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Abstract

Amplified innate leukocytes (neutrophils and monocytes/macrophages) are associated with
advanced ischemic and non-ischemic heart failure (HF). Intensified neutrophilic leukocytosis
(neutrophilia) and sustained activation of neutrophils is the predominant factor that determines
over activated inflammation in acute HF and the outcome of long-term chronic HF. After heart
attack, the first wave of innate responsive and short-lived neutrophils is essential for the initiation
of inflammation, resolution of inflammation, and cardiac repair, however uncontrolled and long-
term activation of neutrophils leads to collateral damage of myocardium. In the presented review,
we highlighted the interactive and integrative role of neutrophil phenotypes in cellular and
molecular events of ischemic HF. In addition, we discussed the current, nonimmune, immune, and
novel paradigms of neutrophils in HF associated with differential factors with a specific interest in
non-resolving inflammation and resolution physiology.
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1. Introduction

The risk of atherosclerosis associated with the ischemic event of myocardial infarction (MI)
is a key trigger to turn on acute inflammatory responses of cytokines, eicosanoids, and
miRNA storms (Hansson, 2005). If remain unchecked, or activated for a prolonged time, it
can lead to chronic inflammation with signs of advanced and chronic heart failure (HF).
Despite the primordial requirement of inflammatory reaction, the essential, or detrimental,
outcome depends on activated leukocyte entry (turn-on inflammation), repair time
(resolution), and leukocyte exit (turn-off inflammation) in the cardiac healing phase. To
comply with the healing process, differential leukocytes (neutrophils and monocytes/
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macrophages) and their immune cell subsets participate in an inflammation-resolution
program in a time-dependent manner. Among them, polymorphonuclear granulocytes
(PMNSs; neutrophils) serve as key effector cells and are the first responders to clear deceased,
ischemic myocyte debris or invading pathogenic organism in myocarditis. In contrast, slow
entry or delayed recruitment for debris clearance, or higher residual or transit time at the site
of infarcted myocardium can be detrimental and facilitate collateral myocardium damage.
Eventually, if neutrophils are not timely cleared from the site of infarct or the remote area,
this can lead to non-resolving inflammation. Neutrophils (also known as neutrocytes) are the
most abundant type of granulocytes (50% to 70%) type of white blood cells in most of the
mammals while in mice their physiological levels are 20-30% in peripheral blood (Mestas
& Hughes, 2004; O’Connell, et al., 2015). Neutrophils are an essential part of the innate
immune system that coordinate inflammation-resolution and host defense mechanisms. The
point of origin for neutrophils is bone marrow, where they are about 10 um in diameter.
Neutrophils are short-lived, non-professional, and highly mobile enabling entry in the tissue
where other cells/molecules cannot invade (Nathan, 2006; Witko-Sarsat, Rieu, Descamps-
Latscha, Lesavre, & Halbwachs-Mecarelli, 2000). Activated neutrophils play an important
role in cardiac healing via polarizing monocytes/macrophages and clearing debris in HF
(Horckmans, et al., 2017). In pathogen and risk free healthy mice (C57BL/6J) following
myocardial infarction (MI), neutrophils endure infiltration peaks immediately and sustain
this peak up until day 3, with a decrease beginning by day 5. In clinical setting, pathological
increases in the neutrophil to lymphocyte ratio have been predicted to be major adverse
cardiac events in MI patients (Akpek, et al.; Zahorec, 2001). The neutrophil to lymphocyte
(N/Lmax) ratio has been associated with long-term mortality in patients with ST-segment
elevation MI. The clinical study by Nunez et al. detailed a positive trend between mortality
and N/Lyax With the cohort of 470 patients excluding patients with cancer, inflammatory
diseases, or premature death. The study showed hazardous risk ratio of N/Ly,x Was 2.58
after adjusting standard risk factors (Nunez, et al., 2008). As such, in the clinical and pre-
clinical setting, the expanded PMNs have been shown to mediate MI-induced ischemic/
reperfusion injury (Nunez, et al.). Further, higher neutrophil levels during the first 12 hours
after acute Ml can predict the occurrence of chronic HF (Rashidi, et al.). Pre-clinical
experimental studies and clinical evidence have shown an increased prevalence of Ml in the
morning and is associated with the over-activation of neutrophils during the active phase,
indicative of oscillation of neutrophils due to circadian rhythm (Schloss, et al., 2016). Even
though an increase in neutrophils worsens HF, the experimental depletion of neutrophils in
mice subjected to MI worsens cardiac function and increases fibrosis, mortality, and
progressively advanced HF (Horckmans, et al., 2017). Neutrophils serve as a time-dependent
dual-edged sword during the post-MI cardiac healing and remodeling processes. This review
aims to highlight the temporal and spatial role, timings, and risk factors (aging, physical
activity/inactivity, circadian rhythm) that influence the clearance or on time exit of
neutrophils to resolve post-MI inflammation during cardiac remodeling. Also, we discuss
how neutrophils are responsive to the obesity-mediated lipidomic environment that
dysregulates biosynthesis of pro-resolving lipid mediators in acute Ml as potential sources
of future therapeutic strategies.
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Neutrophils: physiology versus pathophysiology in cardiac healing

Immune response-activated neutrophils are complex cells capable of a vast array of
specialized functions. Several lines of evidence indicate that over activated neutrophils
contribute to chronic inflammatory conditions and drives expansion of innate and adaptive
immune responses (Mantovani, Cassatella, Costantini, & Jaillon, 2011). Although
neutrophils are undoubtedly major effectors of acute inflammation, depletion of neutrophils
in the cardiac healing lead to exacerbated HF (Vulesevic, Sirois, Allen, de Denus, & White,
2018).

In humans, plaque formation (atherogenesis) is slow and progressive, accumulating from
years to decades, and leads to MI as a major cardiovascular event (Hansson, 2005). Thus, the
milieu is different with a number of variables, including aging, which is predominantly a co-
variable along with other risk factors like co-medication, obesity, diabetes, and hypertension
(Halade & Kain, 2017). When it comes to the pathologic context of rodents or experimental
myocardial injury without risk factors, the neutrophils are recruited to the site of injury
(“‘get-in signal’) and the infiltrated neutrophils resolve via cell apoptosis, macrophage
directed efferocytosis, or possible transmigration exit between 2 to 7 days after ischemic
injury, depending on the surrounding milieu (Frangogiannis, 2012; Tourki & Halade, 2017).
Apoptotic neutrophils release ‘find me” signals that attract monocytes and neutrophil
gelatinase-associated lipocalin (NGAL) is released by activated neutrophils from specific
granules. NGAL in the neutrophil secretome is a key inducer of reparative M2c
macrophages with a high efferocytosis capacity (Mishra, et al., 2005; Sgrensen, et al., 2001,
Yndestad, et al., 2009). After cardiac injury or infection, if short-lived neutrophils are
residing or migrating at the site of infarction for longer than normal time, then dying
neutrophils can liberate granule components to the extracellular environment and prolong
the ongoing inflammatory response, facilitating advanced HF (Bratton & Henson, 2011).
The dying neutrophils will release ‘find me signals’ which include lysophosphatidylcholine,
fractalkine, nucleotide adenosine triphosphate (ATP) and uridine 5 triphosphate (UTP), and
sphingosine 1-phosphate (S1P) to attract monocytes (Elliott, et al., 2009; Truman, et al.,
2008). The dead and apoptotic neutrophils express ‘eat me’ signals and many are bound
‘bridge’ molecules, which are soluble pattern-recognition proteins of the immune system
indicating their job is completed at the site of injury. The ‘eat-me’ signal includes
externalized phosphatidylserine (PS), altered lipids, changes in surface charges likely
attributed to amino sugars, and exposure of intracellular molecules such as calreticulin,
mitochondrial and nuclear constituents (K. S. Ravichandran, 2010). The clearance of
apoptotic neutrophils appears to reprogram macrophages towards an anti-inflammatory
phenotype, which is crucial for the resolution of inflammation after M1 in mice. However,
neutrophil expansion is a continued process in progressive HF in humans (Tracchi, et al.,
2009). Thus, promoting the on-time neutrophils exit or removal from the tissue, contribute to
the resolution of inflammation leading to cardiac healing and tissue repair (Canturk, et al.,
2001). Neutrophils are essentially involved in cardiac repair to reach out and access
deceased myocytes with expressions of many proteases that are important in order to
facilitate tissue repair. It has been reported that neutrophils are the first source of MMP9
(matrix metallopeptidase 9), which is a major extracellular matrix (ECM)-digesting enzyme,
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and are stimulated by the phorbol ester N-formylmethionyl-leucyl-phenylalanine (formyl-
Met-Leu-Phe), tumor necrosis factor (7AV/F)-a, and interleukin (/L)-8 (Cauwe, Martens,
Proost, & Opdenakker, 2009). Neutrophils-derived MMP9 is known to drive localized
proximal and chronic distal inflammation in cardiovascular disease (Halade, Jin, & Lindsey,
2013). A robust MMP9 release is reported from neutrophils isolated from human blood and
stimulated with /L-8 (Chakrabarti & Patel, 2005). Also, neutrophils are the main source of
annexin 1 and other pro-resolving peptides that are released via a micro-particle/micro-
vesicle pathway, facilitating annexin 1 interactions with the endothelium. Annexin 1 signals
via ALX/FPRs (formyl peptide receptors) to terminate neutrophil migration in a MAPK-
dependent manner (X. Liu, et al., 2012).

Traditionally, neutrophils perceived inflammatory cells, however after the onset of cardinal
signs of inflammation (rubor, calor, tumor, and dolor), neutrophils, start to produce pro-
resolving lipid mediators, including lipoxin A4 (LXA,) (Serhan, 2010),(Serhan, Chiang, &
Van Dyke, 2008). LXA4 not only inhibits ALX/FPR1-dependent neutrophil migration but
also initiates non-phlogistic (phagocytosis of apoptotic leukocytes which does not provoke
the release of pro-inflammatory mediators) recruitment of monocytes and phagocytosis of
apoptotic neutrophils by macrophages. A unique mode of LXA, action is that it induces
changes in the phosphorylation of proteins of the cytoskeleton, leading to inhibition of
neutrophil migration (Kolaczkowska & Kubes, 2013). Closely related to LXA4 and AT-
LXA, are specialized pro-resolving mediators, including resolvins and protectins produced
by the interaction of neutrophils and endothelial cell while maresins are produced by
macrophages (Serhan, 2010). Specialized pro-resolving mediators ( Lipoxin A4, D-and E-
series resolvins) also limit neutrophil migration, and protectin D1 additionally increases
expression of C-C chemokine receptor type (CCR)5, which on late apoptotic neutrophils
acts as a scavenger for C-C motif chemokine ligand (CCL)3 and CCL5 (Spite, Claria, &
Serhan, 2014). Therefore, a switch in neutrophil phenotype (pro-versus anti-inflammatory)
manifested as a change in lipid mediators profile seems to occur which decides the fate
(physiological healing vs pathological healing) in HF (Figure 1).

Post-ischemic injury, the neutrophils polarization is a continuous process, thus anti-
inflammatory N2 neutrophils exist in the infarcted LV, with N1 pro-inflammatory being the
predominant phenotype along the post-MI (Ma, et al., 2016). N1 negatively correlates with
infarct wall thinning. This indicates that N2 neutrophils might be protective in early healing
post-MI and should maintain that may partially explain why neutrophil depletion is
deleterious for myocardium healing post-MI (Cuartero, et al., 2013). The study by Daseke et
al have shown neutrophil mapping and phenotypic changes in response to MI. They
concluded post-MI day (d)1 neutrophils had a high degranulation profile with increased
matrix metalloproteinase (MMP) activity. At post-MI d3 neutrophil profiles showed
upregulation of apoptosis and induction of extracellular matrix (ECM) organization which is
further amplified to ECM reorganization profile at d5 post-MI. The reparative signatures
marked with expression of fibronectin, galectin 3, and fibrinogen were noted at d7 to
contribute to scar formation by stimulating ECM reorganization (Daseke, et al., 2019). We
speculate that the timely entry, calibrated quantity of neutrophils, and secretion products are
required in the local cardiac microenvironment to promote reparative macrophage
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polarization. This is a prerequisite for regulated fibrosis, mature scar formation, and
physiological cardiac remodeling (Wan, et al., 2013).

3. Neutrophils: heterogeneity modifiers after myocardial infarction

Neutrophils play multiple and diversified roles in the immune-mediated opsonize system,
such as intracellular receptor-mediated phagocytosis, degranulation with antimicrobial
activity, and formation of neutrophil extracellular traps (NETSs) (Mayadas, Cullere, &
Lowell, 2014). Neutrophils initiate innate responses and coordinate infectious and non-
infectious inflammation (sterile injury) repair and tissue remodeling. Neutrophils express
various pattern recognition receptors, that include Toll-like receptors (TLRs), C-type lectin
receptors, NOD-like receptors (NLRs), and cytoplastic sensors for RNA, including retinoic
acid-inducible gene 1 (RIG-I) and melanoma differentiation associated protein 5 (MDADb).
Immune responsive chemokines initiate the ‘get-in’ signal to neutrophils at the site of
ischemic injury and assist monocyte/macrophage signaling by amplifying inflammatory
protein-2a. (MIP-2a, CXCL2, GRO-B), leukotriene B4 (LTBy), cytokine-induced neutrophil
chemoattractant 1 (CINC-1, IL-8,CXCL8, and complement 5a) (Ma, Yabluchanskiy, &
Lindsey, 2013). Damage associated molecular patterns (DAMPs) are produced from host
tissue or immune cells in response to injury or stress. Ml-associated DAMPs include heat
shock proteins, high-mobility group box (HMGB)-1, low molecular hyaluronic acid, and
fibronectin fragments, which aids in the inactivation of neutrophils (Ma, et al., 2013).
Neutrophil apoptosis/departure or exit, followed by a clearance from the site of injury, is a
symbol of inflammation-resolution or wound healing that requires the activation of many
stop signals (lipoxins) or inhibitory pathways. For example, injury sites, pathogens, or
apoptotic cells generate physiological ‘get in’ signals to neutrophil infiltration and activate
“find-me’, ‘eat-me’ signals at the site of injury (infarcted zone) that facilitate monocyte/
macrophage scavengers during the activation of resolution of inflammation (Halade & Ma,
2016). ‘Find me’ signals usually include lipids such as lyso-phosphatidyl-choline (LPC) and
sphingosine-1-phosphate (S1P) and are known to stimulate neutrophil chemotaxis as well
(Kodi S. Ravichandran, 2011).

In response to sterile injury/ bacterial or fungal infection, the pro-inflammatory/resolving
milieu (e.g., with the release of cytokines, bioactive lipid mediators, peptides, and growth
factors) and neutrophils undergo respiratory outbursts and release large amounts of reactive
oxygen species (ROS) mediated by a multi-component enzyme, nicotinamide adenine
dinucleotide phosphate (NADPH) oxidase. To date, the physiological and pathological role
of ROS is under investigation due to the limitation of quantitative methods and sources of
organ specific role of ROS (Brandes Ralf, Rezende, & Schrdder, 2018). Upon activation of
neutrophils, the subunits of NADPH oxidase assemble to form an active enzyme complex
that catalyzes the production of ROS, which is responsible for neutrophil antimicrobial
activity (Winterbourn, Kettle, & Hampton, 2016). Excessive production of ROS can damage
host tissue by modifying amino acids, proteins,carbohydrates, and lipids that impair cellular
or organ active biological functions (Yu, Robotham, & Yoon, 2006). Figueiredo et al., have
shown that the ROS is generated by multiple NOXs (NADPH oxidase-2 and —4) and
contribute to insulin resistance in mice fed a high fat diet, triggering obesity (Souto Padron
de Figueiredo, et al., 2015).
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An important role of neutrophils is the protection against both pathogenic organisms and
non-infectious injuries or wounds by exocytosis and the release of neutrophil granule
components. There are four main types of neutrophil granules: azurophilic granules, specific
granules, gelatinase granules, and secretory granule. Azurophilic granules are the largest and
primary granules that were formed during maturation of PMNs and contain a heme enzyme;
myeloperoxidase (MPO), serine proteases, azurocidin, a-defensins, lysozyme, and
bactericidal proteins (Ma, et al., 2013). Primary granules contain inflammatory and
resolving defensins, cathepsin G and lactoferrin, suggestive of a neutrophil counterbalance
physiological role in cardinal inflammation (Ganz, 2002). Specific granules are secondary
and are smaller than azurophilic granules in diameter, they contain lactoferrin, NGAL,
cathelicidin, and lysozyme. Gelatinase granules are tertiary, smaller than specific granules,
and contain multiple matrix metalloproteinases (MMP-8 and —9) and a few microbicidal
proteins. Secretory granules consist primarily of complement receptor 1, plasma protein
albumin, clusters of differentiation (CD)13 (aminopeptidase N), CD14, and CD16 (Fc
gamma receptor I11) (Borregaard, Kjeldsen, Lollike, & Sengelov, 1995; Faurschou &
Borregaard, 2003; Ma, et al., 2013). In addition to antimicrobial activity, these granule
components are also involved in several inflammation-associated diseases. The temporal
chemical dynamics in the biosynthesis of lipid mediators and peptides with possible
receptors in relevance to the importance of these granules in the Ml setting, however, needs
to be investigated in acute and chronic HF.

3.1 Lifespan of activated and non-activated neutrophils

Neutrophils are highly responsive and non-professional chemoattractant cells that sense the
invasion or injury within seconds to minutes and initiate cardinal signs of acute responses
for vascular adhesion, trans-endothelial migration, and arriving at the site of infection/injury
(Faurschou & Borregaard, 2003). Bone marrow is a reserve pool of mature neutrophils,
containing 20 times more neutrophils than the overall quantity within the circulation of
humans. Physiologically, neutrophils are released in blood 2 days after (apparent) maturation
in the bone marrow. In response to injury or infection, approximately 1012 neutrophils are
released immediately, compared to the usual 101! per day (Roos, 1998; Tak, Tesselaar,
Pillay, Borghans, & Koenderman, 2013). Average circulation time of neutrophils varies from
6-12 hours after moving to the tissues, where they remain active for 2-6 days (Basu,
Hodgson, Katz, & Dunn, 2002; Dancey, Deubelbeiss, Harker, & Finch, 1976). One of the
study has shown that the neutrophil lifespan is 5.4 days in the circulation of humans and
0.75 days in mice using 2H-adenosine in neutrophils (Simon & Kim, 2010). In early cardiac
healing of ischemic injury, neutrophils drive safe clearance in myocardium wound healing
(M1), which is the first critical step of resolution of inflammation thereby delayed advanced
HF, if uncontrolled or dysregulated lead to non-resolving inflammation (Soehnlein, Steffens,
Hidalgo, & Weber, 2017). Neutrophils’ lifespan and time course is prescisely defined in Ml,
but the differential roles of neutrophils within non-resolving and resolving inflammation in
advanced HF remain to be under-investigated.

3.2 Neutrophils set the resolution platform in ischemic injury

The timely entry of neutrophils or the on-time get-in signal balances both the host-defense
and clearance mechanisms after injury or infection and signals for the resolution of
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inflammation. If this process is dysregulated because of delayed ‘get-in’ signal or impaired
‘get-out’ signal due to dysregulated neutrophil Kinetics, it can contribute to non-resolving
inflammation (Figure 1). Historically, the resolution of inflammation was acknowledged in
1907 by Opie et al. which showed that disappearance of fluid enriched in fibrin and
leukocytes after 5 days along with poly-nuclear leukocytes clearance and the presence of
mononuclear cells in the pleural cavity in dogs (Opie, 1907). According to the traditional
and conceptual viewpoints, the resolution of inflammation was considered a passive
phenomenon that removes inflammatory stimuli and dilutes chemokine gradients to prevent
leukocyte recruitment over time (Table 1). However, within the last decade, the resolution
has been well established as an active phenomenon needed to resume normal physiological
function (Kain, Prabhu, & Halade, 2014; Serhan, et al., 2008). With the cardinal signs of
inflammation, neutrophils generate several local endogenous peptide/bioactive lipids that
promote the active resolution of inflammation and termination of neutrophil recruitment,
which is marked by the resolution phase and, ultimately, homoeostasis.

Neutrophils are one of the key regulators of resolution of inflammation in MI. Popular anti-
inflammatory therapies, like non-steroidal anti-inflammatory drugs (NSAIDs), has
developed to reduce the neutrophil-driven response in acute post-Ml injury (Halade, Kain,
Wright, & Jadapalli, 2018). Post-MlI, neutrophils increase within 24 hours, marking a
mandatory active inflammatory response, which is essential for cardiac healing (Kain, et al.,
2014; Ma, et al., 2016) (Halade, Norris, Kain, Serhan, & Ingle, 2018). Horckmans et al.
demonstrated that neutrophils orchestrate the phenotype and number of monocytes/
macrophages post-MI (Horckmans, et al., 2017). Depleting neutrophils with a monoclonal
Ly-6G antibody in C57BL/6 mice with coronary ligation (MI) results in a decrease in the
Ly6CN monocyte release from the splenic reservoir; which alters the macrophage
proliferation phenotype, leading to excessive fibrosis, increased stiffness, and reduced
cardiac function ultimately resulting in HF and kidney injury (Horckmans, et al., 2017) (Ma,
et al., 2016). Activated neutrophils highly express GPCR (G-protein-coupled receptors),
ALX/FPR2, which is essential for resolution process and regulating leukocytes via
generating pro-inflammatory and pro-resolving mediators (Figure 2) (M. Liu, et al., 2012)
(Kain, Jadapalli, Tourki, & Halade, 2019). Recent study unfolded the simultaneous
activation of neutrophils correlation between SPMs and proinflammatory mediators response
in temporal manner. The study showed SPMs regulates resolution mechanisms, which are
activated early during STEMI. After M, increase in neutrophil counts strongly correlate
with protectins that biosynthesized as part of innate response independent of CRP (C-
reactive protein) activation (Fosshaug, et al., 2019). From a clinical perspective, the role of
neutrophils after cardiac injury is under studied in inflammation-resolution signaling and the
process of how neutrophils regulate myocyte health at early or late time points after M1 still
needs to be explored.

3.3 Responsive neutrophils to the metabolic and lipidomic milieu in obesity

Cardiometabolic disease and metabolic inflammation (meta-inflammation) are influenced by
dietary micro/macro-nutrient intake, sedentary lifestyles, dysregulated sleep/wake cycle, and
are major contributor to the failure of preventing metabolic disease. Undernutrition, referred
to as malnutrition, is a result of inadequate diet and/or malabsorption of nutrients that leads
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to increased susceptibility to infection by weakening the immune system (Bourke, Berkley,
& Prendergast, 2016). The study by Takele and colleagues has shown that the ability of
neutrophils from malnourished individuals to produce ROS was significantly impaired,
suggesting that these neutrophils are less capable of killing pathogens and unable to control
the growth of pathogenic microorganisms (Takele, et al., 2016). Iron deficiency, a type of
malnutrition, is the most common trace element deficiency worldwide, affecting 20%-50%
of the world’s population and is associated with impairments in cell-mediated immunity and
reductions in neutrophil action, with decreased bacterial and myeloperoxidase activity
(Garner & Brabin, 1994). In contrast, over-nutrition can cause the neutrophils to be pre-
activated or over-active and present in abundance.

A clinical study involving obese individuals has shown that the neutrophil/lymphocyte ratio
(NLR) is significantly higher compared to age-matched healthy controls suggest a robust
indicator of inflammation (Aydin, et al., 2015). Another study has shown that the neutrophils
population and production of superoxide in an obese individual is higher compared with
those of a leaner individual (Brotfain, et al., 2015). Comprehensive nutrition based study by
Hu et al. reported that dietary fats, not protein or carbohydrates, are responsible for obesity
in laboratory rodents (Hu, et al., 2018). Our study identified that when a calorie-enriched
diet, polyunsaturated fatty acid (PUFA-10% w/w safflower oil), was supplemented to aging
mice for period of two months that increases 12(S)-HETE, a pro-inflammatory mediator
which is responsible for vascular permeability to extravasate neutrophil endothelial
transmigration in accelerating inflammation (Halade, Kain, Black, Prabhu, & Ingle, 2016;
Lopez, et al., 2015). Aging mice study demonstrated that the leukocyte response in both
young and aging mice fed PUFA showed higher levels of Ly6G™* cells (neutrophils
swarming) that amplifies inflammation markers post-Ml, indicating neutrophil activity/
quality and timing are essential to define the resolution of inflammation (Halade, et al.,
2016; Lopez, et al., 2015). Balanced energy intake and diet are essential for calibrated
neutrophil function and population and an optimal immune response, thus future
investigation is warranted to define neutrophils role in inflammation-resolution pathway in
HF.

3.4 Neutrophil dynamics in exercise versus sedentary pathophysiology

Physical activity/exercise is essential to adapt a healthy lifestyle if performed precisely in the
right amount and time. Both physical activity and a sedentary lifestyle influence immune
response and activation. Exercise induces an inflammatory response and neutrophil
activation in skeletal muscle likely starts immediately after exercise (Frenette, Cai, &
Tidball, 2000). Animal studies have also demonstrated a clear influence of neutrophils on
muscle regeneration after exercise. In mice, the depletion of neutrophils before muscle
injury impairs skeletal muscle regeneration, likely as a result of a reduced capacity to
remove muscle tissue debris by neutrophil-dependent phagocytosis thereby slowing the
regenerative process (Toumi, F’Guyer, & Best, 2006). A study by Kawamura et al. indicated
that, regardless of the types of muscle-damaging exercise, peripheral neutrophils infiltrate
the damaged tissue within several hours and cause inflammatory reactions by producing
ROS (Kawamura, et al., 2018). Gene networks displayed an association between the
transcriptome profiles of skeletal muscle and blood leukocytes in response to exercise or
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other physiological stressors in eight trained men before and 3, 48, and 96 hours after 2
hours of strenous exercise (cycling and/or running) (Broadbent, et al., 2017). The
participants displayed two gene network pathways related to mitochondria and confirmed
that post-translational processes are preserved (Broadbent, et al., 2017). It has been reported
that the impaired neutrophil migration in older adults (i.e. reduced velocity and accuracy)
could be partially caused by physical inactivity (Bartlett, et al., 2016) (Sapey, et al., 2014).
In humans, it has been observed that acute severe exercise (ASE) and chronic moderate
exercise (CME) affect neutrophil functions differently. ASE was found to be ineffective and
CME improved neutrophil functions, explaining the low risk of infection in physically active
individuals (Syu, Chen, & Jen, 2012). Another study showed that ASE in sedentary, but not
active subjects, facilitated neutrophil extracellular trap (NET) formation via elevating the
NADPH oxidase-generated ROS and suppressing the AYm (Syu, Chen, & Jen, 2013).

3.5 Neutrophils kinetics in the circadian cycle

A circadian rhythm is a 24-hour oscillative and physiological process of all living beings,
including plants, animals, fungi, and cyanobacteria. Based on this dynamic homeostatic
process, circulating leukocytes oscillate between blood and peripheral tissue of mice,
peaking in the blood at Zeitgeber time ZT5 (where ZTO refers to lights on and ZT12 to lights
off) and in the muscle and bone marrow at ZT13 (Scheiermann, Kunisaki, & Frenette,
2013). M1 performed at ZT13 had higher neutrophil counts in the heart compared to
surgeries performed at ZT5. After MI, neutrophils were mobilized from the bone marrow,
resulting in a significant decrease in femur neutrophil counts 12—-24 h post-MI, especially in
the ZT13 group (Schloss, et al., 2016). A baseline granulocyte-monocyte progenitor (GMP)
was used for neutrophil counts in the bone marrow and showed the ZT13 group was higher
24h after MI compared to the ZT5 group. The levels of retention signal CXCL12in the bone
marrow decreased from ZT5 to ZT13. The increased neutrophil mobilization after Ml at
ZT13 might be triggered by enhanced circulating levels of neutrophil chemoattractants. The
levels of TNF-a, CXCL1, CXCL2 CCL3, CCL5, and G-CSFwere upregulated in the
plasma of ZT13 versus ZT5-operated mice 24 hours post-MI (Schloss, et al., 2016). These
proinflammatory cytokines and chemokines and their receptors closely associate with the
temporal and spatial recruitment of neutrophils to injury during the inflammatory phase and
promote the clearance of necrotic neutrophils during the transition to the resolving phase.
This inflated neutrophil migration into the heart, if kept unchecked, shifts the inflammation-
resolution axis to more inflammatory conditions and leads to cardiac cell death and a
decrease in tissue reparative capacity. Studies have shown that the neutrophils oscillate in
steady-state with distinct rates and rhythmicity confirmed by using fate mapping parabiosis
studies. Nonimmune neutrophils are densely populated in bone marrow, spleen, lung and
liver to operate basal physiology and homeostasis, but neutrophils presence is limited in
ovaries, testis, and brain (Casanova-Acebes, et al., 2018; Gibbs, et al., 2014). Diurnal
compartmentalization of neutrophils, driven by an internal timer, coordinates immune
defense and vascular protection (Adrover, et al., 2019). A recent comprehensive study by
Swirski lab shows that mice subjected to sleep fragmentation produce more Ly6Chigh
monocytes and amplified neutrophils with larger atherosclerotic lesions development and
produce less hypocretin—a stimulatory and wake-promoting neuropeptide—in the lateral
hypothalamus (McAlpine, et al., 2019). In contrast to sleep, daily sunlight manipulates
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hypoxic pathways and provides essential cardioprotection to ischemic heart, however the
role of neutrophils of sunlight directed rhythmic neutrophils activation is unclear (Oyama, et
al., 2019). The rhythm based oscillation of neutrophils on the time of day (sleep and sunlight
exposure) has emerged as an important and under-investigator gatekeeper of immune
systems biology.

4. Microbiome

The mammalian immune system is a complex network of innate and adaptive components
endowed with an extraordinary capacity to defense, adapt, and respond to highly diverse
challenges. Complex microbiota supports large fraction of immune machinery to maintain a
symbiotic relationship. The gut microbiome dysbiosis dysregulates the immune system
defense plan. The various studies have show neutrophils are critically regulated by gut
microbiota milieu. The studies have shown that neutrophil is important for human health via
regulating microbiota. High number of neutrophils are recruited to the oral cavity in
dysbiotic state. The neutrophils are responsible for clearance of infection with anaerobic
bacteria, several periodontal pathogens such as Porphyromonas gingivalis are resistant to
oxidative killing there decreasing oral inflammation (Berezow & Darveau, 2011; Mydel, et
al., 2006). Neutrophils clear inflammation in lung infection by shifting profile from by
cD18NicD62L~1° inflammatory neutrophils to CD18~/1°CD62LN pro-resolution neutrophils
(Felix, et al., 2018). The wild type C57BL/6 mice (which are innately resistant to £.
histiolytica infection), when treated with antibiotics prior to cecal challenge with E.
histolytica, desplayed more severe colitis and delayed clearance of £. histolyticawhich is
due to decreased neutrophil recruitment to the gut (Watanabe, et al., 2017). Our recent study
suggests that aging superimposed on obesity leads to dysbiosis leading to nonresolving
inflammation. Intake of calorie-enriched diet in aging lead to expansion of genus
Allobaculum that expanded neutrophils post-Ml, dysregulated splenic leukocyte profiling
with decrease in CD169+ macrophages (V. Kain, et al., 2019). Clinical studies have shown
that in healthy controls, the blood and neutrophil-associated microbiomes in the patients
with severe acute pancreatitis (SAP) were significantly altered, with an expansion in
Bacteroidetes and Firmicutes as well as a decrease in Actinobacteria. Variations in the
microbiome composition in SAP patients were observed to be correlated with
immunological disorders, including altered lymphocyte subgroups, elevated levels of serum
cytokines and altered proteomic profiles of neutrophils (Li, et al., 2018). The microbiome
plays important role in regulating and maintaing neutrophil function which opens new
avenues for devloping novel targets for therapeutics.

5. Summary and conclusion

Activated neutrophils are the first responder to facilitate the clearance of inflammation due
to pathogens, injury, and stress-induced cellular dysfunction as part of physiological host
defense. On-time entry of the activated neutrophils’ to the site of injury/infection (‘get-in
signal’), transit time at site of injury/infection (‘residual time’), and on-time exit or apoptosis
(“‘get-out or safe clerance signal”) are critical to define whether inflammation will lead to
non-resolving inflammation or outline the resolving response. Life-style-related imbalanced
intake of macro/micro-nutrients, sedentary work, and circadian rhythm that integrate with
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microbiome are newly emerging regulators of neutrophil activity. The understanding of
immune responsive lipid mediators microenvironment with circadian cycle and microbiome
distribution that controls the entry, residual time, and exit of neutrophil trafficking is
essential for developing new therapeutics to target the resolution of inflammation in different
disease pathologies, including cardiovascular disease, cancer, and autoimmunity.
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List of non-standard abbreviations

Glossary

CD Cluster of differentiation

CCL C-C Motif chemokine ligand

HF Heart failure

LV Left ventricle

MI Myocardial infarction

MMP Matrix metallopeptidase

NADPH Nicotinamide adenine dinucleotide phosphate
NETs Neutrophil extracellular traps

NGAL Neutrophil gelatinase-associated lipocalin
NSAIDs Nonsteroidal anti-inflammatory drugs
PUFA Polyunsaturated fatty acids

PMN Polymorphonuclear neutrophils

ROS Reactive oxygen species

ZT Zeitgeber

Circadian clock
(or circadian oscillator) is a biochemical oscillator that cycles with a stable phase and is
synchronized with solar time.

‘Don’t-eat me’ signal

are markers exposed on the cell surface for inhibiting phagocytosis. ‘Don’t-eat-me’ signals
include CD47, which when expressed on the surface of a cell, inhibit phagocytosis of that
cell, by activating signal regulatory protein alpha (SIRP)-alpha receptors on the phagocyte.
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‘Eat-me’ signal

are makers a cell exposes on its surface being opsonized that binds soluble proteins that tag
the cell for phagocytosis. For example, phosphatidylserine is an ‘eat-me’ signal that, when
exposed on the surface of a cell, triggers phagocytes (i.e., cells that eat other cells) to eat that
cell. Phosphatidylserine is normally found on the inside of healthy cells but can become
exposed on the surface of dying, activated or stressed cells.

Fibrosis

is the formation of extracellular matrix connective tissue in an organ or tissue in a reparative
or reactive process. Defined by the pathological accumulation of extracellular matrix
proteins results in scarring and thickening of the affected tissue, it is an exaggerated wound
healing response which interferes with normal organ function.

Myocardial infarction
(M1) is commonly known as a heart attack and occurs when blood flow decreases or stops to
a part of the heart, causing damage to the heart muscle.

Non-resolving inflammation
Inflammation which did not let injury to recover back to the physiological levels that lead to
organ (heart) dysfunction and failure.

Nonsteroidal anti-inflammatory drugs (NSAIDs)
are a drug class that reduces pain, decreases fever, prevents blood clots and, in higher doses,
decreases inflammation.

Neutrophilia
is a high number of neutrophils in the blood.

Neutrophil extracellular traps (NETS)
are networks of extracellular fibers, primarily composed of DNA from neutrophils, which
bind pathogens.

Polymorphonuclear neutrophils (PMNs)

are granulocytes which fall in the category of white blood cells characterized by the
presence of granules in their cytoplasm. They are also called polymorphonuclear leukocytes
or polymorphonuclear neutrophils (PMN, PML, or PMNL) because of the varying shapes of
the nucleus, which is usually lobed into three segments.

Polyunsaturated fatty acids (PUFAS)
are fatty acids that contain more than one double bond in their backbone.

Zeitgeber
is any external or environmental cue that entrains or synchronizes an organism’s biological
rhythms to the Earth’s 24-hour light/dark cycle and 12-month cycle.
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Outstanding Question Box

. A recent discovery confirmed that neutrophils enter two different ways at the
site of injury or infection: intra-endothelial migration and trans-endothelial
migration (‘get-in’signal). Studies are required to determine time line of
neutrophils at the entry and exit at the site of injury and when they should
leave in HF.

. Future research is required to define the fate and lifespan of neutrophils:
whether neutrophils leave the infected or injured organ at a specific time, or if
they are phagocytosed by macrophages at pre-determined time.

. The circumstances neutrophil infiltration is accelerated and exfiltration is
delayed, leading to non-resolving inflammation and neutrophil swarming.

. The ability of activated and overactive neutrophils to eat macrophages and
delay the resolution of inflammation and the markers they express.

. The mechanism that will facilitate on time-infiltration and clearance without
altering the phagocytic activity and residual time of neutrophils to aid in
resolving inflammation.

Highlights

Neutrophils have emerged as a surrogate marker of cardiovascular risk. Plasma neutrophil
elastase levels have been shown to be correlated with severity of coronary artery diseases.
MPO plasma levels in coronary angiography patients could predict cardiovascular
mortality. Clinical trials have confirmed high NLR (neutrophil/ lymphocyte ratio) values
are accurate and strong predictors of the in-hospital mortality of patients with acute HF.

. Neutrophil swarming has been reported in several inflammatory diseases. The
CALIBER (Clinical Research Using Linked Bespoke Studies and Electronic
Health Records) trial revealed high neutrophils are strongly correlated with
HF, PAD, and nonfatal myocardial infarction (MI).

. Neutrophil count and activation could be considered as a means of monitoring
a patient’s progress or as a surrogate endpoint in trials investigating anti-
inflammatory interventions to reduce cardiovascular risk.

. Not only the timely activation of neutrophils in precise space but lack of
overly activation is essential to resolve post-MI inflammation
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Figure 1:
Schematic design defines ‘get-in’ and “‘get-out’ signal that determines the safe clearance and

transit time of neutrophils at the site of infection, injury, or inflammation. Overall, the figure
indicates that innate responsive infiltration of neutrophil set the platform for physiological
cardiac healing (in abesnce of risk factors like obesity or aging) post-myocardial infarction
(M1). In physiological cardiac healing post-MI resolution is almost equal to inflammation,
marked with the biosynthesis of specialized pro-resolving mediators (SPMs) at the site of
infarction along with timely ‘get-in’, ‘transit’, and ‘get-out’ signal of immune cells that leads
to effective resolution with balanced inflammation termed as physiological healing (Light
green color —inner circle). However, in presence of risk factors like diet-induced obesity
(Lopez, et al., 2015), aging (Halade, et al., 2016), co-medications like NSAIDs (nonsteroidal
anti-inflammatory drugs) (G. V. Halade, et al., 2018), oncologic drugs e.g. doxorubicin
(Jadapalli, et al., 2018) or combinations of these risk factors leads to impairment of ‘get-in’,
‘transit’, and ‘get-out’ signals leading to pathological and dysregulated inflammation that
outweigh over the resoution. Neutrophils immunohistochemistry of heart tissue sections
displaying infiltration of neutrophils in left ventricle at day 1 and day 5 post-myocardial
infarction in comparison to naive control showing absence of neutrophils (40X). The blue
arrow and green shade denotes physiological cardiac healing and timely get-in and get-out
signal. The red arow and and pink shade denotes the pathological healing with impared get-
and get-out signal. NETs: Neutrophil extracellular traps ; SPMs: Specialized proresolving
Mediators; DAMPs: Damage-associated molecular patterns, PAMPs:pathogen-associated
molecular patterns, LTB,: Leukotriene B4; 12HETE: 12-hydroxyeicosatetraenoic acid.
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Figure 2:
Schematic illustration displaying pro-resolving immunoresolvent (resolvin D1 and lipoxin

Ay) and pro-inflammatory lipid mediators (12-HETE and leukotriene By4) biosysthesied from
their respective substrate docohexaenoic acid (DHA) and arachidonic acid (AA) using
immune responsive enzymes 5-lipoxygenas (5LOX) and cyclooxgenase-2 (COX-2)
produced by neutrophils at the site of injury. The colour code at right signifies moieties
produced by neutrophils to facilitate resolution of inaflammation (blue to green) while at left
signiifies moieties produced during inflammtory resonse (pink to red and brown).
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Table 1:

Traditional and novel paradigms of neutrophil activation and inactivation markers in the inflammation-

resolution axis.

Traditional paradigms

Novel paradigms

(circulation)

Function Three phases: 1) On-time entry (infiltration): Complement component 5a (C5a),
1) Adhesion, Migration and diapedesis -E-, P-, | formyl-Met-Leu-Phe (fMLP), platelet-activating factor and
L-selectins, ICAM-1, VCAM-1, integrins leukotriene B4 (LTB,), Mac-1 receptors (Fu, et al., 2006; Gay, 1993)
2) Opsonization and recognition (PAMP, 2) Residual time (phagocytic war time: NETosis): granule-derived
DAMPS, complement proteins, pentraxins, antimicrobial peptides, neutrophil elastase, cathepsin G, and
collectins, and ficolins myeloperoxidase (MPO) (Papayannopoulos, Metzler, Hakkim, &
3) Phagocytosis (Fc receptors CD32 and Zychlinsky, 2010; Puklo, Guentsch, Hiemstra, Eick, & Potempa,
CD16) (Theilgaard-Monch, Porse, & 2008; Sgrensen, et al., 2001)
Borregaard, 2006) 3) On-time exit (clearance): Resolvins, Protectin, Maresins,
Lipoxins, adiponectins, Maresin-1, PD1(Kain, et al., 2015; Kain, et
al., 2017; Serhan, 2010; Serhan, et al., 2008)
Life span Short lived (8-12 hrs) 5.4 days humans and.75 day in mice

Phenotype

Homogeneous in nature. Based on same size,
function and granule proteins (Theilgaard-
Monch, et al., 2006)

Heterogeneous (N1: proinflammatory phenotype: CD11b*/Ly6G*/
CCL2*/Arg",

N2: proresolving phenotype: CD11b*/Ly6G*/Ly6CI"CCL3*/Arg*,
(Piccard, Muschel, & Opdenakker, 2012); Ly6G*/CD206*(Ganesh V.
Halade, et al., 2018; Kain, et al., 2018)

Transmigration

Direct infiltration and migration (such as
macrophage-inflammatory protein-2 (MIP-2),
keratinocyte-derived chemokine (KC), and by
other chemoattractants, such as bacteria-
derived N-formyl-methionyl-leucyl-
phenylalanine (fMLP), and the complement
component (C5a) (Foxman, Campbell, &
Butcher, 1997) (de Oliveira, Rosowski, &
Huttenlocher, 2016)

Reverse Transmigration (CD54NCXCR1'® expression) cytokine-
induced neutrophil chemoattractant-1, CXCR4, granulocyte-colony
stimulating factor (G-CSF), and CXCL12. (Balabanian, et al., 2005;
Buckley, et al., 2006; Hernandez, et al., 2003; Hirano, Aziz, & Wang,
2016; Rankin, 2010)

Interaction with

microbiome

No interaction — understudied

Microbiota control neutrophil phenotype and function — evolving. (V.
Kain, et al., 2019)

Pharmacol Ther. Author manuscript; available in PMC 2021 January 01.




	Abstract
	Introduction
	Neutrophils: physiology versus pathophysiology in cardiac healing
	Neutrophils: heterogeneity modifiers after myocardial infarction
	Lifespan of activated and non-activated neutrophils
	Neutrophils set the resolution platform in ischemic injury
	Responsive neutrophils to the metabolic and lipidomic milieu in obesity
	Neutrophil dynamics in exercise versus sedentary pathophysiology
	Neutrophils kinetics in the circadian cycle

	Microbiome
	Summary and conclusion
	References
	Figure 1:
	Figure 2:
	Table 1:

