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Editorial on the Research Topic
Oxidative metabolism in inflammation

Mitochondria are integral to a multitude of cellular functions, including cell proliferation,
metabolism, ATP production, and programmed cell death. They play an especially critical
role in mediating inflammatory signaling pathways (1). When mitochondria become
permeabilized, they can promote inflammation by releasing mitochondrial-derived
damage-associated molecular patterns (DAMPs), which are potent triggers of the immune
response (2). Furthermore, mitochondria are essential regulators of macrophage activation,
differentiation, and survival (3). Alterations in mitochondrial oxidative metabolism
significantly affect macrophage polarization: pro-inflammatory macrophages (M1)
primarily rely on glycolysis for energy production, whereas anti-inflammatory
macrophages (M2) depend on oxidative phosphorylation (OXPHOS) (4).

In addition to their role in energy metabolism, mitochondria are a major source of
reactive oxygen species (ROS), contributing to oxidative stress through electron leakage in the
electron transport chain (ETC) and the activity of certain mitochondrial enzymes (5).
Oxidative stress is further heightened when macrophages are activated, although these cells
possess self-defense mechanisms, such as metabolic reprogramming, to enhance their survival
under these conditions (6). An increase in mitochondrial ROS production, or a decrease in
antioxidant defenses, can result in significant cellular damage and inflammation. This link
between elevated mitochondrial oxidative stress and chronic inflammation is associated with
the pathogenesis of various diseases (7), highlighting the importance of mitochondrial
function in maintaining cellular homeostasis and immune regulation (Figure 1).

Although the intricate relationship between mitochondrial metabolism and the innate
immune response is well-established, the therapeutic use of antioxidants has not yielded the
expected success/results (8). Moreover, the potential of metabolic reprogramming —
whether through altering the metabolic environment or directly targeting mitochondrial
function in macrophages for specific inflammatory diseases— remains largely
underexplored. The Research Topic “Oxidative metabolism in inflammation” therefore
aims to investigate whether shifts in oxidative metabolism, mitochondrial reactive oxygen
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The interplay between inflammation and mitochondrial dysfunction in inflammatory diseases.

species (ROS) release, mitochondrial membrane potential, and
changes in mitochondrial metabolites production/levels influence
innate immunity and could serve as viable clinical targets.

This Research Topic comprises 12 articles that span a wide
range of themes, from diseases directly linked to inflammation to
responses and treatments associated with pathogenic infections,
among other related topics. The Research Topic includes six
original articles, two brief research reports, two bibliographic
reviews, and two mini-reviews.

Sepsis is caused by the body’s extreme response to an infection,
leading to widespread inflammation. Thoppil et al. compile a
bibliography on the role of the hormone and neurotransmitter
norepinephrine in enhancing the anti-inflammatory response by
influencing the oxidative metabolism of immune cells. On the other
hand, Natalia Rodriguez-Rodriguez et al. summarize how HIV-1
infection inhibits OXPHOS while promoting glycolysis and fatty
acid synthesis in immune cells. In original research, Golenkina et al.
describe how suppressing leukotriene synthesis in neutrophils with
mitochondria-targeted antioxidants, but not thiol-based ones,
proves effective against Salmonella typhimurium infection.
Additionally, Krasic et al. investigate the effects of the anti-
inflammatory glucocorticoid methylprednisolone on multisystem
inflammatory syndrome associated with COVID-19, noting that it
boosts the antioxidant response in erythrocytes. However, patients
with low catalase activity who do not respond well to treatment
should avoid methylprednisolone, as it may be contraindicated.

Regarding specific inflammatory diseases, osteoarthritis is a
degenerative condition characterized by cartilage breakdown,
accompanied by increased oxidative stress and an altered
inflammatory response (9). Xiong et al. review the effects of the
neuroindole melatonin in osteoarthritis, highlighting its ability to
reduce inflammation, oxidative stress, and chondrocyte death.

Frontiers in Immunology

Meanwhile, He et al. focus on the use of the diterpenoid alkaloid
songorine, which they found to reduce inflammation in osteoarthritis
by shifting macrophage polarization from the M1 to M2 phenotype,
associated with a metabolic reprogramming towards OXPHOS.
Additionally, Zhou et al. propose antioxidant therapy as a novel
treatment for chronic rhinosinusitis with nasal polyps, finding that
the carotenoid crocin inhibits both M1 and M2 macrophage
polarization, reduces the expression of oxidative enzymes NOS2
and NOXI, and enhances the antioxidant capacity of anti-
inflammatory M2 macrophages. Similarly, antioxidant therapy may
be promising for acute inflammation. Liu et al. demonstrate that the
drug troxerutin reduces oxidative stress and inflammation in jellyfish
dermatitis by activating the antioxidant Nrf2/HO-1 pathway.

Several chronic diseases are associated with a pro-inflammatory
phenotype, including diabetes, which is one of the most common
chronic diseases worldwide and is linked to numerous complications
due to inflammation (10). Nirenjen et al. have reviewed the role of
pro-inflammatory cytokines involved in wound healing, a process
that is generally impaired in individuals with diabetes. Furthermore,
using single-cell RNA sequencing (RNA-seq), Qi et al. demonstrated
that oxidative stress is elevated in peripheral blood mononuclear cells
(PBMCs) from patients with ovulation disorders such as polycystic
ovary syndrome, primary ovarian insufficiency, and menopause. In
these patients, a decrease in naive CD8 T cells and effector memory
CD4 T cells was observed, while there was an increase in natural killer
(NK) cells and regulatory NK cells. Non-alcoholic fatty liver disease
(NAFLD) is also associated with oxidative stress, as demonstrated by
Wang et al. using machine learning and weighted gene co-expression
network analysis. They identified that CDKNIB and TFAM are
closely related to oxidative stress in NAFLD.

The Research Topic has also been expanded to include technique
articles describing new methods for studying oxidative metabolism in
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innate immunity. In this regard, Flocke et al. have proposed a non-
invasive method to monitor metabolism during inflammation. By
using lipopolysaccharide (LPS)-doped Matrigen plugs in mice to
induce inflammation, the authors performed 'H/'’F magnetic
resonance imaging (MRI) to track the recruitment of '’F-labeled
immune cells and *H magnetic resonance spectroscopy (MRS) to
monitor the metabolic response.

In summary, this Research Topic deepens our understanding of
mitochondria-dependent regulation in macrophage biology and
explores the role of oxidative metabolism in inflammatory
responses associated with chronic diseases and pathogenic
organisms. These insights could lead to new clinical strategies for
effectively treating acute and chronic inflammation.

Author contributions

PG-M: Writing - review & editing, Writing - original draft. RS:
Writing - review & editing, Writing — original draft. PE: Writing -
review & editing, Writing — original draft.

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. PG-M is
supported by the “Ramon y Cajal” program (RYC-2021-033856-I)

References

1. Marchi S, Guilbaud E, Tait SWG, Yamazaki T, Galluzzi L. Mitochondrial
control of inflammation. Nat Rev Immunol. (2023) 23:159-73. doi: 10.1038/s41577-
022-00760-x

2. Vringer E, Tait SWG. Mitochondria and cell death-associated inflammation. Cell
Death Differ. (2023) 30:304-12. doi: 10.1038/s41418-022-01094-w

3. Wang Y, Li N, Zhang X, Horng T. Mitochondrial metabolism regulates
macrophage biology. J Biol Chem. (2021) 297:100904. doi: 10.1016/j.jbc.
2021.100904

4. Liu Y, Xu R, Gu H, Zhang E, Qu J, Cao W, et al. Metabolic reprogramming
in macrophage responses. biomark Res. (2021) 9:1. doi: 10.1186/s40364-020-
00251-y

5. Canton M, Sanchez-Rodriguez R, Spera I, Venegas FC, Favia M, Viola A, et al.
Reactive oxygen species in macrophages: sources and targets. Front Immunol. (2021)
12:734229. doi: 10.3389/fimmu.2021.734229

Frontiers in Immunology

10.3389/fimmu.2024.1507700

from the Spanish Ministry of Science, Innovation and Universities,
Agencia Estatal de Investigacion (MICIU/AEI), and NextGenerationEU
(EU/PRTR).

Acknowledgments

Figure 1 was created using BioRender (www.biorender.com).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

The author(s) declared that they were an editorial board
member of Frontiers, at the time of submission. This had no
impact on the peer review process and the final decision.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

6. Virag L, Jaen RI, Regdon Z, Bosca L, Prieto P. Self-defense of macrophages against
oxidative injury: Fighting for their own survival. Redox Biol. (2019) 26:101261.
doi: 10.1016/j.redox.2019.101261

7. Zuo L, Prather ER, Stetskiv M, Garrison DE, Meade JR, Peace TI, et al.
Inflammaging and oxidative stress in human diseases: from molecular mechanisms
to novel treatments. Int J Mol Sci. (2019) 20:4472. doi: 10.3390/ijms20184472

8. Biswas SK. Does the interdependence between oxidative stress and inflammation
explain the antioxidant paradox? Oxid Med Cell Longevity. (2016) 2016:5698931.
doi: 10.1155/2016/5698931

9. Ansari MY, Ahmad N, Haqqi TM. Oxidative stress and inflammation in
osteoarthritis pathogenesis: Role of polyphenols. BioMed Pharmacother. (2020)
129:110452. doi: 10.1016/j.biopha.2020.110452

10. Rohm TV, Meier DT, Olefsky JM, Donath MY. Inflammation in obesity, diabetes,
and related disorders. Immunity. (2022) 55:31-55. doi: 10.1016/j.immuni.2021.12.013

frontiersin.org


https://doi.org/10.3389/fimmu.2023.1258027
https://www.biorender.com
https://doi.org/10.1038/s41577-022-00760-x
https://doi.org/10.1038/s41577-022-00760-x
https://doi.org/10.1038/s41418-022-01094-w
https://doi.org/10.1016/j.jbc.2021.100904
https://doi.org/10.1016/j.jbc.2021.100904
https://doi.org/10.1186/s40364-020-00251-y
https://doi.org/10.1186/s40364-020-00251-y
https://doi.org/10.3389/fimmu.2021.734229
https://doi.org/10.1016/j.redox.2019.101261
https://doi.org/10.3390/ijms20184472
https://doi.org/10.1155/2016/5698931
https://doi.org/10.1016/j.biopha.2020.110452
https://doi.org/10.1016/j.immuni.2021.12.013
https://doi.org/10.3389/fimmu.2024.1507700
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

E frontiers ‘ Frontiers in Immunology

@ Check for updates

OPEN ACCESS

EDITED BY
Rosa M. Sainz,
University of Oviedo, Spain

REVIEWED BY
Manjari Singh,

Assam University, India

Alin Laurentiu Tatu,

Dunarea de Jos University, Romania
Pedro Gonzalez-Menendez,
University of Oviedo, Spain

*CORRESPONDENCE
Vetriselvan Subramaniyan
subramaniyan.vetriselvan.monash.edu
Ling Shing Wong
lingshing.wong@newinti.edu.my
Gobinath Ramachawolran
r.gobinath@rcsiucd.edu.my

RECEIVED 03 May 2023
ACCEPTED 26 June 2023
PUBLISHED 27 July 2023

CITATION

Nirenjen S, Narayanan J, Tamilanban T,
Subramaniyan V, Chitra V, Fuloria NK,
Wong LS, Ramachawolran G, Sekar M,
Gupta G, Fuloria S, Chinni SV and Selvaraj S
(2023) Exploring the contribution of pro-
inflammatory cytokines to impaired

wound healing in diabetes.

Front. Immunol. 14:1216321.

doi: 10.3389/fimmu.2023.1216321

COPYRIGHT

© 2023 Nirenjen, Narayanan, Tamilanban,
Subramaniyan, Chitra, Fuloria, Wong,
Ramachawolran, Sekar, Gupta, Fuloria,
Chinni and Selvaraj. This is an open-access
article distributed under the terms of the
Creative Commons Attribution License

(CC BY). The use, distribution or
reproduction in other forums is permitted,
provided the original author(s) and the
copyright owner(s) are credited and that
the original publication in this journal is
cited, in accordance with accepted
academic practice. No use, distribution or
reproduction is permitted which does not
comply with these terms.

Frontiers in Immunology

TYPE Review
PUBLISHED 27 July 2023
D01 10.3389/fimmu.2023.1216321

Exploring the contribution of
pro-inflammatory cytokines
to impaired wound healing
in diabetes

S. Nirenjen?, J. Narayanan®, T. Tamilanban*,

Vetriselvan Subramaniyan®*, V. Chitra®, Neeraj Kumar Fuloria®,
Ling Shing Wong>, Gobinath Ramachawolran®,

Mahendran Sekar’, Gaurav Gupta®®, Shivkanya Fuloria®,
Suresh V. Chinni*" and Siddharthan Selvaraj*

‘Department of Pharmacology, SRM College of Pharmacy, SRM Institute of Science and Technology,
Kattankulathur, Tamil Nadu, India, 2Jeffrey Cheah School of Medicine and Health Sciences, Monash
University, Jalan Lagoon Selatan, Bandar Sunway, Petaling Jaya, Selangor, Malaysia, *Center for
Transdisciplinary Research, Department of Pharmacology, Saveetha Dental College, Saveetha Institute
of Medical and Technical Sciences, Saveetha University, Chennai, Tamil Nadu, India, “Faculty of
Pharmacy, AIMST University, Bedong, Kedah, Malaysia, *Faculty of Health and Life Sciences, INTI
International University, Nilai, Malaysia, °Department of Foundation, RCSI & UCD Malaysia Campus,
Jalan Sepoy Lines, Georgetown, Pulau Pinang, Malaysia, “School of Pharmacy, Monash University
Malaysia, Subang Jaya, Selangor, Malaysia, 8School of Pharmacy, Suresh Gyan Vihar University,
Jagatpura, Mahal Road, Jaipur, India, °Uttaranchal Institute of Pharmaceutical Sciences, Uttaranchal
University, Dehradun, India, *°Department of Biochemistry, Faculty of Medicine, Bioscience, and
Nursing, MAHSA University, Jenjarom, Selangor, Malaysia, *Department of Periodontics, Saveetha
Dental College and Hospitals, Saveetha Institute of Medical and Technical Sciences, Saveetha
University, Chennai, India, *?Faculty of Dentistry, AIMST University, Semeling, Kedah, Malaysia

Background: Impaired wound healing is the most common and significant
complication of Diabetes. While most other complications of Diabetes have
better treatment options, diabetic wounds remain a burden as they can cause
pain and suffering in patients. Wound closure and repair are orchestrated by a
sequence of events aided by the release of pro-inflammatory cytokines, which
are dysregulated in cases of Diabetes, making the wound environment
unfavorable for healing and delaying the wound healing processes. This
concise review provides an overview of the dysregulation of pro-inflammatory
cytokines and offers insights into better therapeutic outcomes.

Purpose of review: Although many therapeutic approaches have been lined up
nowadays to treat Diabetes, there are no proper treatment modalities proposed
yet in treating diabetic wounds due to the lack of understanding about the role of
inflammatory mediators, especially Pro-inflammatory mediators- Cytokines, in
the process of Wound healing which we mainly focus on this review.

Recent findings: Although complications of Diabetes mellitus are most reported
after years of diagnosis, the most severe critical complication is impaired Wound
Healing among Diabetes patients. Even though Trauma, Peripheral Artery Disease,
and Peripheral Neuropathy are the leading triggering factors for the development of
ulcerations, the most significant issue contributing to the development of
complicated cutaneous wounds is wound healing impairment. It may even end up
with amputation. Newer therapeutic approaches such as incorporating the additives
in the present dressing materials, which include antimicrobial molecules and
immunomodulatory cytokines is of better therapeutic value.
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Summary: The adoption of these technologies and the establishment of novel
therapeutic interventions is difficult since there is a gap in terms of a complete
understanding of the pathophysiological mechanisms at the cellular and
molecular level and the lack of data in terms of the assessment of safety and
bioavailability differences in the individuals’ patients. The target-specific pro-
inflammatory cytokines-based therapies, either by upregulation or
downregulation of them, will be helpful in the wound healing process and
thereby enhances the Quality of life in patients, which is the goal of drug therapy.

KEYWORDS

wound healing, pro-inflammatory, diabetes mellitus, cytokines, therapeutic approach
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Highlights

* Impaired wound healing is a significant complication of
Diabetes that remains a burden on patients as it can cause
pain and suffering.

* Pro-inflammatory cytokines play a critical role in wound
closure and repair, but their dysregulation in Diabetes
creates an unfavorable environment for healing and
delays the wound healing processes.

» This concise review offers insights into better therapeutic
outcomes by providing an overview of the dysregulation of
pro-inflammatory cytokines in diabetes mellitus.

Background

Diabetes is the most common metabolic disorder and is more
prevalent than other metabolic disorders. It is a chronic condition
characterized by marked elevations in blood glucose levels, known
as hyperglycemia. Diabetes is a growing concern, with 2.6 million
individuals diagnosed yearly; approximately 4% of the population
struggles with this disorder. Type-2 Diabetes Mellitus affects an
estimated 2.3 million people, while type-I DM affects around 0.3
million (1). Diabetes is one of the leading causes of death
worldwide. A current statistical survey conducted by the National
School of Economics stated that Diabetes is one of the ten leading
causes of death, which estimates about 6.7 million deaths (2). The
global economic burden of Diabetes Mellitus, along with its
complications, is expected to reach 2.1 trillion in upcoming years,
which equates to about 10% of the total National Health Budget.
Diabetes and its complications have an impact on the financial
status of the patient (3).

Although complications of Diabetes Mellitus are mostly
reported after years of diagnosis, impaired wound healing among
Diabetes patients is the most severe and critical complication. Even
though trauma, peripheral artery disease, and peripheral
neuropathy are the leading triggering factors for the development
of ulcerations, the most significant issue contributing to the
development of complicated cutaneous wounds is impaired
wound healing, which may even result in amputation (4).
Dysregulation or defects in the microcirculation, which are
associated with peripheral artery disease and peripheral

Abbreviations: DM, Diabetes Mellitus; PDGF, Platelet-Derived Growth Factor;
T.G.E.- , Transforming Growth Factor- f8; VEGF, Vascular Endothelial Growth
Factor; EPC, Endothelial Progenitor Cells; FGF-2, Fibroblast Growth Factor-2; IL,
Interleukin; TNF- o, Tumor Necrosis Factor- o; M.M.P., Matrix Metallo
Proteinases; MCP-1, Monocyte Chemoattractant Proteins; PAD-4, Protein
Arginine Deiminase 4; HIF-1, Hypoxia Inducible Factor- 1; TIMP, Tissue
Inhibitors of Metalloproteinases; S.T.Z., Streptozotocin; MAPK, Mitogen-
Activated Protein Kinase; CTL, Cytotoxic T Lymphocytes; THC, Tetrahydro
Curcumin; C.R.P., C- Reactive Protein; NF-K 3, Nuclear factor kappa B; TH, T-
Helper Cells.
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neuropathy, contribute to or result in impaired wound healing in
Type-1I Diabetes Mellitus. In individuals with type 1 diabetes, the
high blood sugar levels can negatively affect each of these stages,
leading to impaired wound healing. One of the main complications
of type 1 diabetes is poor blood circulation. High blood sugar levels
can damage blood vessels, reducing blood flow to the affected area.
This diminished blood supply means that essential nutrients and
oxygen required for proper wound healing may not reach the
wound efficiently, slowing down the healing process. Moreover,
individuals with type 1 diabetes often have weakened immune
systems, making them more susceptible to infections. This is due
to high blood sugar levels impairing the function of immune cells
responsible for fighting off bacteria and other pathogens. As a result,
wounds in people with type 1 diabetes are more prone to infections,
which can further delay the healing process. Additionally, the long-
term effects of high blood sugar levels can cause nerve damage,
known as diabetic nephropathy. This condition can lead to a loss of
sensation in the affected area, making it difficult for individuals to
detect injuries or wounds. Delayed wound detection and lack of
proper care can result in further complications and hinder the
healing process (5). Both type 1 and type 2 diabetes can lead to poor
blood circulation due to high blood sugar levels and blood vessel
damage. Reduced blood flow to the wound site can hinder the
delivery of oxygen and nutrients necessary for proper wound
healing. Although there are several therapeutic approaches in
treating Diabetes and its other complications, there are no proper
treatment modalities proposed yet to treat non-healing diabetic
wounds due to the lack of understanding about the underlying
pathophysiological mechanisms of the role of inflammatory
mediators, especially pro-inflammatory mediators such as
cytokines, in the wound healing process. This review mainly
focuses on this issue.

Mechanisms involved in the healing of
wounds

The wound healing

When tissue integrity is compromised, an effective and intricate
process called wound healing begins (6). The four stages of healing
—hemostasis, inflammation, proliferation, and remodeling- are the
most intricate processes and include several steps (7).

Hemostasis

Platelets are essential for hemostasis, the initial phase of tissue
healing. As circulating platelets come into contact with the collagen
of the wounded tissue, they become activated, gather, and stick to
the damaged endothelium (8). When coagulation begins, fibrinogen
is transformed into fibrin, forming the thrombus and the temporary
extracellular matrix. When platelets are activated, they release
proteins that cause neutrophils and monocytes to migrate and
adhere to one another, as well as several growth factors, such as
transforming growth factor-f8 (TGF-£) and platelet-derived growth
factor (PDGF), that facilitate wound healing (9).
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Inflammatory phase

As soon as an injury occurs, the inflammatory phase of wound
healing begins as inflammatory cells infiltrate the wound site. The
first cells to devour the injured tissue are neutrophils. When sticky
molecules on the vascular endothelial surface near the wounded
tissue are activated, neutrophils adhere to the endothelium. Then,
neutrophils advance further into the tissue space through damaged
capillaries or gaps between endothelial cells, a process known as
diapedesis (10). Neutrophils are essential for tissue debridement
and infection control. They also generate a variety of growth factors
that encourage cell development and proteases that degrade the
extracellular matrix, making them involved in the wound-healing
process (11). When circulating monocytes enter the tissue area, they
become mature macrophages (M2 Macrophages), creating an
inflammatory response. Through phagocytosis, pro-inflammatory
or activated macrophages (M1 macrophages) clear the wound of
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germs, foreign objects, apoptotic neutrophils, and injured tissue
fragments (12). They also produce a range of cytokines and
mediators that promote inflammation. Local mast cells also
rapidly react to tissue damage and are crucial for wound healing
(Figure 1). Mast cell degranulation produces proteinases that break
down the extracellular matrix and several cytokines that stimulate
neutrophil recruitment. T-lymphocytes arrive at the wound site in
the late stages of inflammation and appear to coordinate tissue
remodeling (13).

Proliferative phase

The wound enters the proliferative phase as inflammation
subsides and macrophages change to an alternate activated or
anti-inflammatory phenotype. The transition of macrophages
from a pro-inflammatory phenotype to an alternative activated or
anti-inflammatory phenotype plays a crucial role in the shift from

General mechanism of wound healing. Various phases of wound healing haemostasis, inflammation, proliferation and remodelling.
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the inflammatory phase to the proliferative phase of wound healing.
Complex molecular and cellular mechanisms govern this transition.
During the inflammatory phase, macrophages are primarily of the
pro-inflammatory M1 phenotype. These M1 macrophages produce
and release pro-inflammatory cytokines such as interleukin-1 beta
(IL-1B), tumor necrosis factor-alpha (TNF-a), interleukin-6 (IL-6),
and interleukin-8 (IL-8). They are involved in phagocytosis,
secretion of chemokines, and initiating the inflammatory
response. However, as the inflammatory response subsides, the
wound microenvironment undergoes changes that trigger the
transition of macrophages to an anti-inflammatory or alternative-
activated M2 phenotype. Several signaling molecules and cytokines
contribute to the shift from M1 to M2 phenotype. Transforming
growth factor-beta (TGF-B) and IL-10 are key cytokines promoting
the M2 phenotype. These cytokines can be produced by other
immune cells, such as regulatory T cells and Th2 lymphocytes, as
well as by the macrophages themselves in an autocrine manner.
Transcription factors play a critical role in regulating gene
expression and macrophage polarization. Hypoxia-inducible
factor-1 alpha (HIF-10) and peroxisome proliferator-activated
receptor-gamma (PPAR-y) are two key transcription factors
involved in promoting the shift to the M2 phenotype. Hypoxia,
which is prevalent during the early stages of wound healing, can
stabilize and activate HIF-1o, promoting the expression of M2-
associated genes.

Macrophages have a crucial role in all stages of wound healing,
especially proliferation and remodeling. Pro-inflammatory
macrophages, also known as “M1” macrophages, primarily invade
the site of damage to rid it of pathogens, foreign bodies, and dead
cells. During the healing process of acute wounds, the local
macrophage population changes from being mostly pro-
inflammatory (M1) to anti-inflammatory (M2). Pro-inflammatory
macrophages (M1) first invade the site of injury and eliminate
pathogens, foreign debris, and dead cells. Cytokines that are anti-
inflammatory M2 encourage cell migration and proliferation of
keratinocytes, fibroblast, and endothelial cells to repair the dermis,
epidermis, and vascular system. M2 macrophages have serious
subsets such as M2a, M2b, and M2c that are pivotal in the
proliferative phases of wound healing. IL-4/IL-13 stimulate M2a
macrophages. Collagen precursors are produced by M2a
macrophages and thereby stimulate the production of fibroblasts
in wound healing. The proliferative phase of wound healing
necessitates the production of the extracellular matrix (ECM),
which is facilitated by M2a macrophages, and PDGF, which is
crucial for the process of angiogenesis and is highly secreted by M2a
macrophages. M2b macrophages release IL-6, IL-10, TNF, and
express high levels of iNOS and produce MMPs, but they also
dampen inflammation by upregulating IL-10 synthesis. M2c is
stimulated by IL-10 and TGF-f8 and produces high amounts of
IL-18, MMP-9, IL-10, and TGF-f3 and significantly low amounts of
IL-12. M2c engaged in the remodeling of the vascular structure and
extracellular matrix (14).

Growth factors, such as vascular endothelial growth factor
(VEGF) and TGF-f, which promote cell proliferation and protein
synthesis, are also secreted by anti-inflammatory macrophages (M2
macrophages), along with a range of protease inhibitors, proteases,
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and anti-inflammatory mediators (15). Granulation tissue begins to
replace the interim matrix. Using the intermediate matrix as a
scaffold, growth factors released by macrophages promote fibroblast
migration into the wound (16). The fibroblasts proliferate and begin
producing extracellular matrix elements like collagen (fibroplasia).
The development of new capillaries through angiogenesis enhances
fibroblast growth. New blood vessels must form from an existing
capillary network for the rapidly reproducing cells within the
healing wound to receive oxygen and nutrients (17). On the other
hand, vascularization is the process of generating new blood vessels
from scratch by luring endothelial progenitor cells (also known as
EPCs) from the bone marrow. A population of adult stem cells
known as EPCs can differentiate into epithelial cells in response to
tissue ischemia, promoting endothelial regeneration and
neovascularization (18).

Angiogenesis is a dynamic, managed, and regulated process,
and its major drivers include proangiogenic chemicals such as
fibroblast growth factor-2 (FGF-2) and VEGF, as well as anti-
angiogenic compounds that affect endothelial cells. FGF-2 appears
to be released due to tissue disintegration during the first three days
of wound healing, while VEGF release is mostly prompted by tissue
hypoxia over the next three days (19). During the first proliferative
phase, a microvascular network of fresh capillaries develops across
the granulation tissue. Towards the conclusion of the healing
process, blood vessel density declines (20). The proliferation of
new capillaries gives the new connective tissue a characteristic
granular look, earning it the name granulation tissue. When
granulation tissue forms, keratinocytes migrate from the edges of
the wound or around skin appendages to the new matrix and re-
epithelialize. The incision is covered or epithelialized, and the
granulation tissue is covered (21). Some growth factors released
from the injured epidermis and encourage the proliferation of
epithelial cells include endothelial growth factor (EGF),
keratinocyte growth factor, and FGF-2 (22).

Remodeling phase

The remodeling phase of wound healing starts two to three
weeks after the initial injury, and granulation tissue eventually
develops into scar tissue. The density of blood vessels decreases,
and collagen is organized and modified. During the remodeling
phase, continuous collagen formation and breakdown occur and are
principally kept in balance by the activity of matrix
metalloproteinases (23). The tensile strength of the wound
increases due to cross-linking, which is facilitated by the closer
spacing of newly synthesized collagen fibers across tension lines.
Wound contraction is an additional alternative in which
myofibroblasts reduce the size of the wound by drawing the
margins of the wound together (24).

Pathophysiology of diabetic
wound healing

Open wounds that do not heal are referred to as non-healing
wounds. Chronic ulcers are those that do not heal after a period of
12 weeks. Chronic diabetic wounds start off like acute wounds, but
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the healing process is slowed down and interrupted at several points
along the way. As a result, the usual acute ulcer repair is
unsuccessful. The healing of wounds depends on several growth
factors, including cytokines, proteases, cells, and extracellular
elements (25). In diabetic patients, hyperglycemia, chronic
inflammation, micro- and macro-circulatory dysfunction,
hypoxia, autonomic and sensory neuropathy, and poor
neuropeptide signaling all affect the healing of wounds (26).
Advanced glycation end products and non-enzymatic glycation of
proteins, such as collagen, can result in hyperglycemia (27). The
solubility of the extracellular matrix is decreased by these end
products, which also maintain the inflammatory changes seen in
diabetes (28).

Non-healing wounds occur when there is a deviation from the
normal physiological wound healing mechanism, making it a
pathological condition. Diabetes and diabetic wounds bypass
specific mechanisms in the wound-healing process and impact all
three phases of wound-healing mechanisms (29). Firstly, in the
inflammation phase, there is an increased infiltration of
inflammatory cells in and around the dermis and vessel walls,
elevating inflammatory cytokines such as IL-6, IL-1, and TNF-a,
which eventually decreases the expression of various growth factors
such as TGF-p following a negative feedback mechanism (30). On
the other hand, in the proliferative phase, impaired angiogenesis
and vasculogenesis eventually immobilize the migration of
inflammatory cells that are involved in tissue repair (31). In the
remodeling phase, there is an increase in the levels of MMP, which,
in turn, degrades the extracellular matrix, which plays an inevitable
role in the wound-healing process (20). The molecular mechanisms
of wound healing mainly involve three important
pathophysiological mechanisms: inflammation, tissue hypoxia,
and the extracellular matrix.

Inflammation

Experimental and clinical evidence suggests that, unlike normal
wound healing, diabetic wounds do not follow the usual sequence of
wound healing mechanisms. There is a deviation from normal
mechanisms, with overexpression of IL-1f3, TNF-0, and Monocyte
Chemoattractant Proteins (MCP-1) in serum (30). Macrophages are
the primary sources of pro-inflammatory cytokines, and macrophage
dysfunction is a major pathophysiological mechanism in impaired
wound healing in Diabetes. Macrophages play a critical role in the
inflammatory phase, where the initiation of wound healing begins by
helping in the formation of new tissues. Recent studies suggest the
presence of myeloid cells in the wound site, which recruit more pro-
inflammatory cytokines, resulting in delayed wound healing (32).
Besides macrophages, increased expression of neutrophils also
appears to have a harmful effect on wound healing mechanisms, as
neutrophil infiltration is a primary process in prolonged
inflammation. Other studies support the idea that neutrophil PAD-
4 is highly expressed in patients with hyperglycemia and favors
delayed wound healing. Treatment targets should focus on PAD-4
deficiency, which may improve wound healing in diabetic patients.
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Tissue hypoxia

Hypoxia, or a deficiency in oxygen supply, can significantly
affect various cellular processes, including the plasticity of
circulating monocytes involved in wound healing. Monocytes are
white blood cells that play a crucial role in immune responses and
tissue repair. During wound healing, monocytes are recruited to the
injured site and differentiate into macrophages, highly versatile cells
capable of performing various functions, such as phagocytosis
(engulfing and eliminating foreign substances), producing growth
factors, and regulating inflammation. This process is known as
monocyte/macrophage plasticity.

Hypoxia can affect the expression of various matrix
metalloproteinases (MMPs) by monocytes/macrophages. MMPs
are enzymes in remodeling the extracellular matrix (ECM),
providing structural support to tissues. Hypoxia-induced MMPs
can facilitate the breakdown and remodeling of the ECM during
wound healing. Hypoxia stimulates the release of angiogenic
factors, such as VEGF and platelet-derived growth factor (PDGF),
by monocytes/macrophages. These factors promote the formation
of new blood vessels (angiogenesis), essential for delivering oxygen
and nutrients to the wound site. Hypoxia can modulate the cellular
plasticity of circulating monocytes, promoting their recruitment,
altering their phenotype, and enhancing their functional properties.
These changes contribute to the wound-healing process by
regulating inflammation, angiogenesis, ECM remodeling, and
tissue repair (9).

The “angiogenic switch” refers to transitioning from limited
angiogenesis (formation of new blood vessels) to a highly
angiogenic state during certain physiological or pathological
conditions. In the proliferative phase of wound healing, the
angiogenic switch is crucial in supplying oxygen and nutrients to
the healing tissue. During the early stages of wound healing, such as
the inflammatory phase, there is initially limited angiogenesis due to
vasoconstriction and the formation of blood clots to prevent
excessive bleeding. However, as the wound progresses into the
proliferative phase, which involves granulation tissue formation
and re-epithelialization, the need for increased blood vessel
formation arises. Hypoxia, or low oxygen levels, is a key trigger
for the angiogenic switch during the proliferative phase of wound
healing. When tissues are exposed to hypoxia, various molecular
and cellular responses are activated to stimulate angiogenesis. The
angiogenic switch, regulated by hypoxia-induced signaling
pathways, plays a pivotal role in initiating and promoting
angiogenesis during the proliferative phase of wound healing. The
balance between proangiogenic and anti-angiogenic factors is
dynamically regulated to ensure appropriate blood vessel
formation and tissue revascularization.

Clinically, hypoxia refers to increased oxygen consumption by
our body beyond its needs or decreased oxygen supply. Hypoxia
tends to maintain the levels of Hypoxia Inducible Factor (HIF-1),
which regulates numerous cellular processes, including
angiogenesis and proliferation, and as a result, can cause delayed
wound healing (33). However, the expression of HIF-I genes can
lead to impaired angiogenesis and proliferation, resulting in delayed
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wound healing. Conversely, the expression of HIF-0. genes can
improve the wound-healing process.

Extracellular matrix

The Extracellular matrix is a key environmental component in
healing diabetic wounds, as it acts as a dynamic scaffold for cells and
facilitates tissue development and regeneration (Figure 2).
Fibroblasts aid in the rapid formation and deposition of the
Extracellular matrix, which promotes not only cellular-level
binding but also improves the process of regeneration and
angiogenesis (34). The cohesion of the Extracellular matrix
depends mainly on endopeptidases such as Matrix Metallo
Proteases (MMP) and Tissue Inhibitors of Metalloproteinases
(TIMP). In the case of inflammation in diabetic wounds, there is
an over-expression of MMP and an under-expression of TIMP.
MMP-9 plays a major role in cell migration and proliferation,
aiding the wound-healing process by promoting the sequence of
events of cell migration, proliferation, and collagen synthesis,
thereby promoting wound healing (35).

Cytokines in wound healing

The most significant inflammatory chemicals, cytokines, are
produced by tissue macrophages and blood monocytes. When there
is an infection, leukocytes produce cytokines, and interleukins are
produced toward the target cell. These cytokines cause an increase
in IL levels by activating the signals within the target cells. This
increase in IL levels can lead to Diabetes and result in a refractory
repair and the onset of insulin resistance in patients with
DM (Figure 3).

IL- 1B

Both blood monocytes and tissue macrophages produce IL-1f,
a significant inflammatory cytokine. Following activation of the
NALP3 inflammasome by caspase-1, IL-13 cytokine is activated in
the secretary lysosome by caspase-1 cleavage. In addition to
inflammasome activation, IL-1f promotes inflammation by
boosting bone marrow-derived leukocyte mobilization and liver-
derived acute-phase protein production (36). Increased IL-1P has
been associated with developing insulin resistance and slowed
wound healing in Diabetes. IL-1B levels are elevated in human
diabetic foot ulcers and decrease when the ulcers heal (37). Diabetic
human and db/db mouse wound macrophages exhibit elevated IL-
1B and NALP3 inflammasome components during the first ten days
of healing, and inhibiting the inflammasome was associated with
better wound healing in these models (38). Anakinra (Kineret), an
IL-1B receptor antagonist, is frequently prescribed to treat
rheumatoid arthritis (RA) (39). In normal mice, Anakinra has
been shown to be effective at lowering the levels of TNF-o. and
IL-6 proteins in wound tissue during the first 48 hours following
wound healing. Thus, inhibiting IL-1f function in diabetic wounds
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using neutralizing antibodies or a receptor antagonist may promote
wound healing (40).

IL-6

T cells and macrophages secrete the cytokine IL-6, essential for
host defense. In addition to promoting the growth of B lymphocytes,
IL-6 stimulates the production of neutrophils in the bone marrow
and the release of acute-phase proteins from the liver (41).
Additionally, it affects leukocyte recruitment by causing endothelial
cells to secrete IL-8 and MCP-1. Increased levels of IL-6 are related to
insulin resistance and inflammation in -cells in Diabetes. Rabbits fed
the toxic glucose analog alloxan monohydrate have significantly
higher levels of IL-6 wound expression than controls (42). They
also had significantly delayed wound healing. In macrophages
derived from normal mice, hyperglycemia tends to greatly increase
IL-6 expression dose-dependently; this finding is likewise supported
by mice treated with streptozotocin (STZ) and db/db mice’s isolated
macrophages (43). Compared to diabetic patients without foot ulcers,
acute-phase proteins in the blood and IL-6 were considerably higher
in diabetic individuals with foot ulcers. The increased IL-6 expression
seen in diabetic wounds appears to correlate highly with glucose
levels and wound chronicity. Models of corneal alkali burns have
demonstrated that inhibiting the IL-6 receptor reduces inflammation,
suggesting a possible usefulness in its application in chronic wounds
(44). The anti-IL-6 receptor antibody tocilizumab (Actemra) is
proven to effectively lower blood glucose levels in people with Type
2 diabetes (29). If IL-6 antibody therapy fails to reduce its expression
in diabetic wound healing, natural therapies may be an alternative in
mice given STZ. Injections over a period of seven weeks, curcumin,
one of the primary components of turmeric, has been demonstrated
to drastically lower circulating plasma levels of IL-6 (45). In contrast,
employing curcumin-loaded nanofibers improved wound healing in
an STZ-induced diabetes model and decreased the quantity of IL-6
produced in vitro from lipopolysaccharide-activated macrophages
(46). These findings imply that decreasing levels of circulating IL-6,
whether through antibody-mediated or natural means, may be an
essential tool in treating diabetic wounds (Figure 4).

IL -10

IL-10 is an inflammatory cytokine that is synthesized by
macrophages, dendritic cells, T-helper cells, and activated T-
helper cells (47). IL-10R is expressed most in immune cells,
especially macrophages, where it inhibits antigen presentation
and promotes phagocytosis. IL-10R signaling is necessary for the
expansion of anti-inflammatory macrophages that regulate mucosal
defense in both mice and humans (48).

Type 2 diabetes, obesity, and decreased blood IL-10 levels are all
linked (49). Wound-derived macrophages isolated from db/db mice
express less IL-10 protein than those from db/+ mice over a period
of seven days. Moreover, STZ-injected animals exhibited a
significant decrease in tissue IL-10 protein levels than did control
rats seven days after injury (50). IL-10 expression is reduced in

frontiersin.org


https://doi.org/10.3389/fimmu.2023.1216321
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Nirenjen et al.

10.3389/fimmu.2023.1216321

Diabetic wounds

Inflammatory Phase

increased Inflammatory cells in
dermis and epidermis

30!

L- IL-6 TNF-a

N

FIGURE 2

Pathogenesis of impaired wound healing in diabetes.
solubility of the Extracellular matrix promoting increased inflammatory response by the release of pro-inflammatory cytokines IL-1, IL-6 and TNF-o
in inflammatory phase. Whereas in proliferative phase, impairment in angiogenesis and vasculogenesis and in remodeling phase increased MMP
leads to degradation of ECM thereby resulting in impaired wound healing. (IL - Interleukin, TNF- Tumor Necrosis Factor, MMP- Matrix

Metalloproteinase, ECM- Extracellular Matrix).

Glycogen

Collagen
Non Enzymatic glycation

V1V T
] “*"“}‘*-v
HA11-

o

decreases the solubility of ECM

Proliferative Phase

Remodeling Phase

Impaired Angiogenesis

SR

Impaired Vasculogenesis

bdd bl

l

Impaired Wound Healing

[ ——————

Degradation of ECM

In diabetic wounds, there is an impairment in the collagen synthesis thereby decreasing the

human diabetic foot ulcers, particularly in endothelial cells and
keratinocytes along wound borders (51). Recently, the topical
application of curcumin to wounds of STZ-treated rats resulted in
elevated IL-10 mRNA and protein levels, improved granulation
tissue formation, and enhanced wound contraction (52, 53). As
there is an increase in IL-10 in diabetic wounds, inhibiting IL-10
may present an intriguing possibility for enhancing healing.
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IL-17

IL-17 has a potential role in the pathophysiological
manifestations of wound healing and could be used as a potential
novel target for wound healing therapy (54). The IL-17 cytokine
family consists of 5 subtypes: IL-17A, IL-17C, IL-17F, IL-17B, and
IL-17E (55). Among these, IL-17B and IL-17E have not been well
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recognized, as their pathways have not been studied yet. These
subfamilies of cytokines readily act upon the keratinocytes and
promote the expression of chemokines, which eventually start
recruiting more neutrophils to the wound site for the process of
neutrophil infiltration, diapedesis, and thereby initiating wound
healing (56).

The pathophysiological mechanism involved in IL-17 involves
the following sequence of events. Firstly, cells of both innate and
adaptive immunity, as well as a wide range of non-hematopoietic
cells, activate the release of Transforming Growth Factor-f and
several pro-inflammatory cytokines such as IL-1f, IL-6, and IL-23
(57). IL-1B promotes the release of IL-17C from the epithelial cells,
while IL-23 stimulates the production of IL-17A and IL-17F from
the T-Helper cells, which are the natural killer cells (58). Upon
release of the IL-17 family (IL-17A, IL-17C, IL-17F), IL-17A and IL-
17F bind with the IL-17RA/RC receptor, and IL-17 binds with the
IL-17RA/RE receptor, forming a receptor complex. Upon binding,
IL-17A, IL-17C, and IL-17F prompt conformational changes and
activate the Act-1 gene, which, in turn, activates Mitogen-Activated
Protein Kinase (MAPK) and Nuclear Factor-kf} signaling cascades
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(59). These signaling pathways lead to the expression of several
peptides, chemokines, and cytokines, forming an inflammatory
environment preferable for wound healing. Thus, in brief,
upregulation of the IL-17-based signaling pathway may result in
prolonged inflammation and delayed wound healing (Figure 5). IL-
17 has some favorable roles in wound healing through the
proliferation of keratinocytes and the release of antimicrobial
peptides that could be used as a potential target in wound healing
(60). IL-17-based therapeutics are now used in the healing of
psoriatic wounds where there seems to be upregulation of IL-17A.
The IL-17A receptor antagonist drug Secukinumab, an active
monoclonal antibody drug, shows significant therapeutic
outcomes in healing psoriatic wounds (61).

IL-2

IL-2 plays a significant role in wound healing as it is involved in
the T-cell-mediated immune response and promotes wound healing
by improving the strength of healed skin, thereby promoting wound
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closure (62). Interestingly, most cell types, including skin cells and
fibroblasts, express the IL-2 receptors, making them a suitable
potential target for site-specific therapies in wound healing (63). IL-
2 signaling is a complex cascade of events where IL-2 is produced by
various cell types, such as Tetrahydro curcumin (THC), Cytotoxic T
Lymphocytes (CTLs), Macrophages, Fibroblasts, and Keratinocytes.
IL-2 receptors consist of three sub-units: IL-2Rat, IL-2Rf, and IL-2Ry.
These subunits may have different affinities toward the specific
receptors for IL-2 binding (64). IL-2 cell signaling involves the
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Non-healing wounds

B-cell mediated immune response, recruiting more neutrophils to the
iting more inflammatory cells to wound site delaying the process of wound

JAK-STAT pathway, where IL-2 readily binds to the receptors IL-
2Ro, IL-2RB, and IL-2Ry. IL-2RP recruits JAK-1, while JAK-2 is
recruited by IL-2Ry, and further phosphorylation of these proteins
recruits several subtypes of STAT molecules, mainly STAT-1, STAT-
3, STAT-5a, and STAT-B. Furthermore, activation of Pi3K and
MAP-k results in the activation of the SHC proteins, which end up
with mTOR signaling, promoting the process of inflammation and
cell proliferation (65). At the wound site, IL-2 activates macrophages
and NK cells and promotes the proliferation of B-lymphocytes and T-
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lymphocytes. IL-2 plays a crucial role in THC activation and is
involved in the development and activation of TH-1 and TH-2, which
are necessary for cutaneous wound healing (66).

The current treatment modalities involving IL-2 as a target are
used to treat several carcinomas, such as melanoma and renal cell
carcinoma (67). The route of administration of IL-2-based targeted
therapies also has an impact on treatment. It is evident that systemic
therapies of IL-2 have a narrow therapeutic index, and the ideal
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route of administration of IL-2-based drug therapies is usually
intralesional as it is more effective (68). Decreased IL-2 signaling has
been reported in patients with Diabetes mellitus due to poor
phosphorylation of STAT-5 in the IL-2 signaling cascade as well
as single nucleotide polymorphisms (SNP), which can eventually
result in aberrant wound healing. IL-2 receptor-mediated targeted
therapy will be helpful as it has been observed to be a potential
target for wound healing in Diabetes (68).
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Role of non- interleukin cytokines

TNF-0, TGF-B, and CRP are non-interleukin cytokines that
also play a role in wound healing. TNF-o is a pro-inflammatory
cytokine that, when present in lower concentrations, can initiate the
process of inflammation in the inflammatory phase of wound
healing (69). On the other hand, if present in higher
concentrations, it can inhibit the process of wound healing by
degrading the extracellular matrix formation in the remodeling
phase of wound healing. TNF-o is synthesized mainly by
macrophages, other than lymphocytes and adipose tissues. TNF-
., in turn, binds with TNFR-2 and activates the MAP-K and NF-Kf3
signaling cascade, promoting the process of wound healing (70).

TGF-P is responsible for the recruitment of neutrophils and
monocytes early in the process of wound healing (71). Besides this,
it also plays a crucial role in the differentiation of monocytes into
macrophages. Consequently, the formation of fibroblasts begins
with the process of proliferation, resulting in the formation of an
extracellular matrix that promotes wound healing (72). Patients
with Diabetes mellitus show a reduction in TGF-f} expression, and
impaired TGF signaling delays the process of wound healing (32).
CRP is one of the most common non-interleukin cytokines that
serves as a pattern recognition receptor and increases the
production of pro-inflammatory cytokines such as IL6, TNF-o,
and IL-183, which are necessary for wound healing, mainly in the
inflammatory phase of wound healing (73). Patients with Diabetes
mellitus have elevated CRP levels in their blood, which can be used
as a diagnostic marker in non-healing diabetic wounds (Table 1).

Conventional approaches in wound
healing

Diabetes mellitus complications like diabetic foot ulcers are
exceedingly costly and challenging to cure. There are numerous

10.3389/fimmu.2023.1216321

topical agents indicated to treat this condition. Magistral
preparations are frequently blended to tailor a therapy for a
particular patient’s problem. This enables the patient to receive
treatment that has been customized just for them. This Magistral
Preparation of topical antimicrobial agents such as silver nitrate
blended with a Peru balsam obtained from Myroxylon pereirae
resin has a promising wound healing activity against non-healing
diabetic wounds. Since ancient times, silver has been utilized for
treating ailments. Silver-impregnated dressings appear to prevent or
minimize the risk of amputations in a patient, as silver possesses
excellent Antimicrobial Properties. Peru balsam proved to be an
excellent antiseptic and antibacterial effect. For the rapid wound
healing activity, Glycosaminoglycan derivatives, notably sulodexide,
can be added to the Magistral preparations (74).

Despite the availability of several systemic antibiotics, topical
antimicrobial treatment is widely used as it has several advantages;
it may prevent the use of systemic antibiotics and thereby prevent
antimicrobial resistance and improves patient compliance/
adherence to the therapy and, most importantly, compared to
systemic therapy, the risk of medication toxicity is significantly
lower. In the normal course of wound healing, collagen develops,
and the precise function of antiseptics is unveiled. Conventionally
used Antiseptics are sodium hypochlorite and hexachlorophene,
which are not widely used nowadays. The optimal topical agents
should be formulated such that they possess antimicrobial
capabilities, notably antibacterial activity against numerous gram-
positive and gram-negative bacteria, as the wound region is
susceptible to infectious pathogens (75). The commonly used
topical formulations for treating chronic wounds are described
in Table 2.

There are more non-healing wound forms that mirror non-
healing diabetic wounds in several ways, mainly Peri -ulcers and
vascular ulcers. The tissue surrounding an injury is known as the
peri ulcers (also peri-wound). The typical peri-wound area limit is
4 cm, although it may go beyond that if there is skin injury on the
exterior of the wound. Before a wound treatment plan is

TABLE 1 Role of pro-inflammatory and anti-inflammatory cytokines in wound healing.

S.No Phases in Pro-inflamma- Physiological role Anti-inflamma- Physiological Role
Wound Healing tory Cytokines tory Cytokines
1. Haemostasis IL-18 « Initiate inflammatory response. IL- 10 « Suppress pro-inflammatory
Phase TNF-ou « Promote vasodilation and increased TGF-8 response.
IL-6 vascular Permeability. « Modulate extracellular matrix
1L-8 production.
2. Inflammatory Phase = IL-18 « Recruit immune cells to the wound site. IL- 10 « Limit excessive inflammation.
TNF-ou « Enhance phagocytosis and clearance of TGF-8 « Promote angiogenesis.
IL-6 debris. « Stimulate collagen synthesis.
IL-8 « Activate fibroblasts for tissue repair.
IL-12
3. Proliferative Phase IL-183 « Promote angiogenesis. IL- 10 « Stimulate fibroblast proliferation
TNF-ou « Induce proliferation and migration of TGF- and matrix remodeling.
IL-6 Fibroblasts and Keratinocytes. « Support tissue remodeling.
IL-8
4. Remodeling Phase IL- 10 « Control inflammatory response IL-18 « Resolve persistent inflammation.
TGF- « Modulate extracellular matrix TNF-a. « Promote tissue maturation and
remodeling IL-6 stability.
IL-8
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recommended, the peri-wound evaluation is a crucial stage in the
wound assessment process. Burning, itching, discomfort, and pain
are common in peri-wound patients. Moisture barriers (ointments,
salves, and films), topical corticosteroids, antiseptics, and antifungal
agents, as well as moisture-regulating dressings like self-adaptive
wound dressing, may be used as part of local treatment to protect
the peri-wound and maintain its healthy functionality (80).

When the leg veins fail to properly push blood back up to your
heart, venous ulcers (open sores) can develop. Pressure rises in the
veins as a consequence of blood clotting. The untreated increased
pressure and surplus fluid in the damaged region might result in an
open sore; this entire process is collectively known as chronic
venous insufficiency. The majority of venous ulcers develop on
the leg, just above the ankle. This type of wound could take an
extended period to heal completely (81).

Novel approaches in chronic wound
healing

Wounds are considered chronic if there is a disruption of the
normal wound-healing process, resulting in impaired wound
healing for at least three months. Diabetic foot ulcers and non-
healing pressure ulcers are among the most common types of
chronic wounds. Diabetic wounds are particularly detrimental
due to changes in the capillary system, such as thickening of the
basement membrane, reduction in the size of the capillary vessel,
and alterations in glucose levels, which may lead to
vasoconstriction and ischemia, making the wound worse. Non-
healing ulcers are a significant global burden, affecting over 40
million people per year. The most typical symptoms of chronic
wounds are a prolonged inflammatory phase, phenotypic
anomalies, including the expression of wound-healing

TABLE 2 Miscellaneous interleukins in wound healing.

10.3389/fimmu.2023.1216321

proteins, and impaired formation of the extracellular
matrix (82).

The application of different biomaterials and additive
manufacturing technology in wound healing has gained
significant attention in recent years. These approaches offer
innovative solutions to enhance wound healing processes,
improve treatment outcomes, and address the challenges
associated with traditional wound management. Biomaterials for
Wound Dressings, including hydrogels, films, foams, and
nanofibers, are used to develop advanced wound dressings. These
dressings can provide a moist wound environment, facilitate gas
exchange, absorb exudate, and protect the wound from external
contaminants. Incorporation of bioactive molecules, such as growth
factors, antimicrobial agents, and extracellular matrix components,
into the dressings can promote wound healing processes. Scaffold-
based Tissue Engineering methods like Biomaterial scaffolds offer a
three-dimensional (3D) framework to support cell adhesion,
migration, and tissue regeneration. Biomaterial-based skin
substitutes and dermal matrices have been developed to promote
wound healing and tissue regeneration. These constructs provide a
temporary or permanent replacement for damaged or lost skin
tissue. They can support cell attachment, proliferation, and
differentiation and may include bioactive factors to stimulate
angiogenesis and collagen synthesis. Biomaterials can be
engineered with bioactive coatings or nanoparticles to provide
localized drug delivery systems. These coatings or nanoparticles
can release therapeutic agents, growth factors, or antimicrobial
agents in a controlled and sustained manner, promoting wound
healing and preventing infections. Biomaterials and additive
manufacturing techniques can be utilized to develop wearable
devices or sensors for real-time monitoring of wound healing
parameters. These devices can measure parameters like
temperature, pH, moisture, oxygen levels, and biomarker

Physiological Function

« IL-23 prompts T cells to continue generating IL-17 by acting on them. Similar signaling pathways can be activated
by IL-23 and IL-12; however, IL-23 only slightly activates the STAT4 proteins involved in inflammation.

« Additionally, pro-inflammatory cytokines, including IL-1, -6, and TNF- are stimulated by the autocrine/paracrine

actions of IL-23 on macrophages underlining IL-23’s role in the inflammatory process (76).

« IL-4 influences both B and T cells. It is a B-cell proliferation factor that influences the selection of IgE and IgG1

« It promotes Th2 differentiation and proliferation and prevents macrophage activation induced by IFN gamma. By

lowering the production of fibronectin, IL-4 hindered the keratinocyte’s response to wound healing (77).

« It influences B cells, epithelial cells, fibroblasts, monocytes, and fibroblasts. Significant effects of IL-13 include
stimulation of IgE isotype flipping and B-cell proliferation and differentiation.
« Increased collagen synthesis by fibroblasts, increased mucus production by epithelial cells, and inhibition of pro-

inflammatory cytokine production are all results of IL-13 activation. Additionally, IL-13 and IL-4 work alongside the

« IL-31 stimulates the production of chemokines and the synthesis of IL-6, IL-16, and IL-32.
« IL-31 aids in generating cell-mediated defenses against infections. It has also been noted to play a significant role in

some chronic inflammatory conditions where there is delayed wound healing (69).

« IL-33, influences a wide range of innate and immunological cells, including dendritic cells, T lymphocytes, and B

S.No Interleukins Source
1. Interleukin - Macrophages and
23 dendritic cells
2. Interleukin - 4 | CD4+T cells (Th2)
isotypes.
3. Interleukins - CD4+T cells
13 (Th2), N.K.T. cells
and mast cells
biological effects on inflammation & wound healing (78).
4. Interleukin - Th2 cells and
31 dendritic cells.
5. Interleukin - Mast cells and Th2
33 lymphocytes

transmit signals.

lymphocytes. The cells seen in barrier areas have high levels of interleukin (IL)-33, which uses the ST2 receptor to

« After acute inflammation, IL-33 signaling via ST2 is crucial for tissue homeostasis, supporting fibrinogenesis and

wound repair at damage sites (79).

Frontiers in Immunology

20

frontiersin.org


https://doi.org/10.3389/fimmu.2023.1216321
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Nirenjen et al.

concentrations, providing valuable insights into wound healing
progression and enabling timely interventions. The application of
biomaterials and additive manufacturing technology in wound
healing holds great potential to revolutionize wound care by
providing tailored and advanced solutions. These approaches aim
to accelerate healing, reduce complications, enhance patient
comfort, and improve overall outcomes in the management of
acute and chronic wounds. Continued research and development
in this field are vital to further advance these technologies and bring
them into clinical practice.

Macrophage polarization profiling refers to the characterization
and classification of macrophages based on their functional
properties and behavior. Macrophages are immune cells that play
a crucial role in tissue healing and regeneration. They can exhibit
different phenotypes or polarization states, broadly classified as pro-
inflammatory (M1) or anti-inflammatory (M2). Native and
regenerated silk biomaterials are biocompatible materials that
have been used in various biomedical applications, including
tissue engineering and drug delivery. Understanding how
macrophages interact with these biomaterials and how they
influence macrophage polarization is important for optimizing
their performance and therapeutic outcomes. In a study focusing
on macrophage polarization profiling on native and regenerated silk
biomaterials, researchers aimed to investigate how these
biomaterials modulate macrophage behavior and polarization.
The study involved evaluating the response of macrophages to
silk biomaterials and characterizing their polarization states. To
perform the profiling, macrophages were cultured on the native and
regenerated silk biomaterials. Various assays and techniques were
employed to assess macrophage polarization, such as gene
expression analysis, cytokine secretion profiling, and surface
marker analysis. These methods provided insights into the
specific polarization states and functional characteristics of
macrophages on silk biomaterials. The results of the study shed
light on how native and regenerated silk biomaterials influence
macrophage polarization. Understanding the macrophage
polarization profile on native and regenerated silk biomaterials
has implications on the design and development of silk-based
biomaterials for tissue engineering and other biomedical
applications (83).

The regulation of decellularized matrix-mediated immune
response refers to the control and modulation of the immune
system’s reaction when exposed to decellularized matrices.
Decellularized matrices are natural or synthetic materials that
have had their cellular components removed, leaving behind the
extracellular matrix (ECM) structure. In the context of tissue
engineering and regenerative medicine, decellularized matrices are
used as scaffolds to support tissue regeneration and repair.
However, when these matrices are implanted in the body, they
can trigger an immune response. The immune response to
decellularized matrices can vary, and it is desirable to regulate
this response to promote tissue integration and prevent adverse
reactions. Several strategies are employed to achieve immune
regulation in decellularized matrix-mediated responses. One
approach involves modifying the decellularized matrices to reduce
the presence of immunogenic components and increase their
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biocompatibility. This can be achieved through various methods,
such as optimizing the decellularization process, treating the
matrices with enzymes or chemicals, or incorporating
immunomodulatory factors into the matrices. Another strategy
focuses on modulating the immune cells behavior and response
to the decellularized matrices. This can be done by incorporating
specific molecules or factors into the matrices that promote an anti-
inflammatory or immune-tolerant environment. These factors can
include growth factors, cytokines, or immunomodulatory agents.
Overall, the regulation of decellularized matrix-mediated immune
response involves modifying the matrices themselves to reduce
immunogenicity, incorporating immunomodulatory factors, and
controlling the release of bioactive molecules. These approaches
aim to promote tissue integration, minimize inflammation, and
improve the overall success of tissue engineering and regenerative
medicine therapies using decellularized matrices (84).

Functional hydrogels have emerged as promising materials for
diabetic wound management. Diabetic wounds are a significant
complication of diabetes and often exhibit impaired healing due to
factors such as reduced blood flow, chronic inflammation, and high
glucose levels. Functional hydrogels offer unique properties that can
address these challenges and promote wound healing. In recent
advancements, functional hydrogels have been developed with
specific characteristics tailored for diabetic wound management.
These hydrogels possess attributes such as high-water content,
biocompatibility, flexibility, and controlled release capabilities
(Table 3). One key feature of functional hydrogels is their ability
to maintain a moist environment at the wound site, which is crucial
for optimal healing (85). They can absorb excess wound exudate
while providing moisture to the wound bed, promoting cell
migration, and facilitating the formation of new tissue. Functional
hydrogels also exhibit bioactive properties by incorporating growth
factors, antimicrobial agents, and extracellular matrix components.
These bioactive components can enhance cell proliferation,
angiogenesis, and collagen synthesis, thereby accelerating wound
closure and tissue regeneration. Functional hydrogels can modulate
the inflammatory response in diabetic wounds. By incorporating
anti-inflammatory agents or immune-regulatory molecules, these
hydrogels can help mitigate chronic inflammation commonly
observed in diabetic wounds and create an environment
conducive to healing. Additionally, functional hydrogels can be
engineered to provide controlled drug release. They can deliver
therapeutic agents such as growth factors, antibiotics, or wound
healing-promoting compounds directly to the wound site, ensuring
sustained and localized treatment. These hydrogels hold great
potential in improving the healing outcomes of diabetic wounds
by addressing the specific challenges associated with diabetes-
induced impaired wound healing (86).

The current treatment of wounds focuses more on treating their
etiology rather than conventional wound care, which involves
wound debridement and the use of pre-existing dressings like
gauze-woven cotton composite dressings due to their ease of use
and cost-effectiveness. However, these conventional dressings have
limitations, such as adherence to the wound bed and the presence of
moisture, which can be addressed with newer synthetic dressings
that provide comfort and promote wound healing. The most
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TABLE 3 Different topical agents used in the treatment of non-healing diabetic ulcers.

S.No Topical Formulation

Agents

Antimicrobial Spectrum

Advantages/Benefits

1. Acetic Acid Solution (0.5%, Bactericidal against more gram-positive and gram-negative Inexpensive and most widely used in wound
0.25%, 0.1%) bacteria - Pseudomonas aeruginosa healing.
2. Cetrimide Solution (40%) Active against many bacteria and fungi Exhibit excellent antiseptic action along with
antimicrobial properties.
3. Chlorhexidine « Solution (2%, Active against gram-positive bacteria (Staphylococcus aureus) It exhibits a half-life of 6 hours and acts as a
gluconate 4%) and gram-negative (Pseudomonas aureus) potential antiseptic agent.
« Sponges
» Wipes
4. Hexachlorophene |« Liquid (3%) Bacteriostatic against staphylococcus species and other gram- It has more retention capacity in the wound site
« Foam (0.23%) positive bacteria. and potentiates the wound-healing process.
5. Povidone Iodine « Ointment (1%) Broad Spectrum against Staphylococcus aureus and Enterococci. Potent wound healing activity and anti-allergic.
« Solution (10%)
6. Silver Nitrate « Solution (0.5%, Silver ions are bactericidal against a broad spectrum of gram- Economical and widely used
10%, 25%) positive and gram-negative bacteria.
« Ointment
(10%)
7. Hydrogen « Solution (1%, The oxidizing agent, active against many gram-positive and Easily applicable and economical, widely used in
Peroxide 3%) gram-negative bacteria cleansing the wound area.

o Cream (1%)

advanced wound healing formulations available include film, foam,
hydrogel, and hydrocolloids, which can be incorporated into
conventional dressing materials. Hydrogels have promising
wound healing potential in terms of exudate absorption, gas
exchange from the wound site, and adherence to the wound bed
(87). Newer therapeutic approaches aim to incorporate additives
into present dressing materials, including antimicrobial molecules
and immunomodulatory cytokines. While biological dressings can
interact with the matrix in the wound bed to speed up the healing
process, their use is limited due to decreased interaction with the
wound tissue. Nanoparticles have a promising role in wound
healing, both in terms of drug delivery and intrinsic activity (88).
Nanofibers are fine filaments produced by the process of
electrospinning, which is economical and simple. Nanofiber
meshes have a significant role in the treatment of wounds, as they
partially replicate the extracellular matrix and support wound
healing by maintaining moisture in the wound site, preventing
wound dehydration and microbial contamination. Nanofibers can
be natural polymers, polysaccharides, or proteins (89). The
adoption of these technologies and the establishment of novel
therapeutic interventions are difficult due to a gap in our
complete understanding of the pathophysiological mechanisms at
the cellular and molecular level, as well as a lack of data assessing
safety and bioavailability differences among individual patients.

Conclusion

Diabetes and its complications remain a global burden, causing a
significant increase in mortality and morbidity each year, as reported
by WHO’s health statistics. Even with the utmost care and disease-
specific rational drug therapy, patients may still end up with permanent
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disabilities such as blindness, amputation, and renal failure. Treating
diabetic wounds remains challenging due to the distortion in the tissue
repair mechanism and the continuous cutaneous wounds that attract
infectious pathogens to invade the wound tissue and form a colony.
While surgical intervention by wound debridement is the gold standard
and a better therapeutic option for treating diabetic wounds, non-
invasive approaches are needed.

The concept of studying the underlying molecular and cellular
level mechanisms of wound healing to formulate better therapeutic
outcomes has emerged. The complicated process of wound healing
is hampered by Diabetes, as shown in Figure 2, which also illustrates
how the normal wound healing processes are affected. The initial
stage of wound healing involves recruiting many inflammatory
cells, such as cytokines, neutrophils, and chemokines. However, this
process of recruitment is delayed in diseases like Diabetes. Pro-
inflammatory cytokines play a crucial role in initiating wound
healing, where there is an upregulation of IL-18}, TNF-o., IL-6,
TGF-83, and CRP and a downregulation of IL-10. This leads to an
unfavorable wound environment for the healing process. Rather
than superficially treating diabetic wounds conventionally, which
paves the way for re-infections, target-specific pro-inflammatory
cytokines-based therapies, either by upregulation or
downregulation of them, can be helpful in the wound healing
process. This can enhance the quality of life in patients, which is
the goal of drug therapy.
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Mechanisms of redox balance
and inflammatory response after
the use of methylprednisolone in
children with multisystem
inflammatory syndrome
associated with COVID-19

Stasa Krasic®, Vladislav Vukomanovic'?, Sanja Ninic?,
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Maja Cehic?, Dejan Nesic® and Milica Bajcetic*®*

1Cardiology Department, Mother and Child Health Institute of Serbia, Belgrade, Serbia, 2Faculty of
Medicine, University of Belgrade, Belgrade, Serbia, *Immunology Department, Mother and Child
Health Institute of Serbia, Belgrade, Serbia, “Pathology Department, Mother and Child Health Institute
of Serbia, Belgrade, Serbia, °Faculty of Medicine, Institute of Medical Physiology, University of
Belgrade, Belgrade, Serbia, ¢Institute of Pharmacology, Clinical Pharmacology and Toxicology, School
of Medicine, University of Belgrade, Belgrade, Serbia

Background: Multisystem inflammatory syndrome in children (MIS-C) associated
with being infected with coronavirus-19 (COVID-19) is a life-threatening
condition resulting from cytokine storm, increased synthesis of reactive
oxygen species (ROSs), and hyperinflammation occurring in genetically
predisposed children following an infection with SARS-CoV-2.

Aim: The primary aims of our study were to identify changes in the activity of
antioxidant enzymes in erythrocytes and total oxidative status in plasma after
being treated with methylprednisolone (MP).

Methods: A prospective cohort study of 67 children (56.7% male) under 18 with
MIS-C being treated with MP was conducted at the Mother and Child Health
Institute from January 2021 to April 2022. The impact of the therapy was
assessed on the basis of the clinical condition, haematological and
biochemical blood parameters, and echocardiographic findings.

Results: 59.7% of patients presented cardiovascular (CV) manifestations, while
myocardial dysfunction was observed in half of all patients (50.7%). A severe
clinical course was observed in 22/67 patients. Children with CV involvement had
a significantly higher relative concentration of B lymphocytes and lower relative
concentration of NK cells than patients without CV issues (p < 0.001 and p =
0.004, respectively). Patients with severe MIS-C had a lower relative count of NK
cells than those with moderate MIS-C (p = 0.015). Patients with myocardial
dysfunction had a higher total oxidative plasma status (TOPS) than children
without (p = 0.05), which implicates pronounced oxidative stress in the former
cohort. In patients with shock, lower erythrocytes superoxide dismutase (SOD)
activity was observed on admission compared to patients without shock (p =
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0.04). After MP was administered, TOPS was significantly reduced, while catalase
(CAT) and SOD activity increased significantly. Treatment failure (TF) was
observed in 6 patients, only females (p=0.005). These patients were younger
(p=0.05) and had lower CAT activity on admission (p=0.04) than patients with
favorable treatment responses. In the group of patients with TF, TOPS increased
after treatment (before 176.2 + 10.3 mV, after 199.0 + 36.7 mV).

Conclusion: MP leads to rapid modulation of TOPS and increases the activity of
antioxidant enzymes in erythrocytes resulting in clinical and echocardiographic
improvement. Based on the observed changes in the activity of the antioxidant
enzymes, we can conclude that s hydrogen peroxide is the dominant ROS in
patients with MIS-C. Patients with TF showed reduced CAT activity, whereas the
treatment with MP led to pronounced oxidation. This implies that low CAT
activity may be a contraindication for using MP.

KEYWORDS

MIS-C, oxidation-reduction potential, superoxide dismutase, catalase, lymphocytes
immunophenotype, methylprednisolone

Introduction

Multisystem inflammatory syndrome in children (MIS-C)
associated with coronavirus-19 (COVID-19) is a life-threatening
condition resulting from cytokine storm and hyperinflammation in
genetically predisposed children following a symptomatic or
asymptomatic infection with SARS-CoV-2. MIS-C manifests 2-6
weeks after the acute COVID-19 condition, and serum SARS-CoV-
2 antibodies are detected in most patients (1-8).

Although MIS-C shares some characteristics with toxic shock
syndrome (TSS), macrophage activation syndrome (MAS), and
Kawasaki disease (KD), the pathophysiological mechanisms of
MIS-C are still unknown. The primary pathophysiological
mechanism is the uncontrolled activation of the inflammatory
cascade that occurs in response to SARS-CoV-2, i.e. as a
consequence of the virus-induced autoimmune reaction in
genetically susceptible individuals (1, 9).

The virus-induced autoimmune response leads to endothelial
dysfunction, increased vascular permeability, capillary leakage,
hypoalbuminemia, hyponatremia, hypovolemia, and shock.
Hyperinflammation and significant micro-and macrovascular
damage lead to an increased synthesis of reactive oxygen species
(ROSs) and reactive nitrogen species (RNSs) and to reduced
availability and/or increased consumption of antioxidants,
disrupting redox homeostasis. The excess of ROSs creates
oxidative stress (OS), damaging cellular lipids, proteins, and
nucleic acids (10-12).

Previous studies have shown the importance of OS in the acute
phase of KD. In patients with KD, administering intravenous
immunoglobulins (IVIGs) in the early phase reduces the ROS
level and inflammatory response by an independent mechanism;
therefore, ROS levels might be a valuable biomarker for evaluating
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the response to therapy (13-15). Although no prospective studies
have investigated OS in MIS-C, and the OS was modulated after the
therapy, we believe that OS has a significant pathophysiological role
due to its similarity with KD.

The primary study aims were to (1) identify changes in the
activity of antioxidant enzymes in erythrocytes following treatment
with methylprednisolone (MP) and indirectly assess the activity of
dominant reactive species in children with MIS-C associated with
COVID-19 (2); identify changes in total oxidative plasma status
(TOPS) following treatment with MP (3); evaluate the
inflammatory response by determining the peripheral blood
immunophenotype. The secondary aim was to determine the
correlation between OS parameters and the peripheral blood
immunophenotype using biochemical and haematological blood
parameters and echocardiographic findings.

Methods

A prospective cohort study of children under 18 with MIS-C
associated with COVID-19 was conducted at the Mother and Child
Health Institute from January 2021 to April 2022. The MIS-C
diagnosis was made according to the WHO’s recommendations (4).
Patient evaluation on admission involved a detailed medical history,
complete physical examination, and standard haematological and
biochemical blood analyses. Blood samples were also taken to
determine OS parameters, the SARS-CoV-2 antibody level, and
the peripheral blood immunophenotype (Figure 1). On admission,
an ECG was taken, and an echocardiographic examination was
performed. Patients were treated with corticosteroids (CSs) in the
form of pulses of MP or MP in standard doses. The treatment
protocol is shown in Figure 1.
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The manuscript methodology graphical presentation with our Institutional treatment protocol.

The impact of the therapy was assessed based on the clinical
condition, haematological and biochemical blood parameters, and
echocardiographic findings. On the third day in the hospital, the
following was evaluated: standard haematological and biochemical
blood analyses, oxidation-reduction potential, and activity of
antioxidant enzymes in erythrocytes. An echocardiographic
examination was also performed if the patients had signs of
myocardial dysfunction on admission.

Before discharge, standard haematological and biochemical
blood analyses, the immunophenotype of peripheral blood
lymphocytes, and the echocardiographic examination were
re-examined.

The clinical condition, laboratory analyses, redox status,
immunophenotype of peripheral blood lymphocytes, and
echocardiographic findings were evaluated 4-6 months after the
acute illness.

Treatment failure (TF) was defined as the persistence of fever (>
38°C or > 100.4°F) for 48 hours after therapy initiation or the
occurrence of acute left ventricular (LV) systolic dysfunction
(ejection fraction (EF) < 55%) and a need for vasoactive drugs.

Inclusion criteria

Patients with MIS-C associated with COVID-19 being treated at
the Mother and Child Health Institute between January 2021 and
April 2022 were included in the study. The diagnosis was made
based on the WHQO’s recommendations (4):

1) Fever and elevated inflammatory markers for 3 days or
more,

2) 2 of the following: (A) rash or bilateral non-purulent
conjunctivitis or mucocutaneous inflammation signs
(oral, hands, or feet); (B) hypotension or shock; (C)
features of myocardial dysfunction, pericarditis,
valvulitis, or coronary abnormalities (including
echocardiogram findings or elevated troponin or N-
terminal pro-B-type natriuretic peptide); (D) evidence of
coagulopathy (elevated prothrombin time, partial
thromboplastin time, and elevated D-dimers); and (E)
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acute gastrointestinal problems (diarrhoea, vomiting, or
abdominal pain),

3) Positive RT-PCR, antigen test, or serology; or any contact
with patients with COVID-19,

4) Exclusion: other microbial cause of inflammation.

Exclusion criteria

All children who (1) used antioxidants (2), had elevated
oxidative stress: smoking, congenital metabolic diseases, or (3)
had chronic kidney disease, systemic or pulmonary hypertension,
or endocrinological disorders were excluded from the study.

Ethics statement

Informed written consent was signed by the parents of all
children, along with assent where appropriate. Informed consent
was given after the nature, and possible consequences of the studies
were explained. The Institutional Ethics Committee approved the
study (No 8/62).

Determination of oxidative
stress parameters

Sample preparation and analysis of antioxidant enzyme activity
and oxidation-reduction potential (ORP) were performed at the
Institute of Pharmacology, Clinical Pharmacology and Toxicology,
Faculty of Medicine in Belgrade.

Activities of erythrocytes
antioxidant enzymes

From all subjects, 3 ml of peripheral venous blood was

collected with a heparinized syringe (0.2 ml of heparin).
Erythrocytes and plasma are separated by centrifugation
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(10minutes at 5000 rpm, 4°C). Separated erythrocytes are washed
three times with physiological solution by centrifugation (10
minutes at 5000 rpm, 4°C), and thus prepared are stored at -80°
C. Before the start of the work, the samples are thawed, and the
activity of the enzymes superoxide dismutase (SOD), catalase
(CAT), glutathione peroxidase (GSH-Px), glutathione reductase
(GR) is determined in them by the spectrophotometry method on
the HEAIOS device (Thermo Spectronic, UK).

Aliquots of three times washed erythrocytes were lysed by ice-
cold distilled water. Hemoglobin (Hb) concentration was measured
by the method of Drabkin and Austin (16). To determine the
activity of Cu/Zn SOD, it was necessary to remove hemoglobin by
Tsuchihashi (17). The activity of erythrocyte Cu/Zn SOD was
measured according to the Misra and Fridovich method, catalase
(CAT) according to the Beutler, glutathione reductase (GR)
according to the Glatzle, and glutathione peroxidase (GSH-Px)
according to Paglia and Valentine method (18-21).

Oxidation-reduction potential (ORP)

TOPS was the static measure of ORP which was determined at
room temperature on a RedoxSYS System (AytuBioScience, Inc.,
Englewood, CO). The plasma (40 pL) sample is dripped onto the
previously placed sensor, after which the automatic reading process
begins. After 5 seconds, when the ORP values become stable, the
millivolts (mV) value is read. Higher TOPS, i.e. static ORP values,
stand for pronounced oxidation (22).

Flow cytometry

3 ml of whole blood samples in a tube with EDTA were submitted
to the Immunological Laboratory of the Mothers and Children
Health Institute of Serbia for lymphocyte immunophenotyping.

100 pl of whole blood was mixed with 20 pl of Multitest ™ 6-
Color in 1 TBNK tube and the second HU TH1/2/17 Phenotyping
Kit. The test tubes were incubated at room temperature, in the dark,
for 15 minutes and lysed with FACS lysis buffer (Becton Dickinson)
for 15 minutes. Before staining with the HU TH1/2/17 Phenotyping
Kit, the sample was incubated with an activation cocktail
(Leukocyte Activation Cocktail, with BD GolgiPlug) according to
the manufacturer’s recommendations. After centrifugation and
subsequent washing, the cells were suspended in 400 pl of cell-
wash solution (Becton Dickinson) and analyzed using the FACS
CANTOII cytometer (Becton Dickinson) in the DIVA software.

Statistics

The descriptive statistics used included mean, median, standard
deviation (SD), interquartile range (IQR), and the total number and
percentage (%) of monitored parameters. The difference in the
distribution of specific parameters among the studied groups was
determined using %2 or Fisher’s test. Shapiro-Wilk and
Kolmogorov-Smirnov tests were used to test the normality of the
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distribution of numerical variables. Groups were compared using
Student’s t-test and the Mann-Whitney test. Paired t-tests and the
Wilcoxon test were used to compare 2 related samples. Pearson or
Spearman tests were tested for correlation between parameters in
different groups. The data were processed using the statistical
software SPSS 25.0 for Windows 10. All statistical methods were
considered statistically significant, p < 0.05

Using a sample size calculator for a significance level (CI) of
95% and a margin of error of 5%, the estimated sample size is
23 patients.

Results

The study included 67 patients, 38 male (56.7%) and 29 female
(43.3%); the mean age was 9.2 (IQR 6.3-12.9) years. There was no
difference in age between genders (p = 0.2). Serological blood tests
for SARS-CoV-2 were positive in 64 patients (95.5%), while 3
(4.5%) had positive PCR or Ag tests from a nasopharyngeal swab.

All patients had a fever lasting a median of 5 (IQR 4-6) days.
Most children (75%) had gastrointestinal manifestations. Three
patients underwent appendectomies. Hepatitis and pancreatitis
were present in 18/67 and 7/67 patients respectively.
Cardiovascular manifestation was present in 40/67 patients
(59.7%), while myocardial dysfunction was observed in half of all
patients (50.7%). Children with myocardial dysfunction were older
than patients with normal myocardial function (10.2 (IQR 7.7 -
13.9) vs 7.5 (4.2 - 11.6) years; p = 0.04). A severe clinical course and
ICU admission were observed in 22/67 patients. These patients
more often had hepatitis (p = 0.003) and pancreatitis (p = 0.004). A
3-year-old boy with moderate MIS-C had intracardiac thrombosis.
A 7-year-old patient, who had previously undergone cardiac
surgery to correct transposition of the great arteries in the
neonatal period, died, on the third day in hospital.

Initial laboratory findings revealed elevated proinflammatory
markers (CRP, fibrinogen, D-dimers) and low serum sodium,
phosphate, albumin, and platelet counts (Table 1). Elevated
cardiac troponin I (cTnl) and proBNP were observed in 44.9%
and 83.9% of patients. The average proBNP was 2455.5 pg/mL (IQR
1352.7->5000). In patients with elevated cTnl, the median ¢Tnl
value was 0.27 ng/mL (IQR 0.17-0.59).

Patients’ age correlated positively with CRP and fibrinogen on
admission (rr = 0.38, p = 0.002; rr = 0.34, p = 0.007, respectively).
CRP correlated positively with fibrinogen (rr = 0.35, p = 0.01). The
cTnl level on admission correlated positively with proBNP (rr = 0.4,
p = 0.009). A moderate positive correlation was found between
proBNP and the relative count of B lymphocytes (rr = 0.54, p =
0.007), whereas proBNP correlated negatively with NK cells (rr =
-0.58, p = 0.003). A mild to moderate negative correlation was
found between proBNP and albumin (rr = -0.3, p = 0.03) and
between proBNP and sodium level (rr = -0.27, p = 0.04). CRP and
proBNP correlated mildly to moderately positively (rr = 0.31, p =
0.02). A moderate negative correlation was found between platelet
count and D-dimers (rr = -0.4, p < 0.001).

In patients with CV manifestations, higher serum
concentrations of CRP and proBNP were observed in comparison
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TABLE 1 Difference between laboratory analysis at admission, 3rd in hospital day, and at discharge.

Laboratory analysis Admission

discharge P-value

Admission-3rd day
Admission-discharge

C-reactive protein (mg/L) 127.8 (92.7-206.8) 502 (27.5 - 96) 3.1 (14 -7.3) <0.001
<0.001
Platelet count (* 10°) 152 (111.7 - 206.2) 215 (146 - 326) 505 (417 - 640) <0.001
<0.001
Sodium (mmol/L) 133 (130 - 135) 137 (136 - 139) 137 (136 - 139) <0.001
<0.001
Albumin (g/L) 35 (31 - 38) 33 (30 - 36) 39 (37 - 41) 0.08
<0.001
Phosphate (mmol/L) 1(0.85 - 1.17) 1.04 (0.84 - 1.23) 1.29 (1.15 - 1.46) 0.388
<0.001
LDH (IU/L) 546 (473 - 643) 421 (386.2 - 544.5) 434 (363 - 486) <0.001
<0.001
SGOT (IU/L) 31 (21 - 52) 19.5 (14.2 - 30.5) 21.0 (17.0 - 34.5) <0.001
<0.001
SGPT (IU/L) 24 (17 - 48) 24 (15 - 48.5) 36 (21 - 61.2) 0.19
0.03
Fibrinogen (g/L) 54 (4.1 - 6.6) 3.1 (245 - 23.75) 24 (2 -28) 0.002
<0.001
D - dimers (ng/mL) 739 (397 - 1445) 549 (327 - 725) 207 (127 - 416) 0.08
<0.001
proBNP (pg/mL) 1907.5 (977.7 - >5000) 2252 (553.9 - 3858.7) 153.0 (86.2 - 292.5) 0.12
<0.001
cTnl (ng/mL) 0.1 (0.05 - 0.25) 0.17 (0.1 - 0.4) 0.1 (0.08 - 0.13) 0.183
0.168
LV EF (%) 58 (52 - 68) 59 (56 - 65) 69 (65 - 73) 0.007
<0.001
LV EDD Z score 0.25 (-0.6 - 0.9) 0.5 (-02 - 1.22) 0.1 (-0.8 - 0.5) 04
0.003

LDH, lactate dehydrogenase; SGOT, serum glutamic-oxaloacetic transaminase; SGPT, serum glutamic-pyruvic transaminase; ¢Tnl, cardiac troponin I; proBNP, pro B type natriuretic peptide.

to patients without CV manifestations (CRP 186.5, IQR 117.3-
253.7,vs 101.8, IQR 54.2-134.1 mg/L, p < 0.001; proBNP 3418, IQR
1576.0-5750.0 vs 938, IQR 406.5-1821, p < 0.001). Children with
CV involvement had a significantly higher relative concentration of
B lymphocytes and lower relative concentration of NK cells than
patients without CV manifestations (B cells 35.5, IQR 25.5-46.2 vs
20.5, IQR 12.7-23.2%, p < 0.001; NK cells 9.0, IQR 5.75-14.0 vs
15.5,IQR 13.7-19.0%, p = 0.004). Patients with severe MIS-C had a
lower relative count of NK cells than those with moderate MIS-C (9,
IQR 4.5-13.5% vs 14.0, IQR 12.0-17.0%; p = 0.015).

The TOPS and the values of individual antioxidant enzymes on
admission are shown in Table 2. The CAT level was higher in male
patients than in female patients (129668.7 + 20641.4 vs 96203.8 +
36893.9umol H,O,/min/g Hb; P=0.006), while girls had a higher
GSH-Px level than boys (22.1 + 4.7 vs 17.1 + 3.1 umol NADPH/
min/mg Hb; P=0.004). Patients with myocardial dysfunction had a
higher TOPS than children without myocardial involvement (191.7,
IQR 184.1 - 219.0 vs 171.2, IQR 165.4 - 183.0 mV; P=0.05). A
moderate positive correlation was found between TOPS and

Frontiers in Immunology

proBNP (rr = 0.49, p = 0.01), TOPS and CRP (rr = 0.4, p = 0.04),
and TOPS and relative concentration of B lymphocytes (rr = 0.59,
p =0.004), while a negative correlation was observed between TOPS
and relative concentration of T lymphocytes (rr = -0.52, p = 0.01)
(Figure 2). In patients with shock, lower erythrocyte SOD activity
was observed on admission in comparison to patients without
shock (2002.8 + 255.6 vs 2269.8 + 341.5 U/g of Hb; P=0.04), and
to patients admitted to the ICU (2020.7 + 231.5 vs 2292.1 + 355.9 U/
g of Hb; P=0.04).

The average LV EF was 50.7 + 13.2% in patients with
myocardial dysfunction. A moderate negative correlation was
found between LV EF and the relative count of B lymphocytes
(rr =-0.48, p = 0.017) and a positive correlation between LV EF and
relative NK cells (rr = 0.45, p = 0.02). The left ventricle end-diastolic
diameter (EDD) Z score correlated positively with TOPS (rr = 0.54,
p = 0.005) and negatively with SOD activity (rr = -0.45, P=0.02)
(Figure 3). A moderate negative correlation was observed between
LV EF and proBNP (rr =-0.58, p < 0.001), and LV EF and CRP (rr =
-0.41, p = 0.001).
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TABLE 2 Total oxidation-reduction potential, activities of antioxidant enzymes from erythrocytes, and lymphocyte immunophenotype before and
after methylprednisolone therapy.

Before treatment After treatment P-value Follow-up
Static ORP(mV) 188 176.3 0.04 176.7
(IQR 169.9 - 211.9) (IQR 161.3 - 187.6) : (IQR160.2 - 200.6)

CAT 121715 137833.6 0.028 150627
(umol H,0,/min/gHb) (IQR 99409.5 - 138218.8) (IQR 122799.1 - 148845.9) : (IQR 138129.1 - 157628.7)
GSH -Px 17.9 (IQR 15.2 - 22.1) 17.6 (IQR 15.3 - 20.4) 092 127
(umol NADPH/min/mg Hb) ’ (IQR 10.5 - 15.2)
GR 4.8 (IQR 4.4 - 5.6) 47 (IQR 4.3 - 5.5) 096 48
(umol NADPH/min/mg Hb) ' (IQR 4.14 - 5.6)
SOD 2160.1 2665.5 0.002 2709.6
(Ulg of Hb) (IQR 1868.1 - 2507.9) (IQR 2369.5 - 3035.5) : (IQR2528.1 - 3135.4)
B-lym(%) 25 (IQR 20.2 - 37.7) 315 (IQR 22.2 - 39.7) 097 135

’ (IQR 10.2 - 17.5)
T-lym(%) 59.5 (IQR 50.5 - 64.0) 61 (IQR 50.7 - 71.0) o1 71

: (IQR 68 - 74.5)
CD4/CD3+ 32.5 (IQR 23.7 - 38.0) 30.5 (IQR 26.5 - 34.5) 039 355
(%) : (IQR 31.7 - 37.0)
CD8/CD3+ 21.0 (IQR 14.7 - 24.0) 25.0 (IQR 182 - 28.5) 010 26

: (IQR 23.2 - 33.0)
NK cells 13.5 (IQR 7.25 - 15.0) 6.5 (IQR 4.0 - 12.7) 0.08 13

: (IQR 11 - 19.25)

ORP, oxidation-reduction potential; Gp-x, glutathione peroxidase; GR, glutathione reductase; SOD, superoxide dismutase.

The bold values have statistically significance.

Treatment

All patients were treated with MP; 79.1% received pulses of MP.
Blood samples were taken from all patients after the MP treatment.
TOPS decreased significantly, while CAT and SOD increased after
MP administration (Table 2). On the other hand, CRP, fibrinogen,
D-dimers, and proBNP decreased, while sodium, phosphate, and
albumin increased significantly (Table 1). After the therapy,
significant improvement in LV EF was observed as soon as the
third day in the hospital (p = 0.007), and a significant reduction in
LV EDD was observed on discharge (p = 0.003).

TF was observed in 6 patients; all were treated with MP pulses.
Only females had TF (P=0.005). These patients were younger than
patients with favorable treatment responses (5.8 (IQR 3.3 - 8) vs 9.5
(IQR 6.6 — 13.1) years; P=0.05). These patients had lower CAT
activity on admission than those without TF (98942, IQR 79337 -
102569 vs 123378, IQR 109669 - 141778.9 pmol H,0,/min/g Hb;
P=0.04). Additionally, patients with CAT and SOD activity lower
than 117000umol H,0,/min/g Hb and 1800U/g of Hb, respectively,
had more frequent TF (p=0.03 and p=0.027, respectively). In the
group of patients with TF, no TOPS reduction or CRP were noted
(p = 0.42, p = 0.16, respectively). In those patients, TOPS increased
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Correlation between total oxidation-reduction stress potential and relative B (A) and T (B) lymphocyte count.
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Correlations between left ventricle ejection fraction and relative B (A) and Natural Killer (B) lymphocyte count; correlations between left ventricle
end diastolic dimater Z score and total oxidation-reduction potential (C) and superoxide dysmutase activity (D).

after treatment (before 176.2 + 10.3 mV, after 199.0 + 36.7 mV)
(Figure 4). The severity of the clinical presentation did not affect the
outcome of the disease and TF.

14 patients received inotropic drug support-dopamine with/
without dobutamine for 3 days (IQR 2.5-4.5). In patients treated
with dopamine, SOD activity was significantly lower on admission
(2020.66 * 231.5 vs 2292.0 + 355.9 U/g of Hb; p = 0.04).

Follow-up

Control laboratory analysis was refused by 5.9% of patients’
parents (4 patients loss to follow-up), while echocardiography was
performed in all children. Control laboratory analysis six months
after acute illness yielded entirely normalized results (Table 2).
Echocardiography examination identified normal systolic function
of the LV (EF 66.4 + 4.1%) and EDD (Z score 0.12, IQR -0.57-0.59).
A significant decrease in the relative count of B lymphocytes was
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found compared to the relative count of B lymphocytes during acute
illness (P = 0.004), while T lymphocytes increased significantly (p =
0.003). In patients with CV manifestations, significant elevation in
the relative count of NKs cells was observed in the follow-up period
compared to on admission (13, IQR 11-22% vs 9, IQR 5.8-14%; p =
0.04). Reduction of TOPS was observed in comparison to the TOPS
on admission (p 0.04), while SOD and CAT increased
significantly (p = 0.001) (Figure 5).

Discussion

The primary pathophysiological mechanism of MIS-C is the
uncontrolled activation of the inflammatory cascade in response to
SARS-CoV-2 (10).

Clinical presentation in MIS-C patients varies and involves a
systemic cytokine storm (IL6, CCL2, CXCL8, CXCL9, CXCL10,
CXCL11) with gastrointestinal, cardiac, vascular, hematologic,
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mucocutaneous, neurologic, and/or respiratory pathology and fever
(23). Half of our patients had myocardial dysfunction, while almost
20% had shock. Myocardial dysfunction was commonly observed in
older children. The mortality rate is around 2% (23), but in our
study, only 1 patient, who had undergone surgery to correct
transposition of the great arteries, died.

Endothelial dysfunction and hyperinflammation increased
vascular permeability and decreased sodium, albumin, and
phosphate levels, while elevating CRP, fibrinogen, D-dimers,

10.3389/fimmu.2023.1249582

and proBNP. We found a negative correlation between proBNP
and sodium and albumin level. In contrast, proBNP correlated
positively with CRP. These laboratory findings can be explained by
highly intensive inflammation resulting in third-space loss of
fluid, sodium, and albumin or renal sodium loss and
myocardial dysfunction.

Oxidative has also been suggested as a major mechanism that
causes endothelial dysfunction and primary pathophysiological
processes in autoimmune diseases, KD, and TSS (10, 11).
Additionally, we found that TOPS on admission correlated
positively with CRP and proBNP, which means patients with
much more intense inflammation had higher TOPS and more
pronounced myocardial dysfunction. ROSs can directly impair
contractile function by modifying proteins central to excitation-
contraction coupling (24), negatively affect the disposition of
myocardial calcium (Ca*"), cause arrhythmia, and contribute to
cardiac remodeling by inducing hypertrophic signaling, fibrosis,
apoptosis, and necrosis (25). Consequently, myocardial stunning in
MIS-C might progress to myocardial necrosis. Authors have
previously found a relationship between the severity of OS and
the New York Heart Association (NYHA) functional class, hs-CRP
levels and proBNP in patients with heart failure (26).

Significant endothelial damage and increased cytokine
concentration results in an increase in NADPH oxidase and
myeloperoxidase (MPO) activity, leading to further “leakage” of
superoxide anions (O,") into the extracellular space and increased
consumption of antioxidants, resulting in OS. O, , the most
abundant radical species, is also the first stage of the bacterial-
killing reaction, which is followed by the production of other free
radicals, such as hydrogen peroxide (H,O,) by SOD (27). We
showed that our patients had low SOD levels before MP

oo p—
‘5
2400 o
e
0o
oo
v
0o a .
% o (() 1000000
2 3
o oo
o
o] =
i 18
« ] _ o]
X o
o
"
] B
w] .
w 2
3
£ £ S
F = H
8
1 10
30 of o
° P =0.004 P =0.003 P=0.002
pom s P o o st aervLanen o

Changes of (A) oxidation-reduction potential, (B) superoxide dismutase activity, (C) catalase activity, (D) B-lymphocytes relative count, (E) T-lymphocytes

relative count, and (F) CD8/CD3+ during follow up period.

Frontiers in Immunology

32

frontiersin.org


https://doi.org/10.3389/fimmu.2023.1249582
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Krasic et al.

treatment, especially those admitted to the ICU. This is in line with
evidence that in patients with a diagnosis of hyperinflammatory
syndrome, including MIS-C, there are increases in lipoperoxidation
as well as reduced antioxidant capacity (10, 28). Additionally, SOD
activity correlated negatively with LV EDD Z score, which can be
explained by the fact that O, shows a concentration-dependent
negative inotropic effect (29). Abnormal RyR2 function caused by
0S leads to diastolic Ca®" leaking and depletes sarcoplasmic
reticulum Ca*" stores. It reduces cytoplasmic Ca*" transients,
impairing contractile force generation (30).

Coronary artery involvement is more frequent in KD than in
MIS-C, with MIS-C patients instead having myocardial stunning,
which can be explained by the different cytokine profiles. In KD,
elevated IL17A suggests more pronounced arterial damage in KD
than in MIS-C, while chemokines lead to myocardial dysfunction
(31, 32).

Our patients had elevated B cells and decreased T cells.
Additionally, as the total OS increased, the B lymphocyte level
increased, and the T cells decreased. Previous studies have shown an
increase in absolute numbers of naive B cells (short-lived
plasmablasts), immature B cells, and atypical memory B cells, all
of which fit with a potential humoral response in patients with
MIS-C, often weeks after clearance of SARS-CoV-2, raising the
possibility that these are autoreactive expansions of antibody-
secreting cells (25, 33). Patients with CV involvement had higher
levels of B cells, which can be explained by the fact that patients with
a severe form of MIS-C formed autoantibodies that bind to
endothelial cells, contributing to endothelial dysfunction and
multisystemic inflammation, which is characteristic of these
patients (10, 20, 34, 35). In our MIS C patients before MP
therapy, a decrease in LV EF was noted with an increase in the
relative concentration of B cells and raised proBNP.

We showed that NK cells were lower in patients with CV
involvement. A positive correlation was found between LV EF

endotoxemia

MM vascular permeability
MM Pextravasation

| A intracellular
hyponatremia Ca?* concetration 0
hypoalbuminemia
hypophosphatemia
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and NK cells on admission. Patients with myocarditis, dilatative
cardiomyopathy (DCM), and coronary artery disease have severely
low NK cells and NK cytotoxicity levels, leading to defects in their
frequency and functionality. Although myocardial dysfunction in
MIS-C has not been shown to be the consequence of direct
myocardial injury but rather immune system-mediated
myocardial stunning, it has been concluded that NK cells may be
able to directly control autoimmune inflammation of the heart, such
as in myocarditis or DCM (36, 37).

We have previously shown that CSs are the best choice of drug
in patients with MIS-C associated with COVID-19 because they
lead to prompt normalization of body temperature, biochemical
and haematological blood parameters, and echocardiographic
parameters (37, 38).

Through their genomic effects, CSs reduce promoter activities
on pro-inflammatory genes and increase the expression of anti-
inflammatory mediators. Another mechanism of action of CSs is
transrepression, which leads to suppressed expression of
immunoregulatory and proinflammatory proteins such as
cytokines (IL1, IL2, IL6, TNF-a, IFN-y) and prostaglandins. The
rapid non-genomic effects of CSs also play an essential role, as
clinical effects can be observed quickly after administration of high
doses, because they promptly reduce the hyperinflammatory
response, suppressing vasodilation and increasing vascular
permeability by inhibiting the expression of cytokines (TNF-o,
IL-6, IL -10,, IL-1p and chemokines: CXCL9 and CXCL10) within a
few minutes (Figure 6). IVIGs decrease IL6 concentration on the
third and fourth day of the disease, and the level of CXCL9 and
CXCLI10 decreases after only 5 days (37-39), which could explain
the better response to CSs in MIS-C patients (29).

In patients with KD, IVIGs in the early phase reduce the ROS
level and the inflammatory response by an independent mechanism
(13-15). In our study, in MP-responding patients, the ROS
concentration significantly decreased immediately after the end of
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the treatment. TOPS may therefore be a useful biomarker when
assessing response to therapy. Additionally, we showed that CAT
and SOD activity increased after therapy.

Treatment failure was observed only in the female population
and in younger patients. On admission, patients with TF had CAT
and SOD activity lower than 117000 pwmol H,O,/min/g of Hb and
1800U/g of Hb, respectively. Therefore, the combined effect of
0, and H,O,plays a significant role in the TF. In these patients,
besides the treatment, TOPS increased.

During the follow-up period, we showed that the relative count
of T cells increased, with B cells decreasing in observed patients.
Rajamanickam A et al. concluded that 6-9 months post-recovery,
the numbers of naive, immature, and atypical memory B cells were
reduced. In contrast, the numbers of classical memory, activated
memory, and plasma cells were increased compared to pre-
treatment numbers (33). Additionally, the NK cell level increased
in patients with CV manifestation during the follow-up period of
our investigation. In patients with coronary artery disease, a 12-
month follow-up showed that a continued deficiency of NK cells
was correlated with low-grade cardiac inflammation. In contrast,
patients that had restored circulating NK cells had little to no
cardiac inflammation (36). The activity of both enzymes, SOD and
CAT, were suppressed at the admission, in the acute phase of illness,
before MP therapy. The reduction of hyperinflammation in our
study was accompanied by restoring the activity of the SOD and
CAT, the enzymes of antioxidant defense, during the 4 to 6 months
follow-up period.

Limitations

The most significant limitation of the study is the limited
number of patients, which makes it difficult to derive definitive
statements about pathogenesis and redox balance modulation after
the therapy was applied. Randomized multicentre studies need to be
conducted in order to establish treatment protocols with a
significant level of recommendation.

Conclusion

The etiopathogenesis of and best treatment for MIS-C
associated with COVID-19 are still unknown, but it is a life-
threatening condition which other viruses can probably provoke.
Our study showed that humoral immune cells play a significant role
in the pathogenesis of MIS-C, while patients with a low
concentration of NK cells develop myocardial dysfunction. In the
acute phase, ROS are elevated, and the dominant ROS is hydrogen
peroxide. Erythrocytes serve as a sink for hydrogen peroxide in the
circulation and, in this way, protect blood vessels. Patients with
significantly greater inflammation had higher TOPS and proBNP
with myocardial dysfunction. We have previously suggested MP as
the best-choice therapy for MIS-C. The use of MP leads to a rapid
modulation of TOPS, which correlates with an improvement in the
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clinical condition and a decrease in the concentration of positive
reactants (CRP, fibrinogen) of the acute phase and an increase in
negative reactants (albumin). MP treatment led to a rapid increase
in antioxidant defence enzymes. TF was noted in younger children
and girls only. These patients had significantly lower CAT values on
admission, meaning that hydrogen peroxide significantly influenced
the severity of the clinical presentation and the response to the
therapy applied.
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Background: Inflammation and metabolism exhibit a complex interplay, where
inflammation influences metabolic pathways, and in turn, metabolism shapes
the quality of immune responses. Here, glucose turnover is of special interest,
as proinflammatory immune cells mainly utilize glycolysis to meet their
energy needs. Noninvasive approaches to monitor both processes would help
elucidate this interwoven relationship to identify new therapeutic targets and
diagnostic opportunities.

Methods: For induction of defined inflammatory hotspots, LPS-doped Matrigel
plugs were implanted into the neck of C57BL/6J mice. Subsequently, H/2%F
magnetic resonance imaging (MRI) was used to track the recruitment of °F-
loaded immune cells to the inflammatory focus and deuterium (°H) magnetic
resonance spectroscopy (MRS) was used to monitor the metabolic fate of
[6,6-2H,lglucose within the affected tissue. Histology and flow cytometry were
used to validate the in vivo data.

Results: After plug implantation and intravenous administration of the °F-
containing contrast agent, *H/*°F MRI confirmed the infiltration of °F-labeled
immune cells into LPS-doped plugs while no *°F signal was observed in PBS-
containing control plugs. Identification of the inflammatory focus was followed
by i.p. bolus injection of deuterated glucose and continuous 2H MRS.
Inflammation-induced alterations in metabolic fluxes could be tracked with an
excellent temporal resolution of 2 min up to approximately 60 min after injection
and demonstrated a more anaerobic glucose utilization in the initial phase of
immune cell recruitment.
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Conclusion: *H/?H/*F MRI/MRS was successfully employed for noninvasive
monitoring of metabolic alterations in an inflammatory environment, paving
the way for simultaneous in vivo registration of immunometabolic data in basic
research and patients.

KEYWORDS

inflammation, metabolism, neutrophils, glycolysis, deuterium, magnetic resonance
spectroscopy and imaging

Introduction

Inflammation and metabolism are closely intertwined processes
that influence each other in multiple ways (1, 2). During an
inflammatory response, the body requires additional energy to
support the activation and proliferation of immune cells involved in
the immune response and successful healing. Metabolic pathways are
redirected to generate the necessary energy and substrates for these
processes (3), while immune cells, especially macrophages and T cells,
undergo metabolic reprogramming during inflammation (4). On the
other hand, inflammatory cytokines, such as interleukin-6 (IL-6) and
tumor necrosis factor-alpha (TNF-or), can affect insulin sensitivity,
glucose, and lipid metabolism (5), potentially leading to insulin
resistance. In line with this, chronic low-grade inflammation is
linked to various metabolic disorders, including obesity, type 2
diabetes, and cardiovascular diseases (6, 7).

In order to harness this interplay for clinical decision-making, as
well as to further delineate the mechanisms on how inflammation and
metabolism interact, noninvasive approaches that monitor both
processes in vivo would be highly desirable. In this context, the
metabolism of glucose is especially of major interest, since, in
particular, in the initial inflammatory phase, infiltrating immune cells
mainly rely on glycolysis to cover their energy demand (8, 9). Positron
emission tomography (PET) using [2-18F] fluorodeoxyglucose (FDG) is
an established and sensitive tool for glucose imaging (10), which has
also been applied for visualization of inflammation via the enhanced
glucose uptake of the affected tissue (11). However, it has several
limitations since it requires radioactive tracers and is restricted to
monitor glucose uptake, whereas further metabolic turnover of the
ingested glucose remains unclear (12). Furthermore, an increased
glucose uptake is not specific for inflamed tissue and occurs also,
e.g, in cancer [known as the Warburg effect (13)] and thus is a rather
indirect readout for inflammation.

In the present study, the power of multinuclear magnetic
resonance (MR) techniques was used to specifically resolve
inflammatory and metabolic processes in parallel but at different
levels: The '°F nucleus was employed to track immune cell
trafficking, ’H (deuterium) for monitoring metabolic turnover, and
conventional "H MR imaging (MRI) for anatomical assessment of the
inflamed tissue. '’F MRI emerged over the last decade as a
background-free approach for inflammation imaging (14, 15), while
’H MR spectroscopy (MRS) is a novel, noninvasive method for
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tracking the pathway of deuterated substrates, which has yet be
mainly used for analysis of cerebral or cancer metabolism (16-18).
Here, these approaches were combined for the first time to monitor
metabolic changes via *H MRS in inflamed tissue identified by "H/"°F
MRL To this end, an easy and reproducible murine inflammation
model was applied, making use of an implanted Matrigel plug doped
with LPS (19) for an efficient recruitment of circulating immune cells
into this experimental inflammatory focus.

Methods
Animal experiments

Eight- to 12-week-old male C57BL/6] mice (Janvier) were housed
at the central animal facility of the Heinrich Heine University
(Diisseldorf, Germany). All animal studies were approved by the
“Landesamt fiir Natur, Umwelt und Verbraucherschutz Nordrhein-
Westfalen” and were performed in accordance with the national
guidelines on animal care (file references 81-02.04.2018.A007 and
81-02.04.2023.A050). The mice were fed with a standard chow diet
and received tap water ad libitum.

Inflammation model (Matrigel/LPS)

To implant the Matrigel plug, mice were anesthetized with
isoflurane and placed on a 37°C warming plate. Fifty microliters of a
fluid Matrigel solution mixed with LPS (1 pg/uL; BD Biosciences) or
PBS as control were injected s.c. into the neck, which turned into a solid
gel at body temperature forming a jellylike plug stable over a period of
several weeks (19).

Magnetic resonance imaging
and spectroscopy

General

Data were recorded at vertical Bruker AVANCE™ and AVANCE
NEO 94T wide bore NMR spectrometers driven by ParaVision 5.1 and
360v3.2, respectively, and operating at a frequency of 400.21 MHz for
'H, 376.54 MHz for *°F, and 61.43 MHz for H measurements. Images
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were acquired using Bruker microimaging units Micro 2.5 with actively
shielded gradient sets (1.5 T/m) and resonators/coils depending on the
application (all Bruker, see below). Mice were anesthetized with 1.5%
isoflurane and kept at 37°C.

*H/*F MRI

Data were acquired using a 25-mm resonator tuneable to both 'H
and "F. For visualization of inflammatory processes, mice received an
intravenous bolus injection of a 10% perfluoro-15-crown-5 ether
emulsion (PFC, 3 mM/kg BW) 24 h prior to MRI to ensure
appropriate PFC-loading of circulating immune cells (15). After
acquisition of 'H datasets, the resonator was tuned to '°F, and
morphologically matching '°F images were recorded. For
superimposing the images of both nuclei, the “hot iron” color look-
up table provided by ParaVision was applied to '°F images. '"H MR
reference images were recorded by a multislice rapid acquisition with
relaxation enhancement (RARE) sequence: RARE factor 16, field of
view (FOV) 2.56 x 2.56 mm?, matrix 256x256, slice thickness (ST) 0.5-
1 mm, 1-4 averages, and acquisition time (TAcq) 0.5-6 min.
Corresponding '°F images were recorded from the same FOV using
a RARE sequence with the following parameters: RARE factor 32,
matrix 64 x 64, ST 2 mm, 256 averages, and TAcq 21 min. For a more
detailed description of the '°F MRI approach, acquisition parameters,
and quantification procedures, please refer to Refs (15, 20).

'H MRI combined with °H MRS

In separate experiments, a 12 x 8 mm? transmit/receive *H surface
coil inserted into a 30-mm "H saw resonator was utilized for metabolic
measurements. The mice were placed with their neck (containing the
Matrigel plug) on the surface coil, and for application of deuterated
glucose during the MR session, a Vasofix Safety IV Catheter (Braun
Melsungen AG) was inserted into the peritoneal cavity. After insertion
in the magnet, the correct positioning was verified by '"H MRL
Subsequently, fieldmap-based shimming (MAPSHIM) followed by
manual adjustment was carried out to optimize the field
homogeneity in the region of interest. Thereafter, *H MR spectra
were recorded over the entire Matrigel region for determination of
glucose metabolism [rectangular pulse, 60° flip angle; repetition time
(TR), 350 ms; spectral width, 15 ppm; data size, 300 points; averages,
300; TAcq, 2 min]. After acquisition of baseline spectra, mice received
an ip. bolus injection of 2 mg/g [6,6-°H,]glucose per body weight
followed by continuous monitoring of deuterated metabolites over 60
min. Spectra were processed and deconvoluted with TopSpin (Bruker).
Exponential weighting resulting in a 10-Hz line broadening was
applied and chemical shifts were referenced to the resonance
frequency of water at 4.7 ppm. Signal intensities were obtained by
integration and normalized to their background values under baseline
conditions, or for calculation of metabolic fluxes, absolute intensities
were used.

Flow cytometry

After termination of all MRI/MRS measurements, mice were
sacrificed without disrupting the Matrigel plug located in the neck.
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Matrigel plugs were carefully excised, digested with Collagenase D
(0.075 U/mL) and DNase I (200 U/mL; both Roche Applied
Sciences), and prepared for flow cytometry as previously
described (19, 21, 22). In brief, cells were resuspended in ice-cold
MACS bufter (phosphate-buftered saline, 2 mM EDTA, and 0.5%
bovine serum albumin) and stained with antibodies against the
following molecules to identify T cells, B cells, monocytes, or
macrophages: anti-CD45(PE), anti-CD3(FITC), anti-B220(APC),
anti-CD11b(APC), anti-Gr1(PE.Cy7), anti-Ly6c(APC.Cy7), anti-
CDI11¢(FITC), anti-MHCII(PE), and anti-F4/80(PerCP5.5). All
antibodies were purchased from Miltenyi Biotec (Bergisch
Gladbach, Germany) or BioLegend (Amsterdam, Netherlands)
and diluted (1:200-400) in ice-cold MACS buffer. Cells were
stained for 30 min at 4°C, washed three times with cold MACS
buffer, and finally resuspended in 250 puL of MACS buffer. Dead
cells were labeled with DAPI (4',6-diamidino-2-phenylindole; 1 ug/
mL) and excluded from the analysis. FACS datasets were acquired
on a CantolI (BD Biosciences) and analyzed using FACSDiva (BD
Biosciences) or Flow]oTM (v10.8; Ashland, OR, USA). The
following expression patterns were used for identification of the
immune cell subtypes: T cells: CD45" and CD3"; B cells: CD45" and
B220™; neutrophil granulocytes: CD11b", Gr1™, and Ly6c™s
inflammatory monocytes: CD11b", Grl™, and Ly6chi;
macrophages: CD11b", Gr1'oV/nes, Ly6c1°W/"eg, CDl11c*, MHCII,
and F4/80".

Immunofluorescence microscopy

Excised Matrigel plugs were embedded in Tissue-Tek (Weckert
Labortechnik, Kitzingen, Germany) and frozen at —20°C. Sections
of 8-10 um were cut and fixed as previously described (15, 19).
Matrigel samples were fixed for 10 min in Zamboni’s fixative,
washed with PBS, and blocked (10% goat serum in PBS
containing 0.1% saponin) for 10 min. Subsequently, Matrigel
sections were stained with anti-CD11b mAb (1:100; Serotec;
Disseldorf, Germany) overnight at 4°C. After washing with PBS,
samples were incubated with anti-rat-IgG-phycoerythrin (PE)-
coupled secondary mAb (1:1,000 in blocking buffer;
ThermoFisher) for 30 min at 4°C and washed again three times
with PBS. Finally, sections were embedded in ProLong Gold
antifade reagent (with DAPI; Invitrogen). Slices were analyzed
using an Olympus BX61 fluorescence microscope equipped with a
12-bit CCD monochrome (F-View II) driven by CellSense
Dimension software. Images were analyzed and processed with
Fiji (23).

Statistics

Statistical analysis was performed using GraphPad 9.5. Normal
distribution was tested using Shapiro-Wilk test. For comparison of
treatment groups, a two-way ANOVA or an unpaired-samples
Students t-test was used. A p-value < 0.05 was considered
statistically significant.
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Results

For induction of defined inflammatory conditions, we made use
of a previously described murine model with neck implantation of
an LPS-doped Matrigel plug, while using PBS-doped plugs as
respective negative control (19). The successful formation of an
inflammatory hotspot within the neck of mice was verified by
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"H/"”F MR inflammation imaging (14) 1 day after implantation
of the doped Matrigel plugs. To this end, PFCs that are
preferentially phagocytosed by circulating neutrophils/monocytes
were injected intravenously for visualization of the infiltrating
immune cells. Figure 1A shows the anatomical location of the
Matrigel plug that clearly emerged as a bright oval structure in T2-
weighted 'H MRI of the neck region. Merging of subsequently

1Y

!

Neutrophils
Macrophages
T cells

B cells

EEOO

—
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FIGURE 1

PBS

In vivo and ex vivo validation of the experimental inflammatory focus. (A) Sagittal T2-weighted *H MR images visualizing the injected Matrigel doped with
1 pg/ulL LPS/PBS in the neck of healthy C57BL/6J mice as bright structure. The dotted rectangle indicates the slice localization in (B). (B) Axial *H/*°F MRI
on day 1 after Matrigel implantation revealed only in LPS-doped plugs an infiltration of *°F-loaded immune cells. (C) Immunohistochemistry of excised
plugs confirmed the in vivo findings in (B). (D) Flow cytometric analysis of immune cells isolated from LPS/PBS-doped Matrigel plugs indicating
neutrophils as the predominant cell population recruited to the inflammatory focus at that time point
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acquired 'H and "’F images (Figure 1B) demonstrated the presence
of "’F-loaded immune cells predominantly in the border region of
the LPS-doped Matrigel plug, while no '°F signal was found in PBS-
doped control plugs. These in vivo findings were underpinned by
both histology and flow cytometry corroborating the marginal
location of immune cells in the plug (Figure 1C) and revealing
neutrophils as the predominant cell population infiltrating the plug
at this early time point after implantation (Figure 1D).

After confirming the presence of inflammatory foci (Figure 2A),
mice were placed with their neck on a 12 x 8 mm? transmit/receive
H surface coil inserted into a 30-mm "H saw resonator (Figure 2B).

10.3389/fimmu.2023.1258027

This setup allowed the unambiguous localization of the Matrigel
plug by 'H MRI (Figure 2C left) and the sensitive acquisition of *H
MR spectra with the surface coil, whose penetration depth and
excitation profile essentially encompassed the Matrigel plug and
surrounding scapular muscles (Figure 2C right). After acquisition of
baseline spectra, mice received an ip. bolus injection of 2 mg/g
[6,6->H,]glucose per body weight followed by continuous
monitoring of H MR spectra over 60 min (Figure 2D). Figure 3A
illustrates the route of the injected *H label (blue) through glycolysis
and TCA cycle with the ’H MRS-detectable metabolites (in the
millimolar range) highlighted in red, i.e., glucose, lactate, and

Histology

Flow cytometry

2H MRI surface coil profile

Plug
implantation 1H/19F MRI
L 1
I L
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PFC 2H MRS
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FIGURE 2

Time [minutes]

Setup and workflow for 2H MRS. (A) Timeline with plug implantation, inflammation imaging, metabolic measurements, and histology/flow cytometry.
(B) ?H MRS was carried out with a 2H surface coil inserted into a *H volume resonator. (C) Anatomic localization of the plug with the volume
resonator (left) and excitation profile of the ?H surface coil (orange bar) acquired from a D,O phantom (right) demonstrating that the penetration
depth of the surface coil is restricted to the dimensions of the Matrigel plug and the surrounding scapular muscles. (D) Workflow for 2H MRS: After
acquisition of baseline spectra, mice received an intraperitoneal bolus of 2 mg/g [6,6-?H;lglucose per body weight followed by continuous

acquisition of 2H MR spectra.

Frontiers in Immunology

40

frontiersin.org


https://doi.org/10.3389/fimmu.2023.1258027
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Flocke et al.

10.3389/fimmu.2023.1258027

A
D OH
D Glucose
HO 0
HO OH
OH
i H*orD* —> HOD
H
S—CoA
D%L A
Glycolysis Acetyl CoA
PDH o
Il
(0] - o]
YN o o
o H D 0 o o \ 2o
D)S(\or Oxaloacetate o O,P 0
o Pyruvate
Citrate
TCA Cycle
o]
o 2 "o
0 OH OMO
Malate - p I-
a-Ketoglutarate o o]
¥
Dy oI
D&)\o' o / "
. NH; Db
o OWLO OMO
Lactate o b» T p I-
0 o]
Fumarate "
. D" ——> HOD Glutamate or
B “/‘\ glutamine (Glx)
i \
|
N
il
| |
Control ’K“\ | LPS
|
/\/\/“JK
\//_/V/V\/ -
J/J\W -
/\WM/VWJ
\/\/N:/“
N Mr/
A~
e WA/V\/J\/
I
T T T T T T T
8 4 0 8 4 0
Chemical shift [ppm] Chemical shift [ppm]

FIGURE 3

Monitoring of the metabolic fate of [6,6-°H,]glucose by H MRS. (A) Scheme of the metabolic pathway for [6,6-2H.]lglucose through glycolysis and
the TCA cycle. The red rectangles indicate the metabolites that are within the detection range of 2H MRS. (B) Stack plot of ?H MR spectra over the
entire observation period for mice with PBS-doped (left) and LPS-doped (right) Matrigels, respectively. See the text for detailed explanations
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Quantification of 2H MR spectra over time. All measurements were normalized to spectra acquired under baseline conditions accounting for the
natural background of 2H (0.01%). Gray, control mice with Matrigel/PBS; red, mice with Matrigel/LPS; left, time course over 60 min; middle, area
under the curve (AUC); right, representative 2H MR spectrum with the respective metabolite for (A) glucose, (B) lactate, (C) Glx, and (D) water. Data
are presented as means + SD; *p < 0.05, **p < 0.01, ***p < 0.001; n = 9-12; two-way ANOVA for the time courses and unpaired Student'’s t-test for

the respective AUC.

glutamate/glutamine (Glx)—the latter cannot be spectrally resolved
in vivo because of the broad linewidth of *H MR spectra.
Importantly, during formation of the enol form of acetyl-CoA
prior to entry into the TCA cycle, one of the two deuteria can be
split off (with a probability of 2/3)—this is eventually found in water
and yields only a monolabeled citrate and Glx (not shown in
the schematic).

Baseline spectra showed a prominent signal at 4.7 ppm (Figure 3B
bottom lanes) caused by the natural abundant *H in water. Injection of
[6,6->H,] glucose gave rise to a fast increase of the corresponding *H
signal at 3.8 ppm and the subsequent appearance of the downstream
metabolites GIx (i.e., glutamine + glutamate) and lactate at 2.4 and 1.3
ppm, respectively, accompanied by a continuously increasing water
signal. The temporal development of *H MR spectra over the entire
observation period of 60 min is illustrated in Figure 3B with typical
examples for mice with Matrigel plugs doped with LPS (right) and PBS
as control (left). As can be recognized, the glucose (Glc) signal declined
much quicker in the presence of LPS while concomitantly lactate levels
were clearly elevated as compared to control conditions. Quantification
of spectra for n = 9-12 independent experiments (Figures 4A-D)
confirmed these findings and calculation of Lac/Glc ratios over the
entire observation period after application of the labeled glucose (LPS
1.18 £ 0.08 vs. PBS 0.90 £ 0.12; p < 0.05) further supported the notion
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of an enhanced lactate formation at the expense of increased glucose
consumption under inflammatory conditions. Of note, this was also
accompanied by a significantly lower incorporation of *H label into
water (Figure 4D).

Taking the naturally occurring *H signal from water (Figure 3B
bottom lanes) as an internal reference, absolute turnover rates can
also be calculated: Assuming a content of 110 M hydrogen in H,O,
an approximately 75% tissue water content (24), and a *H natural
abundance of 0.0115% in water (25, 26), the detected baseline signal
reflects an amount of ~9.5 mM deuterons (27). Considering now
the total increase of the water signal (Figure 4D, middle) over the
observation period of 60 min, the deuterium turnover from
[6,6-2H,] glucose to water is calculated to be 0.81 + 0.07 mM/min
under control conditions, while it was significantly diminished to
0.64 + 0.04 mM/min under LPS exposure (p < 0.05, n = 9-12).

Discussion

In the present work, >H MRS was applied in combination with
'F MR inflammation imaging in vivo to monitor the metabolic fate
of deuterated glucose within neutrophil-infiltrated inflammatory
hotspots noninvasively and in real time. The findings of this study
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demonstrate that *H MRS can indeed be successfully used to reveal
metabolic signatures in inflammatory environments, specifically
identified by hot spot '°F MRI together with anatomical 'H MRI.

The obtained results clearly point to an enhanced utilization of
glycolysis for energy production in the region of the inflammatory
hotspot. Increased lactate levels and enhanced glucose turnover are
classical indicators for a predominant anaerobic metabolism, which
is further supported by the lower flux of the ?H label to water. In the
long term, all deuterons of [6,6->H,]glucose will end up in the body
water pool, but in the initial phase after bolus injection, the highest
probability for the ?H label being transferred to water is given when
it enters the aerobic pathway: if the label runs through the TCA
cycle, it can be cleaved off either during formation of citrate or when
it does not leave the cycle via oi-ketoglutarate, but instead passes
into fumarate (Figure 3A). Thus, the diminished ’H incorporation
into water is overtly indicative for a lower utilization of glucose via
the TCA cycle. In contrast, under control conditions, glucose
turnover within the field of view covered by the surface coil
(Figure 2C) is mainly determined by aerobic metabolism of the
surrounding scapular muscles.

While this finding is not surprising per se, it nonetheless
highlights the potential of multinuclear MR approaches to
discriminate complex immunometabolic processes at separate levels
in parallel (here, 'H, H, and '°F for anatomy, metabolism, and
immune cells, respectively). Of course, compared to FDG-PET (10),
the present approach is restricted to metabolites that are present in
the millimolar range, but it lacks any harmful radiation and also
allows monitoring of downstream metabolites as well as absolute
turnover rates. Alternative MR approaches relying on the '*C nucleus
offer better spectral resolution than *H, but either require substantial
longer acquisition times even without volume selection (normal ">C)
or are limited to non-ideal substrates (e.g., pyruvate) as well as very
short temporal windows of observation (hyperpolarized >C;
approximately 1 min). Nevertheless, owing to the dramatically
enhanced sensitivity of the latter method, it provides superior
spatial resolution within this time frame (28). On the other hand, a
variety of deuterated substrates are readily available commercially for
H MRS and applications for deuterated acetate, choline, fumarate,
and B-hydroxybutyrate have already been described (29, 30), but the
field is definitely still in its infancy here. Of note, ongoing advances in
technology, such as denoising, undersampling, or indirect readout [as
used in (28, 30, 31)] will further improve the sensitivity for detection
of deuterated metabolites.

In the present study, a *H surface coil was utilized together with
a '"H volume resonator—while this setup provided excellent
coverage and superior sensitivity for the near-surface
inflammation model used, it is not suitable for metabolic analysis
of deeper organs or tissue. However, this approach can be further
developed by designing triple-tuned volume resonators to allow
simultaneous acquisition (32) of 'H/2H/"F MR images for true
temporal co-registration of inflammatory/metabolic processes
without penetration limits—not only for basic research to analyze
their interwoven relationships in vivo, but also in the long run also
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for clinical decision-making in immunologic and metabolic disease
states, as the feasibility of both F inflammation and deuterium
metabolic imaging in the clinical setting has already been
demonstrated (16, 33-36).

Conclusions and perspectives

In summary, the results of this study demonstrate that *H MRS
can be successfully used to reveal real-time metabolic signatures in
inflammatory environments—specifically identified by "H/'°F MRL
In contrast to the current gold standard FDG-PET that detects
glucose uptake only, the present approach discriminates
inflammation and metabolism at different levels in parallel and
enables the much more meaningful assessment of metabolic
turnover through glycolysis and TCA cycle with analysis of
downstream metabolites.

In the future, this approach can be employed to noninvasively
and longitudinally characterize in depth the immunometabolic
interplay in diseases, such as diabetes or obesity, but also its
impact on autoimmunity, (innate) immune memory, tumor
microenvironment, and hematopoiesis for identification of new
therapeutic targets. As the MR techniques used in this study could
be readily transferred to human scanners, they could also serve to
assess the degree of immunometabolic responses in patients to
tailor individual treatment regimens.

Data availability statement

The original contributions presented in the study are included
in the article/supplementary material. Further inquiries can be
directed to the corresponding author.

Ethics statement

The animal study was approved by Landesamt fiir Natur,
Umwelt und Verbraucherschutz Nordrhein-Westfalen. The study
was conducted in accordance with the local legislation and
institutional requirements.

Author contributions

VEF: Data curation, Formal Analysis, Investigation, Validation,
Visualization, Writing — original draft. ST: Data curation, Formal
Analysis, Investigation, Validation, Visualization, Writing — review
& editing. PB: Methodology, Resources, Writing — review & editing.
MG: Conceptualization, Project administration, Supervision,
Writing - review & editing. UF: Conceptualization, Funding
acquisition, Project administration, Supervision, Validation,
Visualization, Writing — review & editing.

frontiersin.org


https://doi.org/10.3389/fimmu.2023.1258027
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Flocke et al.

Funding

The authors declare financial support was received for the
research, authorship, and/or publication of this article. This work
was supported by the Deutsche Forschungsgemeinschaft (INST
208/764-1 FUGG to UF).

Acknowledgments

Parts of this work have been published as abstract at the ISMRM
& SMRT Virtual Conference & Exhibition 2020 (37).

References

1. Chavakis T. Immunometabolism: Where immunology and metabolism meet. |
Innate Immun (2022) 14:1-3. doi: 10.1159/000521305

2. Gaber T, Strehl C, Buttgereit F. Metabolic regulation of inflammation. Nat Rev
Rheumatol (2017) 13:267-79. doi: 10.1038/nrrheum.2017.37

3. Pearce EL, Pearce EJ. Metabolic pathways in immune cell activation and
quiescence. Immunity (2013) 38:633-43. doi: 10.1016/j.immuni.2013.04.005

4. Sun L, Yang X, Yuan Z, Wang H. Metabolic reprogramming in immune response and
tissue inflammation. Arterioscler Thromb Vasc Biol (2020) 40:1990-2001. doi: 10.1161/
ATVBAHA.120.314037

5. ShiJ, FanJ, Su Q, Yang Z. Cytokines and abnormal glucose and lipid metabolism.
Front Endocrinol (Lausanne) (2019) 10:703. doi: 10.3389/fend0.2019.00703

6. Van Gaal LF, Mertens IL, De Block CE. Mechanisms linking obesity with
cardiovascular disease. Nature (2006) 444:875-80. doi: 10.1038/nature05487

7. Saltiel AR, Olefsky JM. Inflammatory mechanisms linking obesity and metabolic
disease. J Clin Invest (2017) 127:1-4. doi: 10.1172/JCI92035

8. O’Neill LAJ, Kishton R]J, Rathmell J. A guide to immunometabolism for
immunologists. Nat Rev Immunol (2016) 16:553-65. doi: 10.1038/nri.2016.70

9. Viola A, Munari F, Sanchez-Rodriguez R, Scolaro T, Castegna A. The metabolic
signature of macrophage responses. Front Immunol (2019) 10:1462. doi: 10.3389/
fimmu.2019.01462

10. Iking J, Staniszewska M, Kessler L, Klose JM, Liickerath K, Fendler WP, et al.
Imaging inflammation with positron emission tomography. Biomedicines (2021) 9:212.
doi: 10.3390/biomedicines9020212

11. Love C, Tomas MB, Tronco GG, Palestro CJ. FDG PET of infection and
inflammation. Radiographics (2005) 25:1357-68. doi: 10.1148/rg.255045122

12. Phelps ME, Huang SC, Hoffman EJ, Selin C, Sokoloff L, Kuhl DE. Tomographic
measurement of local cerebral glucose metabolic rate in humans with (F-18)2-fluoro-2-
deoxy-D-glucose: validation of method. Ann Neurol (1979) 6:371-88. doi: 10.1002/
ana.410060502

13. Warburg O, Wind F, Negelein E. The metabolism of tumors in the body. ] Gen
Physiol (1927) 8:519-30. doi: 10.1085/gp.8.6.519

14. Bouvain P, Temme S, Flogel U. Hot spot 19F magnetic resonance imaging of
inflammation. Wiley Interdiscip Rev Nanomed Nanobiotechnol (2020) 12:e1639.
doi: 10.1002/wnan.1639

15. Flogel U, Ding Z, Hardung H, Jander S, Reichmann G, Jacoby C, et al. In vivo
monitoring of inflammation after cardiac and cerebral ischemia by fluorine magnetic
resonance imaging. Circulation (2008) 118:140-8. doi: 10.1161/CIRCULATIONAHA.
107.737890

16. De Feyter HM, Behar KL, Corbin ZA, Fulbright RK, Brown PB, McIntyre S, et al.
Deuterium metabolic imaging (DMI) for MRI-based 3D mapping of metabolism in
vivo. Sci Adv (2018) 4:eaat7314. doi: 10.1126/sciadv.aat7314

17. Lu M, Zhu X-H, Zhang Y, Mateescu G, Chen W. Quantitative assessment of
brain glucose metabolic rates using in vivo deuterium magnetic resonance
spectroscopy. | Cereb Blood Flow Metab (2017) 37:3518-30. doi: 10.1177/
0271678X17706444

Frontiers in Immunology

44

10.3389/fimmu.2023.1258027

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

18. Hesse F, Somai V, Kreis F, Bulat F, Wright AJ, Brindle KM. Monitoring tumor
cell death in murine tumor models using deuterium magnetic resonance spectroscopy
and spectroscopic imaging. Proc Natl Acad Sci USA (2021) 118:€2014631118.
doi: 10.1073/pnas.2014631118

19. Temme S, Jacoby C, Ding Z, Bonner F, Borg N, Schrader J, et al. Technical
advance: Monitoring the trafficking of neutrophil granulocytes and monocytes during
the course of tissue inflammation by noninvasive 19F MRI. ] Leukoc Biol (2014)
95:689-97. doi: 10.1189/j1b.0113032

20. Ebner B, Behm P, Jacoby C, Burghoff S, French BA, Schrader J, et al. Early
assessment of pulmonary inflammation by 19F MRL. vivo. Circ Cardiovasc Imaging
(2010) 3:202-10. doi: 10.1161/CIRCIMAGING.109.902312

21. Flogel U, Burghoff S, van Lent PLEM, Temme S, Galbarz L, Ding Z, et al.
Selective activation of adenosine A2A receptors on immune cells by a CD73-dependent
prodrug suppresses joint inflammation in experimental rheumatoid arthritis. Sci Transl
Med (2012) 4:146ral08. doi: 10.1126/scitranslmed.3003717

22. Borg N, Alter C, Gorldt N, Jacoby C, Ding Z, Steckel B, et al. CD73 on T-cells
orchestrates cardiac wound healing after myocardial infarction by purinergic metabolic
reprogramming. Circulation (2017) 136:297-313. doi: 10.1161/
CIRCULATIONAHA.116.023365

23. Schindelin J, Arganda-Carreras I, Frise E, Kaynig V, Longair M, Pietzsch T, et al.
Fiji: an open-source platform for biological-image analysis. Nat Methods (2012) 9:676—-
82. doi: 10.1038/nmeth.2019

24. Lorenzo I, Serra-Prat M, Yebenes JC. The role of water homeostasis in muscle
function and frailty: A review. Nutrients (2019) 11:1857. doi: 10.3390/nu11081857

25. Harris RK, Becker ED, Cabral de Menezes SM, Goodfellow R, Granger P. NMR
nomenclature. Nuclear spin properties and conventions for chemical shifts (IUPAC
Recommendations 2001). Pure Appl Chem (2001) 73:1795-818. doi: 10.1351/
pac200173111795

26. Rosman KJR, Taylor PDP. Isotopic compositions of the elements 1997. Pure
Appl Chem (1998) 70:217-35. doi: 10.1351/pac199870010217

27. De Feyter HM, de Graaf RA. Deuterium metabolic imaging - Back to the future.
Magn Reson (2021) 326:106932. doi: 10.1016/j.jmr.2021.106932

28. von Morze C, Engelbach JA, Blazey T, Quirk JD, Reed GD, Ippolito JE, et al.
Comparison of hyperpolarized 13C and non-hyperpolarized deuterium MRI
approaches for imaging cerebral glucose metabolism at 4.7 T. Magn Reson Med
(2021) 85:1795-804. doi: 10.1002/mrm.28612

29. Chen Ming Low J, Wright AJ, Hesse F, Cao J, Brindle KM. Metabolic imaging
with deuterium labeled substrates. Prog Nucl Magn Reson Spectrosc (2023) 134-135:39—
51. doi: 10.1016/j.pnmrs.2023.02.002

30. Soni ND, Swain A, Jacobs P, Juul H, Armbruster R, Nanga RPR, et al. In vivo
assessment of B-hydroxybutyrate metabolism in mouse brain using deuterium (2H)
MRS. Magn Reson Med (2023) 90:259-69. doi: 10.1002/mrm.29648

31. Niess F, Hingerl L, Strasser B, Bednarik P, Goranovic D, Niess E, et al.
Noninvasive 3-dimensional 1H-magnetic resonance spectroscopic imaging of human

brain glucose and neurotransmitter metabolism using deuterium labeling at 3T. Invest
Radiol (2023) 58:431-7. doi: 10.1097/RLI1.0000000000000953

frontiersin.org


https://doi.org/10.1159/000521305
https://doi.org/10.1038/nrrheum.2017.37
https://doi.org/10.1016/j.immuni.2013.04.005
https://doi.org/10.1161/ATVBAHA.120.314037
https://doi.org/10.1161/ATVBAHA.120.314037
https://doi.org/10.3389/fendo.2019.00703
https://doi.org/10.1038/nature05487
https://doi.org/10.1172/JCI92035
https://doi.org/10.1038/nri.2016.70
https://doi.org/10.3389/fimmu.2019.01462
https://doi.org/10.3389/fimmu.2019.01462
https://doi.org/10.3390/biomedicines9020212
https://doi.org/10.1148/rg.255045122
https://doi.org/10.1002/ana.410060502
https://doi.org/10.1002/ana.410060502
https://doi.org/10.1085/jgp.8.6.519
https://doi.org/10.1002/wnan.1639
https://doi.org/10.1161/CIRCULATIONAHA.107.737890
https://doi.org/10.1161/CIRCULATIONAHA.107.737890
https://doi.org/10.1126/sciadv.aat7314
https://doi.org/10.1177/0271678X17706444
https://doi.org/10.1177/0271678X17706444
https://doi.org/10.1073/pnas.2014631118
https://doi.org/10.1189/jlb.0113032
https://doi.org/10.1161/CIRCIMAGING.109.902312
https://doi.org/10.1126/scitranslmed.3003717
https://doi.org/10.1161/CIRCULATIONAHA.116.023365
https://doi.org/10.1161/CIRCULATIONAHA.116.023365
https://doi.org/10.1038/nmeth.2019
https://doi.org/10.3390/nu11081857
https://doi.org/10.1351/pac200173111795
https://doi.org/10.1351/pac200173111795
https://doi.org/10.1351/pac199870010217
https://doi.org/10.1016/j.jmr.2021.106932
https://doi.org/10.1002/mrm.28612
https://doi.org/10.1016/j.pnmrs.2023.02.002
https://doi.org/10.1002/mrm.29648
https://doi.org/10.1097/RLI.0000000000000953
https://doi.org/10.3389/fimmu.2023.1258027
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Flocke et al.

32. Lopez Kolkovsky AL, Carlier PG, Marty B, Meyerspeer M. Interleaved and
simultaneous multi-nuclear magnetic resonance in vivo. Review of principles,
applications and potential. NMR BioMed (2022) 35:e4735. doi: 10.1002/
nbm.4735

33. Bonner F, Gastl M, Nienhaus F, Rothe M, Jahn A, Pfeiler S, et al. Regional
analysis of inflammation and contractile function in reperfused acute myocardial
infarction by in vivo 19F cardiovascular magnetic resonance in pigs. Basic Res Cardiol
(2022) 117:21. doi: 10.1007/s00395-022-00928-5

34. Ahrens ET, Helfer BM, O’Hanlon CF, Schirda C. Clinical cell therapy imaging
using a perfluorocarbon tracer and fluorine-19 MRIL. Magn Reson Med (2014) 72:1696-
701. doi: 10.1002/mrm.25454

Frontiers in Immunology

45

10.3389/fimmu.2023.1258027

35. Ahrens ET, Helfer BM, O’Hanlon CF, Lister DR, Bykowski JL, Messer K, et al.
Method for estimation of apoptotic cell fraction of cytotherapy using in vivo fluorine-19
magnetic resonance: pilot study in a patient with head and neck carcinoma receiving tumor-
infiltrating lymphocytes labeled with perfluorocarbon nanoemulsion. J Immunother Cancer
(2023) 11:e007015. doi: 10.1136/jitc-2023-007015

36. Serés Roig E, De Feyter HM, Nixon TW, Ruhm L, Nikulin AV, Scheffler K, et al.
Deuterium metabolic imaging of the human brain in vivo at 7 T. Magn Reson Med (2023)
89:29-39. doi: 10.1002/mrm.29439

37. Flocke V, Bouvain P, Temme S, Flogel U. Monitoring inflammation-associated
metabolic alterations by deuterium MRS. Proc Intl Soc Mag Reson Med (2020) 28:3082.
Available at: cds.ismrm.org/protected/20MProceedings/PDFfiles/3082.html.

frontiersin.org


https://doi.org/10.1002/nbm.4735
https://doi.org/10.1002/nbm.4735
https://doi.org/10.1007/s00395-022-00928-5
https://doi.org/10.1002/mrm.25454
https://doi.org/10.1136/jitc-2023-007015
https://doi.org/10.1002/mrm.29439
cds.ismrm.org/protected/20MProceedings/PDFfiles/3082.html
https://doi.org/10.3389/fimmu.2023.1258027
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

? frontiers ‘ Frontiers in Immunology

@ Check for updates

OPEN ACCESS

EDITED BY
Pedro Gonzalez-Menendez,
University of Oviedo, Spain

REVIEWED BY

Ana Gutierrez Del Arroyo,

Queen Mary University of London,
United Kingdom

Martin Heldn,

St. Anne’s University Hospital, Czechia
Trim Lajqi,

Heidelberg University Hospital, Germany

*CORRESPONDENCE
Joby Thoppil
Joby.thoppil@utsouthwestern.edu

RECEIVED 01 August 2023
ACCEPTED 24 October 2023
PUBLISHED 07 November 2023

CITATION

Thoppil J, Mehta P, Bartels B, Sharma D
and Farrar JD (2023) Impact of
norepinephrine on immunity and oxidative
metabolism in sepsis.

Front. Immunol. 14:1271098.

doi: 10.3389/fimmu.2023.1271098

COPYRIGHT

© 2023 Thoppil, Mehta, Bartels, Sharma and
Farrar. This is an open-access article
distributed under the terms of the Creative
Commons Attribution License (CC BY). The
use, distribution or reproduction in other
forums is permitted, provided the original
author(s) and the copyright owner(s) are
credited and that the original publication in
this journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Immunology

TYPE Mini Review
PUBLISHED 07 November 2023
po110.3389/fimmu.2023.1271098

Impact of norepinephrine on
Immunity and oxidative
metabolism in sepsis

2

Joby Thoppil™, Prayag Mehta®, Brett Bartels®, Drashya Sharma
and J. David Farrar?

tDepartment of Emergency Medicine, University of Texas, Southwestern Medical Center, Dallas,
TX, United States, 2Department of Immunology, University of Texas (UT) Southwestern Medical
Center, Dallas, TX, United States

Sepsis is a major health problem in the United States (US), constituting a leading
contributor to mortality among critically ill patients. Despite advances in
treatment the underlying pathophysiology of sepsis remains elusive. Reactive
oxygen species (ROS) have a significant role in antimicrobial host defense and
inflammation and its dysregulation leads to maladaptive responses because of
excessive inflammation. There is growing evidence for crosstalk between the
central nervous system and the immune system in response to infection. The
hypothalamic-pituitary and adrenal axis and the sympathetic nervous system are
the two major pathways that mediate this interaction. Epinephrine (Epi) and
norepinephrine (NE), respectively are the effectors of these interactions. Upon
stimulation, NE is released from sympathetic nerve terminals locally within
lymphoid organs and activate adrenoreceptors expressed on immune cells.
Similarly, epinephrine secreted from the adrenal gland which is released
systemically also exerts influence on immune cells. However, understanding
the specific impact of neuroimmunity is still in its infancy. In this review, we focus
on the sympathetic nervous system, specifically the role the neurotransmitter
norepinephrine has on immune cells. Norepinephrine has been shown to
modulate immune cell responses leading to increased anti-inflammatory and
blunting of pro-inflammatory effects. Furthermore, there is evidence to suggest
that norepinephrine is involved in regulating oxidative metabolism in immune
cells. This review attempts to summarize the known effects of norepinephrine on
immune cell response and oxidative metabolism in response to infection.

KEYWORDS

norepinephrine, oxidative metabolism, sepsis, sympathetic nervous system,
immune cells

Introduction

Sepsis ranks as the tenth leading contributor of mortality in the United States and
stands as the second most prevalent cause of death among patients in the Intensive Care
Unit (ICU) (1). Sepsis frequently leads to mortality, with rates ranging from 20 to 50
percent worldwide due to refractory multiple organ dysfunction (1-4). Although sepsis is
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fundamentally thought to be an inflammatory disease, anti-
inflammatory therapies have been unsuccessful at reducing
mortality. Consequently, current treatment guidelines focus on
early identification and intervention. The nervous and immune
systems are intrinsically related (5). Immune system molecules and
cells cross the blood-brain barrier and send signals which allow for
central input. The binding of soluble immune signaling molecules
to receptors expressed on the surface of various types of central
nervous system (CNS) cells produce cellular responses that direct
the sympathetic nervous system (SNS) to secrete norepinephrine
(NE) (5). The CNS via the SNS can also induce the adrenal gland to
secrete epinephrine systemically. Accumulated evidence over the
past two decades suggests that NE acts as a neurotransmitter/
neuromodulator within primary and secondary lymphoid organs
(6). Therefore, once activated sympathetic nerve terminals release
NE which directly act on adrenoreceptors expressed on immune
cells within these organs. Similarly, circulating epinephrine released
by the adrenal gland can also act on adrenoreceptors (6). Neurons
also possess receptors for cytokines and chemokines secreted by the
immune system allowing for fine tuning of the local immune
response (7).

It has long been established that endotoxin released from
bacterial cell walls induces SNS activity (7, 8). Early investigations
identified alterations in the level of sympathetic nerve activity by
assessing circulating levels of NE and Epi in times of infection and
shock. These studies identified consistently that endotoxin exposure
led to increased levels of circulating NE, suggesting enhanced
sympathetic nerve activity (8). Therefore, immune cell activation
following peripheral infectious challenges likely increases the level
of CNS mediated regulatory mechanisms (8). NE acts by interacting
with adrenergic receptors (ADRs) which are expressed on the
surfaces of the cells of the immune system. In human leukocytes,
B-ADRs are expressed on natural killer (NK) cells, monocytes, B
cells, CD8" T cells, and CD4" T cells (9-12). Studies have also
confirmed that B-ADR signaling can regulate various functions in
the immune system (9-12). For example, in response to NE B-cell
costimulatory molecules and IgE secretion is increased; in
monocytes and macrophages NE signaling results in decreased
proinflammatory cytokine production; in T cells, Thl cytokine
production by CD4" T cells is decreased, and regulatory T-cell
function is enhanced as a result of NE (9-12). Moreover, there is
indication that the SNS can regulate the migration of stem cells
from the bone marrow to their designated niche (13). This review
will focus on direct noradrenergic (NE) innervation on immune
tissue via the SNS.

The effect of NE on immune cells

NE has been demonstrated to have an overall anti-
inflammatory effect, mediated primarily through B-ADRs. Post-
ganglionic sympathetic nerve fibers, which release NE as their
primary neurotransmitter, intricately innervate primary and
secondary lymphoid tissues (6, 14). Immune cells establish
direct contact with the dendrites of these neurons. Most
notably, both innate and adaptive immune cells express
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adrenergic receptors, predominantly the 32-adrenergic receptor
(B2-ADR) allowing them to directly engage with the SNS (6, 14).
In-vitro studies have shown many anti-inflammatory
immunologic effects, including decreased pro-inflammatory
tumor necrosis factor alpha (TNF-alpha), Interleukin (IL)-6,
and IL-8, and stimulation of anti-inflammatory cytokine IL-10.
Many of norepinephrine’s effects have been shown to be dose
dependent (15). In macrophages, beta-adrenergic stimulation
increases cAMP and inhibits nuclear factor kappa-light-chain-
enhancer of activated B cells (NF-kB) from entering the nucleus,
reducing pro-inflammatory cytokine transcription, as well as
increased production of anti-inflammatory IL-10 (16). IL-10 was
shown to markedly inhibit endotoxin-induced TNF-alpha
production by mouse and rat macrophages in vitro (17). The
norepinephrine-induced stimulation of IL-10, in addition to
attenuation of TNF-alpha and IL-6, have been shown to be
diminished by beta-blockade with medications such as
metoprolol and propranolol (15). In other in vitro studies, NE
diminishes NK cell cytotoxicity in a dose-dependent manner and
downregulates IL-2 production through 2-ADR modulation.
These effects were mitigated by administration of propranolol
but not by atenolol, indicating an effect mediated by the 2-ADR.

Deletion of B2-ADRs in macrophages and dendritic cells have
led to significant attenuation of IL-10 and increased TNF-alpha in
response to lipopolysaccharide (LPS) administration (9, 18). In-vivo
sepsis models showed increased mortality with B2-ADR deletion (9,
18). As part of the neuroinflammatory reflex, vagal nerve
stimulation induces NE release from the spleen, resulting in
acetylcholine secretion by CD4+ T-cells. Modulation of alpha-7
cholinergic receptors on macrophages by acetylcholine leads to
suppression of pro-inflammatory cytokines (19). In animal models,
stimulation of the vagal nerve attenuates systemic inflammation,
whereas interruption of this cascade by vagotomy increased
susceptibility to septic shock secondary to endotoxin effects (19).
In patients with traumatic brain injury, SNS activation induces IL-
10 release, which is associated with an immunosuppressive
monocyte phenotype and increased infection rate.
Norepinephrine, as well as epinephrine, was found to exert
immunosuppressive effects in LPS-stimulated human whole
blood, as well as isolated monocytes in vitro (15). A study of
monocytes from congestive heart failure patients again
demonstrated norepinephrine’s immunomodulatory effects
through B-ADRs, with notable attenuation of IL-10 production in
CHEF patients (20).

Studies are limited regarding norepinephrine’s effects on
granulocytes. While limited clinical data exists regarding specific
immunologic effects of norepinephrine in humans, observational
studies have shown increased mortality with elevated arterial
norepinephrine levels (15, 21). NE has also been shown to
directly promote both gram-positive and gram-negative bacterial
growth in-vitro (15). Other studies have shown that NE reduced
polymorphonuclear (PMN) cell migration, CD11b/CD18
expression, and production in response to stress (22). Beis et. al.,
found that NE signaling resulted in increased neutrophil and
monocyte numbers during psychosocial stressors which could be
reduced by blockade of B-ADRs (23).
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NE also generates diverse regulatory patterns in T-lymphocytes
(24). Many studies have demonstrated that catecholamines prompt
heightened lymphocyte activation coupled with intense Thl and
Th2 cytokine production. A significant portion of these effects are
orchestrated by B-ADRs (25). Gene expression analysis of in-vivo
memory CD8 T cells, which express higher levels of beta-adrenergic
receptors compared to naive cells, has shown to have increased
expression of inflammatory cytokines (26). Adrenergic signaling
has increased expansion and function of natural killer cells in vivo,
in response to viral infection (27). Administration of
norepinephrine causes an early transient elevation in overall
number and function of CD8" T cells and NK cells, though did
not show significant changes in CD4" T cells or B cells (28). Figure 1
summarizes the theorized effects of NE on immune cells.

Oxidative metabolism and sepsis

Reactive oxygenated species (ROS) are small short-lived
oxygen-containing molecules that are highly reactive due to the
negative charge accumulated by an excess oxygen molecule.
Examples of ROS include superoxide anions, hydrogen peroxide
(H,0,), and hydroxyl radicals. ROS are byproducts of reactions
occurring in various cellular compartments i.e., the cytoplasm, cell
membrane, endoplasmic reticulum (ER), mitochondria and
peroxisome, as integral processes of fundamental metabolic
function. ROS participates in normal physiological processes of
the immune system. ROS signaling plays a significant role in
immune cell activation, differentiation and signaling (9, 29-31). It
has been reported that ROS participates extensively in T cell
activation (9, 29-32). In macrophages and other phagocytic
immune cell lines ROS play a significant role in activation and in
their microbicidal activity (9, 29-31). The major source and
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generation of intracellular ROS is the mitochondrial electron
transport chain. Under basal conditions there is a balance
between oxidative and anti-oxidative metabolism which maintains
mitochondrial homeostasis (29, 30).

ROS assume a crucial role in both antimicrobial host defense
and inflammation. In humans, their deficiency leads to recurrent
and severe bacterial infections, whereas uncontrolled release results
in excessive inflammation (33). Upon activation of surface
receptors, host immune cells release substantial amounts of ROS
at infection sites (33). Simultaneously, activation by Fc and integrin
directly induces heightened ROS production (33). Moreover, G-
protein coupled receptors (GPCRs) binding to bacterial peptides
can both prime cells and trigger low levels of ROS production (33).
The engagement of these receptors initiates intracellular signaling
pathways, that culminate in the activation of downstream effector
proteins. This process includes the assembly of the NADPH oxidase
complex, ultimately leading to ROS production by this complex
(33). Furthermore, ROS can permeate the membranes of bacterial
pathogens and inflict damage intracellularly (33). Sustained
infectious insults as seen in sepsis pathophysiology results in
accelerated production and release of ROS. This accelerated
production leads to inefficiencies within the mitochondria due to
alterations in oxygen consumption, impaired glucose and lipid
metabolism, resulting in mitochondrial dysfunction (34).
Likewise, increased release of ROS leads to cellular damage, DNA
damage and apoptosis in adjacent tissues and cells (35).
Furthermore, persistent infection results in overwhelming and
depleting the natural antioxidant defense mechanisms the body
has evolved to combat excess ROS production.

There is an abundance of evidence that points to excess ROS
contributing to the maladaptive responses in inflammatory states
leading to metabolic and global dysfunction (35). In response to
inflammatory triggers and ROS signaling, leukocytes initiate the
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synthesis and release of proinflammatory cytokines. Specifically,
there is evidence to suggest that ROS plays a role in the release of
cytokines induced by LPS, NF-kB activation by thrombin and
downstream endothelial cell activation (35). Similarly, research
demonstrates that mitochondrial production of H,0, contributes
to NF-xB activation in endothelial cells of aged rat arteries, and that
curtailing of ROS activity can reduce hypoxia-triggered endothelial
NF-kB activation and IL-6 secretion (35). Much research has also
highlighted that cardiac myocyte dysfunction in sepsis is a result of
continued oxidative stress (30, 36-39). Sepsis induced oxidative
stress is a complex interplay of inflammatory responses,
mitochondrial dysfunction and depletion of antioxidant resources.
Research is still ongoing but, efforts to promote anti-inflammation
and antioxidant treatments in the management of sepsis have
largely been unsuccessful.

Oxidative stress, NE and sepsis

Sepsis is characterized by widespread alterations in metabolism,
both at the systemic and organ-specific level in response to an
infection. These changes can escalate and lead to dysregulation
which results in circulatory changes and septic shock (34, 40, 41).
The most common consequences of sepsis are impaired vascular
permeability, cardiac malfunction, and mitochondrial dysfunction
leading to impaired metabolism and, if left unchecked, shock. It has
been reported that patients treated with a non-lethal dose of
endotoxin and without demonstrable organ dysfunction have
enhanced metabolic rates and oxygen consumption by
approximately 37-55% as to basal metabolism (42). However,
patients with sepsis or septic shock do not seem to have the same
enhancement of metabolism and consumption and that the level of
attenuation of this response correlates with disease severity (42).
Precise mechanisms responsible for this attenuation is unknown (30).

NE has been identified as being superior to other vasopressors in a
systematic review of randomized controlled trials evaluating in-hospital
and 28-day mortality in septic shock patients (43). A meta-analysis
showed that early administration of NE, which varied per study
evaluated but was defined <6 hours after identification of septic shock,
resulted in statistically significant reduction in short-term morality (44).
The mechanisms for this remain unclear, but NE plays a role in
regulating the immune response to infection and combating shock.

There is also evidence to suggest that NE is intimately involved
in regulating oxidative metabolism. Research has shown that NE
augments the generation of superoxide in freshly isolated primary
human PBMCs by means of NADPH oxidase, mediated by o-
adrenergic receptors. This effect promotes adherence of monocytes
to the endothelium (24, 45). Case et. al., demonstrated that
mitochondrial metabolism and superoxide-mediated redox
signaling play a regulatory role in the T-lymphocyte response to
NE (24). They hypothesized that the T-lymphocyte phenotype
could be influenced by NE and superoxide production which
could result in specific changes in cytokine expression (24).
Mechanisms elucidating the role of NE in lymphocyte activation
and regulation remain unclear but, oxidative metabolism may be
involved. In ovarian surface epithelial cells, NE is protective against
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bleomycin induced oxidative damage (46). Additionally, Case et al.
posited that NE appears to have a multifaceted regulatory effect on
various cellular processes including metabolism and mitochondrial
redox regulation (24). Systemic diseases associated with elevated
inflammatory signaling and metabolic dysfunction such as
atherosclerosis, diabetes, COPD, vitiligo, heart failure, Parkinson’s
disease and stroke have all demonstrated altered redox balances as a
potential mechanism for disease progression (47-51).
Dysregulation of PBMC redox balance has been implicated in
many of the disease processes listed above (47-51).

Immune cell specific
dysregulation in sepsis

Immune cell specific dysregulation in sepsis is a relatively new
avenue of research that has been highlighted due to pandemic
research and the advent of single cell RNA sequencing technology.
Three notable studies utilized scRNAseq to identify specific PBMC
populations contributing to disease progression in sepsis (52-54).
Wen et. al,, found a distinct monocyte population, CD14+
monocytes, that were important in the early recovery phase of
Sars-CoV-2 infected patients whereas clonal expansion of T and B
cells were important in later recovery stages (52). Zhang et. al., found
that intensive expansion of highly cytotoxic effector T cell subsets,
was associated with convalescence in moderate Sars-CoV-2 patients.
In severe SARS-CoV-2 patients, there was profound immune
exhaustion and broad T cell expansion. This study illustrates the
dynamic nature of the immune system in response to Sars-CoV-2
(53). Similar to Wen et. al, Reyes et. al, found that in emergency
department patients presenting with sepsis due to urinary tract
infections the same CD14+ monocytes were present in the blood of
these patients (54). They noted that this monocyte population was
also present in ICU patients with sterile inflammation. They
hypothesized that particular gene signatures may be able to
distinguish sterile vs non-sterile inflammatory populations (54). In
this review, we have highlighted the ubiquitous effects of NE and its
impact on immunity in sepsis. Therefore, it is possible that NE may
mediate some of the dysfunction in specific cell populations in sepsis
which may underlie sepsis pathogenesis. This research is still in its
nascent stages and is ongoing.

NE and trained immunity in sepsis

Trained immunity refers to the long-lasting memory traits of
innate immunity. Specifically, studies have shown that sustained
changes in epigenetic marks and metabolic pathways can leads to
an altered transcriptional response to a subsequent challenge (55, 56).
The implications of trained immunity are that reprogrammed
immunocytes can respond more rapidly and effectively, in
particularly to distinct pathogens and markers of infection allowing
for improved immune function. In sepsis, however, these trained
immunity programs may lead to antagonistic inflammatory cues and
ultimately tolerance of an infectious burden. In contrast, tolerance
may also allow for repair and protective mechanisms (57). The exact
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relationship is not clearly understood and there is little to date on
trained immunity in sepsis (55), but its implications could lead to the
development of novel treatment strategies. Zhang et. al., has identified
3 subpopulations of monocytes with distinct cellular transcriptional
programs in response to induction by 4 different inducers of trained
immunity (56). These findings are consistent with the studies
regarding distinct monocyte populations identified in response to
COVID-19 infection (52-54). There is also some literature linking
catecholamines with trained immunity. Netea et. al., found that
exposure to high levels of catecholamines can result in long lasting
pro-inflammatory changes in myeloid cells in cardiovascular disease
(55). Similarly, Slusher et. al., found that catecholamine release in
acute maximal exercise can exert a pro-inflammatory response in
isolated monocytes exposed to LPS (58). There is a role here for the
sympathetic nervous system in trained immunity in sepsis but, it
remains unclear at this time. It is clear, however, that this is a highly
complex, multi-faceted event that is regulated by diverse alterations of
signaling pathways, chromatin modulation and metabolic re-wiring.
Further research is needed to elucidate the intricacies of nervous

system input in response to infection and training of immunocytes.

Impact of NE and 3-blockers
in septic shock

There is a growing body of evidence to suggest that early
norepinephrine administration during sepsis resuscitation may be
beneficial in mitigating shock (44, 59-61). In 2019, the phase II
CENSER trial identified that early low dose norepinephrine in
adults with sepsis and hypotension results in significantly
increased shock control by 6 hours (60). In 2020, a prospective
ICU based propensity-score based analysis also demonstrated that
an early start of norepinephrine might be safe and limit fluid
resuscitation and lead to better outcomes (62). However, these
studies have only focused on the vascular effects and have not
evaluated the impact of NE on the immune system. Stolk et. al.,
performed a bench to bedside study in mice and humans that found
that NE has anti-inflammatory effects in sepsis and that could lead
to deleterious effects and immunoparalysis which could contribute
to sepsis progression (21). This study contradicts much of the
clinically relevant data that demonstrates a beneficial effect of NE in
sepsis treatment. Limiting Stolk et. al.’s findings are that their study
did not directly assess immunoparalysis and limited their analysis
on the cytokines TNF-a and IL-10 to assess host response (63).

The value of NE in the management of septic shock has always
been understood to be a result of its effect on the vascular
endothelium and promotion of cardiac output preventing
circulatory collapse. Traditionally, this has translated to shortened
hospital length of stays and reduced mortality in septic shock (64).
However, some recent trials have highlighted that allowing for some
permissive hypotension in patients 265 years with septic shock
showed no differences in 90-day mortality, and higher blood
pressure values (265 mmHg) did not add further benefits (65,
66). The Surviving Sepsis Campaign (SSC) has suggested adding

Frontiers in Immunology

10.3389/fimmu.2023.1271098

vasopressin as an adjunctive therapy to NE in the management of
septic shock with the intent of rising MAP to target with the
thoughts that this would prevent the deleterious consequences of
an excessive adrenergic load (67). However, these recommendations
were weak and based on low quality of evidence. Furthermore, there
haven’t been any large scale trials evaluating the efficacy of
vasopressin compared to NE (68).

There is also growing evidence to suggest B-blockers may have a
positive impact on mortality in sepsis. The BEAST study found that
[B-blockers exposure prior to the onset of sepsis, maybe associated
with better outcomes (69). A systematic review and meta-analysis
found that patients with persistent tachycardia despite fluid
resuscitation treated with P-blockers had lower 28-d mortality
(70). The potential benefits of B-blocker therapy in sepsis include
improved heart rate control thereby decreasing myocardial oxygen
demand in septic patients (71). In addition, B-blockers are also
thought to block the adrenergic up-regulation thought to contribute
to sepsis mortality (72). Similar to Stolk et. al.’s findings, if true, this
would argue against NE treatment as NE’s effects are mediated by
the 32 adrenergic receptor. No large scale clinical trial has evaluated
the effect of B-blockers in the treatment of sepsis and the risk of
hypotension has somewhat also limited their evaluation (72).

As this review as highlighted, the role of NE is quite complex. It
is clear that NE has ubiquitous effects on a variety of immune cells
and vascular endothelium which can impact sepsis pathogenesis.
Further research is necessary to realize NE’s impact on immunity in
sepsis. There must be a reason that for the past 50 years, NE remains
the first-line vasopressor of choice and has the best safety and
tolerance profile in patients with septic shock (63).

Discussion

It is clear that NE has a multi-faceted role in sepsis and this review
only begins to shed light on the intricate interaction between the
nervous system, immune system and immunocyte oxidative
metabolism. This review highlights that there are intertwined
relationships between the nervous and immune systems where
communications occur in a bi-directional manner. Sepsis is ranked
as a top contributor to mortality in the United States and treatment
paradigms have yielded little results in mitigating mortality. The scope
of sepsis research has predominantly concentrated on reducing
pathogen load and providing supportive care with measures like
anti-pyretics, fluids, antibiotics/anti-virals and anti-inflammatory
agents (73). There has been a notable shortage of emphasis on
uncovering strategies for immune system augmentation. Instead of
exclusively focusing on diminishing pathogen burden, perhaps
treatment can also focus on immune enhancing strategies harnessing
inherent responses to infection. Furthermore, elucidating the trained
immune response, or identifying specific immune cell populations
involved in sepsis mediated immune dysfunction will be key to the
development of novel treatment strategies. NE has been associated with
improved outcomes in septic shock. This has been traditionally
ascribed to its role as vasopressor and its effects on peripheral
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vascular resistance (43) However, with this knowledge that NE
interacts with immune cells directly and alters their signaling
patterns and metabolic pathways, particularly those that regulate
ROS production, it begs the questions of whether NE has larger role
in sepsis than just promoting peripheral vascular resistance. This would
have implications for earlier norepinephrine use.

This review has underscored the role of NE in governing the
bodys response to infection (8-11, 13, 14, 25, 28, 74), alongside its
involvement in regulating oxidative metabolism within immune
cells (24, 45). The potential for NE dysregulation to contribute to
sepsis pathology is worth considering with implications for early
introduction of NE in septic patients as therapy. Systemic and
organ-specific changes in bioenergetics and metabolism
characterize the dysregulated response to infection is sepsis and
septic shock. Understanding the pathophysiological mechanisms
underlying SNS regulation and mitochondrial dysfunction in sepsis
may pave the way for new diagnostic strategies and therapeutic
approaches. These findings may help physicians to identify distinct
subgroups of sepsis patients or even sub-populations of cells for
more directed treatment strategies.
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by single-cell transcriptome
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Introduction: Ovulation dysfunction is now a widespread cause of infertility
around the world. Although the impact of immune cells in human reproduction
has been widely investigated, systematic understanding of the changes of the
immune atlas under female ovulation remain less understood.

Methods: Here, we generated single cell transcriptomic profiles of 80,689
PBMCs in three representative statuses of ovulation dysfunction, i.e., polycystic
ovary syndrome (PCOS), primary ovarian insufficiency (POI) and menopause
(MENO), and identified totally 7 major cell types and 25 subsets of cells.

Results: Our study revealed distinct cluster distributions of immune cells among
individuals of ovulation disorders and health. In patients with ovulation
dysfunction, we observed a significant reduction in populations of naive CD8 T
cells and effector memory CD4 T cells, whereas circulating NK cells and
regulatory NK cells increased.

Discussion: Our results highlight the significant contribution of cDC-mediated
signaling pathways to the overall inflammatory response within ovulation
disorders. Furthermore, our data demonstrated a significant upregulation of
oxidative stress in patients with ovulation disorder. Overall, our study gave a
deeper insight into the mechanism of PCOS, POI, and menopause, which may
contribute to the better diagnosis and treatments of these ovulatory disorder.

KEYWORDS

single-cell RNA sequencing, ovulation dysfunction, immune cell disorder, conventional
dendritic cell, oxidative stress
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Introduction

In recent decades, female infertility has become an increasing
global concern. Knowledge of human reproduction has revealed
that immune disorders can affect female fertility at multiple levels
(1). Immune disorders affect hormonal glandular functions, such as
thyroiditis, resulting in hyperprolactinemia that promotes ovulation
dysfunction (2). Meanwhile, it has been reported that antibodies
produced by immune cells are associated with high risk of infertility
(3). Clinical evidence has confirmed that autoimmune diseases play
a critical role in fertility decreasing (4). Ovulation disorder is the
most frequent cause of female infertility and is present in
approximately 40% of infertile women (5). The most common
reasons for the decrease in ovulation function are polycystic ovary
syndrome (PCOS), primary ovarian insufficiency (POI), and aging-
induced ovarian reserve loss such as menopause (MENO).
Although the immune cell types involved in these ovarian
disorders are partially known, the essential immune subclusters,
their transcriptomic characteristics, and changes in signaling
pathways remain unclear (6-8). Sorting immune cells from
peripheral blood using flow cytometry in bulk is unable
to capture natural transcriptome characteristics. In addition, there
still has no specific drugs for the treatment of either PCOS or POI
(9, 10). Menopause, as a result of women losing their reproductive
capacity and suffering from endocrine disorders with aging, also
lacks immune cell data. Therefore, further studies are needed to
understand specific anovulation-associated pathogenic factors.

Understanding immune alterations in peripheral blood is of
paramount importance for unraveling the pathogenesis of ovulatory
disorders. Comparative analysis of scRNA-seq datasets among
individuals with varying health conditions, including PCOS, POI,
and menopause, revealed notable changes in subsets of well-known
cell types. It is widely acknowledged that naive T cells serve as
precursors for effector and memory T cell subsets. Previous studies
on mouse ovaries have indicated that a reduction in the proportion
of naive CD4 T cells is associated with a diminished ability to mount
an immune response, potentially contributing to age-related
reproductive decline (11). Furthermore, a wealth of evidence
suggests that effector memory CD4 T cells play a vital role in
maintaining fetal-maternal immune tolerance and preventing
pregnancy loss (12). Circulating and regulatory NK cells represent
two major subtypes of NK cells distinguished by their expression of
CD56. CD56°" " NK cells, known as regulatory NK cells, generally
constitute a small population and are recognized for their regulatory
and immunomodulatory functions. Conversely, CD56%™ NK cells,
referred to as circulating NK cells, are the predominant subset of
NK cells and possess potent cytotoxic and effector functions.
Although NK cells contribute to the innate immune system and
aid in preserving the integrity of ovarian tissue by eliminating cells
with abnormal growth or function, an excessive number of NK cells
may lead to chronic inflammation and tissue damage (13). Previous
evidence has identified that elevated levels of NK cells in the ovary
can disrupt proper follicular development by exerting cytotoxic
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effects on granulosa cells, which are essential for follicular growth
and maturation (14). These findings highlight the disruption of T
cell reserves and NK cell activation during anovulation, potentially
causing a homeostatic imbalance within the immune system.
Therefore, it is crucial to investigate these immune alterations in
ovulatory disorders to gain a deeper understanding of their
underlying mechanisms.

In this study, we utilized single-cell RNA sequencing (scRNA-
seq) to explore the immune landscape at high resolution in
peripheral blood mononuclear cells (PBMCs) from patients with
ovulation failure and compared them to healthy individuals. We
identified a total of 25 distinct cell clusters and investigated the
major changes that occurred in each cell type. Our findings revealed
a significant disturbance in the NK and T cell populations in
individuals with ovulation disorders. Our data also highlighted
the crucial role of cDC-mediated cell-cell interactions, especially
contributing to the amplification of global inflammatory responses
in individuals with immune dysfunction. Furthermore, we observed
a significant upregulation of oxidative stress in patients with
ovulation disorders. In addition to enhancing our understanding
of the immune mechanisms underlying ovulation dysfunction, the
present study suggests potential therapeutic strategies for mitigating
ovarian dysfunction in female reproductive health.

Materials and methods

Ethics statement and clinical
sample collection

This study was approved by the Ethics Committee of the
Department of Medical and Life Science, Tongji University, and
written informed consent was obtained from each participant
(2020tjdx067). All sample collections were strictly performed
according to the ethical and biosafety protocols approved by the
institutional guidelines.

Blood samples were collected from the Shanghai Tongji
Hospital (China) between November 2020 and January 2021. The
cohort included individuals with MENO (n = 2), PCOS (n = 3), and
POI (n = 3) for subsequent 10x genomic scRNA-seq. To eliminate
the influence of medication, all volunteers were sampled without
drug administration. The diagnosis of menopause, PCOS, and POI
was based on detailed clinical symptoms according to a previous
guide (15-17). The menopausal ages of the two individuals in the
menopausal control group were 51 and 52 years, respectively. They
joined the study control group at 1 and 3 years after the onset of
menopause. Both women experienced natural menopause and were
excluded from any immune disorders. The detailed clinical
information and demographic characteristics of the patient cohort
are shown in Table S1. PBMCs sequencing data of healthy females
(n = 3) were downloaded from the 10x genomics dataset (https://
www.10xgenomics.com/resources/datasets).
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Single cell RNA library preparation
and sequencing

PBMCs were isolated from whole blood samples according to
the 10x Genomics Demonstrated Protocol (CG00039). Cell viability
was assessed by trypan blue staining, and samples (cell viability
>90%) were prepared using a 10x Genomics Single Cell 5 v2
Reagent Kit according to the manufacturer’s instructions (10x
Genomics). Each sequencing library was generated by using a
unique sample index. The libraries were sequenced using an
Iumina Nova6000.

Single-cell RNA data pre-processing
and analysis

The raw 5" scRNA-seq data were processed using CellRanger
software (version 6.1.1). The transcripts were aligned to the human
reference genome h38 using the function of “cellranger count” with
the default parameter. All processed data were input into the
respective folder, and downstream analysis was performed.

Main analyses in downstream were performed on Seurat R
package (version 4.0.10) (18). Cells with less than 300 detected
genes were filtered. After data filtering, raw counts were normalized
to 10,000 reads by “NormalizeData” function with the default
parameters. By using “FindVariableFeatures” function with the
method of “vst” and 2000 highly variable genes were identified to
perform principal component analysis (PCA). By using function of
“FindIntegrationAnchors” and “IntegrateData”, we reduced batch
effect to reasonable degree and integrated the data from different
batches to one Seurat object. The data were then scaled again using
“ScaleData” and run a principal component analysis (PCA) and
uniform manifold approximation and projection (UMAP)
dimensionality reduction by using function of “RunPCA” and
“RunUMAP.” A nearest-neighbor graph using 30 dimensions of
the PCA reduction was calculated using ‘FindNeighbors,” followed
by clustering using ‘FindClusters’ with a resolution of 0.6. Gene
ontology enrichment analysis was performed by the clusterProfiler
R package (version 3.9.0) (19). Lineage scores were calculated
according to a published article (20) by calculating the sum of the
logarithm of cpms among selected genes (see Table S2). Venn
diagrams were constructed using the Venn R package (version
1.10). Statistical analyses were performed by ggsignif R packages
(version 0.6.0).

Gene regulatory network analyses

To infer gene regulatory networks (GRNs) between fertile and
infertile group, we used pySCENIC (version 0.12.0) (21) to perform
regulatory networks analysis. The analysis steps consisted of three
parts: creating a co-expression module via GRNBoost2, refining
modules with cisTarget, and estimating the regulon activity by
AUCell. The specific regulons among different groups (Health,
MENO, PCOS and POI) were identified using the Regulon
Specificity Score (RSS) according to standard tutorials. Gene
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regulatory networks were visualized with customization by
cytoscape (version 3.16.1).

Receptor and ligand interactions analysis

To assess the cell-cell interactions and significant pathways, we
performed all cell matrix from different group on CellChat R
packages (version 1.1.3) (22). For put data into CellChat, we
extracted large dgCMatrix from Seurat objects by using function
of “GetAssayData.” Briefly, we followed official supported workflow
and loaded normalized data into CellChat by function of
“createCellChat.” We used CellChatDB in human secreted
signaling as a ligand-receptor interaction database for subsequent
analysis. Then, by using ‘computeNetSimilarityPairwise’ function,
we identified signaling between healthy and POI. Differential
expression of signaling pathway between healthy and POI was
identified by function of ‘identifyOverExpressedGenes.” To
explore selected signaling pathway among different cell types, we
ranked similarity of the shared signaling pathways by applying
function of ‘rankSimilarity.’

Statistical analysis

The bioinformatics data were statistically analyzed using
ordinary one-way ANOVA or wilcox test with Graphpad Prism
(version 9.4.1) and P < 0.05 was considered statistically significant.
In this paper, one, two and three asterisks indicate p < 0.05, p < 0.01
and p < 0.001 respectively.

Results

Study design and single immune cell
profiling among individuals with
ovulation dysfunction

To characterize the immune properties of females who have
experienced ovulation dysfunction, we generated an scRNA-seq
dataset consisting of eight infertile females, including two females
with menopause (MENO), three patients with polycystic ovary
syndrome (PCOS), three patients with primary ovarian
insufficiency (POI), and a control group of three healthy females
(Figure 1A). Using the uniform manifold approximation and
projection (UMAP) technique, we analyzed the distribution of
various cell lineages in peripheral blood mononuclear cells
(PBMCs) based on the expression of canonical cell markers. We
observed that major cell types were present in all groups
(Figures 1B, C). Specifically, we identified seven major cell
clusters: CD4 T cells (CD3D, CD4), CD8 T cells (CD3D, CD8),
natural killer (NK) cells (GNLY, CD16), B cells (CD79A, CD19),
myeloid cells (CD14, LYZ), platelets (PPBP), and red blood cells
(RBC) (Figure 1D). The distribution patterns of these major cell
populations were comparable across patient groups (PCOS/POI/
MENO) (Figure 1E).
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FIGURE 1

Single-cell transcriptomic profiles of PBMCs in ovulation-dysfunctional and healthy females. (A) Overview of sample collection, sequencing, and
downstream analyses. (B) UMAP plot of the scRNA-seq profiled dataset for seven major cell types. (C) UMAP plot of the distribution of single cells
among the different groups. (D). Violin plots showing marker genes for diverse immune cell subsets. (E) Bar plot showing the percentage of major
cell types in PBMCs of each individual. The cell counts for each sample are listed on the right-hand side.

Cellular characterization of individuals with
ovulation disorder

Based on graph-based clustering of uniform manifold
approximation and projection (UMAP) and specific gene
markers, our data identified 25 cell subtypes, including CD4 naive
T cells, CD4 central memory T cells, CD4 T helper cells, CD4
effector memory T cells, Treg, CD8 naive T cells, CD8 effector
memory T cells, CD8 effector T cells, CD8 central memory T cells,
mucosal associated invariant T cells, interferon-activated T cells,
gamma-delta T cells, circulating NK cells, adaptive NK
cells, regulatory NK cells, naive B cells, memory B cells, switch
memory B cells, plasmblasts, CD14 monocytes, CD16 monocytes,
conventional dendritic cells (¢cDCs), plasmacytoid dendritic cells
(pDCs), platelets, and red blood cells (RBCs) (Figures 2A, B).

Specifically, within the CD4-positive T cell population, we
distinguished CD4 naive T cells (marked by CCR7, LEF1, and
TCF7), CD4 central memory T cells (characterized by high CCR7
expression and increased AQP3 and CD69 compared to CD4 naive
T cells), CD4 effector memory T cells (identified by PRDM1 and
low CCR?7 expression), Tregs (expressing IL2RA and FOXP3), and
CD4 Thl cells (marked by CXCR3). In the CD8-positive T cell
population, we identified CD8 naive T cells (marked by CCR7,
LEF1, and TCF7), CD8 central memory T cells (showing high CCR7
expression and increased AQP3 and CD69 compared to CD8 naive
T cells), CD8 effector memory T cells (characterized by GZMK
expression), CD8 effector T cells (exhibiting high levels of GZMB,
GNLY, and PRF1 but lacking CCR7 and IL7R expression), and
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mucosal-associated invariant T cells (MAIT) (marked by GZMK
and high IL7R expression). Additionally, we identified CD4 and
CD8 negative T cell subtypes, including gamma-delta T cells
(expressing TRGC1, TRGC2, and TRDC) and interferon-activated
cells (TIFN) (identified by ISG15 expression) (Figure 2B). We
observed three distinct sub-clusters within the NK cell
population: circulating NK cells (expressing FCGR3A and
exhibiting dim NCAMI1 expression), adaptive NK cells (marked
by KLRC2 and dim NCAMI1 expression), and regulatory NK cells
(expressing FCGR3A, bright NCAM1, and KLRC1) (Figure 2B). We
identified four different subtypes of B cells based on their gene
expression profiles. Switched memory B cells expressed CD19 and
CD27 but lacked IGHD expression, naive B cells expressed IGHD
but lacked CD27 expression, memory B cells expressed both CD27
and IGHD, mature B cells expressed CD19 and MS4A1 but lacked
CD27 expression, and plasmablasts expressed high levels of
TNFRSF17 and CD27. Additionally, we identified CD14
monocytes (expressing CD14), CD16 monocytes (expressing
FCGR3A), cDCs (marked by CD1C and ITGAX expression), and
pDCs (expressing IL3RA, CLEC4C, and NRP1) (Figure 2B).
Comparing these cell subtypes across the anovulation groups
with healthy females, we observed decreased proportions of CD4
naive T cells, CD8 naive T cells, and CD4 effector memory T cells,
whereas all NK cell subtypes showed an increase (Figures 2C, S1) in
the ovulation-dysfunction group. Specifically, the number of CD8
naive T cells significantly decreased in the MENO group, whereas
CD4 effector memory T cells significantly decreased in the PCOS
group (Figure 2D). The percentages of circulating and regulatory
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Immunological alterations in patients with ovulation disorders. (A) UMAP plot showing all the identified cells from ovulated and healthy females. (B)
Violin plots showing special markers for all sub-cell types. (C) Table showing the percentages of each cell type among different groups (health/
menopause/PCOS/POI). Ovulation-dysfunctional and healthy groups were expressed as percentages of the total immune cell types. (D) Boxplot
showing the proportions of cells with significant differences in each sample colored by individual. The x-axis corresponds to each patient group.
Significant differences compared to control samples were calculated by ordinary one-way ANOVA.

NK cells exhibited dramatic increases in the PCOS and POI
groups (Figure 2D).

cDC-mediated cell-cell communication
tends to disorder in ovulation-
dysfunction groups

To investigate specific gene expression alterations for ovulation
dysfunction, we conducted a detailed comparison of gene expression
in five major cell types, CD4 T cells, CD8 T cells, NK cells, dendritic
cells (DCs), and monocytes, between the ovulation-dysfunction
group and the healthy group (Figure 3A). Interestingly, we
observed that DCs exhibited the highest number of differentially
expressed genes (both upregulated and downregulated) among the
three ovulation-dysfunction groups, suggesting a potential key role
for DCs in immune alterations associated with ovulation dysfunction
(Figure 3A). Through interaction plots, we discovered that most of
the differentially expressed genes were shared among the ovulation
groups, with 264 common genes being upregulated and 329 common
genes being downregulated (Figure 3B). Gene ontology (GO) analysis
revealed that the upregulated genes were enriched for MHC-II
antigen processing and presentation and regulation of immune cell
activation, while the downregulated genes were enriched for oxidative
phosphorylation and cellular respiration (Figure 3C).
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To examine whether changes in DC function were related to the
dynamics of NK cell subpopulations, we explored the strength of
the interaction among different cell populations between the
healthy and ovulation-dysfunction groups using the CellChat R
package (Figure S2). The results demonstrated that the interaction
strength sourcing from cDCs was significantly increased in all
ovulation-dysfunction groups compared to that in the healthy
group (Figures 3D, S2). Furthermore, to elucidate the specific
signaling pathways involved in c¢DC-mediated cell-cell
communication, we compared the communication probabilities
mediated by ligand-receptor pairs from c¢DCs to almost other cell
populations. Our findings revealed a predominant presence of
signaling pathways involving MHC-I, MHC-II, and BAFF, which
are known to play a significant role in promoting inflammatory
responses in cDC-mediated cell-cell communication (Figure 3E).
We found that the ligand-receptor pair of HLA-DRB5-CD4, HLA-
DRB1-CD4, HLA-DRA-CD4, HLA-DQB1-CD4, HLA-DQA1-
CD4, HLA-DPB1-CD4, HLA-DPA1-CD4, and HLA-DMA-CD4
significantly contributed to communication from ¢DCs to CD4 T
cells and monocytes. HLA-A-CD8A/B, HLA-B-CD8 A/B, HLA-C-
CD8 A/B significantly influenced communication from ¢DCs to
CD8 T cells and TNFSF13B-TNFRSF13B/C significantly affected
communication between ¢cDCs and B cells (Figure 3E). These results
collectively indicate that c<DC may play an essential role in the
progression of inflammation during ovulation dysfunction.
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FIGURE 3

Detailed characterization of DCs in each ovulation-dysfunction group. (A) Heatmaps showing the distribution of DEGs between PCOS, POI, Meno,
and Health groups in major cell subtypes. The red box shows the differential genes of DC cells by comparing PCOS, POI, and Meno to Health. (B)
Upset plot showing upregulated (left) and downregulated (right) DEGs in DC. (C) The representative GO terms of upregulated and downregulated

DEGs overlapped among PCOS, POI, and Meno in DCs. (D) A scatter plot of

the outgoing and incoming interaction strengths identified significant

changes in sending or receiving signals among diverse cell types in each group. (E) Overview of communication probabilities mediated by ligand—
receptor pairs from cDCs to rested cell types significantly increased in the anovulatory groups

Expression dynamics show abnormal
immune activation in ovulation disorder

Given the substantial upregulation of pro-inflammatory pathways
mediated by ¢DCs, we investigated alterations in pro-inflammatory
factors among major inflammation-related cell types, such as CD8 T
cells, monocytes, and B cells. To better estimate functional dynamics
comprehensively, we calculated the lineage score according to
published articles (20). Compared with the healthy group, all
ovulation-dysfunction groups showed a significant increase in pro-
inflammatory factors in CD8 T cells (Figure 4A). Furthermore, we
observed a significant increase in cytotoxic factors in CD14 and CD16
monocytes in the ovulation-dysfunction groups (Figure 4B). These
findings indicated the presence of aggravated inflammatory responses
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and immune disorders during the progression of ovulation dysfunction.
To investigate which genes contributed to these immune changes, we
examined the expression of all genes used to calculate the lineage score
in Figures 5C, D across different cell types. Our analysis revealed
substantial upregulation of numerous pro-inflammatory factors,
including KLRB1, KLRD1, GZMA, GZMB, GZMK, PRF1, CCLS5,
and TNFRSF1A, in CD8 T cells in all ovulation-dysfunctional groups
(Figure 4C). Compared to healthy individuals, pro-inflammatory
cytokines such as ANPEP, TNF, and CCL5 were significantly
elevated in both CD14 and CD16 monocytes of ovulation-
dysfunction individuals (Figure 4D). It is well established that
immunoglobulin class switching plays a crucial role in effective
immune responses by allowing the immune system to adapt
antibody production to different types of pathogens and immune
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Abnormally activated cell cytotoxins and inflammatory response in ovulation dysfunction. (A, B) Box plot showing the lineage score of (A) pro-
inflammatory factors in CD8 T cells and (B) cytotoxic mediators in both CD14 and CD16 monocytes and the different groups. (C, D) Dotplot
depicting the expression of detailed genes for calculating the (C) pro-inflammatory factor score in CD8 T cells and (D) cytotoxic mediator score in
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main regulators resulting in immunological changes. All cDC were
subjected to SCENIC analysis to construct the gene regulatory
networks. Our results identified essential regulons among the four
groups, and the top five most-active regulons in the healthy and
each ovulation-dysfunction group are shown in Figure 5A. When
considering the rank score, we observed that EHF, ZFP91, RUNXI,
MBDI, and SP3 were specifically upregulated in the healthy group,
whereas YY1, BCLAF1, and MAX were specifically upregulated in
the ovulation-dysfunction groups (Figures 5A, B). Using the eight
regulons mentioned above, we constructed predicted regulatory
networks (Figure 5C, Table S3). By mapping these networks with
794 unique upregulated DEGs in DCs (Figure 3A), an overlap of 62
genes, representing nearly 30% of the DEGs, was identified
(Figure 5D). To gain further insight, we performed gene ontology
(GO) analysis of these overlapping genes. The DEGs were enriched
in functions such as antigen processing and presentation, Thl and
Th2 cell differentiation, and the HIF-1 signaling pathway
(Figure 5E). These findings suggest that YY1, BCLAFI, and MAX
play pivotal roles in immune changes in cDCs and cDC-mediated
inflammatory response pathways. Overall, these results shed light
on the transcriptional regulatory landscape of cDCs in the context
of blood ovulation-dysfunction, highlighting the activation of
specific transcription factors during immunological changes.

10.3389/fimmu.2023.1297484

Global oxidative stress enhances in
ovulation disorder

Analysis of DEGs revealed that in most PBMC cell types, genes
involved in reducing oxidative stress, such as JUN and JUND, were
significantly downregulated, whereas some genes associated with
mitochondrial respiration, such as MT-ATP8 and MT-ND4L,
exhibited high expression levels (Figure S3). To assess whether
increased oxidative stress is widely present during ovulation, we
obtained data from monkeys and mice and investigated gene
expression changes in oocytes and granulosa cells in high-fat
mice and aged monkeys (24, 25) (Figures 6A, B). A comparison
between oocytes and granulosa cells revealed a higher number of
upregulated DEGs in the latter, including genes shared between
mice and monkeys (Figures 6C, D). Gene ontology (GO) analysis
demonstrated that the commonly upregulated DEGs in granulosa
cells of both mice and monkeys were primarily associated with
cellular responses to oxidative stress and DNA damage stimulus,
mitochondrial translation, apoptotic process, and cell chemotaxis
(Figure 6E). We further presented the expression profiles of DEGs
involved in these pathways as a dot plot (Figure 6F) and observed
that many of the genes involved in oxidative stress and
mitochondrial energy metabolism (such as NDUFV3, NDUFB6,
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FIGURE 6

Integrated data analysis revealed that aberrant oxidative stress occurs in both granulosa cells and PBMCs during ovulation disorders. (A) UMAP plot
of all identified cells from the HFD and RD mice. (B) UMAP plot of all the identified cells from young and aged monkeys. (C) Venn diagram showing
the upregulation in HFD and aging granulosa cells. (D) Venn diagram showing the upregulation in HFD and aging oocytes. (E) Dotplot depicting
representative GO terms of genes upregulated in both mouse and monkey granulosa cells. (F,G) Dotplot showing the expression of genes involved
in representative GO terms in (F) granulosa cells of mice and monkeys separately and (G) PBMCs of humans in each group.
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NFE2L2, PARK7, and GPX7), mitochondrial translation (such as
MRPL49, MRPL50, andMRPS9), DNA damage stimulus response
(GADD45GIP1, RBX1, UBE2B, BTG2, and UFLI), and apoptosis
(ZFP36L1, PKN2, and JTB) that were highly expressed in granulosa
cells were also highly expressed in human PBMCs (Figure 6G).

Discussion

This study investigated the immunological changes in patients
with anovulation, including PCOS, POI, and menopause. Our
findings suggest that aberrant changes in T and NK cell
populations, augmented inflammatory responses mediated by
cDCs, and global oxidative stress in PBMCs are common
characteristics of ovarian dysfunction. Importantly, these
aberrations may pose a high risk for long-term chronic
inflammation and have detrimental effects on ovarian function. In
summary, this study provides valuable insights into the
immunological changes associated with anovulation, shedding
light on the potential mechanisms and implications of
therapeutic interventions.

Although long-term inflammatory reactions have been reported
to potentially damage tissues and cells, affecting their function and
structure (26), our study provides essential insights into the
inflammatory response in various types of anovulation. CD8 T
cells, CD14 monocytes, and CD16 monocytes are known to play
critical roles in both cytotoxic and pro-inflammatory responses,
contributing to immune defense against infections and regulation of
inflammatory processes in different disease contexts (27, 28). Our
findings demonstrated that a hyperinflammatory phenotype is
significantly enhanced during anovulation, characterized by the
upregulation of pro-inflammatory factors such as CCL5 in CD8 T
cells and CD14/CD16 monocytes. Furthermore, we observed a shift
in immunoglobulin production from IgD/IgM to IgA/IgG during
anovulation. Previous research has suggested that IgA and IgG are
two proinflammatory immunoglobulins (29), and immunoglobulin
isotypes such as IgG can interact with Fc gamma receptors on
immune cells to regulate their effector functions, including
inflammation (30). These insights significantly advance our
understanding of chronic inflammation in ovulatory disorders,
emphasizing the crucial role of increased cytokine production
from CD8+ T cells and monocytes, global oxidative stress, and
immunoglobulin switching in inflammatory mediation. Targeting
of these processes has the potential to alleviate chronic
inflammation and restore normal ovulatory function.

Conventional dendritic cells (¢cDCs) play a crucial role in
inflammation by interacting with various immune cells including
CD4 T cells, CD8 T cells, B cells, and monocytes (31). They
influence immune responses through cell-cell signaling and
cytokine production, particularly via MHC-I, MHC-II, and BAFF
pathways (31). CD8 T cells, also known as cytotoxic T cells,
recognize antigens presented by MHC-I molecules and release
cytotoxic molecules and proinflammatory cytokines upon
activation (32). Monocytes, through MHC-II expression, scan for
foreign antigens and initiate proinflammatory responses to
modulate inflammation (33). Additionally, BAFF pathway
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activation can induce class switching in B cells, leading to the
production of specific immunoglobulin isotypes, such as IgG and
IgA, which are important for immune responses and inflammation
(34). Our data showed that abnormal upregulation of the MHC-I,
MHC-II, and BAFF pathways by cDCs was activated during
anovulation, which is likely to intensify the inflammation
response. Additionally, transcription factors such as YYI,
BCLAF1, and MAX, are enriched in ¢cDCs from women with
ovulation disorders and are involved in antigen presentation.
Abnormal activation of these factors impairs ¢cDC immune
activity. Targeting YY1, BCLAF1, and MAX could be a potential
therapeutic strategy to restore cDC functionality and reduce
inflammation during anovulation. Overall, the increased
inflammatory response in women with ovulation disorders is
directly linked to ¢cDC-mediated immune signaling.

Previous studies have established that oxidative stress can
provoke immune dysfunction by affecting immune cell function,
cytokine and chemokine production, and the promotion of
inflammation (35). In our study, we observed a consistent
reduction in the expression of oxidative stress-related genes,
including JUN and FOS, in almost all cellular clusters of
peripheral blood mononuclear cells (PBMCs). Given that
granulosa cells serve as the energy source for oocytes, abnormal
levels of oxidative stress can affect oocyte development, potentially
leading to ovulation disorders (36, 37). Supplementing our findings
with transcriptome data derived from the ovaries of high-fat diet-
induced mice and aging monkeys, we identified a concurrent
upregulation of oxidative stress-related genes, specifically
NDUFV3, NDUFB6, NFE2L2, PARK7, and GPX7 (24), in both
granulosa cells and PBMCs of women suffering from ovulatory
disorders. Additionally, genes associated with DNA damage
stimulus response (GADD45GIP1, RBX1, UBE2B, BTG2, and
UFL1) and apoptosis progress (ZFP36L1, PKN2, and JTB)
concurrently increase in response to oxidative stress were
observed in our data. These findings imply that the irregular
variations in oxidative stress levels in peripheral blood parallel
those observed in granulosa cells across mammals, and aberrant
oxidative stress may exacerbate DNA damage and cellular
apoptosis. Together, our study revealed heightened oxidative
stress, characterized by an imbalance between the production of
reactive oxygen species (ROS) and antioxidant defense
mechanisms, among patients with anovulation. This phenomenon
could potentially serve as a valuable biological marker for
ovulation disorders.

In conclusion, our study provides a comprehensive comparative
analysis of the common types of ovulation disorders, revealing
significant immune alterations in affected women. These alterations
include an elevated inflammatory response and oxidative stress.
Importantly, our findings highlight the central role of the ¢cDC-
centered signaling pathway in driving the excessive inflammatory
response observed during anovulation. Consequently, targeting this
pathway, as well as reducing oxidative stress and modulating CD8+
T cell and NK cell activity, presents a promising approach for
enhancing immune function and restoring normal ovarian function
in patients with ovulation disorders. However, it is crucial to
acknowledge the limitations of our study, particularly its small
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sample size. Therefore, further independent validation using
techniques such as flow cytometry and additional functional
experiments are necessary to confirm and strengthen these
findings. Addressing these limitations will improve the reliability
and significance of future research in this field.
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Osteoarthritis (OA) is a highly prevalent age-related musculoskeletal disorder that
typically results in chronic pain and disability. OA is a multifactorial disease, with
increased oxidative stress, dysregulated inflammatory response, and impaired
matrix metabolism contributing to its onset and progression. The neurohormone
melatonin, primarily synthesized by the pineal gland, has emerged as a promising
therapeutic agent for OA due to its potential to alleviate inflammation, oxidative
stress, and chondrocyte death with minimal adverse effects. The present review
provides a comprehensive summary of the current understanding regarding
melatonin as a promising pharmaceutical agent for the treatment of OA, along
with an exploration of various delivery systems that can be utilized for melatonin
administration. These findings may provide novel therapeutic strategies and
targets for inhibiting the advancement of OA.

KEYWORDS

osteoarthritis, melatonin, inflammation, oxidative stress, chondrocyte death,
delivery systems

1 Introduction

Osteoarthritis (OA) is a prevalent age-related irreversible musculoskeletal disorder,
recognized as a primary cause of chronic pain and disability. It is characterized by
persistent synovitis, progressive degradation of articular cartilage, secondary formation
of osteophytes, and remodeling of subchondral bone (1-3). The pathogenesis of OA is
influenced by a myriad of risk factors, encompassing age, obesity, gender, genetic
predisposition, and joint injuries (4). As a refractory condition, OA can not only give
rise to localized symptoms such as pain, joint deformity, and joint dysfunction but also
coexist with comorbidities including diabetes, cardiac ailments, and mental health
disorders, which significantly augments the likelihood of serious adverse events (5). The
global prevalence of OA stands at approximately 7% of the world’s population, equating to
around 500 million individuals, and the number continues to rise due to the worldwide
obesity epidemic and the aging demographic (6, 7). The high incidence of adverse effects
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and the rapid increase in the prevalence of OA impose a substantial
financial burden on society, families, and individuals, while also
posing a significant threat to public health (8, 9).

The main pathological characteristics of OA include the loss of
chondrocytes, degradation of the cartilage matrix, and synovitis,
ultimately leading to terminal OA (10). The treatment for OA
involves halting the loss of chondrocytes, promoting the production
of cartilage matrix, and reducing synovitis. A wide range of
therapeutic approaches have been employed for the treatment of
OA, including minimally invasive surgery, conventional surgical
procedures, muscle strengthening exercises, physiotherapy
interventions, sodium hyaluronate injections, corticosteroids
administration, and nonsteroidal anti-inflammatory drugs
(NSAIDs) (11, 12). Furthermore, several emerging therapeutic
strategies have demonstrated promising initial outcomes,
including the transplantation of autologous chondrocytes, and the
intra-articular administration of platelet-rich plasma and
mesenchymal stem cells (MSCs) (13-15). Unfortunately, current
therapies for individuals with OA yield unsatisfactory outcomes due
to the lack of effective interventions to impede chondrocyte loss and
articular cartilage deterioration (16). The investigation of novel
therapeutic targets for this intricate disease is thus imperative.

The endogenous indole hormone melatonin is primarily secreted
in the pineal gland, synthesized from tryptophan through a series of
derivative reactions (17). The release of melatonin into the circulation
of cerebrospinal fluid and bloodstream facilitates its subsequent
delivery to distant organs and tissues to regulate inflammation,
provide antioxidant protection, inhibit tumor growth, and promote
anti-aging effects (18-21). The findings of multiple studies have
demonstrated that melatonin exerts a protective effect against the
development of OA through mechanisms such as inflammation
reduction, elimination of excess free radicals, and promotion of
matrix synthesis (22). Consequently, the potential clinical
application of melatonin characterized by minimal adverse effects,
holds great promise as a viable strategy for the treatment of OA. The
intra-articular injection of melatonin is an optimal choice due to the
absence of lymphatic and circulatory networks in hyaline cartilage.
However, due to the short half-life of melatonin, it is necessary to
administer injections as frequently as twice a week (23). To minimize
the frequency of intra-articular injection, several delivery systems
have been employed for the sustained release of melatonin. The
present review provides an overview of the therapeutic advantages
and delivery systems of melatonin in the progression of OA. These
findings may offer a comprehensive understanding of forthcoming
studies on melatonin-based treatment for OA.

2 The role of oxidative stress,
inflammation, and chondrocyte
death in OA

2.1 Oxidative stress in OA

The imbalance between oxidation and antioxidants leads to
oxidative stress (24). Reactive oxygen species (ROS), which are
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byproducts generated during aerobic metabolism, are unstable and
reactive molecules such as superoxide anion (O,"), hydroxyl radical
(OH-), hydrogen peroxide and (H,0O,). The catalysis of ROS occurs
in peroxisomes and mitochondria through the action of Nitric
Oxide Synthase (NOS), Xanthine Oxidase (XO), NADPH oxidases
(NOXs) (25). Under physiological conditions, O, is the most
abundant type of ROS, with the majority being generated by
mitochondria. Mitochondria, known as the “powerhouse” of
eukaryotic cells, convert nutrient molecules into adenosine
triphosphate (ATP) through oxidative phosphorylation (26).
Although the conventional consensus posits that chondrocytes
derive their energy through anaerobic glycolysis in an oxygen-
deprived environment, the ample oxygen supply on the surface area
of articular cartilage fosters conducive conditions for aerobic
respiration (27, 28). The respiratory chain, located in the inner
membrane of mitochondria, is widely recognized as the primary
source of ROS and generates approximately 2%-3% of O, as a
byproduct during oxidative phosphorylation (29). Additionally,
mitochondria play a crucial role in regulating the synthesis of
antioxidant systems such as NADH/NAD+, NADPH/NADP+,
and GSH/GSSG. In pathological conditions, however,
mitochondrial homeostasis is disrupted, leading to an excessive
generation of O,". Excessive production of O,  leads to
mitochondrial dysfunction by reducing the membrane potential
of mitochondria and causing damage to mitochondrial DNA
(mtDNA), thereby amplifying the generation of O,". Not only
does H,0, originate from XO during the conversion of
hypoxanthine to xanthine, but it can also be generated from O,
upon activation of superoxide dismutase (SOD). Reactive nitrogen
species (RNS) encompass a group of reactive molecules derived
from O, and NO, which are accountable for inducing nitrosative
stress that contributes to cellular damage. Endothelial NOS (eNOS),
neuronal NOS (nNOS), and inducible NOS (iNOS) represent three
distinct isoforms of nitric oxide synthase. The production of NO is
attributed to the activity of three NOSs, namely nNOS, eNOS, and
iNOS. While nNOS and eNOS generate NO at a significantly low
level, iNOS induced by inflammatory cytokines such as interleukin-
1B (IL-1B), IL-17, and tumor necrosis factor oo (TNFa) exhibits a
relatively high output of NO (30, 31).

The cells possess antioxidant defense mechanisms comprising
both enzymatic and non-enzymatic components to counteract the
heightened production of ROS and prevent cellular dysfunction.
The non-enzymatic system comprises ascorbic acid (vitamin C), o-
tocopherol (vitamin E), and glutathione (GSH), while the enzymatic
component consists of SOD, catalase (CAT), glutathione peroxidase
(GPX), peroxiredoxins (PRXS), and NADPH ubiquinone
oxidoreductase (NQO1) (32). The SODs, comprising three
isoforms including cytosolic SOD (SODI), mitochondrial SOD
(SOD2), and extracellular SOD (SOD3), effectively eliminate ROS
by converting O, to H,O,. Subsequently, the accumulated H,O, is
further converted to H,O through the actions of GPX, PRXS, and
CATs (33-35). The presence of GSH is crucial for maintaining
cellular redox potential and antioxidant defenses, as it serves as a
significant reductant. GPX plays a vital role in preventing the
oxidation of membrane lipids by converting H,O, to H,O
through the oxidation of GSH to GSSH (35). The downregulation
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of antioxidant system proteins, including SOD, CAT, and GPX, has
been observed in both in vivo and in vitro studies of OA joints (36).
When the production of ROS exceeds the scavenging capacity of the
antioxidant system or the low activity of the antioxidant defense
system, the cell is in a condition of oxidative stress which is
characterized by an imbalance of oxidation and antioxidant state
(37). The pathogenesis of numerous age-related disorders has been
strongly associated with oxidative stress, which also serves as a
pivotal contributor to the progression of OA (38-41).

The maintenance of cellular function and homeostasis
necessitates a physiological level of ROS, however, excessive ROS
induced by pathological processes can oxidize macromolecules such
as mtDNA, genomic DNA, proteins, and lipids, thereby impairing
essential cellular processes (Figure 1) (42-44). Investigations have
documented that ROS-induced macromolecule compromise,
including that of genomic, mtDNA, and lipids, results in synovitis
worsening, extracellular matrix (ECM) degradation, and
chondrocyte death, such as apoptosis and ferroptosis (45, 46).
The increased level of ROS in cartilage and chondrocytes can be
attributed to variations in oxygen pressure, mechanical stress, as
well as the presence of inflammatory mediators such as IL-1, IL-17,
and TNF-o (29, 47). The upregulation of ROS levels in the
chondrocytes of individuals with OA have been demonstrated by
numerous studies (45, 48). The most predominant ROS found in
OA cartilages and chondrocytes are O, and H,0,. Excessive
generation of O, can activate the transcription factor NF-xB,
subsequently leading to elevated levels of cytokines, chemokines,
and iNOS (49). Meanwhile, the cartilages and chondrocytes of
individuals affected by OA also exhibit an excessive production of
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NO and its derivative (50). The anabolism of proteoglycans is
hindered by abnormal levels of H,O, and NO, thereby impeding
the production of cartilage matrix (51). In addition, studies have
demonstrated that exposure of chondrocytes to pro-oxidants such
as H,O,, tert-butyl hydroperoxide (TBHP), and menadione
disrupts cellular redox equilibrium and induces oxidative stress,
thereby leading to increased inflammation, apoptosis, and
ferroptosis (52, 53). Moreover, oxidative stress accelerates
telomere shortening and impairs chondrocyte replication
capacity, thereby promoting chondrocyte senescence (39). A
significant contributing factor to OA is the senescence of
chondrocytes, which compromises the redox balance of
mitochondria and leads to an increased production of ROS,
which can result in the oxidation of genomic and mtDNA (54-
56). Consequently, this oxidative damage can accelerate
chondrocyte senescence and impede chondrocyte proliferation
(57, 58). Taken collectively, these studies demonstrate that
oxidative stress induced by excessive production of ROS under
various adverse conditions promotes the degradation of cartilage,
hinders ECM synthesis, and induces chondrocyte senescence and
death. All these effects contribute to the progression of OA.
Consequently, developing therapeutic interventions targeting
detrimental ROS may hold promise for OA treatment.

2.2 Inflammation in OA

A fundamental defensive response to an infection stimulated by
microorganisms or antigens is inflammation, which is mediated by

Aging
IL-18, TNF-a
Mechanical stress

Lipid peroxidation

The excessive ROS caused by various pathologic processes can oxidize macromolecules including mitochondrial DNA (mtDNA), genomic, proteins,

and lipids to accelerate OA
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the host immune system. The short-term, regulated inflammation
contributes to tissue defense and repair, whereas the long-term,
aberrant inflammation leads to tissue damage and cell death. The
pathophysiology of several human diseases, such as diabetes,
obesity, cancer, neurological diseases, and autoimmune diseases,
are significantly influenced by chronic inflammation (59). It is well
established that inflamed synovium is now recognized as a prevalent
indicator of OA. To maintain the proper functioning of articular
cartilage, the synovium produces synovial fluid containing
hyaluronic acid and lubricin. It has been observed that patients in
advanced stages of OA exhibit elevated levels of chemokines and
proinflammatory cytokines in their synovial fluid (60, 61). The
degeneration of cartilage and the exacerbation of synovitis are both
attributed to the overexpression of prostaglandins, leukotrienes,
chemokines, and cytokines in the synovium (62). Generally,
chondrocytes are typically situated in an anaerobic environment,
which helps maintain the articular cartilage in a state of low
metabolic activity and limited turnover synthesis of ECM.
However, under pathological conditions, chondrocytes
overproduce chemokines and cytokines that enhance the levels of
collagenases and aggrecanases, thereby disrupting the delicate
balance between anabolism and catabolism in articular cartilage
and leading to erosion of ECM (63). Further investigations have
revealed that the elevation of cytokine levels in joints plays a pivotal
role in the pathogenesis of OA by regulating oxidative stress and
chondrocyte death (64). Consequently, targeting anti-inflammatory
strategies hold significant potential for the treatment of OA.

The three most prominently expressed cytokines in patients
with OA are IL-1, IL-6, and TNF-co, which are produced by
macrophages, chondrocytes, and fibroblast-like synoviocytes,
which play a significant role in the degenerative process of OA
(29). Other cytokines, such as IL-17, IL-18, CXCL5, RANTES, and
MCP1, have also been demonstrated to serve as key regulators in
the pathogenesis of OA (65, 66). Intra-articular injections of either
TNF-o or IL-1 into the knee joints have been demonstrated to
expedite the progression of OA, with their combined effects further
exacerbating this impact (29). The expression of catabolic genes
such as COX-2, IL-6, iNOS, a disintegrin and metalloproteinase
with thrombospondin motifs (ADAMTSs), and matrix
metalloproteases (MMPs) was found upregulated in chondrocytes
stimulated with IL-1 and TNF-o, while the expression of anabolic
genes including collagen II and aggrecan was downregulated (67—
69). The aberrant expression of iNOS induced by inflammatory
cytokines enhances the expression of NO, thereby increasing the
level of IL-1f and TNF-o. to aggravate inflammation through
activation of the NF-«xB pathway (70). It is well established that
MMPs and ADAMTSs are responsible for the degradation of
collagen and aggrecan, respectively (71, 72). The pro-
inflammatory cytokines TNF-o. and IL-1 could inhibit the
function of complex I, membrane potential, and lead to mtDNA
damage, therefore contributing to mitochondrial dysfunction in
human chondrocytes (28). It has been reported that the production
of functionally compromised respiratory chain subunits was indued
by mtDNA damage and mutations, thereby increasing the levels of
ROS in chondrocytes (73). The impaired mitochondrial
bioenergetics and increased inflammatory response ultimately
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contribute to chondrocyte death (73). Treatment of chondrocytes
with inflammatory cytokines such as IL-1 and TNF-o led to a
significantly elevated level of IL-6 and MMP-13 (74-76).
Additionally, the administration of IL-6 through intra-articular
injection in mouse knee joints promoted the destruction of
articular cartilage (77). Therefore, these findings indicate that
inflammatory cytokines are involved in perturbing the
homeostasis of articular cartilage to involve the development of
OA, and the stability of the inflammatory microenvironment is
responsible for determining the function of joints.

2.3 Chondrocyte death in OA

Cell death plays a vital role in maintaining homeostasis and the
developing of the body by eliminating senescent cells and shaping
tissue during embryologic development. Additionally, cell death is
an aberrant pathological phenomenon triggered by detrimental
stimuli such as infections and injuries (78). The sole cell type
found in articular cartilage, chondrocytes, are intricately
embedded within the ECM and play a vital role in maintaining
ECM homeostasis by regulating anabolic and catabolic processes, as
well as repairing the damaged cartilages in OA. Therefore, the loss
of chondrocytes may accelerate the remodeling of ECM, leading to
abnormal structure of ECM and articular cartilage degeneration,
thereby potentially hastening the progression of OA. Consequently,
strategies to protect from the degeneration of articular cartilage can
be developed by understanding the molecular mechanism of
chondrocyte death. According to the regulation of involved
processes, chondrocyte death can be categorized into non-
programmed and programmed forms. Autophagy, pyroptosis,
ferroptosis, and necroptosis are all examples of programmed cell
death (PCD), while necrosis is a form of non-programmed cell
death (non-PCD) that occurs due to chemical or physical
stimulation under extreme conditions (79, 80).

Autophagy is a crucial cellular process responsible for the
elimination of misfolded proteins, damaged organelles, and
intracellular pathogens to maintain cellular homeostasis (81-83).
Autophagy can be categorized into three distinct types, including
macroautophagy, microautophagy, and chaperone-mediated
autophagy. Macroautophagy, commonly known as autophagy,
involves the formation of bilayer membranes derived from the
endoplasmic reticulum (ER) and intracellular components that
encapsulate proteins and organelles, and eventually fuse with
lysosomes to form autophagolysosomes (84, 85). Lysosomes
contain a high concentration of hydrolytic enzymes that are
capable of breaking down various substrates, including damaged
macromolecules and organelles. The autophagy process consists of
several consecutive phases, namely initiation, phagophore or
nucleation maturation, membrane elongation, sequestering the
target substrate and autophagosome formation, lysosome fusion,
and substrate degradation (86-88). The autophagy process is
regulated by approximately 40 autophagy-related genes, with the
majority of ATG functioning in complexes to regulate autophagy
through various signaling pathways (86, 89). Autophagy serves as a
defense mechanism for maintaining intracellular homeostasis,
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operating at a basal level under normal conditions to eliminate aging-
related damaged organelles and misfolded proteins (90). Autophagy
can also be triggered by extreme conditions, such as external pressure,
limited nutrient availability, hypoxia, and endoplasmic reticulum
stress (ERS). The upregulation of autophagy-related proteins,
including Unc-51-like kinase 1 (ULKI), LC3, and beclin-1, has
been confirmed in human chondrocytes, however, the levels of
these proteins decline in the aging population (91). The insufficient
level of autophagy fails to effectively eliminate damaged organelles
and macromolecules, leading to the disruption of chondrocyte
homeostasis and ultimately resulting in OA (92). Therefore, the
age-related decline in autophagy is a contributing factor to the
deterioration of articular chondrocytes, thereby being associated
with the occurrence and progression of OA.

Apoptosis, a tightly regulated mechanism of cell death, is
indispensable for maintaining tissue homeostasis and ensuring the
proper functioning of the human body. Morphological characteristics
associated with cell apoptosis include DNA fragmentation, chromatin
condensation, cell shrinkage, membrane blistering, and the formation
of apoptotic bodies (93). Previous studies have shown that chondrocyte
apoptosis is related to articular cartilage degradation (94). The intrinsic
mitochondrial pathway and the extrinsic death receptor pathway are
two well-established signaling pathways for apoptosis (79). External
stimuli induce an increase in mitochondrial membrane permeability,
facilitating the release of apoptotic factors such as cytochrome C and
procaspases into the cytoplasm, thereby triggering activation of the
mitochondrial pathway (95, 96). Under normal circumstances,
damaged or depolarized mitochondria are selectively eliminated
through autophagy to prevent cellular damage caused by
dysfunctional mitochondria, which is commonly referred to as
mitophagy (97, 98). The insufficient clearance of dysfunctional
mitochondria through mitophagy leads to the release of apoptotic
factors into the cytoplasm and subsequent initiation of apoptosis. This
process is further exacerbated by the excessive production of ROS (99).
The chondrocytes exhibited impaired autophagy and excessive
apoptosis during the later stages of OA. Moreover, the essential anti-
apoptotic proteins, such as Bcl2 and Bcl-XL, can suppress autophagy by
binding to the key regulators of autophagy Beclin 1, thereby inhibiting
the formation of the Beclin 1 complex. The apoptosis appears to be
intricately linked with autophagy. The relationship between apoptosis
and autophagy in chondrocytes remains incompletely understood,
necessitating further investigation for confirmation.

The different forms of cell death are classified as lytic or non-lytic
based on whether the cellular contents overflow upon cell death (100).
Pyroptosis, also referred to as inflammatory necrosis, is a specific form
of Iytic cell death primarily triggered by diverse inflammasomes. These
inflammasomes, such as the NLR family pyrin domain containing 3
(NLRP3), assemble in the cytosol and activate caspase to cleave
gasdermins, generating membrane toxic enzymes that contribute to
the formation of cell membrane perforation (101). The influx of water
into the cytosol triggers a progressive swelling of cells, ultimately leading
to membrane rupture. This event results in the release of cellular debris
and cytokines, which not only impair neighboring cells but also
exacerbate inflammation (102-104). Pyroptosis, similar to apoptosis,
is a form of caspase-dependent PCD. Pyroptosis consists primarily of
two pathways, including the non-canonical pathway and the canonical
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inflammasome pathway (105). The non-canonical inflammasome
pathway is mediated by caspases 4, 5, and 11, whereas the canonical
inflammasome pathway is mediated by caspase-1. Pyroptosis has been
implicated in the pathogenesis of various diseases, including respiratory,
circulatory, digestive, and urinary tract disorders since its original
proposal in 2001 (106-109). The involvement of chondrocyte
pyroptosis in the pathogenesis of OA has been experimentally
validated (110). In addition to being commonly associated with OA,
obesity, age, and basic calcium phosphate (BCP) also possess the ability
to activate the NLRP3 inflammasome, thereby triggering chondrocyte
pyroptosis (80). The expression of pyroptosis-related inflammasomes is
upregulated in the synovial fluid of individuals affected by OA.
Moreover, overexpression of inflammasomes enhances the levels of
inflammatory factors such as IL-1B and IL-18, both contributing to
chondrocyte pyroptosis and inflammatory responses (80). Additionally,
the suppression of OA deterioration can be achieved by inhibiting the
NLRP3 inflammasome with CY-09 (111).

Initially proposed by Stockwell’s team in 2012, ferroptosis
represents a distinct form of PCD (112). In contrast to
autophagy, apoptosis, and pyroptosis, ferroptosis is an iron-
dependent PCD characterized by unique morphological features
including mitochondrial structural disruption and accumulation of
lipid peroxides (113). The distinguishing features of ferroptosis
from other PCDs primarily lie in the morphological changes
observed in mitochondria, such as reduction or disappearance of
mitochondrial cristae, decrease in mitochondrial volume, and
rupture of the outer membrane (114). Iron-ion plays a crucial
role in the process of ferroptosis, as it facilitates the generation of
abundant ROS through the Fenton reaction, consequently leading
to the formation of lipid peroxides (115). The accumulation of lipid
peroxides ultimately contributes to an increase in membrane
permeability and subsequent cell membrane rupture, resulting in
cell death. Under normal circumstances, the essential antioxidant
defense system known as glutathione peroxidase 4 (GPX4)
effectively prevents the buildup of lipid peroxides, thereby
mitigating ferroptosis (53, 116). The level of iron ion in the
cartilage synovial fluid of the OA group has been found to be
significantly higher in vivo, while the level of GPX4 is lower
compared to that in the normal group (53). Furthermore,
ferroptosis can enhance the upregulation of MMP13 and
downregulation of collagen II, thereby exacerbating ECM
degradation (113). A growing body of studies has demonstrated
that ferroptosis plays a significant role in the pathogenesis of OA
(117, 118). The occurrence of other forms of cell death, such as
cuproptosis, in addition to the previously discussed chondrocyte
death, is also closely associated with the onset of OA (94, 119).

3 Melatonin targeting oxidative stress,
inflammation, and chondrocytes
death in OA

3.1 Melatonin

The fat-soluble indole hormone melatonin (N-acetyl-5-
methoxytryptamine) was initially isolated by Aaron B. Lerner and
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colleagues in 1958 (120). The synthesis of melatonin in mammals
primarily occurs in the pineal gland, although it is also secreted by
non-pineal cells and tissues such as lymphocytes, platelets,
megakaryocytes, retina, ovary, testis, liver, and skin. These
extrapineal sources of melatonin function in an autocrine or
paracrine manner (121, 122). The production of melatonin
exhibits a distinct circadian rhythm, being synthesized
predominantly during the night and suppressed during the day
(123). Melatonin is biosynthesized through a complex enzymatic
pathway originating from the essential amino acid tryptophan
under the catalytic action of a series of enzymes (124). Melatonin
is rapidly delivered to its targeted cells or organelles via the
bloodstream or cerebrospinal fluid upon production (125). Once
integrated with the target, melatonin exerts a diverse range of
physiological effects through both receptor-dependent and
receptor-independent pathways (126, 127). The melatonin
receptors 1 (MT1) and melatonin receptor 2 (MT2) are G-
protein-coupled receptors that are localized on both the
mitochondria and the cell membrane. In addition, there is a
cytosolic melatonin receptor 3 (MT3) found in several species but
absent in humans. Furthermore, nuclear binding receptors such as
retinoid acid-related orphan receptors (RORs)/RZR also function as
receptors that melatonin targets (128, 129). The production of MT1
and MT2, which respectively regulate rapid eye movement sleep
and non-rapid eye movement sleep, can be synchronized by
melatonin in physiological sleep to regulate circadian rhythms
(130). In addition to targeting MT1 and MT2 receptors for
circadian rhythm modulation, melatonin also interacts with

TABLE 1 A list of reports studying the effect of melatonin on animal.
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nuclear receptors such as RORs to modulate the circadian rhythm
(131). Alongside regulating circadian rhythms, the binding of
melatonin to MT1 and MT2 receptors enhances the expression of
silent information regulator 1 (SIRT1) while inhibiting the
phosphorylation of p38 and JNK MAPKs, thereby facilitating cell
survival (132). Moreover, melatonin acts as an effective scavenger of
free radicals by activating antioxidant enzymes and reducing the
damaged cellular macromolecules and organelles through a
receptor-independent pathway (133-135). The latest research has
demonstrated that melatonin exerts a mitigating effect on
inflammation, oxidative stress, and chondrocyte death in order to
prevent cartilage destruction and further deterioration of OA, and
the effects of melatonin on animals are listed in Table 1.

3.2 Melatonin as an inhibitor of
oxidative stress

The hydrophilic and lipophilic properties of melatonin enable it
to traverse all biological barriers, exerting an antioxidative impact
on the cytosol, mitochondria, and cellular membrane (146, 147).
Melatonin not only directly scavenges free radicals, but also
enhances the activity of antioxidant enzymes such as SOD, CAT,
and GPX to effectively inhibit oxidative stress (135, 148-150)
(Figure 2). The nuclear factor-erythroid 2-related factor 2 (Nrf2)
functions as a crucial transcription factor for antioxidant defense.
Melatonin acts as an effective antioxidant, regulating the
homeostasis of the cartilage matrix through the Nrf2 signaling

Animal Model Treatment Effect Reference
Twelve-week-old male DMM Intraarticular injection 100 uL MT (10 mg/mL) for Prevents Cartilage Degrada -tion in DMM- Zhou
Sprague-Dawley rats one month induced OA et al. (136)
Seven-week-old male DMM Intraarticular injection 100 uL MT (10 mg/mL) Recharges of chondrocyte mitochondria to Zhang
Sprague-Dawley rats once a week for twelve weeks. protect ca- rtilage matrix homeostasis et al. (137)
Sprague-Dawley rats ACLT Intraarticular injection 10 mg/kg or 20 mg/kg MT Inhibites matrix metallopr- oteinasesa in a Zhao
(weight 210£20 g) (10 mg/mL) once a wee for one month. concentration -dependent manner et al. (138)
Eight-week-old male Intraarticular Subcutaneous injection 10 mg/kg MT (10 mg/mL) Downregulates the levels of MMP-13 and Hong
Sprague-Dawley rats injection twice daily for one month upregulates the expression of COL2A1. et al. (139)
collagenase
Five-month-old male ACLT Intraperitoneal injection 20 mg/kg or 60 mg/kg MT Abolishes proinflammatory factor expression in | Liu et al. (140)
Sprague-Dawley rats (10 mg/mL) once daily for six weeks a conc- entration -dependent manner
Nine-week-old male DMM Intraarticular injection 10 uL MT (10 mg/mL) twice Prevents Cartilage Degradat -ion in DMM- Zhang
C57BL/6] mice a week for one month. induced OA et al. (141)
Six-seven month-old ACLT Intraarticular injection 20 mg/kg Anti-inflammatory effects to ameliorate OA Lim
female New Zealand MT weekly for one month. et al. (142)
white rabbits
Eight-week-old female ACLT Intraarticular injection 10 uL MT (50 mM) twice a Exerts protective effect on chondrocytes against Liang
C57BL/6 mice week for eight weeks inflammatory damage et al. (143)
Eight-week-old male DMM Intraperitoneal injection (15mg/k- g ) or (30 mg/kg) Anti-Apoptosis and Autop- hagy effects in a Chen
Sprague-Dawley rats MT (10 mg/mL) every other day for eight weeks. concentra- tion-dependent manner et al. (144)
Ten-twelve week-old ACLT Intraperitoneal injection (50 mg/k- g) or (150 mg/ Attenuates mouse chondroc- yte apoptosis in a Qin
male C57/BL mice kg) MT (10 mg/mL) once a day for eight weeks concen- tration-dependent manner et al. (145)

MT, melatonin; OA, osteoarthritis; DMM, destabilization of the medial meniscus; ACLT, anterior cruciate ligament transection.
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FIGURE 2

Melatonin inhibits oxidative stress in OA by restoring mitochondrial homeostasis and enhancing the level of antioxidant enzymes including SOD,
CAT, and GPX. MTR1, melatonin receptor 1, MTR2, melatonin receptor 2; SIRT1, silent information regulator 1; Nrf2, nuclear factor-erythroid 2-

related factor 2.

pathway. This is evidenced by the increased expression of Nrf2 in
melatonin-treated chondrocytes, which led to a reduction of
intracellular ROS levels and a significant elevation in the
expression of SOD1, SOD2, CAT, and HO-1 (136). The
expression of Nrf2 and antioxidant enzymes could be significantly
inhibited by miR-146a, which was markedly elevated in OA
chondrocyte. Moreover, overexpression of miR-146a reduced the
level of Nrf2, thereby diminishing the protective effects of melatonin
in articular cartilage of rats (136).

Mitochondria, the primary producers of ROS, serve as the key
target organelles for melatonin in inhibiting oxidative damage. An
in vitro showed that melatonin treatment restored mitochondrial
homeostasis in OA chondrocytes by upregulating the expression of
ATP, mtDNA, and respiratory chain factors such as CoxIV2, Sdha,
Nd4, and Atp5a, thereby leading to a reduction in mitochondrial
ROS levels and promotes an antioxidative effect (137) (Figure 2).
The antioxidative benefits of melatonin, however, are compromised
in mitochondrial homeostasis when the expression of SOD2 is
inhibited, suggesting that SOD2 plays an essential role as a
downstream component in mediating the protective effects of
melatonin. Additionally, SIRT1, a histone deacetylase enzyme
involved in nicotinamide adenine dinucleotide (NAD+)
metabolism, is crucial for maintaining the activities of
antioxidative enzymes (151, 152). Patients with OA who exhibited
lower levels of SIRT1 showed an accelerated deterioration of
articular cartilage, thereby suggesting that SIRT1 plays a
protective role in the development of OA (153). The
administration of melatonin significantly enhanced the expression
of SIRT1, thereby promoting SOD2 activity and expression through
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its involvement in histone deacetylation. In contrast, the inhibition
of SIRT1 significantly diminished the protective effects of
melatonin, suggesting that melatonin plays a crucial role in
maintaining mitochondrial function to suppress oxidative stress
by modulating the level of SIRT1 in OA progression (137). The
effects of melatonin on OA through SIRT1 are listed in Table 2.

3.3 Melatonin as an inhibitor
of inflammation

The pathophysiology of OA is primarily influenced by chronic
inflammation, as indicated by a growing body of research (156,
157). IL-1B is commonly utilized as an in vitro model to simulate
the inflammatory process of OA. The treatment with IL-1f induced
upregulation of MMP-3, MMP-9, MMP-13, ADAMTS-4, COX-2
and iNOS levels, while downregulation of chondrogenic marker
COL2A1 in human mesenchymal stem cells (hMSCs) and
chondrocytes. However, melatonin significantly mitigated the
detrimental effects caused by IL-1B (154, 155, 158). By inhibiting
the JAK2/STATS3 signaling pathway, melatonin effectively reduced
the levels of MMP-3, MMP-9, and MMP-13, thereby attenuating
cartilage degradation (138) (Figure 3). Moreover, Ke et al. have
demonstrated that melatonin suppressed the production of IL-1f,
IL-6, and COX-2 to mitigate the progression of OA in rats (159). It
has been reported that TNF-a inhibited extracellular matrix
synthesis by upregulating the expression of catabolic enzymes and
downregulating the expression of anabolic enzymes in
chondrocytes. Melatonin could effectively downregulate the levels
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TABLE 2 The effects of melatonin on OA via SIRT1.

Reference Signaling Effect
pathway
Lim SIRT1/NF-xB Modulate the anti-
et al. (142) inflammatory effects
Guo SIRT1/NAMPT Attenuate MMP-3 and MMP-
et al. (154) and NFAT5 13 production
Zhang SIRT1/SOD2 Regain the chondrocyte
et al. (137) mitochondrial function
Zhao SIRT1/NF-xB Prevent chondrocyte
et al. (155) matrix degradation
Qin SIRT1/IRElo- Eliminate chondrocyte apoptosis
et al. (145) XBP1- CHOP

of MMP-13 and upregulate the expression of COL2A1, thereby
counteracting the inhibitory effect exerted by TNF-oc on ECM (160)
(Figure 3). Interestingly, this effect was further enhanced when
combined with suitable exercise (160). The study conducted by
Hong et al. demonstrated that the combination of melatonin and
exercise treatment effectively suppressed abnormal catabolic
upregulation, thereby reducing cartilage degradation (139).
Besides, melatonin could directly bind to the MT1 receptor and
thus inhibit the production of proinflammatory cytokines such as
TNF-o and IL-8 in human OA synovial fibroblasts by antagonizing

10.3389/fimmu.2024.1331934

the PI3K/Akt and ERK signaling pathways, subsequently leading to
an upregulation of miR-185a expression (140). It was found that
melatonin enhanced the expression of miR-140, thereby abolishing
IL-1B-induced matrix degradation in chondrocytes (141). In
addition, melatonin could induce the upregulation of
circRNA3503 to counteract the ECM degradation induced by
TNF-o and IL-1B (161).

The NF-«B pathway plays a crucial role in orchestrating the
expression of multiple proinflammatory cytokines, including IL-6,
TNF-a, COX-2, and iNOS (162). Melatonin inhibited the activation
of NF-xB stimulated by H,O, and also blocked the phosphorylation
of upstream signaling pathways including JNK, p38 MAPK, ERK,
PI3K, and Akt to improve the anti-inflammatory effects in
chondrocytes (142). The inhibitory effects of melatonin on NF-kB
and its upstream signaling pathways markedly are reversed by the
downregulation of the SIRT1 level, in other words, the SIRT1
pathway participates in the cytoprotective and anti-inflammatory
effects of melatonin via the inhibition of NF-«B signaling pathways
on H,0,-induced articular cartilage destruction (142). Zhao et al.
likewise testified that melatonin downregulates IL-1B-induced
phosphorylation levels of P65 and IkBo in chondrocytes via
SIRT1 pathways, thus abolishing NF-kB activation to function in
cytoprotective and anti-inflammatory effects (155). It has been
demonstrated that the toll-like receptor (TLR) mediates
inflammatory responses triggered by chemical and physical
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stressors, such as cytokines and mechanical damage, ultimately
leading to the development of OA (163). Hence, targeting the TLR
signaling pathway may potentially serve as an efficacious
therapeutic strategy for OA by attenuating the inflammatory
damage. It was shown that melatonin exerted its protective effect
on chondrocytes against inflammatory damage by inhibiting the
TLR2/4-MyD88-NF-kB signaling pathway (143).

The expression of nicotinamide phosphoribosyltransferase
(NAMPT), the rate-limiting enzyme in NAD+ biosynthesis, is
enhanced by SIRT1 (164, 165). Activation of SIRT1 also
promotes the synthesis of nuclear factor of activated T cells 5
(NFATS5), thereby enhancing the expression of pro-inflammatory
cytokines in articular cartilage, including IL-1f, IL-6, TNF-ot, COX-
2, and iNOS (166, 167). Guo et al. demonstrated that melatonin
significantly alleviated the expression of MMP-3 and MMP-13
induced by IL-1B in chondrocytes through the inhibition of
SIRT1-mediated NAMPT and NFATS5 signaling pathways (154).
Moreover, melatonin enhanced the expression of COL2A1 by
regulating SIRT1, thereby restoring dexamethasone-induced ECM
deterioration in chondrocytes (168). Several studies have shown
that the synthesis of ECM and the differentiation, migration, and
adhesion of chondrocytes were all significantly influenced by TGF-
B1 (169, 170). Activation of the TGF-B1/Smad2 pathway stimulated
by melatonin in IL-1B-induced chondrocytes was found
contributing to the synthesis of ECM (155). It was suggested that
melatonin administration in chondrocytes increased the
upregulation of key chondrogenic marker genes, including Sox9,
aggrecan, and collagen II via the TGF-P1 signaling pathway (171).

10.3389/fimmu.2024.1331934

3.4 Melatonin as a modulator of
chondrocyte death

As the sole cell type in cartilage, chondrocytes function as the
core factor in regulating the homeostasis in cartilage metabolism
(172). Previous studies have indicated that chondrocyte apoptosis
plays a significant role in the development of OA (173, 174). The
initiation of apoptosis is believed to occur as an early response to the
depolarization of mitochondria, which impairs the mitochondrial
membrane’s potential. Substantial reductions in membrane
potential promote permeabilization of the outer mitochondrial
membrane, facilitating the release of apoptosis-related factors that
trigger apoptosis (175, 176). Treatment with melatonin could
restore the reduction of mitochondrial membrane potential and
decrease the levels of caspase-3 and PARP, thereby ameliorating
apoptosis in chondrocytes exposed to H,O, (144) (Figure 4). A key
regulator of energy homeostasis, known as 5-AMP-activated
protein kinase (AMPK), is a serine/threonine kinase composed of
multiple catalytic subunits (o, B, and y) (177). Multiple studies
indicate that AMPK activation effectively inhibits apoptosis induced
by the mitochondrial pathway through sustaining redox status and
maintaining mitochondrial membrane potential, thereby restoring
optimal mitochondrial function (178). The mammalian forked box
transcription factor Class O (Foxo) family includes Foxo3, which
functions as a downstream transcriptional factor in the AMPK
signaling pathway and plays a crucial role in regulating antioxidant
defenses and the autophagy process (179-181). Through the
activation of AMPK/Foxo3 signaling pathways, melatonin exerted
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an inhibitory effect on apoptosis and induced upregulation of
autophagy in chondrocytes to attenuate the progression of OA
(144) (Figure 4).

In contrast to the internal mitochondrial pathway and extrinsic
death receptor pathway, the ERS-mediated apoptosis pathway is
initiated by the accumulation of misfolded proteins in the ER
lumen, leading to ERS. The unfolded protein response (UPR) is a
defensive mechanism that alleviates ERS and restores ER
homeostasis (182, 183). However, if the ERS surpasses the
threshold of UPR, it can trigger cellular apoptosis (184). UPR is
initiated by transmembrane proteins, namely inositol-requiring
enzyme l-alpha (IREl-alpha), protein kinase R-like ER kinase
(PERK), and activating transcription factor 6 (ATF6) (185). The
three primary signaling pathways in ERS-mediated apoptosis are
IRElo-X-box binding protein 1 (XBP1)-C/EBP homologous
protein (CHOP), PERK-eukaryotic initiation factor 2o (eIF20)-
CHOP, and ATF6-XBP1-CHOP (186). The signaling pathway of
IRE10.-XBP1-CHOP in chondrocyte apoptosis has been extensively
investigated (187). The inhibition of the IRElo-XBP1-CHOP
signaling pathway is considered a promising target for delaying
the progression of OA by blocking chondrocyte apoptosis (187). It
was shown that melatonin enhanced the expression of SIRT1, which
suppressed the IRE10-XBP1-CHOP signaling pathway, thereby
attenuating ERS-induced apoptosis in chondrocytes (145).

The utilization of BMSCs presents a promising strategy for
alleviating articular cartilage degradation, given the wide availability
of resources for harvesting BMSCs and their capacity to differentiate
into various cell lineages including chondrocytes and osteoblasts
(188, 189). The potential of regenerating damaged articular cartilage
through the chondrogenesis of BMSCs is appealing, however, the
inflammatory environment in cases of OA poses challenges for
the survival of BMSCs. It has been demonstrated that the
administration of melatonin could reduce the expression of Bax
in IL-1B-induced BMSCs, thereby conferring protection to BMSCs
against IL-1B-triggered apoptosis (190). Moreover, melatonin was
found to inhibit the expression of proapoptotic markers such as
ADAMTS4, MMPY, and MMP13, thus rescuing IL-1B-induced
apoptosis of BMSCs and impaired chondrogenesis through the
NF-B signaling pathway (158).

As the leading risk factor for the development of OA, aging can
induce senescence-associated phenotypes in joints, such as
increased levels of cytokines, MMPs, and ROS, and reduced
expression of aggrecan and collagen II (191). Due to its buffering
and lubricating properties, hyaluronic acid plays a significant
protective role in mitigating mechanical stresses on articular
cartilage, and its synthesis can be hindered by chondrocyte
senescence and death. It was reported that melatonin could
effectively downregulate the expression of senescence-related
proteins pl6, p21, and p-p65, and thus counteract chondrocyte
senescence and the subsequent downregulation of hyaluronic acid
triggered by D-galactose through activation of the SIRT1 signaling
pathway (192). Ferroptosis and pyroptosis, as novel forms of PCD,
have been found implicated in the pathogenesis of OA (80, 118).
Although there is currently no research reporting the impact of
melatonin on ferroptosis and pyroptosis of chondrocytes, the
antioxidative properties and anti-inflammatory actions of
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melatonin suggest its potential role as a significant inhibitor of
ferroptosis and pyroptosis in chondrocytes.

4 Melatonin as a desirable pain-
relieving drug in OA

OA is a primary contributor to chronic pain, significantly
impacting the quality of life in individuals with OA. The
exacerbation of chronic pain leads to sleep disorders, including
reduced sleep efficiency and shortened total sleeping duration (193).
The development of drugs to enhance the management of chronic
pain in OA patients is therefore of utmost urgency. Numerous
studies have suggested that melatonin exhibits analgesic effects in
animal models of both acute and neuropathic pain (194-197).
Several clinical trials have also confirmed the analgesic effect of
melatonin in chronic pain conditions such as fibromyalgia,
migraine headaches, and irritable bowel syndrome (198-200). Liu
et al. demonstrated that the combination of melatonin and MT2
receptor yielded analgesic effects in rats with temporomandibular
OA (201). The application of auricular acupressure has been found
to enhance melatonin levels, thereby providing relief for chronic
pain and addressing sleep disorders in elderly individuals with OA
(202). The conventional therapeutic approaches for alleviating
chronic pain, such as intra-articular steroid injections and oral
nonsteroidal anti-inflammatory drugs (NSAIDs), are associated
with undesirable side effects. For instance, long-term oral
administration of NSAIDs can lead to gastritis and peptic ulcers,
while repeated intra-articular steroid injections may result in
decreased bone density and infection (203, 204). Significantly,
melatonin to organs such as the liver and kidneys is associated
with almost no toxicity and adverse effects (205). Collectively, the
antioxidative, anti-inflammatory, and analgesic properties of
melatonin render it a promising pharmaceutical agent for the
treatment of OA.

5 Novel potential delivery systems
of melatonin

The closed nature of the knee joint and the absence of blood
vessels in the articular cartilage pose challenges for medications to
accumulate within the joint via systemic circulation, leading to
reduced efficacy and potential systemic adverse effects. Intra-
articular administration is considered the optimal method for
treating joint disorders, as it allows direct delivery of the drug to
the articular cavity, thereby overcoming the aforementioned
disadvantage. The frequent intra-articular injections, however, are
invasive procedures that incur additional expenses, diminish patient
adherence, and increase the risk of infection (206). The
development of novel drug delivery systems that minimize the
frequency of injections may hold the key to overcome the
limitations of conventional intra-articular injection, which lacks
long-term efficacy. Due to the challenge of finding suitable delivery
carriers to arrive at the chondrocytes, therapeutic or preventative
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options for healing damaged articular cartilage in OA remains
limited (207). For this reason, numerous researchers have devoted
themselves to developing melatonin sustained release delivery
systems for the treatment of OA (Figure 5). Up to now, several
promising melatonin sustained release delivery systems have been
successfully developed (Table 3).

5.1 Extracellular vesicles

Extracellular vesicles (EVs), which can be classified into three
subtypes based on their size, namely apoptotic bodies, ectosomes,
and exosomes, are proteolipid nanoparticles secreted by diverse cell

sustained release of melatonin

P
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FS hydrogel@MT have been
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types including bacteria, archaea, and eukaryotic cells. Apoptotic
bodies, ranging in diameter from 800 to 5,000 nm, are generated
through cellular shedding during the process of apoptosis.
Conversely, ectosomes are formed by the plasma membrane via
budding mechanisms and have a size range of 50 to 1000 nm.
Additionally, exosomes (40-200 nm) are secreted from intracellular
multivesicular bodies that merge with the cytoplasmic membrane.
Exosomes play a crucial role in facilitating intercellular
communication by transporting lipids, proteins, and various
nucleic acids such as mRNAs, circular RNA, and miRNA (215).
Recent studies have demonstrated the significant potential of
exosomes derived from MSCs as nano-carriers for delivering
therapeutic genetic materials and drugs (216). Compared to
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TABLE 3 The promising sustained release delivery systems of melatonin.

Materials Delivery Usage Reference
systems
Extracellular PLEL-EVs@MT injection Tao
vesicles et al. (161)
EVs injection Kim et al. (208)
mimicking NVs@MT
Nanopolymer PLGA@MT injection Liang et al. (143)
Cotton transdermal Massella
fabrics-PCL@MT patch et al. (209)
Cyclodextrin HA-CD@MT injection Zhang et al.,
2022 (137)
CD-based transdermal Hoti et al. (210)
MIP-NSs@MT patch
Liposomes GelMA- injection Xiao et al. (211)
DOPA liposomes@MT
DSPC liposomes@MT injection Jietal (212)
Hydrogel PNIPAM/ injection Atoufi et al. (213)
HA hydrogels@MT
GG/LGNF/ injection Koubhi et al. (214)
FS hydrogeleMT

MT, melatonin; PLEL, poly(D, L-lactide)-poly(ethylene glycol)-poly(D, L-lactide); EVs,
extracellular vesicles; NVs, nanovesicles; PLGA, polylactic-co-glycolic acid; PCL,
polycaprolactone; HA, hyaluronic acid; CD, cyclodextrins; MIP-NSs, molecularly imprinted
nanosponges; GelMA-DOPA, gelatin methacryloyl-dopamine; DSPC, phosphatidylcholine;
PNIPAM, poly(N-isopropyl acrylamide); GG, gellan gum; LGNF, lignocellulose nanofibrils;
FS, forsterite.

MSCs, exosomes are non-viable, resulting in lower costs for storage
and maintenance, as a viable state is needed in maintaining cells.
Additionally, exosomes possess hypoimmunogenic properties and
have a nano-scale size, which significantly reduce the likelihood of
rejection (217, 218). Furthermore, exosomes possess the potential to
traverse the blood-brain barrier, thereby facilitating the
development of therapeutic interventions targeting the central
nervous system (219). The versatility of exosomes allows for facile
engineering to specifically target molecules. The current focus of
numerous investigations lies in elucidating the mechanisms and
functions of exosomes as efficacious drug delivery systems for
various disorders. The ability of EVs to penetrate cartilage and
target chondrocytes renders them as promising nano-carriers for
therapeutic drugs in the treatment of OA (220). The evidence has
demonstrated that EVs function as nano-carriers capable of
delivering drugs to chondrocytes, thereby alleviating the
progression of OA (161, 221). In conclusion, it is speculated that
melatonin-loaded EVs can effectively penetrate articular cartilage
and selectively target chondrocytes to attenuate the degeneration of
articular cartilage by inhibiting oxidative stress, inflammation, and
chondrocyte death.

The poly (D, L-lactide)-poly (ethylene glycol)-poly (D, L-lactide)
(PDLLA-PEG-PDLLA; PLEL) triblock copolymer gels, which possess
reversible, injectable, and thermosensitive properties, have been
widely utilized in nano-drug delivery systems (222). The use of
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PLEL as a carrier for EVs has been employed to significantly
enhance the sustained release of drugs loaded in EVs (161). The
PLEL-entrapped EVs may offer promising delivery systems for
achieving sustained release of melatonin, thereby presenting a
potential therapeutic approach to alleviate the progression of OA.
The limited production efficiency and laborious extraction and
purification procedures of EVs, however, hinder the potential
utilization of EVs in clinical practice. To address the challenges
associated with EVs, EVs mimicking nanovesicles (NVs) which
have similar biophysical characteristics to EVs have been generated
via durably extruding cells through a microfilter (223, 224). EVs
mimicking NVs are promising carriers which can be engineered to
load with a variety of therapeutic drugs (225). Findings have
demonstrated that melatonin-loaded EVs mimicking NVs effectively
alleviated atopic dermatitis induced by 2,4-Dinitrofluorobenzene
through the suppression of mast cell infiltration and local
inflammation. Additionally, these EVs also promoted myocardial
repair in cases of myocardial infarction by enhancing mitochondrial
functions and reducing oxidative stress (208, 226). Taking together, it
is very likely that the use of EVs mimicking NVs is a promising
approach for delivering melatonin in the treatment of OA.

5.2 Nanopolymers

Nanopolymers possess exceptional mechanical properties, facile
assembly, high biocompatibility, remarkable stability, scalability,
and chemical modifiability, thereby offering favorable conditions
for the design of nano-carrier delivery systems. Nanopolymers are
broadly applied for the design of sustained release and site-specific
drug delivery, resulting in improved therapeutic efficacy with fewer
side effects (206, 227). Polylactic-co-glycolic acid (PLGA), a type of
nanopolymer material, is widely employed in the field of drug
delivery (228). The melatonin-loaded nano-delivery system was
formed by encapsulating melatonin in PLGA, and the surface of
PLGA was then modified with collagen II targeting polypeptides to
enhance the targeting of such nanoparticles (143). What’s exciting
was that the sustained release of melatonin for at least 14 days in the
mice joint cavity was achieved by this nanoparticle, significantly
reducing the frequency of injections compared to using melatonin
alone (143). The PLGA nanoparticles loaded with melatonin enable
precise targeting of cartilage and sustained release, thereby reducing
the degradation of cartilage and the progression of OA.
Consequently, intra-articular injection of these nanoparticles may
represent a novel therapeutic approach for OA treatment.

Cotton fabrics functionalized by polycaprolactone (PCL)
nanoparticles are designed as a transdermal patch for the release
of melatonin (209). The biodegradation process of PCL could last
up to one year, making it a widely used delivery system for sustained
drug release (229). Melatonin-loaded PCL nanoparticles, when
distributed on cotton fibers, exhibited a controlled and sustained
release of melatonin (209). This transdermal delivery system
significantly enhanced the skin permeation and sustained release
of melatonin through a non-invasive approach. In conclusion, it is
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speculated that transdermal delivery systems may hold great
potential in the treatment of OA.

5.3 Cyclodextrins

Cyclodextrins (CDs), which are cyclic oligosaccharides derived
from starch hydrolysis, possess internal hydrophobicity and
external hydrophilicity (230). Due to their unique characteristics,
CDs have the ability to form host-guest complexes with suitable
molecules to improve their stability, bioavailability, solubility, and
controlled release. The CDs-based drug delivery system has
facilitated the sustained release of the medication for OA
treatment (231). The CD was incorporated into the hyaluronic
acid (HA) solution to construct the HA-CD drug delivery system.
Subsequently, melatonin was integrated into the HA-CD-based
drug delivery system. The HA-CD melatonin delivery system
achieved sustained release of melatonin over an extended period,
effectively repairing dysfunctional mitochondria in OA
chondrocytes (137). Furthermore, CDs could undergo
polymerization with the cross-linking agent citric acid, followed
by the addition of melatonin as a template molecule to form CD-
based molecularly imprinted nanosponges (MIP-NSs) (210).
Alongside these, CD-based MIP-NSs were incorporated into
cream formulations to enhance their direct applicability to the
skin. These skin formulations offered an innovative transdermal
delivery system that enhanced the permeation of the skin and
improved the sustained release of melatonin (210). The
transdermal delivery systems of CD-based MIP-NSs provided a
more advanced approach for delivering melatonin into the skin
compared to traditional methods, such as intra-articular injection,
thereby avoiding undesirable effects.

5.4 Liposomes

Liposomes have been extensively employed as drug delivery
systems due to their exceptional biocompatibility and proficient
capacity to regulate drug release (232, 233). Due to its excellent
biocompatibility and strong adhesive properties, gelatin
methacryloyl-dopamine (GelMA-DOPA) is widely used in the
field of bone tissue engineering (234). The liposomes loaded with
melatonin were combined with a GelMA-DOPA solution to
fabricate the melatonin delivery system. The GelMA-DOPA
liposomes delivery system was advantageous for regulating the
sustained release of melatonin (211). The GelMA-DOPA
liposomes delivery system for melatonin, although its application
is limited to osteoporosis therapy right now, holds significant
potential for alleviating OA. In addition, phosphatidylcholine
(DSPC) liposomes could be employed as highly effective
lubricants to reduce friction, in addition to their role as drug
delivery systems (235). It was reported that the utilization of
DSPC liposomes as a carrier for glucosamine sulphate enabled the
delivery of effective boundary lubrication at the outermost layer of
the joint while also facilitating the controlled and sustained release
of glucosamine sulphate (212). As a result, DSPC liposomes may
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offer a more direct and practical approach for the intra-articular
administration of melatonin in OA treatment.

5.5 Hydrogel

Hydrogel, a type of polymeric material, is extensively
investigated in tissue engineering due to its exceptional
biocompatibility, predictable degradation rate, appropriate
elasticity, porous structure, and resemblance to the ECM (236,
237). The thermosensitive injectable hydrogel, poly (N-isopropyl
acrylamide) (PNIPAM), has gained significant attention due to its
ability to be directly injected into the injured area and effectively fill
irregular flaws (238). PNIPAM has minimal cell adhesiveness and
bioactivity despite its significant ability to replicate the architecture
of some tissues. Accordingly, the combination of in situ injectable
hydrogels with cells and bioactive compounds has garnered
significant attention in the field of bone/cartilage tissue
regeneration (239). The lubricating polysaccharide hyaluronic
acid facilitated cellular adhesion, migration, and proliferation,
thereby decreasing syneresis and hydrogel shrinkage (240).
Various studies have shown that surface modification of PLGA
with chitosan-g-acrylic acid (PLGA-ACH) can enhance
adaptability, mucoadhesive properties, and regulate drug release
(241, 242). The addition of PLGA-ACH particles as crosslinkers to
PNIPAM enhanced the mechanical properties of PNIPAM,
resulting in a closer resemblance to natural cartilage tissue (213).
Simultaneously, the PLGA core acted as a carrier for the sustained
release of melatonin (213). A previous study has demonstrated the
efficacy of melatonin as a delivery system for cartilage tissue
engineering, wherein injectable PNIPAM/hyaluronic acid
hydrogels containing PLGA-ACH nanoparticles were
applicated (213).

The low immunogenicity, cost-effectiveness, and ease of
handling make Gellan gum (GG), which is composed of glucose,
rhamnose, and D-glucuronate residues, particularly attractive for
drug delivery (243). The GG-based hydrogel is used in cartilage
regeneration due to its appealing characteristics, including non-
cytotoxicity, biocompatibility, mild processing conditions, and
structural resemblance to native glycosaminoglycans (237, 243).
However, similar to other biodegradable hydrogels, it lacks the
necessary mechanical strength and bioactivity required for
reinforcement through nanoscale additions. Lignocellulose
nanofibrils (LGNF), characterized by their high modulus, reactive
surfaces, and large aspect ratio, present an ideal material for
enhancing both the mechanical and biological properties of
polymeric composites (244). The porous nanoparticle form of
forsterite (FS), a crystalline member of the olivine family
composed of magnesia and silicon, has been investigated for its
potential as a sustained drug delivery system (245). Accordingly, in
order to enhance the mechanical properties of GG-based hydrogel,
LGNF and FS nanoparticles were incorporated, and thus an
injectable delivery system based on GG/LGNF/EFS hydrogel has
been developed for sustained release of melatonin and articular
cartilage repair (214).
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6 Conclusions and future directions

Increasing evidence suggests that inflammation, oxidative
stress, and chondrocyte death are closely linked to the severity
and progression of OA, rendering them potential targets for OA
treatment. The present review provides a comprehensive overview
of the role of melatonin in modulating inflammation, oxidative
stress, and chondrocyte death to attenuate OA progression through
the regulation of various signaling pathways including SIRT1, Nrf2,
NF-xB, JAK2/STAT3, TGF-B1/Smad2, AMPK/Foxo3, IRElc-
XBP1-CHOP, PI3K/Akt and ERK. Obviously, numerous signaling
pathways are implicated in the potential mechanism of melatonin in
the treatment of OA. The primary source of ROS leading to
chondrocyte death and exacerbating inflammatory reactions,
thereby aggravating articular cartilage degradation, is
mitochondrial dysfunction. The melatonin-based treatment
restores impaired mitochondrial functions by recovering
reductions in membrane potential and enhancing the synthesis of
ATP, mtDNA, and respiratory chain factors to alleviate oxidative
stress and chondrocyte death. Although melatonin is considered as
an effective antioxidant for maintaining mitochondria, yet the
current research in this field still remains insufficient. Therefore,
future studies should aim to comprehensively and profoundly
investigate the interplay between melatonin and signaling
pathways on mitochondria in OA chondrocytes.

The efficacy of EVs as a well-researched carrier has been
demonstrated in the administration of melatonin for various
disorders. However, there is a lack of direct research to
substantiate the efficacy of melatonin-loaded EVs in the treatment
of OA. The efficacy of melatonin-loaded EVs will be validated in
future studies. In addition, various innovative bioactive materials,
including nanopolymers, cyclodextrins, liposomes, and hydrogels,
have been developed to ensure sustained release of melatonin and
target articular cartilage. The use of novel carriers for intra-articular
injection can effectively reduce the injection frequency, thereby
optimizing the therapeutic efficacy and bioavailability of melatonin
in the treatment of OA. Therefore, these biomaterials play an
indispensable role in advancing the potential clinical efficacy of
melatonin. In summary, combined melatonin with multiple
bioactive agents holds great promise as a strategy for OA treatment.
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Redox processes are major
regulators of leukotriene
synthesis in neutrophils exposed
to bacteria Salmonella
typhimurium; the way to
manipulate neutrophil swarming

Ekaterina A. Golenkina®, Galina M. Viryasova®,
Svetlana |. Galkina®, Natalia D. Kondratenko?,
Tatjana V. Gaponova?, Yulia M. Romanova®,
Konstantin G. Lyamzaev**, Boris V. Chernyak*
and Galina F. Sud'ina™

‘Belozersky Institute of Physico-Chemical Biology, Lomonosov Moscow State University,

Moscow, Russia, 2National Research Center for Hematology, Russia Federation Ministry of Public
Health, Moscow, Russia, *Department of Genetics and Molecular Biology, Gamaleya National
Research Centre of Epidemiology and Microbiology, Moscow, Russia, “The “Russian Clinical Research
Center for Gerontology” of the Ministry of Healthcare of the Russian Federation, Pirogov Russian
National Research Medical University, Moscow, Russia

Neutrophils play a primary role in protecting our body from pathogens. When
confronted with invading bacteria, neutrophils begin to produce leukotriene B4,
a potent chemoattractant that, in cooperation with the primary bacterial
chemoattractant fMLP, stimulates the formation of swarms of neutrophils
surrounding pathogens. Here we describe a complex redox regulation that
either stimulates or inhibits fMLP-induced leukotriene synthesis in an
experimental model of neutrophils interacting with Salmonella typhimurium.
The scavenging of mitochondrial reactive oxygen species by mitochondria-
targeted antioxidants MitoQ and SkQ1, as well as inhibition of their production
by mitochondrial inhibitors, inhibit the synthesis of leukotrienes regardless of the
cessation of oxidative phosphorylation. On the contrary, antioxidants N-
acetylcysteine and sodium hydrosulfide promoting reductive shift in the
reversible thiol-disulfide system stimulate the synthesis of leukotrienes.
Diamide that oxidizes glutathione at high concentrations inhibits leukotriene
synthesis, and the glutathione precursor S-adenosyl-L-methionine prevents this
inhibition. Diamide-dependent inhibition is also prevented by
diphenyleneiodonium, presumably through inhibition of NADPH oxidase and
NADPH accumulation. Thus, during bacterial infection, maintaining the reduced
state of glutathione in neutrophils plays a decisive role in the synthesis of
leukotriene B4. Suppression of excess leukotriene synthesis is an effective
strategy for treating various inflammatory pathologies. Our data suggest that
the use of mitochondria-targeted antioxidants may be promising for this
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purpose, whereas known thiol-based antioxidants, such as N-acetylcysteine,
may dangerously stimulate leukotriene synthesis by neutrophils during severe
pathogenic infection.

KEYWORDS

neutrophil, Salmonella typhimurium, leukotriene B4, reactive oxygen species,
glutathione, neutrophil swarming

1 Introduction

The main effector functions of polymorphonuclear leukocytes
(PMNLs, neutrophils) in the fight against pathogens include
phagocytosis, oxidative burst, degranulation. They eliminate
pathogens through the production of reactive oxygen species (ROS)
and releasing azurophilic granules containing antimicrobial proteins
such as neutrophil elastase and myeloperoxidase (MPO) (1, 2). Nitric
oxide (NO) production in human PMNLs, along with ROS and MPO
is important to execute antimicrobial activity (3). In cases where these
weapons are not effective enough to kill pathogens, a program of
collective behavior known as swarming can be initiated. This
program involves the production of leukotriene B4 (LTB4) as a
potent chemoattractant and the gathering of neutrophils into dense
clusters surrounding pathogens (4). In these clusters, neutrophils
activate suicidal production of extracellular chromatin traps (NETs),
which enhance pathogen fixation (5). Both swarming and NETs
formation (NETosis) programs are subject to complex
redox regulation.

Early neutrophil recruitment is initiated by pathogen-associated
molecular patterns (PAMPs), including N-formyl peptides, and
damage-associated molecular patterns (DAMPs) (6). This
interaction of “pioneer” neutrophils with pathogen (or danger
signal from damaged tissue) results in leukotriene B4 (LTB4)
synthesis, and started the next step, swam attractant release (7),
leading to exponential accumulation of neutrophils at infection/
damage loci (8). At this stage, LTB4 and the receptors BLT1 for
LTB4 coordinate cellular responses by neutrophils with each other,
and the swarm is formed. Also, the coordinated transcellular
biosynthesis of LTB4 drives swarming responses (9). The
initiation of swarming converges on the synthesis of LTB4.
During this swarm recruitment NETs could not be observed. On
the timeline of major events in neutrophil swarming, the onset of
NETs forming proceeds later, on the aggregation phase of the
swarming response when neutrophils clusters surrounding
pathogens has been formed, and activated cells release chromatin,
which is accompanied with the loss of integrity of cellular
membrane (5, 10).

Leukotrienes play role also in inhibition of neutrophil swarming
(6). ®-OH-LTB4 and ®»-COOH-LTB4 compete with LTB4 for
BLT1 receptor binding (11) and act as inhibitors of LTB4-
mediated responses. When LTB4 is easy transformed to ®w-OH-
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LTB4, this decreases neutrophil swarming. We recently found that
stimulation by fMLP of neutrophils after preincubation with
bacteria Salmonella typhimurium strongly increased leukotriene
synthesis; but when the bacteria:neutrophil ratio increased, the
transformation of LTB4 to ®-OH-LTB4 was suppressed (12),
which support increased level of LTB4. LTB4 is the strongest
chemoattractant and works at sub nanomolar concentrations
(13). The increased formation of LTB4 during the interaction of
neutrophils with bacteria works as a signal of neutrophils for help
with an increase in bacterial load. In this study we explored
intervention of redox processes in neutrophil on fMLP-induced
leukotriene synthesis in the experimental model of neutrophil
interaction with bacteria Salmonella typhimurium.

NADPH-oxidase (NOX2) is the primary source of ROS which is
not only responsible for oxidative burst but also involved in
phagocytosis (14), degranulation (15) and NETosis (16). ROS
were required for PMNLs antimicrobial activity against S.
pneumoniae; however the NADPH oxidase was dispensable for
that (17). S. pneumoniae infection induced mitochondrial ROS
production in PMNLs. And mitochondrial ROS were critical for
the ability of PMNLSs to kill S.pneumoniae. DPI which inhibits ROS
production by the NADPH oxidase, did not blunt the ability of
PMN:ss to kill S. pneumoniae, but MitoTempo did. Dunham-Snary
et al. (18) were first who showed that neutrophil mitochondria
actively participate in phagocytosis and killing of Staphylococcus
aureus, and antimycin and MitoTempo increased bacterial survival
(18). Human pathogen Shigella dramatically changed neutrophils
toward enhanced microbial recognition and mitochondrial ROS
production (19). What is the role of mitochondrial ROS in
leukotriene synthesis in infected neutrophils?

Mitochondria are an important source of ROS in various cell
types, but their role in ROS production in neutrophils has long been
underestimated. Only our recent studies (20-22) using the
mitochondria-targeted antioxidant SkQ1 [10-(6’-plastoquinonyl)
decyltriphenylphosphonium bromide] (23) have demonstrated the
important role of mitochondrial ROS (mtROS) in NADPH oxidase
activation, degranulation, extracellular trap formation (NETosis),
and leukotriene synthesis. These studies analyzed the activation of
neutrophils by the Ca** ionophore A23187 and the chemoattractant
N-formyl-L-methionyl-L-leucyl-L-phenylalanine (fMLP), while the
role of mtROS in the interaction of neutrophils with bacteria

remains unknown.

frontiersin.org


https://doi.org/10.3389/fimmu.2024.1295150
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Golenkina et al.

Neutrophils control the infection, in turn, microorganisms
affect the functions of neutrophils, controlling phagocytosis, the
production of oxidants and the lifespan of neutrophils (24).
Pathogens antagonize neutrophils, for example, by secreting
catalase to reduce ROS (25, 26). To protect from ROS, the fungal
pathogen Histoplasma capsulatum infects both neutrophils and
macrophages producing a superoxide dismutase (SOD) (27).
Gram-negative pathogen Coxiella burnetii (28) and Pseudomonas
aeruginosa (26), as well as E.coli producing enterobactin (29) inhibit
NADPH oxidase in human neutrophils. Microbial avoidance
strategies can target not only ROS production but also
degranulation and synthesis of leukotriene B4 (30). Decreased
intracellular GSH correlates with the susceptibility to infections.
Glutathione reductase (Gsr) catalyzes the reduction of glutathione
disulfide to glutathione using NADPH as an electron donor (31).
Glutathione reductase promotes Candida albicans clearance (32).
As NADPH is a cofactor required for GSH regeneration from
GSSG, the consumption of NADPH affects the regeneration of
GSH (33). One can propose that NADPH-oxidase inhibition can
support GSH level. These processes certainly affect LT synthesis and
neutrophil swarming around pathogens.

5-Lipoxygenase (5-LOX) is a key enzyme in synthesis of LTB4
involved in chemical cell-to-cell communication. LTB4 is critical for
enhancing chemotactic responses to primary chemoattractants,
such as fMLP (34) increasing clustering and surface mobility of
adhesion receptors integrins (35). Thus, LTB4 is not only a
chemotactic, but also a neutrophil aggregating substance (36) that
promotes local neutrophil interactions during swarming (4). Initial
neutrophil-neutrophil contacts are critical to initiate swarming
(37). We recently found, that the synthesis of LTB4 in
neutrophils in the presence of bacteria and fMLP correlates with
the appearance of cell-cell contacts (12), which can serve as a signal
conductor to further clustering and swarming.

In the current study, we observed that redox processes can
either activate or inhibit fMLP-induced leukotriene synthesis in an
experimental model of neutrophil interaction with the bacteria
Salmonella typhimurium. Our study demonstrated that
mitochondrial ROS are crucial for 5-LOX activation and LT
synthesis, and mitochondria-targeted antioxidants inhibited LT
synthesis. On the other hand, inhibition of NOX2-dependent
ROS supported LTB4 synthesis, and potentiated the stimulating
effect of thiol oxidant diamide on LT synthesis.

2 Materials and methods

Hank’s balanced salt solution with calcium and magnesium but
without Phenol Red and sodium hydrogen carbonate (HBSS),
Dulbecco’s phosphate-buffered saline (PBS) with magnesium but
without calcium, N-Formyl-L-methionyl-L-Leucyl-L-
Phenylalanine (fMLP), Ellman’s reagent [5,5'-Dithiobis(2-
nitrobenzoic acid)], oxythiamine, and fibrinogen from human
plasma, were purchased from Sigma (Steinheim, Germany).
Dextran T-500 was from Pharmacosmos (Holbak, Denmark).
ROS indicator Carboxy-H,DCFDA and Pierce " Avidin,
Fluorescein (FITC) conjugated were from Thermo Fisher
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Scientific (Waltham, MA USA). Mitochondrial ToxGlo™ Assay
was from Promega Corp. (Madison, WI USA). Biotinylated murine
IgGl antibodies CD11b and CD54 were from Ancell Corp.
(Bayport, MN USA). Bacteria (S. typhimurium IE 147 strain)
were obtained from the Collection of Gamaleya National
Research Center of Epidemiology and Microbiology (Moscow,
Russia). Bacteria were grown in Luria-Bertani broth to a
concentration of 1 x 10° colony-forming units (CFU)/mL. In this
study not opsonized bacteria were used.

2.1 Neutrophil isolation

Human polymorphonuclear leukocytes (PMNL) were isolated
from freshly collected blood with citrate anticoagulant. Leukocyte-
rich plasma was obtained from donated blood by sedimentation in
the presence of dextran T-500. Granulocytes were obtained as
described (38). Cell viability was checked by trypan blue
exclusion. Control suspension samples were stained in parallel
with Hoechst and Romanovsky-Giemsa dyes to assess the
homogeneity of the cell population. PMNLs (95-97% purity, 98-
99% viability) were stored at room temperature in Dulbecco’s PBS
containing 1 mg/mL glucose (no CaCl2) until use.

2.2 Determination of 5-LOX product
formation in cells

PMNLs [(1.2-1.5)x10”/6 ml HBSS with 10 mM HEPES (HBSS/
HEPES)] were pre-incubated for 10 min at 37°C, 5% CO,. At this
stage, 2-deoxy-D-glucose (2-DG) was added to the samples, in those
cases where this was provided for in the experimental protocol.
Then, maintaining incubation conditions, S. typhimurium (bacteria
per cell ratio ~25:1) and indicated reagents were added for 30 min,
followed by 10 min exposure to 0,1 pM fMLP. The treatment was
stopped by adding of an equal volume of methanol (-18°C) with 90
ng PGB2 as internal standard. Major 5-LOX metabolites, 5S, 12R-
dihydroxy-6,14-cis-8,10-trans-eicosatetraenoic acid (LTB4), iso-
LTB4 (5S, 12SR-all-trans-diHETE), w-OH-LTB4, 0»-COOH-LTB4
and 5S-hydroxy-6-trans-8,11,14-cis-eicosatetraenoic acid (5-
HETE) were identified as previously described (12).

2.3 ATP assessment

ATP detection component from Mitochondrial ToxGlo ™
Assay kit was used. In accordance with the manufacturer’s
protocol, the lyophilized enzyme/substrate mixture (ATP
Detection Substrate) was reconstituted by lysis buffer (ATP
Detection Buffer) to obtain ATP Detection Reagent. Just before
the experiment PMNLs were resuspend in HBSS/HEPES, seeded in
solid white F-bottom 96-well plates (4 x 10° cells/well), pre-
incubated for 10 min at 37°C, 5% CO,. 2-DG was added at this
stage if prescribed by the protocol. Then S. typhimurium (bacteria
per cell ratio ~25:1) and reagents were added, according to
experimental protocol. Samples were incubated for 20 min under
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the same conditions. After the treatment was complete, plates were
equilibrated to room temperature for 5 min followed by adding an
equal volume of ATP Detection Reagent to the contents of each
well. After 3 min orbital shaking luminescence intensity was
measured on a CLARIOstar microplate reader (BMG Labtech,
Ortenberg, Germany) and MARS data analysis software package
from BMG Labtech was used to process the data obtained.

2.4 Cytosolic ROS assessment

ROS accumulation in the cytosol was quantified by measuring
the green fluorescence intensity of 2’,7’-dichlorofluorescein (DCF).
According to manufacturer’s recommendation, neutrophils were
loaded with 5 uM carboxy-2’,7’-dichlorodihydrofluorescein
diacetate (H,DCF-DA) for 60 min at room temperature followed
by washing with PBS, suspended in D-PBS and then stored at room
temperature in the dark until use. Immediately before the
experimental treatment cells were resuspended in HBSS/HEPES,
seeded in fibrinogen-coated wells of the 96-well plate (4 x 10> cells/
well) and pre-incubated for 10 min at 37°C, 5% CO,. Then S.
typhimurium (bacteria per cell ratio ~25:1) and indicated reagents
were added for 30 min followed by 0,1 uM fMLP stimulation.
Fluorescence intensity at excitation and emission wavelengths of
488 and 525 nm was measured using a CLARIOstar
microplate reader.

2.5 Thiol redox state assessment

Ellman’s assay was used for quantitating reduced sulthydryl
groups. Neutrophils were resuspended in HBSS/HEPES (2 x 10°
cells/1 mL probe) and pre-incubated for 10 min at 37°C, 5% CO,.
After the treating according to experimental protocol cells were
centrifuged for 7 min at 600 g, 4°C. Permeabilizing buffer (67 mM
Na,HPO,, 35 mM citric acid and 0.1% Triton X-100; 100 pL/probe)
was added to packed cell pellets, shaken and kept on ice for 10 min.
Lysates were centrifuged at 10000 g, 4°C for 10 min. 50 pL
supernatant (in duplicate for each probe) was mixed with 100 pL
DTNB solution (0.1 mg/mL in 0.1 M NaH,PO,/Na,HPO,, 1M
EDTA, pH 7.8) in 96-well plate. Equal volumes of reduced
glutathione solutions from 1 to 500 uM were used to generate
standard curve. The samples were allowed to stand for 15 min at
room temperature followed by absorbance reading at 412 nm on
CLARIOstar microplate reader.

2.6 Adhesion assessment

Spectrophotometric detection of 2,3-diaminophenazine, which
is a product of myeloperoxidase-catalyzed oxidation of o-
phenylenediamine dihydrochloride (OPD) by hydrogen peroxide,
was used to assess neutrophil substrate adhesion (39). PMNLs (2 x
10° cells/sample) were seeded onto fibrinogen-coated 96-well plates
containing pre-warmed HBSS/HEPES and agents required by
experimental protocol. Samples were incubated at 37°C, 5% CO,
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after which the plate was washed twice to remove unattached cells. 4
mM H,0, and 5.5 mM OPD in permeabilizing buffer (67 mM
Na,HPO,, 35 mM citric acid and 0.1% Triton X-100) were added
for 5 min. The reaction was stopped with 1 M H,SO,. The
percentage of attached neutrophils was determined by measuring
the absorption (490 nm) of 2,3-diaminophenazine and comparing
the obtained values with the calibration ones.

2.7 Scanning electron microscopy

For scanning electron microscopy, cells were fixed for 30 min in
2.5% glutaraldehyde, postfixed for 15 min with 1% osmium
tetroxide in 0.1 M cacodylate (pH 7.3), dehydrated in an acetone
series, and processed by conventional scanning electron
microscopic techniques, as described (40).

2.8 Cell adhesion molecules
expression assessment

CD11b, alpha subunit of the Mac-1 integrin, and intercellular
adhesion molecule-1 (CD54) proteins expression were determined
by flow cytometry. Neutrophils were resuspended in HBSS/HEPES
(10° cells/1 mL probe) and pre-incubated for 5 min at 37°C, 5%
CO,. After the treating according to experimental protocol cells
were centrifuged while cooled for 10 min at 200 g, 4°C. Then
biotinylated mouse CD11b (20 pg/mL HBSS/HEPES) or CD54 (30
pg/mL HBSS/HEPES) antibodies were added for 45 min, on ice.
After being washed with cold PBS cells were stained with avidin-
FITC (30 pg/mL HBSS/HEPES) for 30 min on ice followed by flow
cytometry on Amnis FlowSight Imaging Flow Cytometer (Luminex
Corp., Austin, Texas, USA) at 488/525 ex/em filter set. IDEAS
Image Data Exploration and Analysis Software (Luminex Corp.,
ustin, Texas, USA) was used for data analyzing.

2.9 Statistics

Results are presented as mean + SEM. Analysis of statistical
significance for multiple comparisons was performed using
GraphPad Prism 10.0.1 software. Differences with P-values <0.05
were considered statistically significant.

3 Results

3.1 Mitochondrial ROS production is critical
for fMLP-induced leukotriene synthesis
induced in neutrophils stimulated with
Salmonella typhimurium

We have previously found that preincubation of human
neutrophils with S. typhimurium strongly stimulates fMLP-
induced LTB4 synthesis (12). These conditions modeled the
collective behavior of neutrophils known as swarming (4). We
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have shown that S. typhimurium stimulates 5LOX, but the
mechanism of the enhancing effect of bacteria upon subsequent
addition of fMLP remains unclear. We have recently shown that
LTB4 synthesis induced by fMLP (as well as some other stimuli) is
dependent on mtROS production (22). However, the effect of
fMLP in this study was artificially stimulated by cytochalasin,
which disrupts the actin cytoskeleton. In the present study, we
analyzed the possible role of mtROS in the stimulation of
fMLP-induced LTB4 synthesis in neutrophil interaction with
bacteria S. typhimurium. Separate addition of fMLP (Control w/
o Salm) or bacteria S. typhimurium (Control w/o fMLP) to
neutrophils produced very slight effect on leukotriene synthesis
(Supplementary Figure 1).

As shown in Figure 1A, mitochondria-targeted antioxidants
SkQ1l and MitoQ inhibit fMLP-induced LTB4 synthesis in
neutrophils exposed to S. typhimurium at 50 nM and 200 nM,
respectively. The synthesis of the omega-hydroxylation product of
LTB4 (®w-LTB4) and total leukotrienes (XLT=LTB4+isomers of
LTB4+w-OH-LTB4) were also inhibited by SkQl and MitoQ.
These leukotrienes are the main 5-LOX products in our
experimental model (Supplementary Figure 1).

We have previously shown that mtROS production in
neutrophils can be stimulated by the accumulation of Ca** in
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mitochondria (21). Ca** uptake into the mitochondrial matrix is
driven by the transmembrane electrical potential at the inner
membrane (AY), which is maintained by the activity of the
respiratory chain. In the present model, the respiration inhibitor
antimycin A, as well as the oxidative phosphorylation uncoupler
FCCP, which dissipates A, effectively inhibited leukotriene
synthesis (Figure 1A). Inhibition of respiration and dissipation of
AY lead to the cessation of mitochondrial ATP synthesis. Since
mitochondria-targeted cationic antioxidants such as SkQl and
MitoQ have also been shown to dissipate AY (41), we analyzed
the possible role of ATP depletion in the inhibition of leukotriene
synthesis. Measurements of ATP content in infected neutrophils
revealed no effect of antimycin A or FCCP (Figure 1B). These data
are consistent with the leading role of glycolysis in ATP production
known for neutrophils and other granulocytes (42, 43). In support
of this conclusion, inhibition of glycolysis by 2-deoxy-D-glucose (2-
DG) led to a decrease in ATP content (Figure 1B) and inhibition of
leukotriene synthesis (Figure 1C).

Stimulation of neutrophils by bacteria and fMLP is
accompanied by activation of NADPH oxidase (NOX2) and
subsequent massive production of ROS (1, 44). To study the
possible role of NOX2 in leukotriene synthesis in our model, we
used diphenyleneiodonium (DPI), an effective inhibitor of various
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FIGURE 1

(A—C). Effect of mitochondria-targeted compounds and 2-DG treatment on leukotriene synthesis and ATP generation in neutrophils. (A, C) After 10
min pre-incubation without (A) or in the presence of indicated concentrations of 2-DG (C) PMNLs were exposed for 30 min to either bacteria alone
(Control) or bacteria in combination with reagents indicated on X-axis. Then fMLP was added (0.1 uM sample concentration) for 10 min. After the
reaction was terminated, the 5-LOX products were analyzed. Presented are absolute values of LTB4, m-OH-LTB4 and the sum of LTs (ZLTs) in ng
per 107 PMNLs. (B) PMNLs were pre-incubated for 10 min without additives or in the presence of 2-DG (where indicated). Bacteria were then added,
either alone (Control, 2-DG probes) or in combination with the indicated stimuli. After 20 min, cells were lysed, and ATP content was determined
using the bioluminescent method. Presented are relative values of ATP content in samples as average percentages of control luminescence intensity
values (mean + SEM of luminescence intensity in control samples was 105326 + 4596 RLU, while 10 uM ATP, used as a positive control, provided
397233+ 2187 RLU). (D, E). Effect of NADPH oxidase inhibitors and inhibitors of MAP kinases on leukotriene synthesis in neutrophils. After 10 min
pre-incubation, PMNLs were exposed for 30 min to either bacteria alone (Control) or bacteria in combination with reagents indicated on X-axis,
followed by 10 min of 0.1 yM fMLP stimulation. When incubations stopped, the 5-LOX products were analyzed. (A—E). Values shown are means +
SEM of three independent experiments performed in duplicate. *p < 0.05, **p < 0.01, ***p < 0.001, for pairs of data compared to corresponding
control values as shown by two-way ANOVA with Tukey's multiple comparison test (A, C—E) or by one-way ANOVA with Dunnett’'s multiple

comparison test (B).
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flavin enzymes, including NADPH oxidase. DPI stimulated the
accumulation of LTB4 and total leukotrienes (Figure 1D). This
effect was observed previously when leukotriene synthesis was
induced by various stimuli and was attributed to inhibition of
LTB4 omega-hydroxylation (22). In fact, the ratio of LTB4 to ®-
LTB4 with DPI is higher, than in other treatments (Figures 1, 2).
But the sum of LTs is also increased, therefore inhibition of NOX2
contribute to stimulation of leukotriene synthesis. It was
demonstrated that chronic granulomatous disease (CGD)
neutrophils have an increased LTB4 production (45). But the
authors determined only LTB4, so this effect may include as 5-
LOX stimulation by downregulation of ROS in CGD neutrophils, as
well as inhibition of LTB4 omega-hydroxylation in experiments
with DPL

From these data we can see that mitochondria targeted
antioxidant SkQ1 inhibits LT synthesis. We checked the effects of
SkQ1 on mtROS production in neutrophils. Measurements of
mitochondrial ROS production using the mitochondria-targeted
superoxide-sensitive probe MitoSOX (Supplementary Figure 2)
showed a significant increase in mtROS upon subsequent
stimulation of neutrophils with S. typhimurium and fMLP. This
increase in mtROS was inhibited by SkQ1. These data support our
conclusion that mtROS production is required for stimulation of
fMLP-induced LTB4 synthesis in neutrophil interaction with
bacteria S. typhimurium.

In the search for possible targets of mtROS-dependent
regulation of leukotriene synthesis, we previously showed that
activation of the MAP kinases Erkl/2 and p38 (associated with
their phosphorylation) is prevented by SkQ1 (22). Erk1/2 and p38
kinases are known to phosphorylate 5-LOX and stimulate its
translocation to the nuclear envelope, which is required for 5-
lipoxygenase activity (46), so they may be critical targets of mtROS.
In our experimental model, the Erkl/2 inhibitor U0126 and p38
inhibitor SB203580 suppressed 5-LOX activity (Figure 1E). Thus, it
can be assumed that these kinases are important in the mtROS-
dependent regulation of leukotriene synthesis induced by the
combined action of bacteria and fMLP.

3.2 Redox processes modulate fMLP-
induced leukotriene synthesis in
neutrophils exposed to bacteria
Salmonella typhimurium

To further study the role of the redox balance in the activation
of leukotriene synthesis under the combined action of S.
typhimurium and fMLP, we used the classical antioxidant Trolox,
a water-soluble analogue of vitamin E. It was shown that it inhibits
leukotriene synthesis, although at a much higher concentration
than SkQ1 and MitoQ (Figure 2A).

Unexpectedly, another known antioxidant N-acetylcysteine
(NAC) strongly stimulated fMLP-induced leukotriene synthesis in
S. typhimurium-activated neutrophils (Figure 2A). A similar effect
was observed in the case of sodium hydrosulfide (NaSH)
(Figure 2A), an H,S donor that promotes a reductive shift in the
redox balance of various cells (47). We hypothesized that this
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stimulation may be associated with a shift in the redox
equilibrium of the reversible thiol-disulfide system and, first of all,
with an increase in the ratio of reduced/oxidized glutathione (GSH/
GSSG). In fact, NAC is a direct precursor of GSH, and H,S donors
can also increase the GSH/GSSG ratio. To analyze this possibility,
we used diamide, which penetrates cell membranes and reacts with
thiols to form disulfides (48). Diamide at a concentration of 50-200
UM significantly reduced the level of non-protein thiols (Figure 2B)
but did not affect the level of cytosolic ROS measured as the
oxidation of 2°,7’-dichlorofluorescein (Figure 2C). 50-150 uM
diamide slightly increased fMLP-induced leukotriene synthesis in
neutrophils pre-incubated with S. typhimurium, while 200-250 uM
diamide, without affecting cell viability (Supplementary Figure 3),
significantly inhibited leukotriene synthesis (Figure 2D). These data
indicate that a decrease in reduced GSH may limit leukotriene
synthesis under our conditions. In support of this assumption, we
observed a strong stimulation of leukotriene synthesis by the GSH
precursor S-adenosyl-L-methionine (SAMe) (Figure 2D). This
effect was especially strong in the presence of an inhibitory
concentration of diamide (200-250 uM) and reaches
approximately 400%. Interestingly, SAMe also reversed inhibitory
effect of FCCP or antimycin A on leukotriene synthesis (Figure 2E).
Although in our experimental model we were unable to detect a
significant effect of antimycin A and FCCP on GSH/GSSH ratio
either at the stage of PMNLs interaction with bacteria or after
stimulation with fMLP (Supplementary Figure 4), studies on cell
lines indicate that they both can reduce GSH intracellular level (49-
51), which can be compensated by SAMe. Measurements of mtROS
in stimulated neutrophils (Supplementary Figure 2) showed some
increase by diamide, which may be partially responsible for the
stimulation of LT synthesis observed at low doses of diamide.

As shown in Figure 2B, under conditions of interaction between
neutrophils and bacteria, 50 to 200 pM diamide reduced
intracellular -SH amount. The decrease in reduced thiol content
caused at 50 and 100 pM diamide was prevented by DPI. Under the
same conditions DPI decreased the level of cytosolic ROS,
presumably due to inhibition of NOX2, and diamide did not
modulate this effect (Figure 2C). These data suggest that the
decrease in GSH/GSSG ratio by low doses of diamide may be
compensated by the decrease in oxidative stress and increase in
NADPH levels caused by inhibition of NADPH oxidase. This effect
may explain the DPI stimulation of leukotriene synthesis
(Figure 1D), which is especially pronounced in the presence of
diamide (Figure 2D), with maximal stimulation at 100 pM diamide
(Figure 2F). DPI did not reverse the decrease in reduced thiols at
200 uM diamide but abolished inhibiting effect of diamide on LT
synthesis at 200 uM (Figure 2D). We can only propose that effect of
DPI is more complex than we determined and need
further elucidation.

Biosynthesis of GSH is dependent on ATP, so inhibition of
leukotriene synthesis due to 2-DG-dependent ATP depletion
(Figure 1B) may be mediated by a decrease in GSH content. 2-
DG also inhibits the synthesis of leukotrienes stimulated by DPI
alone (Figure 2G). Interestingly, the synthesis of leukotrienes
stimulated by DPI in the presence of diamide is practically
insensitive to 2-DG (Figure 2G). This may be explained by the

frontiersin.org


https://doi.org/10.3389/fimmu.2024.1295150
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Golenkina et al. 10.3389/fimmu.2024.1295150

>
o]

+S. typhimurium

150 wexx EB LTB4
] 0 o-LTB4
=
s @ :LTs
o
~
=]
=
k=)
c
2
-
VeI EEEEE
‘}\\ 0‘\“ oo@ o\ o\ o\ o\ o\
NAEKS) I QP QB {8 (T
& RIS
& oF oF o o of of
¢ TP Qf: ;é; ;§>
OQOQ\ OQ\

(9]
o

&= medium
== +10 uM SAMe
== +10 uM DPI

Sk

DCF fluorescence intensity, RFU

0 50 100 150 200 250

>
Q S S & P .
P o,\oé‘ 0\,,,& 6@& (S\"'& o\,b& (5\”& Diamide concentration, uM
R '19° S '19°
XX
IR RS
E F
100 m LTB4 200 Em LTB4
» N o-LTB4 » «+ 0 o-LTB4
= 80 |
= e ILTs Z 150 Bl ZLTs
= =
o g o
':e ns ':O_ 100 . *k
B 40 >
c . c
3 n *x
0 0
o @ Q @ & ) > S & &
& & E N E S & ¢ & &
< S o & & < > o
PR \a & N »
& N N N
NS $ S
N + N N
® N X
G N H <

@m LTB4
00 o-LTB4
@ zLTs

LTs, ng/10” PMNLs
LTs, ngi10” PMNLs

FIGURE 2

Effect of oxidants and antioxidants on intracellular reduced thiols level, ROS formation and leukotriene synthesis in human neutrophils. (A, D-H).
After 10 min pre-incubation without additives or in the presence of indicated concentrations of 2-DG, PMNLs were exposed for 30 min to either
bacteria alone (Control) or bacteria in combination with reagents indicated (10 uM DPI and 10 pM SAMe were used), followed by 10 min of 0.1 uM
fMLP stimulation. After the reaction was terminated, the 5-LOX products were analyzed. Presented are absolute values of LTB4, -OH-LTB4 and the
sum of LTs (ELTs) in ng per 107 PMNLs. (B) PMNLs were pre-incubated for 10 min, then S. typhimurium alone (Control) or bacteria together with
indicated stimuli were added for 20 min; resting PMNLs samples were incubated without any additives. After the exposure time, the cells were
pelleted while cooling and assayed for reduced -SH content with Ellman’s reagent. Values are given as the averages of the content of reduced thiols
in the samples, nM per 10° PMNLs. (C) PMNLs loaded with H,DCFDA were pre-incubated for 10 min, then either S. typhimurium alone (Control) or
bacteria together with indicated stimuli were added. After 30 min 0,1 uM fMLP was added. Presented are the average values of DCF fluorescence
intensity measured immediately before (black bars) and 20 minutes after (grey bars) fMLP addition. (A—H). Values shown are means + SEM of three
independent experiments performed in duplicate. ns, not significant; *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 for pairs of data compared
to corresponding control values; *p < 0.05, *#p < 0.01 for the specified data pairs as shown by one-way ANOVA with Dunnett's multiple comparison
test (B) or two-way ANOVA followed by Tukey's multiple comparison test (A, C—H).
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known ability of diamide to reduce glucose metabolism through
glycolysis in favor of the pentose phosphate pathway (PPP) (52).
This pathway is the main source of NADPH (42), which supports
the reduction of glutathione. This effect probably underlies the
stimulation of leukotriene synthesis observed at low doses of
diamide (Figure 2D).

Full pentose cycle, including non-oxidative PPP with enzyme
transketolase (TKT), provides maximal NADPH yield (6 NADPH
from one molecule of glucose) (53). In our assay TKT inhibitor
oxythiamine (OT) suppressed LT synthesis (Figure 2H). The effect
was observed with and without diamide in incubations. It is known
that blockage of glycolysis can help cells divert more flux into
oxPPP under oxidative stress (54, 55). With diamide, LT synthesis
was increased in the presence of intermediate concentrations of 2-
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DG (Figure 2H), and not in control incubations (Figure 1C). We did
not observe it in the presence of DPI (Figure 2G).

Under the influence of fMLP, neutrophil adhesion is
significantly enhanced (Figure 3A). In addition, this chemotactic
peptide induces noticeable morphological changes in both resting
and interacting with bacteria neutrophils. In addition to
pronounced cellular polarization, special mention should be made
to the formation of numerous thread-like cell outgrowths
(Figure 3B, control/fMLP, S.typhimurium+fMLP, red arrows). It
is known that such outgrowths are a kind of “transport highways”
that allow intercellular exchange over long distances (56), and also
perform a structural function, promoting cell clustering (57).
Mitochondria-targeted antioxidant SkQ1 significantly reduced the
substrate adhesion of neutrophils (Figure 3A). Preincubation with

o
' '
0o+
[ B
DI O
+ + + +

S.typhimurium + fMLP

(A) SkQ1 influence on the pro-adhesive effects of fMLP and LTB4. PMNLs (2 x 10° cells/sample) were seeded onto fibrinogen-coated 96-well plates
containing pre-warmed HBSS/HEPES without additives, with S. typhimurium (bacteria per cell ratio ~20:1) or S. typhimurium supplemented with 0.1
uM SkQ1. After 30 min incubation at 37°C, 5% CO,, 0.1 uM fMLP or/and 0.1 uM LTB4 were added for next 10min. Values shown means + SEM of the
percentage of cells attached to the substrate obtained from three independent experiments performed in triplicates; *p < 0.05, **p < 0.01, ***p <
0.001 for indicated pairs of data or compared to resting PMNLs sample (black bar) as shown by ordinary one-way ANOVA with Sidak’s multiple
comparison test. (B) Effect of SkQ1 and LTB4 on neutrophil morphology upon (co-)stimulation with bacteria S. typhimurium and fMLP. PMNLs (10%/
ml HBSS/HEPES) were preincubated on coverslips in culture dishes for 10 min and then cultured for 20 min without additives (line medium) or in the
presence of 100 nM SkQ1 (lines SkQ1, SkQ1+LTB4) without additional stimulation (control) or with the addition of bacteria (bacteria per cell

ratio ~25:1) (S. typhimurium). LTB4 (100 nM sample concentration) was added to (control) and (S. typhimurium) samples for next 5 minutes

(line SkQ1+LTB4). Columns fMLP and S. typhimurium+fMLP represent PNMLs incubated for 20 min without additives (line medium) or with 100 nM
SkQ1 (lines SkQ1, SkQ1+LTB4) without bacteria (fMLP) or with the addition of bacteria (S. typhimurium+fMLP), followed by fMLP (0.1 yM sample
concentration) (lines medium, SkQ1) or fMLP together with LTB4 (100 nM sample concentration of each) (line SkQ1+LTB4) treatment for 5 minutes.
At the end of each stage, PMNLs samples were fixed and subsequently visualized using scanning electron microscopy. Thread-like cell outgrowths

are marked by red arrows.
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SkQ1 not only reduce the pro-adhesive effect of fMLP but also
prevents fMLP-induced morphological changes, in particular, it
diminishes the formation of cell outgrowths (Figure 3B), in parallel
with suppression of leukotriene synthesis (Figure 1A). The addition
of LTB4 to samples pretreated with SkQ1 increased the
adhesiveness of neutrophils, promoting cell spreading (Figure 3,
SkQ1+LTB4). In addition, supplementation of fMLP influence on
cells preincubated with SkQ1l and bacteria with exogenous
leukotriene B4 restored the ability of neutrophils to form thread-
like filaments (Figure 3, SkQl+LTB4/S.typhimurium+fMLP, red
arrows). These data support our earlier suggestion that the
emergence of cell-cell contacts is dependent on LTB4 (12). 50 uM
diamide also increased adhesiveness of neutrophils (Supplementary
Figure 5A). At high diamide concentration, when leukotriene
synthesis was inhibited, the cells change morphology to more
spherical shape, and the adhesiveness of neutrophils decreased
(Supplementary Figure 5).

Activation of neutrophil adhesive properties can be reflected by
adhesive receptor expression, first of all CD11b, a component of
Mac-1 (CD11b/CD18) P2 integrin (58). In experiments with
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binding of fluorescently labelled antibodies to CDI11b it was
shown that both fMLP and LTB4 increased CD11b density on the
surface of the cells, and diamide potentiated effect of fMLP. SkQ1
did not influence fMLP-induced expression, but decreased LTB4-
induced effects (Figures 4A, B). The surface CD54 (ICAM-1)
expression on neutrophils correlates with neutrophil migration,
i.e. with cell-cell communication (59); and anti-CD54 monoclonal
antibody inhibited neutrophil aggregation and formation of inter-
cellular contacts (60). CD54 increased significantly on migrated
PMNs; with rather low CD54 expression on adherent neutrophils
(61). In our experimental model CD54 plays role as counter-
receptor for integrins during homotypic adhesion; and SkQl
decreased CD54 surface expression on neutrophils, as in the
presence of the “first” chemoattractant fMLP, as well as at adding
of the “second” chemoattractant LTB4 (Figures 4C, D). These data
indicate that SkQI affects not only LTB4 synthesis but also LTB4-
dependent signaling. The increased adhesiveness of neutrophils
induced by LTB4 provided the possibility of forming tight
intercellular contacts, which can support swarming and clustering
around pathogens.

B
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Effect of SkQ1 and diamide on adhesion molecules externalization upon (co-) stimulation with bacteria S. typhimurium and fMLP or LTB4. PMNLs
(10%/mL HBSS/HEPES) were incubated for 20 min without additives (resting PMNLs), in the presence of bacteria (control) or bacteria in combination
with 100 nM SkQ1 or 50 uM diamide (bacteria per cell ratio ~25:1). Then 0.1 yM fMLP (+ fMLP) or 0.1 uM LTB4 (+ LTB4) were added for 10 min
followed by staining of surface CD11b and CD54 proteins and flow cytometry. Presented are the average values of three independent experiments
(means + SEM) (A, C) and typical histograms (B, D) of fluorescence for PMNLs stained with avidin-FITC in addition to biotynilated CD11b (A, B) and
CD54 (C, D) antibodies. *p < 0.05 for pairs of data compared to corresponding control values; *#p < 0.01 for the specified data pairs as shown by

one-way ANOVA with Dunnett's multiple comparison test.
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4 Discussion

Redox regulation plays an important role in the activation of 5-
LOX and the regulation of leukotriene synthesis in neutrophils.
Specifically, enzymatic activity requires the oxidation of Fe** to Fe*"
at the 5-LOX active site. Lipid hydroperoxides are involved in the
activation of 5-LOX, at least in part through the oxidation of Fe*"
(62, 63). 5-LOX catalyzes the biosynthesis of leukotrienes using
arachidonic acid (AA) as a substrate. Phospholipase A2, which
produces AA from phospholipids, can be activated by ROS and
lipid hydroperoxides (64), promoting the activation of leukotriene
synthesis through oxidative processes. At the same time, excess
hydrogen peroxide has been shown to inhibit 5-LOX activity in
alveolar macrophages in parallel with ATP depletion (65).

Our previous work (22) using the mitochondria-targeted
antioxidant SkQIl demonstrated the important role of
mitochondrial ROS in leukotriene synthesis induced by the Ca*"
ionophore A23187, the chemoattractant fMLP, and the opsonized
yeast cell wall components zymosan. Here, we showed (Figure 1)
that mitochondria-targeted antioxidants suppress fMLP-induced
leukotriene synthesis in neutrophils exposed to S. typhimurium. We
also showed that leukotriene synthesis is inhibited by the respiration
inhibitor antimycin A and the oxidative phosphorylation
uncoupler FCCP, presumably due to inhibition of mtROS
production stimulated by voltage-dependent Ca®>" accumulation
in mitochondria. Inhibition of respiration or dissipation of
membrane potential prevents the synthesis of mitochondrial ATP,
but measurements of ATP content did not reveal the effect of
antimycin A or FCCP in infected neutrophils (Figure 1B).

Inhibition of glucose metabolism by 2-deoxy-D-glucose (2-DG)
led to a decrease in ATP content and, in parallel to inhibition of
leukotriene synthesis (Figure 1C) consistently with earlier data on
the requirement of energy metabolism for the synthesis of
leukotrienes (66). Glucose is catabolized by two fundamental
pathways: glycolysis to produce ATP and the oxidative pentose
phosphate pathway (PPP) to produce reduced nicotinamide
adenine dinucleotide phosphate (NADPH). Very recently, it was
shown that activation of the oxidative burst in neutrophils depends
on a switch from glycolysis to a unique form of PPP called the
“pentose cycle” (53). In this mode, all glucose-6-phosphate is
consumed through PPP, while the initial steps of glycolysis are
reversed to support pentose phosphates recycling. It has been
proposed that this switch is required to maximize the supply of
NADPH to fuel NADPH oxidase.

Another important NADPH-dependent enzyme is glutathione
reductase, which reduce oxidized glutathione disulfide to sulfhydryl
glutathione (67, 68). The main function of glutathione is the
detoxification of electrophilic xenobiotics through condensation
reactions catalyzed by glutathione S-transferases. Another
protective function is mediated by the reduction of hydroperoxides
catalyzed by glutathione peroxidase. This process appears to underlie
the inhibition of 5-LOX by GSH observed in neutrophil homogenate
(69). However, protein S-glutathionylation, activated by oxidative
stress, may represent a more important regulatory mechanism.

The 5-lipoxygenase requires activation by fatty acid
hydroperoxides (62). Hydroperoxides are inactivated in cells by
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GSH-dependent reduction by glutathione peroxidase, but diamide
has the ability to non-enzymatically oxidize intracellular thiols (48).
On this way diamide creates a demand for glutathione reduction by
NADPH (70), and DPI provides high NADPH/NADP+ ratio (53)
increasing stimulating effect of diamide (Figures 2D, F). The
pentose phosphate pathway (PPP) is the major mechanism to
maintain high NADPH/NADP+ ratio (71), and it was recently
shown that PPP controls ROS production in crowding neutrophils
(72). In accordance of the ability of diamide to switch glycolysis-
dominant metabolism to pentose phosphate pathway (53), effects of
diamide were less sensitive to glucose deprivation (Figures 2G, H).
Effects of DPI were inhibited by glucose deprivation (Figure 2G).
Protein S-glutathionylation likely limits leukotriene synthesis in
fMLP-activated neutrophils in the presence of S. typhimurium. This
may be the reason that the GSH precursor NAC and the H,S donor
sodium hydrosulfide, which increase the GSH/GSSG ratio, stimulate
the synthesis of leukotrienes, in contrast to some other antioxidants
(Figure 2A). In support of this proposal, we observed that thiol-
oxidizing diamide (48), which oxidizes GSH, as detected by depletion
of non-protein thiols (Figure 2B), at high concentrations (200-250
uM) significantly inhibits leukotriene synthesis (Figure 2D). This
inhibition was effectively reversed by the GSH precursor SAMe
(Figure 2D). Inhibition of leukotriene synthesis by FCCP or
antimycin A may also be due in part to the GSH depletion caused
by these agents (49-51). Accordingly, inhibition by FCCP and
antimycin A was partially prevented by SAMe (Figure 2E).
Importantly, diamide-induced thiol depletion was prevented by
DPI (Figure 2B), indicating that inhibition of NADPH oxidase and
subsequent decrease of oxidative stress and increase in NADPH levels
may compensate for diamide-dependent GSH oxidation.
Accordingly, DPI stimulated the synthesis of leukotrienes in the
presence of diamide (Figure 2D). Inhibition of leukotriene synthesis
by 2-DG-dependent ATP depletion may also be mediated by a
decrease in GSH content. This may explain why the synthesis of
leukotrienes in the presence of non-inhibitory doses of diamide,
which is known to stimulate PPP-dependent NADPH production
(52), was not inhibited by 2-DG in the presence of DPI (Figure 2G).
Neutrophils are the first cells in the foci of infection, and they
have developed a set of mechanisms to turn on defense very quickly.
To potentiate ROS production, they activate NADPH-oxidase, and
NADPH is necessary for reduction of oxygen (73). To support
NADPH-dependent ROS formation, neutrophils turn on PPP shunt
(74). Activation of PPP is extremely important in supplying of
NADPH (75). Inhibition of NADPH-oxidase shifted neutrophils
from PPP cycle with ultra-high NADPH vyield to glycolysis-
dominant glucose metabolism (74). At the same time, neutrophil
responses to pathogens include activation of glycolysis (76, 77).
Upregulation of PPP during oxidative stress contributes
significantly to neutrophil responses, including not only oxidative
burst (74) but also NETs formation (78). Redox regulation may
involve various signaling pathways, including the MAP kinase-
dependent pathway (79). We previously showed that activation of
the MAP kinases Erkl1/2 and p38, responsible for phosphorylation
and activation of 5-LOX (46), is prevented by SkQI in neutrophils
stimulated with A23187, fMLP, or opsonized zymosan (22). In
neutrophils stimulated with S. typhimurium in combination with
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fMLP, the Erk1/2 inhibitor U0126 and the p38 inhibitor SB203580
inhibited leukotriene synthesis (Figure 1E). It is important to note
that the GSH/GSSG ratio may also be involved in the regulation of
Erkl1/2, as S-glutathionylation, activated by oxidative stress, has been
shown to play a key role in regulating MAP kinase kinase (MEKK1),
that is an upstream kinase in the cascade of Erk1/2 activation (80).
Using MS analysis, the authors demonstrated that oxidative stress
induces glutathionylation of Cys1238 in the ATP-binding domain of
MEKKI. This modification is easily reversible once the cell’s redox
balance is restored. Thus, increasing the GSH/GSSG ratio with NAC
or sodium hydrosulfide may improve Erk1/2 activation by preventing
MEKK S-glutothionylation in neutrophils exposed to S. typhimurium
and fMLP. Thus, redox regulation of Erkl/2 may be an important
element in both mtROS-dependent and GSH-dependent regulation
of leukotriene synthesis. Moreover, this regulation provides insight
into why mitochondria-targeted antioxidants and NAC have
opposing effects on leukotriene synthesis.

Our data (Figure 3) showed that Salmonella typhimurium in
combination with fMLP stimulates the appearance of intercellular
contacts in parallel with the synthesis of LTB4. The mitochondria-
targeted antioxidant SkQ1 reduced this intercellular communication,
as well as the synthesis of leukotrienes. Thus, during bacterial
infection, redox processes in neutrophils play a decisive role in the
synthesis of LTB4, ensuring neutrophil swarming - the influx of
neutrophils to places of large microbial accumulations.

Excessive synthesis of leukotrienes and especially of LTB4 plays
important role in pathogenesis of various inflammatory diseases
(81-88). Mitochondria-targeted antioxidants, such as SkQ1, have
been proposed as a promising therapy the same range of pathologies
(89, 90). SkQI demonstrated strong anti-inflammatory activity in
acute bacterial infection (91) and in the systemic inflammatory
response syndrome (SIRS) model (92). The inhibition of
leukotriene synthesis demonstrated above under conditions of
pronounced activation of neutrophils can significantly contribute
to the therapeutic effect of SkQ1. Importantly, our data indicate that
administration of known thiol-based antioxidants such as NAC can
dangerously stimulate leukotriene synthesis by neutrophils under
the same conditions that mimic severe pathogenic infection.
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Introduction: Osteoarthritis (OA) is a prevalent joint disorder characterized by
multifaceted pathogenesis, with macrophage dysregulation playing a critical role
in perpetuating inflammation and joint degeneration.

Methods: This study focuses on Songorine, derived from Aconitum soongaricum
Stapf, aiming to unravel its therapeutic mechanisms in OA. Comprehensive analyses,
including PCR, Western blot, and immunofluorescence, were employed to evaluate
Songorine’s impact on the joint microenvironment and macrophage polarization.
RNA-seq analysis was conducted to unravel its anti-inflammatory mechanisms in
macrophages. Metabolic alterations were explored through extracellular
acidification rate monitoring, molecular docking simulations, and PCR assays.
Oxygen consumption rate measurements were used to assess mitochondrial
oxidative phosphorylation, and Songorine's influence on macrophage oxidative
stress was evaluated through gene expression and ROS assays.

Results: Songorine effectively shifted macrophage polarization from a pro-
inflammatory M1 phenotype to an anti-inflammatory M2 phenotype. Notably,
Songorine induced metabolic reprogramming, inhibiting glycolysis and
promoting mitochondrial oxidative phosphorylation. This metabolic shift
correlated with a reduction in macrophage oxidative stress, highlighting
Songorine's potential as an oxidative stress inhibitor.

Discussion: In an in vivo rat model of OA, Songorine exhibited protective effects
against cartilage damage and synovial inflammation, emphasizing its therapeutic
potential. This comprehensive study elucidates Songorine's multifaceted impact
on macrophage modulation, metabolic reprogramming, and the inflammatory
microenvironment, providing a theoretical foundation for its therapeutic
potential in OA.
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1 Introduction

Osteoarthritis (OA) stands as a prevalent and debilitating joint
disorder characterized by the progressive deterioration of articular
cartilage, subchondral bone alterations, and the formation of
osteophytes (1, 2). With a rising global incidence, particularly in
the aging population, OA significantly impacts the quality of life for
affected individuals. The intricate interplay of genetic, mechanical,
and biochemical factors contributes to the multifaceted
pathogenesis of OA. Recent research has unveiled the crucial role
of inflammatory processes and immune cell involvement,
particularly macrophages, in driving the structural changes
observed in OA joints (3, 4).

Macrophages, as key players in the immune system, exhibit a
remarkable plasticity, adopting distinct phenotypes in response to
environmental cues. Classically activated M1 macrophages contribute
to inflammation and tissue degradation, while alternatively activated
M2 macrophages are associated with tissue repair and anti-
inflammatory responses. The dysregulation of macrophage
polarization has emerged as a central player in the perpetuation of
OA, offering a promising avenue for therapeutic intervention (5, 6).
The specific dysregulation of macrophage polarization is recognized
as a pivotal factor in the context of OA. Dysregulated macrophages
contribute to the perpetuation of inflammation, tissue degradation,
and altered repair mechanisms within the affected joints. The
intricate balance between M1 and M2 macrophage phenotypes
becomes disrupted, leading to an environment conducive to OA
progression. Understanding this dysregulation provides a crucial
foundation for exploring targeted therapeutic interventions that
address the nuanced role of macrophages in OA.

The immense potential of natural products in treating various
diseases, including OA, has been a continuous exploration. Notably,
key findings from current research underscore the promising role of
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natural products in mitigating OA symptoms, potentially influencing
macrophage behavior and inflammatory responses within the joint
microenvironment (7, 8). Crucially, alkaloids, widespread in nature
(9), play a key role in Traditional Chinese Medicine’s therapeutic
effects, exhibiting significant anti-cancer, anti-inflammatory, and
antioxidant activities (10-12). In this context, Aconitum,
commonly known as “wutou,” stands out as a repository of
approximately 450 alkaloids and has been extensively utilized for
treating various diseases in China, Japan, and other regions (13, 14).
Aconitum has been traditionally employed to alleviate a spectrum of
ailments, including inflammatory conditions, cardiovascular
disorders, and nervous system disturbances (15). Aconitum
soongaricum Stapf, a specific species within the Aconitum genus, is
particularly noteworthy for housing Songorine, a C20-diterpenoid
alkaloid with a range of characteristics, including anti-inflammatory,
antiarrhythmic, and anti-central nervous system disturbance
properties (16-18). This convergence of traditional wisdom,
scientific exploration, and the identification of specific bioactive
compounds like Songorine underscores the intricate interplay
within Traditional Chinese Medicine and its potential in addressing
complex diseases such as OA.

Despite these advancements, there exists a critical need to
consolidate and synthesize key findings from ongoing research on
natural products in OA. A comprehensive understanding of the
therapeutic potential of these natural products, especially in the
context of immune cell modulation and macrophage behavior, will
contribute to a more holistic approach in developing targeted and
effective therapies for OA.

Therefore, our study focuses on the natural compound
Songorine, and its potential therapeutic role in OA. Through a
comprehensive exploration of macrophage modulation, metabolic
reprogramming, and the impact on the inflammatory
microenvironment, we aim to unravel the molecular mechanisms
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that underlie Songorine’s effects in the context of OA. This research
endeavors to address the critical gap in understanding how
Songorine, a specific bioactive compound from Aconitum
soongaricum Stapf, influences macrophage behavior and immune
responses in the OA microenvironment. we aim to contribute
valuable insights that will inform the development of nuanced
and effective therapeutic strategies for OA, considering the
complex interplay between inflammation, immune responses, and

joint degeneration.

2 Materials and methods
2.1 Cell culture

The murine macrophages (RAW 264.7) from Procell Life
Science & Technology Co., Ltd. (Hubei, China) were incubated in
medium at a temperature of 37°C in a moist environment with 5%
CO2. Songorine (purity is 99.48% by high performance liquid
chromatography with diode array detector, 230nm) obtained
from Chengdu Biopurify Phytochemicals Ltd. (Cat. BP029) was
used in this study. and used as a stimulator for macrophage
activation. M1 polarization was induced by treating RAW 264.7
cells with Lipopolysaccharides (LPS) From Escherichia coli 055:B5
(Solarbio, Cat. L8880, The potency of LPS is greater than or equal to
500,000 EU per mg, < 1% protein) at a concentration of 100 ng/mL
for a duration of 24 hours.

In order to assess the impacts and mechanisms of Songorine on
the immune system, the conditioned media obtained from
Songorine-treated macrophages were gathered and utilized for the
cultivation of chondrocytes. The control group consisted of
chondrocytes that were not treated with Songorine. The MOCM
group was designated as the chondrocytes that were cultured in a
conditioned medium derived from M0 macrophages. M1CM refers
to chondrocytes that were cultured in a conditioned medium
derived from MI1 macrophages. SI0OCM and S50CM were
designated as chondrocytes that were cultured in a conditioned
medium obtained from M1 macrophages that had been treated with
varying concentrations of Songorine for a duration of 24 hours.
Following a 24-hour incubation period, the chondrocytes were
gathered for additional examination.

2.2 ldentification of reactive
oxygen species

MO macrophages were placed in 6-well dishes and permitted to
proliferate until reaching 60-70% confluence. MO macrophages were
stimulated with LPS to induce M1 polarization. Afterwards, the cells
were cultured with either 10 or 50 uM Songorine. Following the
manufacturer’s guidelines of a ROS Assay Kit (Beyotime, Cat.S0033S)
(19), the cells were washed three times with PBS and incubated with
the ROS probe after 24 hours of treatment. Following an additional
PBS wash, the specimens were examined and captured using a
fluorescence microscope (Olympus, Japan). The fluorescence
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intensities of the images were quantified using the Image |
software. Chondrocytes were placed in 6-well dishes and grown in
conditioned media (MOCM, M1CM, S10CM, and S50CM) for 24
hours. The following procedures remained unchanged as described
above, including washing with PBS, incubating with the ROS probe,
and imaging and quantifying fluorescence intensity using Image
] software.

2.3 Analysis of quantitative real-time PCR

Total mRNA was extracted using RNAfast200 (Fastagen,
China) and then converted into ¢cDNA using a reverse
transcription kit (TOYOBO, Cat. FSQ-101), according to the
manufacturer’s instructions. In order to examine the levels of
gene expression, the qRT-PCR analysis provided by the Kit
(TAKARA, Cat. RR820A). Internal controls in the form of
GAPDH and actin mRNA as housekeeping genes were employed.
Table 1 contains the list of primers utilized for the target genes.

2.4 Simple western (Jess by ProteinSimple)

We used a Simple Western blot technique to examine the anti-
inflammatory mechanism and the impact of Songorine on cellular
metabolism. The cells were placed in 6-well dishes and incubated
for 24 hours until they achieved a 70% confluence. Afterwards, the
cells were exposed to inflammatory agents (LPS) for a duration of
24 hours. Subsequent to the stimulation, the cells were subjected to
various doses of Songorine for another 24-hour period.

Following different procedures, the cells were lysed by
radioimmunoprecipitation (RIPA) buffer (Boster, China, Cat.
ARO0102S) supplemented with 1 mmol/L phenylmethylsulfonyl
fluoride (PMSF, Boster, China, Cat. AR0102S). The lysis process
involved placing the samples on ice and vortexing every 5 minutes
for a total duration of 30 minutes. Following lysis, the cellular
extracts underwent centrifugation at 12,000xg for 15 minutes at 4°
C. Subsequently, the protein concentrations in the resulting
supernatants were quantified using a BCA protein assay kit
(Boster, China, Cat. AR0197). To ensure accurate measurements,
the ultimate protein concentration of every sample was modified to
0.2 pug/uL. The protein samples were subjected to a temperature of
95°C for a duration of 5 minutes in a 0.1x sample buffer and 5x
Master Mix. Subsequently, they were separated through capillary
electrophoresis employing the JESS system manufactured in the
United States. To identify particular proteins, the main antibodies,
such as rabbit anti-IL-1p (1:40), anti-IL-6 (1: 100), mouse anti-
CD86 (1:200) were diluted with antibody diluent. Subsequently, 10
UL of streptavidin-HRP and secondary antibodies were added to the
wells. Protein expression levels were evaluated using the Compass
software for SW 4.1.0, which provided a quantitative analysis of the
detected protein bands. The Simple Western blot technique allowed
for examination of the anti-inflammatory properties of Songorine
and the verification of its impact on cellular metabolism by
analyzing the expression levels of specific target proteins.
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TABLE 1 The primers for the target genes.

Target Gene

Forward primer sequence

10.3389/fimmu.2024.1344949

Forward primer sequence

PFKFB3 GGAGTCCGCAAAACAGGATG GATGCGAGGCTTTTTGGTGG
GAPDH (Rat) TCTCTGCTCCTCCCTGTTCT ATCCGTTCACACCGACCTTC
GAPDH (Mus) TGGATTTGGACGCATTGGTC TTTGCACTGGTACGTGTTGAT

B-actin GAGCTACGAGCTGCCTGACG CCTAGAAGCATTTGCGGTGG
HK-II GGTGCTGTGGCGAATCAAAG GAGACGCTTGGCAAAATGGG
GLUT TTAATCGCTTTGGCAGGCGG GTCAGGCCACAGTACACTCC
LDHA GAGCCACTGTCGCCGATCTC AATCTTTTGGGACCCTGCACC
ACAN CCTGCTACTTCATCGACCCC AGATGCTGTTGACTCGAACCT
SOX9 TCCAGCAAGAACAAGCCACA CGAAGGGTCTCTTCTCGCTC

COL-20 GTCCTACAATGTCAGGGCCA ACCCCTCTCTCCCTTGTCAC

IL-1B (Rat) GCACAGTTCCCCAACTGGTA GGAGACTGCCCATTCTCGAC

IL-6 (Rat) ACAAGTCCGGAGAGGAGACT ACAGTGCATCATCGCTGTTC

MMP-13 GGACAAAGACTATCCCCGCC GGCATGACTCTCACAATGCG

CD206 GCACTGGGTTGCATTGGTTT CCTGAGTGGCTTACGTGGTT

CD86 AACTTACGGAAGCACCCACG ATAAGCTTGCGTCTCCACGG

IL-10 CCTCGTTTGTACCTCTCTCCG AGGACACCATAGCAAAGGGC

iNOS GGGTCACAACTTTACAGGGAGT GAGTGAACAAGACCCAAGCG
IL-1B (Mus) TGCCACCTTTTGACAGTGATG TGTGCTGCTGCGAGATTTGA
IL-6 (Mus) CAACGATGATGCACTTGCAGA TGACTCCAGCTTATCTCTTGGT

2.5 Immunofluorescence

The protein expression of target genes in the cells was assessed
using Immunofluorescence (IF) staining. The IF staining was
carried out following the guidelines given with the DyLight 488-
SABC Kit (Boster, SA1094). Rabbit anti-IL-1B (1:200; Proteintech,
16806-1-AP), mouse anti-CD86 (1:200; Santa Cruz Biotechnology,
sc-28347), and rabbit anti-CD206 (1:200; Proteintech, 18704-1-AP)
were the primary antibodies utilized. The antibodies were employed
to specifically target and attach to the desired proteins. Following
the incubation period with primary antibodies, the cells underwent
a washing step to eliminate any antibodies that were not bound.
Afterward, fluorophore-conjugated secondary antibodies were
employed to visualize the target proteins. A DyLight 488-SABC
kit (Boster, SA1094) provided the appropriate secondary antibodies
for staining. In the end, cells that were stained with
immunofluorescence were observed and captured using a
fluorescence microscope. By using suitable fluorescence channels,
the captured images enabled the examination and interpretation of
IL1, IL-6, CD86, and CD206 protein expression levels in the cells.

2.6 Measurement of cellular metabolism

Before the experiment, a hydration plate was prepared by adding
200 pL of sterile water to each well to ensure proper hydration of the
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sensors on the probe plate. Afterward, the probe plate device was
placed in a cell incubator without CO, and incubated at a
temperature of 37°C for the duration of the night. The Seahorse
XFe96 test system was preheated for at least 5 h at 37°C. Different
inflammatory factors were used to stimulate cells, including
chondrocytes and macrophages, which were then treated with
varying concentrations of Songorine. These cells were plated in
Seahorse XF96 plates with a density of 10,000 cells per well. After
24 h of culture, a seahorse XFe96 assay system was performed using
the Agilent Seahorse XF analyzer. During the experiment, the growth
medium was substituted with Seahorse XF assay solution, and the
cells were subsequently placed in a cell incubator devoid of CO, at a
temperature of 37°C for a duration of 60 minutes to achieve
equilibrium. The glycolytic stress test (103020-100, Agilent
Technologies) was conducted using an assay solution containing
Seahorse XF DMEM Medium (103575-100), 2mM glutamine
(103579-100), pH 7.4. Measurements of the extracellular
acidification rate (ECAR) were conducted at intervals of 5 minutes,
both prior to and following the consecutive introduction of glucose
(10 mM), oligomycin (1 pM), and 2-DG (50 uM). To assess the
cellular oxygen consumption rate (OCR), a Mito Stress Test Kit
(103015-100, Agilent Technologies) was employed (20). Glucose was
present in the assay solution containing Seahorse XF DMEM
Medium 97ml (103575-100), ImL glucose (103577-100), 1mL
pyruvate (103578-100), ImL glutamine (103579-100), pH 7.4, and
measurements were conducted at 5-minute intervals prior to and
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following the consecutive introduction of oligomycin (1.5 pM), FCCP
(1 uM), and Rotenone/Antimycin A (0.5 uM) into the injection
ports (21).

The collected data were examined utilizing Wave software,
which enabled the interpretation and analysis of the horse assay
results. This experimental approach allowed for the assessment of
glycolytic activity and mitochondrial respiration, providing valuable
insights into the metabolic changes induced by different
inflammatory stimuli and the effects of Songorine treatment.

The determination of the total amount of oxidized and reduced
Nicotinamide adenine dinucleotide (NAD) and the individual
amounts of reduced NADH content was conducted through the
utilization of the NAD(+)/NADH assay kit employing the WST-8
method (Beyotime, Nantong, China), following the guidelines
provided by the manufacturer (22).

2.7 The process of RNA sequencing and
the subsequent analysis

To explore the impact of LPS on gene expression and the
potential regulatory function of Songorine, macrophages were
subjected to diverse treatment conditions during culturing. For
each type of cell, the experimental setup consisted of three groups
(1) cells cultured without any treatment, (2) cells treated solely with
LPS (100 ng/mL), and (3) cells treated with 50 LM Songorine.

Following a 24-hour treatment, RNA was obtained from the cellular
samples using the previously mentioned method. RNA-seq samples were
prepared using the NEBNext UltraTM RNA Library Prep Kit for the
Illumina system, following the protocol provided by the manufacturer.
At the OmicShare Bioinformatics Institute (Guangzhou, China), a HiSeq
3000 sequencer was utilized to conduct paired-end sequencing with a
read length of 150 bp. HISAT2 (v2.0.5) was used to map the acquired
RNA-seq reads to the Rnor_6.0 reference genome, employing the default
settings. To evaluate the expression levels of various transcripts in the
experimental groups, the calculation of Fragments per kilobase of exons
per million mapped reads (FPKM) was performed (23). Genes that were
significantly changed in response to LPS treatment, with or without
Songorine treatment, were identified through differential
expression analysis.

For data analysis and visualization, heatmaps of gene expression
were generated to illustrate the overall gene expression patterns
across different treatment groups. Furthermore, Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathway analyses
were performed to gain insights into the biological functions and
pathways affected by the treatments. Gene Set Enrichment Analysis
(GSEA) was conducted using the gene ontology (GO) and KEGG
databases, considering gene sets with absolute values of the
Normalized Enrichment Score ([NES|) > 1, nominal p-val < 0.05,
and False Discovery Rate (FDR) g-val < 0.25 as statistically
significant. The top 15 pathways were selected based on the
absolute values of NES for display. This analysis aimed to explore
the shared metabolic pathways affected by Songorine treatment in
LPS-treated RAW264.7 cells.
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2.8 Rat OA model and treatments in vivo

Male Sprague-Dawley rats, weighing between 250 and 300 grams,
were acquired from the Experimental Animal Center at Guangxi
Medical University. The research involving animal trials was carried
out following the Guidelines for Animal Experimentation of Guangxi
Medical University, and the experimental protocol was approved by
the Animal Ethics Committee of the institution (Approval No.
202201004). An anterior drawer test confirmed the success of the
anterior cruciate ligament transection (ACLT) model in inducing OA
in the rat’s knee joint, following a previously published method. The
control group consisted of sham-operated rats (24).

After a month from the surgery, the ACLT rats were divided
into three groups (n=6) randomly, and each group received an
intra-articular injection of one of the following formulations: 1)
saline, 2) 10 uM Songorine, or 3) 50 UM Songorine. Sham-operated
rats served as a healthy control group. Injections were administered
weekly. After the treatment commenced, the rats were euthanized at
4 and 8 weeks, and their knee joints were gathered for additional
examination. Before micro-CT imaging, the knee joints were
immersed in 4% paraformaldehyde for 24 hours to ensure
fixation (25). A micro-computed tomography system (Micro-CT)
(Quantum GX2, PerkinElmer) was utilized to conduct the imaging.
The system operated at a resolution of 72 um, with a 90 kV source
and 88 UA current. Afterwards, the reconstructed datasets were
analyzed using 3D analysis in the Mimics Research software
(version 21.0) to assess osteophyte development. The volume of
osteophytes or bone spurs was quantified to assess the extent of
joint damage in knee osteoarthritis. Furthermore, each sample was
given a macroscopic rating using a previously documented
technique that quantitatively assesses the severity of OA (26).

2.9 Histology and immunohistochemistry

Following the imaging process, the knee joints underwent
decalcification in a 10% (w/v) EDTA solution (pH 7.2) for a
duration of four weeks prior to being enclosed in paraffin. For
morphological analysis, 4 um thick serial sagittal sections were
prepared and stained with Safranin O/Fast Green. Additionally,
some sections were stored for IHC analysis. The medial
compartment of the knee was specifically analyzed at a distance
of 50 wm between each level, with three levels of each section being
examined for each sample. The OARSI scoring system was used to
evaluate the extent of the osteoarthritis-like characteristics, which
involved assessing three-level sections encompassing the femoral
condyle and tibial plateau. Two impartial observers, who were
unaware of the experimental groups, conducted this evaluation.
Routine deparaffinization was performed on synovial and cartilage
sections, followed by staining with hematoxylin and eosin (H&E).
To assess the morphology of cartilage, sections of cartilage were
treated to remove paraffin and then stained with a modified version
of Safranin O and fast green.
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To perform THC analysis, the sections underwent deparaffinization
and were then subjected to treatment with 3% H,O, at ambient
temperature for a duration of 15 minutes in order to remove any
inherent peroxidase activity. Afterwards, the sections were subjected to
antigen retrieval by incubating them with 0.25% EDTA trypsin
(Procell, China, Cat. PB180225) at a temperature of 37°C for a
duration of 20 minutes. Afterwards, the sections were obstructed
using goat serum containing 10% concentration at a temperature of
37°C for a duration of 1 hour. This was succeeded by an overnight
incubation with the primary antibody at a temperature of 4°C.
Secondary antibody incubation and DAB color rendering were
performed using an IHC kit. The microscope (VS120, OLYMPUS)
was used to capture the resulting images, and the Image J software was
utilized to quantify the percentage of positive areas.

2.10 Statistical analyses

The statistical analysis was performed using IBM SPSS Statistics
software, specifically version 23.0. The data is presented as the
average plus or minus the standard deviation (SD). Statistical
analysis was conducted using either Student’s t-test or one-way
ANOVA, with a p-value<0.05 indicating statistical significance. To
guarantee the dependability of the findings, the experiments were
conducted a minimum of three times (27, 28).

3 Results

3.1 Songorine redirecting macrophage
polarization toward anti-inflammation

In this section, we sought to comprehensively assess of
Songorine’s effect on macrophages using various techniques. We
noted a significant decrease in CD86-positive cells (M1 macrophages)
(Figures 1A-C) and an increase in CD206-positive cells (M2
macrophages) following Songorine treatment (Figures 1B, D).
Notably, Songorine not only affected M1 macrophages but also
influenced M2 macrophage polarization. Stimulation with
Songorine led to an upregulation in the expression of the M2
marker CD206 and the anti-inflammatory cytokine IL-10
(Figures 1E-G), indicative of a shift towards the anti-inflammatory
M2 phenotype. We observed Songorine’s potent ability to modulate
inflammatory responses. Specifically, Songorine exhibited a robust
inhibition of M1 macrophage repolarization, resulting in a significant
reduction in the expression of inflammatory cytokines IL-1f and IL-6
(Figures 1A, H, I). This underscores its efficacy in suppressing the
induction of pro-inflammatory factors. Our exploration of
inflammation-associated genes in RAW 264.7 cells, including IL-
1B, IL-6, and iINOS, further validated the anti-inflammatory effects of
Songorine (Figures 1H-J).

In summary, these findings collectively indicate that Songorine
effectively modulates macrophage polarization, tipping the balance
from the pro-inflammatory M1 phenotype towards the anti-
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inflammatory M2 phenotype. This remarkable ability holds
promising therapeutic implications for managing inflammation in
various diseases, including OA. The results not only provide
compelling evidence for the therapeutic potential of Songorine in
regulating macrophage polarization but also pave the way for
further research and potential clinical applications as a targeted
therapeutic agent for inflammatory disorders.

3.2 Songorine regulates metabolic shifts in
macrophages during osteoarthritis

To gain deeper insights into Songorine’s therapeutic properties
in OA and uncover its molecular mechanisms, we conducted RNA-
seq analysis. The results revealed significant variations in six
biological process groups, as per the Kyoto Encyclopedia of Genes
and Genomes (KEGG) database (Supplementary Figure S1).
Analyzing data sets comparing MO vs M1 and M1 vs S50
macrophages highlighted substantial alterations in lipid, amino
acid, carbohydrate, and other metabolic pathways, with a total of
399 genes related to metabolism exhibiting changes. Notably, 103
genes within the carbohydrate metabolism showed significant
expression changes when macrophages were stimulated with LPS.
Gene set enrichment analysis (GSEA) showed that LPS activated
pathways associated with metabolism, human diseases, organismal
systems, and environmental information processing. However,
these pathways were predominantly inhibited by Songorine in the
S50 group, with carbohydrate metabolism in the metabolic pathway
exhibiting the most significant changes (Figure 2A, Supplementary
Figure S2). Importantly, Songorine’s inhibitory effects on LPS-
induced glycolysis pathways and key genes were evident,
normalizing the expression of glycolysis-related genes in
inflammatory macrophages (Figure 2B). Our findings suggest a
comprehensive regulatory role of Songorine in altering the
expression of genes associated with various metabolic pathways.
Specifically, the downregulation of carbohydrate metabolism genes
points towards a metabolic reprogramming induced by Songorine,
aligning with the observed shift from glycolysis to mitochondrial
oxidative phosphorylation. This intricate interplay between gene
expression and metabolic shifts highlights Songorine’s potential as a
modulator of macrophage metabolism, contributing to its anti-
inflammatory effects in the context of OA.

3.3 Songorine induces metabolic
reprogramming in macrophages

To evaluate the impact of Songorine on macrophage
metabolism during LPS stimulation, we monitored the ECAR.
LPS-stimulated chondrocytes exhibited a significant increase in
glycolysis compared to normal macrophages (Figure 3A).
Inflammatory conditions enhanced all glycolysis-related
parameters, demonstrating statistically significant differences
(Figures 3B-E). However, Songorine suppressed glycolysis in
inflamed macrophages, with glycolysis and glycolytic capacity
decreasing in a concentration-dependent manner (Figures 3C, D),
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while non-glycolysis and glycolytic reserve were unaffected by LPS
and Songorine (Figures 3B, E). To investigate the interaction
between Songorine and metabolic pathways, molecular docking
simulations were conducted. The molecular docking results, as
shown in concentration-dependent, revealed that Songorine could
tightly bind to key metabolic targets, including PFKFB3, GULT1,
HK2, LDHA, PDH, and SUS. PFKFB3, GULT1, HK2, and LDHA
are crucial enzymes in the glycolysis pathway, while PDH and SUS
are key regulators of the tricarboxylic acid cycle. Songorine’s ability
to bind tightly to key enzymes, such as PFKFB3, GULT1, HK2, and
LDHA associated with glycolysis indicated a favorable binding of
Songorine to glycolysis, forming strong hydrogen bonds with amino
acid active groups and exhibiting strong binding energy (Figure 3F;
Supplementary Figure S3). To further confirm Songorine’s direct
inhibition of the glycolytic pathway through PFKFB3, GULTI,
HK2, and LDHA, PCR assays showed that LPS stimulation
promoted the expression of key glycolytic genes, namely PFKFB3,

Frontiers in Immunology

104

HK2, and LDHA, while Songorine significantly reversed the
stimulatory effect of LPS, reducing the expression of these genes
(Figures 3G-J). These results suggest that Songorine inhibits
glycolysis by downregulating key metabolic bottleneck enzymes
(as illustrated in Figure 3K), improving the metabolic
microenvironment to inhibit M1 polarization, promote M2
polarization, and facilitate self-repair.

Analysis of OCR revealed that IL-1B-treated cells exhibited
inhibited mitochondrial oxidative phosphorylation (OXPHOS)
(Figure 4A), including max respiration. Remarkably, Songorine
treatment significantly enhanced OXPHOS and glucose metabolism,
evidenced by increased basal respiration, max respiration, ATP
production, and proton leak, even reaching normal levels
(Figures 4B-G). These findings suggest that Songorine alters the
metabolic status of LPS-treated macrophages, inhibiting glycolysis
while preserving aerobic phosphorylation integrity (Figure 4H),
thereby activating M2 polarization and suppressing inflammation.
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FIGURE 2

Songorine exhibits polarization effects of macrophages by regulating metabolic pathways. RNA-sequencing of chondrocytes with different groups.
(A) GSEA analysis indicating common core biological pathways either upregulated or downregulated between data set 1 (MO vs M1) and data set 2
(M1 vs S50). NES: normalized enrichment score. (B) Relative mRNA expression heat map of gene in glycolysis based on Log2FC in the two data sets
(MO compare with M1; M1 compare with S50). Asterisk indicates p<0.05 (black), p<0.01 (red).

3.4 Songorine suppresses macrophage
oxidative stress through
metabolic reprogramming

Interestingly, Songorine exhibits a concentration-dependent
increase in proton leak (Figure 4F), a phenomenon known to
mitigate ROS production and consequently inhibit the onset of
oxidative stress. GSEA results reveal that LPS-stimulated
macrophages are enriched in the oxidative stress pathway,
promoting the occurrence of oxidative stress (Figure 5A).
However, the addition of Songorine to LPS-stimulated
macrophages significantly reverses the occurrence of oxidative
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stress, with the most notable changes observed in pathways
related to NAD metabolism, such as NADH dehydrogenase
complex assembly, NADH dehydrogenase complex, NADH
dehydrogenase (ubiquinone) activity, NAD(+) activity, and NAD
metabolic process. Gene enrichment analysis indicates that NAD-
related gene expression is significantly inhibited in LPS-stimulated
macrophages, while genes associated with oxidative stress show a
marked increase (Figure 5B). In contrast, Songorine inhibits
oxidative stress and promotes the regulation of NAD-related gene
expression. Notably, Gpdll, Hépd, and Ldha, which are
significantly enriched in metabolism and oxidative stress,
emphasize that these genes not only play a regulatory role in
metabolism but also hold importance in oxidative stress or NAD
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Songorine inhibits glycolysis by targets glycolytic enzymes. (A) Seahorse assay was performed to measure ECAR in different groups of macrophages.
The ECAR was assessed by the Seahorse assay before and after sequential addition of Glucose, Oligomycin (Oligo), and 2-DG. (B—E) Non-glycolysis,
glycolysis, glycolysis capacity and glycolytic reserve were calculated. (F-1) mRNA expression levels of GLUT1, HK2, PFKFB3 and LDHA in cells

cultured with different treatments. Bar graphs and plots represent or include

mean + SD, respectively. (J) Docking scores of Songorine with PFKFB3,

GLUTY, HK2, and LDHA. (K) Schematic illustration depicting the glycolytic regulation mechanism of Songorine. *p<0.05, **p<0.01 compared with the

normal control; #p<0.05, ##p<0.01 compared with the 10 ug/mL IL-1f grou

synthesis. Songorine, as previously demonstrated to target and
inhibit LDHA expression, not only regulates metabolism but also
suppresses the occurrence of oxidative stress. Determining NAD
content is crucial in our study as NAD plays a pivotal role in cellular
metabolism and redox reactions. Measurement of NADH and NAD
levels in macrophages aligns with gene expression results,
confirming that LPS stimulation inhibits NAD+ production
(Figure 5C) and NAD(+)/NADH ratio (Figure 5D), whereas
Songorine counteracts this effect in a concentration-dependent
manner, exhibiting optimal results at 50uM, approaching normal
levels. Furthermore, it is revealed that Songorine decreases the
production of ROS in LPS-stimulated M1 macrophages, as
indicated by reduced green fluorescence (Figures 5E, F).

3.5 Songorine modulates the inflammatory
microenvironment to facilitate
chondrocyte repair

Control and MOCM groups exhibit low expression of
inflammatory genes, while the MICM group shows elevated levels
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of IL-1B, IL-6 and MMPI3 (Figures 6A-C) alongside decreased
anabolic genes ACAN, COL-2¢, and SOX9 (Figures 6D-F). This
indicates chondrocyte stimulation within an inflammatory
microenvironment. Treatment with SI0CM and S50CM
significantly reduces the expression of inflammatory and catabolic
genes compared to M1CM, upregulating anabolic genes. Songorine
effectively shifts the immune microenvironment from inflammatory
to anti-inflammatory states. As expected, IF analysis shows a
substantial decrease in IL-1f3 gene expression with Songorine
treatment at different concentrations compared to the MICM group
(Figures 6G, H). Monitoring ROS content using DCFH-DA reveals
that Songorine concentration-dependently decreases ROS content,
highlighting its potent ROS-scavenging capacity (Figures 61, J).

These findings demonstrate that Songorine suppresses the
inflammatory microenvironment enriched with pro-inflammatory
factors and promotes anabolic processes in chondrocytes.
Songorine’s immunomodulatory effects on macrophage
reprogramming shift the inflammatory microenvironment toward
anti-chondrogenic conditions, impacting cellular functions and
contributing to the regulation of microenvironments in the joint
capsule affected by OA.

frontiersin.org


https://doi.org/10.3389/fimmu.2024.1344949
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

He et al.

10.3389/fimmu.2024.1344949

A B Non-mitochondrial Cc Basal respiration
respiration P
15
- --NC =
807  (iigo RovAA o g
FCCP ﬂ =10
- S
Zeof l 8
£ —&—LPS+50pM Songorine R 5
240 :
i 1 S 0
& = ] Songorine = = 10 50
520_.\.——I\' T (uM)
D E
=] Max respiration Spare capacity
0 T T T 1 15 =5
= . B #H# =
0 20 40 60 80 é 3 D .
. . £ * = o
Time (minutes) s10 23
g 2,
S =
5 o1
o
o 0 0
E s - -+ +
Proton leak ATP production 50'2%‘;\,1"')” ToT 100 T
8 7
o 24 H CoeoR) € (D)
Eel, Y, E @
S mE s ™ .
= =)
&2 4 Hoe “(
S, °, A TCA ¢ Wt X
s -+ + + Ho™
Songorine - - 10 50 N / Songorine
it (o) € G

FIGURE 4

Songorine reshapes glucose metabolism in LPS-stimulated macrophages. (A—G) Seahorse assay was conducted to measure OCR in different
macrophages groups. OCR was assessed before and after the sequential addition of Oligo, FCCP, and Rotenone/Antimycin (Rot/AA). (H) The schematic
illustrates the mechanism through which Songorine transforms glucose metabolism, promoting TCA metabolism. Bar graphs and plots represent mean
+ SD, respectively. *p < 0.05, **p < 0.01 compared with the normal control; #p < 0.05, ##p < 0.01 compared with the 10ug/mL IL-1B group

3.6 Songorine protects against
osteoarthritis in a surgically induced in
vivo model

To assess the in vivo efficacy of Songorine in treating OA, we
employed a rat model with ACLT as the OA induction method.
ACLT rats were randomly divided into three groups receiving
saline, 10uM Songorine, and 50uM Songorine treatments,
respectively. Sham-operated rats served as healthy controls.
Treatment initiation occurred on the 30th day post-surgery,
repeated every five days until day 60. Rats were euthanized for
joint collection, and Micro-CT imaging was performed. Joints
were dissected, exposing synovium and cartilage, and
photographed (Supplementary Figure S4A). In the ACLT
group, synovium thickening and adhesion to cartilage
indicated severe synovitis, with substantial damage to the
cartilage surface. Songorine treatment preserved a smooth
cartilage surface, comparable to the sham group, affirming its
protective effect against ACLT-induced cartilage damage
(Supplementary Figure S4B). The high concentration group
exhibited more significant benefits against cartilage damage
than the low concentration group. Micro-CT images
(Figures 7A, B1, B2) displayed remarkable bone density
reduction in the ACLT group, Songorine treatment effectively
preserved the integrity of cartilage and bone structures, and
suppressed the formation of osteophytes or bone spurs
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(Supplementary Figure S4C). Songorine exhibited the best
outcome, maintaining the intact subchondral bone structure.
S&F and HE staining (Figures 7C, D) illustrated proteoglycan
loss and reduced articular cartilage thickness post-ACLT,
whereas Songorine-treated ACLT rats showed significant
inhibition of cartilage degeneration. OARSI scores further
confirmed these protective results (Supplementary Figure S4D).

Synovial inflammation crucially influences OA progression;
hence, we conducted a histological analysis of synovium. Figure 8
shows that OA destroyed the synovial reticular structure, with
inflammatory cell infiltration causing thickening and disruption
of the normally porous structure. Songorine maintained the
synovial reticular structure and suppressed inflammatory cell
infiltration. To explore Songorine’s mechanisms in OA treatment,
we used an immunohistochemical assay to evaluate synovial
inflammation and infiltrated macrophage phenotypes. F4/80,
CD86 (M1 biomarker), and CD206 (M2 biomarker) were
employed for macrophage identification, and quantitative analysis
was conducted. In ACLT synovium, F4/80-stained macrophages
increased, however, Songorine demonstrates a concentration-
dependent reduction in macrophage infiltration while preserving
the normal structure of the synovial tissue (Figure 8A). CD86-
positive area increased, while CD206-positive area remained similar
to healthy synovium. Songorine treatment decreased CD86-positive
area increased In ACLT synovium, while CD206-positive area
remained similar to healthy synovium. treatment with Songorine
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FIGURE 5

Songorine ameliorates oxidative stress in LPS-stimulated macrophages. (A) GSEA analysis reveals common core oxidative stress pathways either
upregulated or downregulated between data set 1 (MO vs M1) and data set 2 (M1 vs S50). NES, normalized enrichment score. (B) Heat map of relative
MRNA expression for genes involved in oxidative stress based on Log2FC in the two datasets (MO compared to M1; M1 compared to S50). Asterisks
indicate p < 0.05 (black), p < 0.01 (red). (C) NAD+ content. (D) Ratio of NAD+/NADH. (E, F) Macrophages were cultured with different treatments,
and ROS levels were assessed using DCFH-DA as a probe, Scale bar: 50 um. Bar graphs and plots represent mean + SD, respectively. *p < 0.05, **p

10.3389/fimmu.2024.1344949

< 0.01 compared with the normal control; #p < 0.05, ##p < 0.01 compared with the 10ug/mL IL-18 group.

led to a decrease in the CD86-positive area and an increase in the
CD206-positive area (Figures 8B, C), indicating a reprogramming
of infiltrated M1 macrophages into the M2 phenotype.
Additionally, Songorine increased M2-type macrophages (CD206-
positive cells) in synovium and decreased IL-1 expression
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(Figure 8E). Songorine’s anti-inflammatory effects were also
evident in cartilage tissue, with increased IL-1f expression in the
ACLT group (Supplementary Figure S5A) reduced by Songorine.
Simultaneously, Songorine promoted SOX9 expression
(Supplementary Figure S5B), vital for cartilage maintenance.
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Songorine exerts a dual effect by protecting chondrocytes and remodeling the macrophage-induced inflammatory microenvironment. Conditioned
media from M1 macrophages, 10uM Songorine-treated M1 macrophages, and 50 uM Songorine-treated M1 macrophages were labeled as MOCM,
M1CM, 10SCM, and 50SCM, respectively. (A—F) Evaluation of mMRNA expression levels of anabolic and pro-inflammatory cytokines, including IL-1,
IL-6, MMP-13, ACAN, COL-2, and SOX-9. (G, H) Immunofluorescence and quantification of IL-1B in chondrocytes after exposure to different
treatments using macrophage-conditioned media. Scale bar: 50 um. (I, 3) Chondrocytes were cultured with different conditioned medium, and ROS
levels were measured using DCFH-DA as a probe, Scale bar: 50 um. *p<0.05, **p<0.01 compared with normal control; #p<0.05, ##p<0.01 compared

with the M1CM group

4 Discussion

A key finding of our study is the role of metabolic pathways in
Songorine’s anti-inflammatory mechanism. Metabolic pathways
play a crucial role in regulating cellular functions, and their
dysregulation is increasingly recognized as a key contributor to
inflammatory processes in OA. RNA-seq analysis revealed
significant variations in various metabolic pathways, particularly
those related to carbohydrate metabolism. Songorine effectively
reversed LPS-induced glycolysis pathways, indicating its potential
to influence macrophage polarization through metabolic
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alterations. Molecular docking simulations further supported
Songorine’s binding affinity to key glycolysis enzymes, providing
insights into its direct inhibition of the glycolytic pathway.

OA is a prevalent degenerative joint disorder characterized by
inflammation, cartilage degradation, and structural changes (29).
Recent research has delved into the molecular mechanisms underlying
OA and explored novel therapeutic agents. Macrophages play a crucial
role in the pathogenesis of OA, contributing to the inflammatory milieu
within the joint (30). Our results demonstrate that Songorine
significantly influences the inflammatory microenvironment within the
joint. Through a comprehensive analysis using PCR, Western blot, and
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FIGURE 7

Songorine effectively mitigates the remodeling and cartilage damage in the knee joint following ACLT surgery. The sham-operated group is denoted
as "sham,” the ACLT-operated group as “OA," and the ACLT-operated groups treated with 10uM or 50uM Songorine as “S10” or “S50." (A) Three-
dimensional micro-CT images vividly portray pathological structural changes in rat knees. (B1, B2) Three-dimensional micro-CT images reveal the
formation of calcified meniscus and synovial tissue among the groups, with the region marked in red indicating calcified tissue. (C) Representative
images of H&E-stained sections from rats treated with or without Songorine for 4 weeks. Scale bar: 500 um. (D) Representative images of Safranin O
& Fast Green-stained sections from rats treated with or without Songorine for 4 weeks. Scale bar: 500 um.

immunofluorescence techniques, we observed a notable elevation in pro-
inflammatory cytokines, indicating a crucial role in immune function
regulation. Importantly, Songorine exhibited a remarkable capacity to
modulate macrophage polarization, shifting the balance from the pro-
inflammatory M1 phenotype to the anti-inflammatory M2 phenotype.
This effect was evidenced by a reduction in M1 macrophage markers and
an increase in M2 macrophage markers.

Our study unveiled Songorine’s ability to induce metabolic
reprogramming in macrophages during LPS stimulation. LPS
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stimulation induces a robust increase in glycolytic activity in
macrophages, facilitating rapid ATP production and providing
essential intermediates for biosynthetic pathways. Key enzymes in
glycolysis, such as hexokinase and pyruvate kinase, are upregulated
to meet the heightened energy demands of activated macrophages (31).
This metabolic shift towards glycolysis not only sustains the energy
requirements for immune responses but also contributes to the
production of inflammatory cytokines. Notably, Songorine
suppressed glycolysis in inflamed macrophages in a concentration-
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treated with or without Songorine for 4 weeks. (B—E) Immunohistochemistry staining for F4/80, CD86, CD206, and IL-1 in the synovial membrane.

Scale bar: 25um.

dependent manner. The interaction between Songorine and metabolic
pathways, as indicated by molecular docking simulations, highlighted
its tight binding to crucial enzymes involved in glycolysis and the
tricarboxylic acid cycle. Metabolic rewiring towards glycolysis emerges
as a hallmark of M1 macrophages, characterized by heightened glucose
uptake and lactate production. Glycolytic enzymes, such as hexokinase
and pyruvate kinase, are upregulated, fueling the energetic demands of
M1 polarization (32, 33). Conversely, M2 macrophages exhibit a
preference for oxidative phosphorylation, relying on mitochondrial
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metabolism for energy production. Enhanced fatty acid oxidation
(FAO) and tricarboxylic acid (TCA) cycle activity characterize the
metabolic landscape of M2 polarization (34). In our study, Songorine
reversed glycolysis pathways, as evidenced by specific changes in gene
expression and metabolic profiles, suggests a metabolic reprogramming
associated with anti-inflammatory effects. This reversal is likely
influences macrophage phenotype, reduces the production of
inflammatory mediators, and contributes to the resolution of

inflammation. The downstream consequences encompass a shift
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towards tissue repair, maintenance of cellular homeostasis, and
mitigation of oxidative stress, collectively contributing to the
potential therapeutic benefits of Songorine in the context of
osteoarthritis. This metabolic reprogramming facilitated the
inhibition of M1 polarization, promotion of M2 polarization, and
support for self-repair processes, including ECM remodeling, enhanced
chondrocyte activity, anti-inflammatory signaling, maintenance of
redox balance, and modulation of immune responses. The observed
metabolic changes collectively create a microenvironment that
encourages the innate repair mechanisms of the joint, thereby
contributing to the recovery from OA.

Oxidative damage to proteins, lipids, and DNA exacerbates the
breakdown of cartilage tissues, a hallmark of OA progression (35).
Macrophages in the OA synovium exhibit a skewed polarization
profile, with an overabundance of pro-inflammatory M1
macrophages. These M1 macrophages are potent sources of ROS
and pro-inflammatory cytokines, creating a microenvironment
conducive to oxidative stress-induced damage (35, 36). An
intriguing aspect of Songorine’s mechanism is its impact on
macrophage oxidative stress. By enhancing proton leak,
Songorine significantly reduced oxidative stress in LPS-stimulated
macrophages. Proton leakage serves as a critical mechanism to
regulate mitochondrial membrane potential (A¥m) and,
consequently, ROS generation. Excessive ROS, implicated in
oxidative stress, contribute to cellular damage and various
pathological conditions. Proton leakage acts as a regulatory brake,
preventing ROS accumulation and averting oxidative stress-
induced injury to cellular components (37). Gene enrichment
analysis revealed the inhibition of oxidative stress-related
pathways, emphasizing the importance of NAD metabolism.
NAD’s involvement in both glycolysis and oxidative
phosphorylation positions it as a central player in energy
metabolism. This dual engagement plays a critical role in cellular
respiration and influences the production of ROS (38). NAD levels
can influence proton leakage in mitochondria, thereby impacting
the generation of ROS. A dynamic equilibrium exists, wherein
adequate NAD levels can modulate proton flux, contributing to
the prevention of excessive ROS production (39, 40). Songorine’s
ability to regulate NAD-related gene expression and maintain
intracellular ROS balance suggests its potential as an antioxidant
in the context of inflammatory disorders.

Our findings extend beyond macrophage modulation,
demonstrating Songorine’s ability to shift the immune
microenvironment from inflammatory to anti-inflammatory states.
Preliminary findings provided insights into similar approaches where
the secretome of immune cells has been implicated in influencing the
behavior of neighboring cells, particularly in the context of joint
disorders (41, 42). In chondrocytes, Songorine suppressed the
expression of inflammatory and catabolic genes while promoting
anabolic processes. This immunomodulatory effect contributes to the
regulation of microenvironments in the joint capsule affected by OA,
highlighting the potential of using conditioned media as a valuable tool
to understand the broader impact of Songorine on the joint
microenvironment and paving the way for novel therapeutic strategies.
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The translational significance of our study was underscored by
in vivo experiments employing a rat model of surgically induced
OA. Songorine treatment, especially at a higher concentration,
demonstrated protective effects against cartilage damage, synovial
inflammation, and bone density reduction. Histological analyses
further confirmed Songorine’s ability to maintain synovial
structure, reprogram macrophages, and attenuate inflammatory
responses in articular cartilage. In the upcoming research phase,
our primary focus will be on enhancing the in vivo anti-
inflammatory and cartilage-protective effects of Songorine. This
involves exploring innovative delivery systems such as hydrogel
carriers to facilitate more efficient and sustained release of
Songorine within the joint cavity. Additionally, we aim to delve
into more molecular targets of Songorine in osteoarthritis, paving
the way for the development of new targeted drugs for the treatment
of this condition.

In conclusion, Songorine demonstrates a protective effect on
cartilage and synovium, effectively transforming macrophages into
an anti-inflammatory M2 phenotype while inhibiting glycolysis and
enhancing oxidative phosphorylation. This metabolic
reprogramming is associated with a reduction in oxidative stress
in macrophages. These findings provide a solid foundation for the
potential use of Songorine as a therapeutic agent for osteoarthritis,
encouraging further research into its specific molecular targets and
clinical applications.
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Background: Non-alcoholic fatty liver disease (NAFLD) is the most common
chronic liver disease globally, with the potential to progress to non-alcoholic
steatohepatitis (NASH), cirrhosis, and even hepatocellular carcinoma. Given the
absence of effective treatments to halt its progression, novel molecular
approaches to the NAFLD diagnosis and treatment are of paramount importance.

Methods: Firstly, we downloaded oxidative stress-related genes from the
GeneCards database and retrieved NAFLD-related datasets from the GEO
database. Using the Limma R package and WGCNA, we identified differentially
expressed genes closely associated with NAFLD. In our study, we identified 31
intersection genes by analyzing the intersection among oxidative stress-related
genes, NAFLD-related genes, and genes closely associated with NAFLD as
identified through Weighted Gene Co-expression Network Analysis (WGCNA).
In a study of 31 intersection genes between NAFLD and Oxidative Stress (OS), we
identified three hub genes using three machine learning algorithms: Least
Absolute Shrinkage and Selection Operator (LASSO) regression, Support Vector
Machine - Recursive Feature Elimination (SVM-RFE), and RandomForest.
Subsequently, a nomogram was utilized to predict the incidence of NAFLD.
The CIBERSORT algorithm was employed for immune infiltration analysis, single
sample Gene Set Enrichment Analysis (ssGSEA) for functional enrichment
analysis, and Protein-Protein Interaction (PPI) networks to explore the
relationships between the three hub genes and other intersecting genes of
NAFLD and OS. The distribution of these three hub genes across six cell
clusters was determined using single-cell RNA sequencing. Finally, utilizing
relevant data from the Attie Lab Diabetes Database, and liver tissues from
NASH mouse model, Western Blot (WB) and Reverse Transcription Quantitative
Polymerase Chain Reaction (RT-gPCR) assays were conducted, this further
validated the significant roles of CDKN1B and TFAM in NAFLD.
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Results: In the course of this research, we identified 31 genes with a strong
association with oxidative stress in NAFLD. Subsequent machine learning analysis
and external validation pinpointed two genes: CDKNI1B and TFAM, as
demonstrating the closest correlation to oxidative stress in NAFLD.

Conclusion: This investigation found two hub genes that hold potential as novel
targets for the diagnosis and treatment of NAFLD, thereby offering innovative
perspectives for its clinical management.

KEYWORDS

non-alcoholic fatty liver disease, bioinformatic analysis, machine learning, WGCNA,
CDKN1B, NDUFA4, TFAM

Introduction

Approximately 25% of the global population is afflicted with
Non-alcoholic fatty liver disease (NAFLD), although the prevalence
varies due to regional disparities. The Middle East (32%) and South
America (30%) exhibit the highest rates, while the prevalence is 24%
in North America and Europe, 27% in Asia, and the lowest in Africa
at 13% (1). The American Association for the Study of Liver
Diseases (AASLD) has defined NAFLD in its practice guidelines
as: (a) the presence of hepatic steatosis, either by imaging or
histology, and (b) no causes for secondary hepatic fat
accumulation, such as significant alcohol consumption, use of
steatogenic medication, or hereditary disorders (2).

NAFLD can be further subdivided into Non-alcoholic fatty liver
(NAFL) and Non-alcoholic steatohepatitis (NASH) (3). NAFL is
defined by hepatic steatosis without evidence of hepatocellular
injury in the form of hepatocyte ballooning. Conversely, NASH is
characterized by hepatic steatosis and inflammation with
hepatocyte injury, with or without fibrosis (4). NAFL can
transform into NASH, which is characterized by hepatocellular
ballooning and lobular inflammation as well as steatosis.
Perisinusoidal fibrosis is typically not considered a prerequisite
for diagnosing NASH (5). NAFLD may evolve into cirrhosis and
hepatocellular carcinoma (HCC) (6), with HCC representing the
fourth leading cause of cancer-related deaths worldwide (7). In the
United States, NASH is the second most common indication for
liver transplantation (8). Among U.S. HCC patients requiring liver
transplantation, those with NAFLD represent the fastest-growing
group (9), highlighting the substantial disease burden posed
by NAFLD.

Oxidative stress (OS) means an imbalance between oxidative
and antioxidative processes within an organism. Under these
conditions, the quantity of Reactive Oxygen Species (ROS) and
Reactive Nitrogen Species (RNS) produced by the organism
surpasses its antioxidative capabilities, thereby inducing oxidative
damage. ROS and RNS are small molecules with robust oxidative
characteristics, encompassing both free radicals and non-free
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radicals, such as superoxide anions, hydroxyl free radicals,
hydrogen peroxide, and nitric oxide. When tissues, cells, and
biological macromolecules are exposed to these excessive oxidants
over an extended period, a series of biochemical reactions are
triggered, causing oxidative damage and consequently, impairing
normal cellular functions. Prolonged oxidative stress is regarded as
a pivotal factor in instigating various diseases such as cardiovascular
diseases (10), cancer (11), neurodegenerative diseases (12), diabetes
(13), and aging (14). To prevent oxidative damage, an antioxidative
system exists within the organism, consisting of antioxidative
enzymes (such as superoxide dismutase and catalase) and non-
enzymatic antioxidants (such as vitamin C, vitamin E, and
glutathione). This system can neutralize ROS and RNS, shielding
cells from their detrimental effects.

In animal experiments, we found that carbon tetrachloride can
lead to hepatic fat accumulation and damage. After reviewing the
literature, we learned from several studies by Slater et al. that free
radicals play a key role in causing liver damage (15). This implies that
free radicals play a pathogenic role in initiating liver diseases, while
antioxidants have therapeutic effects on free radical-mediated
NAFLD (16). Furthermore, epidemiological, clinical, and
experimental research targeting the liver reveals that NAFLD is
closely associated with alterations in redox status and subsequent
increased metabolic risk (17). According to the “second hit” and
“multiple hit” theories, oxidative stress appears to be one of the most
critical mechanisms causing NAFLD liver injury and plays a vital role
in the progression from NAFL to NASH (18). Studies have
demonstrated that the liver is a principal organ attacked by ROS
(19), where an increase in ROS can induce lipid peroxidation by
activating Hepatic Stellate Cells (HSC), thereby resulting in
inflammation and fibrosis formation. Moreover, ROS can inhibit
hepatic VLDL secretion, inducing hepatic fat accumulation, and also
promote hepatic insulin resistance and necrotizing inflammation,
activating several cell pathways leading to hepatocyte apoptosis (20).
Several interrelated pro-oxidative factors, along with mitochondrial
dysfunction, might also contribute to the occurrence of OS. Targeted
research on OS represents a promising direction in treating NASH.
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Inspired by these pioneering studies, we decided to explore the
relationship between NAFLD and OS through bioinformatics
analysis, hoping to offer new insights and guidance for the clinical
diagnosis and treatment of NAFLD.

In this research, based on the results of the Limma package and
Weighted Gene Co-expression Network Analysis (WGCNA), we
identified 31 genes related to NAFLD and OS. Furthermore, we
employed three machine learning algorithms—Least Absolute
Shrinkage and Selection Operator (LASSO), Support Vector
Machine-Recursive Feature Elimination (SVM-RFE), and
RandomForest to examine these genes. The results suggested that
CDKN1B, NDUFA4, and TFAM are intimately related to oxidative
stress in NAFLD, providing new insights for the diagnosis and
treatment of NAFLD.

Materials and methods
Data collection and processing

Figure 1 was created to show the flowchart of our data analysis
process. The datasets GSE33814 (GPL570) and GSE48452 (GPL11532)

were retrieved and downloaded from the Gene Expression Omnibus
(GEO) database (https://www.ncbi.nlm.nih.gov/geo/). GSE33814

GSE33814

10.3389/fimmu.2024.1335112

consists of 44 samples: 13 control, 19 NAFL, and 12 NASH.
GSE48452 consists of 46 samples: 14 control, 14 NAFL, and 18
NASH, serving as a dataset for validation. It is imperative to note
that many studies on NAFLD that undergo bioinformatic analysis
selectively utilize samples from the more severe NAFLD stage, NASH,
for analysis. For the sake of academic rigor in this study, NAFL samples
have been included in addition to NASH samples. The “Limma”
package (21) was utilized for normalizing sample data, conducting
conversion between probe ID and gene symbols through coding,
eliminating probes without gene symbols, and calculating the average
expression value under the same symbol.

Genes related to OS were retrieved and downloaded from the
Genecard database (https://www.genecards.org/), using a relevance
score greater than 7 as a selection criterion (22), resulting in the
extraction of 1065 genes associated with oxidative stress.

Implementation of WGCNA and
identification of key module genes

WGCNA is a robust systems biology method, designed for
identifying coexpressed gene modules and exploring associations
between gene networks and notable phenotypes, along with
deciphering key genes within the networks. WGCNA enables the

Immune infi!tration Analysis of WGCNA Differential expressed Oxidative Stress-
analysis genes(DEGs) related genes
Y
31 intersecting genes
of NAFLD and OS
‘ Machine learning | |DO,GO and KEGG functional
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Frontiers in Immunology

117

ne learning algorithms

frontiersin.org


https://www.ncbi.nlm.nih.gov/geo/
https://www.genecards.org/
https://doi.org/10.3389/fimmu.2024.1335112
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Wang et al.

discovery of highly correlated gene clusters, which typically share
common functionalities within biological processes. Significantly,
WGCNA constructs a weighted network, indicating that connections
within the network not only represent a binary existence but also
mirror the correlation strength among genes, an essential feature to
accurately represent intricate relationships between genes.

In our research, WGCNA, implemented through the R package
“WGCNA” (23), was utilized to identify modules with the highest
relevance to NAFLD. WGCNA encompasses five primary steps:
gene clustering, assessing whether the soft-thresholding power
approximates a scale-free network, merging similar modules (with
the cut height for merging modules set at 0.25 and MEDissThres =
0.25, implying the merging of modules with a similarity greater than
0.75), associating modules with traits, and identifying genes with
the highest correlation. To determine whether two gene modules
possess similar expression patterns, a threshold is typically set to sift
through and merge gene modules that are deemed similar when
exceeding this threshold.

Preprocessing of data and selection of
differentially expressed genes

Utilizing the “Limma” R package, with |log2Fold change(FC)| >
0.3 and p < 0.05 as the selection criteria, 592 DEGs were identified
within the GSE33814 dataset. Heatmaps and volcano plots for
DEGs were generated using the “pheatmap” (24) and “ggplot2”
(25) packages.

Establishment of Venn diagram

The Venn diagram were constructed using the Evenn website
(http://www.ehbio.com/test/venn/).

Conducting functional enrichment analysis

In this research, the “ClusterProfiler” R package (26) was
employed for Gene Ontology (GO) enrichment analysis,
encompassing Biological Process (BP), Molecular Function (MF),
and Cellular Component (CC), as well as Kyoto Encyclopedia of
Genes and Genomes (KEGG) and Disease Ontology (DO)
functional enrichment analysis. A p-value of <0.05 was
considered statistically significant.

Application of machine learning for
screening hub genes

LASSO regression is a regression analysis method that enhances
the predictive accuracy of models by conducting variable selection
and adjusting complexity through the compression of regression
coefficients. A notable advantage of LASSO regression is its ability
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to simultaneously retain valuable features while compressing
coefficients of irrelevant or less important features to zero, thus
serving not only predictive purposes but also facilitating variable
selection and model interpretation. Specifically, LASSO regression
is achieved by introducing a regularization term, Lambda, to the
foundation of Ordinary Least Squares (OLS) regression. The
regularization term, constituting the sum of the absolute values of
all regression coefficients, allows control over the magnitude of the
regression coefficients. When the coefficient of the regularization
term is adequately large, certain regression coefficients will be
reduced to zero, thereby enabling feature selection.

SVM-REFE is a technique employed for feature selection, utilizing
SVM to recursively eliminate the least important features. SVM-RFE
operates through an iterative process, wherein the least crucial feature
is removed at each step based on the coefficients of the SVM model,
then an SVM model is rebuilt using the remaining features. This
process persists until the desired number of features is attained. The
technique offers the advantage of selecting a highly informative set of
features within high-dimensional data, thus enhancing the model’s
generalization capability.

RandomPForest is an ensemble learning method that enhances
predictive accuracy and robustness by aggregating the predictive
results of multiple decision trees. The RandomForest algorithm can
be applied to both classification and regression problems. The
algorithm derives its name from its working principle: during the
training process, the RandomForest randomly selects features from
the feature set and constructs numerous decision trees. Each tree is
trained on an independent subset of samples, obtained through
bootstrap sampling. The predictive process of the RandomForest is
as follows: in classification problems, a new input sample is
predicted individually by all the decision trees, and the final
prediction is determined by majority voting; in regression
problems, the final prediction is the average of the predictions
made by all the decision trees.

LASSO regression is executed using the “glmnet” package (27).
SVM-REE is realized utilizing the “e1071” (28) and “caret” packages
(29). RandomForest is implemented using the “randomForest”
package (30).

Establishment of protein-protein
interaction network

We utilized the “STRINGdb” package (31) to construct a PPI
network and used the “igraph” package (32) to visualize the PPI of
hub genes, based on betweenness values. Simultaneously, we used
the GeneMANIA website (http://genemania.org/) to build a
protein-protein interaction network.

Analysis of immune infiltration

CIBERSORT is a computational biology tool that employs a
deconvolution algorithm to estimate the proportions of 22 immune
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cell types in both NAFLD and control groups, based on gene
expression data. It is capable of quantitatively estimating the
presence of immune cells in tissue samples without direct
measurement of immune cell infiltration.

Construction of nomogram and analysis of
ROC curve

A nomogram is a graphical tool widely used to predict the
probability of a particular outcome based on a series of variables. In
this study, the nomogram was constructed using the “rms”
package (33).

The ROC curve is a graphical tool utilized to evaluate the
predictive performance of hub genes. It illustrates the performance
of hub genes across all possible classification thresholds by plotting
the relationship between the True Positive Rate (TPR) and False
Positive Rate (FPR) at various thresholds. In this research, the ROC

curve was developed using the “pROC” package (34).

Conducting gene set enrichment analysis
of hub genes and single sample gene set
enrichment analysis of hallmark gene sets

We conducted a single-gene GSEA to investigate the potential
roles of hub genes. ssGSEA is employed to extract the enrichment
score of specific gene sets from the gene expression data of a single
sample. ssGSEA considers the rankings of all genes, not just those
that are significantly differentially expressed. The ssGSEA scores
can be interpreted as the rank of gene expression relative to
background gene expression within a given gene set. The
Hallmark gene sets, created by the Molecular Signatures Database
(MSigDB) project at the Broad Institute, aim to condense and
reorganize the broader C2 Canonical pathways gene sets.
Encompassing 50 distinct sets, each represents a specific
biological process. The design of Hallmark gene sets seeks to
clarify the relationship between gene function and biological
processes. Each Hallmark gene set captures a specific biological
state or process by summarizing multiple similar gene sets and
extracting their common variation through Principal Component
Analysis (PCA). This approach benefits from reduced redundancy
and noise, enhancing the biological significance of the gene set.
Combining ssGSEA with Hallmark gene sets aids in understanding
the activity levels of various biological processes and pathways
within a single sample.

Processing of single-cell sequencing data

The single-cell RNA sequencing (scRNA-seq) dataset
GSE189600 was downloaded from the GEO database, comprising
three NASH samples and three healthy samples serving as control
(35). The analytical process unfolded as follows: Post-Quality
Control (QC), the 10x scRNA-seq data was converted into Seurat
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objects, followed by a reduction in feature dimensions utilizing PCA
and Uniform Manifold Approximation and Projection (UMAP) to
identify distinct cellular subgroups. Subsequently, marker genes
within different clusters were detected, and various cell types were
annotated, followed by functional enrichment analysis. The
“Linnorm” (36), “scater” (37), “Seurat” (38) and “SingleR” (39)
packages were utilized throughout this process.

TF-miRNA-mRNA regulatory network

The NetworkAnalyst website (https://www.networkanalyst.ca/
NetworkAnalyst/) encompasses numerous databases to predict
potential Transcription Factors (TFs) and microRNAs (miRNAs).
In the present study, Transcription factor targets were derived from
the JASPAR database, and Comprehensive experimentally validated
miRNA-gene interaction data were collected from the miRTarBase
v8.0 database.

Attie lab diabetes database

The BTBR ob/ob mouse model is extensively used in the study
of Type 2 Diabetes (T2D) and obesity in laboratory settings. This
model combines the characteristics of the BTBR strain with
mutations in the leptin gene (ob/ob), which are key factors in the
onset of obesity and diabetic symptoms. The database allows for the
querying of gene expression in six critical tissues, including the
islets, liver, adipose tissue, hypothalamus, gastrocnemius muscle,
and soleus muscle, based on variables such as genetic obesity status
(lean vs ob/ob), mouse strain (B6 vs BTBR), and different age stages
(4 weeks old vs 10 weeks old). This study employs the mlratio as a
metric to assess changes in gene expression, where mlratio refers to
the base-10 logarithm of the ratio of gene expression in an
experimental sample (individual mice) relative to a specific strain
reference pool (B6 strain or BTBR strain). The reference pool data is
derived from 20 mice per strain, including lean and ob/ob mice at
ages of 4 weeks and 10 weeks, with five mice from each age group.
Our research focuses on the liver tissue of 10-week-old lean and ob/
ob mice from both B6 and BTBR strains, with statistical analysis
and graphical representation conducted using GraphPad Prism 9.

NASH mouse model

In this study, we utilized female C57BL/6 mice, aged between 6 to
8 weeks, and subjected them to a high-fat, high-cholesterol (HFHC)
diet while administering intraperitoneal injections of CCl4. This
regimen was maintained for a total duration of 17 weeks to
establish a NASH mouse model. The CCl4 injections were given
once weekly at a dosage of 0.32 pg/g. The HFHC diet, acquired from
Dyets Inc, under the product code D18061501, is characterized as a
Modified Western Diet with 41% sucrose and 1.25% cholesterol. The
caloric content of the diet was distributed as follows: 17% from
protein, 43% from carbohydrates, and 40% from fats.
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RT-gPCR

Liver tissues from wild-type (wt) mice and NASH models were
thoroughly homogenized, and RNA was extracted using the TRIzol
method. Subsequent reverse transcription and PCR processes were
conducted using Vazyme’s reverse transcription kit (catalog number
R323) and PCR kit (catalog number Q341), respectively. The reverse
transcription was performed on the GeneAmp PCR System 9700 from
Applied Biosystems, while PCR amplification was carried out on the
LightCycler 480 II system from Roche. All primers were purchased
from Sangon Biotech. The primer sequences for RT-PCR are as
follows: GAPDH: forward AGGTCGGTGTGAACGGATTTG,
reverse TGTAGACCATGTAGTTGAGGTCA;CDKNI1B: forward
AGCAGTGTCCAGGGATGAGGAA, reverse TTCTTGGGCGTCT
GCTCCACAG;TFAM: forward GAGCAGCTAACTCCAAGTCAG,
reverse GAGCCGAATCATCCTTTGCCT. All experiments were
performed in triplicate. Melting curve analysis confirmed the
specificity of the PCR amplification as single peaks. The Ct values
obtained were analyzed using the 2-AACt method, with GAPDH
serving as the standard, to calculate the relative RNA expression levels.

Western blot

Liver tissues from wild-type (wt) and NASH model mice were
finely minced and then subjected to protein extraction via the RIPA
method. The expression levels of B-actin and tubulin were
normalized using their grayscale values measured by Image].
Polyacrylamide gels were prepared using the One-Step PAGE Gel
Fast Preparation Kit (15%) from Vazyme (catalog number E305),
with the 180 kDa Prestained Protein Marker from Vazyme (catalog
number MP102) used for molecular weight estimation.
Electrophoresis and membrane transfer were conducted using the
PowerPac Basic Power Supply from BIO-RAD. Blocking was
performed with 5% BSA. Primary antibodies were diluted as
follows: B-actin at 1:1000 from Servicebio (catalog number
GB15001-100), tubulin at 1:5000 from Affinity Biosciences
(catalog number T0023), CDKN1B at 1:1000 from BIOSS (catalog
number bs-0742R), and TFAM at 1:1000 from Proteintech (catalog
number 22586-1-AP). Imaging was done using the Tanon 4800
system. Grayscale values for all bands were acquired with Image],
and the relative protein expression levels were determined using f3-
actin and tubulin as standards. Statistical analysis and graphical
representation were performed using GraphPad Prism 9.

Statistical analysis

R software (version 4.2.2; https://www.r-project.org/) and
GraphPad Prism 9 were employed for all statistical analyses and
graph generation. The Wilcoxon test and Student’s t-test were
utilized to compare intergroup differences. ROC (Receiver
Operating Characteristic) curves were used to evaluate the
predictive performance of candidate genes used to construct
predictive models. A P-value <0.05 was considered to indicate
statistical significance.
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Results

Implementation of WGCNA and
identification of key module genes

WGCNA was used to identify modules most significantly
correlated within the GSE33814 dataset. A soft-thresholding power
(jB) was set at 15, ensuring a scale-free R? = 0.9, to accommodate gene
expression relevant to a scale-free network (Figure 2A). The clustering
of module eigengenes is employed to display the results of hierarchical
clustering. In the diagram, ‘Height’ denotes the dissimilarity between
clusters. When two clusters join at a lower height, it indicates greater
similarity between them; conversely, a higher joining point suggests
greater dissimilarity. Color labels represent different modules, each
typically comprising a group of genes with similar expression
patterns. This allows for the identification of gene modules with
similar expression patterns (Figure 2B). The Cluster Dendrogram is
also utilized to demonstrate the outcomes of hierarchical clustering
analysis. The top of the dendrogram features a black line, with each
bifurcation representing a split or merge in the clustering process.
Colored bands denote different clusters obtained through the
Dynamic Tree Cut method, with each color representing a cluster
and the horizontal length indicating the number of objects within
each cluster (Figure 2C). Module-trait relationships illustrate the
associations between different gene modules (indicated by colors)
and NAFLD, with each grid representing the correlation between a
specific gene module and NAFLD (Figure 2D). A total of 13 gene co-
expression modules were identified in the Module-trait relationships
between the NAFLD group and the control group (Figure 2D).
Notably, the black module (cor=-0.65, p=2e-6), darkred module
(cor=-0.58, p=4e-05), and blue module (cor=0.5, p=5e-04)
demonstrated the most significant correlations. The scatterplot for
the black module displays the relationship between module
membership and Gene Significance, with a correlation coefficient
(cor) of 0.79 (p<le-200). This indicates that as a gene’s membership
in the black module increases—denoting higher similarity in
expression patterns with other genes in the module—its association
with NAFLD and its importance in the studied traits also increases
(Figure 2E). Similar conclusions can be drawn from the scatterplots
for the darkred and blue modules, which have correlation coefficients
of 0.80 (p<le-200) and 0.62 (p=3.1e-139), respectively (Figures 2F,
G). Within these three modules, a total of 5361 genes were screened.

Preprocessing of data and selection
of DEGs

Utilizing [log2 fold change (FC)| > 0.3 and p < 0.05 as selection
criteria, 592 DEGs were identified within GSE33814. Volcano plots were
crafted using the “ggplot2” R package (Figure 3A), the vertical lines
represent [log2 fold change (FC)| > 0.3, and the horizontal line represents
p < 0.05.Heatmaps were generated with the “pheatmap” R package
(Figure 3B). Employing a Relevance score greater than 7 as a selection
criterion in the Genecard database, 1065 genes related to oxidative stress
were identified. The intersection of genes derived from the three
methods yielded 31 intersection genes of NAFLD and OS (Figure 3C).
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Implementation of WGCNA and identification of key module genes. (A) A soft-thresholding power (B) was set at 15, ensuring a scale-free R = 0.9
(B) Hierarchical clustering dendrogram of module eigengenes. (C) The cluster dendrogram of co-expression network modules from WGCNA
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relationship between module membership and gene significance

Conducting functional enrichment analysis
of 31 intersection genes of NAFLD and OS

In the DO enrichment analysis, kidney failure and
cerebrovascular disease were significantly enriched (Figure 4A). In
the GO enrichment analysis (Figure 4B), BP categories were
enriched in cellular response to oxidative stress, cellular response
to chemical stress, response to oxidative stress, and response to
nutrient levels. CC categories were enriched in mitochondrial
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matrix and mitochondrial protein-containing complex, and MF
categories were enriched in heat shock protein binding,
oxidoreductase activity, acting on the CH-CH group of donors,
and electron transfer activity. In the KEGG functional enrichment
analysis (Figure 4C), Chemical Carcinogenesis - Reactive Oxygen
Species, Pathways of Neurodegeneration - Multiple Diseases, HIF-1
Signaling Pathway, and Toll-like Receptor Signaling Pathway were
significantly enriched and the genes enriched in these pathways are
illustrated (Figures 4C, D).
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Application of machine learning for
screening hub genes

Within the 31 intersection genes of NAFLD and OS, we first utilized
the SVM-RFE algorithm to extract 20 genes (Figures 5A, B).
Subsequently, 6 genes were identified through the LASSO regression
algorithm (Figures 5C, D). Following this, the RandomForest algorithm
selected 9 genes (Figures 5E, F). Ultimately, by employing a Venn
network to intersect these gene subsets, we identified 3 genes: CDKN1B,
NDUFA4, and TFAM (Figure 5G). Simultaneously, the interaction
relationships between these 3 hub genes and other intersection genes
of NAFLD and OS were explored within the PPI network (Figure 5H).

GSEA of hub genes and ssGSEA of hallmark
gene sets

The Gene Set Enrichment Analysis (GSEA) plots provide
insights into the biological processes enriched during high and
low expressions of individual genes. This enrichment allows us to
rank these processes and identify those with the significant
differences. Such analyses are instrumental in revealing the
molecular mechanisms underlying changes in biological states
and the affected biological pathways. In these plots, the horizontal
axis represents gene ranking within an ordered dataset, typically
based on expression levels from high to low. The vertical axis shows
the running enrichment score (ES) for the gene set. The ranked list
metric at the bottom indicates the value used for gene ranking,
which could be the signal-to-noise ratio, fold change, or other
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statistical measures of differential expression. The lines in the plots
trace the path of the enrichment score across the ranked gene list for
each gene set, while the vertical lines below the plot signify the
positions of genes from the gene set within the ranked list.

Figure 6A demonstrates gene sets associated with upregulated
genes linked to CDKN1B. The top of the ranked list features enriched
gene sets including ascorbate and aldarate metabolism, butanoate
metabolism, fatty acid degradation, steroid hormone biosynthesis,
and the degradation of valine, leucine, and isoleucine. Figure 6B
presents gene sets associated with downregulated genes linked to
CDKNI1B, including ECM-receptor interaction, galactose
metabolism, platelet activation, proteasome, and thyroid hormone
synthesis. Figure 6C illustrates gene sets related to genes upregulated
in connection with NDUFA4, encompassing ascorbate and aldarate
metabolism, ferroptosis, the intestinal immune network for IgA
production, and steroid biosynthesis. Figure 6D reveals gene sets
corresponding to genes downregulated with NDUFA4, highlighting
glutathione metabolism, insulin resistance, mineral absorption, N-
glycan biosynthesis, and thyroid hormone synthesis. Figure 6E shows
gene sets related to upregulated genes in association with TFAM, with
the top-ranked list showing enrichment in gene sets such as fluid
shear stress and atherosclerosis, glutathione metabolism, mineral
absorption, platinum drug resistance, and ribosome biogenesis in
eukaryotes. Figure 6F displays gene sets linked to downregulated
genes in connection with TFAM, featuring gene sets like arachidonic
acid metabolism, ascorbate and aldarate metabolism, glycerolipid.

ssGSEA, is a method designed to calculate the degree of
enrichment between gene expression data of a single sample and a
predefined set of genes. In contrast to traditional GSEA, which
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compares groups of samples or conditions, ssGSEA allows for scoring
each individual sample independently. This proves particularly
valuable in revealing changes in biological processes within
individual samples that do not show significant changes at the group
mean level, especially useful in samples with substantial heterogeneity.
It does not necessitate a control group and is applicable to a variety of
gene expression data types, including those from public databases. The
operational procedure is as follows: firstly, it ranks all genes based on
their expression levels; then, for each gene set, ssGSEA calculates an
enrichment score that reflects the relative positioning and distribution
of genes within that set in the ranking. This score is derived by
accumulating the scores of genes within the gene set while subtracting
the scores of genes not included in the set; ultimately, this score may be
normalized to allow comparisons across different samples or gene sets.
A Hallmark Gene Set denotes a group of genes whose patterns of
expression have specific biological significance, such as being indicative
of certain cell types, diseases, or biological processes, and are often
identified through the analysis of experimental data. In summary, a
Hallmark Gene Set provides a predefined list of genes that are
considered biologically relevant; ssGSEA is an analytical tool that
uses these sets to quantitatively assess the expression of these gene

Frontiers in Immunology

123

sets in individual samples. By doing so, ssGSEA can reveal the unique
biological characteristics inherent to each sample. By employing this
method, we can finally determine the significant differences in
biological processes between the control group and the NAFLD
group (Figure 6G), and ascertain the specific biological processes in
which the three hub genes differ significantly (Figure 6H).

Clinical studies of the hub genes

In the correlation heatmap, we observed a positive correlation
between CDKN1B and NDUFA4, while TFAM was negatively
correlated with them (Figure 7A). In the GSE33814 dataset, the
diagnostic value of these three hub genes was further validated
through the ROC curve. Specifically, NDUFA4 (AUC: 0.935), TFAM
(AUC: 0.909), and CDKNI1B (AUC: 0.911) demonstrated significant
diagnostic value for NAFLD (Figure 7B). Similar results were obtained
in the GSE48452 validation dataset (Figure 7C). Through the
investigation of the GSE33814 dataset, we discovered that CDKN1B
and NDUFA4 expressions were reduced in NAFLD, whereas TFAM
expression was elevated (Figures 7D-F). These findings were validated
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in the GSE48452 dataset (Figures 7G-I). Additionally, we constructed a
nomogram to predict the incidence of NAFLD (Figure 7]). These
results suggest that the three hub genes present a satisfactory
performance in diagnosing NAFLD.

Analysis on immunization: immune
infiltration analysis and processing of
single-cell sequencing data

Utilizing the CIBERSORT algorithm for immune infiltration
analysis, significant differences were observed between the control
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and NAFLD groups in Tregs, MO macrophages, M2 macrophages, T
cells CD4 memory activated, activated mast cells, and neutrophils
(Figure 8A). Analysis of the single-cell RNA sequencing dataset
GSE189600 determined the distribution of three hub genes across
six cell clusters (Figure 8B). Significant disparities were identified
between the control and NAFLD groups for CDKNIB in stellate
cells and vascular smooth muscle cells (VSMCs). For NDUFA4,
notable differences were observed between the control and NAFLD
groups in stellate cells and hepatocytes. In the case of TFAM, the
control and NAFLD groups demonstrated significant variation in
VSMCs (Figure 8C).
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GSEA of Hub Genes and ssGSEA of Hallmark Gene Sets. (A, B) GSEA analysis of CDKN1B-up and CDKN1B-down. (C, D) GSEA analysis of NDUFA4-up
and NDUFA4-down. (E, F) GSEA analysis of TFAM-up and TFAM-down. (G) ssGSEA Hallmark Gene Sets functional enrichment analysis results for the
NAFLD group and the control group. (H) ssGSEA Hallmark Gene Sets functional enrichment analysis of the three hub genes.

TF-miRNA-mRNA regulatory network

Utilizing the JASPAR database, potential transcription factors
were predicted on the NetworkAnalyst website, while possible
miRNAs were foreseen using the miRTarBase v8.0 database.
Subsequently, a regulatory network map was constructed based
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on their interactive relationships (Figure 8D). Transcription factors

(TFs) are proteins that typically bind to specific DNA sequences to
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control the transcription of genetic information from DNA to
mRNA, represented by green circles in the network. MicroRNAs
(miRNAs) are short non-coding RNA molecules that bind to
complementary sequences on target mRNAs, regulating gene
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Clinical studies of the hub genes. (A) Correlation heatmap of the 3 hub genes. (B) ROC curve in the GSE33814. (C) ROC curve in the GSE48452
(D—F) Hub genes expression in the GSE33814: comparing the control group (C) with the NAFLD group (P). (G-1) Hub genes expression in the
GSE48452: comparing the control group (C) with the NAFLD group (P). (J) Nomogram for the diagnosis of NAFLD based on the hub genes.

expression post-transcriptionally, often resulting in mRNA
degradation or repression of translation, depicted by blue squares.
Messenger RNAs (mRNAs) are the final transcripts that carry
genetic information from DNA—transcribed by the action of TFs
—to the ribosome, where proteins are synthesized. Lines within the
network indicate interactions or regulatory influences between
these entities, with the direction of regulation (from TF to mRNA
or from miRNA to mRNA) typically denoted by lines originating
from the regulator and pointing towards the target. These networks
are crucial for understanding the complex layers of gene regulation
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within cells, elucidating how genes are switched on or off, how
miRNA fine-tunes this regulation, and the intricate balance that
maintains normal cellular function or contributes to disease
when dysregulated.

Animal experimentation

Considering the prevalent obesity and diabetes symptoms in
NAFLD patients, this study utilized the Attie Lab Diabetes Database
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BTBR ob/ob mouse model to select liver tissues from 10-week-old
C57BL/6 (control) and BTBR mice, categorizing them into lean and
ob/ob groups, to investigate the expression of hub genes under
various conditions. The findings indicated significant differences in
the expression of CDKN1B and TFAM genes between the control
and BTBR strains, as well as between the lean and ob/ob mice,
aligning with our expectations (Figures 9A, B).

Subsequently, this research focused on a NASH mouse model,
representing a more advanced stage of NAFLD, employing RT-
qPCR and Western Blot techniques to examine the expression of
these key genes at RNA and protein levels, respectively. The RT-
qPCR results revealed significant differences in the expression of
CDKNI1B and TFAM between the control and NASH groups,
consistent with prior expression trend predictions (Figures 9C,
D). At the protein level, the findings from the WB analysis
corroborated those from RT-qPCR (Figure 9E), with subsequent
statistical analysis conducted (Figures 9F-T).

Discussion

NAFLD, a disease syndrome that encompasses NAFL and
NASH, impacts nearly a quarter of the global population, with its
prevalence escalating annually. Alarmingly, NASH possesses the
potential to further progress into cirrhosis and hepatocellular
carcinoma, triggering a cascade of complications and ultimately,
may prove fatal, thereby imposing a substantial disease burden on
society. In light of this, an in-depth understanding of NAFLD’s
pathogenic mechanisms, formulation of appropriate therapeutic
strategies, and identification of reliable diagnostic markers
become paramount.

miRNAs are genes encoding small RNAs, predominantly
functioning by inhibiting the translation of target mRNAs or
inducing their degradation, thereby playing pivotal roles in the
proliferation, development, and differentiation across numerous cell
types, and is also involved in the progression of various diseases.
The microRNA regulatory studies have been exhibited in the TF-
miRNA-mRNA regulatory network we constructed (Figure 8C) and
have been validated in numerous previously published papers.

Hepatotoxicity mediated by free radicals and demonstrated the
therapeutic effect of antioxidants against free radical-mediated
NAFLD. Moreover, epidemiological statistics on the liver have
confirmed that changes in the redox state of NAFLD are closely
related to an increased subsequent metabolic risk. According to the
“second hit” and “multiple hit” theories, oxidative stress appears to
be one of the most crucial mechanisms leading to liver injury
in NAFLD.

The CDKNI1B gene encodes the p27 protein, which plays a
crucial role in regulating cell growth, differentiation, cytoskeletal
dynamics, and cell division. A reduction in p27 protein is associated
with the invasiveness of various human tumors, such as colon
cancer, breast cancer, prostate cancer, and ovarian cancer (40).
Hepatic fibrosis and hepatocellular carcinoma are closely related to
CDKNI1B. The accumulation of the Extracellular Matrix (ECM) in
the liver leads to the onset of liver fibrosis. Excessive production of
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ECM by activated hepatic stellate cells and myofibroblasts is
considered the primary mechanism inducing liver fibrosis, which
may further develop into cirrhosis and hepatocellular carcinoma.
miR-221/222 is considered a new indicator of stellate cell activation
and liver fibrosis progression. The expression of miR-221/222 is
positively correlated with the progression of liver fibrosis and
significantly associated with the expression of CollAl and aSMA
mRNA. The expression of miR-221/222 has been validated in
human fibrotic liver samples and mouse models of liver fibrosis.
They interact with CDKN1B and inhibit the expression of CDKN1B
mRNA and protein in human stellate cell line LX-2. The expression
of miR-222 in stellate cells may be regulated by NF-kB activation
(41). The overexpression of miR-221/222 promotes cancer cell
proliferation, most likely through their regulation of the CDKN1B
expression (42). The upregulation of miR-221/222 can promote the
growth of hepatocellular carcinoma (HCC) cells by increasing the
number of S-phase cells, and the oncogenic activity of miR-221 is
believed to be realized through the regulation of CDKN1B (42, 43).
CDKNI1B has been validated as a target of miR-221, and the
CDKNI1B gene is directly associated with HCC proliferation (44).
F. Fornari et al. (45) observed that CDKN1B gene expression was
downregulated in 77% of HCC samples, and the downregulation of
CDKNI1B affected the prognosis of HCC. In human HCC, the
downregulation of CDKNI1B showed prognostic significance
associated with advanced tumor stages, lower survival rates, and
HCC recurrence (46). HCC represents the terminal stage of
NAFLD, suggesting that the regulatory mechanism of miR-221/
222 on CDKNI1B may play a vital role in the etiology of NAFLD.
These findings provide a basis for developing potential therapeutic
strategies for liver fibrosis and liver cancer.

NDUFAA4 has been relatively underexplored. Initially, NDUFA4
was identified as a component of the mitochondrial respiratory
complex I. However, subsequent studies revealed that NDUFA4 is
actually associated with complex IV rather than complex I (47).
This gene demonstrates significant tissue-specific expression in the
liver and brain (48). NDUFA4 is a target of miR-147, and the
inhibition of miR-147, coupled with the overexpression of
NDUFA4, can induce mitochondrial damage and renal tubular
cell death (49). A deficiency in NDUFA4 expression can exacerbate
oxidative stress, further predisposing to the onset of diabetes (50).
MiR-210 promotes the pathogenesis of obesity-induced diabetes in
mice by targeting NDUFA4 gene expression (51). MiR-210-3p
accelerates cardiomyocyte apoptosis and impairs mitochondrial
function by targeting NDUFA4, contributing to the cardiac
dysfunction induced by sepsis (52). In the liver, NDUFA4 may
also play a role in disease onset through mechanisms related to
mitochondrial dysfunction.

TFAM as a pivotal structural protein of mammalian nuclei,
serves as a transcription activator, specifically stimulating certain
mitochondrial transcription initiation points (53). This protein is
integral to various processes, including the transcription and
replication of mitochondrial DNA (mtDNA), its packaging into
nucleoid structures, and playing an indispensable role in the
regulation of mtDNA copy numbers. Notably, an overexpression
of TFAM, exceeding normal physiological levels, can directly lead to
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FIGURE 8

Analysis on immunization and TF-miRNA-mRNA regulatory network. (A) Immune infiltration analysis between the NAFLD group and the control
group. (B) Analysis of the single-cell RNA sequencing dataset GSE189600. (C) Hub genes enrichment in immune cells. (D) TF-miRNA-mRNA
regulatory network. In B, C, and D, “C" represents the control group, and “P" represents the NAFLD group. "ns” indicates not significant, "*" indicates

P<0.05, "**" indicates P<0.01, "***" indicates P<0.001.

postnatal death and mitochondrial functional impediments.
Experimental evidence reveals that mice with high TFAM
expression typically exhibit smaller sizes and weaker physical
conditions compared to their wild-type littermates, with
significantly reduced liver, heart, and kidney volumes. Further
research has also disclosed an increase in lipid accumulation in
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the liver tissues of mice with TFAM overexpression, potentially
attributable to the dysregulation of lipid metabolism induced by the
upregulation of mitochondrial protease interference pathways (54).
Variations in TFAM expression have also been observed in studies
of other liver diseases. For instance, in a study related to alcoholic
liver disease, the hepatic TFAM levels in mice fed with ethanol rose
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by 30% compared to the control group fed with water (55).
Meanwhile, studies of human normal and malignant liver tissues
and cell lines demonstrate that TFAM expression trends upward in
Hepatocellular Carcinoma cells resistant to drugs. However, TFAM
is only upregulated in a small portion of HCC patients, and
inhibiting TFAM can suppress the growth and survival of HCC
cells, thereby enhancing the effectiveness of chemotherapy (56).
While the importance of TFAM in maintaining mtDNA and
facilitating mitochondrial biogenesis is widely acknowledged, the
interactions between TFAM and certain miRNAs in the context of
diseases remain shrouded in mystery. For example, a deficiency in
human TFAM has been identified as a catalyst for mitochondrial
dysfunction and a reduction in nucleoid formation, culminating in
fatal liver failure (57). After TFAM depletion, its roles, both as an
oncogene and a tumor suppressor, have been observed (58, 59).
TFAM is identified as a direct target of miRNA-590-3p; in bladder
cancer, a downregulation of miRNA-590-3p expression correlates
with a marked increase in TFAM expression (60), while in colon
cancer, an elevation in miRNA-590-3p expression is associated with
a significant decrement in TFAM expression (61). Furthermore,
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factors such as sex, age, and diet can influence TFAM expression.
For instance, TFAM protein levels in the livers of female rats are
quadruple those in males, a sexual dimorphism fundamentally
attributed to the females’ heightened degree of mitochondrial
differentiation, which leads to superior substrate oxidation
capability and efficiency (62). It is noteworthy that TFAM protein
expression diminishes progressively with age, a process that can be
fully mitigated through calorie restriction (CR) (63). In conclusion,
the exact mechanisms by which TFAM functions in disease onset
remain intricate and necessitate further exploration.

Transcription factors such as SPI1, ETS1, and CEBPA have been
identified as promising targets for the prevention and treatment of
NASH (64). These transcription factors are integral components of a
complex regulatory network involving TF-miRNA-mRNA
interactions, highlighting the sophisticated molecular interplay
underlying NASH pathogenesis. CEBPA is linked to the regulation
of NDUFA4, a component of the mitochondrial respiratory chain,
suggesting a role in metabolic efficiency and oxidative stress response.
SPIT’s regulation of TFAM, a key factor in mitochondrial DNA
maintenance and transcription, points to its importance in
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mitochondrial biogenesis and function. ETS1’s influence on
CDKNI1B implicates it in cell cycle regulation and potentially in the
control of hepatocyte proliferation and apoptosis, processes central to
NASH progression and liver regeneration.

In our study, we employed immunoinfiltration analysis
techniques to investigate the disparities in the immune cell
composition between patients with NAFLD and healthy control
groups. Significant differences were observed across several immune
cell subpopulations, including neutrophils, macrophages, regulatory
T cells (Tregs), and mast cells. Further, single-cell sequencing
technology revealed expression pattern discrepancies in three hub
genes within specific cellular subpopulations, such as hepatic
stellate cells and vascular smooth muscle cells (VSMCs),
suggesting their potential key regulatory roles in hepatic
pathological processes. Notably, these cells play a decisive role in
the development of inflammatory damage, hepatocyte injury, and
liver fibrosis induced by oxidative stress.

Moreover, our comprehensive bioinformatics enrichment
analyses identified multiple signaling pathways closely associated
with the pathogenesis of NAFLD, related to oxidative stress. We
also uncovered a series of critical biological processes, including
dysregulated lipid metabolism, imbalance in inflammatory response
regulation, and extracellular matrix remodeling. The aberrant
regulation of these pathways and biological processes offers new
insights into the pathophysiological foundation of NAFLD.

Nevertheless, the present study has not yet conducted in-depth
mechanistic validations of these findings. Future research should
explore the causal relationships between these central genes and the
characteristics of immune cell infiltration, as well as their specific
roles in the progression of NAFLD, through in vivo and in vitro
experimental models. Additionally, the current study lacks direct
experimental evidence at the cellular level, necessitating further
validation of these genes’ roles and importance in the progression of
NAFLD through functional experiments, such as gene knock-out,
overexpression studies, and immunohistochemical staining.
Through these extensive experimental investigations, we will be
able to elucidate the pathological role of oxidative stress in non-
alcoholic fatty liver disease more accurately and potentially develop
new therapeutic targets.
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Oxidative phosphorylation in
HIV-1 infection: impacts on
cellular metabolism and
immune function
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and Talia H. Swartz*

Department of Medicine, Division of Infectious Diseases, Icahn School of Medicine at Mount Sinai,
New York, NY, United States

Human Immunodeficiency Virus Type 1 (HIV-1) presents significant challenges to
the immune system, predominantly characterized by CD4* T cell depletion,
leading to Acquired Immunodeficiency Syndrome (AIDS). Antiretroviral therapy
(ART) effectively suppresses the viral load in people with HIV (PWH), leading to a
state of chronic infection that is associated with inflammation. This review
explores the complex relationship between oxidative phosphorylation, a crucial
metabolic pathway for cellular energy production, and HIV-1, emphasizing the
dual impact of HIV-1 infection and the metabolic and mitochondrial effects of
ART. The review highlights how HIV-1 infection disrupts oxidative
phosphorylation, promoting glycolysis and fatty acid synthesis to facilitate viral
replication. ART can exacerbate metabolic dysregulation despite controlling viral
replication, impacting mitochondrial DNA synthesis and enhancing reactive
oxygen species production. These effects collectively contribute to significant
changes in oxidative phosphorylation, influencing immune cell metabolism and
function. Adenosine triphosphate (ATP) generated through oxidative
phosphorylation can influence the metabolic landscape of infected cells
through ATP-detected purinergic signaling and contributes to
immunometabolic dysfunction. Future research should focus on identifying
specific targets within this pathway and exploring the role of purinergic
signaling in HIV-1 pathogenesis to enhance HIV-1 treatment modalities,
addressing both viral infection and its metabolic consequences.

KEYWORDS

HIV-1, oxidative phosphorylation, antiretroviral therapy (ART), mitochondrial
dysfunction, immune metabolism

Abbreviations: HIV-1, Human Immunodeficiency Virus Type 1; ART, Antiretroviral Therapy; PBMC,
Peripheral Blood Mononuclear Cells; ROS, Reactive Oxygen Species; ETC, Electron Transport Chain; NRTTs,
Nucleoside/Nucleotide Reverse Transcriptase Inhibitors; NNRTIs, Non-nucleoside Reverse Transcriptase
Inhibitors; PIs, Protease Inhibitors; ATP, Adenosine Triphosphate; NADH, Nicotinamide Adenine
Dinucleotide (Reduced Form); FADH2, Flavin Adenine Dinucleotide (Reduced Form); Cyt-c, Cytochrome
¢; TCA, Tricarboxylic Acid Cycle; GLUT1, Glucose Transporter 1; SMO, Spermine Oxidase; EGFR,
Epidermal Growth Factor Receptor; mTFA, Mitochondrial Transcription Factor A.
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Introduction

Human Immunodeficiency Virus Type 1 (HIV-1) presents a
chronic, intractable challenge, primarily characterized by extensive
CD4" T cell depletion (1-5). This pathology manifests in both
lymphoid tissues and peripheral blood, culminating in profound
immunodeficiency and progression to Acquired Immunodeficiency
Syndrome (AIDS). Despite the efficacy of Antiretroviral Therapy
(ART) in viral load suppression, HIV-1 infection is associated with
chronic inflammation and, together with the direct effects of ART, is
associated with metabolic dysregulation, enhanced inflammatory
response, gene expression modulation, and biochemical pathway
alterations (6-9).

We explore the confluence of oxidative phosphorylation and
cellular metabolic transformations in the context of HIV-1 infection
and ART in PWH. Key focus areas include the nuances of
mitochondrial dysfunction, specifically alterations in oxidative
phosphorylation and association with immune cell dysregulation.
This underscores a potential nexus between mitochondrial
functionality and immunological response. Additionally, we
examine the long-term impacts of ART and the potential for
more nuanced HIV-1 treatment modalities. This review aims to
enrich the understanding of the intricate interplay between
oxidative phosphorylation and HIV-1 pathogenesis, steering
future research and therapeutic interventions in this
critical domain.

Oxidative phosphorylation:
an overview

Oxidative phosphorylation, a crucial biochemical process,
involves the reduction of oxygen to generate ATP (10). Oxidative
phosphorylation is the final stage of aerobic respiration, following
glycolysis and the citric acid cycle. The efficiency of oxidative
phosphorylation relies on successive oxidative/reductive reactions,
notably the transfer of electrons by NADH and FADH2 to oxygen,
the ultimate electron acceptor (11). The electron transport chain
(ETC) facilitates this electron movement within mitochondria. In
order of oxidative/reductive reactions, the complexes are I, II,
coenzyme Q, III, cytochrome C, and IV. This process pumps
protons across the mitochondrial intermembrane space,
generating a proton electrochemical gradient that powers ATP
synthase (complex V) (12). ATP synthase facilitates ATP
biosynthesis with its rotating FO and F1 components. The F1
component binds nucleotides at its catalytic sites, occupied by
Mg-ADP and phosphate. Rotation, driven by FO subunit
reionization, alters F1 directionality, initiating ATP synthesis
from ADP and phosphite (13). ATP generated through oxidative
phosphorylation, the final and most efficient stage of aerobic
respiration in the electron transport chain, serves as the primary
energy source for cells, far surpassing the yields from glycolysis and
the citric acid cycle.

The regulation of oxidative phosphorylation is complex and
multifaceted. The mitochondrial membrane potential is at the
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center of the regulation, formed by the proton gradient and
linked to both ATP and free radical production (14, 15). The
most basic regulation of oxidative phosphorylation is allosteric
control by negative feedback of substrates or intermediaries. A
high NADH/NAD-+ ratio slows the Krebs cycle, ETC, and oxidative
phosphorylation, as does a high ATP/ADP ratio, in which ATP
binds directly and inhibits cytochrome ¢ (Cyt-c) and cytochrome
oxidase (complex IV) (15, 16).

Oxidative phosphorylation complexes and Cyt-c are targeted
for phosphorylation by regulatory kinases, including protein kinase
C, cAMP-dependent tyrosine kinases, and EGFR (17-19). The
formation of super-complexes (SCs) or respirasomes, consisting
of various combinations of the ETC complexes, increases
respiratory efficiency and decreases ROS production. SC
abundance, along with expression of specific isoforms of Cyt-c or
cytochrome oxidase, allow for regulation of ROS formation and
energetic needs at tissue-level specificity (15). The fusion and fission
of the mitochondrial network contribute to oxidative
phosphorylation efficiency regulation, with highly connected
networks promoting efficiency and curbing excess ROS
production (20, 21).

HIV-1 infection, metabolic
preprogramming, cellular metabolism,
and oxidative phosphorylation

Metabolic reprogramming is key in both cancer and HIV-1
infections. In cancer, this is seen as the Warburg effect,
characterized by increased glucose uptake and lactate production,
even when oxygen is available (22). Similarly, HIV-1 uses metabolic
reprogramming to gather free nucleotides, amino acids, and lipids
for viral replication and assembly (23). Studies reveal that CD4+ T
cells with higher oxidative phosphorylation and glycolysis are more
prone to HIV-1 infection, with infected cells showing elevated
metabolic activity (24). HIV-1 also boosts glycolysis in CD4+ T
cells by upregulating GLUT1 expression. The HIV-1 glycoprotein
gp120 is implicated in this process, possibly by activating surface
signaling molecules like CXCR4 and CCR5 and increasing the
expression of glycolytic enzymes (25). Additionally, hexokinase
activity is heightened in HIV-1 infected CD4+ T cells, a change
dependent on viral replication (26, 27). However, the precise viral
mechanisms promoting glycolysis upregulation by HIV-1 are not
fully understood.

There is growing interest in understanding the impact of HIV
on Mitochondrial-associated ER membranes (MAMs) due to their
crucial role in metabolic reprogramming. MAMs serve as structures
linking the endoplasmic reticulum (ER) and mitochondria,
facilitating oxidative protein production and mitochondrial
biogenesis. The viral HIV-1 Tat protein disrupts MAMs in
neuronal cell lines upon infection by phosphorylating the
mitochondrial protein PTPIP51 and disrupting its localization to
MAMs, thus reducing calcium signaling and increasing ROS
accumulation (28). Furthermore, HIV-1 Vpr has been shown to
disrupt MAMs by decreasing the expression of critical MAM-
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associated proteins Mfn2 and Drp1 (29). The targeting of MAMs by
HIV-1 induces oxidative stress that contributes to HIV-associated
metabolic reprogramming, but further research is needed to
establish other key mechanisms involved.

HIV-1 impacts host cell metabolism, initially enhancing
glycolysis and fatty acid synthesis for viral replication (30-33).
This increased metabolic activity, particularly in glycolysis and
glucose transport, makes cells like T-cells and monocytes more
susceptible to HIV-1 infection (24, 34, 35). Upregulation of the
GLUT-1 transporter and mitochondrial oxidative damage, linked to
ROS production, highlights the role of metabolic reprogramming in
HIV-1 infection and potential research avenues (31, 35, 36). People
with HIV (PWH) face systemic metabolic challenges due to both
HIV-1 and antiretroviral therapy (ART), increasing metabolic
disease risks (37, 38). Studies have shown that HIV-1 influences
metabolic aging, with oxidative phosphorylation and pyruvate
metabolism downregulation noted in PWH (39). Furthermore,
HIV-1 affects the expression of electron transport chain (ETC)
components and causes mitochondrial damage, as seen in the
upregulation of Complex-IV subunit, contributing to oxidative
stress (40, 41).

ART classes have long been associated with mitochondria
dysfunction (42). Both Nucleoside/Nucleotide Reverse
Transcriptase Inhibitors (NRTIs) and Non-nucleotide Reverse
Transcriptase Inhibitors (NNRTIs) are associated with
dyslipidemia in PWH and alter adipocyte differentiation. NRTIs
induce lipodystrophy by promoting mitochondrial dysfunction and
adipocyte death and interfering with mitochondrial DNA (mtDNA)
synthesis (42). This inhibits Pol-gamma, increases ROS production,
and reduces ETC activity and oxidative phosphorylation (37, 42—
46). Additionally, protease inhibitors (PIs) target GLUT4, impairing
glucose uptake into adipocytes and promoting insulin resistance
(37, 47, 48).

HIV-1 infection exacerbates oxidative stress and mitochondrial
damage, affecting cell metabolism and promoting diseases in PWH,
especially those on ART. Gpl20 upregulates CYP2E1, proline
oxidase (POX), NOX2, and NOX4 to enhance ROS production
(49-57). Nef interacts with the NADPH oxidases without affecting
the NOX expression (57). The HIV-1 proteins Vpr and Tat both
contribute to mitochondrial dysfunction: Vpr reduces membrane
potential and triggers apoptosis by binding to ANT, part of the
mitochondrial permeability transition pore, while Tat elevates free
calcium levels in the cytoplasm by interacting with NADPH
oxidases, leading to increased mitochondrial calcium uptake and
reactive oxygen species (ROS) production (54, 55, 58-64). These
changes increase the risk of metabolic diseases in PWH, with ART
compounds like NRTIs and PIs exacerbating (65, 66).

Purinergic receptors, ATP, and
HIV pathogenesis

Purinergic receptors, particularly the P1 and P2 subtypes, are
integral to inflammatory responses and the progression of HIV-1.
The P2X receptors, activated by ATP, are crucial in initiating
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immune responses and impacting the HIV-1 viral life cycle (67—
71). The enzyme CD39 regulates ATP availability, influencing both
the progression of AIDS and the function of T cells by modulating
ATP and adenosine levels, affecting P2X receptor signaling (72-74).

The P2X receptors are implicated in cell entry and infection by
the virus, and their inhibition can significantly reduce HIV-1
infection in various cell types (70, 75-85). Chronic inflammation
in HIV is driven by factors like immunosenescence and persistent
viral replication, even with antiretroviral therapy (ART). It is
exacerbated by factors such as organ fibrosis and co-infections (4,
9, 86-88).

Furthermore, extracellular ATP and its interaction with P2X
receptors regulate HIV infection and inflammation. This signaling
leads to the production of inflammatory cytokines and the
activation of the NLRP3 inflammasome, contributing to CD4+ T
lymphocyte depletion and apoptosis (77, 89-92). HIV-1 interacts
with Pannexin-1, a membrane channel, suggesting a link between
ATP production and inflammatory signaling in HIV-1 infection
(93-96). Circulating levels of ATP have been proposed as a
biomarker of cognitive decline in PWH, predicting central
nervous system compromise and suggesting the use of Pannexin-
1 or purinergic receptor inhibitors for clinical intervention (97).

HIV-associated neurocognitive
disorder: the roles of HIV-1, ART,
oxidative phosphorylation, and
purinergic signaling

The progression of HIV-1-associated neurocognitive disorders
(HAND) in PWH has been linked to purinergic signaling and
oxidative stress. The central nervous system serves as a reservoir of
HIV-1, leading to neuroinflammation and neurodegeneration that
progress to HIV-1 encephalitis and HAND that persist despite the
use of effective ART (98-100). Within the CNS, HIV-1 induces the
release of extracellular ATP in infected cells to support viral
replication, and ATP interacts with purinergic receptors to
produce a proinflammatory response (83, 101, 102). The
purinergic receptor subtype P2X is particularly interesting,
notably P2X7, which is widely expressed in various brain cells,
including astrocytes, oligodendrocytes, microglia, and neurons
(102). In astrocytes, P2X7 activation induced by gp120 leads to
Cx43 hemichannels and pannexin-1 opening, resulting in increased
ATP release and nitric oxide production. This process is speculated
to propagate gp120-mediated signaling to neighboring cells (95). In
the peripheral nervous system (PNS), P2X4 is involved in gp120-
induced lysosomal exocytosis and ATP release in Schwann Cells,
increasing cytosolic calcium and generating ROS in dorsal root
ganglia neurons (101). Although ART mitigates the neuropathology
of HIV-1 infection in PWH, it does not eliminate it, with studies
showing possible neurotoxicity of ART. ART-related neurotoxicity
in the brain is thought to be linked to the loss of mtDNA due to
NRTIs inhibiting mtDNA polymerase gamma (103, 104).
Additionally, ART contributes to astrocyte autophagy, de-
acidification of endolysosomes, and the promotion of
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amyloidogenesis, all associated with the pathogenesis of
HAND (105).

Extracellular ATP and P2X receptors are integral in HIV-1
infection, influencing the virus’s life cycle and contributing to
immunopathogenesis, neurodegeneration, and chronic
inflammation. Their interaction with HIV-1 is key in disease
progression, affecting viral replication, cytokine release, and cell
death (75, 77, 78, 81, 83-85). This insight reveals the potential of
targeting purinergic signaling in developing novel therapies for
HIV-1, reducing inflammation and related comorbidities, and
represents a significant area for future research.

Oxidative phosphorylation in immune
cell dysfunction during HIV-
1 infection

The metabolic dynamics of immune cells, particularly CD4+ T
cells, CD8+ T cells, and macrophages, are critical in understanding
HIV-1 pathophysiology. CD4+ T cells infected with HIV-1 shift
towards increased glycolysis, facilitating viral replication. A study
identified a link between oxidative phosphorylation in these cells
and higher viral loads, with NLRX1 and FASTKD5 as key factors.
Metformin, a complex I inhibitor, was found to suppress HIV-1
replication in CD4+ T cells (106). In PWH on ART, there’s an
upregulation of oxidative phosphorylation compared to elite
controllers, and complex IV inhibition was linked to increased
HIV-1 reactivation in a latency model (107).

CD8+ T cells in chronic HIV-1 infection experience metabolic
exhaustion, diminishing their functionality and virus control ability. A
combination therapy comprised of a mitochondrial superoxide
scavenger, a small-molecule inhibitor of mitochondrial fission, and
IL-15 can increase the frequency of IFNy and TNFa poly-functional
CD8+ T cells and decrease the frequency of exhaustion markers (108).

In HIV-infected macrophages, there is notable support for
prolonged HIV-1 replication and survival, shielding virions from
ART and neutralizing antibodies. These macrophages show
metabolic plasticity, shifting between oxidative phosphorylation
and glycolysis based on their polarization state. HIV-1 infection
alters macrophage metabolism, promoting a pro-inflammatory
state and increasing glycolytic activity, which is linked to chronic
inflammation seen in HIV-1 infection (109). A study demonstrated
that superoxide dismutase (SOD) mimetic drugs could inhibit
myeloid cell-driven bystander cell death in vitro (110).

Figure 1 highlights the impact of HIV-1 infection on mitochondrial
oxidative phosphorylation. It contrasts the normal mitochondrial
function with the altered state during HIV-1 infection, depicting how
HIV-1 infection leads to an upregulation in the transcription of
oxidative phosphorylation genes, resulting in greater electron
transport chain efficiency. This heightened activity leads to increased
production of ROS, a hallmark of cellular stress. Consequently, there’s
an enhancement in mitochondrial membrane potential and a notable
increase in ATP production compared to baseline conditions. These
alterations signify a hyperactivated mitochondrial state triggered by
HIV-1 infection, underlining the complex interplay between the virus
and the host’s cellular metabolism.
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Current research and future directions

Therapeutic interventions targeting mitochondrial dysfunction
and oxidative stress in HIV immunopathogenesis are emerging as a
crucial field of research. Metformin, a diabetes medication, has
shown varying effects on HIV-1 replication in studies by Rezai et al.
and Guo et al. (106, 111). There is an additive effect of risk of
metformin-associated lactic acidosis when used with NRTTs like
tenofovir, which calls for caution in its clinical application (112,
113). Research on the antioxidant properties of plant flavonoids,
such as naringin, is gaining attention for their potential to mitigate
oxidative damage induced by NRTTs (114, 115). Statins, known for
their anti-inflammatory and lipid-lowering effects, are being
explored for their benefits in HIV management, with studies like
SATURN-HIV and REPRIEVE indicating their impact on
cardiovascular risk and mitochondrial function in PWH on ART
(116-118).

Given that HIV-1 infection induces metabolic reprogramming
like that observed in cancer cells, there is growing interest in
exploring anti-cancer drug treatments as potential interventions
to target these metabolic effects of HIV-1 (119). In neurons, the viral
protein gp120 reduces ATP output via oxidative phosphorylation
while increasing glycolysis production and PKM2 expression. Tepp-
46, a selective PKM2 tetrameric stabilizer and a potential small
molecule therapeutics for lung cancer, has demonstrated the ability
to reverse the metabolic reprogramming induced by gpl20 in
neuronal cells (120). Further, studies have linked dyslipidemia in
PWH on ART with mitochondrial oxidative stress, suggesting an
association between lipid profiles and the function of mitochondrial
electron transport chain complexes (121). Atovaquone, a
mitochondrial complex IIT inhibitor, though not tested in chronic
inflammation, is used for treating parasitic and fungal
infections (81).

Advancements in understanding HIV-1 pathogenesis highlight
the role of purinergic signaling, particularly the involvement of
extracellular ATP and P2X receptors. These receptors play a
significant role in the inflammatory response and immune
modulation in HIV-1 infection (112, 113). This growing body of
research underlines the importance of understanding the metabolic
and mitochondrial aspects of HIV-1 infection and ART. The goal is
to improve treatment outcomes by mitigating adverse effects and
exploring new therapeutic avenues that address both HIV-1
management and broader metabolic and cardiovascular health.

Conclusions

The interaction between HIV-1 infection and metabolic activity
significantly shapes the chronic inflammation commonly associated
with HIV. The activation of oxidative phosphorylation is a key
driver in chronic inflammation. This shift is evident in studies
documenting the increased activity of mitochondrial respiratory
chain complexes in HIV-1 infected cells (122-132). Such changes
suggest that HIV-1 exploits the host’s mitochondrial machinery to
its advantage, potentially exacerbating the inflammatory response.
While ART effectively controls viral replication, it does not fully
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FIGURE 1

HIV-1 Infection impact on mitochondrial oxidative phosphorylation. The figure contrasts mitochondrial function under normal conditions with the altered state during HIV-1 infection. It shows that HIV-1 infection leads to
increased transcription of oxidative phosphorylation genes, higher electron transport efficiency, and elevated reactive oxygen species (ROS) production, resulting in an enhanced mitochondrial membrane potential and increased
ATP production compared to the baseline state. These changes indicate a hyperactivated mitochondrial state in response to HIV-1 infection. Made with biorender.com.
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rectify this metabolic dysregulation, adding another layer to the
complexity. Long-term ART use has been associated with continued
mitochondrial dysfunction (133, 134), indicating that the impact of
HIV on oxidative phosphorylation is a persistent challenge.

HIV-1 infection significantly disrupts host cell metabolism,
increasing glycolysis and fatty acid synthesis to enhance viral
replication, leading to oxidative stress and mitochondrial damage.
This is further complicated by antiretroviral therapy (ART), which
contributes to metabolic conditions like dyslipidemia and insulin
resistance, intensifying mitochondrial dysfunction (135-137).

Studies show that both HIV-1 infection and prolonged ART use
increase the risk of oxidative phosphorylation dysregulation and
mitochondrial disruption in people with HIV (PWH) (122-132).
Reduced activity of respiratory chain complexes and altered
mitochondrial functioning in ART-naive PWH have been linked
to neurocognitive impairment (125). ART’s impact on oxidative
phosphorylation in PWH also suggests a reduction in
mitochondrial function associated with chronic/controlled HIV-1
(133). Interestingly, pre-exposure prophylaxis (PreP) also shows
reduced mitochondrial function in healthy individuals (134).
Gender-specific differences in response to long-term ART have
been observed, indicating possible variations in immunological
recovery (138).

Recent studies highlight the role of purinergic signaling,
particularly the interaction between extracellular ATP and P2X
receptors, in HIV-1 pathogenesis (112, 113). These receptors,
activated by ATP released from stressed cells, influence the HIV-1
life cycle and contribute to immunometabolic dysfunction (96, 106,
109). The dual role of these receptors in potentially inhibiting or
facilitating HIV replication is mediated through CD39, which
modulates extracellular ATP levels (72, 139-142).

Understanding the interplay between HIV-1 infection, ART,
oxidative phosphorylation, and purinergic signaling is crucial for
developing comprehensive HIV-1 treatment strategies. This
involves addressing the viral challenges and the broader metabolic
and mitochondrial dysfunctions. Future research should focus on
identifying specific targets influenced by HIV-1 and ART and
exploring the impact of purinergic signaling on these pathways.
Such targeted exploration may lead to innovative therapeutic
approaches addressing the infection and its metabolic and
mitochondrial consequences.
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Autonomous Region, Lhasa, China, *Department of Otolaryngology, Head and Neck Surgery,
Affiliated Eye, Ear, Nose and Throat Hospital, Fudan University, Shanghai, China

Background: Although oxidative stress is involved in the pathophysiological
process of chronic rhinosinusitis with nasal polyps (CRSwWNP), the specific
underlying mechanism is still unclear. Whether antioxidant therapy can treat
CRSwWNP needs further investigation.

Methods: Immunohistochemistry, immunofluorescence, western blotting and
quantitative polymerase chain reaction (qPCR) analyses were performed to
detect the distribution and expression of oxidants and antioxidants in nasal
polyp tissues. qPCR revealed correlations between oxidase, antioxidant
enzymes and inflammatory cytokine levels in CRSWNP patients. Human nasal
epithelial cells (HNEpCs) and primary macrophages were cultured to track
the cellular origin of oxidative stress in nasal polyps(NPs) and to determine
whether crocin can reduce cellular inflammation by increasing the cellular
antioxidant capacity.

Results: The expression of NOS2, NOX1, HO-1 and SOD?2 was increased in nasal
epithelial cells and macrophages derived from nasal polyp tissue. Oxidase levels
were positively correlated with those of inflammatory cytokines (IL-5 and IL-6).
Conversely, the levels of antioxidant enzymes were negatively correlated with
those of IL-13 and IFN-y. Crocin inhibited M1 and M2 macrophage polarization as
well as the expression of NOS2 and NOX1 and improved the antioxidant capacity
of M2 macrophages. Moreover, crocin enhanced the ability of antioxidants to
reduce inflammation via the KEAP1/NRF2/HO-1 pathway in HNEpCs treated with
SEB or LPS. Additionally, we observed the antioxidant and anti-inflammatory
effects of crocin in nasal explants.
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Conclusion: Oxidative stress plays an important role in the development of
CRSWNP by promoting various types of inflammation. The oxidative stress of
nasal polyps comes from epithelial cells and macrophages. Antioxidant therapy
may be a promising strategy for treating CRSwWNP.

KEYWORDS

CRSwNP, oxidative stress, nasal epithelial cells, macrophages, Nrf2

1 Introduction

Chronic rhinosinusitis with nasal polyps (CRSwNP) is a
common chronic inflammatory disease that results in impaired
quality of life and a heavy economic burden (1, 2). CRSWNP is
generally divided into eosinophilic CRSWNP (ECRSwNP) and
noneosinophilic CRSWNP (nECRSwNP) based on the degree of
eosinophil infiltration (3-5). Caucasian CRSWNP patients tend to
exhibit greater eosinophilic inflammation than Asian patients, while
the prevalence of ECRSWNP is increasing in Asian countries (6, 7).
Currently, the etiology of CRSWNP has not been fully elucidated. It
has been reported that epithelial cells play an important role, as do
immune and inflammatory cells, such as macrophages, T and B
lymphocytes, group 2 innate lymphoid cells (ILC2s), eosinophils,
neutrophils, and mast cells (1, 8, 9). However, the detailed
pathogenesis of CRSWNP, especially ECRSWNP, is still unclear,
which poses challenges in disease treatment. Therefore, further
insight into the pathogenesis of CRSWNP is critical for
its management.

Oxidative stress is an imbalance between the production of free
radicals and their elimination by an organism’s antioxidant system
(10, 11). The most important sources of free radicals are
mitochondria, NADPH oxidase (NOX), nitric oxide synthase
(NOS) and xanthine oxidase (XO) (12). In contrast, there are
many antioxidants in cells that can prevent the production of free
radicals or eliminate them quickly, including glutathione (GSH),
superoxide dismutase (SOD), catalase (CAT), heme oxygenase
(HO) and glutathione reductase (GR) (10). Recently, oxidative
stress has been shown to be involved in the development of
CRSWNP (13-15). It was reported that patients with nasal polyps
show an increase in oxidants and a decrease in antioxidants (16—
18). Malgorzata and Yu found that there was no significant
difference in SOD activity between patients with nasal polyps and
healthy subjects, although HO-1 mRNA and protein expression
were significantly increased in nasal polyp tissues compared with
healthy control tissues (19, 20). Moreover, we speculate that
oxidative stress may have different effects on different types of
nasal polyps, but this requires further investigation.

An increasing number of studies have shown that antioxidant
therapeutic strategies are beneficial for the treatment of diabetes,
coronary artery disease and neurological disorders (21, 22). Crocin,
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which is an antioxidant, is widely used to treat Alzheimer’s disease
and cardiovascular diseases (23, 24) by inhibiting the occurrence of
oxidative stress. However, the effect of crocin on CRSwWNP is
unknown. Herein, we attempted to reveal the status of oxidative
stress in nasal polyps and the main cells in which oxidative stress
occurs. Furthermore, we explored the therapeutic effect of crocin
on nasal polyps to identify potential therapeutic targets for
nasal polyps.

2 Materials and methods
2.1 Patients and tissue samples

Nasal polyp samples from CRSwNP patients were obtained
through functional endoscopic sinus surgery at the Department of
Otolaryngology Head & Neck Surgery, West China Hospital,
Sichuan University. Turbinate tissues were collected from patients
who were undergoing endoscopic skull base surgery or septoplasty.
We diagnosed CRSWNP according to EPOS 2020, and ECRSWNP
met the requirement of more than 10 eosinophils in each high
power field (HFP) of three random fields. Otherwise, it is
nECRSWNP (3). Patients who were younger than 18 years old,
treated with corticosteroids, antihistamines, or antibiotics before
surgery and patients with antrochoanal polyps, autoimmune
disease, ciliary dysfunction, fungal rhinosinusitis, and inverted
papilloma were excluded. The skin prick test was applied to
evaluate the atopic status of the patient. Patient comorbidities and
basic demographic data were documented preoperatively. This
study was approved by the Medical Ethics Committee of the
West China Hospital of Sichuan University, and informed
consent was obtained prior to the study. The clinical
characteristics of the control and CRSWNP groups are shown in
Supplementary Table 1.

2.2 Immunohistochemistry
Tissues were embedded in paraffin following ethyl alcohol

dehydration and then sectioned to 4 pum thickness.
Immunohistochemistry (IHC) staining was performed with a
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universal detection kit (PV-6000, ZSGB-Bio, Beijing, China) and
DAB Detection System (ZLI-9017, ZSGB-Bio, Beijing, China). The
sections were air-dried overnight at 37°C, followed by
deparaffinization, hydration, antigen retrieval and endogenous
peroxidase removal. Then, sections were incubated with primary
antibodies against NOS2 (1:400, ABclonal, Wuhan, China), 3-
nitrotyrosine (3-NT) (1:200, Abcam, Cambridge, UK), HO-1
(1:400, ABclonal, Wuhan, China) and SOD2 (1:400, ABclonal,
Wuhan, China)at 4°C overnight, and incubated with enzyme-
labeled sheep anti-mouse/rabbit IgG polymer at 37°C for 20 min.
Next, slides were stained with freshly prepared DAB, counterstained
with hematoxylin and finally imaged under a 400-fold microscope.

2.3 Western blotting

SDS-PAGE gels were used to separate the proteins, after which
the proteins were transferred to PVDF membranes (Millipore, MA,
USA). Membranes were blocked in TBST containing 5% nonfat
milk for 1 h at room temperature (RT). Then, membranes were
incubated with primary antibodies against NOS2 (1:1000, ABclonal,
Wuhan, China), NOX1 (1:1000, ABclonal, Wuhan, China), HO-1
(1:1000, ABclonal, Wuhan, China), SOD2 (1:1000, ABclonal,
Wuhan, China), Kelch-like ECH-associated protein 1 (KEAP1)
(1:1000, Proteintech, Wuhan, China), nuclear factor kB (NF-kB)
P65 (1:1000, Cell Signaling Technology, Danvers, USA), GAPDH
(1:10000, Proteintech, Wuhan, China), Histone H3 (1:4000,
HUABIO, Hangzhou, China) and Tublin-ot (1:10000, abcam,
USA) at 4 °C overnight followed by incubation with secondary
antibody (1:5000, Proteintech, Wuhan, China) for 1 h at RT.
Finally, membranes were visualized by NcmECL Ultra (NCM
Biotech, Shanghai, China).

2.4 Total RNA extraction and real-time
quantitative PCR

Animal Total RNA Isolation Kit (FOREGENE, Chengdu,
China) and Cell Total RNA Isolation Kit (FOREGENE, Chengdu,
China) were used to extract total RNA from nasal tissues and cell,
respectively. Total RNA was reverse transcribed into cDNA using
HiScript IIT All-in-one RT SuperMix Perfect for qPCR (Vazyme
Biotech, Nanjing, China) according to the manufacturer’s protocols.
qPCR was achieved with synthetic primers and Taq pro Universal
SYBR qPCR Master Mix (Vazyme Biotech, Nanjing, China). The
related primers used are shown in Supplementary Table 2.

2.5 Immunofluorescence

Paraffin sections were prepared with deparaffinization,
hydration, and antigen retrieval, and HNEpC were fixed in 4%
paraformaldehyde for 15 min at RT. Both tissues and cells were
permeabilized in PBS supplemented with 0.1% Triton X-100. Then,
5% BSA supplemented with 0.01% Triton X-100 was used to block
nonspecific binding for 2 h at RT. Sections were incubated
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overnight at 4°C with primary antibodies against CD68 (1:2000,
Proteintech, Wuhan, China), NOS2 (1:400, ABclonal, Wuhan,
China), HO-1 (1:400, ABclonal, Wuhan, China), SOD2 (1:400,
ABclonal, Wuhan, China) and nuclear factor E2-related factor 2
(NRF2) (1:200, Proteintech, Wuhan, China), and cells were
incubated with primary antibodies against NRF2 and NF-xB P65
(1:400, Cell Signaling Technology, Danvers, USA), followed by
incubation with fluorophore-conjugated secondary antibodies.
Finally, sealing tablets containing DAPI were added to the slides,
which were later covered by cover glasses.

2.6 Culture and polarization
of macrophages

Peripheral blood mononuclear cells (PBMCs) were isolated
from healthy controls by Ficoll-Paque PREMIUM density
gradient (GE Healthcare, USA) centrifugation. The CD14+
monocytes were separated by positive magnetic selection
(Miltenyi Biotec, Germany). PBMCs were labeled with CD14
MicroBeads for 20 min at 4°C in the dark. Then, the cells were
washed and immediately sorted on a MACS Separator (Miltenyi
Biotec, Germany) to obtain CD14+ monocytes.

The CD14+ monocytes were cultured in serum-free RPMI-1640
medium for 2 h. After the cells adhered to the wall, the medium was
changed to serum-free medium (LONZA, Switzerland) containing 20
ng/ml macrophage colony-stimulating factor (M-CSF) (PeproTech,
USA). The medium was changed every 3 days and supplemented
with M-CSF. The cells were induced to MO macrophages (MO) after
one week. To polarize into M1 macrophages (M1), cells were treated
with 100 ng/ml LPS and 20 ng/ml interferon-y (IFN-y) (Novoprotein,
Shanghai, China) for 24 h, and cells were stimulated with 20 ng/ml
interleukin (IL)-4 (Novoprotein, Shanghai, China) for 24 h to
polarize into M2 macrophages (M2).

2.7 Culture of HNEpC

The HNEpC line was kindly donated by the First Affiliated
Hospital of Sun Yat-sen University. The culture medium used for
HNEpC was RPMI-1640 medium containing 10% fetal bovine
serum, 100 U/mL penicillin, and 100 ug/mL streptomycin (Gibco,
Paisley, UK). The cells were stimulated by either lipopolysaccharide
(LPS) (Sigma—Aldrich, USA) or staphylococcal enterotoxin B (SEB)
(Toxin Technology, Sarasota, FL, USA) with or without crocin
(target mol, USA) when they reached 70-80% confluency.

2.8 Culture of nasal polyp explants

Fresh nasal polyp tissues were obtained from CRSWNP patients
during surgery, washed with RPMI-1640 medium three times, and
then cut into smaller pieces weighing approximately 40 mg each.
Then, the tissue was passed through a mesh (pore size 0.9 mm?) to
acquire tissue fragments, which were resuspended in a 12-well plate
and cultured in RPMI-1640 medium containing 10% fetal bovine

frontiersin.org


https://doi.org/10.3389/fimmu.2024.1380846
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Zhou et al.

serum, 100 U/mL penicillin, and 100 pug/mL streptomycin. Explants
were treated with either SEB or LPS for 24 h with or without crocin.

2.9 Statistical analysis

Statistical analyses were performed by using GraphPad Prism 7.0
(GraphPad Software, San Diego, USA). The Kruskal-Wallis test was
used for comparisons between multiple groups in nasal tissues and the
Spearman correlation coefficient was applied to determine variable
relationships in nasal polyp tissues. Cell culture data are presented as
the mean * standard deviation (M + SD) and were analyzed using
one-way analysis of variance (ANOVA). Asterisks indicate statistical
significance (*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001).

3 Results

3.1 The expression and distribution of
oxidases in different nasal tissues

Patients were divided into the control group, ECRSWNP group and
nECRSWNP group according to the number of infiltrated eosinophils
in the tissue sections (Supplementary Figure 1). Furthermore, oxidase
expression and distribution were determined by IHC, and the results
showed that NOS2 was more highly expressed in the epithelial and
submucosal cells of the NP than in those of the control mucosa and
that NOX1 was more strongly expressed in the submucosal cells of
nasal tissues (Figure 1A). Increased levels of the NOS2 and NOX1
proteins were detected in samples from ECRSWNP patients compared
with control samples (Figures 1B, C). Moreover, the mRNA expression
of NOS2 and NOX1 was significantly greater in ECRSWNP patients
than in control subjects (Figure 1D). As a product of protein oxidation,
3-nitrotyrosine (3-NT) is a marker of oxidative damage (25). 3-NT
expression was greater in the epithelial cells and submucosal cells of
NPs than in those of UPs from control subjects (Supplementary
Figure 2). Collectively, our data revealed an increase in oxidative
stress in CRSWNP patients, especially in ECRSWNP patients.

3.2 The expression and distribution of
antioxidant enzymes in different
nasal tissues

Immunostaining showed that HO-1 was mainly expressed in the
submucosal cells of NPs from CRSWNP patients (Figure 2A). SOD2
was distributed primarily in epithelial cells, submucosal cells and
submucosal glands in nasal tissues and was increased in the
submucosal cells of CRSWNP NPs compared with control NPs
(Figure 2A). In contrast to previous studies (20, 26), we found that
HO-1 and SOD2 protein levels were significantly greater in CRSWNP
patients than in controls (Figures 2B, C). In addition, we found that
HO-1 mRNA levels were significantly greater in ECRSWNP patients
than in nECRSWNP patients and control subjects, and SOD2 mRNA
expression was significantly greater in ECRSWNP patients than in
control subjects (Figure 2D). In summary, we observed that the
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expression of antioxidant enzymes increased with increasing
oxidative stress in ECRSWNP patients.

3.3 Correlations between oxidase and
antioxidant enzyme expression and
inflammatory cytokine levels in
CRSwWNP patients

To elucidate the role of oxidases and antioxidant enzymes in
CRSwWNP, we examined the relationship between these enzymes and
inflammatory cytokines, such as IL-6, IL-8, IL-5, IL-13 and IFN-y,
in NPs from patients with CRSWNP. NOS2 mRNA levels were
positively correlated with IL-6 mRNA expression (Figure 3A). The
mRNA levels of IL-5 were positively correlated with NOX1 mRNA
expression (Figure 3B). In addition, the mRNA expression of HO-1
had a negative relationship with that of IL-8, IL-13 and IFN-y
(Figure 3C). We also found that SOD2 expression was negatively
correlated with IL-5, IL-13, and IFN-ylevels (Figure 3D). In general,
oxidase levels may be positively correlated with inflammatory
cytokine expression, while antioxidant enzyme levels can be
negatively correlated with cytokine expression. We speculate that
the increase in oxidative stress may lead to an increase in
inflammatory cytokine levels, whereas increased antioxidant
enzymes may inhibit inflammation.

3.4 In CRSWNP, macrophages are involved
in oxidation and antioxidation

Previous studies have shown that macrophages are the main
cellular source of reactive oxygen species (ROS)/reactive nitrogen
species (RNS) in the lungs and can produce NO through NOS2
(27). We investigated the expression of oxidase and antioxidant
enzymes in macrophages labeled with CD68 by dual
immunofluorescence staining of nasal tissue sections. Our results
showed that NOS2 (green), NOX1 (green), HO-1 (green), and
SOD2 (green) could be coexpressed with CD68 (red) in nasal
tissue from patients with CRSWNP (Figures 4A-D). Therefore,
macrophages are likely the main source of free radicals.

3.5 The damage of antioxidant enzymes is
related to M2 macrophage polarization

Real-time quantitative PCR showed that IL-4 promoted M2
macrophage polarization by increasing the mRNA expression of
CCL24 and MRCI (Figure 5A). The expression of NOS2 and NOX1
was not increased in M2 macrophage (Figures 5B, D) but was
increased in M1 macrophages (Supplementary Figure 3B), which
means that M1 activation induced oxidative stress. M2 polarization
suppressed the expression of the antioxidant enzymes HO-1 and
SOD2 (Figures 5C, D). Interestingly, crocin strongly inhibited the
expression of M2 markers (Figure 5A), increased HO-1 and SOD2
expression (Figures 5C, D) and decreased NOS2, NOX1 and KEAP1
expression in M2 macrophages (Figures 5B, D). Moreover, crocin
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The expression of oxidase was increased in ECRSWNP compared with control. (A) The location of NOS2 and NOX1 was detected in control, ECRSWNP
and NnECRSWNP by IHC staining. (B) NOS2 and NOX1 protein expression was determined by Western blotting in control subjects, ECRSWNP patients and
NECRSWNP patients. (C) Relative protein levels of NOS2 and NOX1 were normalized to GAPDH in control (n=4), ECRSWNP (n=4) and nECRSWNP (n=4).
(D) Real-time quantitative PCR results for NOS2 in control subjects (n=14), ECRSWNP (n=27) and nECRSWNP (n=12) and for NOX1 in control subjects
(n=13), ECRSWNP (n=22) and nECRSWNP (n=12). The Kruskal-Wallis test was used for comparisons among multiple groups. *p<0.05, **p<0.01,

****%p<0.0001. NS, Not significant.

decreased M1 macrophages polarization (Supplementary
Figure 3A). In summary, we speculated that M1 polarization
results in increased oxidative stress, but M2 polarization impairs
antioxidant capacity. In addition, crocin simultaneously inhibited
M1 polarization by directly reducing the level of oxidative stress and
inhibited M2 polarization by improving the antioxidant capacity.
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3.6 Crocin treatment attenuates oxidative
injury and inflammation in HNEpCs via the
KEAP1-NRF2/HO-1 pathway

As oxidase and antioxidant enzymes are expressed in the epithelial
cells of NPs from patients with CRSWNP, we explored the relationship
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The expression of antioxidases was increased in ECRSWNP compared with control. (A) The location of HO-1 and SOD2 in control tissues and nasal polyps
as detected by IHC. (B) Western blotting analyses of HO-1 and SOD2 protein levels in control subjects, ECRSWNP patients and nECRSWNP patients.

(C) HO-1 and SOD2 relative protein levels were normalized to GAPDH in control subjects (n=4), ECRSWNP patients (n=4) and nECRSWNP patients (n=4).
(D) gPCR results for HO-1 in control subjects (n=9), ECRSWNP (n=16) and nECRSWNP (n=8) and for SOD2 in control subjects (n=12), ECRSWNP (n=17) and
NECRSWNP (n=12). The Kruskal-Wallis test was used for comparisons among multiple groups. *p<0.05, ***p <0.001, ****p <0.0001.. NS, Not significant.

between epithelial cells and oxidative stress. Our results showed that the
nuclear localization of NF-kB was increased in the SEB treatment
group (Figures 6A, C). In addition, the mRNA and protein levels of
NOS2 were increased in the SEB-treated group (Figures 6D, E), and the
level of IL-33 was increased in the SEB-treated group (Figure 6E).
These findings indicated that SEB treatment activated oxidative injury

Frontiers in Immunology

147

and cell inflammation in HNEpCs. Crocin has been proven to
ameliorate cardiotoxicity via the KEAP1-NRF2/HO-1 pathway (28).
Our results revealed that NRF2 translocated into the nucleus of
HNEpCs treated with crocin (Figure 6B). SEB treatment decreased
HO-1 protein and mRNA levels (Figures 6D, E). Interestingly, SEB
treatment did not change SOD2 protein levels (Figure 6D).
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Furthermore, crocin induced NF-kB translocation from the nucleus to
the cytoplasm (Figure 6A), and the expression of NOS2, IL-33 was
inhibited by crocin (Figures 6D, E). These results provide further
evidence that crocin attenuates oxidative injury and inflammation in
HNEpCs through the KEAP1-NRF2/HO-1 pathway. We also found
that LPS treatment activated inflammation and crocin reversed this

effect (Supplementary Figure 4).
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3.7 Crocin reduces the inflammation of
nasal polyp explants stimulated with SEB

or LPS

Nasal polyp explants have the advantage of replicating the in
situ mucosal environment, so we confirmed the antioxidant effect of

crocin on nasal polyps based on in vitro explant models. SEB
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significantly increased NOS2 and NOXI1 expression (Figures 7A, B).
Moreover, HO-1 expression was decreased, while SOD2 expression
was elevated by SEB (Figures 7A, C). In contrast, crocin decreased
NOS2 expression and NOX1 expression (Figures 7A, B) and
increased the expression of HO-1 and SOD2 (Figures 7A, C). SEB
also increased IL-5, IL-13, IL-6, IL-8, IL-25, IL-33, IFN-y and IL-1j3
mRNA expression, and crocin treatment reversed this effect
(Figure 7D). In addition, LPS stimulation increased NOX1
mRNA expression as well as that of SOD2, IL-6, IL-8, IL-25, and
IL-33 (Figures 7E, F). Crocin reduced NOX1, IL-6, IL-8, IL-25, and
IL-33 mRNA expression but increased HO-1 and SOD2 expression
(Figures 7E, F). Together, these results indicated that crocin exerts
an anti-inflammatory effect on nasal polyp explants by improving
the antioxidant capacity of cells.

4 Discussion

Oxidative stress has been shown to be involved in a wide range
of diseases, including chronic obstructive pulmonary disease,
Alzheimer’s disease, cancer and cardiovascular and metabolic
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diseases (21, 29, 30). To protect against oxidative stress damage,
organisms have evolved defense mechanisms based on antioxidant
enzymes that neutralize oxidants and repair oxidative injury.
Therefore, these defense mechanisms are the targets of disease
treatment and prevention, and agents that enhance antioxidative
defenses are the main strategies of antioxidant therapy (21). For
example, N-acetylcysteine (NAC) can treat nephropathy by
supplementing with GSH (31). Recently, oxidative stress was also
shown to play crucial roles in the development of CRSWNP (32). In
the present study, we assessed the oxidative status and antioxidative
defense in CRSWNP patients and observed an imbalance between
oxidase and antioxidant enzyme levels, particularly in patients with
ECRSwWNP. We further found that the accumulation of oxidants was
positively correlated with the levels of inflammatory cytokines.
Thus, improving the antioxidant capacity to reduce oxidation and
inflammation may be a potential strategy for the treatment
of CRSwNP.

Oxidation and antioxidation are dynamically balanced, and an
increase in the oxidant level will promote an increase in the
antioxidants by negative feedback, thus eliminating excessive ROS
and reducing oxidative stress. Consistent with previous studies (33—
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35), we found that compared with that in the control group, the
expression of NOS2 and NOXI1 was increased markedly in
ECRSwWNP patients. Notably, for the first time, we reported an
increase in 3-NT expression in nasal polyps. Moreover, the
antioxidant level also increased, mainly manifested as an increase
in the levels of antioxidant enzymes such as SOD2 and HO-1.
However, our results are slightly different from those of previous
reports. Ono et al. (26) found that the mRNA and activity of SOD2
were decreased in patients with CRSWNP, especially in patients with
ECRSWNP, compared with healthy controls. In addition, Yu et al.
(20) reported that the mRNA expression of HO-1 in nECRSWNP
patients was significantly greater than that in ECRSWNP patients.
Therefore, we speculate that oxidative status may be related to the
unclear development of nasal polyps and drug interference during
treatment. Further research revealed that the expression of these
oxidation-related genes were positively correlated with the levels of
inflammatory factors, while the expression of antioxidant genes
were negatively correlated with inflammatory factor levels. These
studies showed that there is an obvious imbalance between
oxidation and antioxidation in nasal polyps, which could be
involved in the inflammatory reaction in nasal polyps.

Previous studies have shown that nasal epithelial cells,
macrophages, neutrophils, eosinophils and basophils are the sites
of oxidative stress in CRSWNP (13, 14, 16). In our study, NOS2 and
NOXI were expressed in epithelial and subcutaneous cells, such as
NOS2" macrophages, as determined by immunofluorescence. As
reported, epithelial cells are frequently exposed to exogenous
oxidants such as pathogens, allergens, cigarette smoke, diesel fuel,
and ozone, which can lead to the development of oxidative stress
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(36). We observed an imbalance between the oxidation and
antioxidation of HNEpCs stimulated by LPS and SEB, which was
characterized by a decrease in HO-1 expression and an increase in
NOS2 expression. Moreover, the translocation of NF-«B to the
nucleus was also determined by immunofluorescence. It has been
reported that macrophages can be polarized into M1-like
macrophages (M1) and M2-like macrophages (M2) (37).
Consistent with previous research results (38), M1 macrophages
exhibit obvious oxidative stress and inflammatory responses,
including increased expression of NOS2 and NOXI, decreased
expression of HO-1 and increased expression of IL-6 and tumor
necrosis factor o (TNF-o.). However, the antioxidant enzyme SOD2
in M1 macrophages was also increased, consistent with the findings
of Paulina Tokarz’s research (39), which suggested that the
increased expression of SOD2 protected macrophages from LPS-
induced damage. In contrast, decreased expression of NOS2 and
NOX1 as well as antioxidant enzymes (HO-1 and SOD2) were
detected in polarized M2 macrophages. These results in
macrophages indicated that oxidative stress is mainly produced
by M1-like macrophages. In summary, epithelial cells and
macrophages are important sources of oxidative stress in
CRSwWNP, while the increased expression of antioxidant enzymes
in these cells reduces oxidative stress and inflammation to a certain
degree as a feedback mechanism.

Redox balance is regulated by the KEAP1/NRF2/ARE signaling
pathway which is the main pathway involved in the protection
against oxidative stress in different diseases (40-42). Under stress
conditions, ROS can modify the cysteine residues of KEAPI,
resulting in inactivation of the E3 ubiquitin ligase and
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accumulation of NRF2 (43). NRF2 then translocates into the
nucleus and binds to antioxidant response elements (AREs) to
initiate the transcription of antioxidant genes, including HO-1,
NQOI and SOD (44). In this study, we found increased expression
of both oxidases and the antioxidant enzymes SOD2 and HO-1 in
nasal polyps, indicating the activation of the KEAP1/NRF2
signaling pathway in response to stress. However, the increase in
antioxidant enzymes failed to offset the accumulation of oxidants,
leading to increased oxidative stress in nasal tissue. Previous studies
have confirmed that the KEAP1/NRF2 system could be an
important therapeutic target for various diseases, including
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inflammatory diseases (40), diabetes (41), and neurodegenerative
diseases (42). For example, mangiferin and panaxydol can alleviate
allergic rhinitis (AR) and LPS-induced lung inflammation through
the KEAP1-NRF2/HO-1 pathway, respectively (45).

Crocin, which is extracted from saffron, has been proven to have
antioxidant and anti-inflammatory properties (46). Several studies
have confirmed that crocin has significant therapeutic effects on
diabetes (47), cancer (48), and cardiovascular disease (49). Our
results showed that crocin treatment alleviated inflammation and
oxidative stress in HNEpCs stimulated with LPS and SEB. Crocin
strongly inhibited the expression of NF-kB p65 and its translocation
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FIGURE 7

Crocin reduces the inflammation of nasal polyp explants induced by SEB or LPS. (A—D) Nasal polyp explants were incubated with SEB (500 ng/ml)
with or without crocin (20 uM) for 24 h. (A) Protein expression of NOS2, NOX1, HO-1, SOD2 was assessed by Western blotting. (B) mRNA expression
of NOS2 and NOX1 was measured by gPCR. (C) mRNA expression of HO-1 and SOD2 were measured by gPCR. (D) Significant downregulation of
IL-6, IL-8, IL-5, IL-13, IL-25, IL-33, IL-1B and IFN-y mRNA levels after crocin treatment. (E, F) Nasal polyp explants were treated with LPS (100 ng/ml)
with or without crocin (20 uM) for 24 h. (E) mRNA expression of NOX1, HO-1 and SOD2 was measured by gPCR. (F) mRNA expression of IL-6, IL-8,
IL-25 and IL-33 was measured by qPCR. One-way ANOVA was used to analyze the differences between multiple groups. *p<0.05, **p<0.01,
***p<0.001, ****p<0.0001.. NS, Not significant.

into the nucleus (50) but significantly activated NRF2 (28).  Previous studies have shown that crocin alleviates coronary
Interestingly, the expression of SOD2 was not affected by crocin,  atherosclerosis and titanium particle-induced inflammation by
which showed that crocin inhibited LPS- and SEB-induced  inducing M2 macrophage polarization (51, 52). Unlike previous
inflammation though KEAP1-NRF2/HO-1 signaling in HNEpCs.  studies, we observed that crocin inhibited the expression of MRC1
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and CCL24 in M2 macrophages and inhibited the expression of IL-
6, NOS2 and TNF-o in M1 macrophages, which indicated that
crocin may inhibit M1 and M2 macrophage polarization.
Furthermore, crocin upregulated the expression of HO-1 and
SOD2 in M2 macrophages but did not upregulate the expression
of HO-1 and SOD2 in M1 macrophages. In addition, KEAP1
protein levels were decreased in the M2 group treated with
crocin. These results suggested that crocin could achieve
antioxidant and anti-inflammatory effects through the KEAP1/
NRF2 pathway in M2 macrophages, while it may directly reduce
the inflammatory response induced by M1 macrophages in other
ways. Because M2 macrophages has been demonstrated to play an
important role in persistent inflammation in CRSWNP, particularly
in ECRSWNP (53, 54), crocin may have an anti-inflammatory effect
on CRSwNP due to its ability to increase antioxidant enzyme
expression in M2 macrophages. As crocin is a natural product
with low toxicity, it has great application prospects. Overall,
treatment with antioxidants might be a potential strategy for
CRSwWNP management.

5 Conclusions

Our results revealed that an imbalance between oxidants and
antioxidants could be involved in the development of chronic
rhinosinusitis with nasal polyps. Nasal epithelial cells and
macrophages are the main cellular sources of oxidative stress in
CRSwNP. Antioxidant treatment with crocin might be a potential
strategy for the treatment of CRSWNP through the KEAP1/NRF2/
HO-1 pathway.
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Troxerutin suppress
inflammation response and
oxidative stress in jellyfish
dermatitis by activating Nrf2/
HO-1 signaling pathway

Ran Liu™, Yulian Wang', Wenhao Kuai'!, Wenting Li*,
Zengfa Wang?®, Liang Xiao® and Jianhua Wu™

‘Department of Dermatology, The First Affiliated Hospital of Naval Medical University, Navy Medical
University, Shanghai, China, ?Faculty of Naval Medicine, Naval Medical University, Shanghai, China,
sCollege of Traditional Chinese Medicine, Jilin Agricultural University, Changchun, China

Background: Stomolophus meleagris envenomation causes severe cutaneous
symptoms known as jellyfish dermatitis. The potential molecule mechanisms and
treatment efficiency of dermatitis remain elusive because of the complicated venom
components. The biological activity and molecular regulation mechanism of
Troxerutin (TRX) was firstly examined as a potential treatment for jellyfish dermatitis.

Methods: We examined the inhibit effects of the TRX on tentacle extract (TE)
obtained from S. meleagris in vivo and in vitro using the mice paw swelling
models and corresponding assays for Enzyme-Linked Immunosorbent Assay
(ELISA) Analysis, cell counting kit-8 assay, flow cytometry, respectively. The
mechanism of TRX on HaCaT cells probed the altered activity of relevant
signaling pathways by RNA sequencing and verified by RT-gPCR, Western blot
to further confirm protective effects of TRX against the inflammation and
oxidative damage caused by TE.

Results: TE significantly induced the mice paw skin toxicity and accumulation of
inflammatory cytokines and reactive oxygen species in vivo and vitro. Moreover, a
robust increase in the phosphorylation of mitogen-activated protein kinase (MAPKs)
and nuclear factor-kappa B (NF-kB) signaling pathways was observed. While, the
acute cutaneous inflammation and oxidative stress induced by TE were significantly
ameliorated by TRX treatment. Notablly, TRX suppressed the phosphorylation of
MAPK and NF-xB by initiating the nuclear factor erythroid 2-related factor 2
signaling pathway, which result in decreasing inflammatory cytokine release.

Conclusion: TRX inhibits the major signaling pathway responsible for inducing
infammatory and oxidative damage of jellyfish dermatitis, offering a novel
therapy in clinical applications.

KEYWORDS

jellyfish dermatitis, inflammation response, oxidative stress, troxerutin, MAPK signaling
pathway, erythroid 2-related factor 2 signaling pathway
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1 Introduction

Jellyfish, an invertebrate organism, is among the world’s most
toxic creatures. Jellyfish stings have become a threat to human
activity owing to their explosive growth in recent years (1).
Stomolophus meleagris (S. meleagris) is the most widely
envenomed jellyfish species that blooms that spread in China.
Korea, and Japan. The nematocysts released from S. meleagris,
triggered by contact, can deliver strong and fast-acting venom into
the epidermis, causing a range of clinical symptoms, from moderate
discomfort to severe pain with necrosis and scarring. Dermatitis is a
common condition that causes severe local cutaneous discomfort
and is characterized by extreme pain and tissue damage, which
greatly distress long-term fishery practitioners, tourists, and clinical
researchers (2, 3). However, the molecular processes toward these
envenoming effects are unclear. To minimize inflammation and
provide widespread neutralization against S. meleagris venom,
various treatments are utilized for the initial management of
jellyfish dermatitis to decrease inflammatory responses and
provide widespread neutralization against scorching; nevertheless,
their efficacy is restricted. Notably, considerable debate and
contention exist regarding the efficacy of existing treatments, with
some potentially exacerbating symptoms (4, 5). Therefore, it is
crucial to analyze the mechanism of skin inflammation induced by
S. meleagris venom to develop effective clinical medicines.

Inflammation is considered a contributing factor to the course
of jellyfish stings (3, 6). Proteomic and transcriptome analyses have
shown that jellyfish venom is a mix of antigens and various
proteases (7-9). Proteins and peptides in venom may act as
potential antigens to increase the immune system’s release of
inflammatory cytokines, leading to persistent dermatitis (10, 11).
Bioactive compounds enter the microvascular beds of the skin,
causing anaphylactic shock and multiorgan dysfunction (12, 13).
Nevertheless, oxidative stress can be accompanied by inflammatory
responses and increase the risk of numerous illnesses. The
overproduction of reactive oxygen species (ROS) within cells and
exhaustion of antioxidant defenses are believed to be the most
effective pro-inflammatory signaling pathways that cause cell
necrosis (14). Researches has shown the injection of crude Pelegia
noctiluca envenomation elicited an inflammatory response and
apoptosis, which were correlated with the plasma concentrations
of ROS and nitric oxide (NO) (15). Oxidative stress from major
indicators of mouse serum lipid peroxidation and the accumulation
of intercellular ROS may be additional pathways for the effects of
jellyfish venom (16, 17). According to recent findings, skin oxidative
damage and inflammation induced by Nemopilema nomurai can be
mitigated through a class of natural antioxidant algal-derived
polysaccharides by inhibiting mitogen-activated protein kinases
(MAPK) and nuclear factor-kappa B (NF-xB) pathways (18).
ROS accumulation between cells leads to activate the MAPK
signaling pathway, which further aggravated inflammation
response (19).. However, few studies about S. meleagris TE
induced inflammatory response and oxidative stress in MAPK
pathway studies. Accordingly, research on inflammatory
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mediators and oxidative stress-related signaling pathways should
be considered in the theory of inflammatory skin disorders (8, 9).

Troxrutin (TRX) is a naturally occurring flavonoid that has
undergone hydroxymethylation and contains an range of biological
characteristics, including antioxidant, anti-inflammatory, immune-
stimulating, and anticancer properties. It has been clinically
recognized the anti-inflammatory effect of TRX was proved by
performing extensive cellular and animal experiments to treat
various diseases (20-22). The malondialdehyde (MDA) levels can
be significantly reduced in rat hippocampal tissue by TRX
application and combating the apoptosis of hippocampal neurons
by enhancing the activities of Superoxide Dismutase (SOD)
glutathione peroxidase (GPx) (23). By down-regulating the
expression of inflammatory factor interleukin-6 (IL-6), tumor
necrosis factor-o. (TNF-o), and cyclooxygenase (COX-2), TRX
prevented the NF-kappaB and MAPK signal pathway from being
activated, which inhibited the inflammatory response of advanced
glycation end products (AGEs) in a mouse osteoarthritis injury
model (24). Furthermore, troxerutin protected HacaTcells from
UVB-induced decrease in cell growth through regulated miRNA
function and suppressed apoptosis (25). In addition, TRX can
reduce Edema and capillary hydrostatic pressure through
hyaluronidase and histamine syntheses by TRX application,
resulting in the protection of vascular endothelial cells and the
effective improvement of microcirculation (26). Notably,
Histamine, 5-hydroxytryptamine, and kinin in venom of jellyfish
can operate to contract and spasm vascular smooth muscle and
increase the permeability of nearby blood vessels, causing severe
discomfort and localized skin congestion and edema (7, 27).
Nevertheless, there are no reliable remedies to relieve venom-
mediated skin edema and pain due to increased skin capillary
permeability. Due to these biological properties of TRX
mentioned above, we plausibly hypothesized that TRX may
protect skin HacaT cell against jellyfish dermatitis development
and further studies of TRX’s antagonistic effects are needed.

In the study, the toxic effects of the tentacle extract (TE)
obtained from S. meleagris venom were investigated in vivo and
vitro. Furthermore, TRX inhibits the inflammatory factors of TE-
induced and enhances the activity of antioxidant enzymes. The
beneficial function of TRX, which in mitigating skin inflammation
responses and oxidative stress in jellyfish dermatitis, were further
identified by related oxidation signaling pathway and RNA-seq
analysis and to explore the possible active molecular mechanisms.
This study may provide an innovative strategy for further research
on the therapy of jellyfish stings.

2 Materials and methods

2.1 Jellyfish collection and
tentacle isolation

Live S. meleagris specimens were collected from Bohai Bay,
Dalian City, Liaoning Province, China. Tentacles were immediately
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removed from the freshly captured jellyfish and frozen on dry ice.
samples were brought to the lab and kept at -80°C.

2.2 Jellyfish venom extraction and protein
concentration determination

Nematocyst venom was extracted using established methods (28).
Frozen S. meleagris tentacles were frozen and then thawed at 4°C in a
beaker. After 72 h, the defrosted tentacle extract was continually
churned in a magnetic mixer at 4°C until no discernible tissue mass
remained. The autolysis extract was filtered twice through a 200-
mesh screen and collected after being centrifuged for 15 minutes at
1000 xg at 4°C. The venom was then placed in a dialysis bag, where it
was agitated by magnetic stirrers overnight at 4°C in 1x phosphate-
buffered saline (PBS) (pH 7.4). Following dialysis, S. meleagris venom
was extracted, divided into 15 ml centrifuge tubes, and kept for later
use in a freezer at -80°C. The Bicinchoninic Acid Assay (BCA)
protein concentration detection kit (Beyotime, China) was used to
calculate the amount of S. meleagris TE protein. The measured
protein concentration can serve as a proxy for jellyfish venom
protein content in future studies. The final TE concentration used
in this study was 2.5 mg/mL.

2.3 Mice paw swelling models

2.3.1 Animal maintenance

In order to mitigate the possible impact of hormone fluctuations
and additional reasons for differences related to sex, only male mice
were used in this investigation. Improved Castle Road (ICR) mice
(20 £ 2 g, male) were purchased from the Navy Medical University
Experiment Animal Center. The animals had been raised in a
facility with controlled temperatures and regular day and night
cycles (12 h light/dark cycle). The mice were able to obtain water
and food. All animal experiments were approved by the Shanghai
Changhai Hospital Committee on the Ethics of Animal
Experiments at the Chinese Naval Medical University. (Ethical
approval number: CHEC (A.E)2022-003).

2.3.2 Dermal toxicity in animals

To assess the dermal toxicity of S. meleagris TE, mice were
subcutaneously injected with different doses (5, 15, 50 ug) dissolved
in normal saline (NS). Mice were randomly assigned to four groups
(six mice in each group), and a subcutaneous injection of TE was
administered to the mice’s plantar area skin. The erythema and
edema symptoms of the mouse paws in each group and the
percentage of swelling of the mouse paw were scored according to
the skin irritation reaction criteria and the maximum dorsoventral
thickness of the left paw at different periods. The percentage of
swelling was calculated using the formula: Swelling percentage =
paw thickness at each stage after injection - paw thickness before
injection)/paw thickness before injection * 100%. The swelling
percentage of the mouse paws was plotted with time (h) as the
horizontal coordinate and the swelling percentage of the paw (%) as
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the vertical coordinate. Furthermore, after the mice’s cervical
dislocation death, blood samples were taken to measure the
serum levels of inflammatory factors. Similarly, to examine how
TRX affects TE-induced cutaneous toxicity, mouse paws were
treated with a mixture of venom and TRX (45 mg/kg), which was
premixed for 30 min to maintain the final concentration of venom
at 1 mg/mL. TRX’s inhibitory effect on paw erythema, edema, and
serum inflammatory factors was measured as described above.
Mouse paw skin tissue was subcutaneously injected with TRX to
show that the body was not affected by inflammation. The negative
control group consisted of animals that received only vehicle (NS).

2.4 Cell culture and troxerutin treatment

The HaCaT cells (Fuheng Biological Co., Ltd., Shanghai,
China), identified by STR technology, were raised in Dulbecco’s
Modified Eagle Medium (DMEM) medium maintained at 37°C in a
humidified atmosphere with 5% CO2 and 10% fetal bovine serum
added (Lonsrea A511-001, Australian) and 1% penicillin/
streptomycin mixture (Grand Island, NY, USA). Troxerutin
(TRX) (purity, = 97%; molecular weight, 742.67; formula,
C33H42019) was purchased from Shanghai Macklin Biochemical
Co., Ltd (Shanghai, China). At a concentration of 10 mM (pH 7.4),
TRX was created in PBS and kept at -20°C.

2.5 Cell viability

The HaCaT cells were plated in 96-well plates (1x104 cells/well)
after being incubated for 24 hours. Cells were treated with TE at
varying concentrations (2, 6, 12, 20, 60, 120, 200 pg/mL) for 2 h, and
the CCK-8 assay (TopScience, Shanghai, China) was used to
monitor cell viability. To detect the antagonistic effects of TRX,
TE and TRX (20, 50, 200, 500, 1000 um) mixed solutions were
incubated with HaCaT cells for 2 h under the stimulus of a fixed
venom concentration (10 ug/mL). Absorbance was determined at
450 nm following the addition of the CCK-8 reagent.

2.6 Analysis of intracellular ROS production

After being cultivated on 12-well plates for 24 h at a density of
1x105 cells/well, the cells were stimulated with 10, 30, and 60 pg/
mL of TE. After 2 h of incubation, the intracellular ROS generation
was assessed according to the reactive oxygen species ROS kit
(Beyotime, China). The fluorescent probe DCFH-DA was diluted
in serum-free medium (DMEM) to a final concentration of 10 uM/
L. Cells were collected and suspended in diluted DCFH-DA,
incubated at 37°C for 20 minutes with appropriate inversion and
mixing, so that the probe and cells were in full contact with each
other. The ratio of fluorescence intensity was performed using a
CytoFLEX flow cytometer (Beckman Coulter, Brea, CA, USA) with
emission and excitation wavelengths of 488 and 525 nm,
respectively. In addition, 50uM DHE fluorescent probe staining
solution was prepared and mixed with the treated cells, which were
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detected by fluorescence microscope (Rockford, IL, USA) under
excitation wavelength of 510 nm and 600 nm emission wavelength.
The image] was used to analyze the quantitative of relative
fluorescence intensity. For drug intervention, HaCaT cells were
treated with mixed solutions containing TRX (1 mM) and TE (10
pg/mL) and incubated for 2 h, similar to the previous detection
method to test TRX inhibition on TE-induced oxidant stress.

2.7 Enzyme-linked immunosorbent
assay analysis

The survival rate of HaCaT cells was approximately 80% to
90%, with a venom concentration of 10 pg/mL as the modeling
concentration. After 24 h incubation, cells were treated with TE,
and the supernatants were collected using a replaceable centrifuge
rotor (3000 rpm; Thermo ScientiﬁcTM, X1 Pro, USA). The protein
expression levels of inflammatory factors interleukin-6, interleukin-
8 (IL-8), TNF-q, interleukin-13 (IL-1P), and oxidation factor of
MDA and ROS were examined using 96-well ELISA kits(Institute
of Biological Engineering of Nanjing Jiancheng, China). Add 50 puL
of standard and 10 UL of treated cell supernatant, respectively. Filled
with horseradish peroxidase (HRP)-labeled antibody incubated at
37°C for 60 min. Discard the supernatant and incubated with 50 puL
of substrate at 37°C for 15 min. Measure the OD value of each well
at 450 nm. The concentration of the standard and the
corresponding OD value were used as the horizontal and vertical
coordinates, respectively. The protein concentration was calculated
according to the equation of the linear curve of the standard. In
addition, blood from the orbital veins of the animal model group
was collected and left at 37° for 2 h. It was analyzed for relevant
serum indicators of inflammation and oxidative stress in
compliance with the provided similar method by the Elisa kit. For
drug intervention, HaCaT cells were treated with mixed solutions
containing TRX (1 mM) and TE (10 pg/mL) and incubated for 2 h,
similar to the previous detection method to detect TRX inhibition.

2.8 Bioinformatics analysis

Following treatment in triplicate with 10 pug/mL S. meleagris
venom or control (DMEM) for 2 h, For RNA sequencing analysis,
HaCaT cells were gathered and kept at -80°C. Genes with
differential expression (DEGs) were chosen. The Kyoto
Encyclopedia of Genes and Genomes enrichment analysis and
Gene Ontology studies were carried out with R software (LC-Bio
Technology Co., Ltd., Hangzhou, China).

2.9 Reverse transcription polymerase chain
reaction analysis

Before TE (10 pug/mL) stimulation, the cells were cultured for

24 h and treated with different doses of TRX. Cells were collected
and homogenized using a RAN extraction kit (Beijing, Shanghai,
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China). The sample was dissolved in Diethylpyrocarbonate (DEPC)
water after discarding the supernatant to obtain total RNA,
total RNA was combined with a TagMan MicroRNA Reverse
Transcription Kit (Toyobo, Osaka, Japan) to obtain ¢cDNA.
SYBR-green (TargetMol, Shanghai, China) and particular gene
primers were used to perform RT-qPCR on c¢cDNA, with 30 PCR
cycles: 5 min of denaturation at 94°C, 20 s of annealing at 60°C, and
30 min of extension at 72°C.

2.10 Western blot analysis

To prepare for TE (10 ug/mL) stimulation, 1x10 cells/dish were
planted in 6 cm culture dishes, treated with TE or 1 mM TRX and TE
mixture, left for 24 h. The protein extraction reagent SDS (LC-Bio
Technology Co., Ltd., Hangzhou, China) was used to extract proteins
from the cells and tissues. After estimating protein concentrations
using the Protein Assay Kit for BCA, 10% polyacrylamide gels were
used to electrophorese 10ug of total protein from each lane.
Polyvinylidene difluoride membranes (Cytiva, Germany) were lined
with the resolved protein bands and blocked with a buffer without
protein for rapid blocking for 2 h (Ya Mei, Shanghai, China).
Subsequently, the membranes were sequentially incubated with
different monoclonal primary antibodies (1:1000) overnight at 4°C.
After incubating with the primary antibody, the secondary antibody
was washed with TBST and allowed to sit at 27°C for 1 h. An imaging
device and enhanced chemiluminescence (ECL) chemicals were used
to observe protein bands.

2.11 Statistical analysis

GraphPad Prism 7 (GraphPad Software Inc., La Jolla, CA, USA)
and Origin 2018 were used for statistical analyses. Every test was
carried out in triplicate, and the results are shown as means + SD.
This study compared groups in numerous ways using a one-way or
two-way analysis of variance and compared two groups using
Student’s t-test. The related figures were marked with an asterisk
(*) to indicate statistical significance, with a p-value of less
than 0.05.

3 Results

3.1 TE increased skin toxicity and
inflammation in vivo and in vitro

To determine whether TE exerts toxic effects on the epidermal
skin, an animal model was used to investigate dermal toxicity. TE
was administered subcutaneously at 5, 15, and 50 g consecutively
into the left paw of the mice. As predicted, the paws of the mice in
the TE group exhibited a significantly higher inflammatory
response. In addition to significant edema of the soles and toes,
pronounced swelling and erythema were observed with venom
stimulation in a dose-dependent manner (Figure 1A). Further, the
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FIGURE 1

Toxic effect and inflammatory responses of the tentacle extract (TE) from Stomolophus meleagris (S. meleagris) in vivo and vitro. (A) TE induced the
toxicity effect in mice paws at different times. (B) skin swelling percentage and (C) irritation score in mice paws. (D) section on dermal toxicity-related
pathology. The histopathological slice’s scale bars are 100 um in length. Blue arrowheads indicate the presence of inflammatory cells in subcutaneous
tissue. (E)The levels of inflammatory factor protein expression, including interleukin-1p (IL-1B), interleukin-6 (IL-6), interleukin-8 (IL-8), and tumor
necrosis factor-o. (TNF-a) with TE (50 ug) in the blood of mice. and (F) in HaCaT cell with TE (10 ug/mL). n = 4 experiments/group. Three independent
assessments of the determinant (n = 3, mean + SE) verified the outcomes. A significant difference is shown by 4error bars with distinct letters (p < 0.05).

*p < 0.05, # p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, ns>0.05.

percentage of mouse paw swelling increased in a dose-dependent
manner, reaching its highest value at 0.5-1 h and then with a slight
decline. Notably, the swelling percentage increased by more than
60% with TE at a concentration of 50 ug compared with that in
control before injection (Figure 1B). Therefore, we determined TE
concentration with 50 pg for further experiment. Similarly, skin
irritation scores peaked within 1 h and decreased significantly 2 h
after injection, which was consistent with the paw swelling
percentage (Figure 1C). Histopathological investigations also
revealed a considerable variation in mouse skin tissue
inflammation caused by TE (Figure 1D). The venom group
showed a propensity for edema and necrosis, evidenced by the
significant thickness of the dermis at 1 h. Moreover, the number of
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inflammatory cells in the cutaneous tissue of the mice increased
noticeably at 12 and 24 h, indicating that TE elicited an
inflammatory response in the organism. Inflammatory cells
penetrating the skin is mainly mediated by an inflammatory
response (29). After the injection of TE into the mouse paws, the
levels of inflammatory indicators in the blood of the mice were
assessed for TE-induced damage from inflammation. Notably, acute
inflammatory reactions were triggered, resulting in significant
elevations in the inflammatory agents’ protein expression levels,
such as IL-1f, IL-6, IL-8, and TNF-a (Figure 1E).

Next, we verified the effects of TE on human keratinocyte HaCaT
cells. First, we evaluated the cytotoxic effect on HaCaT cells treated at
various TE concentrations (0, 2, 6, 12, 20, 60, 120, and 200 pg/mL).
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The results showed that TE significantly reduced cell viability at
concentrations ranging from 20-200 pg/mL compared with
untreated cells (Supplementary Figure S1). Therefore, we chose TE
with a concentration of 10 ug/mL for the subsequent experiment.
Additionally, the application of TE to HaCaT cells led to a notable
increase in inflammatory damage and marked upregulation of
inflammatory cytokine expression, suggesting that TE can trigger
an inflammatory response (Figure 1F).

3.2 TE-induced production of serum and
intracellular ROS

ROS generation is a crucial component of acute inflammatory
response. We investigated whether TE directly induces ROS formation.
Flow cytometry and immunofluorescence analyses revealed that TE
elevated ROS levels in HaCaT cells in a dose-dependent manner,
indicating an interaction between cellular oxidation (Figures 2A, B).
Moreover, the levels of oxidative stress indices in mouse blood, MDA,
and ROS increased significantly at 1-2 h and stabilized at 24 h
(Figure 2C). In addition, TE can rapidly stimulate HaCaT cells to
produce a large amount of ROS and significantly increase lipid

10.3389/fimmu.2024.1369849

peroxidation products, mirroring the secretion level of the
inflammatory factors mentioned above (Figure 2D).

3.3 MAPK signaling pathways are required
for the TE-induced inflammation

To analyze the underlying molecular mechanism of TE in skin
inflammation, we performed RNA sequencing to identify altered
gene expression. A dependable differential expression (|log2FC|>1 &
q <0.05) of 13,501 mRNAs was found, comprising 642 down-
regulated and 953 upregulated genes (Figure 3A). Additionally,
KEGG analysis revealed that the top nine enriched signaling
pathways (P < 0.05) were primarily linked to cell signal
transduction and apoptosis progression. These pathways include
the MAPK, TNF-a and p53 signaling pathways (Figure 3B). Several
genes exhibiting notable variations in expression levels were
replicated within the TNF-a and MAPK signaling pathways
(Figure 3C). To validate the RNA sequencing findings, four genes
that are abundant in the MAPK pathway were selected from the
heatmap. The trends observed for Jun, c-Fos, MA,Pks;, and NFKBIA
were consistent with the RNA-sequencing results (Figure 3D).
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FIGURE 2

Oxidant stress stimulated by TE in vivo and in vitro. (A) Intracellular ROS generation, analysis of ROS level with TE (10, 30, and 60 ug/mL) by
cytometer, and (B) fluorescence microscopy. (C) Reactive oxygen species (ROS) and malondialdehyde (MDA) are markers of oxidative stress, as seen
in the blood of mice treated with TE and (D) in HaCaT cells. The values are expressed as the means + SE and represent data from three separate
studies (n = 3). Error bars with distinct lettering indicate significant differences (p < 0.05). *p < 0.05, **p < 0.01, ***p < 0.001, ns>0.05.
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FIGURE 3

The inflammatory effect of TE on HaCaT cells is associated with MAPK and NF-kB signaling pathways. (A) A volcano diagram showing genes with
significantly varying expression levels (DEGs). Red plots indicate downregulated genes, while the blue plots indicate upregulated genes. (B) KEGG
assessment of DEGs. (C) Heatmap of DEGs associated with the MAPK and NF-kappaB signaling pathways. (D) The MAPK and NF-kappaB signaling
pathways' crosstalk DEGs" mRNA expression. ***p < 0.001, ****p < 0.0001, **p < 0.01, *p < 0.05. (E) Relative MRNA expression levels downstream of
MAPK and NF-kappaB signaling pathway. (F) Expression levels of the MAPK and NF-kappaB signaling-related proteins. Outcomes are presented as

the average + standard error of at least three separate tests.

Notably, downstream inflammatory markers IL-6, IL-8, IL-1f, and
TNEF-a also increased. These findings are consistent with those of
earlier in vivo and in vitro studies of TE inflammation (Figure 3E). To
verify whether TE-stimulated inflammation is also significantly
influenced by the upregulated MAPK genes and NF-kappaB
pathways, HaCaT cells were treated with TE (10 pug/mL) dissolved
in serum-free medium. Western blotting analysis revealed significant
upregulation of phosphorylated p38-MAPK, extracellular signal-
regulated kinase (ERK), c-Jun N-terminal kinases (JNK), and NF-
kappaB p65 mediators, suggesting that TE activates the NF-kappaB
and MAPK pathways, leading to significant increases inflammatory
cells (Figure 3F). The results in vivo further verified that TE can
significantly acute inflammation responses (Supplementary
Figure S4).
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3.4 Troxerutin suppresses acute
inflammatory responses induced by TE

Troxerutin (TRX) may be beneficial in suppressing inflammation
and oxidative stress diseases (19-25). To examine the inhibitory effect
of TE stimulation, mouse paws were injected with or without a TRX
mixture (0 pm, 200 pm, 1 mM), which had been systemically
pretreated with TRX and TE. As expected, TRX treatment
successfully reduced the swelling and edema (Figure 4A). TRX, at 1
mM, effectively ameliorated plaque and edema symptoms. A significant
decline in the percentage of paw swelling was observed within 12-24 h
(Figure 4B). Skin irritation scores markedly declined after 4 h.
However, no discernible dose-dependent inhibitory effect was
observed on edema in mice (Figure 4C). A histological phenomenon
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FIGURE 4

Inhibition of troxerutin (TRX) on the toxicity effect and inflammatory response induced by TE in vivo and in vitro. (A) Changes in toxicity effect with

TE (50 uM) combined with TRX (200 uM and 1 mM) at different times in mouse paw. (B) Skin swelling percentage and (C) irritation score in mice paw.

(D) Representative pathological section of dermal toxicity (scale bars =100 pum) (E) Protein expression levels of four inflammatory cytokines IL-1B, IL-6, IL-8,
and TNF-o in the blood of mice that act with TE combined with TRX (1 mM) and (F) in HaCaT cells with TRX (1 mM). n = 4 experiments/group. A total of

three independent determinations (mean + SE) supported the findings. A significant difference is shown by error bars with distinct letters (p < 0.05).

0.05, **p < 0.01, ***p < 0.001, ### p < 0.001, ns>0.05.

where a reduction in the acute inflammatory pathological alterations in
the epidermis was observed compared with that in the TE group after
TRX treatment for 12 h (Figure 4D). Additionally, TRX significantly
reduced the inflammatory response induced by TE. Varying degrees of
reduction in the levels of inflammatory cytokines, such as TNF-a, IL-
1B, IL-6, and IL-8, were observed in the mice’s blood compared with
those in the venom group (Figure 4E). Furthermore, HaCaT cells
survival increased with TRX treatment at 20, 50, 100, 200, 500, 1000
UM concentrations according to a dose-dependent pattern, especially at
a concentration of TRX above 50 UM (Supplementary Figure S2).
Notably, ImM TRX alone has no obvious cytotoxicity and also
can improve cell viability. Similarly, the levels of inflammatory
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factors in cells decreased after TRX treatment (Figure 4F).
These results confirmed TRX’s anti-inflammatory efficacy on TE-
induced inflammation.

3.5 Inhibition of TRX on TE by inhibiting
MAPK signaling pathways and activating
Nrf2 signaling pathway

We evaluated the inhibitory effects of TRX on TE-induced

oxidative damage and inflammation. The flow cytometry results
suggested that intracellular ROS levels decreased in a dose-

frontiersin.org


https://doi.org/10.3389/fimmu.2024.1369849
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Liu et al.

dependent manner following TRX treatment (Figure 5A).

Additionally, when TE was incubated with HaCat cells, the relative
mRNA expression levels of the antioxidant enzymes, including

glutathione S-transferase Mu 2 (GSTM2), heme oxygenase-1

(HMOX1), and superoxide Dismutase 2 (SOD2), decreased
compared with those in control, whereas the mRNA expression

levels significantly increased when TRX was administered. Notably,
the expression of catalase (CAT) was unaffected by TE or TRX. This

10.3389/fimmu.2024.1369849

finding highlights the possibility of using TRX to greatly reduce the

oxidative damage caused by TE (Figure 5B). Our research has shown

that MAPK signaling pathways are essential for TE-induced

cytotoxicity, which results in cell inflammatory responses and
death. Therefore, we evaluated whether the impact of TRX
stimulation blocked the upstream associated with MAPK genes and

NF-kappaB signaling pathway in TE-stimulated inflammation
(Figure 5C). We found that TRX markedly suppressed the
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FIGURE 5

Protective effects of TRX on intracellular ROS generation and inhibition of MAPK and NF-xB by acting nrf2 pathways in TE-stimulated HaCaT cell.
(A) Production of ROS within cells and measurement of ROS levels via TRX and TE mixed flow cytometer. (B) TRX's impact on the mRNA expression
of antioxidant indicators in HaCaT cells that act with TE and TRX mixture. n = 3 experiments/group. (C) Expression levels of the protein MAPKs, NF-
kappaB, and transcription factor (Nrf2) pathway in HaCaT cell. (D) Densitometry measurements for the protein molecular mediators. All outcomes
are presented as the average + standard error of at least three separate studies. *p < 0.05, **p < 0.01, ***p < 0.0001, ****p < 0.001, ns>0.05.
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phosphorylated levels of ERK1/2, JNK, Jun and NF-kappaB p65,
whereas the level of phosphorylated protein p38 was slightly
decreased. Furthermore, prior research has demonstrated that TRX
prevents oxidative damage by triggering the Nrf2 signaling pathway,
a crucial regulator of the antioxidant response within cells that
governs the activation of genes that mitigate oxidative stress (30).
We hypothesized a similar inhibitory effect of TRX on TE-mediated
dermatitis. As expected, the findings revealed that the protein
expression levels of transcription factor (Nrf2), heme oxygenase-1
(HO-1), and NAD(P)H quinone oxidoreductase (NQO1) were
downregulated when the cells were stimulated with TE but were
dramatically elevated after TRX therapy. Based on our results, we
postulate that TRX likely binds to certain nrf2 pathway molecule
binding sites, which promote HO-1 and NQO1 expression.
Furthermore, important genes related to the MAPK pathway were
blocked to decrease tissue and HaCaT cell oxidative stress and
inflammation (Figure 5D).

4 Discussion

The skin, the first organ to be exposed to jellyfish venom, has
sufficient integrity and maintains resistance to external chemicals by
maintaining moisture. Most patients have jellyfish dermatitis, a
condition characterized by mild to moderate skin lesions (2-4).
Jellyfish venom has been shown to demonstrate several biological
actions, such as hemolytic activity, myotoxicity, and cutaneous
toxicity, as well as the molecular processes underlying venom-
induced cutaneous inflammatory reactions. However, the
effectiveness of this treatment is still restricted (5, 6). Inflammatory
responses accompanying jellyfish stings are the most common
pathophysiological phenomena in jellyfish dermatitis. In our study,
TE was injected into mouse paws, and leukocyte infiltration triggered
an inflammatory response that resulted in tissue swelling, ischemia,
reduced blood flow, and increased tissue damage, which is consistent
with the findings from earlier study results (31). Furthermore,
cytokines regulate a complex network of connections and have
been identified as important modulators of acute inflammatory
reactions. HaCaT cells, with different concentrations of TE, can
trigger inflammatory factors (IL-1B, IL-6, IL-8, and TNF-o) that
rapidly reach their highest level in 2 h. Mice blood cytokine protein
expression exhibits a dose-dependent trend of increase. Consistent
with these results, TE rapidly and strongly triggered an acute
inflammatory response (6, 18, 32). In addition, the accumulation
and excessive production of ROS in cells results in oxidative stress,
which is one of the primary factors reason for inflammatory diseases.
Under homeostatic conditions, a dynamic equilibrium of
mechanisms that generate and remove ROS maintains the redox
state of cells (33). When mice received Nemopilema nomurai, the
levels of MDA and glutathione (GSH) significantly increased (18).
Our fluorescence microscopy analysis further indicated that TE dose-
dependently induced a significant increase in intercellular ROS and
MDA accumulation, which aggravated the lipid peroxidation
response. These findings suggest that TE causes inflammation and
oxidative stress, leading to severe clinical symptoms.
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To understand the relationship between the cytotoxicity of TE
and the mechanisms of inflammatory mediator signaling and
oxidative damage to the skin, we confirmed the function of the
MAPK pathway in the regulation of gene expression. As a group of
serine-threonine protein kinases, the MAPK pathway comprises
three signaling pathways: ERK, p38 MAPK, and JNK. These
pathways are involved in various pathophysiological processes,
including cell differentiation, particularly in diseases linked to
inflammation (34). Further, decreasing the phosphorylation of
MAPK mediators is an important factor in ameliorating
inflammatory responses (35). In addition, the MAPK signaling
pathway mediates phosphorylation events that activate several
transcription factors linked to inflammation, which is related to
the NF-kappaB pathway (36, 37). ROS overproduction-induced
cytotoxicity is regulated by the release of cytokines as a result of the
translocation of nuclear factor NF-kappaB p65 (38). According to
recent studies, TE dramatically enhances oxidative stress in mouse
skin tissues by regulating the production of proteins linked to the
NF-kB and MAPK pathways (18). This result was further supported
by our transcriptome data involving TE-stimulated HaCaT cells,
revealing the underlying molecular mechanisms of jellyfish
dermatitis. We confirmed that phosphor-P38, extracellular ERK,
JNK, nuclear factor Jun, and NF-kappaB p65 markedly increased
protein levels following exposure to TE. Accordingly, we
hypothesized that pro-inflammatory cytokine expression,
including TNF-o and IL-6, could be regulated by ERK1/2, JNK,
and p38 MAPK phosphorylation upstream of the MAPK pathway.
Notably, studies have indicated that ERK is necessary to increase
cell viability, whereas JNK and p38-MAPK are linked to many
oxidative stress responses that lead to apoptosis (39, 40). Notably, in
many inflammatory skin pathogens, JNK activation is a
characteristic response to stressful stimuli (40, 41). Our results
showed a direct interaction between TE and the expression of major
proteins of the MAPK pathway. Further, phosphorylated P38
MAPK and JNK trigger transcription factor Jun and NF-kappaB
P65 phosphorylation, leading to a release of substantial downstream
inflammatory factors to aggravate pathological phenomena.

TRX has anti-inflammatory and antioxidant effects on
inflammatory damage owing to its high water solubility (20). The
chemical processes underlying the ability of TRX to protect the skin
from venom have not yet been described. Thus, we explored whether
TRX can relieve the symptoms associated with jellyfish dermatitis
based on a previous mouse dermal model of jellyfish dermatitis. The
data showed that TRX significantly inhibited the development of TE-
induced dermatitis, with a significant reduction in tissue edema. The
pathological results demonstrated a significant reduction in the level
of inflammation and elimination of edema. In addition, the cell
survival rate can be improved by TRX, which has no harmful effects
in vitro (42) and effectively suppresses the levels of pro-inflammatory
cytokines. Furthermore, intercellular ROS accumulation in TE cells
was reduced by TRX treatment. Several major antioxidant enzyme
activities, such as those of SOD2, GSTM2, and HMXO-1, can be
enhanced by TRX application, whereas the mRNA expression of
CAT was not influenced by TE or the TRX mixture, which suggests
that TE acts for a short time so that the antioxidant enzymes cannot
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Proposed mechanisms for TRX inhibition in HaCaT cells involve MAPK- NF-kappaB -nrf2 signaling. TE can trigger the cascade phosphorylation of
ERK, JNK and P38 upstream of MAPK signaling pathway cells by binding to TNF-aumembrane receptors, further activating nuclear transcription
factors Jun and NF-kappaB and releasing a large amount of downstream inflammatory factors IL-1B, IL-6, TNF-aand IL-8. TRX can further inhibit
the phosphorylation levels of intracellular Jun and NF-kappaB by inhibited P38, ERK and JNK, eventually attenuating TE-mediated inflammatory
responses. In addition, TRX inhibits the TE-mediated nuclear transcription factor nrf2, as well as its attachment proteins NQO-1 and HO-1.

clear the cytotoxin in time. These results were supported by a
previous study (43) showing that TRX exhibits strong free radical
scavenging activity and reduction capacity, which may be responsible
for its anti-inflammatory effects. Despite mounting evidence that
MAPK affects oxidative damage and production, TRX decreases the
inflammatory response by decreasing the levels of phosphorylated
MAPK mediators (44, 45). We observed that TRX suppressed
phosphor-ERK, JNK, p38 MAPK, and NF-kappaB p65 levels. TRX
administration can suppress NF-kappaB activation facilitated by
MAPK phosphorylation, thereby reducing the degree of toxicity
and alleviating inflammation in vivo and in vitro elicited by the
venom from TE.

The cytoprotective cellular mechanism of the Nrf2 signaling
pathway activation in HaCaT keratinocytes is widely recognized
and has been implicated in the treatment of oxidative stress-related
illnesses (35, 46). The Nrf2 signaling pathway plays a crucial role in
regulating the transcription of genes encoding endogenous
antioxidant enzymes, which are involved in the regulation of
cellular redox equilibrium and trigger the transcription of many
genes involved in antioxidant defense, such as HO-1 and NQO1
(47-49). In this study, we examined the reduction in Nrf2, HO-1,
and NQOI1 expression in TE-stimulated HaCaT cells. In contrast,
TRX’s antioxidant capacity of TRX dose-dependently increased the
Nrf2 signaling pathway activity. These results highlight the ability of
TRX to suppress jellyfish dermatitis, thereby enhancing its
antioxidative capabilities effectively. Our results showed that the
preventive effect of TRX on the inhibition of MAPK pathway
activation-induced inflammation was probably mediated by its
antioxidative potential against TE. In addition, we hypothesized
that TRX may activate a difference in the gene junction site in the
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MAPK pathway, which suppresses related genes to relieve the
inflammatory response.

In conclusion, our finding revealed that multiple pathways are
involved in the TE induced inflammatory response and oxidative
stress in the skin, including the physiological significance of
MAPK and NF-kappaB activation. In addition, our results also
demonstrate TRX exhibited superior inhibitory potential against
inflammatory responses and oxidative stress and upregulated Nrf2
expression by inhibiting the phosphorylation of MAPK and NEF-
kappaB signaling pathways (Figure 6). Moreover, investigations
are required to identify the major molecule mechanism(s)
ensuring the inhibited effects of TRX, offering valuable insights
for research and practical clinical applications.
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