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Abstract 

The Janus kinase-signal transducer and transcription activator pathway (JAK-STAT) serves as a cornerstone in cel-
lular signaling, regulating physiological and pathological processes such as inflammation and stress. Dysregulation 
in this pathway can lead to severe immunodeficiencies and malignancies, and its role extends to neurotransduction 
and pro-inflammatory signaling mechanisms. Although JAK inhibitors (Jakinibs) have successfully treated immuno-
logical and inflammatory disorders, their application has generally been limited to diseases with similar pathogenic 
features. Despite the modest expression of JAK-STAT in the CNS, it is crucial for functions in the cortex, hippocampus, 
and cerebellum, making it relevant in conditions like Parkinson’s disease and other neuroinflammatory disorders. 
Furthermore, the influence of the pathway on serotonin receptors and phospholipase C has implications for stress 
and mood disorders. This review expands the understanding of JAK-STAT, moving beyond traditional immunologi-
cal contexts to explore its role in stress-related disorders and CNS function. Recent findings, such as the effectiveness 
of Jakinibs in chronic conditions such as rheumatoid arthritis, expand their therapeutic applicability. Advances in iso-
form-specific inhibitors, including filgotinib and upadacitinib, promise greater specificity with fewer off-target effects. 
Combination therapies, involving Jakinibs and monoclonal antibodies, aiming to enhance therapeutic specificity 
and efficacy also give great hope. Overall, this review bridges the gap between basic science and clinical application, 
elucidating the complex influence of the JAK-STAT pathway on human health and guiding future interventions.
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Graphical Abstract

Introduction
The Janus kinase-signal transducer and transcription 
activator pathway (JAK-STAT) is a seminal axis in cel-
lular signal transduction, facilitating the transmission of 
signals from membrane-bound receptors to the nucleus 
and governing cellular activities such as proliferation, dif-
ferentiation, and apoptosis [1]. Comprising four mem-
bers, JAK1, JAK2, JAK3 and TYK2, the JAK family of 
nonreceptor tyrosine kinases (nRTKs) is differentially 
expressed across various cell types and plays distinct 
roles in cytokine signaling and cellular processes. These 
include immune modulation, antiviral responses, and 
hematopoiesis, among others [1, 2]. Although the path-
way is fundamental to both innate and adaptive immune 
responses, mutations can lead to detrimental outcomes, 
such as severe immunodeficiencies and oncogenic trans-
formations [1–7].

The existing literature on JAK-STAT signaling is rich in 
insights into its role in infectious diseases, autoimmune 
disorders, and cancers. However, the implications of the 
pathway for stress and stress-related disorders remain 
underexplored [3, 4]. Therefore, this review aims to fill 
this research gap by focusing on the role of the JAK-STAT 
pathway in inflammation and stress-related conditions, 
emphasizing the shared mediators and mechanisms 
between stress and inflammation, as well as the attributes 
of depression-like states associated with inflammation 
[5–7].

Our overarching objective is to provide a comprehen-
sive and up-to-date analysis that serves as a stepping 
stone for future research and therapeutic advancements. 

Specifically, this review will advocate for expanding the 
scope of research on the involvement of the JAK-STAT 
pathway in stress-related conditions, thereby unearthing 
new avenues for the application of JAK inhibitors (Jakin-
ibs) across a broader array of diseases.

Psychoemotional stress, its connection to cellular 
pro‑inflammatory stress, and neuroinflammation
Physiological and pathological significance of mental 
stress
Stress-related disorders encompass a variety of condi-
tions, including posttraumatic stress disorder, acute 
stress reaction, adjustment disorder, and depression. 
These disorders commonly manifest themselves after 
traumatic or stressful life events [8]. Chronic psycho-
logical stress and depression are notably associated with 
increased pro-inflammatory states within specific regions 
of the brain [9]. Furthermore, these disorders are associ-
ated with functional anomalies on the hypothalamic–
pituitary–adrenal (HPA) axis and elevated sympathetic 
nervous system activity, both of which contribute to the 
development and exacerbation of mental and psychoso-
matic illnesses [10].

It is worth noting that stress may possess dual char-
acteristics: adaptive and maladaptive (distress). The 
distinction between these forms hinges on several 
parameters, such as duration and severity [11]. Identify-
ing the nuances between the adaptive and maladaptive 
aspects of mental stress remains a challenging task [12]. 
Clinical manifestations of distress include depression and 
other mental disorders related to stress.
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Pro‑inflammatory cell‑tissue stress and inflammation
Recent advances in molecular biology and pharmacology 
have provided a comprehensive framework to understand 
cellular stress and inflammation [13]. The conservative 
mechanisms underlying pro-inflammatory cellular stress 
serve as a common response across various types of cells 
to real or potential damage. This response is character-
ized by oxidative stress, the activation of inducible intra-
cellular signaling pathways, and the establishment of a 
pro-inflammatory cellular phenotype, both secretory and 
receptor-based. These mechanisms facilitate cellular sur-
vival and tissue adaptation under challenging conditions, 
but may also result in various outcomes such as pro-
grammed apoptosis, necrosis, cellular senescence, trans-
differentiation, and malignancy. At the tissue level, these 
processes can manifest themselves as tumor growth, 
tissue sclerosis, tissue atrophy, and different variants of 
inflammatory processes [14].

Inflammation can be broadly classified into at least 
three primary categories [14]. Canonical inflammation 
is delineated by focal exudative-vascular reactions and 
marked leukocyte migration to the site of tissue injury. 
Life-threatening systemic microvascular inflammation is 
characterized by shockogenic conditions, intravascular 
coagulation, and cytokine storms [15, 16]. In contrast, 
low-grade chronic inflammation arises from metabolic 
stressors and other low-intensity stressors and lacks a 
barrier function in the focus of inflammation. It exhibits 
transitional states ranging from physiological conditions 
to the onset of canonical inflammation [17]. Of particular 
interest, low-grade chronic inflammation is implicated 
not only in classical neurodegenerative disorders but 
also in latent neurodegeneration associated with stress-
induced depressive states [18].

The role of pro‑inflammatory cellular stress in ensuring 
homeostasis of nervous tissue and pathology
Despite the protective measures inherent to neural tis-
sue, such as the blood–brain barrier and unique meta-
bolic properties that minimize aerobic breakdown of 
fatty acids, as well as the comparatively low pro-inflam-
matory activity of stromal macrophages (microglia), tis-
sue remains highly vulnerable to a variety of damaging 
factors and alterations in multiple homeostatic parame-
ters. This susceptibility is partly attributed to the elevated 
metabolic demands of the tissue, specifically high rates 
of energy, glucose, and oxygen consumption. Addition-
ally, the tissue experiences rapid protein metabolism and 
fluctuating ion concentrations, including calcium within 
neurons [19–21].

Given this context, it is not surprising that imbalances 
in neurotransmitter activity can precipitate excitotoxicity 

and localized neural tissue damage, conditions that 
are frequently observed in stress and depression [22, 
23]. In particular, neurotransmitter signaling pathways 
often incorporate protein kinases, transcription factors, 
and other regulatory elements, thereby facilitating the 
development of cellular pro-inflammatory stress. This 
is especially pertinent for neurotransmitters that oper-
ate through metabotropic receptors linked to G pro-
teins, which are involved in neurotransduction and in the 
maintenance of neural cell homeostasis [24].

In light of these observations, a pro-inflammatory 
secretory and receptor phenotype is also manifested in 
neural cells, including neurons. Unlike other cell types, 
these neural cells can contribute to the cytokine network 
under specific conditions such as neurogenic stress, pain, 
migraines, and both neurodegenerative and psychiatric 
disorders [25–28]. Extended periods of psychoemotional 
stress, particularly in regions of the brain such as the hip-
pocampus and other components of the limbic system, 
induce the production of pro-inflammatory cytokines. 
These cytokines are believed to play a role in the patho-
genesis of trauma-induced anxiety and the onset of 
depression, in part through negative feedback mecha-
nisms [29].

Interrelationship between mental stress, depression, 
and pro‑inflammatory cellular tissue stress
The relationship between mental stress, depression, and 
pro-inflammatory stress of cellular tissues can be intri-
cately complex, as these biological phenomena often 
intersect and influence each other. In the realm of men-
tal health, persistent and dysregulated mental stress can 
lead to functional impairments and structural alterations 
in particular regions of the brain. These ramifications are 
not isolated events; rather, they engage pro-inflammatory 
tissue stress mechanisms, providing a substrate for dif-
ferent forms of neuroinflammation. It should be noted 
that the onset of such neuroinflammatory states often 
involves multilateral physiological disruptions, such as 
dysregulation of the hypothalamic–pituitary–adrenal 
(HPA) axis, compromised integrity of the intestinal bar-
rier, altered hemodynamics, and other related processes.

In addition, a pathogenetic link is established between 
distress in the neuroendocrine system and localized and 
systemic inflammatory manifestations in the extracer-
ebral organs. These interconnected phenomena under-
score the complexity of the relationships between 
mental stress, depression, and various pathological 
states, including inflammation, tissue senescence, and 
allostasis. By understanding these intricate connections, 
researchers can better target mechanisms for therapeu-
tic intervention, particularly in conditions characterized 
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by chronic mental stress and its consequent systemic 
manifestations.

Possible role of the JAK ‑STAT pathway 
as pro‑inflammatory factors in maintaining 
homeostasis in nervous tissue and in the pathogenesis 
of stress‑associated neuropsychiatric diseases
The JAK-STAT pathway occupies a pivotal position at the 
convergence of cytokine-mediated signaling and neuro-
transduction, facilitating the intricate regulation of neu-
roinflammation and its associations with stress-induced 
neuropsychiatric conditions. This comprehensive explo-
ration amalgamates the evolutionary perspective of the 
pathway with its diverse roles in maintaining homeosta-
sis within nervous tissues and its involvement in stress-
related neuropsychiatric disorders. From an evolutionary 
point of view, the JAK-STAT pathway predates the diver-
gence of protostomes and deuterostomes, underscor-
ing its involvement not only in canonical inflammation 
but also in primordial forms of immunity [30, 31]. Its 
evolutionary trajectory aligns with the emergence of 
vertebrates, characterized by a diversification of path-
way components along with a proliferation of cytokines 
and their corresponding receptors [32]. In addition, the 
ancestral origins of JAK-STAT interactions with the glu-
tamate receptor system, the NMDA receptor (NMDAR) 
and other pathways related to oxidative stress and 
hypoxia are discernible, even in phylogenetically distant 
species such as zebrafish [33].

Going beyond traditional inflammation, the JAK-STAT 
pathway shows remarkable functional versatility. In onco-
logical contexts, IL-6/JAK-STAT3 signaling plays a key 
role in the regulation of various aspects of tumor biology, 
including cell proliferation, metastasis, and the concur-
rent suppression of antitumor immune responses [34]. 
Furthermore, its influence extends into embryogenesis, 
particularly in its modulation of the highly conserved 
Notch signaling pathway [35]. Critically, the JAK-STAT 
pathway is indispensable for maintaining homeostasis in 
tissue, its aberrant activation being implicated in a wide 
range of pathologies including obesity, diabetes, and low-
grade systemic chronic inflammation, which may mani-
fest in various tissues, including the nervous system [36, 
37]. Furthermore, the pathway plays a role in the instiga-
tion of low-grade systemic chronic inflammation, a con-
dition associated with sarcopenia, and also participates in 
the complex pathogenetic relationship between depres-
sion and systemic manifestations of chronic inflamma-
tion [38–41].

In the context of maintaining homeostasis in nerv-
ous tissues, the JAK-STAT pathway, activated primarily 
in glial cells such as astrocytes and microglia, assumes 
a pivotal role in regulating neuroinflammation [42–46]. 

The pathway orchestrates a delicate balance between 
pro-inflammatory and anti-inflammatory cytokines in 
response to various physiological signals, shaping the 
neuroinflammatory environment within nervous tissues 
[46]. In particular, the JAK-STAT pathway serves as a reg-
ulatory hub for transduction signals, affecting the activa-
tion of various inflammatory factors, growth factors, and 
angiogenic factors in the tumor microenvironment. It 
also participates in the regulation of the maturation, pro-
liferation, and differentiation of various immune cells [43, 
44]. In the realm of chronic stress and neuropsychiatric 
diseases, dysregulation of the pathway becomes a criti-
cal factor in the pathogenesis [45]. Chronic stress leads 
to sustained activation of the pathway in astrocytes and 
microglia, perpetuating neuroinflammation, which in 
turn contributes to neuronal dysfunction, synaptic dis-
orders, and cognitive impairments, hallmark features of 
stress-associated neuropsychiatric disorders. Concur-
rently, the pathway’s pro-inflammatory actions extend 
to the modulation of synaptic plasticity in neurons, with 
stress-induced activation having the potential to disrupt 
the balance of synaptic proteins and thus contribute to 
the pathogenesis of neuropsychiatric diseases [46].

In conclusion, these considerations underscore the 
need for a nuanced exploration of the JAK-STAT sign-
aling pathway, particularly its multifaceted implications 
within the realms of neuroinflammation and stress-
related neuropsychiatric disorders.

Jak kinase structure and regulatory mechanisms
Jak gene locations and protein structure
The four genes of the Jak family in mammals are dis-
tributed on three different chromosomes. Tyk2, the 
first member of the Jak family identified as a new class 
of nRTK in humans, is located on chromosome 19p13.2, 
clustered with the Jak3 gene at 19p13.1 [47]. The genes 
encoding Jak1 and Jak2 are found on chromosomes 
1p31.3 and 9p24, respectively [48].

Seven distinct Jak homology regions (JH) are structural 
domains within members of the Jak family, playing a vital 
role in their functioning and determining their unique 
functionalities and interactions within signaling path-
ways [35, 49–58]. The description of the JAK homology 
region, along with the foundational structure of the STAT 
domains, is as follows:

• JH1 (Tyrosine Kinase Domain): JH1, extensively 
studied, has tyrosine kinase activity, phosphorylating 
Jak and downstream molecules. It regulates activa-
tion and signaling pathways. The JH1 domain con-
tains structural components and conserved residues 
for kinase activity, including the ATP-binding site 
and the catalytic loop, critical for phosphorylation. It 
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also has regulatory elements that modulate Jak sign-
aling through autophosphorylation and interactions.

• JH2 (Pseudokinase Domain): Catalytically inactive 
JH2 negatively regulates Jak activity [50]. It interacts 
with Jak and regulatory proteins, which impacts Jak 
activity. Mutations in JH2 lead to hyperactive JAK-
STAT pathways [50].

• JH3 (Ferm-adjacent Region): Adjacent to FERM, JH3 
stabilizes Jak and mediates protein interactions [51, 
52]. It contributes to Jak’s association with cellular 
compartments, crucial for proper function [52].

• JH4 (Src Homology 2-like Domain): JH4 resembles 
SH2, aiding Jak in binding phosphorylated tyrosine 
residues to activated receptors, initiating signaling.

• JH5 (SH2-like Domain): Like SH2, JH5 mediates pro-
tein interactions and recruits downstream molecules 
to activated Jak [35, 49, 52–55]. It regulates Jak kinase 
activity and autoinhibition.

• JH6 (Unique Region): The role of JH6 is under study; 
it likely regulates interactions within signaling path-
ways [56], affecting Jak stability and conformation 
upon binding of the ligand.

• JH7 (Transactivation Domain): JH7 interacts with 
transcription factors, transactivating downstream 
genes [57], influencing cellular processes [58].

These seven Jak homology regions collectively con-
tribute to the structural organization, activity, regu-
lation, and interaction capabilities of JAK proteins, 
which play an indispensable role in cellular signaling 
processes.

Jak regulatory mechanisms
The JAK-STAT signaling pathway is a key mediator in the 
transduction of numerous cytokine-mediated signals. 
Different cytokines can specifically activate distinct JAK 
and STAT proteins, leading to a diverse range of cellu-
lar responses. An overview of the associations between 
cytokines, JAK kinases, and STAT proteins is provided in 
Table 1 and illustrated in Fig. 1. 

When ligand binding, receptor dimerization activates 
the associated JAKs, initiating transphosphorylation 
that increases their kinase activity. This, in turn, ena-
bles the phosphorylation of specific tyrosine residues on 
the receptor, creating binding sites for proteins with Src 
homology 2 (SH2) domains, predominantly STAT pro-
teins [60]. Once bound to these phosphorylated tyros-
ines, STATs undergo phosphorylation by activated JAKs, 
dissociate from the receptor, and form homodimers or 
heterodimers. Subsequently, they translocate to the cell 
nucleus to initiate gene transcription [60]. During this 
classical activation of JAK-STAT, there is an induction 
of alternative signaling pathways associated with cellu-
lar stress, notably the phosphoinositide 3-kinase/protein 
kinase B (PI3K/AKT) and mitogen-activated protein 
kinase/extracellular signal-regulated kinase pathways 
(MAPK/ERK) [61]. These alternative pathways share a 
common feature: the SH2 domain in their key regulatory 
proteins [61].

This intricate co-activation pattern signifies that sign-
aling via JAK-dependent receptors not only orchestrates 
the classical JAK-STAT cascade, but also instigates a 
more complex network of trans-signaling pathways, 
such as PI3K/AKT and MEK/ERK [57]. The specific-
ity of STAT activation is dependent on various factors 

Table 1 Associations Between Cytokines, JAK Kinases, and STAT Proteins

The parentheses indicate the specific JAKs or their combination, present on the same cytokine receptor, that activate the corresponding STAT monomer or dimer. 
Additional regulatory components, such as suppressor of cytokine signaling (SOCS) proteins, can also modulate JAK-STAT signaling. References: [2, 59–65]

Cytokines JAK STAT 

IL-7, IL-9, IL-15, IL-21 (all share a γ-chain with IL-2R) JAK1, JAK3 STAT1, STAT3 (JAK1), STAT5 (JAK1/JAK3)

IL-2 (IL-2Rαβγ) JAK1, JAK2, JAK3 STAT1, STAT3, STAT4, STAT5

IL-3, G-CSF, GM-CSF JAK2 STAT5 (JAK2/JAK2)

IL-4 JAK1, JAK3 STAT6

IL-5 JAK1, JAK2 STAT1 (JAK1/JAK2), STAT5 (JAK2)

IL-6, IL-11 JAK1, JAK2, TYK2 STAT3 (JAK2/TYK2; JAK1)

IL-12 JAK2, TYK2 STAT4 (JAK2/TYK2)

IL-13 JAK1, JAK2, TYK2 STAT6 (JAK1/TYK2)

IFNα/β JAK1, TYK2 STAT1/STAT2, STAT4 (JAK2/TYK2)

IFNγ JAK1, JAK2 STAT1/STAT1 (JAK1/JAK2)

IL-10 family: IL-20, IL-22, IL-24, IL-26 JAK1 STAT3 (JAK1)

IL-10 (IL-10R) JAK1, TYK2 STAT1, STAT3

IL-23 JAK2, TYK2 STAT3 (JAK2/TYK2), STAT4 (JAK2/TYK2)
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including the composition of JAKs and receptor char-
acteristics, as demonstrated by the differing impacts of 
cytokine receptors such as IL-2, IL-4, and others that use 
the common gamma chain (CD132) [66]. Moreover, the 
enzymatic activity of JAK is subject to multiple layers of 

intricate regulation. These include intrinsic regulatory 
events, such as post-translational modifications and the 
inhibitory function of the pseudokinase domain, as well 
as a large number of extrinsic regulatory elements [66]. 
Extrinsic Jak regulatory mechanisms include:

Fig. 1 Cytokine signaling through the JAK-STAT pathway in physiological conditions. Note: Top: 1A—receptors IL-2 (IL-2Rαβγ); 1B—receptors 
γc -family cytokines; 2–gp130 subunit receptors; 3—type II cytokine receptors; 4—type I cytokine receptors. Under standard physiological 
conditions, the JAK-STAT pathway acts as an indispensable cellular communication mechanism. Highlighted are distinct regulatory combinations 
integral to its functionality, including JAK1-JAK2-JAK3/IL-2, IL-4, IL-7, IL-9, IL-15/JAK1, and JAK3. Center: Central to the depiction is the sophisticated 
intracellular machinery responsible for transcriptional and translational cascades, which are activated by specific cytokines. Bottom: Four cardinal 
roles of the JAK-STAT pathway under normal physiological conditions, undisturbed by external stressors, are elucidated: 1) Immune regulation: 
Modulating, differentiating, and activating immune cells. 2) Defense mechanisms: Spearheading potent antiviral and antitumor responses 
that determine the body’s resistance to the occurrence of infectious and tumor diseases .3) Hematopoiesis: Governing the process of blood cell 
formation. 4) Metabolic regulation: Navigating cellular energy dynamics. In essence, this figure underscores the JAK-STAT pathway’s paramount 
importance in cellular physiology, particularly in conditions devoid of stress
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• SOCS-mediated Negative Feedback: SOCS proteins 
inhibit JAK by binding to activated JAK and cytokine 
receptors, limiting downstream signaling [67]. They 
also promote JAK degradation through the ubiqui-
tin proteasome pathway, leading to inactivation [68]. 
Recent studies highlight their role in fine-tuning the 
immune response [69].

• Protein Phosphatases: Protein phosphatases, includ-
ing PTPs and PPs, dephosphorylate tyrosine and 
serine/threonine residues in JAK, regulating activity 
[1, 70, 71]. PTP1B, SHP1, SHP2, and CD45 directly 
impact JAK for regulation [1, 63, 64, 71–80].

• Feedback Inhibition by Suppressors: Inhibitors con-
taining SH2 domains target JAK phosphotyrosines 
for dephosphorylation, involving SH2 domain-con-
taining protein tyrosine phosphatases (SHP) [70]. 
PIAS proteins suppress Jak activity by interfering 
with the JAK-STAT interaction or modulating JAK-
STAT signaling by SUMOylation [49, 79].

• LNK (SH2B3): This adapter protein with SH2 and PH 
domains targets JAK phosphotyrosines [80].

• Cytokine receptor complex association: JAK is asso-
ciated with cytokine receptor complexes, crucial for 
activation and signaling [81]. Disruptions lead to 
inactivation [59, 66].

• Post-translational Modifications: JAK undergoes 
phosphorylation, acetylation, SUMOylation, and 
ubiquitination to modulate activity [58].

The activation process of JAK proteins is also regulated 
by intramolecular interactions, which are instrumen-
tal in modulating their activity and signaling [82]. These 
interactions, which involve various domains within the 
structure of the JAK protein, play a critical role in the 
precision control of JAK-mediated signaling pathways 
and include:

• JH2-JH1 domain interaction: The pseudokinase 
(JH2) and kinase (JH1) domains interact within JAK 
to regulate function. Inactivity involves JH2 associ-
ated with JH1, inhibiting kinase activity. Ligand bind-
ing to the cytokine receptor triggers conformational 
changes, disrupting the JH2-JH1 interaction, and 
activating JAK kinases [83].

• FERM domain role: The N-terminal FERM (Four-
point-one, Ezrin, Radixin, Moesin) participates in 
intramolecular interactions, communicating with 
other JAK domains, influencing JAK activity and sta-
bility [59].

• SH2 domain contribution: The JAK SH2 (Src Homol-
ogy 2) domains participate in intramolecular interac-
tions that modulate JAK activation. Inactivity entails 
SH2 interaction with other JAK regions, limiting the 

conformation. Ligand binding and receptor activa-
tion prompt conformational changes, releasing JAK 
activation [84].

These intrinsic interactions serve as central regula-
tory mechanisms that oversee JAK activation and sign-
aling. They ensure stringent regulation of JAK-mediated 
pathways, thus facilitating accurate cellular responses 
to extracellular signals. Dysregulation of Jak regulatory 
mechanisms can induce aberrant signaling, which con-
tributes to various diseases. Therefore, understanding the 
intricate interplay between these regulatory mechanisms 
and JAK proteins is essential for the creation of therapeu-
tic strategies that target Jak signaling pathways.

Cellular location and biological activities of JAKs
Localization and expression of JAKs in immune cells
JAKs reside primarily in the cytoplasm, as confirmed by 
research [84, 85]. Ligand binding prompts their asso-
ciation with cytokine receptors, which recruit them to 
activated receptor complexes at the plasma membrane. 
However, it is notable that JAKs also populate other cel-
lular domains, such as membranes, cell surfaces, and the 
endoplasmic reticulum, possibly serving distinct func-
tions in various cellular processes [83, 84]. Recent stud-
ies reveal nuclear localization of specific JAKs and their 
involvement in various cellular contexts. For example, 
nuclear expression of JAK1 occurs in large B-cell lym-
phoma, hinting at its nuclear tyrosine kinase role in 
histone phosphorylation and cell survival in human 
hematopoietic stem cells and B-cell leukemia cells [85]. 
Similarly, nuclear JAK2 localization influences histone 
phosphorylation and cellular survival [86]. Nuclear JAK3 
is detected in cutaneous T cell lymphoma (CTCL) and 
primary malignant T cells in patients with Sézary syn-
drome, indicating its role in the pathogenesis of these 
conditions [87]. These findings underscore the varied 
subcellular placements and functions of JAKs, broaden-
ing their biological activities. Thorough exploration is 
needed to fully grasp the functional significance of JAK 
localization in cellular processes and disease scenarios.

The different members of the JAK family, JAK1, JAK2, 
JAK3, and TYK2, exhibit unique expression patterns 
in cell types. Although JAK1 and JAK2 are broadly 
expressed, JAK3 is confined to hematopoietic cells and 
lymphoid tissues [83–85]. TYK2, in contrast, is found 
in both immune and non-immune cells. JAK expression 
varies among immune cell types, reflecting their specific 
roles in signaling and functions (Table 2, Fig. 1) [10].

JAK family members: diverse biological activities
JAKs play crucial roles in a wide range of biological 
activities by mediating signaling pathways activated 
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by cytokines and growth factors [37, 72, 95, 103–154] 
(Table 3).

JAK1 serves as a central mediator in multiple cytokine 
signaling pathways, including class II, γc receptor, and 
gp130 subunit receptors. It significantly impacts immune 
responses, antitumor immunity, and bone homeostasis, 
making it a promising candidate for selective therapeutic 
intervention and offering an alternative to nonselective 
Jakinibs to minimize side effects associated with JAK2 
or JAK3 [72, 73, 94, 103, 105]. Mutations and deficien-
cies in JAK1 have been implicated in cancer immunity 
and immunodeficiency in murine models and human 
pathology [99–114]. Unlike JAK1, JAK2 is primarily acti-
vated by various cytokines, including erythropoietin, 
IL-3, and GM-CSF, and is essential for erythropoiesis, 
thrombopoiesis, and granulocyte differentiation. In par-
ticular, dysregulation of JAK2 leads to hematologic disor-
ders such as myeloproliferative neoplasms and leukemia 
[119–129].

JAK3 specializes in associating with the common γc 
receptor chain and is indispensable for lymphoid func-
tions and hematopoietic cell differentiation, modulat-
ing pro-inflammatory cytokine production in innate 
immune cells [121, 130, 132, 134, 137]. Furthermore, 
metabolic implications of the JAK-STAT signaling cas-
cade are evident; JAK3 deficiency correlates with insulin 
resistance, while variations in Tyk2 and Stat6 levels are 
associated with metabolic disorders such as obesity and 
glucose intolerance [37, 139–142]. Tyk2 facilitates sig-
nals from IL-12, interferons, and other cytokines, playing 
a crucial role in immune cell differentiation, especially 

in macrophages and NK cells, and influencing early and 
osteogenic lineage differentiation in mouse embryonic 
stem cells [143–152].

In summary, members of the JAK family, including 
JAK1, JAK2, JAK3 and TYK2, manifest a myriad of cru-
cial roles in various biological activities (Table 1). These 
roles range from cytokine signaling, immune responses, 
and hematopoiesis to metabolic functions, cellular 
growth, and survival. A comprehensive understanding 
of their distinct and overlapping functions is essential 
to delineate their contributions to both normal cellular 
functions and the pathogenesis of a variety of diseases.

JAK‑STAT pathway under physiological conditions 
in the central nervous system
The significance of the JAK-STAT signaling pathway is 
not restricted to the peripheral immune system but also 
encompasses vital functions within the central nervous 
system (CNS). Although initially identified for its semi-
nal role in immune responses, this pathway has become 
a pivotal mediator in the CNS, governing processes 
such as neuroinflammation, neurogenesis, and synaptic 
plasticity. The dual function of the pathway, modulat-
ing both immune responses and neuronal activities, fur-
ther enhances our comprehensive understanding of both 
physiological and pathological processes in the brain.

The expression of JAK and STAT proteins in the 
CNS is relatively subdued compared to other physi-
ological systems; however, its presence is discernible 
in key brain regions, including the cerebral cortex, hip-
pocampus, hypothalamus, and cerebellum. Importantly, 

Table 2 Expression Patterns and Roles of JAK Family Members in Different Immune Cell Types

Immune Cell Type JAK Expression Role and Function References

T cells JAK1, JAK3 (lesser extent: JAK2, TYK2) Crucial for T cell receptor (TCR) signaling and develop-
ment

 [88, 89]

Initiate the activation of key transcription factors (STAT) 
essential for the differentiation of Th1 (STAT1/4), Th2 
(STAT5/6), Th17 (STAT3/5), and Treg (STAT3/5) cell subsets

 [17, 90]

B cells JAK1, JAK3 Relay signals from the B-cell receptor (BCR) and cytokine 
receptors. JAK1 aids B cell development, JAK3 vital 
for maturation

 [90, 91]

NK cells JAK1, JAK3 (also: JAK2, TYK2 for NK development) Transduce signals from cytokine receptors (IL-2, IL-15). 
Promote NK cell development, survival, and cytotoxicity

 [92–95]

Neutrophils JAK expression less explored Implicated in cytokine release via JAK-STAT signaling. 
Influence pro-inflammatory responses

 [94–97]

Monocytes JAK1, JAK2 Essential for cytokine and growth factor signaling. Regu-
late monocyte activation, differentiation, and immune 
responses

 [98–100]

Inflammatory macrophages JAK1-3, TYK2 Initiate essential transcription factors (STAT and NF-κB) 
to trigger the differentiation process: M1 (STAT1, NF-κB), 
M2a (STAT3/6), M2b (NF-κB), and M-reg (STAT3)

 [17, 90]

Dendritic cells (DC) JAK1, JAK2, JAK3 Drive DC maturation, antigen presentation, and cytokine 
production

 [101, 102]
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the expression of these proteins undergoes develop-
mental modulations: elevated levels are observed dur-
ing the embryonic stages, particularly for JAK2, JAK1, 
STAT3, STAT6, and STAT1, which gradually decline as 
the organism matures [153–156]. Recent studies have 
revealed that JAK2 and STAT3 play an indispensable role 
in hippocampal synaptic plasticity, a mechanism inte-
gral to learning and memory, suggesting functions that 
transcend their traditional roles in gene regulation. The 
pathological implications of the JAK-STAT pathway in 
the CNS are predominantly related to neuroinflamma-
tory processes and cell survival, extending its influence to 
a range of neurological disorders. These include, but are 
not limited to, epilepsies, brain cancer, ischemic lesions, 
and neurodegenerative conditions such as Alzheimer’s 
disease.

In summary, the JAK-STAT pathway serves as a ver-
satile signaling axis, with ramifications that range from 
immune modulation to complex neurobiological pro-
cesses within the CNS. Its role in both physiological and 
pathological states provides a compelling area for future 
research aimed at elucidating mechanistic insights and 
therapeutic avenues.

JAK‑STAT in brain cells development and functioning
The development and functioning of brain cells, includ-
ing neurons, astrocytes, and oligodendrocytes, are 
regulated by the JAK-STAT pathway. During brain devel-
opment, neural stem cells (NSCs) or neural progenitor 
cells (NPCs) differentiate into these various cell types. In 
the adult brain, neurogenic regions such as the subven-
tricular zone (SVZ) of the olfactory bulbs and the dentate 
gyrus (DG) of the hippocampus harbor NSC populations 
[156]. NSC proliferation is controlled by the JAK-STAT 
pathway, with cytokines such as IL-15 expressed by adult 
NSCs in the SVZ activating STAT1, STAT3, and STAT5. 
Inhibition of JAK blocks NSC proliferation [157].

JAK-STAT signaling activation plays a role in astroglio-
genesis, as forced activation leads to precocious astroglio-
genesis, while inhibition of the pathway blocks astrocyte 
differentiation. Autoregulation of the JAK-STAT pathway 
is suggested to control the onset of astrogliogenesis [157]. 
JAK1 is predominantly involved in astrocytic differenti-
ation, while JAK2, which can be activated by the leptin 
receptor, is essential for neural stem cell proliferation 
[158–160]. Modulation of JAK3 signaling also contrib-
utes to the differentiation of neurons, oligodendrocytes, 
and microglial cells [161]. Furthermore, Jak3-dependent 
microglial activity regulates the development of neurons 
and neurite outgrowth [160]. In neurons, the JAK-STAT 
pathway is involved in the control of the release of hor-
mones and peptides from structures of the CNS such as 

the hypothalamus, influencing processes such as energy 
homeostasis and reproduction in the CNS.

The JAK-STAT pathway is influenced by various 
upstream regulators, including cytokines, hormones, 
and growth factors. These regulators have been shown 
to modulate synaptic activity and alter synaptic function 
[161].

The interplay between JAK‑STAT and CNS Receptors
The JAK-STAT pathway plays a crucial role in regulating 
the inflammatory and stress response. Its interaction with 
receptors in both the central and peripheral nervous sys-
tem contributes to its complex and versatile functionality. 
These receptors are distributed throughout the central 
and peripheral nervous system and serve as transmit-
ters of signals essential for normal neurological function. 
In addition, they play a pivotal role in the detection and 
response of external and internal stressors. As a result, 
the interaction between JAK-STAT and these receptors 
forms a critical network that responds to inflammation 
and stress, influencing central and peripheral processes.

JAK‑STAT and serotonin receptors
The interplay between serotonin and JAKs, particularly 
JAK2, is evident in the context of atypical antipsychot-
ics and their effects on serotonin signaling. Serotonin 
receptors, specifically 5HT2A, can stimulate phospholi-
pase C (PLC), a vital element of signal transduction path-
ways. Certain medications, such as atypical antipsychotic 
olanzapine, can desensitize the activation of PLC by the 
5HT2A receptor, and this desensitization appears to be 
mediated, at least in part, by the JAK-STAT pathway 
[162–165]. This suggests a crucial role for the JAK-STAT 
pathway in modulating serotonin receptor activities and 
influencing PLC signaling, providing insight into the neu-
robiological underpinnings of stress and mood disorders 
and potentially opening avenues for targeted therapeutic 
strategies.

The 5-HT2A receptor is widely distributed in periph-
eral tissues and is known to be coupled to Gαq, activat-
ing the signaling pathways of phospholipase C (PLC) 
and protein kinase C (PKC). Furthermore, the 5-HT2A 
receptor has been shown to activate the JAK2-STAT3 
pathway along with the MEK-ERK1/2 pathway and the 
JAK2-STAT3 pathway, which are associated with sur-
vival, differentiation, migration, and invasion [166–168]. 
This indicates that the 5-HT2A receptor can activate 
multiple mitogenic pathways, including JAK2-STAT3 
and PKC-Ras-Raf-1-MAPK, in various cell types [169]. 
Atypical antipsychotics, such as olanzapine, clozapine, 
and MDL100907, have been shown to induce desensiti-
zation of 5-HT2A receptor signaling and decrease phos-
pholipase C (PLC) activity [162–165]. The mechanisms 
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underlying this desensitization process are likely tissue-
specific and involve multiple processes. In particular, 
activation of the JAK-STAT signaling pathway by atypical 
antipsychotics leads to increased expression of G protein 
signaling (RGS) protein regulators, particularly RGS7 
[170]. This up-regulation of RGS7 expression is observed 
in both in  vitro and in  vivo models and contributes to 
desensitization of 5-HT2A receptor signaling by termi-
nating activated Gαq/11 proteins more rapidly [164, 165]. 
Furthermore, drugs such as fluoxetine (an atypical antip-
sychotic) and paroxetine (a selective serotonin reuptake 
inhibitor, SSRI) have been shown to have anti-inflamma-
tory effects by reducing serum concentrations of inflam-
matory cytokines IL-1β, IL-6, and TNF-α, and inhibiting 
the expression of the JAK-STAT3 and TLR4/JNK gene 
in macrophages [171, 172]. These effects of paroxetine 
are partially mediated by the 5-HT systems present in 
immune cells and the JAK2-STAT3 pathway, indicating a 
role for serotonin in immunosuppressive processes [171].

In summary, the interaction between serotonin and 
JAK, particularly JAK2, is involved in the desensitization 
of 5-HT2A receptor signaling by atypical antipsychot-
ics. Activation of the JAK-STAT pathway is necessary for 
the complete desensitization response and up-regulation 
of RGS7 expression. Furthermore, modulation of JAK-
STAT3 signaling by fluoxetine and paroxetine suggests 
their potential as anti-inflammatory agents [162–165, 
171, 172]. These findings shed light on the complex inter-
actions between serotonin receptors and the JAK-STAT 
pathway, providing information on the pathophysiology 
of psychiatric disorders and offering potential avenues for 
targeted therapeutic interventions.

Furthermore, IL-6 is considered a prominent example 
of a STAT3 activator that triggers the JAK-STAT pathway 
[173]. Although the membrane-bound IL-6 receptor (IL-
6R) is expressed only in a few cell types, a soluble form 
of IL-6R (sIL-6R) can bind to extracellular IL-6, forming 
a complex with the ubiquitously expressed cell surface 
glycoprotein 130 (gp130) [174] (Fig. 1). This transsignal-
ing mechanism allows IL-6 to target various cell types, 
including neurons and other types of CNS cells [174]. The 
consistently reported link between IL-6 activity and psy-
chopathology is proposed to be primarily related to this 
type of signaling [175]. As one of the main downstream 
effectors of IL-6, the prominent role of STAT3 in psy-
chopathology suggests a possible involvement of STAT3 
signaling within the immune theory of psychiatric illness 
[176]. Evidence suggests that IL-6 can regulate serotonin 
transporter (SERT) expression and function, mediated by 
STAT3 activation, and systemic blockage of STAT3 leads 
to altered behavioral phenotypes relevant to mood disor-
ders [177]. There are also data that demonstrate the regu-
lation of STAT3 expression by SSRIs, which block SERT, 

suggesting a regulatory feedback loop between STAT3 
and SERT expression [171]. These findings indicate that 
the effects of IL-6 on the serotonergic system and behav-
iors relevant to psychiatric disorders may be mediated by 
JAK-STAT3 [176].

In general, serotonin can regulate JAK-STAT3 activa-
tion in certain cell types, leading to downstream tran-
scriptional effects dependent on serotonin and STAT3. 
Furthermore, there is evidence of molecular interactions 
between STAT3 and important elements of the seroton-
ergic machinery. For example, lithium chloride, a mood 
stabilizer used in the treatment of bipolar disorder and 
treatment-resistant major depressive disorder, inhibits 
STAT3 activation in astrocytes and reduces JAK-STAT3 
signaling activity [178, 179]. Knockdown of dorsal raphe 
(DR) STAT3 phenocopies behavioral alterations observed 
in STAT3 knockout mice, suggesting a role for STAT3 
signaling in controlling behavioral reactivity relevant to 
psychopathology [180, 181]. Collectively, these results 
highlight the involvement of the JAK-STAT pathway in 
the interaction between serotonin receptors and psy-
chiatric disorders, providing information on potential 
therapeutic targets and mechanisms underlying these 
conditions.

JAK‑STAT and other neurotransmitter receptors
The JAK-STAT pathway has a multifaceted involve-
ment in the regulation of neurotransmitter 
receptors, especially AMPA (α-amino-3-hydroxy-5-
methyl-4-isoxazolepropionic acid receptors), NMDA 
(N-methyl-D-aspartate receptors), and muscarinic recep-
tors, within the hippocampus, with implications for 
learning and memory [46]. For example, NMDA recep-
tors, essential for excitatory transmission and synaptic 
plasticity in the CNS, interact with IL-6 in a JAK-STAT-
dependent manner. Specifically, IL-6 elevates calcium 
influx through NMDA receptors, an action that can be 
counteracted by the NMDA antagonist MK-801; this pro-
cess is mediated via the JAK-STAT pathway, as blocking 
JAK3 negates the IL-6-induced calcium influx [182].

In the realm of cholinergic neurotransmission, the 
JAK2/STAT3 signaling axis is essential. Inactivation of 
this pathway leads to a cascade of effects that include 
downregulation of choline acetyltransferase, an enzyme 
crucial for acetylcholine synthesis, and desensitization 
of M1-type muscarinic acetylcholine receptors. These 
effects combine to negatively influence spatial working 
memory [183, 184]. Further supporting the significance 
of the pathway, Colivelin, a humanin derivative, enhances 
ERK phosphorylation through a JAK2- and STAT3-
dependent mechanism. Interference in this pathway, for 
instance through inhibition of JAK2, directly affects cho-
linergic function and spatial memory [181, 183, 184].
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Collectively, these findings position the JAK-STAT 
pathway as a central player in modulating neurotransmit-
ter receptors and associated cognitive functions, acting 
as an integral part of a complex regulatory network.

JAK‑STAT pathway under pathological conditions 
in the CNS
CNS inflammation refers to the activation of immune 
responses within the CNS, characterized by the recruit-
ment and activation of immune cells, the release of pro-
inflammatory mediators, and the disruption of normal 
cellular functions (Fig.  2). It can occur from various 
causes, including infection, autoimmune disorders, neu-
rodegenerative diseases, and psychological stressors such 
as depression. The key players in CNS inflammation are 
microglia and astrocytes, which get activated and release 
factors such as cytokines, chemokines, and growth fac-
tors. This leads to complex cross-talk between differ-
ent types of brain cells, including microglia, astrocytes, 
neurons, and endothelial cells. Increased expression of 
inflammation-associated genes characterizes the inflam-
matory locus.

Role of STAT isoforms in the development 
of neuroinflammation
The JAK-STAT signaling pathway is involved in the regu-
lation of inflammation in the CNS. Dysregulation of this 
pathway has pathological implications for neuroinflam-
matory diseases, particularly in triggering and polarizing 
myeloid cells and T cells toward pathogenic phenotypes 
[185]. The activation of the JAK-STAT pathway is influ-
enced by different cytokines. For example, anti-inflam-
matory cytokines such as IL-10 activate STAT3, while 
pro-inflammatory cytokines like IFN-γ induce STAT1 
phosphorylation through JAK2 [186]. The JAK-STAT 
transduction pathway is a highly conserved signaling 
cascade that intricately regulates cellular processes such 
as proliferation, differentiation, survival, and apoptosis. 
Perturbations within this pathway are closely related to 
the emergence of metabolic and neurological disorders. 
Recently, the exploration of neuroinflammatory agents 
has generated significant research interest [187–207]. 
Within the STAT family of transcription factors, compris-
ing six main isoforms (STAT1, STAT2, STAT3, STAT4, 
STAT5, STAT6) [154, 187], emerging scientific insights 
affirm the distinct roles of individual STAT members in 
the pathogenesis of neuroinflammation (Table 4).

In this context, STAT1 plays a pivotal role in steer-
ing the polarization of microglial stromal macrophages 
towards the pro-inflammatory M1 pole (Table  4). It’s 
noteworthy that STAT1 also takes center stage in orches-
trating the type 1 immune response (i1), characterized 
by heightened macrophage and effector cell activity [90]. 

Meanwhile, STAT2 predominantly mediates astrocyte 
activation, particularly in viral neuroinfections. Directly 
involved in the pro-inflammatory activation of microglia 
and astrocytes in various neuroinflammatory scenarios, 
STAT3 assumes a critical role, while STAT4 indirectly 
activates these cells by enlisting T cells in the inflamma-
tory fold (Table  2). The JAK2/STAT5/NF-κB pathway 
intricately engages microglial activation and Th17 helper 
cell participation in neuroinflammation, particularly 
in immune reactions to autoantigens. On the contrary, 
STAT6 promotes microglial differentiation towards the 
functional M2 pole, indicating the resolution of neuroin-
flammation (Table 4). Evidently, the potential modulation 
of specific STAT isoforms holds promise for fine-tuning 
the trajectory of neuroinflammation development. It is 
an intriguing avenue for targeted therapies that could 
address the intricate interplay between distinct STAT 
proteins and their implications in neuroinflammatory 
cascades.

Role of JAK‑STAT in demyelinating and neurodegenerative 
diseases (multiple sclerosis and Parkinson’s disease)
Chronic inflammation in the CNS has long been 
observed in Parkinson’s disease (PD) and has been pro-
posed to play an important role in the pathogenesis of the 
disease [95]. Suppression or modulation of the JAK-STAT 
pathway has shown promise in preclinical studies as a 
potential therapeutic strategy for PD and other neuro-
inflammatory diseases [95]. Inhibition of the JAK-STAT 
pathway influences both innate and adaptive immune 
responses by suppressing α-SYN-induced microglia 
activation and CD4 + T cell recruitment to the CNS, 
ultimately suppressing neurodegeneration (Fig.  2). The 
findings of Qin H et al. (2016) were the first documenta-
tion that suppression of the JAK-STAT pathway disrupts 
the circuitry of neuroinflammation and neurodegenera-
tion, thus attenuating the pathogenesis of PD [187]. Until 
now, a variety of synthetic or natural small molecule Jak-
inibs have shown promise in the treatment of a variety 
of diseases, many of which are in preclinical research or 
clinical trials [210, 211].

Although the involvement of JAK-STAT signaling in 
the pathogenesis of multiple sclerosis (MS) and its ani-
mal model, experimental autoimmune encephalomyelitis 
(EAE), is known, the underlying mechanisms are com-
plex due to the involvement of multiple cellular compo-
nents. In EAE, autoreactive Th1 cells produce IFN-γ via 
STAT4, promoting the activation of pro-inflammatory 
macrophages through STAT1. Similarly, Th17 cells pro-
duce GM-CSF in the CNS, favoring pro-inflammatory 
polarization of macrophages through JAK2/STAT5 
[212]. Pro-inflammatory microglia/macrophages facili-
tate Th1 polarization through JAK2/TYK2 and STAT4 
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Fig. 2 JAK-STAT pathway’s role in pathological conditions. The figure offers a schematic representation of the JAK-STAT pathway’s role 
in pathological conditions, prominently depicted in the left central portion. It underscores the pathway’s association with chronic stress, depression, 
and neurodegenerative processes. Notably, the 5-HT2A receptor is known to activate several mitogenic pathways, including JAK2-STAT3 
and PKC-Ras-Raf-1-MAPK, across various cellular configurations. Concurrently, data illustrate the regulation of STAT3 expression by selective 
serotonin reuptake inhibitors (SSRIs), which inhibit the presynaptic serotonin reverse transporter (SERT), suggesting a regulatory feedback 
nexus between STAT3 and SERT expression. Generally, serotonin is posited to modulate JAK-STAT3 activation in specific cell types, culminating 
in downstream transcriptional ramifications contingent on serotonin and STAT3. Further, the right central segment of the figure illuminates 
molecular interactions between STAT3 and pivotal components of the serotonergic machinery. These insights accentuate the JAK-STAT pathway’s 
role in the interface between serotonin receptors and psychiatric afflictions, offering valuable information about prospective therapeutic targets 
and the underlying mechanisms of these disorders. It is pivotal to highlight that such interactions against a backdrop of stress are accompanied 
by an elevated concentration of pro-inflammatory cytokines in the peripheral blood, attributed to the activation of immune cells, indicating chronic 
low-grade systemic inflammation. This interaction is depicted in the bottom left and right sections of the figure. A consequential impairment 
in the Blood–Brain Barrier (BBB) function leads to microglial activation and the subsequent release of pro-inflammatory cytokines, as presented 
in the left central segment. This cascade culminates in compromised neuronal functionality
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by producing IL-12, while they facilitate Th17 polariza-
tion through JAK1/2 and STAT3 by producing IL-23 and 
IL-6. Infiltrating neutrophils contribute to brain inflam-
mation in EAE and are critical for the occurrence of the 
atypical phenotype of EAE. G-CSF, produced during 
EAE, promotes neutrophil differentiation and activation 
through JAK1/2 and STAT3 [213]. Astrocyte activation in 
response to ER stress occurs through JAK1/STAT3 sign-
aling, and STAT3 activation depends on PERK, a central 
sensor of ER stress. ER stress-activated astrocytes secrete 
pro-inflammatory cytokines such as IL-6 and oncos-
tatin M (OSM) [213]. IL-6 produced by astrocytes has 
been shown to be critical for EAE induction, and IFN-γ 
signaling in astrocytes is involved in EAE [92]. Astro-
cytes also produce GM-CSF during the process of EAE 
disease, polarizing microglia and infiltrating monocytes 
into the pro-inflammatory phenotype via JAK2/STAT5 
[96]. Modulation of JAK-STAT signaling appears to play 
a role in chemical-induced demyelination, suggesting its 
involvement in the promotion of oligodendrocyte apop-
tosis and demyelination [214]. In Alzheimer’s disease 
(AD), neuroinflammation, along with the presence of 
Aβ plaques and neurofibrillary tangles, is a fundamental 

neuropathological characteristic. The JAK-STAT sign-
aling pathway associated with neuroinflammation has 
been evaluated as a target for drug therapy in AD. How-
ever, there are limited data available on the modulation of 
the JAK-STAT signaling pathway in the development of 
AD. Research is currently focused on understanding the 
complex pathophysiology of AD, including aberrant pro-
tein metabolism, inflammatory responses, and other pro-
cesses, to identify potential therapeutic strategies [214].

Role of JAK‑STAT during oxidative stress in the CNS
Another potential mechanism that involves JAKs is oxi-
dative stress in the CNS. Oxidative stress occurs when 
the production of free radicals exceeds the antioxidant 
capacity of the CNS. Modern molecular pathophysiol-
ogy studies have confirmed the significant role of oxida-
tive stress in various pathological changes in the CNS, 
including hypoxic/toxic injury, metabolic disturbance, 
inflammation, and oncogenesis (Fig.  2) [215–219]. 
Although ROS were previously considered harmful sub-
stances that could cause cell damage and lead to various 
pathological processes in the CNS, they are now recog-
nized as important signal molecules that regulate various 

Table 4 Role of STAT isoforms in the development of neuroinflammation

STAT isoform Role in neuroinflammation

STAT1 • Activation of STAT1 triggers microglial polarization toward M1, as evidenced by Butturini et al. in 2019 [189]
• Neuroinflammatory diseases activate the STAT1 / ASPP2 pathway in astrocytes, as demonstrated by Turnquist et al. in 2014 [190]
• The miRNA-338-3p / STAT1 pathway suppresses pro-inflammatory cytokines in astrocytes and microglia, as elucidated by Liu et al. 
in 2023 [191]
• The JAK2 / STAT1 pathway participates in the pro-inflammatory microglial phenotype, indicated by Zang et al. in 2022 [192]
• Abrocitinib inhibits JAK1/STAT1/NF-κB pathway, dampening microglia-mediated neuroinflammation, by Li et al. in 2022 [193]
• Curcumin downregulates the JAK1 / STAT1 pathway, improving brain damage and M1 microglia polarization in stroke-induced neuro-
inflammation, Wang et al. in 2022 [194]

STAT2 • STAT2 in CNS astrocytes influences the immune-glial interaction after CNS injury, by Khorooshi et al. in 2008 [195]
• STAT2 extends to nonviral infection responses, forming a STAT1 / STAT2 heterodimer, as stated by Rauch et al. in 2013 [196]

STAT3 • STAT3 depletion shifts microglial polarization from M1 to M2, after subarachnoid hemorrhage, Zheng et al. in 2022 [197]
• Stattic inhibits STAT3, reducing 193-induced microglial activation in the hippocampus of mice, Millot et al. in 2020 [198]
• In 2021, Hu et al. find an increase in STAT3 expression in neuroinflammation related to experimental periodontitis in rats [199]

STAT4 • The potential role of STAT4 in neuroinflammation involves the participation of T cells [200]

STAT5 • The JAK2/STAT5 pathway plays a pivotal role in IL-3-induced microglial activation [201]
• The anti-inflammatory impact of dauricin on microglia is largely mediated by the STAT5/NF-κB pathway, possibly acting as a STAT5 
inhibitor [202]
• In an experimental model of autoimmune encephalitis, STAT5 tetramers are instrumental in driving Th17 chemotaxis into meninges 
through the GM-CSF-STAT5-CCL17 mechanism. These tetramers present promising targets for targeted therapy [203]
• The presence of STAT5 is critical in autoimmune neuroinflammation, being necessary for the pathogenicity of T-helper cells, particu-
larly linked to hyperproduction of GM-CSF [204]
• The role of STAT5 in the formation of autoreactive CD4 + T cells in the context of neuroinflammation is confirmed not only by 
the research of Lawson BR (2015), but also by other authors [205]

STAT6 • IL-4 induces the shift of microglial polarization from the M1 to M2 state by activating the JAK1/STAT6 pathway, which ultimately con-
tributes to alleviation of neurological damage [206]
• Electroacupuncture improves the polarization of M2 microglia and the anti-inflammatory response of the hippocampal glia in Alzhei-
mer’s disease. This effect is partially mediated by STAT6 activation [207]
• Astragalin promotes the shift of microglial polarization towards the M2 phenotype, leading to alleviation of depressive symptoms. This 
process involves the prevention of STAT6 degradation [208]
• Inhibition of the IL-4Rα/JAK1 and JAK3/STAT6 pathways results in polarization of microglia toward the M1 phenotype during the devel-
opment of neuroinflammation [209]



Page 15 of 30Sarapultsev et al. Molecular Biomedicine            (2023) 4:40  

activities of the CNS [215]. Therefore, on the one hand, 
disruption of neurotrophic factor signaling by oxida-
tive stress mediators can contribute to neuronal damage 
observed in neurodegenerative diseases and significantly 
affect the therapeutic efficacy of ciliary neurotrophic fac-
tors (CNTFs) in preventing nerve cell death [216]. The 
action of CNTF signaling is predominantly mediated 
by the activation of Jak1/Jak2 [217]. Although the lev-
els of CNTF-like factors and CNTF receptor subunits 
appear unchanged in neuroinflammatory diseases, their 
activities can be altered, contributing to loss of neuronal 
function. In nerve cells, exposure to agents that increase 
oxidative stress results in blockade of the JAK-STAT 
pathway and disruption of growth factor and cytokine 
signaling, which could contribute to neurodegenerative 
damage [216]. Furthermore, oxidative stress-induced 
disruption of STAT survival signaling in neurons, com-
bined with enhanced STAT inflammatory signaling in 
non-neuronal cells, can further amplify neural injury. 
Furthermore, microglia activation triggers the activation 
of downstream kinases and transcription factors (JNK, 
p38 MAPK, JAK-STAT and NF-κB) [218]. Subsequently, 
these factors can upregulate immune molecules such as 
iNOS and NADPH oxidase (NOX), leading to the gen-
eration of NO and superoxide, respectively. Thus, spe-
cifically targeting the JAK-STAT and NF-κB signaling 
pathways may have potential as anti-inflammatory strate-
gies to confer cerebrovascular protection [208].

Increasing evidence has revealed the crucial role of 
astrocytes in the regulation of oxidative stress in the 
CNS [219]. The JAK-STAT signaling pathway emerges 
as a key mediator of astrogliosis [220]. Activated astro-
cytes exhibit dual properties known as A1 and A2 astro-
cytes. A1 astrocytes promote neuronal loss by inducing 
inflammation through the NF-kB pathway, which affects 
neuronal protection and synaptogenesis control [221]. 
In contrast, A2 astrocytes promote neuronal survival 
through the Janus kinase/signal transducer and activa-
tor of the JAK-STAT3 signaling pathway by upregulating 
neurotrophic factors [222].

In summary, the JAK-STAT pathway plays an impor-
tant role during oxidative stress in the CNS, influenc-
ing neurotrophic factor signaling, neuronal damage, and 
inflammatory responses. Furthermore, activated astro-
cytes exhibit ambidextrous properties that can contribute 
to neuronal loss or promote neuronal survival, depending 
on the specific astrocyte phenotype.

BDNF dysregulation
Brain-derived neurotrophic factor (BDNF) is involved in 
various crucial processes in the brain, including plasticity, 
neuronal survival, synapse formation, dendritic branch-
ing, and modulation of neurotransmitter profiles [223]. 

Dysregulation of BDNF release is commonly observed in 
brain pathologies, leading to reduced levels of BDNF in 
the brain and blood [224]. Studies have revealed associa-
tions between low levels of BDNF or high inflammatory 
markers and the development of depressive symptoms, 
highlighting the bidirectional regulation between these 
factors and their implications for depression and the anti-
depressant response [224, 225].

BDNF activation of its receptors modulates multiple 
signaling pathways, such as MAPK/ERK, PLCγ, PI3K, 
JNK, and NFkB [226]. In particular, increased levels of 
BDNF have been shown to activate JAK-STAT in both 
in  vivo and in  vitro models, including the rat model 
of epilepsy and primary cultured neurons [227]. Deep 
RNA sequencing studies have also demonstrated that 
BDNF-induced JAK-STAT signaling is enriched with 
genes involved in synaptic neurotransmission, including 
ion channels, neurotransmitter receptors, and regula-
tors of synaptic plasticity, neurogenesis, transcriptional 
regulation, neuroinflammation, and proliferation [228]. 
Interestingly, the mechanism of BDNF-induced regula-
tion of JAK-STAT appears to be noncanonical, as STAT3 
phosphorylation in Tyr705 is unlikely to control genome 
expression in neurons [228].

In summary, dysregulation of BDNF is associated 
with various brain pathologies and the development of 
depressive symptoms. BDNF activation of its receptors 
influences multiple signaling pathways, including the 
JAK-STAT pathway, which plays a role in synaptic neu-
rotransmission and various cellular processes involved in 
brain function and pathology.

Role of JAK‑STAT in stress response 
and stress‑associated diseases
The stress response and stress-associated diseases can 
be classified under both physiological and pathological 
conditions, depending on factors such as duration, inten-
sity, and impact. In physiological settings, the acute stress 
response is often adaptive, activating the "fight-or-flight" 
mechanism to cope with immediate challenges and usu-
ally resolving upon the removal of the stressor. This 
serves the broader purpose of maintaining homeostasis. 
Conversely, under pathological conditions, prolonged 
exposure to stress leads to chronic activation of these 
physiological responses, resulting in deleterious effects 
such as chronic inflammation, compromised immune 
function, and increased susceptibility to diseases such as 
cardiovascular disorders and autoimmune diseases. Fur-
thermore, maladaptive stress responses, exemplified by 
conditions such as post-traumatic stress disorder (PTSD), 
indicate instances where the stress mechanism itself 
becomes pathological. Therefore, the stress response and 
its associated diseases can manifest across a spectrum of 
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physiological to pathological conditions, depending on 
the complexities of the stressors involved. Thus, the intri-
cacy of stress phenomena justifies their segregation into a 
dedicated chapter.

The relationship between inflammation and depres-
sion/stress is bidirectional and complex [5–7]. Inflam-
mation can contribute to the development of depressive 
symptoms, while depression and stress can lead to 
increased inflammation [229–235]. The mechanisms 
underlying this relationship are still being investigated, 
providing an opportunity to explore the non-classical 
actions of JAK kinases and their interactions with recep-
tors, including serotonergic receptors [229–260]. The 
significant involvement of the JAK-STAT pathway in the 
stress response is underscored by research demonstrat-
ing up-regulation of genes governed by inflammatory 
transcription pathways, such as NF-κB and JAK-STAT, 
after exposure to acute stress [235]. A substantial propor-
tion of genes within the JAK/STAT signaling pathways 
exhibited a pattern of up-regulated gene expression from 
baseline to stress, followed by down-regulation during 
the recovery phase [235].

JAKs in stress response
Stress exposure triggers a cascade of hormonal, neuro-
transmitter, and immune responses that aim to maintain 
homeostasis. The activation of the sympathetic nervous 
system, which releases catecholamines such as adrenaline 
and noradrenaline, is a crucial component of the stress 
response. Recent studies suggest that these hormones 
can also indirectly influence the JAK-STAT pathway [230, 
231]. Despite recent advances, a comprehensive under-
standing of the intricate interactions between catechola-
mines, JAK-STAT, and their roles in the stress response 
and associated pathologies remains elusive. The ongoing 
research aims to unravel these complex mechanisms and 
shed light on the interaction between catecholamines 
and JAK-STAT in the stress response. Adrenaline and 
noradrenaline indirectly impact the JAK-STAT pathway, 
primarily through the release of cytokines, particularly 
IL-6. Cytokines significantly affect the adrenal medulla, 
leading to changes in secretion, intracellular signaling, 
gene transcription, and translation [61, 231–236]. IL-6 
activation has been reported to involve the JAK-STAT3 
and MAPK/ERK signaling pathways, further highlighting 
the interconnectedness of these signaling mechanisms 
[233]. In turn, adrenergic receptors, when activated, can 
stimulate various signaling cascades, including the PI3K/
Akt pathway, which regulates cell survival and function. 
The PI3K/Akt pathway interacts with JAK-STAT and 
can modulate its activity [232]. Thus, mental disorders 
can arise from inhibited PI3K/Akt signaling, affecting 
the function of neuronal and hippocampal stem cells. 

However, chronic stress can activate PI3K/Akt signaling 
through glucocorticoids and binding of noradrenaline to 
β-adrenergic receptors [231].

JAKs and the HPA axis activation
Combined with the sympathetic response, activation of 
the hypothalamic–pituitary–adrenal (HPA) axis leads to 
the release of cortisol, the primary stress hormone. Cor-
tisol plays a crucial role in maintaining homeostasis and 
also acts as an immune suppressor to prevent excessive 
immune system activation during stress [234–239].

The activation of the cortisol-mediated glucocorticoid 
receptor (GR) exerts broad anti-inflammatory effects 
by inhibiting NF-κB/Rel transcription factors and other 
pro-inflammatory signaling pathways, including the JAK-
STAT pathway [234]. Cortisol has also been shown to 
suppress cytokine expression, such as IL-1β, IL-8, IL-6, 
and TNFα2, in various cell types in response to immu-
nostimulants and lipopolysaccharide (LPS) [236–240]. 
LPS, recognized by TLR4, activates downstream signal-
ing through the NFκB and JAK-STAT pathways [236, 238, 
241]. Negative regulation of cortisol and growth hor-
mone (GH) signaling in mammals is mediated by SOCS 
genes, which target the JAK-STAT pathway [242–244]. 
This regulation by SOCS may integrate various physi-
ological functions related to the redistribution of energy 
substrates [242]. In particular, a study of trout by Philip 
AM and Vijayan MM (2015) suggests that cortisol-
induced upregulation of SOCS-1 and SOCS-2 transcript 
levels, leading to a reduction in the JAK-STAT signaling 
pathway, may represent a novel mechanism that contrib-
utes to growth reduction and immune suppression dur-
ing stress [243].

Under normal conditions, leptin signals satiety and 
regulates energy balance, while stress leads to increased 
cortisol and decreased leptin levels [238, 239]. Although 
it is primarily associated with satiety, leptin plays multi-
ple roles in energy homeostasis, metabolism, exercise, 
and neuroendocrine function [224, 225]. Reduced lep-
tin levels are associated with hyperphagia, hypogonado-
tropic hypogonadism, suppressed levels of thyroid and 
growth hormone (GH), and affect glucose homeostasis 
independently of food intake [244–247]. Leptin displays 
pulsatile and diurnal patterns, peaking around midnight 
and inversely correlating with pituitary-adrenal function. 
Glucocorticoids raise leptin levels, partially independ-
ent of changes in fat mass, while activation of the ACTH 
or HPA axis does not appear to acutely affect plasma 
leptin [248]. Acute stress rapidly decreases leptin lev-
els along with increased cortisol, suggesting leptin as a 
potential stress biomarker [244, 245, 249]. Chronic stress 
reduces leptin levels and offers hypotheses: decreased 
leptin production may contribute to depression-like 
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manifestations, the hippocampus may mediate antide-
pressant-like effects of leptin, and enhanced brain lep-
tin signaling might aid in the treatment of depressive 
disorders [250]. Leptin administration, systemically or 
directly to the brain, counteracts depression-related 
deficits related to chronic stress [250, 251]. Leptin also 
affects immunity, increasing the activation, chemotaxis, 
and survival of innate and adaptive immune cells [252]. 
By engaging the JAK-STAT pathway through its receptor, 
the various actions of leptin underscore its crucial role in 
metabolic, stress, and immune responses [253].

In summary, cortisol, the primary stress hormone, 
plays a pivotal role in the regulation of physiological 
processes and immune responses during stress. It exerts 
anti-inflammatory effects by inhibiting pro-inflamma-
tory signaling pathways, including JAK-STAT. Leptin, in 
conjunction with cortisol, participates in metabolic and 
stress responses, while also affecting immune function 
through JAK-STAT signaling. These interactions high-
light the complex interaction between hormones, neu-
rotransmitters, and the JAK-STAT pathway in the stress 
response and its implications for various physiological 
and pathological conditions.

Serotonin, growth hormone and JAKs
Growth hormone (GH) plays a pivotal role in stress 
responses, delicately balancing with cortisol. Stress trig-
gers increased GH secretion, which acts as a cortisol 
counterregulatory hormone, conserving muscle mass 
and maintaining energy by promoting protein synthe-
sis and lipolysis. GH also engages the immune system, 
improving pro-inflammatory cytokine production, mobi-
lizing immune cells, and increasing the activity of natu-
ral killer cells. These actions underscore the role of GH 
in orchestrating an efficient immune response during 
stress. Furthermore, GH contributes to energy balance 
by reducing insulin sensitivity and promoting gluconeo-
genesis, ensuring steady glucose supply to vital organs, 
including the brain [254]. GH signals primarily through 
the JAK-STAT pathway. GH binding to its receptor 
(GHR) initiates the JAK-STAT cascade, culminating in 
the transcription of the target genes, including insulin-
like growth factor 1 (IGF-1) [243]. However, immu-
nostimulants such as lipopolysaccharide (LPS) negatively 
regulate GH signaling in mammals by altering STAT5 
activation and JAK-STAT signal transduction [243, 255]. 
This intricate GH-mediated network ensures a robust 
stress response, highlighting its vital role in protecting 
health during challenging situations.

Serotonin activity can increase or decrease depend-
ing on the nature, intensity, and duration of the stressor. 
Acute stress often leads to an immediate increase in sero-
tonin release in various regions of the brain, influencing 

mood and anxiety. On the contrary, chronic stress is 
commonly associated with a decrease in serotonin levels, 
which contributes to the development of depression and 
anxiety disorders [256–260]. The interaction between 
serotonin and cortisol adds another layer of complex-
ity to the stress response, particularly in relation to the 
immune system. Therefore, serotonin not only acts as 
a mood regulator, but also functions as a growth fac-
tor for specific immune cells and modulates the release 
of cytokines, influencing the intensity and trajectory of 
the immune response. The interaction between the JAK-
STAT pathway and the brain neurotransmitter system 
likely occurs through cytokines. In particular, IL-6 has 
been found to directly regulate serotonin transporter 
(SERT) levels, which impact serotonin reuptake. This 
regulation, dependent on STAT3, provides a poten-
tial neurobiological basis for the involvement of IL-6 in 
depression [258]. Therefore, studying the interconnected 
pathways of serotonin, cortisol, and JAK-STAT may pro-
vide valuable information on the biological mechanisms 
underlying stress responses and mood disorders.

In conclusion, the JAK-STAT pathway plays a crucial 
role in the stress response and stress-related diseases. 
It is involved in the bidirectional relationship between 
inflammation and depression/stress and interacts with 
neurotransmitter systems such as serotonin. The activa-
tion of JAK-STAT signaling is observed in response to 
stressors, and its dysregulation is implicated in neuropsy-
chiatric disorders. Hormones such as cortisol and growth 
hormone, which are released during stress, modulate the 
JAK-STAT pathway to maintain homeostasis and coordi-
nate immune responses. The recovery phase after stress 
involves the recalibration of the JAK-STAT pathway 
along with other physiological processes. More research 
is needed to fully understand the intricate interactions 
between the JAK-STAT pathway, stress neurotransmit-
ters, and their implications for health and disease.

JAKs in stress‑associated diseases
The JAK-STAT signaling pathway is integral to a myr-
iad of cellular processes including inflammation, neu-
rogenesis, and synaptic plasticity. Recent research 
has illuminated its critical involvement in a variety of 
neuropsychiatric conditions [259–266]. For example, 
studies have observed a pronounced increase in JAK3 
expression coupled with a decrease in STAT1 expres-
sion in patients with depressive disorders compared 
to healthy controls [259, 260]. These observations 
lend credence to the hypothesis that a dysregulated 
JAK-STAT signaling pathway may be involved in the 
pathogenesis of depressive conditions. Gulbins et  al. 
(2016) conducted a seminal study illustrating the 
impactful role of JAK3 in stress-induced behavior and 
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hippocampal neurogenesis [259]. They found that stress 
leads to the activation of JAK3, which in turn inhib-
its neurogenesis and induces depressive-like behavior. 
Direct inhibition of JAK3 significantly mitigated these 
adverse effects. Furthermore, it was shown that the 
mechanism through which JAK3 becomes activated 
in response to stress involves acid sphingomyelinase. 
Administration of amitriptyline, an antidepressant 
drug, resulted in a reduction in JAK3 phosphorylation 
and an improvement in both behavior and hippocampal 
neurogenesis.

The mature nervous system employs self-protective 
mechanisms in response to sublethal stressors, includ-
ing the release of growth factors and cytokines, as well as 
the activation of intracellular signaling pathways. Here, 
ciliary neurotrophic factor (CNTF) emerges as a key 
player in neuroprotection, activating both the JAK-STAT 
and ras-MAPK cascades [232]. A case–control study by 
Elouaer et al. (2023) added another dimension to under-
standing the role of JAK-STAT by exploring its associa-
tion with bipolar disorder [260]. Although no conclusive 
links were established between specific JAK1 gene poly-
morphisms and the susceptibility to bipolar disorder, a 
significant correlation was found with elevated psychiat-
ric rating scores among patients with a certain genotype. 
Further complicating this landscape is the research by 
Long et al. (2023), which demonstrated that minocycline 
administration in combination with antipsychotics effec-
tively inhibited microglial activation, implicating MAPK 
and JAK-STAT pathways as mediators of anti-inflamma-
tory and neuroprotective effects [261]. These findings are 
particularly noteworthy for their implications in improv-
ing the negative symptoms associated with schizophre-
nia. Another study by Almutabagani et al. (2023) revealed 
the dysregulation of the JAK2/STAT3 signaling pathway 
as a significant contributor to treatment-resistant depres-
sion, suggesting that targeting this inflammatory compo-
nent could increase the therapeutic efficacy of existing 
antidepressant regimens [262]. On a different note, Lee 
et  al. (2016) postulated that JAK-STAT signaling could 
be involved in the neurogenic-to-gliogenic shift observed 
in Down Syndrome [263]. Overexpression of interferon 
receptors in HSA21 was suggested to modulate JAK-
STAT signaling, thus affecting brain development in 
affected individuals. Adding to the therapeutic potential 
of manipulating JAK-STAT signaling, a study by Borbély 
et al. (2022) found that inhibitors targeting this pathway 
ameliorated stress-induced reductions in adult neuro-
genesis and alleviated associated anxious-depressive 
behavior in murine models, leading to the initiation of a 
Phase I/II clinical trial aimed at assessing these inhibitors 
in human patients diagnosed with treatment-resistant 
depression [264].

In sum, the body of evidence accumulated thus far 
underscores the critical implications of the JAK-STAT 
signaling pathway in the etiology and treatment of neu-
ropsychiatric disorders. These insights not only deepen 
our understanding of the mechanistic underpinnings 
but also open new avenues for innovative therapeutic 
strategies.

Therapeutic developments and opportunities: 
JAK‑STAT inhibition
Clinically applied Jakinibs
Currently, a variety of inhibitors targeting the JAK-
STAT pathway are being applied clinically, primarily for 
a specific set of diseases, including rheumatoid arthritis, 
canine dermatitis, psoriasis, ulcerative colitis, myelofi-
brosis, polycythemia vera, and primary thrombocyto-
sis (as reviewed in [267–271]). Importantly, it should be 
emphasized that the scope of the diseases investigated is 
relatively narrow. These conditions share predominantly 
commonalities in their pathogenesis, characterized in 
part by dysregulated immune responses or inflammatory 
processes. Therefore, clinical trials are largely focused on 
these disorders with similar pathological key points.

According to the Clinical Trials Registry (https:// 
clini caltr ials. gov/), at June 23, there are 143 listed stud-
ies, of which 61 have been completed and 15 have been 
terminated (the entire list of studies can be found as 
Supplementary Table S1 online). There are 12 active 
clinical trials in Phase 2 and 3. Currently, drugs under 
investigation include baricitinib for patients with 
Aicardi Goutières syndrome (AGS) and adult idiopathic 
inflammatory myositis (IIM) [ClinicalTrials.gov ID 
NCT04208464], Ruxolitinib for patients with vitiligo 
(ClinicalTrials.gov ID NCT04896385), atopic dermati-
tis (ClinicalTrials.gov ID NCT05456529), B-cell acute 
lymphoblastic leukemia B cells in conjunction with chem-
otherapy (ClinicalTrials.gov ID NCT02723994), chronic 
chronic cutaneous graft-versus-host disease (Clinical-
Trials.gov ID NCT03954236), and to test the efficacy of 
a JAK inhibitor prior to a donor stem cell transplant in 
treating patients with myelofibrosis (ClinicalTrials.gov 
ID NCT02251821). Itacitinib is being studied in com-
bination with corticosteroids as a first-line treatment 
for moderate or severe chronic graft versus host disease 
(cGVHD) (ClinicalTrials.gov ID NCT03584516), while 
PF-06651600 is under investigation for alopecia (Clini-
calTrials.gov ID NCT04006457), and Momelotinib for 
patients with symptomatic and anemic myelofibrosis 
(ClinicalTrials.gov ID NCT04173494). These data indi-
cate a focused exploration of the JAK-STAT pathway 
within a constrained set of conditions, underscoring the 
need for expanded research into the potential applicabil-
ity of these inhibitors in a broader spectrum of diseases.

https://clinicaltrials.gov/
https://clinicaltrials.gov/
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Novel applications for Jakinibs
Emerging research on Jakinibs has illuminated their 
versatile therapeutic potential beyond their estab-
lished applications in immunological and inflammatory 
maladies. Seminal studies by Gulbins et  al. (2016) have 
delineated the role of JAK3 activation in stress-induced 
neurogenesis impairment and anxious-depressive behav-
ior in animal models, thus establishing the foundation for 
treating major depressive disorder [259]. Simultaneously, 
a 2021 meta-analysis showcased the improvement of 
mental health outcomes in rheumatoid arthritis patients 
when Jakinibs were used either singularly or in conjunc-
tion with methotrexate [272]. These findings accentuate 
the multifaceted role of the JAK-STAT pathway in human 
health and require further nuanced assessment method-
ologies for mental health outcomes.

Despite these promising developments, obstacles 
remain to achieving optimal specificity and targeted 
drug delivery (Table  5). Noteworthy advances include 
the development of isoform-specific inhibitors such as 
filgotinib and upadacitinib aimed at mitigating off-target 
effects [273–275]. Incorporation of monoclonal antibod-
ies such as adalimumab in combination treatments offers 
another layer of specificity [276].

Innovative delivery mechanisms are also being imple-
mented to address these challenges. Among them, nan-
oparticle-based systems such as liposomal formulations 
are used to enhance drug targeting [279]. Specialized 
administration routes, such as intranasal and intrath-
ecal applications, are especially promising for condi-
tions that require localized intervention. Intranasal 

ketamine, for example, quickly alleviates symptoms 
of treatment-resistant depression [284–288], while 
intrathecal injections have been proven to be effective 
in managing spasticity in multiple sclerosis, with mini-
mal systemic exposure [288, 289]. Biomarker-guided 
strategies, such as those used in trastuzumab cancer 
therapies, add another layer of precision by utilizing 
HER2 status for drug delivery [277].

In the context of the COVID-19 pandemic, Jakin-
ibs have garnered attention for their potential utility 
in treating SARS-CoV-2-induced conditions, such as 
hyperinflammation and fibrosis, as well as severe symp-
toms such as pneumonia and acute respiratory distress 
syndrome [90, 290–292]. Baricitinib has emerged as 
a strong candidate; however, the optimal time for its 
initiation remains to be determined. Selective JAK2 
inhibitors, such as pacritinib and lestaurtinib, offer the 
advantage of not interfering with type I interferon sign-
aling, essential for antiviral immunity [90, 293].

However, the deployment of Jakinibs is not with-
out risks, including immunosuppression and potential 
hematopoietic deficiencies [272, 294–297]. As a result, 
their clinical utility requires a balanced strategy that 
rigorously evaluates safety, mandates vigilant monitor-
ing, and comprehensively understands their biological 
mechanisms. In summary, to unlock the full therapeu-
tic range of Jakinibs for various medical conditions, 
including neuropsychiatric and aging-related disorders, 
focused efforts are needed to overcome the challenges 
related to specificity and targeted drug delivery.

Table 5 Strategic Directions for Advancing JAK Inhibitor Therapies in Inflammatory and Stress-Related Disorders: A Focus on 
Combination Approaches

Category Findings/Current Applications Future Research Directions and Considerations References

Specificity Isoform-specific inhibitors such as filgotinib and upa-
dacitinib

Development of targeted cotherapies that leverage 
the specificity of Jakinibs alongside other agents

 [274, 277, 278]

Liposomal formulations for targeted drug delivery Use of targeted release systems that deliver both Jak-
inibs and complementary agents to specific cells 
or tissues

 [279, 280]

Therapeutic Efficacy Efficacy in treating inflammatory conditions such 
as rheumatoid arthritis

Further research into the synergistic effects of Jakinibs 
with SSRI or benzodiazepines in stress disorders

 [272, 273]

Combination with methotrexate or monoclonal 
antibodies

Assessment of Jakinibs in combination with anti-
inflammatory agents like corticosteroids or with neu-
rotrophic factors like BDNF in stress disorders

 [276]

Biomarker-guided therapies in cancer Development of precision medicine approaches 
that tailor combination therapies based on individual 
patient profiles

 [281, 282]

Safety and Side Effects Immunological concerns such as immunosuppression Detailed pharmacokinetic studies to determine opti-
mal dosage regimes that minimize adverse effects 
when using combination therapies

 [283]

Regulatory Aspects FDA-approved for specific conditions Multiphase clinical trials to assess the safety 
and efficacy of combinatorial therapies with the aim 
of regulatory approval
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Expanding the spectrum of JAK kinase inhibitors: 
a pathophysiological rationale
The intricate interplay between neurotransduction mech-
anisms and pro-inflammatory signaling pathways, exem-
plified by the JAK-STAT pathway at the cellular level, 
extends to the CNS and to the entire organism, playing 
a critical role in the relationship between neuroinflam-
mation and stress-associated neuropsychic pathologies. 
To fully grasp the importance of these relationships, it 
is essential to define the concept of inflammation in this 
context. Recent advances in molecular biology and phar-
macology have expanded our understanding of cellular 
stress and inflammation as a general pathological pro-
cess [13, 14]. Traditional inflammation, characterized by 
a local tissue reaction to damage, is typically considered 
a response involving an exudative vascular reaction and 
leukocyte migration. However, systemic inflammation 
and hyperinflammation can develop as a result of clas-
sical inflammation or as a direct complication of certain 
diseases, such as COVID-19 [90, 187, 292].

Evolutionary canonical inflammation, associated with 
the progressive system of blood microcirculation and the 
emergence of the classical variant of the adaptive immune 
system in vertebrates, is related to the JAK-STAT signal-
ing pathway. This pathway arose earlier, even before the 
separation of protostomes and deuterostomes in inverte-
brates, and is associated not only with canonical inflam-
mation but also with more archaic types of inflammation 
and immunity [30, 298]. In vertebrates, the components 
of the JAK-STAT pathway diversified concurrently with 
the expansion of cytokines and cytokine receptors [272]. 
Low-grade chronic inflammation, predominantly associ-
ated with metabolic damage factors (meta-inflammation) 
and tissue aging (inflamm-aging), represents another 
variant of inflammation [298–300]. This form of inflam-
mation involves various cells, including resident cells, 
stromal macrophages, connective tissue cells, and even 
brain cells, such as neurons, contributing to the forma-
tion of a cytokine network during neurogenic stress, 
pain, and mental illnesses [27, 301–303]. Pro-inflamma-
tory cellular and tissue stress can play an adaptive role 
during the development of extreme physiological pro-
cesses. However, low-grade chronic inflammation lacks 
the typical barrier function seen in traditional inflam-
mation, making it easily delocalized. This type of inflam-
mation is commonly associated with pathologies such as 
morbid obesity, metabolic syndrome, and type 2 diabetes 
mellitus [304–307].

It should be noted that the highly conserved JAK-
STAT signaling pathway, necessary for normal homeo-
stasis, can contribute to the development of low-grade 
chronic inflammation-associated tissue atrophy, such as 
skeletal muscle atrophy (sarcopenia) [38]. In turn, this 

contributes to further disruption of metabolic cycles 
involving muscles, liver, and adipose tissue [308, 309]. 
The reciprocal relationship between depression and sys-
temic manifestations of low-grade chronic inflammation 
can form a vicious pathogenetic circle, strengthening 
each other [39, 40, 310–312]. Furthermore, local low-
grade chronic inflammation can transform into classical 
inflammation, as observed in diabetic kidney disease [17]. 
Atherosclerosis demonstrates the characteristics of clas-
sical and low-grade chronic inflammation, indicating the 
possibility of escalation in the pro-inflammatory process 
and the emergence of various forms of neuroinflamma-
tion [17]. However, the transition from pro-inflammatory 
stress to neuroinflammation should be confirmed by the 
presence of neurodegeneration or other morphological 
signs of inflammation.

Neurodegenerative diseases, including Alzheimer’s 
disease and Parkinson’s disease, often exhibit low-grade 
chronic neuroinflammation manifestations [313, 314]. 
Peripheral inflammation, such as cytokinemia and 
increased intestinal permeability to neurotoxins, can 
also influence the development of depression and other 
stress-associated pathologies [315, 316]. Chronic stress 
contributes to oxidative damage in the colon and triggers 
immune responses involving mast cells, neutrophils, and 
monocytes, further highlighting the reciprocal relation-
ship between inflammation and neuropsychiatric pathol-
ogies [317–319].

It is important to note that pro-inflammatory mecha-
nisms are involved not only in traditionally considered 
inflammatory diseases such as cancer but also in vari-
ous physiological processes. These processes include 
normal immunogenesis, maintenance of integumentary 
tissue barrier functions, and skeletal muscle function 
[320]. Even under physiological conditions, these tissues 
experience damaging factors and potentially dangerous 
changes in homeostasis parameters, leading to character-
istic signs of pro-inflammatory stress, such as oxidative 
stress, inflammasome formation, and activation of pro-
inflammatory cytokine signaling. This involvement of the 
JAK-STAT pathway in various physiological processes 
extends to neuromuscular excitation, cell proliferation 
and differentiation, homeostasis, embryogenesis, and the 
pathogenesis of various tumor diseases [69, 320].

The CNS, with its relatively stable homeostasis param-
eters and the presence of the blood–brain barrier, stands 
as a privileged tissue. Although normal human micro-
glia exhibit low activity compared to other stromal mac-
rophages, neurons in the CNS face unique challenges. 
Neurons rely on aerobic glucose oxidation, minimiz-
ing the risk of lipotoxicity and mitochondrial dysfunc-
tion, but they have limited regenerative potential and 
accumulate damage to the genome and proteome with 
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aging, leading to pro-inflammatory stress, apoptosis, and 
a decrease in their numbers within the CNS [321, 322]. 
Due to the constant need for increased protein synthesis 
and substantial energy requirements, neurons are suscep-
tible to proteinopathies, oxidative stress, and mitochon-
drial dysfunction. Furthermore, an unbalanced action of 
neurotransmitters can lead to excitotoxicity and neuronal 
damage, establishing a relationship between neurotrans-
mission and cellular stress signaling pathways, including 
JAK-STAT [155, 180, 181].

Pro-inflammatory factors play a role in the normal 
functioning of the CNS, including neuronal communi-
cation, plasticity, learning, and memory [156, 321–323]. 
Dysfunctional pro-inflammatory mechanisms within 
the CNS can contribute to tissue maladaptation and the 
pathogenesis of various disorders, particularly depression 
and neurodegenerative diseases [155, 156, 322–324]. It 
should be noted that cellular stress mechanisms them-
selves can act as potential damaging factors, such as free 
radicals. As a result, cellular stress programs include 
negative feedback mechanisms to limit the severity, 
duration, and prevalence of stress. Understanding the 
underlying mechanisms of pro-inflammatory cellular and 
tissue stress is essential to understand both pathological 
and physiological processes, including psychoemotional 
stress.

The presented concept suggests the potential use of 
pharmacological modulators targeting inflammation and 
immunity in a wide range of diseases, including stress-
associated pathologies.

Conclusion and perspective
The role of the JAK-STAT signaling pathway in systemic 
homeostasis is multifaceted, encompassing not just clas-
sical inflammation, but also meta-inflammation and 
aging. These dimensions invite an examination of its rele-
vance for stress-associated disorders. The involvement of 
the pathway in low-grade chronic inflammation provides 
an insightful framework to understand the reciprocal 
relationship between stress and systemic inflammation 
[38]. In addition, the complex interplay between stress 
and inflammation is underscored by the propensity of 
chronic stress to engender a pro-inflammatory state 
[317–319]. Such dynamics extend the imperative of stud-
ying the JAK-STAT pathway beyond isolated pathological 
conditions to a broader continuum involving stress and 
inflammation. Its role in functions of the central nervous 
system (CNS) such as neuronal communication, plastic-
ity, learning, and memory accentuates its relevance [156, 
321–325]. Emerging evidence suggests that Jakinibs can 
positively influence mental health outcomes in chronic 
conditions, including rheumatoid arthritis, thus expand-
ing their potential applicability [267].

In the domain of targeted JAK inhibition, the advent of 
isoform-specific inhibitors such as filgotinib and upadac-
itinib signifies a new era of targeted pharmacology. These 
agents aim to enhance therapeutic efficacy while mini-
mizing undesirable off-target effects, providing a sophis-
ticated mechanism to modulate the JAK-STAT pathway 
[273–275]. This increase in specificity increases the suit-
ability of Jakinibs for stress-associated disorders, where 
disruption of systemic homeostasis remains a notable 
concern.

In addition, the concept of combination therapies 
opens a new frontier in maximizing therapeutic specific-
ity and potency. By coupling Jakinibs with agents such 
as monoclonal antibodies, there is the potential for syn-
ergistic effects that could amplify treatment outcomes 
[276]. This multimodal strategy is particularly relevant 
for the treatment of stress-related neuropsychiatric con-
ditions, which often involve complex, multifactorial eti-
ologies. The advent of precision drug delivery systems, 
including nanoparticle-based carriers such as liposomes, 
also promises to overcome the challenges posed by the 
blood–brain barrier, especially in the context of neu-
ropsychiatric conditions [279].

In conclusion, the importance of the JAK-STAT path-
way in stress-related disorders transcends academic 
speculation. The emergence of isoform-specific inhibi-
tors, combination therapies, and precision drug deliv-
ery systems not only enriches our therapeutic arsenal 
but also adds nuance to our understanding of the role of 
the JAK-STAT pathway in the complex matrix of stress 
and inflammation. The extension of JAK-STAT inhibi-
tors from their origins in classical immunology to their 
emerging role in stress-associated disorders marks a 
substantial shift, thus expanding both our theoretical 
understanding and the scope of potential therapeutic 
interventions.
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