between the relative changes of bilirubin and GlycA from Day0 to Day21; the
higher the individual rise in blood bilirubin, the greater is the reduction in individual
subclinical systemic inflammation. Furthermore, relative changes in IL-6 also correlated
negatively with the changes of bilirubin from Day4 to Day21. These results indicate that the
positive anti-inflammatory effects of the long term DGA regimen may be partially mediated
by the HO-1 pathway. Based on the present findings, it seems that the blood bilirubin level
plays a direct role in the reduction of systemic inflammation. Persistent elevated systemic
inflammation is often the cause of many chronic diseases [1] and thus its reduction may be
of utmost importance.

According to a recent study, bilirubin activates cellular fatty acid use via the PPARα
pathway [8]. The increase of blood bilirubin tends to reduce excretion of bilirubin from
tissues and thus intracellular concentrations rise. The increase in bilirubin concentration
should increase cellular use of TGs for mitochondrial fatty acid oxidation. Indeed, there
was a statistically significant correlation between the relative changes in bilirubin and TG
from Day0 to Day21. The higher the individual rise in blood bilirubin, the greater is the
reduction in individual blood TGs concentration. Increased use of fatty acids in energy
metabolism can be important in NAFLD [35].

Finally, HIF-1α expression is induced by bilirubin in the physiological oxygen content,
i.e., normoxia [15]. Also, HO-1 activation and related CO generation may stabilize HIF-1α
and result in cytoprotection [11]. Current human studies were performed at rest showing
that HIF-1α mRNA expression was strongly upregulated in WBCs on Day21. This was
well in line with bilirubin upregulation. Furthermore, the increase in HIF-1α mRNA
upregulation by 49% in WBCs from Day4 to Day21 was statistically very significant and
again in line with the statistically very significant upregulation of bilirubin during the
same period. However, we could not find a statistically significant correlation between the
changes of blood bilirubin level and the changes of HIF-1α mRNA expression in WBCs in
the DGA group. Furthermore, HIF-1α intracellular proteasomal degradation is strongly
increased in normoxia situation [36]. Thus, the strongly increased mRNA expressions of
HIF-1α could also compensate for the increased HIF-1α enzyme degradation rate due to
the improved inflammatory state in the DGA group (Figure 2D). Nevertheless, HIF-1α
mRNA upregulation on Day21 was consistent with energy metabolic activation by the
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DGA regimen [27], which also likely caused the upregulation of the HO-1 pathway [10]. It
may even be that the energy metabolic activation by the DGA regimen induced a marginal
additional need for oxygen that gradually induced HIF-1α upregulation [17,37].

4.4. Four-Day Reduction in Bilirubin in the LC Subgroup Is Directly Associated with the Change
in Plasma Albumin

There existed a difference in blood bilirubin concentrations between the HC and the
LC subgroups on Day0 and the difference remained throughout the 4-day DGA regimen.
Average bilirubin concentration was clearly higher in the HC subgroup. As already said,
higher bilirubin possesses antioxidant effects [5,21], thus the HC subgroup is in a better
position in this respect. Why the blood bilirubin concentration was reduced by the 4-day
DGA regimen in the LC subgroup is still without answers.

Albumin serves as a carrier of blood unconjugated bilirubin. It also facilitates hepatic
intake of unconjugated bilirubin. During the process of hepatic intake, the albumin-
bilirubin complex is bound to the sinusoidal surfaces of hepatocytes and the process is
relatively time consuming. Nevertheless, the albumin-bilirubin complex is not in blood
circulation. Thus, when there is a change in the host’s hepatic demand for bilirubin
from blood, it is expected to be reflected as a simultaneous change in blood albumin.
Furthermore, the liver functions as the final destiny of blood bilirubin to be subsequently
conjugated and excreted from the body with bile acids [4].

Blood bilirubin level declined by 9.6% in the LC subgroup during the 4-day DGA
regimen, and albumin declined only by 3.0%; however, while this change in albumin is
not physiologically relevant, it was nevertheless statistically very significant. Furthermore,
there existed a very strong association (R2 = 0.705) between the 4-day molar changes
in bilirubin and albumin in the LC subgroup. Because one albumin protein transports
several bilirubin molecules [3,38], it seems clear that the very small relative reduction in the
abundant pool of blood albumin is directly related to the hepatic inflow of bilirubin. All
in all, after only eight doses of DGA in four days, it seems that hepatic demand for blood
unconjugated bilirubin increased significantly in the LC subgroup. This result would be
in line with the findings of our earlier study on the main energy metabolites, in which we
demonstrated that hepatic demand for glycerol (and alanine) was strongly activated during
the 4-day DGA regimen [27]. Interestingly, glycerol metabolism is positively regulated by
PPARα in the liver [39].

4.5. Also, Other Bilirubin Related Blood Biomarkers Indicate Strong Hepatic Activation in Four Days

Blood Fe declined strongly in the LC subgroup during the 4-day DGA regimen. Fur-
thermore, there was a very strong association (p < 0.0001) between the relative changes in
bilirubin and Fe in blood. These two events indicate that hepatic iron demand was also in-
creased [38]. However, it should be noticed that also HO-1 pathway downregulation could
explain, at least partly, the strong correlation between the changes in bilirubin and Fe [1].
The strong 16.3% reduction in Fe in the LC subgroup may be additionally explained by the
mitochondrial activation during the 4-day DGA regimen [27]. Mitochondrial activation
increases the use of Fe in OXPHOS heme proteins [33]. This is because the liver especially
seems to be activated significantly during the 4-day DGA regimen [27], and the demand
of blood Fe for mitochondrial heme protein synthesis may have increased the most in the
liver [40]. The blood Fe pool is only 3–4 mg and must turn over several times daily to meet
the demand, mostly from erythropoiesis [33]. All in all, hepatic activation could explain
most of the strong decline in blood Fe during the 4-day DGA regimen.

The four-day changes in blood TGs were also associated with the changes in Fe
(R2 = 0.446, Figure 5C). This surprisingly strong relationship may indicate that the hepatic
activation [41] in the LC subgroup may also be behind the decline in blood TGs in the LC
subgroup. Change in blood TGs concentration is directly related to the net release of TGs
from the liver [42], and a more active liver consumes a bigger part of formed TGs itself [43].
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Finally, unconjugated bilirubin presumably flows into the liver with albumin and at
the same time also the HO pathway was likely activated in the liver. To avoid excessive
concentration of potentially toxic bilirubin, it is likely that hepatic conjugation and excretion
of the conjugated bilirubin increased simultaneously. Conjugated bilirubin is excreted from
hepatocytes as bile pigment via the bile ducts. ALP may be increased even if only a few
small bile ducts are obstructed, and serum bilirubin is normal [44,45]. Remarkably, plasma
ALP was reduced in each LC participant during the 4-day DGA activation (p < 0.0001).
The extremely consistent reduction in ALP and the reduction in blood bilirubin in the LC
subgroup may point to some unspecified hepatobiliary enhancement, such as the bile acid
secretion to the small intestine [3], during the 4-day DGA regimen in the LC subgroup.

4.6. In Four Days, Systemic Inflammation (GlycA) and TGs Correlated Inversely with Blood Bilirubin

The 21-day changes in blood bilirubin and GlycA correlated negatively. During the
4-day DGA regimen, correlation between the changes in bilirubin and GlycA was positive,
i.e., totally opposite to that on Day21. A technical explanation for this inverse 4-day
bilirubin–GlycA correlation arises from the strong reduction of systemic inflammation in
the LC subgroup and simultaneous modest increase in the HC subgroup, and from similar
subgroup dynamics in blood bilirubin.

What happens during the 4-day DGA regimen that temporarily distorts the canonical
relationship that has been observed also in the literature [1,23,24]? We do not know the
exact reason, but the hepatic activation that is accompanied with the reduction in systemic
low-grade inflammation may be an important explanatory factor during the 4-day DGA
regimen. Additionally, it is possible that in the LC subgroup, the HO-1 pathway activity
was reduced due to reduction in inflammation, and as a follow-up, the release of bilirubin
and Fe from tissues to blood was reduced causing the inverse correlation. All in all, the
positive 4-day correlations between GlycA and bilirubin, and GlycA and Fe can be likely
explained by the activation of the liver and the downregulation of whole-body HO-1
pathway activity due to reduction of systemic inflammation.

Also, the correlation between the changes in bilirubin and TGs during the 4-day
DGA regimen was positive, i.e., fully the opposite than during the period from Day0 to
Day21. Partial explanation for the positive correlation likely arises from the presumed
inflow of bilirubin into the liver in the LC subgroup. It possibly increased hepatic fatty
acid oxidation via PPARα [8] and tended to reduce blood TGs more in participants with
higher hepatic bilirubin inflow from blood, and vice versa. Further explanation for the
positive correlation between bilirubin and TGs during the 4-day DGA regimen arises from
the strong correlation between the changes in TGs and GlycA during the same 4-day period
(R2 = 0.686), i.e., the correlations between the changes in blood TGs, bilirubin, and Fe were
partially due to very strong association between the changes in GlycA and TGs.

4.7. DGA Regimen Hinders Excessive ROS Generation under Metabolic Stress in Hepatocytes
and Astrocytes

The DGA regimen effectively hindered excessive ROS generation (Supplementary
Materials) [46]. The exact reason why the two-day DGA priming and acute DGA dose
with fresh cell culture media 2 h earlier is able reduce net ROS generation remains elusive,
but it is likely that the activation on the HO-1 pathway plays an important role in both
hepatocytes [9] and astrocytes [7].

5. Conclusions

The inducible heme oxygenase pathway was activated transiently after each DGA
dose during the 21-day study period. Simultaneously, blood bilirubin level was strongly
upregulated towards Day21 under the DGA regimen. The positive associations of blood
bilirubin and systemic inflammation (GlycA and IL-6) and blood lipids (TGs) were observed.
Also, HIF-1α mRNA expression was shown to be strongly activated in WBCs by the 3-week
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DGA regimen. All these activations likely relate to the mitochondrial energy metabolic
activation by the DGA [27].

During the first four days under the DGA regimen, the reduction in blood TGs in
the LC subgroup may be partially linked to the hepatic inflow of bilirubin with plasma
albumin. Simultaneously, subclinical inflammation was markedly improved in the LC
subgroup, i.e., in the participants with somewhat elevated systemic inflammation before
the study. Fast improvement of the anti-inflammatory status likely reduced HO-1 pathway
activity in four days in the LC subgroup.

It seems that the DGA regimen is able to both up- and downregulate the HO-1 pathway
in humans. This possibly materializes via temporary activation of ROS generation by
OXPHOS after each DGA dose, and a more permanent reduction of oxidative stress inter
alia via HO-1 pathway activation. In vitro studies with hepatocytes and astrocytes showed
that the DGA regimen efficiently reduces ROS generation in metabolic stress.

All in all, the DGA regimen seems to be able to activate whole-body aerobic energy
metabolism without excessive ROS generation. Benefits materialize in the whole body, but
the liver is activated the most due to its central role in maintaining glucose homeostasis and
its other vital homeostatic tasks. Increased plasma bilirubin and beta-hydroxybutyrate, and
the activation of the HIF-1α pathway are beneficial also for neurodegenerative diseases.
The therapeutic combination activated by the DGA regimen poses benefits for chronic
diseases related to elevated systemic inflammation.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/antiox11122319/s1, Supplementary S1. Human primary hepatocyte ROS
study model and results; Supplementary S2. Astrocyte ROS study, study outline, main results and
materials and methods [46].
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Abstract: Carbon monoxide (CO) can prevent cell and tissue damage by restoring redox homeostasis
and counteracting inflammation. CO-releasing molecules (CORMs) can release a controlled amount
of CO to cells and are emerging as a safer therapeutic alternative to delivery of CO in vivo. Sustained
oxidative stress and inflammation can cause chronic pain and disability in tendon-related diseases,
whose therapeutic management is still a challenge. In this light, we developed three small subsets
of 1,5-diarylpyrrole and pyrazole dicobalt(0)hexacarbonyl (DCH)-CORMs to assess their potential
use in musculoskeletal diseases. A myoglobin-based spectrophotometric assay showed that these
CORMs act as slow and efficient CO-releasers. Five selected compounds were then tested on human
primary-derived tenocytes before and after hydrogen peroxide stimulation to assess their efficacy
in restoring cell redox homeostasis and counteracting inflammation in terms of PGE2 secretion.
The obtained results showed an improvement in tendon homeostasis and a cytoprotective effect,
reflecting their activity as CO-releasers, and a reduction of PGE2 secretion. As these compounds
contain structural fragments of COX-2 selective inhibitors, we hypothesized that such a composite
mechanism of action results from the combination of CO-release and COX-2 inhibition and that these
compounds might have a potential role as dual-acting therapeutic agents in tendon-derived diseases.

Keywords: CO-releasing molecules; tenocytes; PGE2; 1,5-diarylpyrrole; 1,5-diarylpyrazole;
carbon monoxide

1. Introduction

CO-releasing molecules (CORMs) can release carbon monoxide (CO) either sponta-
neously, enzymatically, or triggered by an external stimulus [1]. Their therapeutic potential
relies on the release of a limited amount of CO. Along with NO and H2S, CO is the third
small signaling molecule and is produced endogenously by enzymes of the Heme Oxyge-
nase (HO) class through heme oxidative degradation. The expression of the HO inducible
isoform (HO-1) is triggered by cell responses toward oxidative stress and inflammation
and results in cyto- and tissue protection. HO-1 metabolites, including CO, are important
in restoring redox homeostasis and resolution of inflammation, and it has been widely
demonstrated that the HO-1/CO axis can help to prevent cellular and tissue damage. There-
fore, the manipulation of the HO-1/CO system is an attractive strategy to treat conditions
linked to oxidative-stress-induced inflammation, such as lung hyper-inflammation in cystic
fibrosis, sepsis and modulation of chronic pain [2–7]. The chemistry of CO is unique: unlike
NO and H2S that react indiscriminately with intracellular targets, CO offers the advantage
of binding only to transition metals in a low oxidation state. Such preferential reactivity,
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along with its greater stability, makes it a more versatile candidate for the development of
gaseous-based pharmaceuticals [8]. Indeed, gaseous CO has great potential as a therapeutic
tool and has been found beneficial in the treatment of several inflammatory, cardiovascular,
and neurological diseases [9–12]. For low-dose CO inhalation, the feasibility of the first
clinical trials has been recently assessed [13]. However, the accurate delivery of gaseous
CO to its molecular targets through inhalation is challenging, and inhalation therapy is
hampered by CO low bioavailability and high affinity to hemoglobin, with consequent
toxicity [14]. In this scenario, CORMs have emerged as a safer and attractive therapeutic
strategy to deliver a controlled amount of CO to cells. To date, most of the developed
CORMs are metal carbonyl complexes (MCCs) [15,16]. Indeed, considering the preferential
reactivity of CO for transition metals in a low oxidation state, organometallic complexes
have emerged as suitable models to safely deliver CO in vivo and generate innovative
therapeutic agents with reasonable pharmacological properties. These molecules have an
octahedral shape with six ligands around a central metal and can release CO spontaneously,
mainly through hydrolysis in biological buffers. Romão and co-workers [17] introduced
a conceptual model to rationalize and improve the design of MCCs with appropriate
pharmaceutical properties. This model comprises three portions: (i) a metal core, which
accounts for toxicity and the main properties of the MCC; (ii) a coordination-sphere, which
influences the electronic density around the metal, tuning the stability and the chemical
behavior of the whole complex and triggering CO release under specific conditions; and
(iii) a drug-sphere, obtained through modulation of the distal sites of the metal complexes
and accounting for pharmacological properties and drug-likeness.

The choice of the transition metal is crucial to design metal-based CORMs. CORMs
containing an atom of cobalt (dicobalt(0)hexacarbonyl complexes, DCH) are innovative CO-
releasing agents with interesting biological features and good CO-release kinetics [18–25].
The DCH metal core is a hexacarbonyl dicobalt moiety (Co2CO6) coordinated through an
alkyne bond, which is in turn linked to the drug sphere. One of the main advantages of
DCH-CORMs is their synthetic accessibility. Indeed, this highly versatile chemical scaffold
is easy to synthesize, facilitating the chemical manipulation of the drug sphere. A series of
dual acting DCH-CORMs-carbonic anhydrase inhibitors (CAI-CORMs) have very recently
shown promising anti-inflammatory properties under oxidative-stress conditions in differ-
ent oxidative-based disease models [22,23]. Interestingly, Gallorini et al. [26] demonstrated
that some of these compounds were able to differentially modulate inflammation and coun-
teract the H2O2-induced stress in rotator-cuff-derived human tenocytes, which activate the
nuclear factor erythroid 2 [NF-E2]-related factor 2 (Nrf2)/HO-1/CO pathway to mitigate
oxidative stress. It has also been reported that sustained oxidative stress causes aberrant
cytokine secretion in a model of rotator cuff disease (RCD) in vitro [27]. Oxidative stress
endurance and, consequently, inflammation occurrence, are considered the major factors
causing the failure of tendon healing in clinical practice and can lead to chronic pain and
disability. Moreover, the benefits of non-steroidal anti-inflammatory drug (NSAID)-based
therapy in the acute phase are broadly accepted, but their use in chronic tendon-related
diseases is still controversial [28]. Therefore, an innovative therapeutic approach for the
treatment of tendon-derived diseases is urgently needed, as their therapeutic management
remains a challenge.

In this light, we synthesized a small set of 1,5-diarylpyrrole and 1,5-diarylpyrazole-
based DCH-CORMs linked through a propargylic chain (compounds 1–9, Figure 1). Ac-
cording to the Romão model, the first aim of this study was to analyze the influence of
different electronic and steric properties of the drug sphere on the CO release rate. Five
selected compounds (1–5) were then tested on human primary tendon-derived cells stimu-
lated with a low concentration of hydrogen peroxide (H2O2), using the NSAID Meloxicam
as a reference compound. The present work aims to assess their efficacy in restoring cell
redox homeostasis and counteracting inflammation in terms of PGE2 secretion and at
investigating their potential use in vitro to manage musculoskeletal diseases.
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Figure 1. Chemical structures and conceptual model of compounds 1–9.

2. Materials and Methods

2.1. Chemistry

All chemicals used were obtained from commercial sources (Merck, Acros, Syngene)
and were used as supplied without further purification. Merck silica gel 60 (230–400 mesh)
and Merck aluminum oxide (activity II–III, according to Brockmann) were used for chro-
matographic columns with the indicated solvents. Merck TLC plates (silica gel 60 F254 and
aluminum oxide F254) were used to monitor all operations, and then compounds were
visualized under UV light (254 and 365 nm) and/or stained with the relevant reagents.
The yields were not optimized and refer to the purified products. 13C NMR and 1H NMR
spectra were recorded on a Bruker Avance III NMR 400 spectrometer with reference to
tetramethylsilane (TMS) in the indicated solvent. Chemical shift values are expressed in
parts per million (ppm). Coupling constants (J) are reported in hertz with signal multiplici-
ties indicated as singlet (s), doublet (d), triplet (t), quadruplet (q) and multiplet (m). When
specified, ChemDraw Professional 16.0 was used to generate systematic compound names
following IUPAC conventions. Detailed synthetic procedures and spectroscopic data are
reported in the Supplementary Materials.
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2.2. CO-Release Assay

All reagents were of analytical grade and purchased from Merck. Gaseous CO was ob-
tained from Rivoira (Milan, Italy). A Shimadzu UV1900 UV-Vis Spectrophotometer from 275
to 700 nm at the scanning rate of 200 nm/min was used to record UV-Vis absorption spectra
in a disposable plastic cuvette (path length 0.44 cm). An Origin Lab software generated
second derivative spectra, and the Savitzky–Golay method was applied using 25 data
points for the differentiation process. Neither an increase nor a decrease in the number of
points caused changes in the wavelength or in the bandwidth. Lyophilized horse heart
Mb was dissolved in phosphate buffered saline flushed with N2 (PBS, 0.01 M, pH 7.4 to
a 20–22 μM final concentration). Two milliliters of this freshly prepared stock solution
were placed in a cuvette to record the UV-Vis absorption spectrum of met-Mb. Next, the
solutions were divided into two: 10 μL of sodium dithionite (30 mg/mL) were added to
the first half (reference) and the UV-Vis spectrum of deoxy-Mb was registered. After that,
the solution was flushed with CO gas, and the Mb-CO spectrum was acquired. Sodium
dithionite was added to the second half (sample), and a spectrum was recorded. After-
wards, a CORM DMSO solution was added to a final CORM concentration of 3.33 μM and
gently mixed. The solution was covered with 300 μL of light mineral oil to avoid CO escap-
ing and oxygenation of Mb, and the absorption spectrum was recorded at t = 0. Spectra
were acquired every 30 min for 210 min, keeping the sample at 37 ◦C. When necessary,
a freshly prepared sodium dithionite solution was added. After 210 min, the total Mb
concentration at the end of the assay was determined by flushing the sample with CO gas.
Mb-CO concentration at each time point was determined as previously reported [23]. Each
experiment was replicated three times, and the data were expressed as mean ± SEM.

2.3. Cell Culture

Human tenocytes (#TEN-F; ZenBio Inc.; Durham, NC, USA) were maintained in
complete alpha-MEM (EuroClone, Milan, Italy) supplemented with 10% of heat-inactivated
FBS (Gibco, ThermoFisher Scientific, Waltham, MA, USA) and 1% penicillin/streptomycin
(EuroClone, Milan, Italy) at 37 ◦C and 5% CO2 and used from passage 3 up to passage 6.

2.4. Cell Treatment

Cells were seeded in 96-well plates (0.5 × 104/well) (ThermoFisher Scientific, Waltham,
MA, USA) and left to adhere overnight at 37 ◦C and 5% CO2. In a first set of experiments,
tendon-derived cells were treated with increasing concentrations of compounds 1–5 in the
range 0–100 μM for 24 and 72 h. Compounds were dissolved in DMSO to obtain a 200 mM
stock solution, and they were afterwards diluted in complete alpha-MEM (DMSO final
concentration = 0.1%) for further analyses. In a second set of experiments, tenocytes
were pre-incubated with 100 μM H2O2 for 3 h. After that, the pre-incubation medium
was discarded and replaced with a fresh one containing the proper CORM at increasing
concentrations for 24 and 72 h. At the established time points, samples were processed for
further analyses.

2.5. Cell Metabolic Activity

At the established time points (24 and 72 h), the incubation medium was harvested for
further analyses, and complete alpha-MEM containing 0.5 mg/mL MTT (3-[4,5-dimethylthiazol-
2-yl]-2,5-diphenyl tetrazolium bromide) (Sigma-Aldrich, St. Louis, MO, USA) was added
to each well. Afterwards, cells were incubated for 5 h at 37 ◦C and cell metabolic activity
was measured as already reported [29].

2.6. PGE2 Secretion

Cell supernatants were collected from the 96-well plates used for the metabolic activity
assay (MTT) after 24 and 72 h, and PGE2 secretion was analyzed. A commercial ELISA kit
(Enzo Life Sciences, Farmingdale, NY, USA) was used to measure the amount (pg/mL) of
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PGE2 in the culture media, according to the manufacturer’s instructions. The PGE2 concen-
tration in each sample was determined following a previously reported procedure [30].

3. Results and Discussion

3.1. Chemistry

Compounds 1-9 were easily synthesized in good yields by reacting the terminal alkyne
of propargylic intermediates and dicobalt(0)carbonyl octacarbonyl in tetrahydrofuran
(THF). Detailed synthetic procedures are reported in the Supporting Information.

3.2. CO Release Assay

The CO releasing behaviors of compounds 1–9 were evaluated through a myo-
globin (Mb)-based spectrophotometric assay, considered the gold standard to analyze
the CO releasing kinetics and a key criterion to select CORM structures [17,31]. This
method analyzes the release of CO from CORMs by following the conversion of deoxy-
myoglobin (deoxy-Mb(II)) into CO-myoglobin (CO-Mb(II)) over time by UV-Vis spec-
troscopy. A 3.3 μM solution of compounds 1–9 was incubated with a 20 μM solution of
deoxy-Mb (CORM/Mb 1:6 ratio), and a reducing agent (sodium dithionite) was added
to prevent oxidation of deoxy-Mb(II) to Met-Mb(III). Changes in the absorption band in
the Soret region of deoxy-Mb and Mb-CO were recorded every 30 min for 210 min, and a
second derivative approach was applied to clearly discriminate between the three forms
of Mb (deoxy-Mb, Mb-CO and Met-Mb). The relative amount of CO produced over time
was calculated following a previously reported equation [23,32], and a correction factor
was applied to account for Mb degradation induced by sodium dithionite. Concentration
values of Mb-CO formed over time by compounds 1–9 are reported in Table 1. Their
CO-release profiles are shown in Figure 2A–C, along with their T1/10 values, defined as the
time necessary for a CO-RM to produce a concentration of CO-Mb of 1/10 of the initial
(Figure 2D). The number of CO units released by CORMs 1-9 after 210 min is reported in
Table 2. For selected compounds, the assay was performed using a 1:1 CORM/Mb ratio
(Figure 3A–D). The aim was to explore their ability to release CO in a less favored condition,
considering that CO release from CORMs is stimulated by an excess of Mb.

Table 1. MbCO formed at each time point when compounds 1–9 were analyzed at 1:6 CORM:Mb ratio.

Time
(min)

MbCO Formed (μM)

1 2 3 4 5 6 7 8 9

0 0 0 0 0 0 0 0 0 0
30 0.56 0.58 0.50 0.52 0.63 0.82 0.57 0.56 0.08
60 0.88 1.03 1.01 1.15 1.09 1.46 0.91 0.77 0.45
90 1.49 1.59 1.50 1.42 1.35 2.09 1.27 0.95 0.59

120 1.90 1.76 1.90 1.86 1.57 2.45 1.52 1.24 0.74
150 2.32 2.06 2.07 2.37 1.72 3.12 1.68 1.37 0.99
180 2.28 2.20 2.31 2.35 1.85 3.08 1.88 1.57 1.09
210 2.25 2.22 2.48 2.51 2.12 3.05 2.00 1.75 1.22

Table 2. CO units released by compounds 1–9 after 210 min of incubation working at 1:6 CORM-Mb
ratio and by compounds 1, 5 and 6 at 1:1 CORM-Mb ratio.

CO Units
Released after 210 min

1 2 3 4 5 6 7 8 9

3.33 μM (1:6) 0.68 0.67 0.74 0.75 0.64 0.92 0.60 0.53 0.37
20 μM (1:1) 0.11 - - - 0.11 0.12 - - -
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Figure 2. (A–C): CO-release profiles of compounds 1–9 as Mb-CO formed over time (1:6 CORM:Mb ratio); (D): T1/10 values
for compounds 1–4 and 6 (defined as the time necessary for a CORM solution to produce a Mb-CO concentration of 1/10 of
the initial).

All the tested compounds were effective CO releasers, with CO release kinetics com-
parable to previously reported DCH-CORMs (slow CO release up to 210 min) [22,23,33].
The obtained data showed considerable differences among the analyzed compounds, de-
pending on the heterocyclic nucleus and the different alkyne system linked to the DCH
group (Table 1).

As shown in Figure 1, compounds 1–5 bear a propynyl-pyrrol-3-yl-acetate moiety,
compound 6 a propynyl-pyrrole-2-carboxylate motif and compound 7 a propynyl ben-
zoate group at position 1 of the pyrrole ring. Compounds 8 and 9 are characterized by
a 3-((prop-2-yn-1-yloxy)methyl)-1H-pyrazole scaffold. Derivatives 1–5 showed comparable
kinetics, with a sustained release of CO over time (Figure 2A). The kinetics of release
were almost superimposable over the first 120 min, with negligible differences over the
last 90 min. Despite slight differences in their T1/10 (Figure 2D), the comparison of the
units of CO released over time (Table 2) displayed a very similar behavior within the
series, suggesting that the substitution pattern on the aryl rings only slightly impacts
their CO-releasing abilities. In particular, compounds 1, 2 and 5, bearing a sulfonyl group
on the aryl ring at C5, released almost the same amount of CO at the end of the assay
(0.64–0.68 CO units, Table 2). Compounds 3 and 4, both decorated with a sulfamoylphenyl
moiety at position 1 of the pyrrole, displayed very similar behavior and released a com-
parable amount of CO after 210 min (0.74–0.75 CO units, Table 2). Pyrrole 6 showed
a completely different CO releasing profile (Figure 2B,C) and was the fastest and most
efficient CO-releaser of the series, with a T1/10 value of 99.01 min (Figure 2D) and 0.92 CO
units released after 210 min (Table 2). This compound showed a fast release of CO over the
first 120 min, which reaches a maximum at 150 min and then slows down. When compared
to its analogue 1, compound 6 produced a 1.35-fold higher amount of Mb-CO at each
time point until the end of the assay. These data suggest that the group bearing the DCH
moiety and the chemical space around it strongly influences the CO release kinetic. The
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CO releasing behavior of compound 7 supported this hypothesis: indeed, it releases CO
slower than compounds 1-5, although reaching almost the same amount of Mb-CO after
210 min of incubation (Figure 2B,C). Differently from compounds 1-6, the DCH portion
of this compound is linked to a propynyl benzoate group at position 1 of the pyrrole
ring, suggesting that the electronic structure can induce different CO releasing properties.
Pyrazoles 8 and 9 showed different CO releasing profiles (Figure 2C). At the end of the
assay, these compounds produced much smaller values of Mb-CO (1.75 μM and 1.22 μM
for 8 and 9, respectively, Table 1) than compounds 1–7 at the same time point. Therefore, it
is interesting to note that the 3-((prop-2-yn-1-yloxy)-methyl)-1-pyrazole moiety is probably
detrimental in terms of CO releasing efficiency when compared to acetate, carboxylate or
benzoate moieties decorating compounds 1–7. Previous studies reported the impact of the
group bearing the DCH moiety in determining the CO releasing properties [22,23]. The
different CO release kinetics observed for compounds 1–9 confirm the influence of the drug
sphere on CO releasing properties and suggest that both the electronic density around the
pyrrole/pyrazole ring and the group bearing the DCH moiety strongly impact the rate
of CO release, yet further studies are needed to better characterize this phenomenon. To
further explore the releasing properties of these derivatives, we selected compounds 1, 5

and 6 to be studied at different CO-RM:Mb ratios (Figure 3).
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Figure 3. CO release profiles of compounds 1 (A), 5 (B) and 6 (C) analyzed at 1:6 (filled square) and 1:1 (empty triangles)
CORM-Mb ratios; (D): CO units released by compounds 1, 5 and 6 after 210 min of incubation working at 1:6 (blue columns)
and 1:1 (orange columns) CORM-Mb ratios.

As mentioned above, an excess of the CO acceptor (Mb) stimulates the CO release from
CORMs. Thus, we expected a decrease in CO release at 1:1 CO-RM:Mb ratio. As shown
in Figure 3, after 210 min of incubation, compounds 1, 5 and 6 released a lower amount
of CO when compared to the one observed in 1:6 conditions (Figure 2). Moreover, all the
compounds released the same CO units (0.11–0.12 CO units), regardless of their different
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chemical structure. Therefore, disfavoring the CO release seems to reduce the differences
in CO releasing efficiencies observed when Mb is present in excess (1:6/CO-RM:Mb).

3.3. Effects of Compounds 1–5 on Human Tenocytes

Once the influence of electronic and steric properties on CO release has been estab-
lished, a fine-tuning of the drug sphere should also focus on treating particular conditions
and on the biological activity of the drug sphere itself [17,34]. Compounds 1-5 drug sphere
belongs to a series of sulphone and sulfamoyl diarylpyrrole derivatives developed by our
research group as COX-2 selective inhibitors [35–39]. This class of compounds showed
promising in vitro and in vivo anti-nociceptive and anti-inflammatory properties and toler-
ates a wide range of substituents at position C3. As augmented PGE2 levels are a marker
of oxidative-stress inflammation, the modulation of PGE2 secretion might be a valuable
strategy for therapeutic intervention of tendon diseases [27,40]. We therefore speculated
that the conjugation of a COX-2 inhibiting scaffold and a CO-releasing moiety could help
to achieve promising CORM-candidates for the treatment of tendon inflammatory-based
diseases, as COX-2 inhibition and CO release could act synergically to resolve inflammation
and restore oxidative homeostasis. Moreover, the conjugation of structural fragments of
anti-inflammatory drugs with metal carbonyl moieties is well documented in the litera-
ture [18,19,24], and the five selected compounds showed quite similar CO release profiles
(Figure 2), allowing us to make a proper comparison and rationalization of the observed
biological activities. To help to discriminate between COX-2 mediated and independent
activities, the efficacies of these compounds against inflammation and oxidative cytotoxi-
city were studied through the analysis of different parameters: the metabolic activity of
tenocytes before and after H2O2 stimulation and the quantification of PGE2 secretion.

Tendinopathies are characterized by a higher level of tenocyte apoptosis and a de-
creased metabolic activity, which can reduce the resistance of tendon structures and lead to
failure in healing [41,42]. Unstimulated tenocytes were therefore exposed to increasing con-
centrations of CORMs to evaluate their biocompatibility and effects under non-oxidative
stress conditions (Figure 4). It is worth noting that Meloxicam exerted no significant effects
on tenocytes when administered in the same experimental conditions [26].

On the other hand, compounds 1–5 significantly increased the metabolic activity
of tendon-derived cells after 24 h, as observed for CAI-CORMs hybrids [26]. In more
detail, all the tested compounds showed a dose-dependent rise up to 25–50 μM already
after 24 h of exposure, which was particularly significant in the presence of compounds 3

and 5. Interestingly, the tested compounds seemed less active after a 72 h exposure, as the
metabolic activity was comparable to that of the control up to the concentration of 25 μM.
This might be related to their slightly different CO release kinetics, but further studies are
needed to corroborate this hypothesis.

3.4. Establishment of the Inflammatory Cell Model and Effects of Compounds 1–5 on Human
Tenocytes under Oxidative Stress Conditions

These preliminary results highlighted that compounds 1–5 have good proliferative
effects on tendon-derived cells and provided a proof-of-concept that the biological fea-
tures of these compounds are not only COX-2 mediated but also rely on CO release. As
reported elsewhere [43], increasing cell metabolism and proliferation are particularly im-
portant for tendon tissue repair after the acute inflammatory phase. With this rationale,
compounds 1–5 were tested in sub-toxic oxidative stress conditions in vitro [26] to inves-
tigate their ability to counteract H2O2-induced oxidative stress. After 3 h of incubation
with 100 μM H2O2, human tenocytes were exposed to increasing concentrations of CORMs.
As reported in Figure 5, all the tested compounds were more active than Meloxicam in
increasing the cell metabolism of tenocytes. Notably, compounds 3–5 were the most active
of the series. In particular, compound 3 showed an outstanding efficacy, being able to
increase metabolic activity up to 166.2% after 72 h when administered at 25 μM. Unlike
under non-oxidative stress conditions, the percentage of metabolically active tenocytes
increases after 72 h. This observation suggests a composite mechanism of action, which
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probably results from the combination of COX-2 inhibition and CO release. Consistent
with previously obtained results, activities were maximum at 25 μM, then decreased at the
higher concentrations tested.

Figure 4. Metabolic activity of human primary tendon-derived cells exposed to increasing concentrations of CORMs
(compounds 1–5) after 24 and 72 h. The control sample (0 μM = cells treated with DMSO 0.1%) is set as 100%. a = p < 0.01;
b = p < 0.001; c = p < 0.0001 between cells treated with CORMs and the control sample.

Figure 5. Metabolic activity of H2O2-pre-incubated human primary tendon-derived cells exposed to increasing con-
centrations of CORMs (compounds 1–5) after 24 and 72 h. Cells were pre-incubated with H2O2 100 μM for 3 h. The
control sample (0 μM = cells pre-incubated with H2O2 and treated with DMSO 0.1%) is set as 100%. a = p < 0.01;
b = p < 0.001; c = p < 0.0001 between cells treated with CORMs and the control sample.
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3.5. Effects of Compound 1–5 on PGE2 Secretion

Anti-inflammatory COX-related activities of compounds 1–5 were evaluated by quan-
tifying PGE2 secretion in the established oxidative stress conditions in vitro (Figure 6).

Figure 6. PGE2 secretion from H2O2-pre-incubated human primary tendon-derived cells in the presence of increasing
concentrations of CORMs after 24 and 72 h. Cells were pre-incubated with H2O2 100 μM for 3 h. 0 μM = cells pre-incubated
with H2O2 and treated with DMSO 0.1%. The amount of PGE2 secreted (pg/mL) was normalized on cell metabolic activity
data, resulting in the PGE2 secreted from each sample (total picograms). a = p < 0.01; b = p < 0.001; c = p < 0.0001 between
cells treated with CORMs and the control sample. f = p < 0.0001 between cells exposed to CORMs and cells pre-treated with
H2O2 for 3 h.

Consistent with literature data [27], even a short exposure to H2O2 for 3 h increased
PGE2 secretion up to 1014.2 pg (Figure 6). Notably, all the tested compounds lowered
the amount of PGE2 compared to the H2O2 pre-incubation but were less effective than
Meloxicam (Figure 6). Compared to our previous experiments, the obtained data revealed
a different trend of activity: compounds 1, 2 and 5 showed remarkable anti-inflammatory
effects and considerably reduced PGE2 secretion already at 24 h and mainly at 25 μM
(240.5 pg, 84.8 pg and 357.1 pg, respectively), whereas compounds 3 and 4 were less
efficient. Moreover, the modulation of PGE2 is time-dependent, being that this cytokine
decreased over the time. Actually, the amount of PGE2 was almost halved with all the
tested compounds after 72 h of exposure compared to 24 h treatment (Figure 6). These
findings support the hypothesis that the observed anti-inflammatory effects rely on a
COX-2 mediated mechanism of action and that the organometallic complexes retain the
ability to inhibit COX-2.

Collectively, HO-1 expression and enzymatic activity are confirmed to influence posi-
tively and negatively both innate and adaptive immune responses; this dual action seems
to be related to the stage of the inflammatory response or disease. The therapeutic potential
of HO-1 may rely on limiting early inflammation, hampering successive tissue damage and
modulating key pathways in most cell types of the immune system, given the complexity
of heme catabolism and the role of HO-1 as a critical mediator of innate immune response.
Immunomodulation is mostly related to higher demolition of the pro-inflammatory heme
group, macrophage activation towards an anti-inflammatory macrophage profile with
reduced secretion of pro-inflammatory cytokines and iNOS and interferon production
by macrophages and dendritic cells. Indeed, T cells constitutively express HO-1, and
their expansion regulatory is positively influenced by a tolerogenic phenotype sustained
through HO-1 induction in dendritic cells. HO-1 modulation or application of low concen-
trations of CO to LPS-challenged macrophages reduced TNF-α and IL-1β expression and
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simultaneously stimulated the anti-inflammatory IL-10 production through p38-MAPK
activity [44–46].

This context was particularly evident in models of tendon-related diseases. In this
light, the role of the macrophage is an area of emerging interest in tendinopathies and
in general in the healing of tendons. In fact, inflammation appears to be driven by a
high number of infiltrating macrophages at the inflamed tendon site [47]. Furthermore,
damaged tendons from patients with tendinopathy show an abundance of CD14+ and
CD68+ activated macrophages [48]. We have already reported that CORM hybrids exert
their biological effects both on inflamed macrophages and tenocytes [22,26], disclosing
a challenging field of application for molecules active on the HO-1/CO molecular axis
not strictly related to the immune system. Finally, although once considered cells not
involved in the immune-regulation and only related to tendon remodeling, tenocytes have
been disclosed as active cells, secreting cytokines and expressing inflammation-related
proteins [27].

4. Conclusions

We developed a novel series of DCH-CORMs based on a 1,5-diarylpyrrole scaffold.
The screening of three small subsets of 1,5-diarylpyrroles and pyrazoles in a CO release
assay allowed us to define the influence of the drug sphere electronic density on the kinetics
of CO release. Based on these results, a series of 1,5-diarylpyrroles containing structural
fragments of COX-2 selective inhibitors were selected for further biological studies on
human primary tendon-derived cells. The observed results suggested the existence of
different mechanisms of action and allowed us to conclude that the activities of these
compounds result from the combination of COX-inhibition and CO release. Indeed, the
obtained data suggest a multiple role for compounds 1–5 in tendon-derived diseases:
a direct effect on tendon homeostasis and a cytoprotective effect in human tenocytes
exposed to oxidative stress, reflecting their activity as CO-releasers, and a reduction of
PGE2 secretion, indicating a COX-2 mediated anti-inflammatory effect. Taken together,
these findings indicate that these compounds could be potential double-acting therapeutic
agents for the management of tendon-related diseases. Further studies are needed to better
characterize their composite mechanism of action and the contribution of COX-2 inhibition
to their biological activities.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/antiox10111828/s1, Scheme S1: Synthetic pathway for compounds 1–5, Scheme S2: Synthetic
pathway for compound 6, Scheme S3: Synthetic pathway for compound 7, Scheme S4: Synthetic
pathway for compounds 8,9.
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Abstract: Exercise is commonly prescribed as a lifestyle treatment for chronic metabolic diseases
as it functions as an insulin sensitizer, cardio-protectant, and essential lifestyle tool for effective
weight maintenance. Exercise boosts the production of reactive oxygen species (ROS) and subsequent
transient oxidative damage, which also upregulates counterbalancing endogenous antioxidants to
protect from ROS-induced damage and inflammation. Exercise elevates heme oxygenase-1 (HO-1)
and biliverdin reductase A (BVRA) expression as built-in protective mechanisms, which produce the
most potent antioxidant, bilirubin. Together, these mitigate inflammation and adiposity. Moderately
raising plasma bilirubin protects in two ways: (1) via its antioxidant capacity to reduce ROS and
inflammation, and (2) its newly defined function as a hormone that activates the nuclear receptor
transcription factor PPARα. It is now understood that increasing plasma bilirubin can also drive
metabolic adaptions, which improve deleterious outcomes of weight gain and obesity, such as
inflammation, type II diabetes, and cardiovascular diseases. The main objective of this review is
to describe the function of bilirubin as an antioxidant and metabolic hormone and how the HO-1–
BVRA–bilirubin–PPARα axis influences inflammation, metabolic function and interacts with exercise
to improve outcomes of weight management.

Keywords: HO-1; biliverdin reductase; BVRA; PPARα; bilirubin; inflammation; metabolic disease;
nutraceuticals; vitamin D; vitamin E; nitrate

1. Introduction

Obesity and ectopic lipid accumulation are key contributing hallmarks of metabolic
dysfunction, which is the cornerstone of pathogenesis for most comorbidities [1–3]. People
with a BMI greater than 30 (>30) have an increased risk for obesity-associated comorbidities
that include cardiovascular disease, hypertension, insulin-resistant diabetes, dyslipidemia,
and certain cancers [4–7]. Alterations in lipid metabolism also contribute to ectopic lipid
accumulation, exacerbating metabolic disorders, especially when combined with limited
physical activity. Understanding and combating metabolic dysfunction is essential for
improving clinical outcomes and quality of life.

Obesity treatment has been challenging, and exercise continues to be the foundation
for obesity prevention and treatment. Despite the continued interest in exercise training in

Antioxidants 2022, 11, 179. https://doi.org/10.3390/antiox11020179 https://www.mdpi.com/journal/antioxidants
129



Antioxidants 2022, 11, 179

obesity, there are still challenges, including patients falling short on meeting exercise recom-
mendations over time and limited effectiveness of exercise as a sole driver for stimulating
weight loss [8–10].

A common theme found in the literature on the healthy athletic population is how
different nutrients, hormones, dietary supplements, and other forms of ergogenic aids
[referred to herein as “exercise enhancers” (EEs)] can improve exercise training outcomes
to enhance athletic performance. There is also emerging evidence that EEs may augment
the metabolic benefits of exercise and, in some cases, modulate inflammation. This review
provides a brief overview of exercise in preventing metabolic dysfunction along with the
potential role of select antioxidants (i.e., bilirubin and others), vitamin D, and nitrates on
improving metabolic outcomes associated with exercise. The primary focus will then shift
to describing bilirubin’s emerging significance as a potential EE due to its role as a strong
antioxidant and metabolic hormone.

This review describes how exercise interacts with bilirubin to further sensitize these
newly defined antioxidant and protective metabolic functions as a hormone. The role of
exercise and its influence on bilirubin catabolism will be discussed along with proposed
theories on how bilirubin may influence physiological adaptations associated with exer-
cise training and how this might impact inflammatory responses. A primary mechanism
discussed postulates that as exercise increases reactive oxygen species (ROS) production,
increased heme oxygenase (HO-1) activity raises plasma bilirubin levels, which can also di-
rectly bind and activate PPARα (peroxisome proliferator-activated receptor α) in metabolic
tissues (e.g., adipose, liver, and muscle), which might explain some of the therapeutic
benefits observed with exercise (Figure 1). Other important mediators such as HO-1 and
PPARs and their impact on exercise and inflammation will be discussed.

Figure 1. Overview of heme oxygenase and bilirubin interaction with exercise. Exercise increases re-
active oxygen species (ROS) and potentiates oxidative DNA damage. The body compensates with ox-
idative stress by upregulating heme oxygenase-1 (HO-1), which generates the antioxidant bilirubin to
help prevent excessive oxidative damage. Bilirubin also directly binds to the PPARα nuclear receptor
to induce genes that suppress lipid accumulation and has cardiogenic and hepato-protective effects.

2. The Effect of Exercise on Weight Management and Inflammation

Exercise is regularly prescribed as a first-line treatment in preventing type 2 diabetes,
coronary artery disease (CAD), and non-alcoholic fatty liver disease (NAFLD) [11–13]. It has
strong therapeutic effects that usually meet or exceed expected improvements in metabolic
function from pharmaceutical treatment [14]. Exercise training triggers significant metabolic
adaptations that improve cardiorespiratory fitness, promoting greater capillary density and
increases in HDL synthesis to protect from CAD [14,15]. Exercise also enhances glucose
uptake through elevating translocation of GLUT4 in skeletal muscle and by increasing IRS-1
phosphorylation, an insulin receptor substrate that improves insulin sensitivity [16,17].
Therefore, exercise can be a reliable first-line and preventative therapeutic for type II
diabetes by decreasing blood glucose [18] and CAD by reducing atherosclerotic plaque
buildup and subsequent risk of stroke and myocardial infarction [19].
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Although exercise training can improve blood glucose control, insulin sensitivity, and
other aspects of metabolic syndrome without weight loss, these benefits are substantially
greater when significant weight loss occurs [20–23]. Indeed, the American College of Sports
Medicine issued separate recommendations to maintain health [24] or support weight
loss through exercise [25]. Exercise is also one of the primary recommendations of the
Diabetes Prevention Program (DPP) and a pivotal component to the classic Look AHEAD
trial primarily due to the role that exercise is thought to play in weight loss and weight
management [26,27]. Unfortunately, weight loss from exercise is often suboptimal due
to compensatory mechanisms that resist the maintenance of an energy deficit [8–10]. For
instance, an individual may exercise to expend 3000 kcal per week for ten weeks through
exercise to expend a total of 30,000 kcal. However, this individual rarely loses 30,000 kcal of
body mass. By comparing changes in bodily energy stores with the amount of total energy
expended through exercise, we have demonstrated this compensatory response to equate
to roughly 1000 kcal per week during a 12-week exercise intervention, and that energy
expenditures of greater than 2700 kcal per week are needed to achieve significant weight
loss after 12 weeks. [28,29]. Others have reported that greater amounts of exercise can evoke
a proportionally greater compensatory response [30], potentially explaining why exercise
interventions with large differences in daily and weekly exercise energy expenditures can
promote similar weight loss [30–33]. Because of this, many have turned to various EE’s to
improve both weight loss and metabolic health outcomes with exercise. We will discuss
some specific studies on EE’s below and how they might impact exercise-induced ROS
and inflammation.

Exercise-Induced Formation of Reactive Oxygen Species and Select Antioxidant
Defense Mechanisms

ROS generation from exercise has a significant role in triggering and sustaining the
healthy cellular, tissue, and organ level adaptations that help improve and maintain cardio-
metabolic health. Acute ROS generation from exercise occurs via electron transport oxygen
catabolism in the skeletal muscle. This is triggered by a substantial increase in mito-
chondrial oxygen uptake into the skeletal muscle cell, increasing ROS production [34].
Exercise-induced ROS production can also produce muscle injury, which sends inflamma-
tory signals that attract polymorphonuclear neutrophils and macrophages and produce
additional ROS in its defense mechanism of oxidative burst [35]. If there is a chronic
imbalance of more ROS production than antioxidant activity, chronic oxidative stress may
lead to apoptotic pathways in tissues [36]. A skeletal muscle oxidative stress imbalance
is commonly seen in untrained individuals who begin a strenuous training program or
“weekend-warriors” who perform a single bout of infrequent strenuous exercise (Figure 2).
Although exercise is known to increase the abundance of ROS, progressive exercise training
allows time for the upregulation of defense mechanisms that help protect the body from
oxidative damage. This is known as redox balance (Figure 3), where free radicals are bal-
anced by the adaptive antioxidants produced [37]. Exercise may stimulate the generation
of antioxidants by triggering significant cell adaptations and upregulating antioxidant-
producing enzymes [38]. Those who are exercise-trained and perform a single bout of
exercise can leverage the benefits of endogenous antioxidant upregulation, along with
mitochondrial expansion, cryoprotection, and insulin sensitivity [35]. The importance of
ROS is highlighted in experimental models treated with allopurinol. This compound in-
hibits ROS production and protects muscle tissue from oxidative stress. However, because
exercise-induced ROS was not produced, the important adaptive signaling pathways for
oxidative protection were blunted. Thus, the formation of ROS in exercise can help activate
these intrinsic protective pathways. Notwithstanding, allopurinol is a competitive inhibitor
for xanthine oxidase that produces H2O2. H2O2 is a kind of ROS; thus, xanthine oxidase is
an intrinsic prooxidant. This adaptive signaling response is an important body regulation,
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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Figure 2. Relationship of HO-1 and ROS in habitually trained versus untrained subjects. Individuals
who have performed a single bout of exercise (non-trained) versus individuals with exercise training
experience (trained).

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].

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
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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
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
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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
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:
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.
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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].
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PPARγ is upregulated after sustained exercise programs and showed beneficial effects
in skeletal muscle [111]. This skeletal muscle had signs of mitochondrial biogenesis and
thus, improved aerobic respiration. The mitochondrial biogenesis is also seen in adipose
tissue and is phenotypically evident by the increased conversion of white fat into brown
fat in the presence of a highly induced PPARγ [112]. This exercise-induced PPARγ can
provide antidiabetic effects through upregulation of monocyte PPARγ-control genes [111].
PPARγ is also in charge of controlling adipocyte differentiation [113,114]. In a PPARγ
knockout model, severe lipoatrophy is observed, along with insulin resistance [115]. The
PPARγ knockout mice have significantly decreased body mass; however, the liver showed
a 1.5-fold increase in weight and increased lipid deposition in hepatic tissue. The increased
lipid deposition in the liver is due to disrupted adipogenesis in white adipose tissue (WAT),
causing increased plasma triglycerides that can deposit in the liver [116]. These PPAR
systems have been correlated with decreased levels of atherosclerosis, insulin resistance,
and inflammation in conjunction with metabolic syndrome and hypertriglyceridemia [114].

Another novel metabolic role designated to bilirubin is its natural ability to act as
an insulin sensitizer [44,117]. PPARγ is elevated following bilirubin administration in
mice with improved insulin sensitivity. This isomer of PPAR is implicated as a potent
factor in adipocyte differentiation and adiponectin secretion [117]. Bilirubin administration
has also improved obesity and hyperglycemia in rodent models. Bilirubin-treated obese
mice increased phosphorylation of Akt (Thr309), an insulin-signaling molecule, in skeletal
muscle and hepatocytes, indicating preservation of insulin sensitivity [44]. Bilirubin-treated
mice also presented with greater adiponectin levels [117]. It should be noted that while
bilirubin induced PPARγ expression in diabetic mice, it is not a ligand for this receptor
as was previously demonstrated [91,92]. Because bilirubin levels rise with exercise more
effectively in insulin-resistant subjects, there is therapeutic potential for bilirubin to control
cholesterol metabolism and glucose tolerance in insulin-resistant patients. Therefore,
exercise in pre-diabetic patients may offer metabolic benefits by raising HO-1, upregulating
adiponectin and bilirubin levels, enhancing insulin signaling, activating PPARα pathways,
and thus, decreasing insulin resistance (Figure 6).

Figure 6. Model of how HO-1-bilirubin improves insulin sensitivity. Upregulation of HO-1-bilirubin
is a multifactorial influencer of different metabolic processes such as induction phosphorylated Akt
(Thr309), adiponectin production, and activation of PPARα-FGF21 pathways.
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4. The Signaling Mechanisms of Heme Oxygenase and Bilirubin in Metabolism

4.1. Generation and Catabolism of Bilirubin

Bilirubin is a tetrapyrrole compound formed from the catabolism of heme to biliverdin
that is converted to bilirubin by biliverdin reductase (BVR) [17,41,42,118–122]. Tetrapyrroles
are seen as an orange-yellow pigment, which may indicate underlying disease processes if
extremely elevated (>150 μM) in the skin (jaundice) or the urine [41]. When erythrocytes
(red blood cells) are lysed, the hemoglobin is broken down into heme and protoporphyrin.
The heme is oxidatively cleaved by the enzyme heme oxygenase (HO), yielding biliverdin,
iron, and carbon monoxide (CO) [41]. This biliverdin can be converted to bilirubin through
the cytosolic enzyme biliverdin reductase [123–125]. The conversion to bilirubin has
been empirically shown to produce potent antioxidant effects that can regulate cellular
redox reactions, decrease ROS, and decrease the activity of NADPH oxidase [3]. Bilirubin
circulates bound to water-soluble albumin, where it is transferred to the hepatocyte as
unconjugated bilirubin. Then, bilirubin is conjugated by the UDP glucuronosyltransferase
1A1 (UGT1A1) enzyme [121,126]. Once conjugated, bilirubin is then metabolized by colonic
bacterial proteases and is either reabsorbed into the hepatobiliary system as urobilinogen
or excreted in the feces and urine as stercobilin or urobilin, respectively [122]. The bilirubin
pathway (illustrated and described in more detail elsewhere [17,41,42,119–122,126]) is
increased with exercise [70], and a better understanding of the pathway regulation may
identify areas that alter the bilirubin half-life that might lead to pathological consequences.

4.2. Biliverdin Reductase and Metabolism

While there are limited studies showing that BVRA is regulated by exercise [70], there
have been supporting studies showing a role for the enzyme in metabolism [50,51,124,125,127].
Adipocyte-specific deletion of BVRA results in adipocyte hypertrophy and increased in-
flammation while decreasing mitochondrial number and markers of adipocyte browning
such as PPARα and β3 adrenergic receptor (Adrb3) [127]. The loss of adipocyte BVRA
also decreases insulin signaling in white adipose tissue contributing to increased fasting
hyperglycemia in knockout mice [127]. These results agree with the finding from obese
human patients who exhibit lower levels of BVRA, increased levels of inflammation, and
increased adipocyte size [128]. CRISPR knockout of BVRA in hepatocytes and kidney
proximal tubules cells induces oxidative stress and lipid accumulation [124,125]. Similarly,
mice with a global knockout of BVRA have increased oxidative stress [41]. Deficiencies in
BVRA also correlate with brain insulin resistance in Alzheimer’s disease patients [129,130].
Administration of BVRA peptides improved intranasal insulin treatment in a mouse model
of Alzheimer’s disease, suggesting a potential therapeutic role for targeting BVRA for
treatment [131].

BVRA also plays an essential role in the development of metabolic diseases associated
with obesity, like NAFLD. Hepatocyte-specific BVRA knockout mice develop more severe
dietary-induced NAFLD as compared to wild-type littermates [50]. The loss of hepatocyte
BVRA increases activation of glycogen synthase kinase 3beta (GSK3β) via decreased levels
of serine 9 (Ser9) phosphorylation which in turn increases serine 73 (Ser73) phosphorylation
of PPARα, increasing protein turnover and decreasing its transcriptional activity [50].
Interestingly, reduced adipocyte levels in BVRA in obese human patients resulted in
significantly more hepatic steatosis and NAFLD [128]. These results suggest that BVRA can
have both direct and indirect effects to contribute to hepatic steatosis and the development
of NAFLD. More studies are needed to determine factors that regulate BVRA expression
and how these are affected by exercise.

4.3. Bilirubin and Metabolic Dysfunction

Bilirubin was once believed to act only as a toxic bile substance and end-product. How-
ever, more recent studies have uncovered potential metabolic benefits of greater yet subclin-
ical bilirubin concentrations. These include its role in ROS scavenging, anti-inflammatory
properties, and reduction in adipocyte size from increased fat oxidation [94,132,133]. While
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marked extreme hyperbilirubinemia (>150 μM) can be a sign of a more ominous clinical di-
agnosis, raised basal concentrations are also associated with protecting metabolic function
(25–50 μM as discussed in [41]). The metabolic syndrome [134] is associated with increased
insulin resistance and oxidative stress, which can also lend significant inflammatory and
cardiovascular risk factors. Increased serum bilirubin concentration acts as a protective
factor against the development of MetS. Subjects with increased basal bilirubin levels have
a lower odds ratio to develop MetS [134]. It is thought this observation is due to the
antioxidant, anti-inflammatory, and hormonal properties of bilirubin (discussed in more
detail above). Conversely, in subjects diagnosed with metabolic syndrome, serum bilirubin
is typically reduced (<10 μM, discussed further in [41]) [135]. Thus, the clinical assessment
of serum bilirubin may have some future utility as a screening or prediction tool for those
with high risk for metabolic dysfunction. In support of this, coronary artery disease severity
was recently predicted with an odds ratio of 0.155 (95% confidence interval), revealing an
inverse relationship between bilirubin and CAD severity [136]. NAFLD was also predicted
in patients with an odds ratio of 0.88 (95% confidence interval), showing a strong inverse
relationship between serum bilirubin and NAFLD [137]. A study of obese children showed
that those with NAFLD had the lowest serum bilirubin [133]. Low bilirubin has also been
associated with a greater risk of cerebral deep white matter lesions in healthy subjects [138],
suggesting that low levels may impair cognitive function or lead to stroke [139–141]. These
studies might suggest that increasing bilirubin levels could be therapeutic for improving
metabolic dysfunction and reducing stroke risk. Factors that induce heme oxygenase pro-
duction of bilirubin, such as nutraceuticals, may have several benefits [63]. These studies
highlight a potential protective effect of bilirubin against metabolic disease and should be
examined further to elucidate more of its positive benefits.

5. Strategies to Improve Metabolic Outcomes through Nutraceuticals

5.1. The Influence of Diet on Antioxidants

Fresh fruit and vegetable intake represent the largest source of dietary antioxidants
that are essential in maintaining health [142]. A great deal of research has evaluated fruit
and vegetable intake as a means to counter the inflammation that has been attributed to
nearly all chronic diseases of modern society, with many studies demonstrating a strong
inverse correlation between fruit and vegetable intake and inflammatory markers [143,144].
Much of the research concerning dietary antioxidants and inflammation has centered on
the Mediterranean diet due to its emphasis on fresh fruit and vegetable intake. Both
cross-sectional and longitudinal trials have demonstrated a substantial lowering effect
for the Mediterranean diet on a wide variety of inflammatory markers, including IL-6,
IL-7, IL-19, CRP, and TNFα [145–147]. This has prompted the use of the Mediterranean
diet in hopes of managing metabolic and vascular diseases, endocrine disorders, and
some cancers [148–150]. Elucidation of specific antioxidants, and the benefits of dietary
supplementation, have been a focus for many current research studies, giving rise to various
nutraceuticals. Below, we describe the effects of such nutraceuticals and their beneficial
actions on the HO-1 pathway and inflammation.

5.2. The Benefits of Moderately Raising Plasma Bilirubin

Natural substances that raise plasma bilirubin have been of interest for reducing
adiposity [63]. One herbal method that is gaining interest in elevating plasma bilirubin
is the use of the milk thistle plant (Silybum marianum) [63]. The plant contains a mix of
polyphenols such as p-coumaric, vanillic acid, silybin, and α-tocopherol [151,152]. The
primary compound in milk thistle that is considered the active component that increases
plasma bilirubin is the silymarin flavonoids that suppress hepatic UGT1A1 [153]. Silymarin
may protect against liver injury and hepatic fat accumulation [154–156]. However, how
milk thistle or silymarin might function combined with exercise in reducing adiposity
is unknown.
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Bilirubin is a potent endogenous antioxidant that the body uses to support oxidative
balance [17,41,42,119–122]. Plasma bilirubin has been empirically correlated with decreased
risk for oxidative disorders such as coronary artery disease (CAD) [42,119]. The theory
of action stemmed from individuals with Gilbert Syndrome, who have a mutation in the
UGT1A1 gene, which causes defective processing of bilirubin [47,126]. Hence, lower hep-
atic UGT1A1 causes higher plasma unconjugated bilirubin [47]. Individuals with Gilbert
Syndrome were found to have decreased incidence of CAD [157]. Previous studies pos-
tulate that unconjugated bilirubin is fluxing back into cells and acting as a scavenging
agent of oxidative radicals. However, researchers have also hypothesized that elevated
serum bilirubin acts as a marker that could predict greater expression or inducibility of
intracellular HO-1, which will increase the intracellular concentration of bilirubin [132].
Using HPLC-TLS, these researchers detected bilirubin levels within vascular endothelial
cells. They also showed that bilirubin within these vascular endothelial cells could ef-
fectively modulate HO-1 upregulation [158]. These findings suggest strong potential for
developing pharmacotherapeutics that can target and upregulate this intrinsic antioxidant
system within the vascular endothelium through the induction of HO-1 and help prevent
or follow the progression of cardiovascular disease. This has the potential to lend more
focused antioxidant and anti-inflammatory therapeutic approaches.

5.3. Vitamin D Repletion

Vitamin D is an important secosteroid in understanding metabolic disease [159]. Vi-
tamin D deficiency (defined as a 25(OH)D level less than 20 ng/dL) is common and
is associated with decreased muscle endurance, function, and strength [160–167]. Vi-
tamin D deficiency is connected to muscle metabolic perturbations, including insulin
resistance [168–170], and is linked to mitochondrial dysfunction [171] in both young and
aged adults. Vitamin D deficiency is highly prevalent in obesity without vitamin D sup-
plementation [172,173]. Obese adults are commonly prescribed a high-dose vitamin D
repletion protocol to combat vitamin D deficiency and obesity-associated vitamin D resis-
tance. Aggressive vitamin D repletion to correct the deficiency is linked to improved muscle
mitochondrial function [171,174]. Increasing vitamin D status is consistently associated
with skeletal muscle lipid deposition and distribution [175–178]. There is also evidence
that vitamin D may improve hepatic steatosis with just 4-weeks of supplementation [179].

Calcitriol, the active form of vitamin D [1,25(OH)2D3], is the only form that can bind
to the Vitamin D receptor (VDR). The VDR is a nuclear receptor transcription factor that
controls gene expression changes that improve mitochondrial function in myotubes [180],
insulin sensitivity, and myocellular lipid partitioning in high fat-treated SkM cells [181]. In
humans, we found that vitamin D combined with aerobic exercise potentiated the metabolic
benefit of training by producing the most intramyocellular lipid (IMCL) loss and increasing
skeletal muscle tissue-level VO2 in older adults at risk for metabolic dysfunction [182].
These benefits were greater than when providing vitamin D repletion or exercising inde-
pendently. These observations are consistent with reports that vitamin D coupled with
exercise has positively affected muscle mitochondrial function [171,174]. In addition, VDR
expression in SkM was increased by exercise [183]. Vitamin D supplementation has been
associated with muscle regeneration and repair [123,145,146], suggesting an additive effect
when combined with vitamin D repletion.

In addition to these findings, vitamin D has been described to have anti-inflammatory
effects and is linked to insulin sensitivity and immuno-modulation [184–186]. Recent
work has also highlighted a novel role of vitamin D in upregulating HO-1 expression in
intestinal cells and reduced expression of macrophage HO-1 with an associated reduction
in conjugated bilirubin [187]. Vitamin D has been shown to block the activation of M-1
macrophages, increase activation of M-2 macrophages, and impair monocyte/macrophage
recruitment [187]. Collectively, these data suggest that vitamin D may ameliorate metabolic
dysfunction by altering lipid availability for oxidation in response to exercise training and
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may help regulate inflammatory pathways. These observations require further exploration
in obesity-inflammation studies.

Along with evidence that vitamin D repletion augments oxidative metabolism [171,174],
we show in a muscle cell line that active calcitriol treatment altered total lipid, lipid species
content, and increased gene expression of PLIN2, a lipid coatomer protein that facilitates
IMCL availability for β-oxidation [188,189]. PLIN2-containing lipid droplets are also pref-
erentially used during moderate-intensity exercise [190], suggesting that increased PLIN2
expression may increase lipolytic potential. In vitro findings from our group [180,181] indi-
cate increased PLIN2-associated lipid accumulation and lipolysis after calcitriol treatment.
These changes suggest an increased lipid flux—defined here as the rate at which lipids pass
through SkM via IMCL accumulation and oxidation—and, by association, a decrease in
lipid-mediated pathologies [191]. These cell culture results suggest that vitamin D is in-
volved in muscle lipid packaging, partitioning, and mitochondrial lipid oxidation. Together
with data showing that exercise improves muscle sensitivity to vitamin D storage and reten-
tion [192], evidence of muscle adaptations to the combination of vitamin D supplementation
with exercise are tightly connected with improved mitochondrial function and may serve
an integral role in delaying stagnant ectopic fat infiltration and metabolic dysfunction.

5.4. Nitrate from Foods and Dietary Supplements

Dietary nitrate is predominately found in green leafy vegetables and concentrated
food sources (e.g., beetroot juice) and dietary supplements. Physically active individuals
commonly use this EE to increase plasma nitrate concentrations and subsequently increase
nitric oxide availability [193]. Increasing nitric oxide via the nitrate-nitrite-NO signal-
ing pathway (with supplemental dietary nitrate) has been shown to decrease NADPH
oxidase-derived oxidative stress via HO-1 induction and reduce p47phox expression [194].
Metabolically, nitrate has also been shown to reduce the oxygen cost of exercise [195] and
improve exercise tolerance, economy, and performance. These benefits may also extend to
those newly committed to exercise to lose fat and improve metabolic function. In addition
to these observations, it seems reasonable that dietary nitrate may also work alongside
exercise to preserve endothelial function [196]. Basaqr et al. recently found that four weeks
of concentrated beetroot juice combined with vitamin C improved endothelial function
and the lipid profile of overweight subjects with evidence of endothelial dysfunction [197].
The exact mechanism of action to explain these findings is unknown but is partially ex-
plained by the combined antioxidant effects of vitamin C and concentrated dietary nitrate
supplements to decrease oxidative stress [198–201]. Improvements in blood lipids from
others suggest that dietary nitrate supplementation with the addition of vitamin C (or
other nutraceutical antioxidants) may be a valuable dietary approach alongside exercise to
improve metabolic and cardiovascular health [60,61]. Future studies could determine how
these impact exercise, inflammation, and metabolic outcomes.

5.5. Vitamin E Supplementation

Vitamin E (α/γ-tocopherol) is one of the most important dietary antioxidants that
play a critical role as a radical savaging agent and mechanistic inducer [202]. Vitamin E acts
as a potent antioxidant to neutralize free radicals and superoxide by using its free hydroxyl
group to accept unpaired electrons [203]. Furthermore, unlike other dietary antioxidants
(e.g., vitamin C, carotenoids, etc.), Vitamin E is uniquely connected with exercise-induced
oxidative stress and insulin sensitivity. The regulation and distribution of Vitamin E are
controlled by alpha-tocopherol transfer protein (α-TTP) in the liver. α-TTP secretes Vitamin
E from the liver by releasing α-tocopherol into the circulation. However, this mechanism is
still not clearly understood [204]. Data suggests that α-TTP is lower when the α-tocopherol
levels are low and subjects with an α-TTP gene (TTPA) knockout presented with symptoms
of vitamin E serum deficiency [202]. The α-TTP is also known to be induced by hypoxic
states and stress-induced free radical production [205]. The administration of vitamin E in
hypoxic states (similar to hypoxia observed with high-intensity exercise) has mitigated ROS-
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related biochemical changes in many tissues by preventing increases in malondialdehyde
and myeloperoxidase and protecting against lipid peroxidation [206]. This hypoxia-based
regulative mechanism has the potential to be evident during times of exercise; however,
this hypothesis has yet to be tested. The rationale behind this hypothesis is that during
exercise, hypoxia-induction of α-TTP will help increase serum α-tocopherol and protect the
cells from free-radical damage during exercise-induced oxidative stress. This tocopherol
can also provide non -antioxidant functions and induce mRNA levels of transcription
factors, PPARγ, and the hormone, adiponectin [207,208]. Adiponectin and PPARγ are
activated by vitamin E and are known to improve insulin sensitivity in diabetes. The
vitamin E-induction of PPARγ is not through direct binding but through the increase in
15d-PGJ2, a commonly described ligand of PPARγ [208] that is also known to induce HO-1
through p38 MAP kinase and the Nrf-2 pathway [209]. This induction may further increase
exercise-induced HO-1 activation and influence the BVRA-bilirubin-PPARαaxis. Both
Vitamin E and PPARs are valuable targets in hepatic protection in non-alcoholic hepatic
steatosis and fibrosis [210].

6. Conclusions

Exercise has clear benefits in reducing adiposity and inflammation while improving
insulin sensitivity. A deeper understanding of the mechanisms of how exercise functions
to improve these beneficial actions is needed. While bilirubin was once thought to be a
harmful bile substance, current research argues otherwise and that slightly elevated levels
have numerous health benefits against metabolic dysfunction. Studies on how exercise
influences factors such as heme oxygenase, BVRA, and UGT1A1 that control bilirubin’s
turnover (half-life) are needed. Furthermore, nutraceuticals that activate and control these
pathways might be beneficial in improving weight-loss regimens. Investigations in these
areas might also benefit patients with inflammatory disorders as increasing plasma bilirubin
has anti-inflammatory properties that probably originate from its antioxidant and hormone
(as a ligand for PPARα) properties. Future work determining the interplay of exercise and
nutraceuticals has many health benefits to help a broad spectrum of diseases.
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Abstract: Heme oxygenase has been implicated in the regulation of various immune responses
including complement activation. Using a transgenic rat model of HO-1 depletion, the present study
assessed the effect of HO-1 absence on the expression of complement regulatory proteins: decay
accelerating factor (DAF), CR1-related gene/protein Y (Crry) and CD59, which act to attenuate
complement activation. Protein expression was assessed by immunohistochemistry in kidney, liver,
lung and spleen tissues. DAF protein was reduced in all tissues retrieved from rats lacking HO-1
(Hmox1−/−) apart from spleen tissue sections. Crry protein was also reduced, but only in Hmox1−/−

kidney and liver tissue. C3b staining was augmented in the kidney and spleen from Hmox1−/−

rats, suggesting that the decrease of DAF and Crry was sufficient to increase C3b deposition. The
observations support an important role of HO-1 as a regulator of the complement system.

Keywords: complement; heme oxygenase (HO)-1; complement regulatory proteins

1. Introduction

Heme oxygenase (HO)-1 is a well-known cytoprotective enzyme, mainly due to its
ability to degrade heme into the established antioxidant and anti-apoptotic metabolites
products bilirubin, biliverdin and carbon monoxide (CO). Furthermore, it has been impli-
cated in the regulation of various cellular, biological and immunological responses. As an
integral part of cell defense mechanisms against oxidative stress, HO-1 expression is in-
duced in various tissues upon specific stimuli, including hypoxia, inflammatory cytokines
or hemolysis, and is regulated by the transcription factor Nrf2 (Nuclear factor erythroid
2-related factor 2). HO-1 is also induced in many pathological conditions, while its expres-
sion levels vary greatly between different organs, as well as between the various organ cell
types. In the lung, HO-1 induction is detected predominantly in pneumocytes II and in
alveolar macrophages in both inflammatory, such as acute respiratory distress syndrome
(ARDS), and vascular abnormalities [1], while in the liver it is found primarily in Kupffer
cells in conditions of ischemia or toxic injury [2,3]. In the kidneys, it is primarily induced in
tubules, both in glomerular and tubulointerstitial diseases of various etiologies [4].

Recently, it was demonstrated that HO-1 regulates complement activation, both by
generation of heme degradation products (bilirubin and CO) [5] and by limiting levels
of unbound heme, which activates the complement system [6]. This finding implies that
HO-1 may possess an important role in limiting excessive complement activation. The
complement system is a key mechanism of the innate immunity. Its activation involves
mainly three pathways: (i) the classical pathway, in which antibodies bound to antigen
lead to the recruitment of the C1 complex; (ii) the alternative pathway, which remains
continuously active at a low level due to spontaneous hydrolysis of C3 to C3 (H2O); and
(iii) the mannose-binding lectin (MBL) pathway, in which MBL protein binds to its target
(for example, mannose on the surface of a bacterium) and MASP (Mannan-binding lectin

Antioxidants 2023, 12, 61. https://doi.org/10.3390/antiox12010061 https://www.mdpi.com/journal/antioxidants
153



Antioxidants 2023, 12, 61

serine protease) 1 cleaves C4 into C4a and C4b. Activation of any of the three pathways
leads to the C3 step, at which C3 cleavage by the C3 convertases generates active C3b.
Binding of the C3b-active fragment to the C3 convertase results in deactivation of the C3
convertase and formation and activation of the C5 convertase, which cleaves circulating C5
into active C5a and C5b fragments. C5b generation enables activation of the terminal step,
in which the membrane attack complex (MAC, C5b-9), a pore-like structure causing lysis of
targeted cells, is formed [7–9]. Moreover, C3a and C5a, known to act as anaphylatoxins,
recruit and activate various immune cells.

Complement activation is a central mechanism in many renal immune-mediated condi-
tions. Its important role has been demonstrated in experimental models of immune- medi-
ated forms of glomerular injury, such as Heyman nephritis [10], resembling membranous
nephropathy, and the anti-glomerular basement membrane (GBM) model [11], resembling
anti-GBM disease, also known as Goodpasture’s syndrome. It also plays a key role in me-
diating kidney injury and progression to end-stage renal disease in a plethora of human
kidney diseases. C3 glomerulopathy, a recently characterized disease entity that includes
dense deposit disease (DDD) and C3 glomerulonephritis (C3 GN), is driven by uncontrolled
activation of the alternative complement pathway [12]. Apart from the established role
of complement activation in renal diseases, a potential role for complement has also been
reported in lung and injury. Increased levels of complement factors have been measured
in various conditions leading to lung injury, such as ARDS, pulmonary arterial hyperten-
sion (PAH) and idiopathic pulmonary fibrosis (IPF) [13]. Complement activation has also
been implicated in non-alcoholic fatty acid liver disease (NAFLD) leading to non-alcoholic
steatohepatitis (NASH), with increased deposition of complement factors around steatotic
hepatocytes and reported to be associated with disease progression and a proinflammatory
profile [14]. Finally, a previous study utilizing complement factor H (CFH)-deficient mice
reported the development of splenomegaly with distorted spleen architecture [15].

Activation of the complement system is controlled by complement regulatory proteins
(CRPs), which ensure maintenance of balanced activation of all three complement pathways
by acting at multiple steps of the cascade [16]. Given the fact that activation of C3 is the key
step in complement activation, it is not surprising that several of the regulatory proteins act
at the C3 convertase step. In the rat, cell membrane-bound CRPs include decay accelerating
factor (DAF), CD59 and CR1-related gene/protein Y (Crry) [17], which is considered as
the murine analogue of the human membrane cofactor protein (MCP) [18,19]. CRPs are an
important group of cell surface glycoproteins and share similar structural and functional
characteristics. CRPs are all transmembrane proteins attached on the cell surface, allowing
for the remaining part of the protein structure to perform its function. Specifically, DAF
and CD59 are attached on the cell membrane via a glycosylphosphatidylinositol (gpi)-
anchor, while Crry is attached via a transmembrane domain [13]. They are all initially
synthesized in the cell nucleus and subsequently undergo heavy N- and O- glycosylation
until they finally reach the cell membrane [14,15]. Soluble forms of DAF and CD59 have
also been identified, both in humans and rats [7]. Upon anchoring on the cell membrane,
DAF and Crry promote the decay of C3 and C5 convertases, thereby limiting the extent
of complement cascade activation, whilst CD59 acts solely on the final step of C5b-9
(membrane attack com-plex MAC) formation and activation, thereby limiting cell lysis.
Therefore, the balanced activation of the complement cascade in healthy systems largely
depends on the functional integrity of these CRPs.

We previously reported a reduction in glomerular DAF expression in HO-1 knock out
(Hmox1−/−) rats, which was sufficient to minimize C3b deposition upon injury caused by
administration of a complement fixing antibody against the GBM [20]. However, the effect
of HO-1 depletion on other complement regulatory proteins, both in renal and extra-renal
tissues, was not assessed. The present study examined protein levels of CRP (DAF, Crry,
CD59), levels of the cleavage product of complement component C3 (C3b), and levels of
the complement component 3a receptor (C3aR) in the kidney, lung, liver and spleen of
Hmox1−/− rats.
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2. Materials and Methods

2.1. Animals

Sprague Dawley rats were reared in accordance to the European Union Directive for care
and use of laboratory animals, and all procedures were approved by the Hellenic Veterinary
Administration and the ethical committee of ‘Evangelismos’ Hospital. For generation of
transgenic rats, all procedures described were conducted according to the U.S. Department
of Health and Human Services Guide for the Care and Use of Laboratory Animals.

HO-1 knock out animals (homozygotes, Hmox1−/−) were obtained through breeding of
Hmox1+/− rats, generated as previously described [21]. All invasive experimental procedures
were carried out under ketamine:xylazine (1: 3, 0.1 mL/100 g body weight) anesthesia.

2.2. Tissue Retrieval and Immunohistochemistry

Wild type (WT) or Hmox1−/− kidney, lung, liver and spleen tissue samples were fixed
in formalin (30%)-buffered saline for 24 h. Tissues were dehydrated with graded ethanol
solutions (80–90%) and embedded in paraffin prior to sectioning (4-μm-thick sections). Sec-
tions were applied to Poly-L-Lysine-coated slides and left at 55 ◦C for paraffin excess removal.
Sections were incubated with either of anti-rat DAF (clone: RDIII-7), Crry (clone: TLD-1C11),
CD59 (clone:TH9), C3/C3b (clone: 2B10B9B2) (Hycult, Uden, Netherlands) and C3aR (clone:
D-12), (DTX, Santa Cruz, CA, USA) primary antibodies, followed by incubation with species-
specific secondary antibodies, using established techniques. Sections incubated in the absence
of primary antibody served as negative controls. For the staining process, deparaffinization,
rehydration and antigen retrieval were performed by heating the slides in a PT module (PT
Link, DAKO, CA, USA) for 20 min at 96 ◦C, at high pH (EnVision FLEX Target Retrieval
Solution, High pH (50X), DAKO, Santa Clara, CA, USA). Endogenous peroxidase was blocked
by incubating the slides with hydrogen peroxide 3% for 15 min at room temperature. Sections
were incubated with the primary antibodies overnight at 4 ◦C, at a dilution of 1:50 for each
marker. After rinsing with tris buffer solution, slides were incubated with EnVision FLEX
HRP (DAKO, Santa Clara, CA, USA), for 30 min at room temperature. DAB was used as
chromogen and was provided by EnVision FLEX KIT (DAKO, Santa Clara, CA, USA). Sections
were incubated with DAB for 6 min at room temperature.

3. Results

3.1. Effect of HO-1 Depletion on DAF Expression

Immunohistochemistry for assessment of DAF expression in Hmox1−/− tissues re-
vealed reduced DAF staining in kidney, liver, lung and spleen tissue. DAF staining did not
differ in Hmox1−/− spleen tissue compared to WT (Figure 1) (Table 1). Staining for DAF
in kidney sections was observed in glomerular epithelial cells (podocytes). This is in line
with previous reports demonstrating constitutive expression of DAF exclusively in renal
podocytes [22]. DAF staining in the liver was observed in hepatocytes (Figure 1) with a
reduction of expression in liver tissue from Hmox1−/− rats. A reduction of DAF staining
was also observed in the lung, in which DAF was mainly detected in the lung parenchyma.

Table 1. CRP and C3aR expression in WT and Hmox1-/- tissue samples and C3b deposition.

Kidney Liver Lung Spleen

WT Hmox1−/− WT Hmox1−/− WT Hmox1−/− WT Hmox1−/−

DAF + − + − (↓) + − (↓) + +

Crry + − (↓) + − (↓) ++ + (↓) − −
CD59 − − − − − − − −
C3b − + (↑) − − ++ − − +

C3aR ++ + + ++ (↑) ++ + (↓) ++ + (↓)
Scale: −, +, ++ indicate no staining, variable staining and marked staining, respectively. ↓ reduced protein
expression, ↑ increased protein expression.
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Figure 1. Immunostaining of DAF in tissue sections obtained from WT and Hmox1−/− rats. Reduced
DAF staining was observed in kidney, liver and lung tissue. No apparent differences in DAF staining
in spleen tissue sections were shown in Hmox1−/− rats. Magnification ×200.

3.2. Effect of HO-1 Depletion on Crry Expression

Reduced Crry staining was observed in kidney, liver and lung tissue sections from
Hmox1−/− rats (Figure 2, Table 1). On the contrary, Crry could not be detected in spleen
sections (Figure 2). In the kidney, reduced Crry expression was observed mainly in renal
tubular cells and in glomerular endothelial and epithelial cells (Figure 2). A segmental
staining along the capillary walls was also observed in glomeruli. Crry expression was
substantially diminished in Hmox1−/− rats in both glomerular and tubular compartments.
In the liver, Crry was located primarily in hepatocytes, with almost complete absence in liver
tissue section obtained from HO-1 depleted rats. In WT liver sections, Crry immunostaining
was also observed in sinusoid areas and was absent in Hmox1−/− rats. In the lung, Crry
was localized primarily in the alveolar walls in lung tissue sections of WT rats, with no
change of immunochemical staining in the lung tissue of Hmox1−/− compared to WT rats
(Figure 2, Table 1).

156



Antioxidants 2023, 12, 61

Figure 2. Crry immunostaining of tissues obtained from WT and Hmox1−/− rats. Crry was detected
in all tissues apart from spleen. Reduced Crry protein staining was demonstrated in kidney, liver and
lung tissue section with no apparent changes in spleen tissue sections. Magnification ×200.

3.3. Effect of HO-1 Absence on CD59 Expression

CD59 staining was not detected in any of the tissues examined (Figure 3, Table 1).
Lung Hmox1−/− tissue exhibited some areas of staining, but this was nonspecific.
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Figure 3. CD59 immunostaining of WT and Hmox1−/− rat tissue sections. CD59 was undetectable in
all tissues examined. Magnification ×200.

3.4. C3b Deposition in Hmox1−/− Tissue Samples

C3b staining in kidney sections obtained from Hmox1−/− rats revealed focal (present
in some glomeruli) glomerular deposition (Figure 4, Table 1) compared to WT kidney
sections, in which no C3b expression was detected. Specifically, segmental glomerular
staining, located in mesangial and endothelial cells of Hmox1−/− kidney tissue sections,
was observed. In liver sections from Hmox1−/− rats, there was bridging consisting of
inflammatory cells between central veins and biliary ducts with no C3b deposition. In
the lung parenchyma of WT rats, C3b immunolocalized in alveolar walls and in cells
surrounding bronchioles. On the contrary, in lung parenchyma of Hmox1−/− rats, C3b
deposition was barely detectable. Increased C3b deposition, mainly in the red pulp and, to
a lesser extent, in the marginal zones, periarteriolar sheath (PALS) and germinal centers,
was detected in Hmox1−/− spleen sections (Figure 4, Table 1).
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Figure 4. C3b staining of WT and Hmox1−/− rat tissue sections. Staining of C3b was detected in
kidney, lung and spleen tissues sections. Magnification ×200.

3.5. Effect of HO-1 Depletion on Complement Component 3a Receptor (C3aR)

C3aR staining was detected in both tubules and glomeruli of kidney tissue sections
(Figure 5, Table 1). In glomeruli, C3aR immunolocalized predominantly in podocytes and
was reduced in those of Hmox1−/− rats. Faint cytoplasmic C3aR staining was observed in
hepatocytes of WT rats (Figure 5, Table 1). This was substantially augmented in hepatocytes
of Hmox1−/− rats. In lung tissue sections, cytoplasmic C3aR staining was observed in
bronchial epithelium of WT and Hmox1−/− rats, with a significant reduction of expression
in the latter. In spleen tissue, C3aR staining was detected in red and white pulp of both WT
and Hmox1−/− rats, with weaker staining in Hmox1−/− rats (Figure 5, Table 1).
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Figure 5. C3aR staining of WT and Hmox1−/− rat tissue sections. Staining of C3b was detected in all
tissue sections examined. Magnification ×200.

3.6. Effect of HO-1 Depletion on Tissue Morphology

A mild mesangial hypercellularity in kidney tissue was noticed in Hmox1−/− rats
(Figure 2). Lung tissue displayed focal inflammation, mainly with peribronchial distribution
(Figure 3). Moreover, absence of HO-1 in the liver resulted in periportal inflammatory
infiltrates (Figure 2) and “bridging” consisting of inflammatory cells. Specifically, Hmox1−/−
rats showed increased portal inflammation consisting mainly of lymphocytes in the liver.

4. Discussion

In the current study, we used a previously generated and phenotypically characterized
HO-1 deficient rat model to identify potential interactions of HO-1 with CRPs and unravel
additional HO-1 complement-related functions. In the transgenic model used, complete
deletion of Hmox1 locus via zinc finger nuclease (ZFN)-mediated gene disruption was
achieved. Efficiency of Hmox1 ablation was validated by both western blotting and Real-
time PCR amplification, revealing the complete absence of HO-1 protein and mRNA in renal
and extra-renal (lung, liver, spleen) tissues of Hmox1−/− rats, respectively [23]. Moreover,
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HO-1 deficiency was associated with a renal dysfunction phenotype, characterized by
both albuminuria and increased serum creatinine, which accompanied specific glomerular
histological alterations, defined by mild mesangial expansion and segmental scleroses.
Electron microscopy study of glomeruli also revealed segmental effacement of podocytes
foot processes. The generation of this transgenic model confirmed that HO-1 regulates
DAF in glomeruli, with functional consequences in terms of C3b deposition.

In the kidney, constitutive expression of DAF is restricted exclusively in glomerular
epithelial cells (podocytes) [22]. This was verified in the present study, which demonstrated
a reduction in DAF staining in glomeruli of Hmox1−/− rats (Figure 1). Our previous work
has also demonstrated that HO-1 ablation in transgenic rats resulted in a reduction of
glomerular DAF expression [7], while podocyte-specific HO-1 overexpression increased
DAF expression and reduced glomerular C3b deposition following administration of the
complement fixing antibody anti-GBM.

The assessment of changes in tissue detection of CRPs other that DAF in WT and
Hmox1−/− kidneys demonstrated that the most apparent differences were observed for Crry
protein, which restricts complement activation via both alternative and classical pathways.
A reduction of Crry was observed in Hmox1−/− kidney, liver and lung tissue. In contrast,
CD59, which limits C5b-9-mediated cytotoxicity and specifically collaborates with Crry
to control complement activation [24], could not be detected in either WT or Hmox1−/−
rat tissues examined. Crry has been reported to functionally resemble MCP, while at the
structural level, it shares more similarities with CR1, as it is attached on the cell via a
transmembrane domain and does not possess any serine-threonine-rich structures [25].
The reduction of DAF and Crry protein staining observed in kidney tissue was associated
with increased deposition of C3b (Figure 4), supporting a functional significance of this
regulatory effect of HO-1 on these two CRPs.

Regarding the pathological consequences of HO-1 defective activity in renal
parenchyma, previous results suggest that HO-1 absence results in lesions resembling
focal segmental glomerular sclerosis (FSGS) in the kidney [23], a finding confirmed in
the present study. Moreover, it was recently reported that reduced DAF expression may
promote development of FSGS [26]. This was verified in DAF knock out mice and a model
of adriamycin (ADR) induced nephropathy. The same study also confirmed reduced levels
of DAF staining in human tissue specimens from patients with FSGS, with a simultaneous
increase in C3b deposition, suggesting that lack of DAF results in FSGS lesions and that
injury is primarily mediated by the C3a–C3aR axis [26]. In the present study, we also
observed a significant decrease in DAF expression coupled with increased C3b staining in
Hmox1−/− rat kidney sections, albeit C3aR staining was reduced compared to WT. This find-
ing suggests that reduced DAF expression may also contribute to the development of FSGS
lesions previously reported in HO-1 deficient rats [23]. Reduced immunostaining of DAF
and Crry was also observed in Hmox1−/− liver tissue. However, there was no change in C3b
detection, suggesting that the reduced expression of DAF and Crry, consequent to HO-1
depletion, in liver tissue was not sufficient to increase complement deposition and that
lesions observed (periportal inflammatory infiltrates and bridging) are not mechanistically
linked to reduced DAF or Crry levels.

In our study, it was not possible to assess changes in CD59, as this was not detected in
any of the tissues. This is in contrast to previous studies, in which CD59 expression has
been verified in kidney and stomach tissue samples [27,28]. The reason for this discrepancy
could be related to detection methods used.

An effect of HO-1 ablation on C3aR expression was also observed in kidney, lung
and spleen tissue, in which this receptor was reduced, and in liver tissue, in which it was
augmented. C3aR is a G-protein-coupled receptor [29], via which C3a modulates immunity
and certain cancers [30]. It also promotes podocyte autophagy and apoptosis [31]. Although
C3aR function is not related to the function of CRPs, it is also attached on the cell membrane
due its receptor function. A differential effect of HO-1 depletion on C3aR expression was
identified in the present study, depending on the specific tissue, and it indicates a plausible
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effect of HO-1 on the C3-C3aR axis, thus extending its role as a contributor to the balanced
complement cascade activation.

In a previous study assessing expression of complement factors in rat podocytes,
increased C3aR expression was observed in glomeruli in puromycin (PAN)-induced renal
injury, and this was accompanied by increased glomerular DAF expression [28]. In the
present study, we observed decreased DAF immunostaining accompanied by a decrease in
that of C3aR in the absence of injury. The reduction in DAF and Crry expression would
be expected to increase C3aR expression, as the C3a-C3aR axis mode of action would
be stimulated. However, our results indicate that the reduced DAF and Crry expression
observed in Hmox1−/− rats was not sufficient to augment C3aR expression.

A mechanism by which HO-1 can regulate expression of CRPs could involve effects on
the transcription factor Sp1, which is activated by the heme degradation product, CO [32].
Constitutive CD59 and DAF expression was shown to depend on Sp1 binding to specific
promoter regions [33]. Further, the C3aR gene was shown to also include recognition
sequences for Sp1 [34].

5. Conclusions

The present study provides an immunohistochemical characterization of the effect of
HO-1 on CRP expression in various tissues. The study assesses the tissue-specific effect of
HO-1 on CRP expression and shows a more prominent effect in the kidney, supporting the
important role of HO-1 in mediating immune-mediated kidney injury. The observations
further support the role of HO-1 as a regulator of complement activation.
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Abstract: The protein heme oxygenase (HO)-1 has been implicated in the regulations of multiple
immunological processes. It is well known that kidney injury is affected by immune mechanisms
and that various kidney-disease forms may be a result of autoimmune disease. The current study
describes in detail the role of HO-1 in kidney disease and provides the most recent observations of
the effect of HO-1 on immune pathways and responses both in animal models of immune-mediated
disease forms and in patient studies.

Keywords: heme oxygenase; kidney; immune injury

1. Introduction

Heme oxygenase (HO)-1 has been linked to the regulations of immunological and
pathophysiological processes, such as inflammation, apoptosis and cytoprotection, mainly
through its downstream effector molecules, carbon monoxide, bilirubin and biliverdin.
Inflammation and autoimmune diseases are key factors for kidney disease. In the kidney,
glomerular capillaries may become targets of inflammation, ultimately leading to severe
and irreversible tissue injury. The involvement of HO-1 in immune-mediated forms of
kidney injury has been studied extensively. The current study describes in detail the
potential role of HO-1, in various forms of kidney injury, as a mediator of immunological
mechanisms that drive disease manifestation and progression.

The various forms of kidney injury usually occur due to injury of the renal glomerulus.
Due to their highly specialized structure and function, renal glomeruli are known to be
particularly vulnerable to injury. Briefly, the glomerulus (Figure 1) is a tri-cellular structure
surrounded by the glomerular (Bowman’s) capsule. Endothelial cells line the luminal side
of the glomerular basement membrane (GBM); epithelial cells, also known as podocytes,
are anchored on the outer surface of the GBM; and mesangial cells support the capillary
loops. Glomeruli form a complex microvascular bed, the glomerular tuft, that functions as
a highly selective plasma filter while retaining high-molecular-weight molecules and cells
in circulation (Figure 1).
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Figure 1. Schematic representation of the glomerulus. The glomerulus is a cluster of capillaries
within the Bowman’s capsule. Three different cell types comprise the glomerulus: endothelial cells,
epithelial cells (podocytes) and mesangial cells. Endothelial cells are fenestrated, while mesangial
cells and the mesangial matrix support the glomerular capillaries. Podocytes are located on the
urinary side of the glomerular basement membrane, and they have long foot processes that wrap
around the glomerular capillaries.

2. HO-1 and IgA Nephropathy

IgA nephropathy is a form of chronic glomerulonephritis characterized by the depo-
sition of IgA immune complexes in glomeruli. It is the most common form of glomeru-
lonephritis worldwide [1]. The majority of cases are idiopathic, but in recent years, sec-
ondary forms of the disease have appeared after various infections (Haemophilus parain-
fluenzae, HIV, cytomegalovirus) [2].

Symptoms include the onset of macroscopic hematuria usually one or two days after a
febrile infectious episode, thus mimicking infectious glomerulonephritis. Urine analysis of
patients with IgA has detected the presence of deformed red blood cells and sometimes
red blood cell casts. Mild proteinuria (<1 g/day) is also typical and may occur without
hematuria, while serum creatinine levels are usually normal at diagnosis [3].

The pathogenic mechanism that causes IgA nephropathy remains unknown, but
accumulated evidence has led to the “four-hit hypothesis”, starting with an abnormal
glycosylation pattern of IgA (galactose-deficient IgA1) manifested through increased levels
of poorly O-galactosylated IgA1 (gd-IgA1) in blood circulation, which causes the production
of circulating auto-antibodies and consequentially the formation and deposition of immune
complexes in the mesangium [4,5].

IgA nephropathy diagnosis is confirmed with renal biopsy and immunofluorescence
methodology, which reveal granular IgA and complement factor 3 (C3) deposits located in
the mesangium with foci of proliferative or necrotic segmental lesions. However, mesangial
IgA deposits are considered non-specific and may be detected in many other disorders,
such as immunoglobulin A-related vasculitis, HIV infection, psoriasis, lung cancer and
several other disorders of the connective tissue. Examination of kidney tissue sections,
obtained from IgA patients, under an electron microscope showed increased cellularity
and an increased matrix in the mesangium, endocapillary proliferation of neutrophils and
subendothelial deposits. Finally, normal levels of complement factors are detected with
immunoassays, while an elevated IgA plasma concentration may sometimes be detected
with serum electrophoresis [6].

166



Antioxidants 2022, 11, 2454

Nitric oxide (NO) and advance oxidation protein products (AOPP) are strong markers
of oxidative stress, and their elevated concentrations have been determined in serum sam-
ples of patients with severe IgA glomerulopathy [7]. Nakamura et al. compared patients
who suffered from IgA nephritis with healthy controls, revealing that exposure to oxidative
stress in IgA was of detrimental importance to the progression of renal injury [8]. This could
be due to under-expression of superoxide dismutase (SOD) and the consequent exacerba-
tion of tissue injury due to suppression of reactive oxygen species (ROS) scavenging ability
(10). Furthermore, studies have identified a dinucleotide guanosine thymine (GT) repeat
polymorphism of the HO-1 gene promoter that results in increased HO-1 expression when
the GT length is shorter (S-allele) rather than when it is longer (L-allele). These two different
alleles may influence the onsets and progressions of many different renal diseases [9], and
several studies have shown a direct association between short (GT)n repeats and a higher
induction rate of HO-1, which promotes the progression of IgA nephropathy [10].

Following intravascular hemolysis, free heme, the natural substrate of HO-1 and a
powerful activator the complement cascade, is released. Heme has been reported to activate
the alternative complement pathway [11] and may therefore be implicated in complement-
mediated renal injury [12]. Free heme influences innate immune responses through the
activation of Toll-like receptor 4 and ROS-dependent pathways, which in turn, through
complex signaling pathways, promote the expression of proinflammatory cytokines. In
addition, heme degradation byproducts (CO, biliverdin, bilirubin) and HO-1 constitute key
molecules that upregulate the secretion of anti-inflammatory cytokines, such as IL-10 [13]
(Figure 2). On the other hand, many pro-inflammatory enzymes, such as cyclooxygenase-2
(COX-2) and inducible nitric oxide synthase (iNOS), are in fact hemoproteins whose func-
tions may be impaired due to insufficient free heme once that heme has been catalyzed by
HO-1 [14]. Micro and/or macroscopic hematuria is a typical symptom of IgA nephropa-
thy that suggests potential induction of HO-1 in the glomeruli [15]. A previous study
used various concentrations of hemin to induce glomerular HO-1 expression in vitro and
reported that when the concentration of hemin reached a critical level of 200 μM, HO-1
expression started to diminish. This could partly be explained by the fact that various forms
of glomerular disease display increased levels of free radicals (OH−), hydrogen peroxide
(H2O2) and active Fe2+. These may be further augmented by heme degradation of HO;
therefore, a HO-1 expression-limiting mechanism may be necessary [16].

The clinical course of IgAN is highly variable. In many cases, the disease goes unno-
ticed and requires no treatment. The most important parameters that influence disease
progression include the degree of proteinuria, uncontrollable hypertension and histopatho-
logical lesions on biopsies [17].

Patient assessment is usually performed with the “IgA Nephropathy Prediction Tool”
(IIgAN-PT) that uses parameters such as histological findings, eGFR, the degree of pro-
teinuria, the blood pressure value, medication prior to biopsy and demographics (sex, age,
ethnicity) in order to estimate the individual five-year risk of renal progression toward
end-stage renal disease (ESRD). Independently of IIgAN-PT results, all patients should
receive supportive hypertension and proteinuria treatment. Supportive therapy consists of
medications that inhibit the renin–angiotensin axon, such as angiotensin receptor blockers
(ARB) or angiotensin-converting enzyme inhibitors (ACEi) [18]. These reduce both systemic
and intraglomerular blood pressure—and thus glomerular injury due to hypertension—and
lower the degree of proteinuria. If a patient’s eGFR is greater than 30 mL/min/1.73 m2,
the addition of sodium–glucose co-transporter 2 (SGLT2) to their therapy could further
reduce proteinuria [19]. Finally, due to toxicity effects, the use of steroids is only supported
in cases of rapid declines in renal function and uncontrolled increases in proteinuria [20].
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Figure 2. HO-1 immunomodulatory effects in glomerular diseases. Schematic representation of the
effect of HO-1 in diseases that affect the glomerulus.

3. HO-1 and Membranous Nephropathy (MN)

MN is an autoimmune glomerular disease and a major cause of nephrotic syndrome in
the adult population. Symptoms include insidious onset of edema, prominent proteinuria
with mild urinary sediment, normal or deteriorating renal function and normal or elevated
blood pressure [21]. Spontaneous remission can be seen in about 30% of patients. In most
cases (about 70%), MN is reported as idiopathic. In these cases, antibodies against the
M-type phospholipase A2 receptor (PLA2R) found in podocytes are linked to that specific
locus and form immune complexes in situ that activate the complement membrane attack
complex (MAC, C5b-9). However, MN can also develop as secondary MN due to a specific
etiological factor. The main causes are solid tumors (lung, colon, rectum, kidney, breast,
stomach), autoimmune diseases and microbial infections. In fact, in areas that are endemic
of infections, such as malaria or schistosomiasis, the latter will consist of the main cause of
MN [21].

The diagnosis of MN is also based on renal biopsy. Optical microscopy reveals the
diffuse thickening of the GBM as a reaction to the subepithelial formation of immune
complexes. No cellular hyperplasia or inflammatory cells are detected. The glomerular
basement membrane thickens in a homogeneous way but gradually creates protrusions into
the subepithelial space that eventually embrace and integrate the immune complexes into
it. Immunofluorescence detects granular deposits of IgG and C3 along the basement mem-
brane, while electron microscopy uncovers diffuse effacement of podocyte foot processes,
as well as dense deposits in the subepithelial area [21].

Heymann et. al. described for the first time an experimental rat model of MN in
which the pathogenic role of immune complexes was confirmed [22]. Heymann nephritis
(HN) was induced through injections of proximal tubule brush border antigens (active HN)
or their corresponding antibodies (passive HN) into rats. The autoantigen target in HN
is megalin, a transmembrane protein located in the brush border of the proximal tubule
and on podocyte foot processes in rats [23]. Studies of active and passive HN proved that
subepithelial deposits are formed in situ against a constitutional endogenous antigen rather
than through a circulating immune complex [24]. The HN model has allowed researchers
to identify the important role of complement-mediated cytotoxicity in podocyte injury and
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proteinuria in this model. Early studies in HN showed co-localization of C3 and C5b-9 to
the immune deposits. Furthermore, it was shown that the podocytes that were present
in the urine of passive HN rats were coated with C5b-9 [25]. HN progression correlated
with persisting urinary excretion of C5b-9, indicating continuous complement activation at
the GBM.

Membrane-bound proteins, known as complement regulatory proteins (CRPs), act to
eliminate complement activation and therefore MAC formation and lysis. A well-known
CRP is the decay-accelerating factor (DAF, CD55). The DAF accelerates the decay of C3
and C5 convertases and thus restricts MAC formation [26]. In rats, other CRPs are Crry
and CD59 [26]. Studies of DAF expression in rats have revealed constitutive DAF expres-
sion exclusively in podocytes [27]. In order to study the protective role of the DAF in
complement-induced podocyte injury, a previous study generated a transgenic rat model of
DAF depletion (Daf−/−) [28]. Histological, clinical, and biochemical examinations (creati-
nine levels, albuminuria, urine albumin to urine creatinine ratio) in Daf +/+ and Daf−/− rats
demonstrated no significant differences prior to administration of complement-fixing anti-
body anti-Fx1A. Following anti-Fx1A administration, proteinuria levels were significantly
elevated in Daf−/− rats. Immunofluorescence staining in rats that received anti-Fx1A evi-
denced greater C3 depositions in Daf−/− rats than in Daf +/+ rats, suggesting a protective
role of the DAF in podocyte complement-induced injury [28]. Several studies have demon-
strated that HO-1 upregulates the DAF, which in turn reduces complement activation and
complement-mediated injury [16]. In that context, HO-1 induction could be a useful tool
as a potential treatment strategy against complement-mediated glomerulonephritis via its
immunomodulatory effects, including DAF induction.

To explore the previously mentioned properties of HO-1, Wu et al. used an experimen-
tal animal model of induced MN in BALB/c mice by introducing intravenously cationic
bovine serum albumin and dividing the animals into three groups. The first group was
treated with a weekly intraperitoneal administration of cobalt protoporphyrin (CoPP), a
HO-1 inducer; the second with tin protoporphyrin (SnPP), an HO-1 inhibitor; and the third
with saline. The MN-CoPP group exhibited an HO-1 upregulation and presented a clear
improvement of symptoms (a decrease in proteinuria and normalization of the serum-
albumin and cholesterol levels). CoPP treatment also significantly reduced production
of serum anti-cBSA antibodies. Although immunofluorescence staining remained posi-
tive for all three groups, the MN-CoPP group exhibited lesser intensity in the glomerular
membrane and reduced C3 depositions in respect to the other two groups, especially the
MN-SnPP group. The concentrations of markers of oxidative stress, such as thiobarbituric
acid reactive substances (TBARSs), were evaluated both in the serum and the kidneys and
found to be notably higher in respect to non-MN mice, but significant differences were
assessed between the MN-CoPP group and the MN-SnPP group. CoPP treatment decreased
oxidative stress markers both in the serum and the kidneys, suggesting that HO-1 may
have an antioxidative effect on a local and on a systemic level [29].

Complement activation seems to induce ROS in podocytes that undergo mitochondrial
dysregulation in MN [24]. Pyroptosis is a recently identified type of regulated cell death
that follows bacterial or viral infections (40). Complex signaling pathways, including activa-
tion of inflammasomes and pro-inflammatory cytokines, lead to activation of caspase-1 and
consequently formation of pores on the membranes, resulting in cell death and excess of
pro-inflammatory cytokines and ROS [30]. Wang et al. described complement mediated py-
roptosis in podocytes with a concurrent mitochondrial depolarization and ROS production.
Blocking ROS production reversed complement mediated pyroptosis. Immunohistochem-
istry of MN glomeruli confirmed the co-localization of pyroptosis-related proteins, such as
caspase-1 and gasdermin D (GSDMD), as well as synaptopodin, an actin-associated protein
found in podocytes. Furthermore, C3a and C5a promoted overexpression of caspase-1 and
GSDMD in the podocytes in vitro and influenced the integrity of cellular membranes and
the depolarization of the podocyte mitochondrial membranes. When the podocytes of MN
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patients were incubated with inhibitors of key pyroptosis molecules, C3a and C5a did not
affect podocyte membrane integrity [31].

Recent studies have assessed the role of HO-1 in blocking pyroptosis. Carbon monox-
ide (CO) as a byproduct of the HO-1 catalysis of hemin seems to block activation of
caspase-1 through direct inhibition of its inducer molecule, NLRP3-ASC [32,33]. The NF-
E2-related factor (Nrf2) is a transcriptional factor that regulates the cellular antioxidant
response to oxidative stress by inducing the expressions of antioxidant and cytoprotective
molecules, one of which is HO-1 [34]. Sirtuin is a deacetilase protein essential to the in-
tegrity of podocytes’ cytoskeletons [35]. Under stress conditions, sirtuin seems to induce
an overexpression of Nrf2 that leads to upregulation of HO-1 expression in podocytes [36].
In a murine renal ischemia/reperfusion (I/R) injury model, Diao et al. investigated the
role of the NF-E2-related factor/heme oxygenase-1 (Nrf2/HO-1) as a protective factor
against pyroptosis [37]. Protein arginine methylation transferase 5 (PRMT5) is involved in
a vast number of physiological and pathological conditions, among them embryonic devel-
opment, tissue homeostasis and malignancies [38]. PRMT5 is implicated in I/R-induced
ROS production. Its inhibition resulted in an upregulation of Nrf2/HO-1, a reduction of
oxidative stress markers and a decrease in tissue injury [37].

The highly variable course of MN renders its personalized treatment essential accord-
ing to the risk of renal impairment progression. Spontaneous remission may occur in about
30% of patients; however, all patients presented with proteinuria should be treated either
with an angiotensin receptor blocker (ARB) or an ACEi for three to six months. According
to the latest MN treatment guidelines, all patients should be assessed for anti-M-type phos-
pholipase A2 receptor (PLA2R) antibody levels in the blood prior to and during treatment,
as an absence of anti PLA2R antibodies in a patient with an initially positive test indicates
remission. Corticosteroids plus cyclophosphamide administration, along with supportive
therapy, are recommended for patients with severe nephrotic syndrome and a rapid decline
of renal function at the onset of the disease [39]. In moderate- to high-risk patients, if
remission is not achieved within six months of supportive therapy alone, immunosup-
pressive treatment with rituximab, calcineurin inhibitors (CNIs) and corticosteroids plus
cyclophosphamide may be used unless contraindicated due to severe renal impairment,
diffuse interstitial fibrosis or recurrent infections [18].

4. HO-1 and Anti-GBM Disease

Anti-GBM disease, formerly known as Goodpasture’s disease, is an infrequent autoim-
mune type of vasculitis that involves small vessels. It mainly affects the kidneys and the
lungs, resulting in complement-induced, rapidly progressive crescentic glomerulonephritis
and/or diffuse pulmonary bleeding if not treated promptly [40].

Epidemiological data suggest that anti-GBM affects both genders but at different age
spectra. Specifically, there is a clear predominance of anti-GBM in male patients aged
between 20 and 40 years and in female patients over 60 years old [40].

Anti-GBM is caused by autoantibodies that are directed against a specific epitope of
type IV collagen present in the glomerular basement membrane as well as in the alveolar
membrane of the lungs (autoantibodies against the NC1 domain of an α-3 chain of type IV
collagen) Genetic predisposition and exposure to certain environmental agents have been
postulated to trigger its onset. Various exogenous factors, such as infections; smoking; and
drugs, such as alemtuzumab, a monoclonal anti-CD52 antibody used in the therapies of B
cell leukemia and relapsing forms of multiple sclerosis, have been implicated. Regarding
the genetic background of patients, the related literature demonstrates that there is a
correlation between the HLA phenotype and the predisposition to develop the disease
when exposed to a causal exogenous factor. In particular, it has been shown that people
who present the types HLA DR15 and HLA DR4 show greater predisposition [41].

Anti-GBM diagnosis is confirmed with renal biopsy and immunoassays of anti-GBM
antibodies in patients’ serum samples. Characteristic histopathological findings in light
microscopy of anti-GBM-diseased kidney sections include intense inflammation with focal
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segmental and necrotic lesions and the presence of diffuse lunar formations called crescents.
Immunofluorescence staining reveals a linear GBM deposition of IgG, mostly of type 1
(IgG1), and, in almost 40% of cases, C3 [40]. Serum creatinine levels at diagnosis are directly
correlated with the percentage of crescentic formations in biopsy.

In order to investigate these complicated immune mechanisms, anti-GBM-induced
animal models have been vastly developed. In 1962, Steblay et al. were the first to
acknowledge that inoculation of human GBM, along with Freund’s adjuvant in sheep,
induced crescentic anti-GBM disease [42]. Ryan et al. managed to induce anti-GBM in
rats via the administration of a recombinant rat anti-α3 (IV) NC1 antibody, proving that
murine experimental models of anti-GBM can be used to assess immune responses that
could mirror the immunological responses in humans [43].

All three pathways of the complement cascade (classical, alternative and lectin) seem
to be involved in complement-mediated characteristic histopathological lesions, as seen in
immunofluorescence of pathological glomeruli both in rats and in humans, leading to the
assembly of the complement MAC [44].

As mentioned above, the main immunomodulatory effect of HO-1 is indirect inhibition
of MAC via an upregulation of the DAF [16]. Sogabe et al. used glycosylphosphatidylinosi-
tol (GPI)-DAF knockout mice to assess the correlation between the complement-regulator
DAF and glomerular lesions in experimental anti-GBM nephritis. Renal-tissue biopsy
samples from GPI-DAF knockout/anti-GBM-induced and wild-type/anti-GBM-induced
mice were examined under optical microscopy. Glomeruli from GPI-DAF knockout mice
presented increased mesangium cellularity as well as focal and segmental glomerulosclero-
sis (FSGS). On the contrary, glomeruli from wild-type mice showed minimal pathological
signs at day eight post immunization. Immunofluorescence staining demonstrated linear
depositions of IgG along the GBMs in both groups, but only in knockout mice were C3 and
fibrinogen deposition observed [45].

Experimentally induced anti-GBM nephritis has provided plenty of evidence of a
co-stimulation of cytotoxic enzymes, such as inducible nitric oxide synthase (iNOS), and
cytoprotective molecules, such as HO-1 [46]. iNOS and HO-1 are both hemoproteins that,
along with other heme-containing molecules, are upregulated by oxidative stress and
inflammation. HO-1 activation, as mentioned above, catalyzes free heme, rendering it
less available for synthesis of and tampering with the functionality of heme-containing
enzymes, thus blocking the formation of oxidative byproducts [47]. On the other hand,
NO seems to upregulate production of HO-1 in mesangial cells [48] and in renal tubular
epithelial cells [49] suggesting complicated regulatory interactions between the two systems
(iNOS and HO-1) and supporting the potential of HO-1 as a target for innovative future
therapeutic strategies [50].

Due to the severity of the disease and the poor outcomes if it is left untreated, early
treatment should be considered for all patients suspected to be positive for anti-GBM
disease and concomitant rapidly progressive glomerulonephritis and/or a pulmonary
hemorrhage, even if definite diagnosis through serological tests for anti-GBM antibodies
and immunofluorescence is pending. KDIGO guidelines for treatment of anti-GBM suggest
concurrent use of immunosuppression with corticosteroids and cyclophosphamide in
alternative months, as well as plasmapheresis, except for in patients who need dialysis
prior to therapy, are negative for a pulmonary hemorrhage and present 100% cellular
crescents in the biopsy. [20]. A recently published retrospective multicenter observational
study evaluated the risk for ESRD in patients diagnosed with anti-GBM disease over a
period of 20 years and concluded that histopathological findings such as cellular crescents
>50% and high creatinine (>4.7 mg/dL) at the onset of the disease are detrimental to
renal survival, underlining the need for a more targeted and effective treatment of the
disease [51].
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5. HO-1 and Lupus Nephritis

Systemic lupus erythematosus (SLE) is a complex multisystemic autoimmune disease
of unknown etiology that predominantly affects young women. There are a wide range
of clinical manifestations and an involute pathogenesis as a result of interactions between
genetic, epigenetic, ethnic, immunoregulatory and environmental factors [52]. Lupus
nephritis (LN) occurs in about 20–40% of patients with SLE and remains the major risk factor
for increased morbidity and mortality, despite advances in its diagnosis and treatment [53].

LN pathogenesis is characterized by multiple interactions between activated immune
cells (extra- and intra-renal), the production of autoantibodies and the release of inflamma-
tory mediators. Deposition of immune complexes (ICs) activates the complement cascade
within the glomeruli or in the intratubular space, resulting in tissue inflammation [54].

Progress has been made in decoding the roles of innate and adaptive immune cells
(particularly neutrophils, monocytes/macrophages, T and B cells) in the pathogenesis
of SLE [54]. In particular, the role of monocytes/macrophages in the SLE pathogenesis
has been widely studied, yet their exact inflammatory role remains uncertain due to their
participation in multiple levels of disease development (phagocytosis, recruitment of other
immune cells, cytokine secretion, tissue repair and fibrosis) [55].

Monocytes from patients with SLE—independently of disease activity—displayed
significantly reduced HO-1 levels compared to those of healthy controls, suggesting that
this low HO-1 expression and action could contribute to altered monocyte function in SLE
and lupus nephritis. [13]. Kishimoto et al. have also demonstrated that glomerular M2-like
macrophages from LN patients exhibit lower levels of HO-1 expression. This study showed
that a transcriptional HO-1 repressor named Bach-1 can be induced by interferon type I.
Bach-1-deficient MRL/lpr mice exhibited high HO-1 expression in kidneys with improved
clinical biomarkers and unaltered anti-dsDNA antibody levels [56]. Thus, Bach-1 suggests
a potential therapeutic target that could restore the M2-like macrophage function that is
linked to increased HO-1 expression and activity [56].

Further studies of LN patients by Cuitino et al. confirm low HO-1 expression in
pro-inflammatory monocytes and activated neutrophils with unbalanced function, such
as increased phagocytosis and ROS production [57]. Interestingly, cobalt protoporphyrin
(Co-PP) seems to induce HO-1 expression with a subsequent modification of LN monocyte
phagocytic activity to a level similar to that of healthy controls. Thus, we can speculate that
the impaired LN monocyte and neutrophil activity could be in part explained by reduced
levels of HO-1 [57]. However, further studies are needed to confirm this hypothesis.

In LN, the primary events are the production of autoantibodies and the glomerular
deposition of immune complexes (ICs) that activate complement cascade and immune
cells bearing FCγ receptors (FCγRs) [58]. Dendritic cells, T helper cells, B cells and plasma
cells all contribute to irregular polyclonal autoimmunity that is mediated with cell-to-cell
interactions, immune tolerance and apoptotic mechanisms [58]. Tolerogenic dendritic cells
(tolDCs) that are specialized to suppress the immune response may be a promising strategy
in SLE treatment [59]. Funes et al. evaluated the therapeutic effect of tolDCs generated
with the HO-1 inducer, CoPP, as well as, with dexamethasone and rosiglitazone, in two SLE
mouse models [60]. Generation of tolDCs by use of the above agents, showed an efficient
tolerogenic profile in vitro but did not improve LN severity or progression although it
ameliorated other disease symptoms such as skin lesions [60]. In another study with SLE
mice, the administration of hemin, the natural HO-1 substrate and inducer, attenuated
disease progression. A marked reduction in proteinuria and glomerular immune complex
deposition was observed and a concurrent reduction of inducible NOS expression in the
kidney and spleen [61]. Furthermore, a reduction of autoantibodies was also identified.
These findings demonstrate a double, anti-inflammatory and immunomodulatory, role of
HO-1 induction, highlighting its potential as a novel therapeutic target in LN [61].

Furthermore, CO (a product of heme degradation catalyzed by HO-1) administration
can attenuate autoimmunity and prevent clinical disease manifestation in FcγRIIb-deficient
mice which is another SLE model [62]. The effects of CO exposure in SLE mice included

172



Antioxidants 2022, 11, 2454

decreased activated B220+CD3+CD4−T cells in lungs and kidneys, together with low
autoantibody levels [63].

In patients with SLE, LN affects both sexes equally, is more severe in children and men
and is less severe in older adults. Approximately 10% of patients with LN will progress
to ESRD [64], however, this depends on disease classification according to histologic
evaluation. The risk for ESRD over 15 years was found to be as high as 44% in class IV
LN [65]. SLE patients have a shorter life expectancy compared to those without nephritis
and have a standardized mortality ratio of 6 to 6.8, versus the 2.4 ratio in lupus without
renal manifestations [66]. An increase of this ratio to 14 is reported for patients with CKD
and to 63 for patients with ESRD [67]. However, if LN remission is achieved through
treatment, 10 year survival doubles to 95% [68].

Although nephritis may be characterized by clinical symptoms and laboratory mark-
ers, renal biopsy is required for confirmation, subclassification, prognosis and management
options. The degree and type of glomerular involvement correlate directly with the clinical
presentation and guide treatment decisions. LN is currently classified by the International
Society of Nephrology (ISN)/Renal Pathology Society (RPS) system, which is based on
glomerular histology using light and immunofluorescence microscopy [69]. Treatment
recommendations are based on the ISN/RPS biopsy classification. All patients with SLE
should be treated with hydroxychloroquine or an equivalent antimalarial unless contraindi-
cated. In general, immunosuppressive therapy of extra renal lupus manifestations is
sufficient for class I and II LN. A combination of high-dose corticosteroids plus an immuno-
suppressive agent is mainly used for patients with active focal proliferative LN (classes IIIA
and IIIA/C), active diffuse proliferative LN (classes IVA and IVA/C) or membranous lupus
(class V). The treatment of focal or diffuse LN has two phases. The initial or induction
therapy with anti-inflammatory and immunosuppressive agent, which addresses acute
life- or organ-threatening disease, and the long-term immunosuppressive treatment, which
prevents relapses and consolidate remissions. According to the latest guidelines for the
management of lupus nephritis, patients with active Class III or IV LN, with or without
a membranous component, should be treated initially with glucocorticoids plus either a
low-dose intravenous cyclophosphamide or a mycophenolic acid analogue (MPAA). An
alternative immunosuppressive regimen that includes a calcineurin inhibitor (CNI) (usually
tacrolimus or cyclosporine) with reduced-dose MPAA and glucocorticoids is reserved for
patients who cannot tolerate standard-dose MPAA or are unfit for cyclophosphamide-based
regimens. There is also an emerging role for B-lymphocyte-targeting biologics in the treat-
ment of LN. Belimumab can be added to standard therapy in treatment of active LN and
rituximab may be considered for patients with persistent disease activity or repeated flares.
Maintenance therapy would be based on an MPAA regimen or, alternatively, azathioprine.
Glucocorticoids should be tapered to the lowest possible dose [18].

6. HO-1 and Acute Kidney Injury (AKI)

AKI, characterized by a rapid increase in serum creatinine and/or a decrease in
urine output, is common in critically ill patients and is associated with increased mor-
bidity and mortality. The pathophysiology of AKI is complex, involving activation and
crosstalk between multiple pathways, including inflammation and oxidative stress. HO-1
regulates oxidative stress, autophagy and inflammation. Furthermore, it controls cell-
cycle progression directly and indirectly [70]. Recent studies have revealed that HO-1
expression in monocytes/macrophages may be beneficial, as it was shown to ease the
inflammatory response in AKI [13]. HO-1-expressing macrophages were shown to possess
a tendency towards an M2 phenotype polarization that contributes to upregulation of
anti-inflammatory cytokine (IL-10) expression, suppression of pro-inflammatory cytokine
(TNFα) secretion and expression of reparative genes that are beneficial to tissue recovery
following AKI [71,72]. Furthermore, the cytoprotective effects of HO-1 attributed to heme
degradation byproducts may also exert modulatory effects on AKI [73]. CO was shown to
exhibit strong anti-proliferative effects on T cells via IL-2 downregulation, which dimin-

173



Antioxidants 2022, 11, 2454

ishes inflammation [74]. HO-1 cytoprotective properties were first identified in the kidney
in a model of heme-protein-induced AKI [75]. Various studies have confirmed the great
potential of HO-1 induction, both pharmacologically and genetically, to regulate immune
responses against AKI [71]. However, well-established modes for HO-1 upregulation, in
terms of tolerance and efficacy, are essential to initiate the translation of its therapeutic
potential into effective patient therapies for AKI.

7. HO-1 in Renal Ischemia/Reperfusion Injury (IRI)

IRI is a pathological condition characterized by an initial restriction of blood supply to
an organ and a subsequent restoration of perfusion and re-oxygenation [76]. It involves
activation of cell death programs, endothelial dysfunction, transcriptional reprogramming
and activation of the immune system [77]. IRI is one of the most common causes of AKI.
Current knowledge of the role of HO-1 in IRI-induced renal disease is largely based on
experience with animal models of kidney disease. Chemical inhibition of HO-2 and HO-1
activity in the healthy kidney results in reduced medullary blood flow, thus supporting the
role of HO-1 in the maintenance of medullary perfusion under physiological conditions.
A reduction of IRI severity via HO-1 has also been demonstrated with the use of HO-
1 chemical inducers [78]. However, the exact underlying mechanisms by which HO-1
exerts its protective effect against IRI remain unknown. In an attempt to elucidate the
molecular mechanisms of the cytoprotective effect of HO-1 in IRI, a previous study utilized
a mouse model of IRI in HO-1+/− mice and then measured the levels of blood urea
nitrogen (BUN) and serum creatinine (SCr). Furthermore, that study investigated the
severity of histological changes, as well as HO-1 and vascular cell adhesion molecule 1
(VCAM-1) protein expression levels, inflammatory factor expression and the effects of
VCAM-1 blockades. That study reported elevated levels of VCAM-1 expression in HO-
1+/− mice during IRI and an increase in the extent of renal-tissue damage and activation
of the inflammatory response [79]. Another study imported an experimental model of
repeated episodes of IR with 10-day intervals and found that it induced long-term renal
protection accompanied by HO-1 overexpression and an increase in M2-macrophages. The
aforementioned study investigated the transition between AKI and CKD and involved AKI
induction via a single bilateral IR episode (1IR) or three episodes of IR separated by 10 day
intervals (3IR) of mild (20 min) or severe (45 min) ischemia [80].

IRI also plays an important role in kidney transplantation and affects delayed renal
function after transplantation. The protective role of HO-1 in IRI-mediated injury during
kidney transplantation was shown in a recent study that utilized a myeloid-restricted
mouse model of deletion of HO-1 (HO-1M-KO). IRI in the HO-1M-KO mice resulted in
significant renal histological damage, pro-inflammatory responses, and oxidative stress
24 h after reperfusion. An assessment of the animals at a following time point of seven
days afterward revealed that the HO-1M-KO mice displayed impaired tubular repair and
increased renal fibrosis [81]. Furthermore, the same study showed that hemin mediated
HO-1 induction in WT mice, resulting in HO-1 upregulation within the CD11b+ F4/80lo

subset of the renal myeloid cells [81]. The findings supported the increasing potential of
HO-1 as a target of therapeutic strategies in the field of kidney transplantation.

8. HO-1 Polymorphisms and Kidney Disease

As mentioned before, there is a direct association between short (GT)n repeats and a
higher induction rate of HO-1 and progression of IgA nephropathy [10]. The HO-1 genotype
is a risk factor for renal impairment of IgA nephropathy at diagnosis, which is a strong
predictor of mortality [10]. Another study investigated the (GT)n short repeat genotype,
which promotes induction of HO-1, in renal transplantation and allograft rejection. The
study reported that the beneficial effect of the HO-1 genotype was attributed to the donor
genotype and not to the recipient when an allograft was exposed to prolonged cold ischemia.
Furthermore, allografts from L-donors resulted in more rejections, whereas kidneys that
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bared the S-allele were less susceptible to injury, thus resulting in reduced rates of allograft
rejection [82].

9. Clinical Applications

Manipulation of HO-1 expression/activity for potential therapeutic strategies has
already been explored. HO-1 may be activated through a wide range of both naturally
occurring and chemically synthesized compounds. The most widely used HO-1 induc-
ers/inducers are metalloporphyrins (MPs). These are all heme analogues that differ mainly
in the metal moiety of the porphyrin structure. However, numerous other naturally oc-
curring compounds have been reported to induce HO-1, including curcumin, resveratrol,
quercentin, carnosic acid, carnosol and anthocyanin [83]. Both MPs, as well as all of the
other naturally occurring compounds, have been proposed for their use in the treatments of
various immune-mediated diseases, including kidney disease [84] as well as other immune-
mediated diseases, such as multiple sclerosis (MS), type 1 diabetes, rheumatoid arthritis,
lupus and inflammatory bowel disease [83]. The therapeutic potential of HO-1 has also
been highlighted by other studies that have proposed the potential use of MPs with non-
immune-mediated forms of disease, such as non-alcoholic fatty liver disease [85]. Finally,
manipulation of the HO reaction has also enabled research towards potential therapeutic
strategies via CO release via CO-releasing molecule (CORM) administration in preclinical
models of type 1 diabetes [86] and in MS [87,88], as well as in models of autoimmune
hepatitis [89].

10. Conclusions

Apart from its established role as a strong antioxidant and anti-apoptotic enzyme,
HO-1 is by now also recognized as an important modulator of various immune pathways
and responses. Furthermore, its increased inducibility through multiple varied types
of inducers renders it a highly interesting target for novel therapeutic strategies against
immune-mediated diseases, including kidney disease. Further research is needed, in
order to unravel the exact mechanisms of immunomodulation in kidney disease, which
will enable translation into innovative treatment strategies against immune-mediated
kidney disease.
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Abstract: Heme oxygenase-1 (HO-1) is not only a rate-limiting enzyme in heme metabolism but is also
regarded as a protective protein with an immunoregulation role in asthmatic airway inflammation.
HO-1 exerts an anti-inflammation role in different stages of airway inflammation via regulating
various immune cells, such as dendritic cells, mast cells, basophils, T cells, and macrophages. In
addition, the immunoregulation role of HO-1 may differ according to subcellular locations.

Keywords: heme oxygenase-1; asthma; airway inflammation; immunoregulation

1. Introduction

The primary physiological function of heme oxygenase (HO), a rate-limiting enzyme
in heme metabolism, is to degrade heme into biliverdin (BV), free ferrous ion (Fe2+), and
carbon monoxide (CO). BV is converted to bilirubin (BR), and iron is sequestered into
ferritin. HO has two main isoforms, HO-1 and HO-2, of which HO-1 is an inducible
isoform with molecular weight 32-kD. HO-1 is considered a protective protein. HO-1 is
encoded by HMOX1 and regulated transcriptionally. HO-1 is expressed at low levels or is
absent in most tissues except the spleen and liver under homeostatic conditions and highly
expressed in response to various stimuli related to cellular stress and pro-oxidant signals,
such as reactive oxygen species (ROS), cytokines, inflammatory mediators, and infection.
The upregulation of HO-1 or its enzymatic products CO, BV, and BR have been shown
to have anti-inflammatory, antioxidant, cell cycle regulation properties in vitro study or
animal models of a variety of diseases including asthma [1–3].

Asthma is a chronic inflammatory disease with complex pathogenesis. Different trig-
gers could lead to different types of inflammation. For example, exposure to an allergen
in sensitized individuals tends to invoke Th2 high airway inflammation characteristic of
increased Th2 cytokine and eosinophil (EOS) infiltration in the airway. On the other hand,
respiratory infection or recurrent environmental tobacco smoke exposure tend to induce
Th17 or Th1-dominant immune responses and Th2-low airway inflammation characteristic
of neutrophil infiltration. A variety of immune cells are involved despite Th2-high or low
airway inlfammation. HO-1 expression is significantly upregulated in many immune cells
such as dendritic cells (DCs), macrophages [4], mast cells (MCs) [5], basophils (BAs) [6], and
T cells [7] in response to cellular stress. Both HO-1 and CO displayed anti-inflammatory,
antioxidative stress, and immune regulation properties in an asthma animal model [8,9]
and inhibited the proliferation of cultured human airway smooth muscle cells (HASMCs)
through downregulation of ERK1/2 activation, which indicated the anti-airway remod-
eling effects of HO-1. HO-1 has been shown to exert anti-inflammatory effects in both T
helper cell type (Th) 2-dominant [6,10,11] and Th17-dominant models of asthmatic airway
inflammation [12]. In this article, we will discuss mechanisms by which HO-1 regulates
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immune responses during allergic airway inflammation with a focus on specific immune
cells in different stages of inflammation.

2. Mechanisms of Asthmatic Airway Inflammation and Role of HO-1

Asthma is a heterogeneous disease characterized by chronic airway inflammation
and bronchial hyperresponsiveness. As a protective protein, many studies prove that
HO-1 expression is upregulated both in asthma patients [13–15] and animal models of
asthma [6,16–18]. The pathophysiological significance of this phenomenon is to avoid fur-
ther deterioration of inflammation since inhibition of endogenous HO-1 further aggravates
the inflammation [9,10]. Furthermore, upregulation of HO-1 or exogenous administration
of CO and bilirubin which is produced by its degradation of heme has significant protective
effects on allergic airway inflammation. These factors can inhibit plasma exudation to the
trachea, main bronchi, and segmental bronchi; reduce infiltration of inflammatory cells
(such as EOS, neutrophils, lymphocytes, and macrophages) around the airway and in bron-
choalveolar lavage fluid (BALF); alleviate airway reactivity and mucus secretion [19–22];
decrease the proportion of antigen-specific Th2 cells [6] and Th17 cells [12,23] in mediasti-
nal lymph nodes and the spleen; and further inhibit allergic airway inflammation. These
findings suggest that HO-1 has a protective effect in various types of asthmatic airway
inflammation.

The pathogenesis of asthma is complex, and immune imbalance is the most impor-
tant mechanism of asthma. Th2 immune response-dominant asthma (the most common
phenotype) involves EOS inflammation, while Th17 immune response-dominant asthma
(the primary refractory phenotype) involves neutrophil inflammation. Regardless of type,
this immune disorder proceeds through initiation, Th cell-directed differentiation, am-
plification, and effective stages. The initiation stage is particularly important because it
determines the direction of the immune response. During the initiation of immune re-
sponses, antigen-presenting cells (APCs) and T cells interact with each other via the T cell
receptor (TCR)–major histocompatibility complex (MHC) peptide complex and costimula-
tory molecules on the cell surface. In the context of specific cytokine environments, these
interactions direct naïve T cell differentiation into antigen-specific Th cells (Th1, Th2, and
Th17). Thus, the state and microenvironment of APCs determine the type of T cell immune
response. During the effective stage, cytokines secreted by Th2 cells infiltrate around
the airway along with EOS, MCs, and BAs, resulting in further release of inflammatory
mediators that promote EOS infiltration-domain allergic airway inflammation. Th17 cells,
mainly chemotax neutrophils, cause neutrophil-dominant airway inflammation [24–27].
Thus, various immune cells participate in the formation of chronic airway inflammation
during asthma onset. HO-1 has important regulatory effects on multiple types of immune
cells involved in airway inflammation [6,12,19–23].

3. HO-1 Inhibits Inflammation during the Initial Stage

3.1. Inhibition of DC Function

APCs play a key role in the initialization of adaptive immunity via promoting T cell
differentiation. APCs capture antigens from the external environment via endocytosis
or phagocytosis and degrade them into peptide fragments and binding with MHC II
molecules. Antigen peptide–MHCII complex-loaded APCs then contact with naïve T cells
via TCRs on the surface and initiate T cell polarization. DCs are the most important profes-
sional APCs [28,29]. This function of APCs is regulated by pathogen-associated molecular
patterns (PAMPs) via pattern recognition receptors (PRR) [28,30,31]. HO-1 is constitutively
expressed in immature DCs (iDCs) such as human monocyte-derived iDCs, freshly iso-
lated rat splenic DC subsets, and rat bone marrow-derived iDCs, and is downregulated
during DC maturation [32]. Signaling through PAMPs and its receptor can also regulate
HO-1 expression in APCs [28,32,33]. In a mouse model of allergic airway inflammation,
reinfusion of DCs highly expressing HO-1 significantly alleviated allergic airway inflam-
mation [34], suggesting a regulatory effect of HO-1 on the antigen-presentation function
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of DCs. HO-1 can regulate DCs through multiple modes, such as effects on maturation,
antigen presentation, and release of cytokines and extracellular vesicles (EVs). EVs are
membranous structures loaded with various proteins, lipids, and nucleic acids and play
important role in cell–cell communication.

First, HO-1 can inhibit DC maturation. Inhibition of HO-1 in DCs promotes the
maturation of DCs [32,35,36], whereas over-expression of HO-1 was shown to inhibit
maturation of bone marrow-derived DCs presenting a tolerance phenotype, as well as
the presentation of exogenous soluble antigen to naïve T cells [34,37–41], which further
affect the polarization of Naïve T cells towards Th1, Th2, and Th17 cells subsets. The
function of APCs is regulated by PAMPs, HO-1 and its end-product CO can inhibit DC
maturation by interfering with PAMPs and receptor binding. For example, CO can modify
the natural conformation of toll-like receptor 4 to reduce DC maturation [42,43]. Thus,
similar impairments of key steps required for correct conformational assembly of this
complex on the surface of APCs are likely to reduce DC sensitivity to LPS stimulation by
interfering with LPS recognition. In addition, upregulation of HO-1 activity renders DCs
insensitive to LPS-induced activation of the p38 mitogen-activated protein kinase/cAMP-
response element-binding protein/activating transcription factor 1 signaling pathway [38].
Importantly, all of the above factors could influence the LPS-induced maturation of DCs
through effects on APCs.

Second, HO-1 and CO can inhibit antigen presentation to regulate DCs. In the process
of antigen presentation, APCs first capture antigen components and endocytose them
to form early endosomes, late endosomes, and fuse with proteasome/MHC molecules
containing endosomes; then, they can fuse with lysosomes to form an MHC peptide
complex. HO-1 and CO not only reduce the capability of APCs to identify PAMPs but
also impair fusion between late endosomes and lysosomes [40], reduce mitochondrial
membrane potential and ATP production in DCs, impairing cargo transport and endosome-
to-lysosome fusion [39]. Disrupting fusion between antigen-containing late endosomes and
lysosomes further blocks antigen transport by preventing the formation of MHC-II-peptide
fragments in lysosomes, thus inhibiting the presentation of soluble antigens by DCs.

Third, HO-1 can regulate patterns of cytokines released by DCs. DCs highly expressing
HO-1 secrete high levels of interleukin 10 (IL-10) and TGF-β, and low levels of IL-12 and
IL-23, yielding a microenvironment conducive to the differentiation of naïve T cells into
regulatory T cells (Tregs) rather than Th2 or Th17 cells [32,34]. In addition, overexpression
of HO-1 in DCs can inhibit DCs maturation as we discussed above and direct naïve T
cells polarization towards Treg subtypes [34]. The absence of HO-1 in APCs abolished
the suppressive activity of Treg cells on effector T cells, indicating that HO-1 activity in
APCs is important for the inhibitory function of Tregs [44]. This evidence indicates that the
regulatory role of HO-1 on Tregs partly via APCs inhibitory manner.

Finally, HO-1 can regulate immune responses by inhibiting the release of EVs from
DCs. DC-derived EVs lead to allergic airway inflammation by presenting allergens and
directly contacting CD4+ T cells. Our previous study found that stimulating DCs with dust
mite extract expressing MHC II resulted in the concentrated release of EVs, which induced
Th2 cell differentiation in vitro. In an animal model of asthma, concentrated EVs were
produced following house dust mite stimulation of the airway, indicating typical allergic
airway inflammation. In hemin-induced EV-sensitized mice, allergic airway inflammation
was significantly alleviated; EOS infiltration and mucus secretion were reduced in the
airway; levels of IL-4, IL-5, and IL-13 were decreased in the lung; numbers of Th2 cells
in the mediastinum lymph node (MLN) were decreased; numbers of Treg cells in MLN
were increased; and numbers of Th17 cells were reduced. These results suggest that the
anti-inflammatory effects of EVs are executed through regulation of Th17/Treg balance
and inhibition of Th2 and Th17 cell proliferation [45].
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3.2. Inhibition of BA Function

In addition to DCs, BAs are an important APC for initiating allergic inflammation.
Although DCs have historically been considered an important APC for initiating T cell
immune responses and forming memory immune cells, they cannot secrete IL-4 and
independently initiate Th2 immune response. Recently, the role of BAs in Th2 immune
responses and allergic diseases has attracted increased attention. We and others have
confirmed that BAs with antigen-presentation functions express costimulatory molecules
and secrete “early IL-4”. Moreover, BAs can promote Th2 cell differentiation without
exogenous IL-4 in vitro [46–49]. Currently, BAs are considered to both assist APCs (such as
DCs) in the initiation of directional differentiation of Th2 cells by secreting Th2 cytokines
(such as IL-4) and independently initiate Th2 immune responses as APCs [50]. BAs can
also obtain MHC II–peptide complexes from DCs through trogocytosis to exert APC
function [47]. Furthermore, our previous study demonstrated HO-1 expression in BAs
by immunohistochemistry. Overexpression of HO-1 significantly inhibited the expression
of activation marker CD200R and costimulatory factors, inhibited IL-4 release stimulated
by DNP-OVA/anti-DNP-IgE, inhibited DQ-OVA up-taken both in the lung-derived BAs
from asthma animal models and in cultured bone marrow-derived BAs, and subsequently,
inhibited polarization of naïve T cells into Th2 cells in vitro and inhibited OVA-induced
allergic airway inflammation and the Th2 immune response.

4. HO-1 Inhibits Inflammation during the Effective Stage

4.1. HO-1 Promotes Treg Cell Function and Inhibits Th2- and Th17 Cell-Mediated Inflammation

The imbalance of the Th cell subgroup plays an important role in the pathogenesis
of asthma. HO-1 inhibits Th cell functions via different mechanisms. Firstly, CO, which is
one of the end-products of HO-1, can inhibit the proliferation of CD4+ T cells by blocking
TCR-dependent IL-2 production [51]. Another end-product, BR, can inhibit CD4+ T cells by
inducing apoptosis, suppressing co-stimulatory molecule expression in CD4+ T cells, and
inhibiting CD4+ cell proliferation [52].

Secondly, HO-1 can regulate the balance of the Th cell subgroup via Tregs. Tregs are
important immune cells to maintain immune homeostasis. Tregs inhibit effector T cells
proliferation and function via interactions with negative costimulatory molecules, secrete
suppressive cytokines IL-10, and competition for IL-2 [53], and subsequently exert in-
hibitory effects on Th1, Th2, and Th17 cell-mediated inflammation [54–56]. HO-1 promotes
Tregs function, which is regarded as an important mechanism for its immunomodulatory
function. HO-1 expression is significantly different between CD4+ CD25+ Treg cells and
CD4+ CD25+ T lymphocytes [7], and is consistent with Foxp3 expression in these two cell
types. Transfection of Foxp3 into Jurkat T cells significantly upregulated the expression of
HO-1 and inhibited their proliferation and cytokine production in a cell contact-dependent
manner. Treatment of freshly isolated CD4+ CD25high from the spleen with hemin or
transfected with an HO-1 expression vector (pcDNA3HO-1) in vitro not only significantly
enhanced Foxp3 expression and IL-10 secretion but also enhanced its ability to inhibit
effector T cell proliferation. The regulatory role of HO-1 was significantly inhibited by the
addition of an HO-1 activity inhibitor [11,57]. In an animal model of asthmatic allergic
airway inflammation, overexpression of HO-1 induced by hemin enhanced proportions and
functions of CD4+ CD25+ Treg cells [10,11] and alleviated OVA-induced allergic airway in-
flammation. On the contrary, inhibition of HO-1 activity with tin-protoporphyrin reversed
the above effects of HO-1 [10,11]. These in vivo and in vitro studies show that HO-1 plays
an important role in regulating Treg function, However, the direct role of HO-1 in regulating
Treg function is challenged since HO-1-deficient mice not only exhibited a significantly
higher proportion of Foxp3-expressing cells among total CD4+ and CD4+ CD25+ cells in
comparison to wild type mice but also displayed a similar inhibitory role in suppressing the
proliferation of effector T cells in vitro. In the same study, HO-1-deficient APCs abolished
the suppressive activity of Treg cells [44], indicating that HO-1 may regulate CD4+ CD25+

Treg cells by indirectly promoting Treg differentiation through inhibition of DC maturation.
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Considering Tregs have inhibitory effects on T cell subsets of Th1, Th2, and Th17 cells, we
speculate that HO-1 enhances Treg function and therefore regulates the balance of Th1, Th2,
and Th17 cells.

4.2. HO-1 Inhibits Th17 Cell-Mediated Inflammation

Th17 cells, an important T cell subset in asthma, play key roles in refractory asthma
and neutrophil-dominant asthma types by promoting neutrophil growth, development,
and chemotactic aggregation in the airway. Th17 cells achieve these effects by secreting
cytokines and are essential for inducing neutrophil infiltration-dominant asthma [26,58,59].
Overexpression of HO-1 inhibited the differentiation of naïve T cells into Th17 cells, as
well as the secretion of IL-17A in vitro [60]. In an animal model of non-eosinophilic
asthma, upregulation of HO-1 expression significantly reduced the proportion of Th17
cells, promoted IL-10 expression, reconstructed the balance of Th17/Treg cells in vivo, and
subsequently inhibited Th17 cell-mediated neutrophilic airway inflammation. In contrast,
inhibition of HO-1 activity reversed the inhibitory effect of HO-1 on neutrophil airway
inflammation and activation of the Th17 cell signaling pathway [12].

4.3. HO-1 Inhibits MC Function

MCs are important effector cells in asthma. Sensitized MCs can be activated and
degranulated to release various preformed mediators and pre-synthesized mediators, such
as proteases, cytokines, chemokines, and arachidonic acid metabolites. MCs can de novo
synthesize lipid mediators by enzymes located in the plasma membrane and synthesize
mRNAs encoding cytokines and chemokines. MCs can also regulate inflammation via
the secretion of exosomes containing regulatory molecules [61–63]. MCs participate in
asthmatic inflammation which is characterized by inflammatory cell infiltration, microvas-
cular leakage, airway hyperresponsiveness, bronchoconstriction by degranulation, and the
secretion of various mediators [64–66]. Moreover, MCs participate in allergic inflammation
via regulating T cells, DCs, and other inflammatory cells, which results in further chemo-
taxis, infiltration, and activation of EOS, neutrophils, and other inflammatory cells in the
airway [61,67]. Recent studies revealed that MCs can regulate Th17-mediated autoimmune
diseases by inducing Tregs [64].

HO-1 has important regulatory effects on MC function. HO-1 is expressed in MC [5]
and MC cell lines [68], and can be induced during MCs degranulation [5,68] and upreg-
ulation of HO-1 decreased MCs degranulation induced by complex 48/80 and leukocyte
adhesion to blood vessels [5]. Upregulation of HO-1 during MCs degranulation was re-
lated to cellular oxidative stress since upregulation of HO-1 was inhibited by antioxidant
N-acetyl-L-cysteine [68]. HO-1 and its end-products, BR and BV, can inhibit adhesion and
degranulation of MCs [68]. HO-1 can also inhibit the production of inflammatory media-
tors in MCs by selectively inhibiting the DNA-binding activity of the AP-1 transcription
factor [69].

In addition, HO-1 regulates MC-mediated immune regulation. Co-culture of MCs and
DCs led to a significant release of tumor necrosis factor-α (TNF-α), IL-6, and interferon
(IFN), which promoted DC maturation. Upregulation of HO-1 in MCs before co-culture
with DCs inhibited expression of costimulatory molecules on DCs and inhibited DCs matu-
ration [70]. In contrast, downregulation of HO-1 expression promoted MC degranulation,
DC costimulatory molecule expression, and DC maturation. These findings suggest that
upregulation of HO-1 in MCs stabilizes the MC membrane and prevents its degranulation,
thereby maintaining the DCs in an immature state to ultimately alleviate the immune
response [39].

4.4. HO-1 Regulated Inflammation by Inhibiting NLRP3 Inflammasomes

Factors such as environmental irritants and respiratory infections are common triggers
of asthma exacerbation and neutrophilic airway inflammation responds to these situations.
Signaling through inflammasome activation plays a key role in neutrophilic airway inflam-
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mation. The inflammasome is an intracellular protein complex and activated by ligation of
PAMPs and its receptor. Upon ligand sensing, inflammasome components assemble and
self-oligomerize, followed by autoactivation of caspase-1 and leading to cleave pro-IL-1β
and pro-IL-18 to IL-1β and IL-18, T helper 17 activation, IL-8/IL-6 overproduction, thus
initiating or aggravating neutrophilic airway inflammation. Inflammasomes also involved
in caspase-1-mediated pyroptosis [71,72]. Among the known inflammasomes, nucleotide-
binding domain and leucine-rich repeat protein 3 (NLRP3) are crucially involved in the
pathogenesis of asthmatic airway inflammation [73].

HO-1/CO has a potential regulatory role in inflammasome signaling. Li and col-
leges [74] demonstrate that the induction of HO-1 by hemin inhibited LPS-induced produc-
tion of IL-1β, inhibited NLRP3 inflammasome activation in human gingival epithelial cells
in vivo. Luo and colleges [75] also demonstrated that upregulation of HO-1 by hemin inhib-
ited LPS-induced NLRP3 inflammasome activation, reducing IL-1β and IL-18 production in
sepsis-induced acute lung injury. On the contrary, inhibition of HO-1 activity reversed the
above results. On the other hand, CO can inhibit LPS and ATP-induced caspase-1 activation
and production of IL-1β and IL-18 in bone marrow-derived macrophages. Treatment of
CO-releasing molecule-2 (CORM-2) both inhibited NLRP3 inflammasome activation in
LPS-induced acute lung injury and ER stress-induced inflammation [76]. CORM2 also can
inhibit caspase-1activiation [77–79] and thioredoxin-interacting protein (TXNIP)–NLRP3
complex formation [77,78]. Our previous study showed that HO-1 products, CO and BR,
inhibited the NLRP3–RXR axis and NLRP3 inflammasome-mediated apoptosis of AECs,
which inhibits subsequent production of IL-25, IL-33, thymic stromal lymphopoietin, and
other pro-Th2 epithelial-derived cytokines. In addition, we found that HO-1 bound to the
NACHT domain of NLRP3 and RXRα/RXRβ subunits, suggesting that the non-enzymatic
action of HO-1 may be involved in the regulation of NLRP3 inflammasomes [80].

4.5. HO-1 Promotes Polarization of Macrophages to M2 Phenotype

Macrophages are one of the important inflammatory cells involved in the pathogenesis
of asthma [81]. Macrophages are divided into M1 and M2 subpopulations according to
their responses to environmental or inflammatory stimuli. M1 macrophages respond to pro-
inflammatory cytokines, such as IFN-γ and TNF-α, and promote a local Th1 environment.
M2 macrophages (alternatively referred to as activated macrophages) respond to IL-4
and IL-13, promote the production of the anti-inflammatory cytokine IL-10, and regulate
Th2 immune responses [82–84]. HO-1 is considered a regulator of immune responses
because it can promote the polarization of M2 macrophages. Indeed, HO-1 is highly
expressed in M2 macrophage subsets, and its elevation in response to multiple stimuli
can drive phenotypic transfer to M2 macrophages [85–87]. HO-1-knockout bone marrow
macrophages (mHO-1-KO) exposed to LPS (M1-inducer) or IL-4 (M2-inducer) exhibited an
enhanced M1 phenotype and inhibited M2 phenotype. In contrast, promotion of the M2
phenotype was observed in HO-1-overexpressing (HO-1-Tg) mice [88]. Collectively, these
studies support the hypothesis that HO-1 promotes the M2 phenotype. However, there
is a lack of studies demonstrating the role of HO-1 on the regulation balance between M1
and M2 subpopulations in clinical studies or animal models of asthma, and further studies
are required.

5. Subcellular Localization and Anti-Inflammatory Mechanism of HO-1

It is well accepted for a long time that the biological functions of HO-1 are related to its
enzymatic products CO, BR/BV, and ferritin. A recent study revealed that HO-1 exerts its
function via interaction between other cellular proteins in an activity-independent manner,
which is referred as “non-canonical effects of HO-1” in published studies. Those different
fashions may in part relate to specific subcellular locations of HO-1.

HO-1 was initially identified in the endoplasmic reticulum (ER). HO-1 is mainly
located in the ER under physiological conditions. Recently, more specific subcellular
locations of HO-1 have been revealed. HO-1 was identified in mitochondria, plasma
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membrane, the caveolae, and the nucleus after various stimuli (e.g., LPS, or hypoxia) [89].
Varying the subcellular localization of HO-1 protein has various effects on its cell-protective
functions which may depend on the structural integrity of the HO-1 protein. Except for
the nucleus, HO-1 is fixed on the membrane by a transmembrane sequence (TMS) located
at the carboxyl terminal of its protein structure, and the rest of the protein structure faces
the cytoplasm and colocalizes with cytochrome P450 reductase (CPR) and BVR to facilitate
heme degradation [90]. Cleavage of the TMS enables HO-1 relocation. On the other hand,
CPR can stabilize the HO-1 protein structure to prevent its relocation and maintain its
enzymatic activity by promoting oligomerization [91]. HO-1 locates in the mitochondria,
vacuole, and plasma membrane and maintains full protein structure and enzymatic activity
and coexists with biliverdin reductase [92,93], indicating that its function is achieved
mainly through enzymatic activity. The functional significance of HO-1 in different cellular
compartments remains unclear. In caveolae, HO-1 activity is negatively modulated by
caveolin-1 (CAV1). It could serve as a brake on HO-1 function and provide a possible
approach for the active extracellular transfer of HO-1 [94]. In mitochondria, HO-1 induces
increased ROS, which appears important for its regulation of mitochondrial heme content,
and plays an important role in apoptosis [89,92].

Unlike HO-1 in the ER, mitochondria, and caveolae, nuclear HO-1(NHO-1) exists
in a truncated form (28 kDa) in the COOH terminal with a lack of enzyme activity to
degrade heme [89]. Therefore, nuclear HO-1 may exert its roles independent of enzyme
activity [89,95]. HO-1 in the ER will be truncated and translocate to the nucleus under
pathological conditions or external stimuli, leading to cellular stress [94]. NHO-1 has
been reported as a regulator of nuclear transcription factor activities such as NF-κB, AP-1,
and Nrf2 [96], the latter of which regulates the antioxidant response. By regulating gene
expression levels in the nucleus, HO-1 provides resistance to redox stimulation that can
protect cells from dysfunction or death, making it an important part of signaling involved in
the cellular response to oxidative stress. As the DNA-binding motif of typical transcription
factors is not detected in the HO-1 protein structure and direct recruitment of HO-1 to DNA
has not been observed, nuclear HO-1 is unlikely to regulate gene expression by directly
binding DNA. It is speculated that HO-1 acts as a transcriptional coregulatory protein
that binds transcription factors or complexes to regulate their DNA-binding affinity, thus
indirectly regulating transcription of key response genes [89].

Our previous study investigated the non-enzymatic anti-inflammatory effects of HO-1.
We found that HO-1 inhibited Th17 cell differentiation mainly by inhibiting IL-6-induced
STAT3 phosphorylation and therefore inhibited activation of the STAT3/RORγT signaling
pathway. Co-IP results indicated that endogenous HO-1 directly bound STAT3 rather
than Jak1, JAK2, or SOCS3, suggesting that HO-1 inhibited STAT3 phosphorylation by
interacting with STAT3. This result is consistent with the finding of Elguero and colleagues.
In their study, they demonstrated that HO-1 and STAT3 bind to each other and therefore
inhibit the phosphorylation of STAT3 and subsequent nuclear translocation of pSTAT3
in prostate cancer cells [97]. Our study demonstrated that co-transfection of 293T cells
with plasmids containing HO-1 and STAT3 domains revealed that HO-1 bound all regions
of the STAT3 protein except the helical domains, especially the transcriptional activation
region (AA 689–770). Further experiments confirmed that HO-1 directly bound STAT3, in
particular, the transcriptional activation domain-containing Tyr705 in the STAT3 protein.
However, whether HO-1 plays an indirect regulatory role through intermediate proteins
(for example, whether HO-1 leads to increased dephosphorylation of STAT3 by promoting
SHP-1 activation) or inhibits phosphorylation by directly binding STAT3 requires further
study [98].

6. Potential Clinical Application of HO-1

Results from basic research demonstrated that HO-1 alleviated allergic airway inflam-
mation by its anti-inflammatory, antioxidative stress, and immune regulation properties.
Moreover, how to apply those results to clinic use has attracted the interest of researchers.
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Currently, research focused on the value of HO-1 in both diagnostic and therapeutic appli-
cations. In view of diagnosis, clinical studies revealed that exhaled CO elevated in asthma
patients and the levels of exhaled CO were associated with the severity of asthma and
disease exacerbation [99–101], indicating that exhaled CO has potential value in asthma
management as a noninvasive tool. On the other hand, therapeutic applications of drugs
targeting HO-1 activity and expression have attracted significant attention, including phar-
macologic modulators of HO-1, gene therapy, and enzymatic byproducts of HO-1 such as
CO and CO-releasing molecules (CORM) [3,102–104]. Despite the achievement of attempts
in animal studies with promising results, pharmacologic use of HO-1 targeted drugs still
faces great challenges, especially safety and efficacy.

7. Conclusions

During asthmatic airway inflammation, HO-1 regulates differentiation of Th1/Th2/Th17
cell subsets by inhibiting the functions of APCs (such as DCs and BAs), promotes Treg
function, and suppresses allergic airway inflammation characterized by Th2-dominant
EOS infiltration and neutrophil infiltration-dominant Th17 immune response. HO-1 di-
rectly inhibits airway inflammation by inhibiting BA, MCs, and certain functions during
the inflammatory effective stage (summarized in Figure 1). HO-1 not only exerts anti-
inflammatory and immunomodulatory effects through its enzymatic products CO and
BR/BV but also regulates the transcription of key genes by acting as a transcription coreg-
ulatory protein with transcription factors or complexes in the nucleus (summarized in
Figure 2). However, studies evaluating the non-enzymatic immunoregulatory mechanism
of HO-1 are limited, which represents an important direction for future research.

Figure 1. Multi-target effect of HO-1 and its immune regulation role in allergic airway inflammation.
1, HO-1 regulates APCs function and inhibits allergic airway inflammation at the initial stage: a, HO-1
and its end-product CO inhibit DC maturation by interfering with PAMPs and receptor binding,
inhibit antigen presentation by impair fusion between late endosomes and lysosome, inhibit release of
EVs from DCs and promote Treg polarization; b, BAs assist DCs participate in Th2 cells polarization
by secreting “early” IL-4; BAs initiate Th2 polarization independently as APCs or BAs obtain MHC
II-peptide complex from DCs through trogocytosis and subsequently initiate Th2 polarization; HO-1
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inhibits BAs participate in Th2 cell differentiation by inhibits BAs activation, soluble antigen up-
taken, expression of costimulatory molecules and secrete “early IL-4”; 2, HO-1 inhibits allergic airway
inflammation at effective stage: a, HO-1 and its end-product inhibit CD4+ T cell proliferation and
function directly or via promotion of Treg; b, HO-1 inhibits Th17 cell-mediated neutrophilic airway
inflammation by inhibiting Th17 cell polarization and IL-17A releasing; c, HO-1 and its end-products
suppresses mast cell degranulation and releasing of inflammatory mediators; d, HO-1 and its end-
product inhibit NLRP3 inflammasome activation and subsequently inhibit IL-1β and IL-18 mediated
airway inflammation.

 

Figure 2. Subcellular localization and roles of HO-1. 1. HO-1 locates in endoplasmic reticulum
(ER), mitochondria, plasma membrane, and the caveolae. HO-1 is fixed on the membrane by a
transmembrane sequence (TMS) and stabilized by cytochrome P450 reductase (CPR) to prevent
relocation. It remains full protein structure and enzymatic activity and its function is achieved
mainly through enzymatic activity. Its enzymatic products CO, BV, and BR have been shown to
have anti-inflammatory, antioxidant, cell cycle regulation properties; 2. HO-1 will be truncated and
relocated under pathological conditions or external stimuli which leads to cellular stress. Truncated
HO-1 lacks enzyme activity to degrade heme and may act as a chaperone to regulate the activity of
signaling pathway proteins or as a transcription factor regulator.
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Abstract: Prostate cancer (PCa) cells display abnormal expression of proteins resulting in an aug-
mented capacity to resist chemotherapy and colonize distant organs. We have previously shown the
anti-tumoral role of heme oxygenase 1 (HO-1) in this disease. In this work, we undertook a mass
spectrometry-based proteomics study to identify HO-1 molecular interactors that might collaborate
with its modulatory function in PCa. Among the HO-1 interactors, we identified proteins with
nuclear localization. Correlation analyses, using the PCa GSE70770 dataset, showed a significant
and positive correlation between HMOX1 and 6 of those genes. Alternatively, HMOX1 and YWHAZ
showed a negative correlation. Univariable analyses evidenced that high expression of HNRNPA2B1,
HSPB1, NPM1, DDB1, HMGA1, ZC3HAV1, and HMOX1 was associated with increased relapse-free
survival (RFS) in PCa patients. Further, PCa patients with high HSPB1/HMOX1, DDB1/HMOX1,
and YWHAZ/HMOX1 showed a worse RFS compared with patients with lower ratios. Moreover, a
decrease in RFS for patients with higher scores of this signature was observed using a prognostic
risk score model. However, the only factor significantly associated with a higher risk of relapse
was high YWHAZ. Multivariable analyses confirmed HSPB1, DDB1, and YWHAZ independence
from PCa clinic-pathological parameters. In parallel, co-immunoprecipitation analysis in PCa cells
ascertained HO-1/14-3-3ζ/δ (protein encoded by YWHAZ) interaction. Herein, we describe a novel
protein interaction between HO-1 and 14-3-3ζ/δ in PCa and highlight these factors as potential
therapeutic targets.

Keywords: YWHAZ; HMOX1; prostate cancer; proteomics; transcriptomics; protein interactions

1. Introduction

Prostate cancer (PCa) is the second most common cancer type in men and the sixth
leading cause of cancer-related death in men worldwide [1]. The discovery of new thera-
peutic avenues in PCa, and the development of effective drugs in the era of personalized
medicine, would greatly benefit from the field of proteomics. The proteomics approach
for a high-throughput study of biological samples by mass spectrometry has emerged as
one of the main analytical strategies from the last years, and proteomic-based studies have
greatly improved cancer research. Thus, proteomics represents an important tool for the
identification of new molecular targets for PCa’s tailored therapy.
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Inflammation is widely recognized as a hallmark of cancer [2]. Cell proliferation is
enhanced in an inflammatory microenvironment rich in cytokines, growth factors, and
agents that cause DNA damage [3]. This combination of factors makes the risk of develop-
ing a tumor much higher [3]. Further, inflammatory cells release reactive oxygen species
(ROS), which generate oxidative stress and damage the DNA of neighboring epithelial
cells, thus accelerating the evolution towards a more malignant phenotype [4]. Elevated
intracellular ROS levels might affect several signaling pathways, resulting in the activation
or repression of processes related to cell proliferation, motility, and survival [5,6]. Although
the cause of prostatic inflammation is uncertain in most cases, it is believed that viral or
bacterial infections, physical trauma from urinary reflux, dietary factors, estrogens, or a
combination of these factors, could contribute to the establishment of an inflammatory
microenvironment [7].

Heme oxygenase 1 (HO-1), the rate-limiting enzyme that catalyzes heme degradation,
is a key player in cellular responses to pro-oxidative and pro-inflammatory insults [8,9].
HO-1 participates in cell homeostasis by attenuating inflammation, reducing oxidative
injury, and regulating cell proliferation [10]. Reports from our laboratory documented
that HO-1 has a strong anti-tumoral effect in vivo and in vitro in PCa [8,11–16]. Moreover,
HO-1 induction in PCa cells impairs cell proliferation, invasion, and migration in vitro,
and angiogenesis and tumor growth in vivo [11,12]. HO-1 is recognized as an integral
smooth endoplasmic reticulum membrane protein; however, it has been detected in other
subcellular compartments, including the nucleus [13,17,18]. It has been suggested that
HO-1 undergoes proteolytic degradation at its carboxy-terminal hydrophobic end, which
would facilitate its entry into the nucleus [13]. Interestingly, this truncated form of HO-1
does not possess catalytic activity [17]. It has been proposed that HO-1 has a non-canonical
function in the nucleus, participating in the regulation of the activity of nuclear transcription
factors and even regulating its own expression [19]. In line with this, we have previously
documented that HO-1 binds to the proximal promoter of genes involved in PCa, such
as the prostate-specific antigen (PSA), and represses androgen receptor (AR) activation
revealing an undescribed function for HO-1 in the nucleus [12].

Due to the pleiotropic actions of HO-1, we hypothesized that its multiple functions
could be mediated by interactions with several other relevant proteins associated with
the carcinogenic process. Through co-immunoprecipitation assays, we previously verified
that HO-1 interacts with STAT3, producing its retention in the cytoplasm of PCa cells [13].
Another HO-1 interactor protein in PCa cells identified by our group was Annexin A2
(ANXA2) [20], a key molecule in the adhesion process of PCa cells to the bone microenvi-
ronment. We found that HO-1 modulation in tumor cells interferes with ANXA2-mediated
signaling [20]. These results clearly suggest that HO-1 is involved in cellular processes
beyond the degradation of the heme group. However, further research into the mechanisms
associated with HO-1 non-canonical functions is needed. Given that HO-1 does not show
DNA binding motifs, it is possible that HO-1 needs to interact with transcription factors to
fulfill its regulatory function in the cell nuclei.

To further our analysis, in this work, we undertook a proteomics approach to assess
whether in PCa cells and under oxidative stress conditions, HO-1 could interact with
proteins previously documented to have nuclear localization. Further, we evaluated the
clinical relevance of such a network in PCa patients and performed correlation analyses
among HO-1 and its partners, selecting those with higher correlation and building a risk
score model. Taking into account all of our results, we report novel interactions between
HO-1 and HSPB1, DDB1, and 14-3-3ζ/δ, highlighting their clinical relevance in PCa.

2. Materials and Methods

2.1. Cell Culture, Treatments, Reagents, and Antibodies

PC3 cells were obtained from the American Type Culture Collection (Manassas, VA,
USA) and were routinely cultured in RPMI 1640 (Invitrogen, Grand Island, NY, USA)
supplemented with 10% fetal bovine serum (FBS, Internegocios, Mercedes, Buenos Aires,

196



Antioxidants 2022, 11, 290

Argentina), penicillin 100 U/mL, streptomycin 100 μg/mL, and amphotericin 0.5 μg/mL.
Cells were cultured at 37 ◦C and 5% CO2.

For PC3 H2O2 treatment, cells were treated with 200 μM for 30 min, prepared in
sterile PBS 1X. After treatment, cells were incubated in complete medium for 24 h and were
harvested for the different experiments performed.

2.2. Antibodies

Monoclonal rabbit anti-human HO-1, anti-human 14-3-3ζ/δ and anti-human IgG
antibodies were obtained from Cell Signaling (Danvers, MA, USA). Monoclonal mouse
anti-human HO-1 antibody was obtained from Abcam (Cambridge, UK). Horseradish
peroxidase (HRP) conjugated secondary anti-mouse antibody was obtained from Cell Sig-
naling (Danvers, MA, USA). Secondary antibodies associated with the Alexa 555 and Alexa
647 fluorophores were obtained from Molecular Probes, Invitrogen (Carlsbad, CA, USA).

2.3. PEBG-GST-HO-1 Cloning

The vector pEBG-GST-HO-1 was generated by cloning the copy DNA sequence (cDNA)
encoding the human HO-1 gene (HMOX1) into the restriction sites BamHI and NotI of the
mammalian expression vector pEBG-GST (Addgene, Watertown, MA, USA). This strategy
results in the fusion of the GST peptide at the N-terminus of HO-1. The sequences of
primers used were: forward—5′-GCCGGATCCATGGAGCGTCCGCAAC-3′; reverse—5′-
GCCGCGGCCGCCATTCACATGGCATAAAGC-3′.

2.4. Transfection with PEBG-GST and PEBG-GST-HO1

PC3 cells were transiently transfected with the HO-1 expression plasmid (pEBG-
GST-HO-1) or the empty vector as control (pEBG-GST). Each 10 cm diameter plate was
transfected using 10 μg of plasmid and 20 μL of polyethylene glycol (PEI) (Sigma-Aldrich,
Gillingham, UK) in a final volume of 200 μL of RPMI 1640 culture medium. Transfections
were performed on plates with 3 mL of RPMI without FBS or antibiotics. After 5 h of
transfection, the culture medium was replaced by complete RPMI with 10% v/v FBS and
antibiotics at the previously mentioned concentrations. For the proteomics tests, 40 plates
of 10 cm in diameter of each experimental condition (GST-HO-1 vs. GST) were transfected
and incubated for 48 h to carry out the different experiments.

2.5. GST Immunoprecipitation Strategy

48 h after transfection with pEBG-GST-HO-1 or the empty vector pEBG-GST and
subsequent treatment with H2O2, proteins were extracted using a low concentration NaCl
buffer (20 mM Tris, 150 mM NaCl, 5 mM MgCl2, 0.5% NP40, pH 7.5) to avoid disruption
of protein-protein interactions. Protein extracts were incubated for 2 h at 4 ◦C with beads
coated with glutathione-S-agarose.

2.6. Separation of Peptides and Mass Spectrometry Analysis

Recombinant GST-HO-1 protein complexes were reduced (200 mM DTT), alkylated
(200 mM iodoacetamide), and digested with trypsin in-solution overnight, using an esti-
mated 1:30 enzyme to substrate ratio. The peptides were desalted and concentrated in a C18
resin (Zip-Tips, Waters Technologies Corporation, Milford, MA, USA) before analysis by LC
ESI-MS/MS at the Center for Metabolomics and Mass Spectrometry (The Scripps Research
Institute, La Jolla, CA, USA). Peptides were separated by reverse-phase chromatography
before mass spectrometry analysis using the following method: nanoelectrospray capillary
column tips were made in-house by using a P-100 laser puller (Sutter Instruments, No-
vato, CA, USA). The columns were packed with Zorbax SB-C18 stationary phase (Agilent
Technologies, Santa Clara, CA, USA) purchased in bulk (5 mm particles, with a 15 cm
length and a 75 mm inner diameter). The reverse-phase gradient separation was performed
by using water and acetonitrile (0.1% formic acid) as the mobile phases. The gradient
consisted of 5% acetonitrile for 10 min followed by a gradient to 8% acetonitrile for 5 min,

197



Antioxidants 2022, 11, 290

35% acetonitrile for 113 min, 55% acetonitrile for 12 min, 95% acetonitrile for 15 min, and
re-equilibrated with 5% acetonitrile for 15 min.

Data-dependent MS/MS data were obtained with an LTQ linear ion trap mass spec-
trometer using a home-built nanoelectrospray source at 2 kV at the tip. One MS spectrum
was followed by 4 MS/MS scans on the most abundant ions after the application of a
dynamic exclusion list. Tandem mass spectra were extracted using the Xcalibur software
(Thermo Scientific, Waltham, MA, USA). All MS/MS samples were analyzed by using
Mascot (version 2.1.04; Matrix Science, London, UK) with H. Sapiens proteins contained in
the NCBI protein database (NCBInr2 20080628 (6655203 sequences; 2281585098 residues).
Taxonomy: Homo sapiens (human) (202147 sequences), assuming the digestion enzyme
trypsin with a maximum of 1 miscleavage. Mascot was searched with a fragment ion
mass tolerance of 0.80 Da and a parent ion tolerance of 2.0 Da, and fixed modifications:
carbamidomethyl (C) and variable modifications: oxidation (M). Identification was carried
out at the 95% confidence level with a calculated false-positive rate of <1% as determined
by using a reversed concatenated protein database. The minimum score for a nonrandom
identification with more than 95% confidence was 45 for the GST control search and 44 for
the GST-HO-1 search. At least one unique peptide with MS/MS data was identified for
each protein hit. To control for nonspecific binding, we compared GST-HO-1 co-purifying
proteins with those immunoprecipitated in cells transfected with a GST empty vector.
Only differential GST-HO-1 binding proteins compared with GST-binding proteins were
considered further.

2.7. Co-Immunoprecipitation (Co-IP)

After treatment with H2O2, total proteins were extracted from PC3 cells and quantified
using the BCA method (Sigma-Aldrich, Gillingham, UK) (98% BCA + 2% CuSO4). 500 μg
of proteins from the cell lysates and 10 μg of the specific rabbit anti-human HO-1 antibody
were diluted in a final volume of 500 μL in RIPA buffer (150 μM NaCl, 20 μM EDTA
1% v/v sodium deoxycholate, 0.1% v/v sodium dodecyl sulfate (SDS), 1% Triton x-100Tris,
pH 7.4). As a specificity control, samples were incubated with 10 μg of nonspecific rabbit
anti-human IgG antibody. All samples were supplemented with MPI protease inhibitors
(Sigma-Aldrich, Gillingham, UK), and were incubated overnight at 4 ◦C with orbital
shaking. Protein A/G PLUS-Agarose beads (Santa Cruz Biotechnology Inc., Santa Cruz,
CA, USA) were washed; 20 μL were added to each sample and incubated overnight at 4 ◦C
with orbital shaking. Antibody-protein-beads complexes were washed with 500 μL of RIPA
buffer and re-suspended in 40 μL of RIPA 20% loading buffer (5% B-Mercaptoethanol).
Samples were heated for 5 min at 95 ◦C. 60 μg of the total protein lysate was used as input.
The immune complexes were analyzed by Western blot as previously described [21], using
mouse anti-human HO-1 or rabbit anti-human 14-3-3ζ/δ antibodies. Three independent
experiments were performed.

2.8. Immunofluorescence (IF) Experiment

60,000 PC3 cells were cultured on coverslips placed in 12-well plates and the respective
treatments were carried out. Afterwards, cells were washed three times with PBS and then
fixed with 1 mL of 100% methanol for 20 min at −20 ◦C. After removing the methanol,
cells were incubated at room temperature in a permeabilizing solution of 1 mL PBS-triton
0.1% v/v for 10 min. Subsequently, coverslips were placed in a humid and dark chamber
and were incubated with a blocking solution (40 μL of PBS-BSA 3% m/v for 1 h). Coverslips
were then incubated overnight at 4 ◦C with 40 μL of the corresponding primary antibodies
(mouse anti-human HO-1 and/or rabbit anti-human 14-3-3ζ/δ antibodies), prepared in
PBS-BSA 3% m/v. After performing three washes of 10 min with PBS, the coverslips
were incubated for 1 h at room temperature with the Alexa Fluor 555 and/or Alexa Fluor
647 secondary antibodies in a 1:5000 dilution prepared in PBS-BSA 3% m/v.

After three washes of 10 min with PBS, the coverslips were mounted on a slide with
2 μL of Mowiol (Sigma-Aldrich, Gillingham, UK) and stored at 4 ◦C in the dark until use.
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Confocal images were acquired by confocal microscopy (FV1000, Olympus, Tokyo,
Japan), using a UPlanSApo 100X oil immersion objective (NA 1/41.35; Olympus), a diode
laser of 543 and 635 nm as the excitation sources. Images were obtained with a Qimaging
EXI Aqua camera; >20 cells were analyzed for the IF assay for each condition.

2.9. Image Processing for Presentation

Confocal images were processed for presentation using ImageJ software (NIH, Bethesda,
MD, USA). The background of each channel was subtracted. The JACoP plugin was used
in order to evaluate co-localization, and Manders and Pearson’s coefficients were estimated.
GraphPad Prism software (La Jolla, CA, USA) was used to assess statistical significance,
which was set at p < 0.05.

2.10. Bioinformatics Analysis
2.10.1. Identification of HO-1 Interactor Proteins with Nuclear Localization and GO
Enrichment Analysis

Protein–protein interactions and gene ontology (GO) analyses were performed using
the STRING webtool [22], using a minimum combined interaction score of 0.400. Plots were
generated using Cytoscape [23] and enrichplot package [24] in R. Statistical significance
was set at false discovery rate (FDR) p < 0.05.

2.10.2. Information Source and Eligibility Criteria (GEO: Gene Expression Omnibus)

To study the impact of the expression of the selected genes on the survival of patients,
we selected the following dataset:

Ross-Adams 2015 (GSE70770) GPL10558 series [25]: a PCa patient’s cohort with 206 tu-
mor tissue samples from men with PCa who had undergone radical prostatectomy and a
clinical follow-up of 9 years, including biochemical relapse (BCR) information, defined ac-
cording to European Guidelines as a persistent rise of PSA above 0.2 ng/mL. Tumor sample
expression of 31,000 transcripts was measured by 47,000 probes using the Illumina Human
HT-12 V4.0 platform. A descriptive table regarding patient characteristics at baseline (start
of the follow-up for survival analyses) is depicted in Supplementary Table S1.

2.10.3. Gene Correlation

Pairwise gene correlation between HMOX1 and all genes encoding for the HO-1
interactor proteins of interest was analyzed with the ggcorrplot package in R. Correlation
coefficients were classified as weak (|r| ≤ 0.30), intermediate (0.30 < |r| < 0.66), and
strong (|r| ≥ 0.66). Statistical significance was set at p < 0.05.

2.10.4. Risk Scoring System Analysis

Based on the expression of genes with a strong/intermediate gene correlation with
HMOX1, a risk score model was created based on the coefficients of a Cox logistic regression
analysis. Then, the sum of the product of the coefficient (Coef) values of all genes and
their dichotomic expression (Expr) values was calculated as the patient risk score (risk
score = ∑n

i=1(Coe fi × Expri)). Using Cutoff Finder software [26], patients were divided
into high-risk and low-risk groups. Kaplan–Meier survival analysis was used to determine
whether relapse-free survival (RFS) was significantly different between high-risk and
low-risk patients.

2.10.5. Survival Analyses

Kaplan–Meier curves showing the RFS of patients with PCa were plotted using the
survminer package [27] in R. To find the optimal cutoff value to stratify patients into two
groups based on the expression levels of each gene, we used the Cutoff Finder tool. Multi-
variable analysis was performed in Stata (StataCorp LLC, College Station, TX, USA) and
plotted in GraphPad Prism software (La Jolla, CA, USA). For univariable and multivari-
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able analyses of prognostic factors, the Log-rank test and Cox proportional hazard model
regression were employed. Statistical significance was set at p < 0.05.

3. Results

3.1. Proteomics Profile of HO-1 Interactors in PCa Cells

We have previously identified HO-1 molecular partners involved in cell–cell commu-
nication and cell adhesion through an integrative “omics” approach [28], establishing four
molecular pathways (ANXA2/HMGA1/POU3F1; PLAT/PLAU; TMOD3/RAI14/VWF;
NFRSF13/GSN). Further, we also described ANXA2, a protein associated with both bone
physiology and in PCa bone progression [29,30], as an HO-1 interactor [20].

In light of the strong anti-tumoral role of HO-1 in PCa, we deepened our analyses in
the search for other HO-1 interactors with clinical relevance for the disease. We carried
out a proteomics analysis, in which PC3 cells, derived from a bone metastasis of PCa [31],
were transfected with the HO-1 expression plasmid (pEBG-GST-HO-1) or with the empty
vector as control (pEBG-GST) (Figure 1A). After 48 h, cells were treated with 200 μM
H2O2 for 30 min, with the aim of generating an inflammatory and oxidative microenvi-
ronment similar to the one which characterizes PCa [7]. Subsequently, GST-HO-1 was
immunoprecipitated together with its interactors. The eluates were digested for analy-
sis by LC ESI-MS/MS (Figure 1A). We identified 41 HO-1 interactor proteins, including
GSN (Gelsolin), FLNB (filamin B), 14-3-3 family proteins, TES (testin), TRIM28 (tripartite
motif-containing 28), and SRSF3 (splicing factor rich in serine and arginine 3), with clinical
relevance in PCa [32–37]. Supplementary Table S2 shows the differential proteins identi-
fied (GST-HO-1 vs. GST) together with the number of unique peptides, the name of the
encoding gene, the score, and the percentage of coverage with respect to the complete
sequence. Next, an interaction network was built using STRING [22] and Cytoscape [23],
which is shown in Figure 1B. Significant protein hits (Supplementary Table S2) identified
with more than 2 PSMs were selected for further analysis (Figure 1B, larger spheres). This
filter resulted in the selection of 14 proteins. Among those, 11 proteins had been previously
reported with nuclear localization, including tripartite motif-containing 28 (TRIM28), het-
erogeneous nuclear ribonucleoprotein A2/B1 (HNRNPA2B1), heat shock protein family B
(small) member 1 (HSPB1), chromobox 1 (CBX1), chromobox 3 (CBX3), matrin 3 (MATR3),
nucleophosmin 1 (NPM1), damage specific DNA binding protein 1 (DDB1), high mobil-
ity group AT-hook 1 (HMGA1), 14-3-3 zeta delta-like protein (14-3-3ζ/δ) and zinc finger
CCCH-type containing, antiviral 1 (ZC3HAV1) [22] (Figure 1B, pink spheres). The gene
ontology (GO) for the top biological processes (BP) categories of the genes encoding for the
HO-1 interactor proteins with nuclear localization included response to stress and cellular
response to DNA damage stimulus (Figure 1C).

3.2. Gene Correlation between HMOX1 and the Genes Encoding for HO-1 Interactors with
Nuclear Localization in PCa Cells

To study the relevance of the HO-1 interactors in PCa, we assessed the clinical sig-
nificance of these nuclear factors by using the GSE70770 dataset [25], which gathers tran-
scriptomic and clinical data from PCa patients who had undergone radical prostatectomy
and clinical follow-up of 9 years, including biochemical relapse. Next, we performed
pairwise correlation analyses between HMOX1 and the genes encoding for the 11 selected
nuclear localized HO-1 interactors (Figure 2B). Results show a significant and positive
intermediate/strong Spearman correlation between HMOX1 and 6 of those genes (r = 0.4,
p < 0.0001 for HNRNPA2B1; r = 0.3, p < 0.0001 for HSPB1; r = 0.4, p < 0.0001 for NPM1;
r = 0.5, p < 0.0001 for DDB1; r = 0.6, p < 0.0001 for HMGA1; and r = 0.4, p < 0.0001 for
ZC3HAV1). Interestingly, HMOX1 only correlated negatively with YWHAZ (r = −0.4,
p < 0.0001) (Figure 2A,B).
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Figure 1. Construction of the HO-1 interactome in PCa cells. (A) Simplified schematic workflow of
the construction of the HO-1 interactome in PC3 cells. GST-HO-1 immunoprecipitation assays were
performed from PC3 cell extracts that had been previously treated with H2O2 (200μM, 1 h). For the
LC ESI-MS/MS analysis, peptides were desalted and concentrated on a C18 resin. Tandem mass
spectra were extracted using the Xcalibur software. All MS/MS samples were analyzed by using
Mascot. (B) Interactions network for the GST-HO-1 binding proteins. The network was built with
Cytoscape 3.7.0. using the interactions data obtained with STRING, using a minimum combined
interaction score of 0.400. The protein size increases proportionally to the PSMs obtained in the LC
ESI-MS/MS analysis. Proteins in pink are proteins identified with PSM > 2 and previously reported in
the cell nucleus. (C) Gene ontology (GO) (biological processes) categories significantly dysregulated
for genes encoding for HO-1 interactor proteins with nuclear localization. The color gradient shows
the adjusted p-value. FDR = false discovery rate.

3.3. Clinical Relevance of HO-1 Interactors with Nuclear Localization in PCa

In order to evaluate the clinical relevance of the HO-1 interactors that have been
previously reported in the nucleus, we analyzed the biochemical relapse-free survival
(RFS) of PCa patients associated with the expression of the genes encoding for those
proteins. The analyzed genes were the ones which showed a significant (p < 0.05) and
intermediate (0.30 < |r| < 0.66) or strong (|r| ≥ 0.66) mRNA correlation with HMOX1
(HNRNPA2B1, HSPB1, NPM1, DDB1, HMGA1, ZC3HAV1, and YWHAZ). We also included
HMOX1 expression in this analysis. We plotted KM curves for each individual gene as-
sessed (Figure 3). Patients were stratified into two groups based on the expression levels
for each gene: high and low expression. The analysis showed that high expression of
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HNRNPA2B1, HSPB1, NPM1, DDB1, HMGA1, ZC3HAV1, and HMOX1 was associated with
an increased RFS in PCa patients (HR = 0.467, Cox p = 0.003 for HNRNPA2B1 (Figure 3A);
HR = 0.364, Cox p = 0.001 for HSPB1 (Figure 3B); HR = 0.377, Cox p < 0.0001 for NPM1
(Figure 3C); HR = 0.52, Cox p = 0.01 for DDB1 (Figure 3D); HR = 0.361, Cox p < 0.0001 for
HMGA1 (Figure 3E); HR = 0.266, Cox p < 0.0001 for ZC3HAV1 (Figure 3F); and HR = 0.505,
Cox p = 0.018 for HMOX1 (Figure 3H)). However, high expression of YWHAZ was associ-
ated with a lower RFS (HR = 3.942, Cox p < 0.0001) (Figure 3G).

Figure 2. Gene correlation. (A) Pairwise Spearman correlation matrix analysis between HMOX1 and
all of the genes encoding for the HO-1 interactor proteins which were previously reported in the cell
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nucleus (TRIM28, HNRNPA2B1, HSPB1, CBX1, CBX3, MATR3, NPM1, DDB1, HMGA1, YWHAZ, and
ZC3HAV1). Rounded Spearman correlation values are included inside each color box. Color scale
ranges from blue (r = −1) to white (r = 0) to red (r = 1). (B) Spearman correlation analysis for HMOX1
and the genes encoding for the HO-1 interactor proteins, which were previously reported in the cell
nucleus (TRIM28, HNRNPA2B1, HSPB1, CBX1, CBX3, MATR3, NPM1, DDB1, HMGA1, YWHAZ, and
ZC3HAV1). Statistical significance was set at p < 0.05.

 

Figure 3. Relapse-free survival (RFS) of PCa patients using the Ross–Adams dataset, GSE70770,
n = 206. (A–H) Kaplan–Meier curves for RFS of PCa patients segregated based on the gene expression
levels for HNRNPA2B1 (A), HSPB1 (B), NPM1 (C), DDB1 (D), HMGA1 (E), ZC3HAV1 (F), YWHAZ
(G), and HMOX1 (H). RFS of patients with high (purple lines) vs. low (green lines) expression for each
gene. HR = hazard ratios (95% confidence interval). All comparisons consider low expression patients
as the reference group. Cox p = Cox proportional hazard model p-value. Statistical significance was
set at Cox p < 0.05.
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Next, we furthered our analysis by plotting the gene expression ratio between each
of these seven genes and HMOX1 in biochemical relapse (BCR) patients compared with
non-BCR. Results show that HNRNPA2B1/HMOX1, NPM1/HMOX1, and YWHAZ/HMOX1
were significantly higher in BCR compared with non-BCR patients (p = 0.028 for HN-
RNPA2B1/HMOX1 (Figure 4(Ai)); p = 0.018 for NPM1/HMOX1 (Figure 4(Ci)); p < 0.0001 for
YWHAZ/HMOX1 (Figure 4(Gi))). Next, we plotted the RFS stratifying patients according
to their gene expression ratio. PCa patients with higher HSPB1/HMOX1, DDB1/HMOX1,
and YWHAZ/HMOX1 showed a worse RFS compared with patients with lower ratios
(HR = 2.291, Cox p = 0.006 for HSPB1/HMOX1 (Figure 4(Bii)), HR = 1.888, Cox p = 0.014
for DDB1/HMOX1 (Figure 4(Dii)), and HR = 3.764, Cox p < 0.0001 for YWHAZ/HMOX1
(Figure 4(Gii))). Results evidenced that increased HMOX1 expression in combination with
high expressions of HSPB1, DDB1, and YWHAZ, improves RFS for PCa patients.

 

Figure 4. Expression ratios between HNRNPA2B1, HSPB1, NPM1, DDB1, HMGA1, ZC3HAV1,
YWHAZ, and HMOX1 and their association with biochemical relapse (BCR) and relapse-free survival
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(RFS) using the Ross-Adams dataset, GSE70770, n = 206. (i) Violin plots depict-
ing HNRNPA2B1/HMOX1 (A), HSPB1/HMOX1 (B), NPM1/HMOX1 (C), DDB1/HMOX1 (D),
HMGA1/HMOX1 (E), ZC3HAV1/HMOX1 (F), and YWHAZ/HMOX1 (G) expressions in BCR vs.
non-BCR patients. (ii) Kaplan–Meier curves for RFS of PCa patients segregated based on the gene
expression HNRNPA2B1/HMOX1 (A), HSPB1/HMOX1 (B), NPM1/HMOX1 (C), DDB1/HMOX1 (D),
HMGA1/HMOX1 (E), ZC3HAV1/HMOX1 (F), and YWHAZ/HMOX1 (G) ratios. RFS of patients with
high (red lines) vs. low (blue lines) expression for each ratio. HR = hazard ratios [95% confidence
interval]. All comparisons consider low expression patients as the reference group. Cox p = Cox
proportional hazard model p-value. Statistical significance was set at Cox p < 0.05. * p < 0.05;
*** p < 0.001.

We then performed a Cox regression analysis and built a prognostic model for predict-
ing the RFS, based on the expression (Expr) and coefficient (Coef) values of HMOX1 and
each of the three genes whose higher ratios with HMOX1 showed a significant decrease
in RFS compared with patients with lower ratios (YWHAZ, DDB1, and HSPB1) (Table 1).

The risk score was calculated as follows: =
n
∑

i=1
(Coe fi × Expri). On the basis of the result

for each PCa patient, the GSE70770 dataset was divided into two groups (high-risk group
and low-risk group) according to the optimal cutoff value. Interestingly, we observed that
patients with higher risk scores had a worse clinical outcome than patients with lower risk
scores (HR = 4.807, Cox p < 0.0001) (Figure 5A).

Table 1. Detailed information of HO-1 interactors for the risk score model.

Gene Coeff. [95% CI] p-Value

HMOX1 −0.44 −1.04–0.16 0.147
YWHAZ 1.43 0.82–2.04 <0.001

DDB1 −0.48 −1.01–0.05 0.08
HSPB1 −0.86 −1.47–−0.25 0.006

To validate HSPB1, DDB1, YWHAZ, and HMOX1’s clinical relevance in PCa, multivari-
able analyses were performed in the presence of clinic-pathological parameters previously
associated with increased PCa relapse risk. These parameters included Gleason score (GS),
PSA levels, patients’ clinical and pathological stages, and HMOX1 expression. HSPB1
behaved independently from the patients’ GS, PSA levels, clinical and pathological stages,
and HMOX1 expression (p = 0.03 for GS; p = 0.001 for PSA; p = 0.002 for the clinical stage;
p = 0.005 for the pathological stage; p = 0.002 for HMOX1 (Figure 5B)). DDB1 behaved
independently from the patients’ GS, PSA levels, and clinical and pathological stages
(p = 0.035 for GS; p = 0.018 for PSA; p = 0.014 for the clinical stage; and p = 0.001 for the
pathological stage (Figure 5C)). When we further adjusted the model to include all variables
simultaneously, the associations remained significant (p = 0.022) (Figure 5C). Further, YW-
HAZ behaved independently from the patients’ GS, PSA levels, clinical and pathological
stages, and HMOX1 expression (Figure 5D). When analyzing all variables simultaneously,
the associations remained significant (p = 0.01) (Figure 5D). Figure 5E depicts HMOX1
independence from all of the clinic-pathological parameters previously analyzed (p = 0.027
for GS; p = 0.019 for PSA; p = 0.019 for the clinical stage; p = 0.004 for the pathological stage;
p = 0.023 for all the variables simultaneously (Figure 5E)). Altogether, the multivariable
analyzes add support to the independence of variables to predict the patient outcome.
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Figure 5. Risk score regression model and multivariable analyses for HSPB1, DDB1, YWHAZ, and
HMOX1 in PCa patients. (A) Kaplan–Meier curve for RFS in high-risk (purple lines) and low-risk
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(green lines) groups, according to a risk score model based on the expression of HSPB1, DDB1,
YWHAZ, and HMOX1 in PCa patients. (B–D) Multivariable analyses presented by forest plots
between each gene (HSPB1 (B), DDB1 (C), YWHAZ (D), and HMOX1 (E)) and GS, PSA, clinical
and pathological stage, HMOX1′s expression, or all the variables together. Univariable analysis
(light blue); multivariable analysis with GS (light green) = adjusted for the GS (6; 7 (3 + 4); 7 (4 + 3);
8-10); multivariable analysis with PSA (pink) = adjusted for the PSA serum levels at diagnosis (PSA
(ng/mL): <4; 4-10; > 10); multivariable analysis with the clinical stage (dark green) = adjusted for
the clinical stage; multivariable analysis with the pathological stage (red) = adjusted for the patho-
logical stage; multivariable analysis with HMOX1 (grey) = adjusted for the expression of HMOX1;
multivariable analysis (purple) = adjusted for all the variables simultaneously. HR = hazard ratios
(95% confidence interval). All comparisons consider low expression patients as the reference group.
Cox p = Cox proportional hazard model p-value. Statistical significance was set at Cox p < 0.05.

3.4. Validation of the Interaction between HO-1 and 14-3-3ζ/δ in PCa Cells

Considering that: (1) YWHAZ has been reported to be an independent and strong
predictor of aggressiveness in PCa [38]; (2) its expression showed a significant negative cor-
relation with HMOX1 expression; (3) PCa patients with high YWHAZ/HMOX1 showed the
highest HR; and (4) high YWHAZ was the only factor significantly associated with a higher
risk of relapse; we validated the interaction between HO-1 and 14-3-3ζ/δ. PC3 cells were
treated with H2O2 or vehicle, and protein eluates were subjected to co-immunoprecipitation.
As seen in Supplementary Figure S1A, HO-1 and 14-3-3ζ/δ interact in PC3 cells.

In addition, by confocal microscopy, HO-1 and 14-3-3ζ/δ co-localization was evaluated
in PC3 cells treated with H2O2 or vehicle. The images displayed in Supplementary Figure
S1B showed that HO-1 and 14-3-3ζ/δ co-localize in the cell nucleus under the induction of
HO-1 with H2O2 (Supplementary Figure S1B). When analyzing the Manders and Pearson
co-localization coefficients, a significant increase is observed in PC3 cells treated with H2O2
compared with controls (Supplementary Figure S1C).

Altogether, we confirmed for the first time the interaction between HO-1 and 14-3-3ζ/δ,
highlighting them as critical players in PCa, and potential targets for clinical intervention.

4. Discussion

HO-1 is a key player in the cellular defense system against pro-oxidative and pro-
inflammatory insults [10]. Regarding its role in pathological conditions, this protein is
commonly considered as a survival molecule that plays an important role in cancer [10].
However, there is controversy about its role in tumor development and progression, pos-
sibly because its expression profile is associated with the type of tissue in question and
depends, in turn, on the context or the tumor microenvironment.

Previous reports from our laboratory documented for the first time that HO-1 is
expressed in human primary prostate carcinomas and is localized in the cell nucleus [18].
In PCa cell lines, we found that the pharmacological and genetic induction of HO-1 inhibits
proliferation, migration, and invasion in vitro; further, it slows down tumor growth, limits
tumor-associated angiogenesis [12] and neovascularization [15], and boosts the antitumor
response in vivo [15].

Given the pleiotropic anti-tumoral role of HO-1 in PCa, in this work, we set out
to evaluate whether HO-1 interacted with proteins previously described with nuclear
localization, enabling it to reprogram prostate tumor cells fate, favoring the acquisition
of a less aggressive phenotype. After generating oxidative stress conditions, HO-1 co-
immunoprecipitates were subjected to LC ESI-MS/MS, identifying 11 proteins reported
with nuclear localization. Interestingly, GO analyses showcased response to stress and
cellular response to DNA damage stimulus as the top significant biological processes
categories, highlighting the non-canonical HO-1 potential nuclear function in PCa.

Our next aim was to evaluate the clinical relevance of such interactors in association
with HO-1 in PCa patients that had undergone radical prostatectomy (GSE70770) [25]. Gene
expression correlation analyses showed a significant and positive Spearman correlation
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between HMOX1 and HNRNPA2B1, HSPB1, NPM1, DDB1, HMGA1, and ZC3HAV1. Of
note, HMOX1 and YWHAZ showed a significant negative correlation.

We next set out to study whether the ratios of HNRNPA2B1/HMOX1, HSPB1/HMOX1,
NPM1/HMOX1, DDB1/HMOX1, HMGA1/HMOX1, ZC3HAV1/HMOX1, and YWHAZ/
HMOX1 might affect patients RFS. Results confirmed that PCa patients with higher
HSPB1/HMOX1, DDB1/HMOX1, and YWHAZ/HMOX1 showed a worse RFS, highlight-
ing the protective role of HO-1.

Further, we computed a risk score constituted by HSPB1, DDB1, YWHAZ, and HMOX1,
evidencing a decrease in the RFS of patients with higher risk scores. Multivariable analyses
supported the independence of variables to predict the patient outcome.

Interestingly, it has been reported that HSPB1 correlates with the overall survival of
patients with several types of cancer. Particularly, HSPB1 induction is associated with
highly aggressive disease and poor clinical outcomes in PCa. At early tumor stages,
HSPB1 expression is inhibited, but it is re-expressed during PCa progression, leading
to a more aggressive phenotype [39,40]. On the other hand, Zoubeidi et al. described
a novel cooperative interaction between AR and HSPB1 that enhances AR stability and
transcriptional activity, thereby increasing prostate cancer cell survival [41].

DDB1 is involved in DNA repairing and has been related to tumor suppression [42,43].
Regarding its role as a member of the CUL4A-DDB1 E3 ligase complex, it promotes
ubiquitination-dependent AR degradation. Accordingly, DDB1 and AR protein levels
negatively correlate in PCa cells [44]. 14-3-3ζ/δ is an adapter protein encoded by YWHAZ.
Members of the 14-3-3 protein family are involved in the regulation of a wide spectrum of
signaling pathways by binding to various proteins [45] and contributing to the regulation
of crucial cellular processes such as protein trafficking, malignant transformation, and
differentiation [46,47]. Particularly, the ζ/δ isoform constitutes a potential prognostic and
therapeutic target since its high expression correlates with the progression of different
cancers [38,48,49]. Previous studies from our group demonstrated YWHAZ relevance as
a prognostic factor independent from the clinic-pathological parameters associated with
the disease, such as age, GS, and TMPRSS2-ERG fusion [38]. Moreover, we observed that
PCa patients with amplification, or increased mRNA or protein levels for YWHAZ, have
significant alterations in key DNA repair genes [38].

In terms of PCa immunotherapy, different therapeutic mechanisms have been de-
scribed for these 3 HO-1 interactors: HSPB1, DDB1, and 14-3-3ζ/δ. It has been reported
a novel immune escape mechanism mediated by HSPB1, in which this protein expressed
in the breast tumor microenvironment, promotes the differentiation of monocytes to
macrophages with immune-tolerogenic phenotypes, which, in turn, trigger severe an-
ergy in T-cells [50]. DDB1 has been proposed as a key factor for immunomodulatory drug
sensitivity [51]. Moreover, DDB1 has been identified in high-throughput analyses as a
potential target, showing sensitivity to Poly(ADP-ribose) polymerase (PARP) inhibition [52].
This therapeutic avenue might be combined together with different immunomodulatory
drugs, enhancing their effect [53]. In the case of 14-3-3ζ/δ, Yu et al. [54] reported that
immune-associated genes involved in interferon signaling, TLR-4 signaling, inflammasome
network, antigen presentation/TCR recognition, and CD28 co-stimulation were found
significantly downregulated in patients with urothelial carcinomas of the urinary bladder
(UCUBs) presenting YWHAZ amplification/overexpression. However, there is no evidence
of YWHAZ immunomodulation in PCa. Further studies are required in order to determine
whether an anti-YWHAZ approach might be a useful strategy for improving the therapeutic
efficacy of immunotherapy in PCa.

Remarkably, 14-3-3 proteins can affect various physical and functional aspects of their
targets, such as: blocking nuclear localization or export signals affecting their subcellular lo-
calization, blocking their binding to other proteins, affecting their stability, and modulating
their catalytic activity by modifying their conformation [47,55–58]. In most cases, the bind-
ing of 14-3-3 sequesters the target protein in a particular subcellular compartment, and the
release of 14-3-3 allows the protein to relocate. Likewise, recently Chen et al. [58] revealed
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through in vitro and in vivo studies that 14-3-3ζ/δ promotes invasion and metastasis of
non-small-cell lung cancer by binding to the soluble form of β-catenin phosphorylated at
Ser552, protecting it from ubiquitin-mediated degradation, suggesting a novel mechanism
by which β-catenin accumulates in the cytoplasm and remains protected from degrada-
tion in tumoral cells. Hence, 14-3-3ζ/δ promotes the activation of the Wnt pathway and
the transcriptional activity of β-catenin, which enters the nucleus and interacts with the
TCF/LEF complexes, inducing epithelial-mesenchymal transition, proliferation, and cell
migration. Furthermore, it is widely accepted that the canonical Wnt pathway modulates
osteoblast function and participates in the induction of the osteoblastic phenotype in PCa
bone metastasis [59]. These results show the importance of the 14-3-3ζ/δ/β-catenin axis in
PCa progression.

In this work, we confirmed the HO-1/14-3-3ζ/δ interaction, performing a co-immunop
recipitation assay. Further, through an immunofluorescence assay, we determined that
HO-1 and 14-3-3ζ/δ co-localize in the nucleus of PCa cells under oxidative stress conditions.
Remarkably, this is the first time that this interaction has been reported in this type of cell.
Although Song et al. reported this interaction in hepatocellular carcinoma [55], they only
observed co-localization of both proteins in the cell cytoplasm, demonstrating that the
interaction inhibited the ubiquitination and subsequent degradation of HO-1, facilitating
its stability.

5. Conclusions

In summary, the results obtained in this study describe for the first time the interaction
between HO-1 and HSPB1, DDB1, and 14-3-3ζ/δ in PCa cells. Further work will be
necessary to identify the fine molecular mechanisms tuning HO-1 towards the acquisition
of a less aggressive phenotype and to delineate the role of its interactions in PCa.
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