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Abstract

Major depressive disorder (MDD) or Depression is one of the serious neuropsychiatric disorders affecting over 280 mil-
lion people worldwide. It is 4th important cause of disability, poor quality of life, and economic burden. Women are more
affected with the depression as compared to men and severe depression can lead to suicide. Most of the antidepressants
predominantly work through the modulation on the availability of monoaminergic neurotransmitter (NTs) levels in the
synapse. Current antidepressants have limited efficacy and tolerability. Moreover, treatment resistant depression (TRD)
is one of the main causes for failure of standard marketed antidepressants. Recently, inflammation has also emerged as
a crucial factor in pathological progression of depression. Proinflammatory cytokine levels are increased in depressive
patients. Antidepressant treatment may attenuate depression via modulation of pathways of inflammation, transformation
in structure of brain, and synaptic plasticity. Hence, targeting inflammation may be emerged as an effective approach
for the treatment of depression. The present review article will focus on the preclinical and clinical studies that targets
inflammation. In addition, it also concentrates on the therapeutic approaches’ that targets depression via influence on
the inflammatory signaling pathways.
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Introduction

MDD is disorder of mood characterized by prolonged sad-
ness, mild to severe emotional symptoms that are present
persistently. Some of the symptoms are anhedonia, cogni-
tive instability with low self-esteem and somatic symptoms
like vitality loss, insomnia or hypersomnia, weight loss
or gain, mental irritancy, fatigability, and suicide. More
than 700 000 people die due to suicide every year. Sui-
cide is the fourth leading cause of death in 15-29-year-old
teen age and adults. The disorder affects day to day life
functions i.e., quality of life and overall health status of
the person. Depression may present with many comorbid
CNS and metabolic disorders like anxiety, Alzheimer’s
disease (AD) and schizophrenia and diabetes and obesity.
Approximately 05% of adults affected with depression
worldwide (https://www.who.int/news-room/fact-sheets/
detail/depression). The disorder with comorbid anxiety
has marked impact on the worldwide economy and it is
estimated that the loss of productivity linked with these
disorders may charge almost US$ 1 trillion per year to the
global economy (Bhatt et al. 2020). The presented data
underline the severity of impact of MDD on the world’s
health and economy. Several factors like level of NTs and
neurotropic factors (NFs), genetics, social and psychologi-
cal factors, and environmental factors have important role
in the progression of depression (Philips 2017). Although
effective treatments available for mental disorders but
over 75% of the patients are not able to receive any treat-
ment from low- and middle-income countries. Moreover,
lacking resource, trained health care workers and social
hesitation is also associated with depression treatment to
a great extent. Sometimes diagnosis of depression is also
not appropriate i.e., it may be misdiagnosed and incor-
rectly diagnosed in many instances. The major treatment
approaches for depression includes correction in the levels
of monoaminergic NTs in the synapse. Details of the treat-
ment will be discussed in the later section of this article.
Inflammation may have crucial role in the pathogenesis of
depression. Levels of inflammatory markers are increased
in the brain and plasma of depressed person. Hence target-
ing depression may be a beneficial therapeutic strategy for
the treatment of depression.

Risk factors

Various risk factors have been identified for the develop-
ment of depression. Some of the important risk factors are:
(1) family history and genetics; (2) chronic stress; (3) his-
tory of trauma; (4) gender; (5) poor nutrition; (6) grief or
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loss of near and dear ones; (7) personality traits; 8§ medica-
tion and substance use. Intensity of some of the risk fac-
tor like chronic stress, poor nutrition, personality traits,
grief etc. can be reduced by positive thinking and cognitive
behavior therapy. Modifications or mutations in gene also
identified as crucial factor for the progression of depression.
Cognitive behavior therapy or family focussed therapy can
be helpful in reducing chronic stress. In today’s world long
term stress is one of the main causes for the development
of depression (https://www.healthline.com/health/depre
ssion). Accidents and trauma are one of the important risk
factors for development of depression due to degeneration
of neurons in the area of brain that is involved in emotions.
Females are more prone to affect with depression as they
are more emotional (Bremner 2006). Poor nutrition is also
considered as main cause for the progression of depression.
Balance healthy diet is required for proper development of
brain in children. Role of brain-gut-microbiota axis is tak-
ing importance in CNS disorders as these microbiomes
are helpful in the development of various NTs (Appleton
2018). Personality traits can also be changed after consulta-
tion with psychiatrists. Negative thinking and actions can be
changed to positive side. Over the counter use of medica-
tions causes substance abuse should be restricted.

In addition to above risk factors obesity, hypertension,
diabetes, and atherosclerosis could act as ““silent contribu-
tors” promoting a chronic proinflammatory state (Sandu
et al. 2015). The activation of proinflammatory cytokines
may be associated with depression. These diseases showed
increased levels of various inflammatory markers in plasma
(Sandu et al. 2017). Moreover, these disorders are comor-
bid with depression. This could aggravate the outcome of
various pathological entities and can contribute to a number
of subsequent post-stroke complications such as dementia,
depression and neurodegeneration creating a pathological
vicious cycle. In obesity excess of macronutrients in the
adipose tissues trigger the release of IL-6 and TNF-a and
decrease the adiponectin production predisposing to a pro-
inflammatory state and oxidative stress (Ellulu et al. 2017).
Hypertension is important factor for development of cardio-
vascular disease and associated depression. Inflammation
played important role in the development and maintenance
of hypertension. Elaboration of cytokines by the inflamma-
some responsible for end-organ dysfunction and immune
activation has been found to play a role in the genesis of
hypertension (Solak et al. 2016). In addition, recent studies
have suggested a central role of sodium-induced immune
cell activation in the progression of hypertension by modify-
ing the gut microbiome and formation of products of lipid
oxidation known as isolevuglandins (Patrick et al. 2021).
Depression affects 10-20% of patients with type 2 diabe-
tes (T2D) and predicts twofold enhancement in complica-
tions and mortality rate (Moulton and Pickup 2018). Recent
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research demonstrated that inflammation is associated with
type-1I diabetes mellitus (T2DM) and elevated depressive
symptoms. Study participants with T2DM + MDD exhib-
ited the highest IL-6 levels compared to all other groups. In
addition, in this study increased CRP levels were observed
in T2M but not elevated symptoms of depression. This
suggests the complex association of T2DM, inflammation
and depression (Doyle et al. 2013). One other study dem-
onstrated the higher levels of IL-6 and CRP. Lower BDNF
levels also observed in depression in T2DM (Nguyen et al.
2021). Atherosclerosis is also significantly associated with
inflammation followed by depression. In atherosclerosis the
deposition of cholesterol, platelets and hardening of blood
vessels stimulate various peripheral inflammatory mediators
(Badimon et al. 2012). High concentration of LDL is the
major reason for the damage of blood vessels. The LDL is
responsible for the activation of various inflammatory medi-
ators and recruitment, adhesion and migration of leukocyte
to the arterial wall (Sima et al. 2009).

Comorbid disorders with depression

Depression is a complex disorder that requires immediate
attention and treatment. Various comorbid disorders such
as anxiety, cognition impairment, post-traumatic stress
disorder, schizophrenia, diabetes mellitus, obesity, alco-
hol dependence and stroke are also may be associated with
depression. According to Kessler et al., patients with pure
depression, i.e., without comorbidity, accounted for only
one-fourth of all patients with that diagnosis (Kessler et al.
1996). According to a worldwide survey 45.7% of indi-
viduals with lifetime depression has a life history of one
or more anxiety disorder (Kessler et al. 2015). Anxiety is
highly comorbid with depression and some of the common
preclinical models such as olfactory bulbectomy, traumatic
brain injury can be used to evaluate comorbidity of both the
disorders. Cognitive dysfunction means deficits in attention,
learning abilities, memory, visual and auditory processing,
problem solving abilities and speed as well as motor activi-
ties (Lam et al. 2014). Cognitive impairment is observed
in the patients affected with long term depression. Cogni-
tive deficits in MDD are consistent, replicable, non-specific
and clinically significant. The degree of cognitive deficits
has been exhibited to be proportionate to the frequency of
depressive episodes and duration of illness (Zuckerman
et al. 2018). Post-traumatic stress disorder (PTSD) is asso-
ciated with depression. Areas of brain associated with stress
response are amygdala, hippocampus, and prefrontal cortex
(McEwen et al. 2016). Traumatic stress may lead to do some
changes in the brain areas. It is associated with increased
cortisol levels due to long term stress. Approximately
50% of the people with PTSD also suffer from depression.

Treatments that are efficacious for PTSD show a promotion
of neurogenesis in preclinical studies, as well as promotion
of memory and increased hippocampal volume in PTSD.
(Flory and Yehuda 2015). There are chances to decrease
in the levels of 5-HT and DA in the affected area due to
degeneration of neurons (Albert 2015). Patients with schiz-
ophrenia are frequently affected by comorbid depression
during their total illness duration. Around 25% of people
diagnosed with schizophrenia meet the depression criteria.
Comorbidity of depression with schizophrenia makes the
patient’s condition more worsen and disabling course and
poor outcome (Ayano et al. 2015). The symptom of depres-
sion occurs throughout all the phases of the illness includ-
ing psychotic episodes and may be linked with hopeless-
ness (Harvey et al. 2017). Metabolic disorders like diabetes
mellitus and obesity are highly comorbid with depression.
Occurrence of depression is 2-3 times more in the people
affected with diabetes mellitus. Most of the cases remaining
underdiagnosed (Bédescu et al. 2016). Comorbid patients
are associated with poor outcomes (Darwish et al. 2018).
Similarly, obesity is very common in the patients affected
with depression. The normal activity of the patients with
depression is reduced and this leads to increase in body
mass index (Ball et al. 2009). A meta-analysis of 19 stud-
ies showed a bidirectional relationship between depression
and obesity (Mannan et al. 2016). In the above-mentioned
study people who were depressed had a 37% increased risk
of being obese, and people who were obese had an 18%
increased risk of being depressed. Overall, the presence of
depression and obesity, along with each other, is associ-
ated with more negative health outcomes (Almarhoon et al.
2021). Alcohol dependence is also associated with depres-
sion to a great extent. The prevalence of depression among
alcohol-dependent persons is high (63.8%) with a significant
association between depression and the mean AUDIT score
(Kuria et al. 2012). People with depression get into con-
sumption of alcohol to get euphoric effect for time being.
On the contrary drinking makes depression worse. People
those are depressed with drinking habits have more chances
to get severe episodes of depression and enhancement in
their suicidal tendency is observed (Pompili et al. 2010).
Patients with stroke also affected with co-morbid depres-
sion or mood disorders. These disorders have bidirectional
association. Patients with depression are at greater risk of
developing major metabolic diseases that may in turn lead
to stroke. Moreover, depressive symptoms and consumption
of antidepressants also associated with the risk of stroke (Li
et al. 2012). The mechanism responsible for these underlying
late-onset neuropsychiatric and neurocognitive symptoms
have received little importance so far in the field of neu-
robiology. The aged animals fail to recover over younger
one after stroke. The development of infract is much faster
in old age rats in first 3 days. In the study it was found that
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the expression of serotonin receptor type B mRNA was
markedly increased in the perilesional area of aged rats as
compared to the younger counterparts. In addition, histologi-
cally, HTR2B protein expression in degenerated neurons was
linked with activated microglia in aged rats as well as human
subjects. Treatment with fluoxetine attenuated the expression
of Htr2B mRNA, stimulated post-stroke neurogenesis in the
subventricular zone and was associated with an improved
anhedonic behavior and an increased activity in the forced
swim test in aged animals (Buga et al. 2016) Stroke may
be involved in progression of depression or vice versa via
modulation of inflammatory pathways and increase in the
levels of inflammatory mediators. However, further some
studies need to be done to confirm the above statement.

Diagnosis and treatment

Diagnosis of depression requires five or more symptoms
according to Diagnostic and Statistical Manual of Men-
tal Disorders-5 (DSM-5) (Tolentino and Schmidt 2018).
Depressed mood and anhedonia or loss of pleasure activity
is one of the main criteria. However, the secondary symp-
toms of MDD can be divided into somatic and non-somatic
groups, the DSM-5 detect MDD in all or none way. In con-
trast, severity of depression varies continuously. Therefore,
it is commonly assessed with scales such as the Hamilton
Depression Rating Scale (HAMD) (Vindbjerg et al. 2019;
Hamilton 1967).

Treatment of depression depends on the severity of the
disease episodes. Health care professionals may provide psy-
chological treatments like behavioural activation, cognitive
behavior therapy, interpersonal psychotherapy and family
focussed therapy (Uphoff et al. 2020; Driessen and Hol-
lon 2010). The above treatment approaches are very effec-
tive in the treatment of depression without administering
the adverse effects of medications. Most of the approaches
change the thought process of the patient from negative
direction to positive side. Based on the change in thought
process action also changes. In addition, some other non-
pharmacological approaches like electroconvulsive therapy,
transcranial magnetic stimulation, deep brain stimulation,
vagal nerve stimulation and light therapy is also used to treat
various forms of depression based on the severity (Blum-
berger et al. 2015; Muller et al. 2018). Pharmacological
treatment approach is predominantly based on the modifi-
cation of NTs levels in the synapse. The medications used
widely are selective serotonin reuptake inhibitors (SSRIs),
Tricyclic antidepressants (TCAs), Serotonin norepinephrine
reuptake inhibitors (SNRIs), Norepinephrine reuptake inhib-
itors (NRIs), Norepinephrine dopamine reuptake inhibitors
(NDRIs) and atypical antidepressants (Kupfer 2005). The
major problem with the above-mentioned approaches is
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treatment resistance in depression. Other drawback is most
of the antidepressants takes more time to show its action as
the drugs are working through modification of receptors and
synthesis of new NTs takes time.

Pathophysiology of depression

Some of the important factors involved in the pathogenesis
of depression are;

Genes and psychological stress

Family, twin, and adoption studies provide the strong evi-
dence that depression is a familial disorder and modifications
in gene(s) is seen in the pathological progression of depres-
sion (Sullivan et al. 2000 reported genetic factor is involved
in 30-40% cases of depression. While remaining 60-70%
cases have non-genetic influence such as environmental
factors, stress, inflammation, sexual abuse in childhood,
other lifetime trauma, low social support, marital problems,
and divorce etc. (Kendler et al. 2002, 2006). Genes such as
SLC6A4 (previously known as SERT), DRDR4, SLC6A4
or 5-HTT and TPH2 are also found to have marked impact
on the pathogenesis of depression (Shadrina et al. 2018).
Disturbance in the expression of genes is involved in anti-
gen neutralization, autoimmunity, neural plasticity, stress
response, signal transduction at the neurovascular unit, dys-
regulated nuclear RNA processing and translation and epi-
genetic imprinting signatures is associated with suicide and
point to regulatory non-coding RNAs as potential targets of
new drugs development. Most of the identified gene expres-
sion changes were linked to region-specific dysregulated
manifestation of genetic and epigenetic mechanisms under-
lying neurodevelopmental disorders (Glavan et al. 2021).
Stress is also had predominant role in pathological pro-
gression of depression. Depression progression that is asso-
ciated with stress is linked with gender to some extent. Men
have more probability to have MDD episodes following
divorce, paternal separation, and difficulties in workplace
on the other hand women are more responsive to events in
social connections, such as difficulty getting along with an
individual, serious illness, or death (Kendler et al. 2001).
Two hormones namely norepinephrine (NE) and cortisol are
involved in the management of stress. NE is important for
management of acute stress and cortisol is involved in the
management of chronic stress. In depressed patients, there
is high level of cortisol is observed due to dysregulation
or improper functioning of hypothalamic-pituitary-adrenal
(HPA)-axis and negative feedback mechanism. Corticotro-
pin-releasing hormone (CRH) is released from the hypo-
thalamus part of brain due to stress-like stimulus (Menke
2019). This factor is responsible for release of corticotropin
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from anterior pituitary gland, which stimulates the adrenal
gland to release cortisol into the plasma. Women are more
susceptible to stress as compared to men (Young 1998).

Cytokines in depression

One of the symptoms of depression is sickness like or flu
like behavior of patient. The sickness like behavior rep-
resents activation of inflammatory pathways. The inflam-
matory pathways demonstrate many aspects of depression
including tiredness, loss of pleasure, retardation in psy-
chomotor activities, and cognitive impairment. Sickness is
mediated by the presence pro-inflammatory cytokines such
as interleukin-1la, tumor necrosis factor-a, and interleu-
kin-6. These mediators activate the HPA axis and impair
the central serotonergic system (Dantzer et al. 2008). Some
of the antidepressants like SSRIs additionally increase the
levels of serotonin (SER) or 5-hydroxytryptamine (5-HT)
in synapse also affect the levels of inflammatory markers.
In animals, blocking pro-inflammatory cytokine-mediate
signaling produces antidepressant-like effects (Krishnan
and Nestler 2008). Bhatt et al. 2017a, b, also presented the
lipopolysaccharide (LPS) induced anxiety model. LPS is an
endotoxin that induces depression and comorbid anxiety like
symptoms in animals. The symptoms are induced through
the modification of inflammatory pathways (Bhatt et al.
2017a, b). Clinical data suggest that cytokines may play a
role in the pathophysiology of a subgroup of depressed sub-
jects, particularly those with comorbid physical conditions
(Dantzer et al. 2008). The antidepressant enhancing effect of
acetylsalicylic acid points to the possible clinical relevance
of psychoneuroimmunology in clinical depression research
(Berk et al. 2020).

Monoamines and other NTs in depression

The most acceptable theory of depression is monoamine
theory. Monoamine theory states that decrease in the levels
of NE, 5-HT, and dopamine (DA) have been taken place in
the different regions of brain i.e., amygdala, hippocampus,
hypothalamus in depression (Boku et al. 2018). The above
three NTs are involved in various activities such as pleasure,
mood, alertness, motivation, reward, obsessions and compul-
sions, sexual activities, attention, concentration are some of
the important one. Mainly the antidepressants used in this
category are working through the modification in the levels
of monoamine NTs in synapse. Inhibiting the enzyme mono-
amine oxidase, which induces an increased availability of
monoamines in presynaptic neurons, also has antidepressant
effects (Belmaker and Agam 2008). In addition, y-amino
butyric acid (GABA) and glutamate also have marked role in
the pathogenesis of depression. GABA is inhibitory and Glu-
tamate is excitatory NTs of CNS. GABA is predominantly

involved in emotions and Glutamate is involved in synaptic
plasticity and long-term potentiation (Lener et al. 2017). A
series of magnetic resonance spectroscopy studies consist-
ently demonstrated reductions in total GABA concentrations
in the prefrontal and occipital cortex in acute depression
(Hasler et al. 2007a, b). Moreover, chronic stress may reduce
the function of GABA-A receptor, possibly through the mod-
ifications in neuroactive steroid synthesis (Eser et al. 2006).
Few antidepressants are working through modification
of these NTs. A single dose administration of the glutamate
N-methyl-D-aspartate (NMDA) receptor antagonist keta-
mine produced fast and predominant antidepressant effects in
patients with TRD. Moreover, inhibitors of glutamate release
(e.g., lamotrigine, riluzole) also demonstrated antidepressant
properties (Zarate et al. 2006; Kendell et al. 2005). However,
most of the marketed drugs target these monoaminergic NTs.
The main drawback of available treatments is delayed onset
of action and treatment resistance. Despite this limitation, the
monoamine-deficiency hypothesis has proved to be the most
clinically relevant neurobiological theory of depression.

Oxidative stress in depression

Brain is highly vulnerable organ via increased oxidative
stress due to its high metabolic demand and oxygen con-
sumption. Excessive formation of ROS and exhaustion of the
antioxidative defences stimulate proinflammatory transduc-
tion pathways followed by damage to vital macromolecules
like protein, fat and DNA and induces apoptosis. In addi-
tion, excessive production of inflammatory marker IL-1 and
IL-18, formation of cellular pores in cell membrane, leak-
age of the substances from the cells and leads to cell death
(Wooft et al. 2019; Kopschina Feltes et al. 2017). Increase
in oxidative stress also leads to alter in brain physiology,
neuronal plasticity, and reduction in volume of hippocampal
and frontal cortex area. Various preclinical and clinical stud-
ies are also suggested that increased generation of reactive
oxygen species (ROS) and exhaustion of the antioxidative
defences are responsible for the altered brain structure. This
is known as oxidative stress hypothesis of MDD (Michel
et al. 2004, 2007, 2010). Along with elevation in oxidative
stress markers, the stimulation of proinflammatory signalling
pathways also contributes to the pathological progression of
MDD (Bakunina et al. 2015). Both the process finally leads
to activation of apoptotic pathways and cell death. Decrease
in the activity of anti-oxidant enzymes like Glutathione Per-
oxidase (GPX), catalase (CAT) and superoxide dismutase
(SOD) is observed in depression (Bhatt et al. 2020). NF-xB
regulates the activation, differentiation and effector func-
tion of inflammatory T cells and NF-«xB activation is also
regulated by the ROS production. The importance of NF-kB,
HPA axis and stress in activation of neuroinflammation have
been shown in Fig. 1.
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Fig. 1 The importance of
NF-kB, HPA axis and stress in
activation of neuroinflammation
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Consistent evidence is available for the change in volume
of hippocampus and other regions of brain is associated
with duration of depression. These changes suggested that
untreated MDD leads to reduction in hippocampal vol-
ume, possibly resulting in enhanced stress sensitivity and
increased risk of recurrence (Hasler et al. 2007a, b; 27,
Sheline et al. 2003; Frodl et al. 2008). The possible mecha-
nism explains the reduction in brain volume may have com-
bination of endogenous components like glucocorticoid
and glutamatergic neurotoxicity, decreased NFs like brain
derived neurotrophic factor (BDNF), and decreased neuro-
genesis. Various preclinical studied have shown decrease in
the levels of BDNF in depression and increased expression
of BDNF following antidepressant treatment (Gustafsson
et al. 2021; Jindal et al. 2015, also reported antidepressant
effect of etazolate, a phosphodiesterase-4 enzyme inhibi-
tor in olfactory bulbectomy induced depression model
in rats. Treatment with etazolate leads to increase in the
cAMP, phosphorylated CREB (pCREB), and BDNF levels.
Additionally, they also reported the increased in the levels
of anti-oxidant enzymes followed by the treatment of eta-
zolate (Jindal et al. 2015; Bhatt et al. 2017a, b, reported
decrease in the levels of BDNF in rats was corrected by the
treatment of 6n, a 5-HT; receptor antagonist in traumatic
brain injury model of depression and comorbid anxiety
(Bhatt et al. 2017a, b).
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Circadian rhythms in depression

Proper circadian rhythms are important for normal brain
functions. Disturbance in light and dark cycle leads to devel-
opment of untoward stress followed by depression. Distur-
bances in sleep and fatigue are included in diagnostic criteria
of depression (Germain and Kupfer 2008). Our mood changed
during different phases of a day and hormones and NTs levels
are also varied during a day. In addition, some depressive
symptoms may show diurnal variations (mood, psychomotor
activity, accessibility of memories of positive and negative
experiences), and a subgroup of patients with MDD may have
a circadian rhythm disorder. Disturbance in light and dark
cycle of the animal also leads to production of excessive stress
followed by depression. This is associated with excess of cor-
tisol release followed by disruption of HPA-axis in chronic
course (Bhatt et al. 2014). Effectiveness of melatonin receptor
(M, and M,) agonist, agomelatine also indicate the impor-
tance of circadian rhythm in the treatment of depression.

In recent studies dysregulation in sleep has been observed
as an important factor for development of attention deficit
hyperactivity disorder (ADHD) (Coogan et al. 2016). The
abnormality in circadian rhythmicity may also contribute
for the progression of depression. Insomnia and hypersom-
nia is one of the important symptom of depressed patient
and abnormality in sleeping leads to development of abnor-
mality in circadian rhythmicity followed by depression.
Depressed patient often show change in circadian rhythms,
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sleep dysregulation, and mood variation throughout the day.
Antidepressants have marked effects on circadian processes
and sleep (Germain and Kupfer 2008). Various melatonin
receptors agonists (ramelteon, prolonged-release melatonin,
agomelatine and tasimelteon) have recently become avail-
able for the treatment of insomnia, depression and circadian
rhythms sleep-wake disorders (Laudon and Frydman-Marom
2014). The circadian rhythm regulates various important
physiological processes and maintains cellular, tissue, and
systemic homeostasis. Disruption of machinery of circa-
dian clock influences key activities involved in immune
response and brain function. It also has great influence on
normal inflammation and neurodegeneration (Wang and Li
2021). However, further studies are required to associate the
relationship of abnormality in circadian rhythmicity with
inflammation and followed by depression.

Association of depression and inflammation

Inflammation is having great influence on the progression of
depression or MDD. Though, this parameter is not studied well
as a point of view of target selection for the treatment of depres-
sion. Use of anti-inflammatory drugs may be an important
approach for the treatment of depression. Immune response
i.e., innate, and adaptive response is associated with the MDD
pathophysiology. The immune component hampers the favour-
able prognosis of MDD (Lee and Giuliani 2019). Presence of
anti-inflammatory drugs may also improve the effectiveness
of standard antidepressant medications. Major drawbacks of
antidepressants are that they are taking more time to show its
action and resistance to the treatment develop after chronic use
of the drugs. These two drawbacks may be avoided or reduced
by using anti-inflammatory drugs. Increased in the level of
cytokines for long term produce impairment of NTs signaling
and disruption of their synthesis, reuptake, and release process.
In brain microglia and other brain cells have critical role in
the physiology of CNS such as neuroplasticity (Miller et al.
2013). Excess in the levels of cytokines for long term leads
to dysregulation in the synthesis and release and reuptake of
NTs. Recent evidence indicated the role of microglial cells in
neurogenesis and pruning of synapse. Microglial cells have
important role in neuronal inflammation and get charged in
various neurodegenerative diseases. However, more detailed
research is needed to get proper idea on the impact of microglia
in the progression of depression and other functions of brain
and disorders. Based on the above facts we can assume that
control of inflammation may be a useful therapeutic approach
for the treatment of depression (Wang et al. 2015a).

Cytokines in depression

Activation of microglia, inflammation, long-term stress and
increased proinflammatory cytokines also activates HPA-axis.

The resultant imbalance in serotonergic and noradrenergic
pathways facilitates the onset as well as recurrence of depres-
sion. Elevated levels of cytokines such as IL-6, TNF-a, and
IL-1p enhance indoleamine-2,3-dioxygenase activity, cata-
lysing biotransformation of tryptophan and depleting SER
(Kopschina Feltes et al. 2017). It has been hypothesized that
increased levels of inflammatory cytokines stimulate different
structures in brain like prefrontal cortex, hippocampus, ante-
rior cingulate cortex, and basal ganglia. Activation of these
brain structure leads to change in behaviour in depressed indi-
viduals (Nerurkar et al. 2019). Patients not responding to anti-
depressant therapy are more likely to have elevated cortisol
and pro-inflammatory markers (Carvalho et al. 2013; Belleau
et al. 2019). Hence, targeting inflammation may be considered
as useful approach to target TRD cases.

Inflammation is also associated with increased production
of reactive oxygen species i.e., oxidative stress (Liguori et al.
2018). Increase in the oxidative stress leads to stimulation of
various proinflammatory mediators. Production of inflam-
matory marker IL-1 and IL-18, formation of cellular pores
in membrane, leakage of the substances, stimulation of vari-
ous apoptotic factors and finally the death of neuronal cells.
Degeneration of these neuronal cells results in depression
(Kany et al. 2019). The patients affected with depression
have exhibit higher levels of IL-1, IL-6, TNF-a, and C-reac-
tive protein (CRP) compared to non-depressed individuals.
The major inflammatory mediators like interleukin (IL)-1f,
interleukin (IL)-1 receptor antagonist (RA), interleukin (IL)-
6, tumor necrosis factor (TNF)-a, and interferon (IFN)-y,
have been recently found to be linked with the brain and
influence signaling of nerve cells, physiology of neuroen-
docrine system, and brain, thereby inducing the changes in
the emotional, cognitive, and behavioural setup (Ng et al.
2018; Osimo et al. 2020). One study observed higher CSF
levels of IL-1beta, lower IL-6, and no change in TNF-alpha
in depressed subjects compared to controls. In addition to
above facts, long-term stress is also associated with inflam-
mation followed by depression (Levine et al. 1999). Another
study reported no change in cytokines between depressed
and normal healthy subjects but did observed relationships
between cytokines and depressive symptoms both before and
after the treatment of antidepressant (Martinez et al. 2012).
In addition, elevated levels of the inflammatory mediator,
prostaglandin E2 (PGE2), have been found in the saliva,
plasma, and CSF of depressed subjects (Ohishi et al. 1988)
(Nishino et al. 1989). Subjects with MDD have shown
increased IL-6 production and increased nuclear factor (NF)-
kB in peripheral blood mononuclear cells compared to non-
depressed controls (Pace et al. 2006). Similarly, depressed
subjects demonstrated a decreased ability for glucocorti-
coids to inhibit inflammatory cytokine production following
exposure to a mock interview stressor compared to controls
(Miller et al. 2005). Induction of chronic unpredictable mild
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stress to mice is responsible for increase in the level of oxi-
dative stress markers and inflammatory markers followed by
depression. The administration of long-term stress to ani-
mals leads to increase in the levels of nitrates and peroxides
and decrease in the levels of catalase, superoxide dismutase
and reduced glutathione. Individuals exposed to early life
adversity (ELA) exhibit pronounced increased in the levels
of proinflammatory cytokines. Targeting stress and inflam-
mation may be emerge as an important strategy for the treat-
ment of depression.

Treatment strategy for depression targeting
inflammation

Fortunately, multiple evidence indicated the role of inflam-
mation with the involvement of innate and adaptive immune
system in the pathophysiological progression of depres-
sion, hence targeting inflammation may be considered
as prominent strategy for the treatment of depression as
per preclinical and clinical point of view. Various drugs
have anti-inflammatory effect can be evaluated for their
anti-depressant potential in rodent and human models of
depression. The main purpose of this review is to develop
a relationship between inflammation and depression and to
evaluate current immunotherapies for their antidepressant
potential.

Antidepressants on inflammation

There is evidence that antidepressant drugs are also work-
ing through the modification of inflammatory mediators’
level in the brain and blood. In addition to affect the level
of NTS in the brain they act through the modification in the
glial cells signaling which are the main origin and targets of
cytokines and other mediators of inflammation in the brain
(Hashioka et al. 2009). The presence of inflammatory condi-
tion in depressed patient affects the outcomes of the antide-
pressant treatment. In the above situation addition of some
anti-inflammatory agent as an add on treatment will be an
important approach for the treatment of depression (Han-
nestad et al. 2011; Arteaga-Henriquez et al. 2019).

Various evidence suggested the role of SSRIs and SNRIs
in change in the inflammatory pattern. Some studies reported
that modification in the levels of proinflammatory cytokines
like TNFa and anti-inflammatory cytokines like IL-10 is
takes place in mice (Ohgi et al. 2013). Treatment with stand-
ard antidepressants and 5-HT}; receptor antagonist in LPS
induced depression and anxiety model reduces the oxida-
tive stress of the mice and showed their effectiveness in
behavioural models (Bhatt et al. 2017a, b). Administration
of bacterial endotoxin LPS leads to flu-like symptoms in
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the animals, which are like that of depression symptoms.
LPS mainly acts via enhancing the activity of indoleam-
ine 2,3-dioxygenase (IDO) and kynurenine pathway. IDO is
macrophage extrahepatic enzyme that metabolize tryptophan
amino acid along with kynurenine pathway. This enzyme is
responsible for induction of proinflammatory cytokines like
interferon-gamma (IFN-y) and TNFa. When IDO is acti-
vated in conditions of chronic inflammation, its degree of
activation is correlated to the intensity of depressive symp-
toms, as observed in cancer patients (O’Connor et al. 2009).
Moreover, invitro studies demonstrated the effectiveness of
clomipramine and fluoxetine, in reducing the levels of IL-6,
IFN-y, TNF-a on contrary mirtazapine and venlafaxine
are linked with increase in their activity (Baumeister et al.
2016). In addition, antidepressant drugs like mianserin a
tetracyclic antidepressant also produces anti-inflammatory
activity by inhibiting toll-like receptor 8 (TLR-8) signaling
(Sacre et al. 2019).

Anti-inflammatory drugs on depression
Aspirin

Some preclinical data indicated the antidepressant potential
of Aspirin, an inhibitor of both COX-1 and COX-2). The
above results were further supported by limited observa-
tional data suggested low rates of depression in the subjects
administered with Aspirin. Bhatt et al. 2016, reported that
the rats administered with aspirin exhibited increased prefer-
ence to sucrose, reduction in immobility time in forced swim
test (FST), decreased level of serum cortisol, and increased
brain SER levels signifying antidepressant action (Bhatt
et al. 2016). In an 8-weeks randomized clinical trial study
in the patients of depression 160 mg add-on to sertraline
(n=50) showed significant reduction in depression scores
as compared to placebo. The combination approach also
addressed the issue of TRD (Muller 2019). The response
rate is also improved in sertraline + aspirin treated group
as compared to sertraline + placebo group. In contrast, out-
comes of a placebo controlled, and double-blind clinical
trial demonstrated that Aspirin did not show antidepressant
potential (Berk et al. 2020).

Celecoxib

Celecoxib, an inhibitor of COX-2 enzyme, is belong to
NSAID category, that has potential to treat depression.
Acute administration of celecoxib (10 mg/kg) and piroxi-
cam (10 mg/kg) in the modified FST and sucrose preference
test in rats to produce antidepressant like effect. In addi-
tion, the above drugs also modified the reduced glutathione
and SOD levels in the hippocampus of the treated animals.
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The results from the above study suggested that the anti-
depressant-like effects of anti-inflammatory drugs might
be involved in antioxidant defense and decrease oxidative
stress in the hippocampus (Santiago et al. 2014). In addi-
tion, bupropion in combination with celecoxib also shown
the antidepressant and anti-inflammatory effect in the mice
treated with Complete Freund’s Adjuvant (CFA; 50 ul/paw)
intraplantar injection (Maciel et al. 2013). The previous tri-
als suggested the use of celecoxib as an additional treatment
to benchmark anti-depressants for the treatment of depres-
sion (Fourrier et al. 2018). Recent meta-analyses indicated
the role of celecoxib in increased efficacy of antidepressant.
Augmentation of medications used for depression with
celecoxib showed a better efficacy of antidepressants by a
standard mean difference (SMD) of 0.82 (95% confidence
interval [CI]: 0.46—1.17) and without heterogeneity between
the studies (I2=0%) (Kohler et al. 2014). Celecoxib has
been shown to significantly alleviate depressive symptoms
as an augmenting agent. It modifies the clinical symptoms
of depression in rheumatoid arthritis patient without sig-
nificant effect on the pain (Al-Baz and Karim 2020). In
addition, long-term treatment with celecoxib attenuated
depressive-like behavior and predominantly reversed bio-
chemical parameters associated with obesity in mice (Kurhe
et al. 2014; Kohler et al. 2014, demonstrated that addition of
celecoxib to reboxetine markedly lower HAM-D (Hamilton
Depression Rating Score) scores compared with controls
(Kohler et al. 2014). Halaris et al., emphasized the role of
celecoxib in the management of depression and anxiety
in patients with bipolar TRD. Recent RCT conducted by
Halaris et al.’s emphasized the role of celecoxib as safe and
efficacious drug in the management of anxiety and depres-
sive symptoms in patients with bipolar TRD (Halaris et al.
2020). Celecoxib has also demonstrated efficacy in alle-
viating depressive symptoms in brucellosis and patients
affected with colorectal cancer (Al-Baz and Karim 2020).
The celecoxib produces its antidepressant effect by reducing
the levels of inflammatory markers like IL-6 and CRP. The
above statements support the role of inflammation in the eti-
ology of depression (Halaris et al. 2020; Abbasi et al. 2012).

Etanercept

Treatment of the rats for 8 weeks with TNF-a inhibitor,
etanercept ((0.8 mg/kg/week, subcutaneously) predomi-
nantly decreased the duration of immobility in rat model of
despair test and produce antidepressant effect. In addition,
treatment also showed significant antianxiety effect using
elevated plus maze without affecting the locomotion activity
significantly (Bayramgiirler et al. 2013). Moreover, adminis-
tration of etanercept to Corticosterone treated rats reduce the
duration of immobility in FST as well as improve the mem-
ory of the treated animals. Etanercept restore performance,

neurogenesis of hippocampus and GABAergic plasticity
and indicated that a normalization of expression of reelin in
the dentate gyrus could be a critical component that me be
responsible for these novel antidepressant effects (Brymer
et al. 2018). In human trials, treatment with etanercept in
patients affected with inflammatory disorder such as psoria-
sis was linked with decreased symptoms of depression and
improved quality of life of the patients (Tyring et al. 2006).
The above finding strengthens the hypothesis that TNF-o has
a role in the modulation of emotional process and inhibition
strategy may act as a novel strategy for the cure of depres-
sion and other CNS disorders.

Infliximab

Treatment with infliximab, a TNF-o inhibitor may be helpful in
the reduction of depression in patients having high level of pro-
inflammatory markers. TNF antagonism does not have general-
ized efficacy in TRD but may reduce symptoms of depression
in patients with high baseline levels of biomarkers responsible
for inflammation (Raison et al. 2013). Infliximab (Remicade®)
is an infusion style drug approved by the FDA for the treatment
of conditions linked with inflammation such as like crohn’s
disease and rheumatoid arthritis. Ersozlu Bozkirli et al. 2014
reported the effects of Infliximab administration on depres-
sion, anxiety, and sleep disorders in patients with ankylosing
spondylitis (Ersozlu Bozkirli et al. 2014). On contrary a retro-
spective, observational study conducted by Thillard et al. 2020,
confirmed that infliximab treatment is linked with elevated risk
of psychiatric adverse events (Thillard et al. 2020).

Ketamine

Ketamine is well known N-methyl-D-aspartate (NMDA)
receptor channel blocking drug. Ketamine showed antide-
pressant effect by repression of proinflammatory cytokines
signaling in the hippocampus of rats in CUMS induced
depression model. CUMS generated depression like behav-
ior was reversed in the rats by ketamine as observed using
FST. In addition, the hippocampal levels of IL-1f, IL-6,
TNF-a, IDO, and the KYN/TRP ratio were mitigated by a
sub-anaesthetic ketamine dose (Wang et al. 2015b). Another
study has shown the antidepressant-like effect of ketamine
but same time it worsened working memory but influenced
pro-cognitive effects at later (McDonnell et al. 2021). It is
approved by FDA for use as anaesthetic in 1970. Nasal spray
of ketamine called Esketamine (Spravato) is approved for the
treatment of depression out from several available forms.
For TRD, patients usually administered with nasal spray
twice a week for first 4 weeks; then once a week for weeks
5 to 9; and then once week or 2 after that. Ketamine works
by modulation of glutaminergic signaling. Glutamate is the
excitatory NTs in the brain that have role in excitotoxicity,
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synaptic plasticity, and long-term potentiation. It also acti-
vates a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic
acid (AMPA) receptors BDNF and mechanistic target of
rapamycin (mTOR) signaling pathways to stimulate synaptic
plasticity (Aleksandrova et al. 2017). Rapamycin in combi-
nation with ketamine may affect inflammation of neurons
via its immunosuppressant mechanisms or by promoting
homeostasis of synaptic density (Matveychuk et al. 2020).

Minocycline

Emerging evidence suggest the antidepressant-like effect of mino-
cycline in animal model like FST and human studies. Minocycline
showed effectiveness as neuroprotective and anti-inflammatory
agent (Pae et al. 2008). Minocycline may be specifically helpful
in patients affected with depression and cognitive impairment.
Minocycline can be used as an immunomodulatory therapy for
TRD cases. A pilot trial conducted by Husain et al. 2020; of the
tetracycline, minocycline as adjunctive therapy in TRD, produced
promising outputs, however, a bigger trial is needed to validate the
antidepressant potential of this drug (Husain et al. 2020; Schmidt-
ner et al. 2019 reported that effect of minocycline is dependent on
sex- and trait are related to a reduced number of microglia in the
prefrontal cortex, and with alterations in composition of microbes
well as their metabolites. These reports are in support with the
microbiome-gut-—brain axis as strong target in the treatment of
MDD (Schmidtner et al. 2019). Figure 2 in general shows the effect
of anti-inflammatory drugs on glutamate, BDNF and monoamines.

Chemistry of some anti-inflammatory drugs
having effect in depression

The chemical structures of selected anti-inflammatory agents
which displayed antidepressant properties are given in Fig. 3.

Chemistry of aspirin

Aspirin was discovered by hoffman in 1897 (Hoffmann and
Forster 1987), it is salicylic acid derivative also known as
acetyl salicylic acid and abbreviated as ASA. Chemically,
aspirin is named as 2-acetoxybenzoic acid, the molecular for-
mula and molecular weight is CgHgO, and 360.31 gram/mol,
respectively. According to the Biopharmaceutics Classifica-
tion Scheme, aspirin is classified as class I drug. Aspirin is
first converted into salicylic acid, which is then metabolised
into gentisic acid (GA), salicyluric acid (SUA), salicyl acyl
glucuronide (SAAG), salicyl phenolic glucuronide (SAPG),
salicyluric acid phenolic glucuronide (SUAPG) and gentisu-
ric acid (GUA) (Li et al. 2017). The salicyluric acid (SUA) is
the major metabolite identified in urine, when the patients are
treated with daily dose over 600 milligrams (Li et al. 2017).
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Fig.3 Chemical Structures of Selected anti-inflammatory agent

Chemistry of celecoxib

Celecoxib is a sulphonamide derivative, chemically it is called
4-[5-(4-methylphenyl)-3-(trifluoromethyl)pyrazol-1-yl]benze-
nesulfonamide, with the molecular formula C,;H,,F;N;0,S
and molecular weight of 381.373 gram/mol. Celecoxib is
hydrophobic, poorly soluble in water and categorized into
class II drug as per Biopharmaceutics Classification Scheme
(Glinaydin and Y1lmaz 2015). Celecoxib is oxidized to hydrox-
ycelecoxib by CYP2C9 and CYP3AA4. It is further oxidized by
alcoholdehydrogenase enzymes (ADH1 and ADH?2) to form
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carboxycelecoxib. This metabolite on conjugation with glu-
curonic acid affords 1-O-glucuronide; all the metabolites of
celecoxib are inactive forms (Li et al. 2012).

Chemistry of etanercept

Etanercept is a protein molecule, obtained by recombinant
DNA technology; it is consisting of *** amino acids with
molecular weight of 51235.07 gram/mol (Molta, Etanercept
(2007). Etanercept is a dimeric fusion protein molecule, com-
posed of extracellular ligand-binding domain of the human
75-kDa TNF-a receptor fused with the Fc portion of human
immunoglobulin (Ig) G1. Etanercept is metabolized by either
peptide or amino acid degradation pathways. The metabolites
(amino acids) of etanercept may be recycled or eliminated
through the urine or bile (Molta, Etanercept (2007).

Chemistry of infliximab

Infliximab is a monoclonal antibody produced by the fusion
of 25% of murine antibody and 75% of human antibody by
genetic engineering. It is composed of 597 amino acids and
approximate molecular weight is 149,100 Daltons (Lissy de
Ridder et al. 2007; Nahar et al. 2003).

Chemistry of ketamine

The ketamine is a cyclohexanone derivative, chemically it is
known as 2-(2-chlorophenyl)-2-(methylamino)cyclohexan-1-
one. The molecular formula and molecular weight of ketamine
is C;3H,CINO and 237.73 gram/mol, respectively. Keatmine
is soluble in both water and lipid and it rapidly penetrates the
CNS. It is widely used drug for general anaesthetic and potent
analgesic activities (Mion and Villevieille 2013). The ketamine
exists in racemic form, the s-enantiomer of ketamine is called
esketamine and it is the most active stereoisomers. The nor-
ketamine, hydroxynorketamine and 5,6-dehydronorketamine
are the active metabolites of ketamine (Dinis-Oliveira 2017).

Chemistry of minocycline

Minocycline is second-generation tetracycline anti-
biotic, chemically it is called (4 S,4aS,5aR,12aR)-
4,7-bis(dimethylamino)-1,10,11,12a-tetrahydroxy-3,12-di-
ox0-4a,5,5a,6-tetrahydro-4 H-tetracene-2-carboxamide. The
molecular formula and molecular weight of minocylcine is
C,3H,;N;05 and 457.48 gram/mol, respectively. The 50%

of the minocyline is metabolized into inactive metabo-
lites by liver and eliminated through faeces and urine. The
9-hydroxyminocycline is the principal metabolite of minocy-
cline followed by two other main metabolites, namely mono-
N-demethylated derivatives (N-desmethylminocycline and
N,-desmethylminocycline (Kenneth et al. 2006).

Risk and benefits of Cyclooxygenase-1
(COX-1) and Cyclooxygenase-2 (COX-2)
Inhibitor-and their effect on depression
via modulation of cytokine activity

COX enzyme is responsible for the synthesis of prostaglandins.
COX-1 enzyme is having role in physiological ‘housekeeping’
functions and COX-2 is inducible enzyme (Zidar et al. 2009).
Most of the NSAIDs inhibits COX-1 and COX-2 enzymes
non-selectively. The inhibitors are having anti-inflammatory,
anti-pyretic, analgesic effects, and anti-depressant-like effect.
Though these inhibitors produce certain toxicities like dam-
age of gastric mucosa, bleeding, sodium, and water retention,
delay in labour, anaphylactoid reactions are important ones.
Suppression of COX-1 also inhibit inflammation, but selective
COX-2 inhibitors are more preferred due to less side effects
(Zarghi and Arfaei 2011). Recent research has suggested
the importance of COX-2 inhibition as a potential approach
for the treatment of depression. Excessive ROS production
is associated with the expression of COX-2. According to
a preclinical study, classical COX-2 inhibitors, and a newly
developed substrate-selective COX-2 inhibitor reduce a variety
of stress-induced behavioural pathologies in mice (Gamble-
George 2016). Inhibition of COX-2 reduces depression-like
behaviors via suppressing glial activation, oxidative stress and
apoptosis of nerve cells in rats. COX-2 inhibitor celecoxib
decreases the levels of pro-inflammatory cytokines such as
IL-1p and TNFa and significantly increase IL-10 levels in
rodent models (Sethi et al. 2019). In addition to above effects
inhibition of COX-2 enzyme is associated with reduction in
indoleamine 2,3-dioxygenase (IDO) activity and simultane-
ously leads to reduction in glutamine-induced excitoxicity.
Moreover, the increased expression of COX-2 and IDO1 is
linked with excessive production of prostaglandin (PG)E, and
kynurenines, respectively (lachininoto et al. 2013).

Conclusion

The inflammatory signaling pathways and its mediators may
have significant contribution in the pathogenesis of depres-
sion. Targeting inflammation can be emerged as a potential
approach for the treatment of depression. Anti-inflammatory
drugs can be used as a mainstay of treatment or as add-on
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treatment with other benchmark antidepressant drugs. Anti-
inflammatory drugs also target the increased oxidative stress
and reactive oxygen species production and hence have
marked contribution in the treatment of depression.
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