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Abstract: Post-traumatic stress disorder (PTSD) is a well-known mental illness, which is caused by
various stressors, including memories of past physical assaults and psychological pressure. It is
diagnosed as a mental and behavioral disorder, but increasing evidence is linking it to the immune
system and inflammatory response. Studies on the relationship between inflammation and PTSD
revealed that patients with PTSD had increased levels of inflammatory cytokine biomarkers, such
as interleukin-1, interleukin-6, tumor necrosis factor-α, nuclear factor-κB, and C-reactive protein,
compared with healthy controls. In addition, animal model experiments imitating PTSD patients
suggested the role of inflammation in the pathogenesis and pathophysiology of PTSD. In this review,
we summarize the definition of PTSD and its association with increased inflammation, its mechanisms,
and future predictable diseases and treatment possibilities. We also discuss anti-inflammatory
treatments to address inflammation in PTSD.

Keywords: animal models; behavior test; damage-associated molecular patterns; hypothalamic-
pituitary-adrenal axis; inflammation; kynurenine; neuroinflammation; post-traumatic stress disorder;
serotonin; tryptophan

1. Introduction

Post-traumatic stress disorder (PTSD) is a mental illness caused by mental trauma
following an accident involving mental shock, such as physical damage or anxiety [1].
According to the American Psychiatric Association, PTSD occurs in those who directly
experience or witness the traumatic event or in close relatives or friends. Some of the
major triggers of PTSD include violent crimes, accidents, emotional–social abuse, physical
assault, military combat, civil unrest, natural disasters, and child abuse. PTSD is defined as
a psychiatric disorder characterized by clinically significant social impairment, inability to
work, or diminished mental ability to perform other daily functions [2]. PTSD is charac-
terized by a psycho-emotional and neurophysiological spectrum, such as re-experiencing
the traumatic events in the form of vivid memories, flashbacks, and nightmares [3]. The
memories do not simply fade over time but may linger or even intensify for years [3].
These experiences are followed by overwhelming fear and strong physical sensations.
Individuals with PTSD attempt to suppress memories or avoid activities reminiscent of
the traumatic events by withdrawing from society. Excessive surrounding vigilance or
response to unexpected noise demonstrates a state of fear as the individual either currently
faces or recognizes a threat. These symptoms markedly impair personal, family, social,
educational, occupational, and other important functional areas, diminishing quality of
life [2,3].

The diagnostic symptoms of PTSD may include obsessive compulsion and depression,
which are included in the PTSD checklist of the Diagnostic and Statistical Manual of
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Mental Disorders (fifth edition). People with PTSD can experience severe physical and
emotional pain and dysfunction, which can persist for more than a month. Traditional
cognitive theories of PTSD postulate that memory abnormalities manifested as dissociative
flashbacks and intrusive memories are key contributors to the development and persistence
of the disorder [4,5]. Individuals with PTSD may have fear of experiencing the trauma
again, even in the absence of threats [6].

Currently, approximately 8% of the population are diagnosed with PTSD in the United
States. Among adult Americans, the prevalence of PTSD is estimated to be 6.8%, according
to the National Comorbidity Survey Replication [7]. The lifetime prevalence of PTSD is
about 3.9% worldwide [8]. Lifetime PTSD prevalence rates following combat trauma may
be especially high, ranging from 10.1% to 30.9% among United States veterans (Vietnam
and subsequent conflicts) [9]. The public costs for PTSD treatment have been increasing by
almost US 43 billion per year [3].

The Marine Resiliency Study reported that preexisting concentrations of C-reactive
protein (CRP) were directly correlated with the occurrence and severity of PTSD, three
months after a seven-month military deployment [10], and elevated levels of interleukin
(IL)-6, IL-8, and transforming growth factor β (TGF-β) during hospitalization predicted the
development of PTSD one month later [11]. These data suggest that immune dysregulation
predisposes individuals to PTSD [12–15]. The elevation of inflammatory cytokines in
PTSD has clinical significance, as chronic inflammation can adversely affect cardiovascular
and physical health. In addition, individuals with PTSD are significantly more likely to
suffer autoimmune disorders compared with those with other psychiatric conditions [16,17].
Inflammation-related mediators, such as IL-1, IL-6, and tumor necrosis factor alpha (TNF-α),
may pass through the blood–brain barrier [18], and the overproduction of pro-inflammatory
cytokines can activate brain microglia [19,20]. A few small studies have examined the
cerebrospinal fluid levels of cytokines in PTSD but have yielded conflicting results [21,22].

Currently, only a few drugs are approved for PTSD treatment, and studies that deter-
mined the impact of immune abnormality treatment on improving PTSD symptoms are
limited. [14,23,24]. Therefore, in this review, we present a detailed overview of the relation-
ship and mechanisms that connect these two factors (with regard to neuroinflammation
and PTSD) and review potential pharmacological treatments for PTSD treatment.

2. Pathophysiology of Inflammation in PTSD
2.1. Inflammation and Disease

Inflammation is the body’s complex biological response to pathogens, damaged cells,
and harmful stimuli [25] and includes immune cells, blood vessels, and molecular media-
tors. It is a protective response that helps eliminate the cause of cell damage and remove
and repair damaged cells and tissues. The clinical signs of inflammation include fever,
pain, erythema, edema, and loss of function. Inflammation is caused by various factors,
including physical causes such as burns, frostbite, and other physical injuries; immune
reactions to infection and hypersensitivity reactions to pathogens; and chemical causes,
such as chemical stimulators or alcohol. These factors can trigger acute inflammation
lasting several days, or chronic inflammation, lasting months to years.

Acute inflammation occurs immediately after injury and is caused by pathogens,
allergens, and toxins. Cytokines and chemokines bring neutrophils and macrophages to
inflammatory sites. Acute inflammation usually begins with macrophages and dendritic
cells. These cells possess receptors known as pattern recognition receptors (PRRs), which
recognize and bind sub-molecules of pathogen-associated molecular patterns (PAMPs) and
damage-associated molecular patterns (DAMPs). When PRRs are activated from infection
or other damage, they release inflammatory mediators. This causes fever and vasodilation,
which promotes local redness due to increased blood flow. Blood vessel permeability
increases, resulting in plasma protein and body fluid exudation into the surrounding
tissues, and mediated molecules help neutrophilic and macrophagic tissue infiltration.
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Chronic inflammation can last for months to years. It can also be promoted by daily
metabolic imbalances such as obesity, smoking, and a non-nutritious diet, that can later
develop into diabetes, cardiovascular diseases, allergies, and chronic obstructive pul-
monic disease.

2.2. Neuroinflammation and Glial Cells

Neuroinflammation occurs when inflammatory reactions affect the nerve tissues. The
brain was once considered an immune-privileged site except in certain cases of illness and
injury, but it is now well known that peripheral pro-inflammatory cytokines can affect
the brain through several mechanisms, including by crossing the blood–brain barrier [26].
Inflammation in the central nervous system and surrounding areas can contribute to
neuroinflammation through the activation of microglia and astrocytes. Neuroinflammation,
unlike acute inflammation of the central nervous system, is considered a type of chronic
inflammation. Acute inflammation of the central nervous system occurs immediately after
damage, causing reactions such as activation of the inflammatory molecules, endothelial
cells, and tissue edema. On the other hand, neuroinflammation is when nerve cells are
continuously activated, and other immune cells are mobilized to the brain. It is closely
related to neurodegenerative diseases. IL-1β, IL-6, and TNF-α are reported to affect the
brain at its cognitive, functional, and morphological levels, as well as neurogenesis, synaptic
plasticity, and memory learning [27].

Astrocytes are the most abundant glial cells in the brain. They are involved in the
maintenance and support of neurons and constitute an important element of the blood–
brain barrier. When a neuron is damaged by brain injury, the microglia are activated, and
astrocytes detect the signal emitted. Various factors are then released for axon regenera-
tion. Microglia are innate immune cells of the central nervous system, but they can lose
function due to disease [28]. Microglia exposed to disease and stress persist in its activa-
tion patterns [29] and can overproduce cytotoxic molecules, such as anti-inflammatory
cytokines [30]. Diseases of microglia and astrocytes can lead to functional and structural
brain changes, as well as behavioral modifications, related to PTSD. Neuroinflammation is
also associated with an increased tendency toward aging and neurodegenerative diseases.

3. Increased Pro-Inflammatory and Anti-Inflammatory Markers in PTSD

Cytokines are small proteins that are important for cell signaling. They can move
across the cellular lipid bilayer and are involved in autocrine and endocrine signals as
immunomodulators, albeit being different from hormones. Chemokines, interferons, inter-
leukins, and lymphokines are all included in the cytokine family and are produced in a wide
range of cells, including endothelial cells and fibroblasts, macrophages, B lymphocytes, T
lymphocytes, and mast cells. Cytokines work through receptors on the cell surface and
are particularly important immune mediators. IL-1, IL-6, IL-18, TNF-α, interferon gamma
(IFN-γ), and granulocyte–macrophage colony-stimulating factor (G-CSF) are examples of
cytokines that mediate the inflammatory response. Conversely, cytokines that lower the
inflammatory response include IL-4 and IL-10.

PTSD is associated with dysregulation of the immune response, which is reflected
by an increase in pro-inflammatory cytokines, such as IL-6 and IL-17, and a decrease in
anti-inflammatory cytokines, including IL-4 [31–33]. Patients with PTSD are reported to
have significantly higher blood levels of inflammatory markers, such as IL-1β, IL-6, TNF-α,
and C reactive protein (CRP), compared to healthy controls (Table 1) [34–41].
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Table 1. Comparison of pro-inflammatory and anti-inflammatory markers between healthy controls
and PTSD patients.

Marker Cytokine
(Human)

Healthy
Controls (n)

PTSD
Patients (n)

Healthy
Controls PTSD Patients p-Value References

Pro-
inflammatory

marker

IL-6 65 40 0.81 (0.60–0.95)
pg/mL

0.95 (0.70–1.38)
pg/mL 0.009 [34]

IL-6 33 33
15.15

(12.31–21.88)
pg/mL

19.57
(13.13–30.87)

pg/mL
0.002 [36]

CRP 355 229 2.53 (±5.94)
mg/L

2.85 (±3.67)
mg/L 0.004 [40]

CRP 123 163 0.173 mg/dL 0.257 mg/dL 0.004 [41]

Anti-
inflammatory

marker
IL-10 33 33

24.16
(1.74–39.32)

pg/mL

55.67
(31.21–78.27)

pg/mL
0.002 [36]

CRP, C-reactive protein; IL, interleukin; PTSD, post-traumatic stress disorder.

CRP is also a protein that responds to inflammation. It is an acute protein that increases
with the secretion of interleukin-6 and is used as an inflammatory marker by promoting
apoptosis through complement systems and bacterial action by macrophages. One study re-
vealed that plasma CRP levels in veterans are potentially associated with the onset of PTSD
symptoms, suggesting that inflammation may be a risk factor for PTSD [10,12,13,32,42–46].

One of the largest studies exclusively of men exposed to combat trauma reported a
significantly elevated pro-inflammatory composite, comprising IL-1β, IL-6, TNF-α, IFN-γ,
and CRP levels in those with PTSD compared to those without PTSD [47]. The predominant
cytokines were different for each group, and differences were observed in TNF-α, IFN-γ,
and IL-6 values. The pro-inflammatory cytokine levels remained significantly higher in
individuals with PTSD after controlling for early-life trauma, major depressive disorder
and its severity, body mass index, ethnicity, education, asthma and/or allergies, time
since combat, potentially confounding inflammatory illnesses, and medications. Immune
activation of PTSD was also found to be significantly high in male groups who experienced
combat trauma [35].

Conversely, several other studies have reported no significant difference in inflamma-
tory marker levels between patients with PTSD and healthy controls [34,35,48,49].

4. Animal Models of PTSD
4.1. Development of Animal Models of PTSD for Animals

Stress exposure in primates showed similar results to humans [50–54]. In addition,
various animal models have been developed to replicate the characteristics of PTSD. These
models were developed using physical, social, and psychological stressors, and several
factors can be applied to animals at the same time [55–57].

4.1.1. By Physical Stressors

Physical stressors induce anxiety via direct physical stimuli that the target tries to
avoid. One can say that they are similar to a combat soldier’s accident or a PTSD patient
who has experienced violence. The first PTSD research method involves restraining rats for
2 h, followed by forced swimming (Figure 1A) for 20 min, and then exposing them to ether
until they become unconscious, after 15 min (Figure 1B). This model increases the negative
feedback of the hypothalamic–pituitary–adrenal (HPA) axis [58,59]. Second, the foot shock
method uses metal bars to transmit electrical shocks to the animals’ feet (Figure 1C) [60]. At
the same time, an auditory signal is relayed, and later on the same sound is used to induce
post-impact horror recollection [61]. Repeated stress exposure increased anxiety behavior
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in the Elevated Plus maze [62], characterized by elevated cortisol levels and increased
negative feedback of the HPA axis [63].

Figure 1. Development of PTSD animal models. (A) Forced swimming; (B) ether is applied to the
rodent model until it becomes unconscious; (C) electric shock through metal bar; (D) isolation from
the parent herd; and (E) exposure to predators.

4.1.2. By Social Stressors

Social stressors are not direct stimuli, but instead occur in basic social animal structures.
This is similar to PTSD in humans resulting from instances such as bullying. The first
approach is the housing instability method, in which individual animals are paired with
different cage groups daily, often exposing them to the smell of predators [64]. Rats exhibit
increased corticosterone inhibition and HPA dysfunction in this setting [65]. Second, social
instability and early-life stress methods include isolation of adult mice from the herd [66] or
isolation from the mother (Figure 1D). Separating mothers from babies mirrors childhood
trauma in humans, and it leads to anxiety-like behavior and sexual dependence mediated
by HPA functions [67].

4.1.3. By Psychological Stressors

Psychological stressors consider that most human cases of PTSD result from vulner-
ability to trauma. Animal models that are approached directly or indirectly by natural
predators experience chronic social instability. Predator-based psychosocial stress (PPS)
methods periodically prevent animal movement, introduce direct confrontation with the
naturally feared predators, and induce a great amount of stress (Figure 1E). The PPS model
mimics the reduction of glucocorticoids [65,68]. Similarly, predator scent stress method
indirectly causes stress on the animals through the release of the predator’s scent, without
direct exposure to the predators [69].

4.2. Inflammatory Changes in Animal Models

Inflammatory responses in animal models were evident in specific brain regions. A
predator-exposure rat study found increased pro-inflammatory cytokines in the hippocam-
pus, amygdala, and prefrontal cortex, with a concomitant reduction in anti-inflammatory
cytokines [70,71]. Similarly, a stress-enhanced fear-learning model revealed increased hip-
pocampal IL-1β concentrations, and learning decrement was prevented by blocking central
IL-1β signaling after the stressful stimulus [72]. In a predator scent-stress mouse model,
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activation of the nuclear factor k light-chain enhancer pathway of activated B cells (NF-κB)
promoted anxiety, and inhibition of this pathway reduced both IL-1β concentrations and
anxiety levels [73].

Molecular investigations revealed a relationship between neuroinflammation and
behavioral manifestations of simulated PTSD in rodents [74]. Pro-inflammatory mediators
were upregulated in the brain immediately and up to four weeks after stress withdrawal.
These cytokines inhibited neurogenesis [74].

In addition, rodents showed lower plasma norepinephrine [75,76] and higher plasma
corticosterone concentrations during stress [77–79].

In animal studies, inflammation due to social stress is well described; social stress in-
creases the number of macrophages and stimulates the release of plasma cytokines [80–82].
A study of the “social defeat test” using a rat model confirmed that IL-6 levels increased
within an hour after exposure to stress due to defeat and returned to normal within
24 h [83]. In addition, MCP-1 (Monocyte Chemoattractant Protein-1), an anti-inflammatory
chemokine, increased significantly after 24 h [83]. These research findings indicate that
stress causes inflammation, but this response may be temporary and may have different
time-dependent outcomes.

5. Mechanisms of Neuroinflammation in PTSD
5.1. DAMPs Pathway

The innate immune response is thought to be a major cause of many mental disor-
ders, including PTSD [84,85]. In contrast to previous beliefs, stress experience is now
known to be associated with neuroinflammation, and clinical reports have shown that
stressed individuals display high inflammatory disorders, leading to a sharp increase in
pro-inflammatory cytokines in stress-responsive areas of the brain, such as the hypotha-
lamus and hippocampus [26,86,87]. Damage-associated molecular patterns (DAMPs) are
host-derived non-bacterial immune response molecules released due to PTSD-related stress.
These molecules act as danger signals when cells are damaged. When DAMPs are released
from cells, pattern recognition receptors (PRRs) are expressed in astrocytes and microglia to
promote neuroinflammatory reactions. The PRR is a protein expressed by innate immune
system cells such as dendritic cells, macrophages, monocytes, and neutrophils, and is a
receptor that recognizes DAMPs and plays an important role in innate immunity [88]. One
of the PRRs, the Toll-like receptor (TLR), is expressed in various cells of the CNS, including
neurons, microglia, and astrocytes [89]. These PRRs are activated by detecting endogenous
molecules such as DAMPs, and the persistent neuroinflammatory action of glial cells can
lead to neurodegeneration [90,91].

5.2. HPA Axis Pathway

Previous studies have argued for an interaction between the HPA axis and inflamma-
tory cytokine regulation. The pro-inflammatory state of PTSD arises from stress responses
associated with changes in the HPA axis and autonomic nervous system activity [92,93].
The HPA axis is a neuroendocrine system that plays a pivotal role in maintaining the stress
response and homeostasis.

The secretion of glucocorticoids in the adrenal cortex increases in response to various
stressors. The production of glucocorticoids is self-regulated by negative feedback through
the glucocorticoid receiver of hypothalamus and pituitary gland [94]. These stress-inducing
responses increase inflammation through the following scenario (Figure 2).
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Figure 2. Mechanisms of increased inflammation in PTSD. The immune system interacts with the
hypothalamus, pituitary, and adrenal axis. The black arrow represents a series of sequential pro-
cesses, the red arrow represents the final result of neuroinflammation, and the dotted line represents
inhibition according to the process. ACTH, adrenocorticotropin; AVP, arginine vasopressin; CRH,
corticotropin-releasing hormone; GR, glucocorticoid receptor; NE, norepinephrine; NF-κB, nuclear
factor-κB; IL, interleukin; TNF-α, tumor necrosis factor α.

Stressors activate the HPA axis through stimulation of the sympathetic nerve of
the autonomic nervous system. Epinephrine and norepinephrine (NE) are released by
the activated splanchnic nerves. An activated hypothalamus promotes the secretion of
corticotrophin-releasing hormone (CRH) and arginine vasopressin (AVP) [95]. CRH stim-
ulates the sympathetic nervous system (SNS) to produce catecholamines, including NE.
NE secreted by adrenal medulla upregulates NF-κB. Cortisol inhibits the NF-κB signal
and reduces the synthesis and release of inflammatory cytokines by mediating apoptosis
regulation. Adrenal cortex is stimulated by the hypothalamus-pituitary axis; it increases
and decreases cortisol levels in normal humans and patients with PTSD, respectively. Glu-
cocorticoid secretions through the HPA axis typically inhibit lymphocyte proliferation
and reduce the secretion of pro-inflammatory cytokines, including IL-6, IL-12, IFN-γ, and
TNF-α, during stress conditions [96]. However, the reduced activity of cortisol in PTSD can
exacerbate inflammation [97]. This reduction in cortisol activity is mediated by 11B-HSD.
Inactive cortisone is metabolized to active cortisol by 11B-HSD1, and cortisol is converted
to the inactive form by 11B-HSD2. These corticosteroid metabolites change significantly in
inflammatory conditions. In patients with inflammatory diseases, the expression of 11B-
HSD1 increases and stress also increases the macrophage-related expression of 11B-HSD1.
In addition, inflammation increases the activity of 11B-HSD2, leading to lower cortisol
levels in inflammatory areas in the kidneys, brain, and adrenal glands of animals with
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PTSD. Glucocorticoid signaling is mediated by the glucocorticoid receptors (GR) [97]. T
cells in patients with PTSD showed reduced glucocorticoid sensitivity. In addition, the
decrease in glucocorticoid sensitivity due to the action of inflammatory states or inflam-
matory cytokines was demonstrated in an in vitro study [98]. These results suggest that
the GR resistance can be induced during inflammatory reactions, and that the immune
system can be an additional pathway to affect the HPA axis (Figure 3). Further, since
the GR isoforms levels may change in inflammatory conditions, studies on the isoforms
may also be used to better explain the glucocorticoid resistance [97]. This upregulation
of NE and the reduction in cortisol levels and GR activity can increase the expression of
pro-inflammatory proteins by NF-κB, leading to inflammatory responses in patients with
PTSD. These interleukins can be transported from the blood to the brain via a blood–brain
barrier (BBB), and the capillaries lacking a BBB allow cytokines to access the preoptic area
of the hypothalamus directly. Cytokines acting on CNS through endothelial cells of a
BBB contribute to neuroinflammation. In addition, when the immune system is strongly
activated by PTSD, glial cells and other brain immune cells change form and secrete high
levels of inflammatory cytokines and prostaglandins, which are involved in inflammation
through vasodilation [99]. IL-1 receptors (IL-1Rs) are produced by microglia, astrocytes,
and brain oligodendrocytes, and have been shown to be highly concentrated in the pituitary
and meninges [100]. IL-1R mRNA is expressed in the capillaries and glial cells throughout
the hippocampus, choroid plexus, cerebellum, and brain, and the IL-1 type 1 receptor is
expressed in humans’ hypothalamus [101,102]. The secreted inflammatory cytokines are
received in these glial cells and contribute to neuroinflammation. Therefore, the impairment
of the HPA axis due to PTSD can lead to neuroinflammation.

5.3. Serotonin and Tryptophan–Kynurenine Pathway

Tryptophan is an essential amino acid used in protein biosynthesis and is mainly
metabolized with kynurenine. Kynurenine is a metabolite of tryptophan that performs
a variety of biological functions, including vasodilation and immune response during
inflammation. This kynurenine pathway is modified in several diseases, including mental
disorders such as schizophrenia and depressive disorders. Pro-inflammatory cytokines can
enhance the activity of indolamine 2,3-dioxigenase (IDO), the first and rate-limiting enzyme
in the tryptophan degradation pathway. Elevated levels of pro-inflammatory cytokines in-
crease IDO enzyme activity. IDO is involved in tryptophan metabolism, which upregulates
the production of kynurenine. Kynurenine is converted into several metabolites, including
quinolinic and kynurenic acids, and it is involved in the activity and inhibition of NMDA
(N-methyl-D-aspartate), with elevated pro-inflammatory cytokines producing relatively
larger amounts of quinolinic acid (Figure 4) [103,104]. This increase in quinoline acid has a
potent neurotoxic effect, which can activate microglia and macrophages, increase reactive
oxygen and reactive nitrogen species due to lipid peroxidation, and interfere with nerve
function or cause apoptosis. Some studies have also shown that quinoline acid may also be
linked to mental disorders, although the mechanism is still unclear. However, quinoline
acid has been found in the postmortem brain of depressed patients.
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Figure 3. Effect of inflammatory cytokines in PTSD. PTSD interferes with cytokine homeostasis
and inhibits the secretion of anti-inflammatory cytokines through the activation of the HPA axis,
SAM axis, and vagus nerves. Continuous PTSD can induce HPA fatigue and increase glucocorticoid
receptors, inducing inflammatory reactions and causing neuroinflammation by crossing the BBB.
HPA, hypothalamic–pituitary–adrenal; SAM, sympathetic–adrenal–medullary system.

Serotonin is a neurotransmitter that regulates many physiological processes such
as mood, cognition, reward, learning, memory, and vasoconstriction. It is derived from
the decarboxylation of tryptophan and is involved in controlling social behavior and
interactions, as well as response to stimuli. Therefore, abnormal serotonin levels can
lead to emotional and behavioral symptoms and disorders such as cognitive impairment,
depression, suicidal thoughts, anorexia, antisocial and borderline personality disorders,
bulimia, obsessive compulsive disorder, and panic disorders.
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Figure 4. The effect of reduced tryptophan on the kynurenine pathway, as well as various emotional–
behavioral disorders caused by a decrease in serotonin levels due to reduced tryptophan. NMDA,
N-methyl-D-aspartate.

6. Potential Treatment in PTSD

As mentioned earlier, PTSD and inflammation appear to be closely related. However,
pharmacological treatments for PTSD are not diverse. Therefore, the development of new
drug therapies for PTSD based on the biological mechanisms of inflammation is of great
interest. Several existing types of anti-inflammatory drugs are summarized in Table 2.

Table 2. Anti-inflammatory drugs that are potentially effective in treating PTSD.

[33] Typical Drugs Anti-Inflammatory Mechanism

ACE inhibitors and ARBs
Captopril (ACE inhibitors)

Candesartan (ARBs)
Telmisartan (ARBs)

Prevents the synthesis of ACE inhibitors
or blocks receptors of ARB angiotensin II

that increase inflammation

Cannabis Nabilone Elevates endocannabinoid signaling
that has anti-inflammatory effects

Glucocorticoids Hydrocortisone, Prednisolone,
Dexamethasone

Inhibits the expression of cytokines
by a combination of genomic mechanisms

Monoclonal antibodies against
cytokines

Infliximab (anti-TNF-α),
Adalimumab (anti-TNF-α),

Tocilizumab (anti-IL-6 receptor)
Prevents cytokines from binding to their receptors

Non-steroidal
anti-inflammatory drugs Celecoxib, Ibuprofen, Naproxen Reduces pro-inflammatory cytokine production

by inhibiting COX-2

ACE, angiotensin-converting enzyme; ARBs, angiotensin receptor blockers; COX-2, cyclooxygenase 2; IL, inter-
leukin; PTSD, post-traumatic stress disorder; SSRIs, selective serotonin reuptake inhibitors; TNF-α, tumor necrosis
factor-α.

Animal studies have investigated the efficacy of anti-inflammatory therapies in the
modification of PTSD-like features [105–110]. In a rat model of psychogenic stress with



Biomedicines 2022, 10, 953 11 of 17

elevated cytokine levels, treatment with minocycline, an anti-inflammatory, antiapoptotic,
and neuroprotective tetracycline antibiotic, reduced levels of IL-1, IL-6, and TNF-α in the
hippocampus, frontal cortex, and hypothalamus, and alleviated anxious behaviors [109]. In
another model with increased inflammation, ibuprofen not only decreased hippocampal ex-
pression of the pro-inflammatory mediators TNF-α, IL-1b, and brain-derived neurotrophic
factor (BDNF), but also alleviated anxiety symptoms [108]. In a mouse foot-shock fear-
conditioning study, treatment with cyclooxygenase-2 inhibitors reduced a variety of stress-
induced behavioral pathologies [105]. Selective serotonin reuptake inhibitors, including
fluoxetine, are considered first-line medications for human PTSD. In the foot-shock fear-
conditioning mouse model [107], administration of fluoxetine improved PTSD symptoms
and concurrently inhibited stress-induced inflammatory gene expression [105,111].

Angiotensin-converting enzyme inhibitors and angiotensin receptor blockers, which
are mainly used to treat hypertension, have been proposed as anti-inflammatory treat-
ments [112,113]. A rat study with PTSD caused by noise and light electric shock showed
that ARBs helped alleviate fear [114].

Cannabis is a psychotropic substance that has anti-inflammatory properties. Endo-
cannabinoids appear to be involved in several aspects of PTSD, including inflammation,
and very few studies have reported the potential usefulness of cannabis in the treatment of
PTSD. However, cannabis poses a risk of addiction or drug abuse in mental illness.

Low cortisol levels were found in PTSD patients, and the treatment effects of exoge-
nous glucocorticoids were investigated. They showed favorable results, alleviating PTSD
symptoms when administered alone [115] and with psychotherapy [116,117].

Treatment with monoclonal antibodies is a simple way to block inflammatory cy-
tokines. Although not yet tested in PTSD patients, the inhibition of increased inflammation
due to cytokine blocking may be beneficial.

Non-steroidal anti-inflammatory drugs inhibit COX-1 and-2, which are involved in
cytokine production and, thus, exhibit anti-inflammatory effects. Although non-steroidal
anti-inflammatory drugs have not been used in PTSD patients, studies using the PTSD rat
models showed decreased inflammatory cytokine levels and behavioral symptoms [108].

Another novel treatment approach is to understand the correlation of neural oscillatory
mechanisms, which can alleviate fear and anxiety symptoms [118]. The electrical signal
changes in neurons include alpha (8–12 Hz), beta (12 Hz), delta (0.5–4 Hz), theta (4–8 Hz),
and gamma (>25 Hz) waves. Electroencephalogram (EGG) studies have reported increases
in delta/theta wave (related to arousal conditions and heavy exercise) strength in prefrontal,
frontal, and midline channels in fear from conditional and unconditional stimuli. In
addition, a decrease in alpha/beta wave (related to rest and alertness, active thinking, and
concentration) strength was observed in the parietal and occipital channels. Deep brain
stimulation (DBS) is a nerve stimulation device that sends electrical impulses through
implanted electrodes, which can mitigate fear and anxiety symptoms by regulating neural
oscillatory activity in the human subthalamic nucleus (STN) and animal dorsomedial
ventral striatum (dmVS). Vagal nerve stimulation (VNS), another neuroregulatory approach,
may also eliminate PTSD-like symptoms such as anxiety and social avoidance one week
after treatment [119].

In addition, potential beneficial effects of health promotion behaviors, such as exercise
and diet, have been reported in patients with PTSD. These interventions can be used as an
alternative treatment for PTSD as they impose less side effects and are less costly.

7. Conclusions

Various studies have suggested that inflammation may play an important role in
the pathophysiology of PTSD, providing evidence of non-infectious inflammation caused
by interactions between the immune system and the brain mediated by psychological
stress. These findings in clinical and animal studies show that PTSD can be associated with
systemic and CNS inflammation and is not a mere isolated psychological response.
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In addition to the immune system, regulatory disorders in other stress-response
systems, including the HPA axis and the SNS, have been shown to be involved in the
pathophysiology of PTSD. There are complex interactions between these systems, and
the confusion of these interactions can play an important role in the pathogenesis of
PTSD. However, studies on the inflammation of PTSD and its association with HPA axis
dysfunction are still limited. Further studies must be conducted to clarify the underlying
mechanism. Furthermore, genetic factors, health-related factors, and transcriptional factors
should be considered in addition to environmental and lifestyle factors that increase or
decrease inflammatory responses. It is also recommended to further study the underlying
mechanisms of the relationships between the GR, PTSD, and inflammation.

Animal studies of PTSD have also shown that behavioral changes (reflecting fear
memory) are associated with immune dysfunction and inflammation [105,106]. In terms
of treatment strategies, it may seem premature to talk about the possibility of future
inflammatory drug targets before the relationship between inflammation and PTSD has
been completely clarified. In conclusion, this review has summarized the relationship
between inflammation and PTSD and has suggested anti-inflammatory treatment as a good
strategy for the management of patients with PTSD. Parallel to continuous epidemiological
investigations, delicate mechanistic studies are needed to find new treatment options.
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