Chapter 2 )
Inflammation and Pain Check or

Jasmine Ji, Matthew Yuan, and Ru-Rong Ji

Abstract Inflammation is the body’s natural response to injury or the infiltration of
a foreign substance. The process is defined by five cardinal signs: redness, heat,
swelling, loss of function, and pain. Because of its relationship with pain and injury,
various treatments for inflammation have been historically documented. During
inflammation, pro-inflammatory mediators can be produced by infiltrating and resi-
dent immune cells. These pro-inflammatory mediators can induce pain. On the
other hand, recent evidence suggests that inflammation also resolves pain by gener-
ating anti-inflammatory and pro-resolving mediators. The inflammatory process,
when properly mediated via cellular mechanisms, eliminates pathogens and dam-
aged or dead cells from the body. Thus, inflammation was proposed to resolve pain
by producing specialized pro-resolving mediators (SPMs), derived from omega-3
unsaturated fatty acids. However, dysregulated inflammation, such as chronic
inflammation, can lead to various pathological conditions associated with chronic
pain. While acute pain, which is temporary and serves a protective purpose, is ben-
eficial, chronic pain has no such protective purpose and severely degrades the qual-
ity of life of patients.
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2.1 What Is Inflammation?

Inflammation is the body’s response to infection and damage to tissues, with the end
goal of eliminating any foreign pathogens and repairing any tissue damage.
Inflammatory stimuli can be broadly viewed as anything that causes infection (e.g.,
viruses, bacteria, microbes, other pathogens) or tissue damage (e.g., physical
trauma, toxic chemicals, radiation) (Medzhitov 2008). In response to an inflamma-
tory stimulus, the body will initiate an inflammatory response; this response typi-
cally involves the recognition of the stimulus via cell surface pattern receptors, the
release of inflammatory mediators that subsequently activate inflammatory path-
ways, and the release of inflammatory markers that lead to the recruitment of inflam-
matory cells (Ji et al. 2016). Once foreign pathogens have been eliminated and the
tissues have been repaired, the inflammatory response will have served its purpose
and be subsequently resolved. In some cases, however, the inflammatory response
may not be properly mediated, morphing into a chronic process; unlike its helpful,
acute counterpart, chronic inflammation is harmful to the body, and, indeed, a cause
and symptom of various inflammatory diseases (Donnelly et al. 2020; Medzhitov
2008). Chronic inflammation is also often closely associated with chronic pain
(although notably there are also several painless or partially painless chronic inflam-
matory conditions) (Ji et al. 2014, 2018; Lewis et al. 2020; Martinez Quintero et al.
2021). Inflammation can be broadly divided into neurogenic inflammation and neu-
roinflammation, based on the type of pathological pain it underlies (Chiu et al.
2012; Jietal. 2014, 2018; Matsuda et al. 2019). The following chapter will consider
the cardinal signs of inflammation, its history, the biological processes involved in
inflammation, the close correlation between pain and inflammation, and the impli-
cations of chronic inflammation.

2.2 A History of Inflammation

The existence of inflammation has been known for millennia (Fig. 2.1), described
early on in the medical texts of the ancient Greeks and Egyptians. This is no wonder,
as the condition is easily observable, chaperoning injuries and infections, often
lethal in ancient times. The Greek physician Hippocrates described signs of inflam-
mation in the fifth century, using terms such as oidema (swelling), which we today
call edema. He also seemed to appreciate the role of inflammation in the healing
process following injury. The first four cardinal signs—redness, swelling, heat, and
pain—were described by the fifth-century Roman writer Aulus Cornelius Celsus, in
the oft-quoted phrase, “calore et tumor cum calore et dolore” (redness and swelling
with heat and pain), from his medical treatise, De Medicina, written during the first
century (Plytycz and Seljelid 2003).

The next major advancement in understanding inflammation came much later,
with British neurophysiologist Augustus Waller (1846) and German pathologist
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Fig. 2.1 Major events that led to our modern understanding of inflammation

Julius Cohnheim (1867). Both scientists independently described the emigration of
leukocytes from blood vessels, as well as other vascular structures, during an acute
inflammatory response. Using a microscope, they were able to observe the vasodila-
tion, plasma leakage, and the movement of leukocytes from the blood vessels into
neighboring tissue. In other words, they were able to identify some of the most criti-
cal events that occur during the inflammatory process (Rochae e Silva 1978).

In 1858, Rudolph Virchow, the German physicist often known as the “father of
modern pathology,” described the fifth cardinal sign of inflammation in his book
Cellularpathologie: disturbance of function. This final sign differs from the previ-
ous four in that it is the only sign that appears in all inflammatory processes, not just
in acute processes like the previous four. Virchow’s work also established the con-
cept that pathologies arise from cells and not the four humors, as was previously
believed (Heidland et al. 2006).

In 1892, there came the discovery of phagocytes and phagocytosis by Russian
zoologist Elie Metchnikoff, who was awarded a Nobel Prize for his discovery. The
theory of cellular immunity, which states that cellular immunity is based on the
activity of phagocytes, followed. This theory emphasized the importance of macro-
phages and neutrophils in defending and maintaining the homeostasis of tissues
(Plytycz and Seljelid 2003).

In 1890, German physiologist Emil von Behring and Japanese bacteriologist
Shibasaburo Kitasato co-authored a paper describing the production of “antitoxins”
against diphtheria and tetanus toxins, one of the earliest examples of serum therapy
(Plytycz and Seljelid 2003). Their paper inspired German physician Paul Ehrlich’s
humoral theory of immunity, also known as antibody-mediated immunity, which
describes the ability of B-cells, a type of immune cell, to produce antibodies, large
proteins that respond to and counteract antigens, proteins found on many pathogens
(Rochae e Silva 1978). Belgian immunologist Jules Bordet followed-up in 1896
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with his work examining the role of serum components in immunity. German physi-
cian Robert Koch and French microbiologist Louis Pasteur contributed greatly to
the modern understanding of inflammation by specifying microbial agents as a
major inducer of the acute inflammatory response (Rochae e Silva 1978).

Today, the study of inflammation accelerates and expands as researchers probe
the different classes of inflammatory mediators, discover the cells and pathways that
regulate their production, and reveal their mechanisms of action. We now under-
stand that inflammation has many different forms, and can be induced, regulated,
and resolved in multiple different ways. As modern medicine becomes increasingly
effective at resolving acute inflammation and increasing lifespan, chronic inflam-
mation has emerged as the next great topic of interest. Inflammatory conditions,
driven by chronic inflammation, plague many people, especially in old age. These
conditions include atherosclerosis, asthma, type 2 diabetes, neurodegenerative dis-
eases (e.g., Alzheimer’s disease), and cancer. Studying inflammation would provide
insights into these debilitating and widespread conditions (Scrivo et al. 2011).

A PubMed search shows that doctors were interested in inflammation as early as
1791 (though PubMed itself was only founded in January of 1996; Fig. 2.2a) when
Mr. Thomas Mainwaring, a doctor, wrote a letter to his patient who had been
attacked and subsequently suffered from severe inflammation in his
throat (Mainwaring 1791). Up until 1970, inflammation research remained rela-
tively rare until the development of endothelial cell research in the 1970s, which
quickly exploded, contributing greatly to inflammatory research due to the enor-
mous role that endothelial cells play in inflammation. Aided by endothelial cell
research, the number of papers on inflammation has grown exponentially in the past
50 years. Development of gene-targeted knockout technology has allowed scientists
to study the roles of various immune-cell-derived mediators, such as cytokines and
chemokines (small cytokines), and endothelial-cell-derived adhesion molecules, as
well as their receptors in inflammation. These studies have helped scientists create
useful models of inflammation. Further methodologies developed in immunology,
including antibody blocking, in mice have also contributed significantly to the prog-
ress of inflammation research (Kvietys and Granger 1997). Since 2000, the number
of papers on inflammation has increased steadily every year, showing the lingering
relevance and importance of inflammation in our lives (Fig. 2.2a). Correlation with
inflammation has been demonstrated in almost all types of human diseases.

2.3 Inflammation and Pain

2.3.1 The Correlation Between Inflammation and Pain:
Clinical Relevance and Social Impact

Inflammation and pain are two closely interrelated concepts that often go hand in
hand in research (Calvo et al. 2012; Ji et al. 2016; Fig. 2.2b). It is of critical impor-
tance to investigate their correlation and interactions not only in acute pain
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Fig. 2.2 A PubMed search shows (a) an increasing number of publications using the keyword
“inflammation” over the last two decades and (b) an increasing number of publications using the
keywords “inflammation” and “pain” over the last two decades

conditions but also in chronic pain conditions. Chronic pain conditions plague tens
of millions of Americans, with annual costs on pain management and labor loss
exceeding 600 billion US dollars per year (Gereau et al. 2014). Inflammation-
associated pain is typically treated with local anesthetics, opioids, and non-steroidal
anti-inflammatory drugs (NSAIDs). Each of these has obvious problems, however
(Brigham et al. 2021). Opioids function by blocking pain signals in the spinal cord
and brain (Corder et al. 2018). Thus, people treated with opioids are temporarily
completely incapable of feeling pain. Local anesthetics work similarly; by binding
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to the sodium channels, they prevent sodium ions from entering, in turn preventing
nerve signals from being conducted to the brain. Being completely incapable of
feeling pain is dangerous. Acute pain exists as a protective mechanism—to prevent
you from reaching into a hot oven without mitts, or to encourage you to take imme-
diate action after dropping your textbooks on your foot, for example. Thus, blocking
pain signals is hardly an ideal solution. Addiction is also a problem, which can lead
to breathing suppression and subsequently death. Opioid abuse, in particular, is an
enormous problem that has led to America’s Opioid Crisis. The third treatment
option, NSAIDs, does not block pain signals. Instead, NSAIDs block enzymes like
cyclooxygenases (Cox-1 and Cox-2), which produce prostaglandins (e.g., PGE2),
lipids that promote swelling and pain in inflammation. While NSAIDs are effective
in treating acute inflammatory pain and headache, they have their own issues; they
can damage your stomach lining and even result in internal bleeding (Brigham
et al. 2021).

Lack of effective treatments for chronic pain is associated with the ongoing crisis
of opioid use disorder (OUD) (Volkow and Collins 2017). In 2020, more than
92,000 Americans died from drug overdoses, a nearly 30% increase over 2019,
according to a report from the Centers for Disease Control and Prevention. Thus,
there is an urgent need to develop non-opioid medicine that can control excessive
inflammation and neuroinflammation for the prevention and resolution of chronic
pain (Ji et al. 2018).

Though pain and inflammation often co-exist, some inflammatory conditions,
especially chronic inflammatory conditions, may not involve pain (Fig. 2.3).
Periodontal disease refers to a severe gum infection that can result in inflammation
of the gums, as evidenced by their red, tender, and swollen appearance. Notably
periodontal disease is frequently painless, either during early stages or throughout
the entire process. Atherosclerosis occurs due to the build-up of fats, cholesterol,
and other substances in and on the artery walls, which obstruct blood flow and can
rupture, causing acute occlusion of the artery by clotting. Despite chronic inflam-
mation of the artery walls, this condition has no obvious painful symptoms, until a
build-up becomes severe enough to block blood flow. Asthma is a rather common
condition, in which inflamed airways cause additional mucus to be produced, which
interferes with breathing. Asthma can cause wheezing, which forces the chest to
constrict and produces chest pain. Even so, the actual location of inflammation, the
lungs, does not experience pain. Lastly, early-stage melanoma, alongside some
other early-stage cancers, also is not painful. Interestingly, melanoma cells produce
specific mediators called immune checkpoint inhibitors that can suppress pain
(Chen et al. 2017a). This lack of pain is especially misleading, as patients cannot be
aware of the cancer in an earlier stage and take necessary precautions. These pain-
less inflammatory conditions present two facts: the first is that inflammation does
not necessarily induce pain, despite drastic tumor growth that causes significant
skin lesion; the second is that inflammation without pain can be quite dangerous, as
pain serves as a warning sign. It is noteworthy that many types of cancers are diag-
nosed by doctors after patients have reported pain.
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Fig. 2.3 There are also painless inflammatory conditions due to the production of anti-nociceptive
mediators at the inflammatory sites

Bacterial and viral infections are typically painful (Chiu 2018; Chiu et al. 2013),
but are not always painful (Ji et al. 2016). For example, Mycobacterium ulcerans,
the etiological agent of Buruli ulcer, produces extensive and severe skin lesions but
not pain. Instead, M. ulcerans produces remarkable analgesia by producing analge-
sic mediators (Marion et al. 2014). Several types of viruses, such as herpes simplex
virus (HSV) and varicella zoster virus (VZV), are capable of infecting sensory neu-
rons and evoke severe pain. However, during reactivation of HSV, patients fre-
quently experience paresthesia (numbness, tingling), signs of analgesia, prior to the
development of acute pain following ulceration (Donnelly et al. 2020). Recently, it
was found that bacteria-derived anthrax toxins produce potent pain inhibition by
binding ANTXR?2, the high-affinity receptor for anthrax toxins, which are expressed
by nociceptors (Yang et al. 2021). Thus, infections can be both painful and non-
painful (Donnelly et al. 2020) (Fig. 2.3).
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2.4 The Inflammatory Process

Despite its inconveniences, inflammation is an enormously important process dur-
ing which the body cleans up the pathogens and dead cells at the site of injury and
begins the healing process. Acute inflammation is activated by resident immune
cells already present in the involved tissue, mainly resident macrophages, dendritic
cells, and mast cells. These cells have surface receptors called pattern recognition
receptors (PRRs), which bind two kinds of molecules: pathogen-associated molecu-
lar patterns (PAMPs) and damage-associated molecular patterns (DAMPs). PAMPs
are substances associated with various pathogens, but can still be distinguished
from host molecules. DAMPs are substances associated with host-related injury and
cell damage (Akira et al. 2006). In addition, PRRs are also activated by microbe-
associated molecular patterns (MAMPs) (Boller and Felix 2009). When an infec-
tion, burn, or other injury occurs, these cells are activated (one of the PRRs
recognizes a PAMP, DAMP, or MAMP) and release inflammatory mediators that
result in the aforementioned cardinal signs of inflammation (Donnelly et al. 2020).
Vasodilation and the resulting increase in blood flow cause redness and increased
heat. Increased permeability of the blood vessels leads to the leakage of plasma
proteins and fluid into the tissue in a condition known as edema, which then causes
swelling. Different types of mediators that are released during this process, such as
bradykinin, prostaglandins, cytokines, and chemokines, can cause pain or hyperal-
gesia (Gold and Gebhart 2010; Ji et al. 2014). Mediator molecules, such as chemo-
kines (small cytokines), also change blood vessels to allow the migration of
leukocytes, such as neutrophils and macrophages, out of the blood vessels into tis-
sue in a process called extravasation. Plasma extravasation can also be induced by
neuropeptides, such as substance P and calcitonin gene-related peptide (CGRP),
released after stimulation of pain-sensing nerve fibers during neurogenic inflamma-
tion (Xanthos and Sandkuhler 2014). The neutrophils move along a chemotactic
gradient (moving from an area of low chemical concentration to an area of high
chemical concentration) made by local cells in order to reach the site of injury. The
fifth cardinal sign of inflammation, loss of function, could be related to both injury
and illness. For example, an inflamed joint cannot be moved properly due to acute
injury or chronic diseases such as arthritis. Inflammation can make it difficult for
patients to breathe due to a respiratory infection, which has been experienced by
many COVID patients. Accumulating evidence suggests that PRRs such as toll-like
receptors (TLRs) are also present in primary sensory neurons and play important
roles in regulating neuronal activity and excitability and sensory functions such as
pain and itch (Diogenes et al. 2011; Donnelly et al. 2020; Liu et al. 2010).
Furthermore, neuronal TLR signaling in nociceptive neurons was shown to regulate
local immunity (Liu et al. 2014). Thus, neuron—-immune interactions may be
involved in fundamental inflammatory processes.

Additionally, there are several biochemical cascades that do not involve cells.
Instead, they consist of preformed plasma proteins that work together to start and
spread the inflammatory response. These systems include the complement system,
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which is activated by bacteria and the coagulation and fibrinolysis (breaking down
fibrin) cascades, which are activated by necrosis (i.e., a burn or blow). Acute inflam-
mation can be seen as the first line of defense against injury. Acute response to
inflammation needs constant stimulation to persist. Inflammatory mediators last
only temporarily; afterward, they are rapidly degraded in the tissue. It was generally
believed that acute inflammation comes to a halt once the stimulus is removed.
Recent progress has demonstrated that resolution of inflammation is not a passive
process but an active process, which can generate specialized pro-resolution media-
tors (SPMs) that promote the resolution of inflammation, as well as pain (Ji et al.
2011; Serhan 2007). Below, we will be discussing some of the mechanisms of
inflammatory mediators more in depth.

2.5 Cellular Mechanisms

Cellular mechanisms involve a number of different leukocytes, which carry out leu-
kocyte extravasation and phagocytosis during inflammation to rid the body of any
foreign substances (Fig. 2.4). Extravasation is the process leukocytes use to reach
the site of injury. During this process, leukocytes, which are usually located at the
center of blood vessels, will move toward the walls of the vessels. Activated macro-
phages in tissue will release cytokines including interleukin (IL)-1p and tumor
necrosis factor (TNF)-a (or TNF, as this is the only member), which causes the
production of chemokines that bind to proteoglycans (a major component in extra-
cellular matrices). This forms a gradient in both the inflamed tissue and along the
endothelial wall. Inflammatory cytokines then rapidly induce the expression of
P-selectin (a cell adhesion molecule) on the surfaces of endothelial cells. P-selectin
binds (albeit weakly) to carbohydrate ligands on leukocyte surfaces, moving across
the endothelial surface during which bonds are made and broken. Injured cells will
release cytokines that induce E-selectin (which functions similarly to P-selectin)
expression on endothelial cells. Cytokines also induce integrin ligand, such
as CADM-1 (cell adhesion molecule 1) and VCAM-1 (vascular cell adhesion
moleculel) expression on endothelial cells, which control the adhesion of the selec-
tions and contribute to slowing leukocytes. The weakly bound leukocytes can then
detach if they remain non-activated by chemokines produced in injured tissue fol-
lowing signal transduction through G-protein-coupled receptors (GPCRs). These
receptors activate integrins on leukocytes, increasing the bound integrin receptor
affinity for ICAM-1 (intercellular adhesion molecule 1) and VCAM-1 on the endo-
thelial cell surface, thus firmly binding the leukocytes to the endothelium. Once the
leukocytes have been bound to the endothelium, they will transmigrate, or move
across the endothelium in a process called diapedesis. In this process, also termed
chemotaxis, chemokine gradients will cause the leukocytes to move in between
adjacent endothelial cells. The endothelial cells in turn will retreat, allowing the
leukocytes to move into surrounding tissue (Fig. 2.4). After the leukocytes have
reached the tissue interstitium, they will bind to the extracellular matrix. A variety
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Fig. 2.4 Basic flowchart of the inflammatory process, induced by infection or tissue damage.
Inflammation is associated with infiltration of immune cells, such as neutrophils, macrophages,
and T-cells. Acute inflammation results in resolution and wound healing. There are five cardinal
features of inflammation. After inflammation, immune cells produce pro-inflammatory mediators
that are pro-nociceptive. Inflammation also produces anti-inflammatory and pro-resolving media-
tors that are anti-nociceptive and promote pain resolution

of chemoattractant (e.g., C3a or C5) will then guide the leukocytes along chemotac-
tic gradients toward the inflammatory source.

Mounting evidence suggests that inflammation is also regulated by primary sen-
sory neurons such as pain-sensing nociceptive neurons (nociceptors) (Talbot et al.
2016). Nociceptors include unmyelinated C-fiber neurons and myelinated Ad-fiber
neurons, with their cell bodies localized in dorsal root ganglion (DRG) and trigemi-
nal ganglion (TG) and axons/terminals innervating the skin, muscle, and joint
(Julius and Basbaum 2001; Woolf and Ma 2007). Upon activation, nociceptors
release neuropeptides, cytokines, chemokines, and amino acids from their terminals
that potently shape the function of innate and adaptive immune cells in the local
environment (Baral et al. 2019; Liu et al. 2014). For some pathogens, neuron—
immune interactions enhance host protection from infection, but for other patho-
gens, neuron—-immune signaling pathways can be exploited to facilitate pathogen
survival, depending on specific disease conditions, disease progression stages, and
mediators released from nociceptors (Baral et al. 2019). For example, C-fiber noci-
ceptors have been shown to activate dendritic cells and subsequent activation of
T-cells, leading to the pathogenesis of psoriasis, a skin disease associated with auto-
immune dysfunction and chronic itch, via the release of the neuropeptide CGRP
(Riol-Blanco et al. 2014; Zhang and He 2020). On the other hand, recent study also
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shows that activation of TRPV1 (transient receptor potential vanilloid 1) posi-
tive nociceptive neurons are sufficient for host defense against infections (Cohen
et al. 2019; Lei et al. 2022).

The discovery of glial cells and neuroinflammation revolutionized how scientists
understood chronic inflammation. Glial cells, immune cells found in the central
nervous system (CNS), are key players in the process known as neuroinflammation,
orinflammation of tissue in the peripheral nervous system (PNS) and CNS. Activation
of glial cells, which include Schwann cells in peripheral nerves (e.g., sciatic nerve),
satellite glial cells in the DRG and TG, and microglia, astrocytes, and oligodendro-
cytes in the spinal cord and brain, leads to the release of glial mediators that can
modulate pain sensitivity (Gosselin et al. 2010; Hanani and Spray 2020; Ji et al.
2016). In other words, glia-produced neuromodulators can increase pain sensitivity
in neuroinflammation, which in turn can sustain sensitization in nociceptive neu-
rons. By maintaining signaling interactions between neurons and glial cells, neuro-
inflammation can thus modulate chronic pain (Ji et al. 2014). Please see more details
in Chap. 5.

2.6 From Inflammation to Infection
and Sterile Inflammation

2.6.1 From Inflammation to Infection

The inflammatory process described above is the standard reaction to inflammation
by infection. Infection, it should be noted, is defined by the entrance of a foreign
substance into the body, often through a wound, and can be broadly divided into
four categories, including bacterial, viral, fungal, and prion. Inflammation to infec-
tion is a common form of inflammation, though it is actually not the only form of
inflammation (Medzhitov 2010, 2021).

COVID-19, the respiratory condition caused by the coronavirus, is a notable
example of an inflammatory condition. The virus causes severe inflammation in the
lungs that can result in the excessive mucus production and, consequently, an inabil-
ity to breathe. This excessive inflammation has been noted to cause damage to the
alveoli of the lungs, which are responsible for the exchange of oxygen and carbon
dioxide. Specifically, COVID-19 enters alveolar type II cells, through the receptor
protein angiotensin-converting enzyme 2 (ACE2), which is found in the plasma
membrane of cells, including human sensory neurons (Shiers et al. 2020). As the
disease progresses, a mark of severity is demonstrated when the linings of the
pleura, which are the tissue layers that surround the lungs, become irregular, caused
by interstitial thickening and worsening inflammatory conditions.
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2.6.2 Sterile Inflammation

During tissue damage, cells that die can cause an inflammatory response quite simi-
lar to infection-induced inflammation. Note that sterile injury and injury with infec-
tion are quite different, as injury with infection involves microbes. Most injuries are
associated with infection, as they often involve breaking the skin, the first barrier of
the body, which allows microbes to enter the body. More rarely, sterile inflammation
will occur, during which cells are damaged or die in a sterile setting, most often due
to ischemia (lack of blood supply to a particular body part), ischemia-reperfusion
(tissue damage that occurs as blood returns to oxygen-deprived tissue due to isch-
emia), and trauma that can be found in the nerve, spinal cord, and brain. In these
cases, inflammation occurs without infection, but still causes events such as neutro-
phil and monocyte infiltration, in addition to dendritic cell activation. In more severe
cases, sterile inflammation can advance into circulatory shock or even multiple
organ failure. Stunningly, how tissue injury without infection is detected is poorly
understood, though TLRs and other innate receptors may play a role in discovering
sterile injuries. One possibility, however, is that endogenous molecules that are
released with cell death following necrosis may be a marker for sterile cell injury,
including B-defensin, heat shock proteins, hyaluronan, uric acid crystals, as well as
many other biomolecules, such as high-mobility group box protein 1 (HMGB1) and
microRNAs (e.g., let-7b). Members of the TLR family are thought to be responsible
for recognizing these molecules, such as activation of TLR4 by HMGB1 and activa-
tion of TLR7 by miRNA-let-7b (Liu et al. 2012), but it should be noted that relevant
studies always run the risk of containing microbial contamination. Nonetheless, the
capacity to stimulate inflammation of these endogenous molecules/ligands in
response to microbial contamination is difficult to deny. Studies of TLR-deficient
mice with various models of tissue injury are likely the best evidence for the fact
that TLRs participate in detection of tissue injury. Various TLRs are not only
expressed by immune cells, but also by glial cells, as well as neurons, such as DRG
and TG neurons. TLRs play crucial roles in the pathogenesis of pain in animal mod-
els of inflammatory pain and nerve injury (Christianson et al. 2011; Donnelly et al.
2020; Liu et al. 2012). Please see more details in Chap. 8.

2.7 Tissue Injury, Microbes, and Pathogens: How Do They
Affect the Host?

2.7.1 Degrees of Inflammation: Tissue Injury and Pathogens

We previously discussed the different types of inflammation and some mechanisms
that cause them. However, it is also worthy to ask whether or not the severity of
inflammation depends on the type of injury/infection. Do tissue injury, microbes,
and pathogens cause different degrees of inflammation in the host?
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Inflammation, if not induced or regulated properly, can cause enormous damage
to the host. Though this inflammation is intended to protect the host, it also causes
significant “collateral damage.” A complex network of regulatory signals usually
determines the degree of inflammation according to the original and the continuing
cues. Inflammation signals have been described as “stop and go” signals, which
play a role in determining when to escalate, dampen, or resolve an inflammatory
response. Infection and injury, as discussed before, both cause inflammatory
responses, but with different effects. The ligands responsible for signaling to them,
however, converge on similar innate pathways. This seems to point to a lack of dis-
crimination between qualitatively different stresses, which is rather confusing and
requires further research. The existing complex feedback mechanisms suggest that
there are additional mechanisms to address this, though, once again, very little is
known. Pathogenic microbes, for example microbes with virulence mechanisms,
seem to present a third qualitatively distinct challenge that requires an escalated
response. It seems tempting to think that inflammation escalates or dampens based
on the characteristics of the trigger, though specific gene induction downstream of
innate receptors suggests that such a scenario may be plausible.

Does the host view tissue injury and microbial injury as different stresses? The
extent to which the endogenous ligands produced during tissue damage stimulate
the inflammatory signal induced by microbes remains unclear. It is possible that the
responses to tissue damage and infection are similar, maybe due to the high likeli-
hood of concomitant infection during tissue damage. Severe trauma as a method of
sterile inflammation was mentioned above; sometimes, such trauma can lead to
hemorrhagic shock, just as overwhelming infection can lead to sepsis. Nevertheless,
these severe examples do not accurately represent if the overall purpose of each
response is similar. It seems strange to think that the response to tissue damage
would be the same to infection. The response to tissue damage has a purpose of
healing, while the response to infection is first to rid the body of the infection and
microbes. Tissue repair requires tissue remodeling, breakdown of extracellular
matrix, and proliferation of cells to reestablish homeostasis. Many of these are also
seen in the resolving phase of inflammation in response to infection, yet much of the
collateral damage caused by activated neutrophils and macrophages during micro-
bial infection might be unnecessary to heal a sterile wound. So far, research into the
TLRs shows that an individual TLR is capable of differential signaling in response
to different ligands, although the mechanisms responsible for these distinct
responses are still unclear (Donnelly et al. 2020).

2.7.2 Gut Microbiota in Inflammation and Pain

Recent studies have pointed to a critical involvement of microbiota in health and
disease. Microbiota include a range of microorganisms that may be commensal,
symbiotic, or pathogenic found in and on all multicellular organisms, including
bacteria, parasites, fungi, and viruses. Increasing evidence suggests microbiota play



30 J. Jietal.

a crucial role in regulating immunologic, hormonal, and metabolic homeostasis of
their host, and gut—brain interaction is emerging as a hot topic in neuroscience and
medicine (Erny et al. 2015). The recent progress in gut microbiota has expanded our
knowledge on PAMPs. PAMPs are conserved microbial structures that are present
in all microorganisms (including hot bacteria) and, thus, are not restricted to patho-
gens. Given our growing appreciation of the commensal microbiota (Erny et al.
2015), which activate the same host PRRs using the same ligands (e.g., lipopolysac-
charide [LPS] and flagellin), it was suggested that these molecules should be
renamed microbe-associated molecular patterns (MAMPs) (Donnelly et al. 2020).
However, there should be functional distinction between MAMPs and PAMPs, as
only the term PAMP emphasizes pathogenic microorganism, as opposed to MAMPs
that focus on the commensal microbiota.

Emerging evidence has revealed an important role of microbiota in pain regula-
tion. Microbiota have been implicated not only in visceral pain, but also in other
types of pain including inflammatory pain, headache, and neuropathic pain, as well
as opioid-induced anti-nociceptive tolerance (Guo et al. 2019). A study from
Harvard Medical School has demonstrated that gut microbiota is critical for the
induction of chemotherapy-induced pain, through LPS-mediated activation of
TLR4 in the DRG (Shen et al. 2017). Furthermore, in the spinal cord and brain, gut-
microbiota-derived mediators may regulate chronic pain and neuroinflammation
through immune cells and microglia (Chen et al. 2018; Guo et al. 2019).

2.7.3 Antimalarial Drugs: Targeting Pathogens or Hosts?

According to the World Health Organization 2019 Report, malaria claims more than
400,000 lives every year. Artemisinin (ART) and its semisynthetic derivatives are
used to treat malaria due to Plasmodium falciparum infection. Artemisia plants con-
sist of 300 species and are distributed in temperate, warm temperate, and subtropi-
cal regions. Initial scientific efforts worldwide ended in failure after screening over
200,000 compounds against malaria. In the 1960s, Youyou Tu and her team screened
over 2000 traditional Chinese recipes and made 380 herbal extracts, leading to the
discovery of ART and its derivatives in 1972. This breakthrough in the twentieth-
century tropical medicine has saved millions of lives in the world and led to the
2015 Nobel Prize in Physiology or Medicine. ART and its derivatives artemisinins
(ARTs) might have a therapeutic value for several other diseases beyond malaria,
including cancers, inflammatory diseases, and autoimmune disorders, as well as
pain relief (Cao et al. 2020; Park 2019).

Malaria remains a major public health threat, especially in Southeast Asia, where
artemisinin-based combination therapies (ACTs) are losing their efficacy (Wang
et al. 2019). Artesunate (ARU) is a derivative of ART and the first-line treatment for
children or adults with severe malaria. It was believed that the antimalarial
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mechanism of action of ART is based on a direct action on parasites, involving acti-
vation of the endoperoxide bridge by ferrous heme. This reactive species may alkyl-
ate parasite proteins and lipids to cause lethality (Blasco et al. 2017). Recent studies
have shown that ARU has an anti-inflammatory role in animal models, such as
experimental cerebral malaria and experimental colitis, as well as human rheuma-
toid arthritis (RA) (An et al. 2017; Bang et al. 2021; Miranda et al. 2013; Xu et al.
2007; Yang et al. 2012). These studies suggest the possibility that the anti-malaria
drugs may achieve their therapeutic effects by simultaneously targeting the patho-
gens (parasites) and treating the host (immune cells of the affected patients).

However, these studies failed to demonstrate the molecular targets (e.g., recep-
tors) of ART and ARU on immune cells. Interestingly, it was proposed that in vivo
ARU treatment causes rapid reduction in parasitemia by promoting phagocyte-
mediated clearance (phagocytosis) of parasitized red blood cells (Khoury et al.
2017). Recent work from Duke University has identified a novel receptor for ARU
and its anti-malaria actions (Bang et al. 2021). Computer simulations revealed ARU
binding to GPR37, an orphan GPCR that was previously implicated in controlling
macrophage phagocytosis (Bang et al. 2018). ARU promotes phagocytosis in mac-
rophages in vitro and robustly improves survival and decreases hallmarks of sepsis,
such as hypothermia, cytokine storm, and septic death.

The risk of death from sepsis is as high as 30% affecting about 49 million people
worldwide in 2017, with 11 million deaths (Rudd et al. 2020). Thus, macrophage
activation by GPR37 agonists such as ARU may also be of therapeutic benefit in
sepsis. Notably, administration of ARU-primed macrophages was also sufficient to
mitigate sepsis (Bang et al. 2021).

Infections of certain bacteria, such as Staphylococcus aureus and Listeria bacte-
ria, result in severe pain in mice (Bang et al. 2021; Chiu et al. 2013). Intriguingly,
Listeria bacteria-induced pain can be rapidly suppressed by ARU within 1 h of
treatment. The severity and duration of the infection-induced pain are enhanced in
mice lacking GPR37 (Bang et al. 2021). Furthermore, treatment of the infected
animals with the ARU-stimulated macrophages could promote pain resolution
(Bang et al. 2021). These findings strongly suggest that ARU-mediated activation of
GPR37 in macrophages promotes pain resolution after infection, in further support
of the emerging evidence showing the important role of macrophages in the resolu-
tion of inflammation and pain (Chen et al. 2020; Ji et al. 2011; Niehaus et al. 2021).

Last but not least, emerging studies suggest that ARU and/or its derivatives could
inhibit SARS-CoV2 replication in vitro (Gendrot et al. 2020), leading to clinical
evaluation of ARU in patients with mild COVID-19 (Kapepula et al. 2020). It will
be of great interest and critical importance to investigate whether ARU may produce
protective effects on COVID-19 through modulation of immune cells such as
macrophages.
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2.8 Inflammation Throughout the Body

Inflammation has long been recognized as a major cause of disease. An estimated
15% of human cancers are associated with chronic infection and inflammation.
Acute and chronic tissue injury arising from inflammation has been found in many
organ systems, including the heart, pancreas, liver, kidney, lung, and brain (Chen
et al. 2017b).

Cardiovascular disease, and its associated pathology, atherosclerosis, is a major
cause of death and disability throughout the world, and 23.6 million people are
projected to die annually from cardiovascular disorders by 2030. Naturally, inflam-
matory mediators play very important roles in atherosclerosis, beginning with leu-
kocyte recruitment and ending with the rupturing of the atherosclerotic plaque.
Inflammation also contributes to cardiac stress. Increased levels of inflammatory
cytokine and chemokine production and release are regularly found in affected car-
diac tissues.

Pancreatitis, an inflammatory disease of the pancreas, has various causes, includ-
ing the obstruction of the pancreatic duct, a mutation in the trypsinogen gene, or
alcoholism. Acute pancreatitis (AP) occurs in 4-45 out of 100,000 patients per year
and increases every year by approximately 1.3—4.0% in most developed countries.
AP is one of the most common gastrointestinal-related causes for hospitalization in
the USA. Chronic pancreatitis (CP) is less common than AP; however, CP patients
suffer from chronic abdominal pain and exocrine and/or endocrine insufficiency,
resulting in a reduced quality of life. Acinar cell destruction and activation of inflam-
matory cells, including macrophages, neutrophils, and granulocytes, which secrete
inflammatory cytokines, are all seen in pancreatitis. Notably, pancreatitis is very
painful, and pancreatic cancer is one of the most severe conditions of pain. Recent
research has suggested that seeking surgery treatment early, among patients where
surgical intervention is recommended, provides improved quality of life through
more resistant pain relief (Skube and Beilman 2018).

Inflammation usually protects the liver from infection and injury, but excessive
inflammation can cause extensive loss of hepatocytes, ischemia-reperfusion injury,
metabolic alterations, and can eventually cause permanent hepatic damage.
Inflammation can destroy hepatic parenchymal cells, increasing the risk of chronic
liver diseases, such as non-alcoholic fatty liver disease (NAFLD) or viral hepatitis,
which are a major cause of morbidity and mortality in the USA. Hepatocellular
carcinomas, which make up 70-95% of all liver tumors, are known to cause abdom-
inal pain in some patients and may cause intense abdominal pain in later stages in
some patients (Christian-Miller and Frenette 2018).

Lung inflammatory diseases involve complex interactions between cells of the
lungs and immune cells. Lung inflammation results primarily from tissue exposure
to bacterial and viral pathogens, and/or environmental pollutants. Too much acute
inflammation and resulting lung injury can cause pulmonary fibrosis and make gas
exchange difficult. Unresolved lung injury and chronic inflammation are often seen
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in acute respiratory distress syndrome, cystic fibrosis, chronic obstructive pulmo-
nary disease (COPD), and asthma. About 90% of COPD cases are associated with
cigarette-smoking-induced inflammation in small airways and lung parenchyma.
Smoking cigarettes is a major risk factor for COPD, which involves both systemic
and pulmonary inflammation. COVID-19 is a respiratory condition that often fea-
tures excessive inflammation and leukocyte dysfunction caused by the coronavirus.
Severe COVID-19 can result in acute respiratory distress syndrome. Patients with
severe COVID-19 are known to have alveolar damage. In addition, post-mortem
samples often reveal lung lesions (Shi et al. 2020). Body aches (including chest
pain), headaches, and muscle pains may be an early symptom of COVID-19.
COVID-19-associated persistent chest pain is listed as an emergency symptom by
Centers for Disease Control and Prevention (CDC) and requires urgent medical care.
Inflammatory responses occur in the brain in many CNS diseases, including
autoimmune diseases, neurodegenerative diseases like Alzheimer’s disease (AD)
and Parkinson’s disease (PD), and epilepsy. Inflammation in the brain can increase
the excitability of neurons, injure cells, and increase blood-brain-barrier permeabil-
ity to various molecules. CNS diseases associated with neuroinflammation are
caused by the activation of the brain’s resident immune cells and microglia, which
produce pro-inflammatory mediators (Ji et al. 2014, 2018). These neuroinflamma-
tory processes also involve both the innate and adaptive immune systems and may
resemble immune responses to systemic infection (Chen et al. 2017a). Notably,
neuroinflammation is a driving force of chronic pain (Ji et al. 2014).

2.9 Pain in Autoimmune and Inflammation-Related Diseases

We will discuss painful systemic autoimmune diseases, including rheumatoid
arthritis (RA), systemic lupus erythematosus (SLE), neuromyelitis optica spectrum
disorder (NMOSD), and multiple sclerosis (MS) (Lee et al. 2021), as well as
inflammation-associated vascular diseases such as Erythromelalgia (Waxman and
Dib-Hajj 2005).

2.9.1 Complex Regional Pain Syndrome (CRPS)

Autoinflammatory and autoimmune contributions to CRPS have been documented
(Clark et al. 2018). CRPS typically develops after injury or surgery to a limb, and
severe pain and disability are common. Human studies have revealed changes in
cytokines and other inflammatory mediators in the skin of affected limbs. CRPS
research has been facilitated by the development of animal bone fracture models
that can mimic chronic pain lasting for several months (Wei et al. 2016). The
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autoinflammatory components of CRPS are regulated by neuropeptide-containing
peripheral nerve fibers and the sympathetic nervous system (Li et al. 2009). Pro-
inflammatory cytokines including IL-1f, IL-6, and TNF-« are identified in the
peripheral tissues (e.g., skin) during the acute phases of the syndrome. Interestingly,
IL-1p in the spinal cord also contributes to the maintenance of pain in the late-phase
(Wei et al. 2016). Emerging evidence from human, animal, and translational studies
has demonstrated the production of autoantibodies and the potential targets of those
antibodies (Clark et al. 2018). Autoimmunity in skin and muscle of the affected
limb has been revealed from CRPS patients and laboratory animals. More recently,
autoimmune contributions have been implicated by the presence of pain-promoting
IgG and IgM antibodies in CRPS patients and animal models (Clark et al. 2018).
Notably, CRPS can be characterized as CRPS-I and CRPS-II, with the latter involv-
ing neuropathic pain.

Erythromelalgia, or Mitchell’s disease (named after Silas Weir Mitchell), is a
rare vascular peripheral pain disorder in which blood vessels, usually in the lower
extremities or hands, are episodically blocked (frequently on and off daily), then
become hyperemic and inflamed (Waxman and Dib-Hajj 2005). Patients with eryth-
romelalgia suffer from severe burning pain and display skin redness. Pain attacks
are periodic and triggered by heat, pressure, mild activity, exertion, insomnia, or
stress. Erythromelalgia may result from a primary or secondary disorder. Secondary
erythromelalgia can be caused by small fiber neuropathy of any cause, polycythe-
mia vera, essential thrombocytosis, hypercholesterolemia, mushroom or mercury
poisoning, and some autoimmune disorders. A major progress in human genetics of
pain has revealed that primary erythromelalgia is caused by mutation of the voltage-
gated sodium channel a-subunit gene SCN9A, encoding Nav1.7 subunit (Bennett
and Woods 2014; Waxman 2013).

Finally, fibromyalgia is a chronic and widespread musculoskeletal pain condi-
tion and has been shown to demonstrate fiber neuropathy with chronic neuroinflam-
mation (Ji et al. 2018; Sommer et al. 2018). The degree to which the acute and
chronic pain is mediated by the neuroinflammatory response is still an area for
investigation. Also, associated with fibromyalgia is the decreased activity of
enzymes that metabolize catecholamines, such as epinephrine and norepinephrine.
Subsequently, pain conditions are exacerbated and maintained for a longer period of
time, which may be associated with observed increased levels of pro-inflammatory
cytokines in patients with chronic pain conditions. It was found that reduction in
skin innervation is associated with a severe fibromyalgia phenotype (Evdokimov
et al. 2019). Unbiased immune profiling has revealed a natural killer (NK) cell-
peripheral nerve axis in fibromyalgia patients. NK cells may contribute to the loss
of skin nerve innervation in these patients (Verma et al. 2022). A recent study from
Sweden has demonstrated that transfer of serum/autoantibodies from fibromyalgia
patients to naive mice is sufficient to induce fibromyalgia-like pain and neuroin-
flammation (Goebel et al. 2021).
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2.9.2 Multiple Sclerosis

Multiple sclerosis is characterized by the debilitating loss of myelin. Though the
pathogenesis of multiple sclerosis remains poorly understood, studies suggest that
T-cell-mediated inflammation directed against myelin may contribute to the condi-
tion. Pain from severe multiple sclerosis can be immensely disabling, often requir-
ing patients to have a caretaker (Garg and Smith 2015). The cause of the activation
of T-cells against the host is unclear but may involve infectious agents from the
environment. Corticosteroids in conjunction with adrenocorticotropic hormone
have immunomodulatory effects that can be acute therapeutic options. Additionally,
interferon injections can limit the entry of T-cells into the CNS, stabilizing the
blood-brain barrier, but may cause side effects including flu-like symptoms, fluctua-
tions in liver enzyme levels, and injection site reactions, among others (Berkovich
et al. 2017; Tan et al. 2021).

2.9.3 Neuromyelitis Optica Spectrum Disorder (NMOSD)

Neuromyelitis optica spectrum disorder (NMOSD) is a disease that affects the cen-
tral nervous system. In NMOSD, inflammation characteristically appears in
stretches of the spinal cord and/or in the optic nerve. Patients with NMOSD often
become blind and paralyzed with the progression of the disease. Although the pre-
cise cause of NMOSD is unclear, patients with NMOSD are noted to have antibod-
ies against aquaporin-4, a channel for water in astrocytes. NMOSD is a debilitating
painful disease for approximately 80% of patients, resulting in significant reduction
in quality of life (Bradl et al. 2014). Antibodies against AQP4 lead to interleukin-6
(IL-6) production, resulting in decreased blood-brain-barrier functions. Additionally,
astrocytes expressing AQP4 become debilitated and support for nearby oligoden-
drocytes and neurons become limited, leading to granulocyte infiltration and demy-
elination as a result of damaged oligodendrocytes. Acute treatment primarily
involves high-dose steroids while long-term treatment uses immunosuppressants
including anti-IL-6 treatment (Bradl et al. 2014; Ji et al. 2019).

2.9.4 Rheumatoid Arthritis (RA)

Rheumatoid arthritis is a common form of inflammatory arthritis. Although the
mechanisms of pain are not fully understood, research indicates that TNF-oa and
interleukin-1 cytokines are present in affected synovial fluid and tissues at higher
levels. Accordingly, anti-TNF-a interventions have emerged as a treatment option to
target aggravated inflammatory pathways. Severe inflammation of the diarthrodial
joint is seen in rheumatoid arthritis, resulting in significantly decreased mobility
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and ongoing pain. Rheumatoid arthritis is a major health issue in the USA, where it
afflicts 1.3 million adults. In addition to producing major costs in terms of produc-
tivity and treatment costs, the condition significantly reduces quality of life, making
it difficult for patients to perform many day-to-day tasks (Lee and Weinblatt 2001).
Immunotherapies such as monoclonal antibodies against cytokines and cytokine
receptors have been approved to treat RA symptoms (Kalpachidou et al. 2022).
Majority of RA patients complain about pain such as joint stiffness. The effects of
the immunotherapies on RA pain remain to be validated.

2.9.5 Systemic Lupus Erythematosus (SLE)

Systemic lupus erythematosus is a chronic autoimmune disorder. Research has
demonstrated that microparticles (MPs), small membrane-bound vesicles, can con-
tribute to the pathogenesis of SLE. In MPs, DNA and RNA may initiate and sustain
autoantibody production. Additionally, the particles can source extracellular nuclear
molecules to form pathogenic immune complexes, leading to elevated inflammatory
responses through multiple receptor systems. Inflammation in lupus can also be vis-
ible in red, swollen joints. SLE is also a risk factor for atherosclerosis, a disease
marked by fatty plaques in arteries, in adolescents, increasing the risk of myocardial
infarction. Consequently, dyslipidemia patterns in pediatric SLE should be moni-
tored routinely. In SLE, the body produces antibodies against its own antigen in cell
nuclei and cytoplasm, causing damage in numerous organs. SLE can cause signifi-
cant pain, usually widespread muscle stiffness or aches. Although treatable, the pain
is recurrent and requires continuous treatment (Pisetsky et al. 2021).

2.10 Concluding Remarks

As a cardinal feature of inflammation, pain is naturally associated with inflamma-
tion. During inflammation, pro-inflammatory mediators are produced that can evoke
pain. Thus, anti-inflammatory treatments can effectively alleviate acute pain. Acute
inflammation is also beneficial for wound healing, and inflammation-produced pro-
resolving mediators such as SPMs are potent inhibitors of pain. However, chronic
inflammation, including neuroinflammation, can lead to various pathological condi-
tions associated with chronic pain. It is generally believed that chronic pain persists
after the observable signs and symptoms of inflammation have resolved. However,
recent advances in understanding of neuroinflammation are changing this perspec-
tive. We have begun to appreciate that neuroinflammation is associated with and
perhaps mediates the transition from acute to chronic pain, as well as chronification
of human pain conditions. Thanks to the proximity to pain neurocircuit in the PNS
and CNS, neuroinflammation-associated mediators or neuromodulators (e.g., cyto-
kines and chemokines) are highly effective in modulating pain sensitivity.
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Importantly, neuroinflammation contributes to the pathophysiology of chronic over-
lapping pain conditions, including but not limited to fibromyalgia, headache, tem-
poromandibular disorder, back pain, irritable bowel syndrome, primary headaches,
pelvic pain, and vestibulodynia (Ji et al. 2018). Thus, control of neuroinflammation
may help to alleviate chronic overlapping pain conditions.
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