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A B S T R A C T

Depression, the most prevailing mental health condition, remains untreated in over 30% of patients. This cluster 
presents with sub-clinical inflammation. Investigations trialling anti-inflammatory medications had mixed re
sults. The lack of results may result from inflammation’s complexity and targeting only a few of depression’s 
abnormal pathways. Mind-body therapies’ biological and neuro-imaging studies offer valuable insights into 
depression psychopathology. Interestingly, mind-body therapies, like yoga, reverse the aberrant pathways in 
depression. These aberrant pathways include decreased cognitive function, interoception, neuroplasticity, 
salience and default mode networks connectivity, parasympathetic tone, increased hypothalamic-pituitary- 
adrenal (HPA) axis activity, and metabolic hyper/hypofunction. Abundant evidence found yogic techniques 
improving self-reported depressive symptoms across various populations. Yoga may be more effective in treating 
depression in conjunction with pharmacological and cognitive therapies. Yoga’s psychoneuroimmunology 
teaches us that reducing allostatic load is crucial in improving depressive symptoms. Mind-body therapies 
promote parasympathetic tone, downregulate the HPA axis, reduce inflammation and boost immunity. The 
reduced inflammation promotes neuroplasticity and, subsequently, neurogenesis. Improving interoception re
solves the metabolic needs prediction error and restores homeostasis. Additionally, by improving functional 
connectivity within the salience network, they restore the dynamic switching between the default mode and 
central executive networks, reducing rumination and mind-wandering. Future investigations should engineer 
therapies targeting the mechanisms mentioned above. The creation of multi-disciplinary health teams offering a 
combination of pharmacological, gene, neurofeedback, behavioural, mind-body and psychological therapies may 
treat treatment-resistant depression.

1. Introduction

Depression is the most prevalent mental health condition, impacting 
over 280 million people worldwide (IHME, 2019). Despite pharmaco
logical advances, 30% of patients do not respond to antidepressants 
(Bouvier and M., 2003). Besides, chronic administration of selective 
serotonin reuptake inhibitor (SSRI) may have paradoxical effects such as 
fatigue and depleted serotonin levels (Moncrieff et al., 2022; Fava, 2020; 
Gray et al., 2013; Siesser et al., 2012). Current alternative treatments 
include psychotherapy and cognitive behavioural therapy (CBT). 
Despite promising results in reducing depression, stigma and limited 
access hinder their uptake (Sockol et al., 2011; Kim et al., 2010). 
Currently, apart from CBT, there are no validated regimes that can 
complement antidepressants long-term (Gartlehner et al., 2017).

1.1. Allostatic load and depression

Homeostasis is a dynamic physiological process promoting optional 
function as an organism adapts to varying external factors to survive 
(Mas-Bargues et al., 2023). When the system is under stress, allostasis 
activates to predict and respond to changing energy demands (McEwen, 
2005). During allostasis, the hypothalamic-pituitary-adrenal (HPA) axis 
produces cortisol, and the sympathetic autonomic nervous system (ANS) 
releases adrenaline, increasing the metabolic rate to respond to the 
threat. Chronic stress damages and overloads the system, promoting 
inflammation and disease (McEwen, 2000). Allostatic load is the phys
iological cost of stress. The negative repercussions of allostatic load 
include reduced parasympathetic harborisation, emergence of inflam
mation and autoimmune conditions and chronic pain (Guidi et al., 
2021).

Although depression’s neurobiological mechanisms are poorly 
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understood, we know stress is a risk factor (Calcia et al., 2016; Tafet and 
Nemeroff, 2016). The HPA axis is aberrant in treatment-resistant 
depression (TRD) as patients demonstrate (a) increased cortisol levels 
in serum and saliva, (b) reduced glucocorticoid receptors (GR) function 
in vitro and post-mortem enquiries (see review by Pariante and Light
man, 2008), (c) non-suppression to dexamethasone suppression test 
(Juruena et al., 2006), (d) increased inflammation (Anisman et al., 
1999).

Studies investigating anti-inflammatory medications’ efficacy in 
TRD found mixed results (Beckett and Niklison-Chirou ; Nettis et al., 
2021; Miller and Pariante, 2020), possibly because of the multifactorial 
nature of inflammation and the complexity of its interactions with brain 
function (Turkheimer et al., 2023; Miller and Raison, 2022). Beckett and 
Niklison-Chirou suggest that medications such as Ketamine and Cele
coxib may be particularly effective for depressed patients showcasing 
inflammation. Nettis et al. (2021) found minocycline only effective in 
patients with low-grade inflammation (CRP ≥3 mg/L). Husain et al. 
(2020) did not encounter minocycline or celecoxib to be superior to 
placebo in reducing bipolar depression. Importantly, depressed patients 
also present reduced cognitive function, interoception, parasympathetic 
tone, neuroplasticity, hyper/hypometabolism, salience and default 
mode network (DMN) connectivity (Barrett and Simmons, 2015; Avery 
et al., 2014; Terhaar et al., 2012; Vreeburg et al., 2009; Pariante and 
Lightman, 2008). The former interventions have targeted neurotrans
mitters and immunological aberrations using anti-inflammatory medi
cations with limited modulation of the above mechanisms. They may 
have targeted only the symptoms but not the cause. Abnormal serotonin 
and inflammation in depression are indeed forms of allostatic load 
resulting from deviant metabolic function due to prediction errors of the 
afferent interoceptive signals (Shaffer et al., 2022; McEwen, 2000). We 
propose that approaches promoting top-down and bottom-up stress 
downregulation and brain-circuit-based interventions may produce 
more effective results (Scangos et al., 2023).

Mind-body therapies (MBTs), such as yoga, reduce allostatic load 
and improve brain-networks connectivity (Fialoke et al., 2024; Streeter 
et al., 2012). They may offer a non-pharmacological alternative to 
complement allopathic medicine. The following review explains how 
yoga modulates metabolic function. Due to vacuums in the literature, we 
had to review evidence beyond TRD.

2. Yoga

Yoga is an ancient mind-body system of lifestyle practices to improve 
well-being from India. Yoga is a mind-body therapy emphasising the 
body-mind connection in healing (Bower and Irwin, 2016). In the past 

100 years, cross-pollination with Western medicine, dance, somatics, 
psychology and neuroscience has evolved it (Singleton, 2010). In the 
West, most people understand yoga solely as movement, but tradition
ally, yoga comprises training the mind and the breath. It includes diverse 
techniques encompassing movement, breathwork, relaxation, visual
isation, meditation and hypnosis.

Patients experiencing neuropsychiatric conditions favour non- 
pharmacological therapies to improve their quality of life (Öztürk 
et al., 2023; Burnett-Zeigler et al., 2016; Woodward et al., 2009; 
Franzblau et al., 2008). Numerous studies found that patients with 
depression, anxiety, and trauma endorse MBTs (Love et al., 2019; Bra
gard et al., 2017; Niles et al., 2016).

2.1. Yoga and depression

Numerous research projects investigated the effects of yoga on 
depressive symptoms across different populations. Results have been 
mixed, although most showed that yoga significantly improved self- 
reported depressive symptoms (Miao et al., 2023; Bieber et al., 2021; 
Bringmann et al., 2022; Kinser et al., 2014). Two meta-analyses on 
depression reduction in Parkison (Ban et al., 2021; Jin et al., 2019) 
found significant improvements measured with questionnaires.

In pregnant women, eight studies found improvements in depression 
(Estevao, 2022; Bakri et al., 2021; Kinser et al., 2021; Duchette et al., 
2021; Yuvarani et al., 2020; Battle et al., 2015; Field et al., 2013; Muzik 
et al., 2012) while three found no change (Uebelacker et al., 2016; Davis 
et al., 2015; Bershadsky et al., 2014). Yuvarani, Uebelacker, Davis, and 
Field found no difference in depression reduction between yoga and 
control. Despite all these studies being RCT, they included a small 
sample, heterogeneous methodology, and small effect sizes, limiting 
clinical translation.

2.2. Yoga as a conjunctive therapy

Evidence shows how yoga may be an effective conjunctive therapy to 
reduce depressive symptoms. In a qualitative study, Capon et al. (2021)
identified that yoga positively complemented a CBT regime. O’Shea 
et al., 2022a; O’Shea et al., 2022b found therapeutic yoga in combina
tion with group CBT more effective at reducing depressive symptoms 
than group CBT alone. Naveen et al. (2016) encountered that depressed 
patients receiving yoga or yoga and antidepressants witnessed more 
significant depression improvements than antidepressants alone. San
geethalaxmi and Hankey (2023) found that adding yogic breathing to 
usual care in adults experiencing asthma resulted in more notable 
depression reduction. Nevertheless, Vollbehr et al. (2022) observed no 
significant changes in depressive symptoms when adding yoga to major 
depression’s usual treatment in an RCT.

3. The psychoneuroimmunological mechanisms of yoga

Neuroimaging and biological findings suggest several interacting 
mechanisms behind improvements in depression from yoga. Neuro
imaging studies have demonstrated structural and functional changes in 
brain function and connectivity, indicating yoga’s potential to induce 
neuroplasticity (van Aalst et al., 2020; Gothe et al., 2018; Hernández 
et al., 2016). Biological investigations have shown that yogic practices 
have acute and long-term physiological effects on the nervous, immune 
and endocrine systems (Robinson et al., 2023; Naderi et al., 2022; 
Sandberg et al., 2022), with transcriptomics studies demonstrating sig
nificant changes in gene expression post-yoga, indicating that the 
practices induce epigenetic changes (Adhikari et al., 2022; Qu et al., 
2013).

Yoga’s positive outcomes may result from the synergistic effects of 
multiple psychoneuroimmunological mechanisms, including (a) 
increased interoception, (b) improved metabolism, (c) improved para
sympathetic tone, (d) HPA axis downregulation, (e) reduced 

List of abbreviations

ACC Anterior cingulate cortex
ANS Autonomic nervous system
BDNF Brain-derived neurotrophic factors
CBT Cognitive behavioural therapy
DMN Default-mode network
GR glucocorticoid receptors
HPA Hypothalamic-pituitary-adrenal axis
HRV Heart rate variability
MBTs Mind-body Therapies
OFC Orbitofrontal cortex
PFC Prefrontal cortex
RCT Randomised control trial
SNS Sympathetic nervous system
SSRI Selective serotonin reuptake inhibitor
TRD Treatment-resistant depression
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inflammation and (f) augmented neuroplasticity (Fig. 1).
Although the literature contains numerous studies, small samples, 

lack of statistical power, and poor experimental design prevented the 
extraction of clinically applicable conclusions. Studies contained a het
erogeneous set of methodologies that included a combination of pos
tures, breathing and relaxation. Hence, whether the effects resulted from 
specific practices or are cumulative is unclear.

3.1. Interoception

Aberrant interoception is a crucial mechanism in depression, 
resulting in sickness behaviours (Barrett and Simmons, 2015; Raison 
and Miller, 2013; Harrison et al., 2009). Evidence highlights that 
interoceptive pathways present hypersensitivity towards aversive stim
uli and reduced sensory accuracy (Avery et al., 2014; Terhaar et al., 
2012; Paulus and Stein, 2010). Interoception is mediated by ascending 
and descending pathways to and from the insula. The insula connects 
with the thalamus, medial prefrontal cortex (PFC), orbitofrontal cortex 
(OFC) and amygdala (Lorenzetti et al., 2009; Drevets et al., 2008; 
Greicius et al., 2007). The insula is a critical node in the salience 
network, attributing affective, sensorimotor and cognitive salience to 
stimuli (Uddin, 2014). It modulates dynamic switching between the 
default mode (DMN) and the central executive networks. These areas’ 
activity and functional connectivity are abnormal in depression. 
Depressed individuals have dorsolateral PFC hypoactivity, ventromedial 
PFC and amygdala hyperactivity (Pizzagalli and Roberts, 2021; Koenigs 
and Grafman, 2009; Fales et al., 2009).

Neuroimaging studies of experienced yoga practitioners found 
augmented interoception and insular volume, activity and connectivity 
(Hernández et al., 2015; Villemure et al., 2014; Farb et al., 2013). 
Practitioners have higher functional connectivity within the dorsal 

attention network (DAN), between the DAN, DMN and salience network 
(Santaella et al., 2019; Sevinc et al., 2018; Doll et al., 2015). Yogic 
techniques reduce amygdalar activity via vagal stimulation and improve 
insular-cortical connectivity (Gotink et al., 2018; Taren et al., 2015). 
Brewer et al. (2011) found cognitive control improvements and regu
lation of the DMN in meditators. Enhancing functional connectivity 
within the salience network may improve cognitive and affective 
depressive symptoms, such as rumination and mind-wandering, by 
reducing DMN activation (Chaieb et al., 2022; Hamilton et al., 2015). 
Meditation may be beneficial to improve salience network connectivity 
(Bremer et al., 2022).

3.2. Metabolism

Depressed patients display metabolic dysfunctions (Gu et al., 2021). 
Neuroimaging studies have found reduced blood flow and glucose 
metabolism in depressed patients’ brains (Videbech, 2000). Corrobo
rating transcriptomics evidence shows abnormalities in circadian pat
terns proteins’ gene expression and mitochondria energy production 
(Garbett et al., 2015; Li et al., 2013).

Depression is a heterogeneous condition. Metabolic abnormalities 
can present with hyper or hypo activity in the Anterior Cingulate Cortex 
(ACC), leading to different symptoms (fatigue and agitation) (Dunlop 
et al., 2015). Abnormalities can be transient and manifest with tempo
rary changes in eating, sleeping and exercise behaviours (Laposky et al., 
2008; Hagobian et al., 2008; Cummings, 2006).

Depressed patients exhibit structural abnormalities in the agranular 
visceromotor limbic system, which is involved in interception (Barrett 
and Simmons, 2015). Studies found hyperactive metabolic function and 
structural abnormalities in the agranular visceromotor cortices (ACC, 
PVM PFC, POC and anterior insula) in depression’s prodromal phase 

Fig. 1. Yoga Mechanisms 
PFC: prefrontal cortex; ACC: anterior cingulate cortex; HPC: hippocampus; HRV: heart rate variability; AMY: amygdala. Yoga may improve depressive symptoms by 
downregulating the HPA axis and the sympathetic ANS. Top-down cognitive and bottom-up physiological processes mediate this downregulation, reducing overall 
allostatic load. Practices like meditation, positive affirmation and visualisation modulate top-down pathways. Mindful movement, interoceptive practices and 
breathwork modulate bottom-up pathways. Downregulating the allostatic load reduces inflammation, promotes neuroplasticity and cognitive reappraisal, and 
regulates metabolism.
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(Lévesque et al., 2011; Boes et al., 2008). According to Barrett et al. 
(2016) hypothesis, depression arises because these regions compute 
prediction errors on the organism’s metabolic needs. These regions 
predict interoceptive afferent signals as threats. The system responds to 
stressors and everyday events as if they require increasing energy, 
gradually depleting the resources needed to maintain long-term ho
meostasis (Nieuwenhuizen and Rutters, 2008). Simultaneously, the HPA 
axis negative feedback mechanism downregulates, leading to hyper
cortisolemia and the expression of pro-inflammatory cytokines (Carroll 
et al., 2012). These prediction errors deplete the energy reserves and 
produce depressive symptoms (fatigue, anhedonia), leading to reduced 
metabolism (Turkheimer et al., 2023). The system slows down to 
survive.

According to this hypothesis from Barrett et al. (2016), depression is 
an allostatic condition, meaning that depression results from the sys
tem’s inability to find homeostasis due to prediction errors from inter
oceptive afferent signals. The errors result in physiological systems’ 
failure to measure and respond to energy demands (Shaffer et al., 2022). 
Interoceptive processes make prediction errors on how much energy is 
needed. If these errors are computed for prolonged periods, they result 
in structural changes: atrophy in the regions modulating allostasis and 
increased sympathetic regions’ arborisation (Capitanio and Cole, 2015; 
Crossley et al., 2014; Goodkind et al., 2015; Sloan et al., 2007). This 
sympathetic dominance increases metabolic regulation costs, resulting 
in long-term metabolic deficits.

Since medications and therapies do not target these mechanisms, this 
theory may explain the lack of results in some patients. In the prodromal 
phase, by teaching the brain that the world is not dangerous and does 
not require much energy to survive, yoga retrains the brain to lower 
metabolism, reducing allostatic load. Conversely, during depression, 
yoga restores energy reserves by promoting parasympathetic tone. 
Improved parasympathetic tone reduces inflammation and boosts im
munity. By improving interoceptive accuracy, yoga diminishes predic
tion errors. Yoga either declines resource overutilisation or builds 
energy reserves by promoting parasympathetic tone. In other words, 
yoga teaches the brain how to reallocate resources and that we are safe 
in our bodies.

Chaya and Nagendra (2008) found yoga effective at reducing 
metabolism and optimising energy expenditure. This effect likely results 
from lessening sympathetic tone, lowering energy consumption and 
mobilisation. Gowri et al. (2022) encountered yoga effectively reducing 
BMI, FBG, PPBG, cholesterol, HOMA-IR and lipoprotein levels in dia
betic patients. In a meta-analysis, Dhali et al. (2023) found yoga effec
tive at decreasing fasting and post-prandial blood glucose and fasting 
insulin and insulin resistance. No studies have investigated the meta
bolic effect of yoga on depression. Future studies should investigate 
whether yoga improves brain metabolism, promotes mitochondrial gene 
expression and modules chemical energetic mediators such as ghrelin, 
leptin, and lactate (Quigley et al., 2021).

3.3. Stress downregulation

Yoga may improve depressive symptoms by downregulating the two 
stress response pathways, the sympathetic ANS and the HPA axis, which 
are hyperactive in depression (Won and Kim, 2016; Vreeburg et al., 
2009). Yoga modulates stress via top-down and bottom-up mechanisms 
by improving the PFC’s ability to regulate allostasis (Muehsam et al., 
2017; Kinser et al., 2012; Taylor et al., 2010). The ANS is divided into 
the sympathetic and parasympathetic branches. The former is mobilised 
during stress to promote survival. This mode is also called fight or flight. 
The parasympathetic branch is activated during rest and digestion to 
promote healing and restoration. Both branches are essential for sur
vival, and flexible switching between the two is a sign of stress 
resilience.

3.3.1. Autonomic nervous system
Numerous studies have found that yoga reduces sympathetic tone 

across different populations. Interventions measured physiological 
changes of the ANS using electrophysiological (heart rate variability - 
HRV) and biological markers (α-amylase). HRV is the term used to 
describe the variation in time intervals between consecutive heartbeats 
(Shaffer and Ginsberg, 2017). It reflects the autonomic nervous system’s 
cardiovascular function regulation and is a non-invasive biomarker for 
assessing autonomic balance, stress response, and overall cardiovascular 
health. α-Amylase is an enzyme predominantly synthesised by the sali
vary glands and pancreas and plays a crucial role in catalysing the hy
drolysis of starch into sugars in digestion (Granger et al., 2007). Salivary 
α-Amylase is frequently utilised as a non-invasive biomarker to assess 
sympathetic nervous system activity and stress-related responses.

Studies measuring HRV found yogic techniques promote para
sympathetic activation via vagal toning (part of the PNS) (Žebeljan 
et al., 2022; Gerritsen and Band, 2018; Streeter et al., 2012; Brown and 
Gerbarg, 2005). Higher HRV indicates greater adaptability and stress 
management. Hayase and Shimada (2018) and Bhartia et al. (2019)
found a significant HRV improvement in a prenatal population. While 
Bhartia found the HRV improvements coupled with significant stress 
reduction, Hayase found HRV improvements compared to the control 
but not significantly. Inbaraj et al. (2023) found that cancer participants 
receiving yoga during chemotherapy have higher HRV at the end of the 
intervention than usual care. In a review, Tyagi and Cohen (2016)
encountered that yoga acutely improves HRV and vagal dominance. 
Long-term practice improves vagal tone at rest. Nevertheless, they 
highlight that the small sample sizes and the insufficient reporting of 
methods limit the ability to reach conclusions.

Studies measuring salivary α-amylase found yogic practices effective 
at reducing concentrations (Kukihara et al., 2022; Arrant and Stewart, 
2020; Sieverdes et al., 2014; Lipschitz et al., 2013). Lower α-amylase 
concentrations indicate reduced physiological stress and sympathetic 
tone (Ali and Nater, 2020). Two studies found significant α-amylase 
reductions in prenatal depression (Hayase and Shimada, 2018; Kusaka 
et al., 2016). Conversely, García-Sesnich et al. (2017) in healthy par
ticipants and Fakharirad et al. (2020) in patients post coronary artery 
bypass found no reductions. Nevertheless, they did find cortisol (HPA 
axis produced) drops. This finding indicates that α-amylase may be less 
effective than cortisol at measuring physiological stress (Maruyama 
et al., 2012).

Interventions established an acute and long-term effect of yogic 
techniques on parasympathetic tone. While mindfulness meditation 
improves long-term parasympathetic tone (Wielgosz et al., 2016), 
breathing practices achieve this acutely (Russo et al., 2017). Balban 
et al. (2023) found that breathing practices extending the exhalation 
have the most potent effect on parasympathetic tone. Shinba et al. 
(2020) found that breathing and seated postures normalise autonomic 
activity acutely in experienced and naive participants alike.

3.3.2. HPA axis
In depression, glucocorticoid resistance and hyper/hypo cortisole

mia impair the HPA axis negative feedback mechanism (Silverman and 
Sternberg, 2012), resulting in HPA axis abnormalities. In depression, 
hyperactive HPA axis modulation leads to chronic inflammation (Osimo 
et al., 2019; Keller et al., 2016). Depressed patients present with high 
concentrations of pro-inflammatory cytokines (IL-1, IL-6, TNF-alpha) 
and C-reactive protein (CRP) (Osimo et al., 2019; Raison and Miller, 
2003). Interleukins trigger partial glucocorticoid resistance, contrib
uting to the axis’s hyperactivity (Maddock and Pariante, 2001). 
Enhanced inflammation results from malfunctioning glucocorticoid 
anti-inflammatory effects on the immune system and FKBP5’s inflam
mation promotion (Zannas et al., 2019). FKBP5 is a gene encoding for 
the FKB51 protein, a negative regulator of glucocorticoid receptors 
(located in the brain to regulate the HPA axis down) (Malekpour et al., 
2023). Chronic stress can reduce the ability of the glucocorticoid 
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receptors to downregulate the stress response, leading in the long-term 
to neuropsychiatric conditions.

Yogic interventions reduce cortisol production (Cahn et al., 2017; 
Matousek et al., 2011; Witek-Janusek et al., 2008; Carlson et al., 2007). 
Meier et al. (2021) found in saliva that yoga significantly reduces 
cortisol concentrations after the Trier Social Stress Test (TSST-G) 
compared to breathing and control. Thirthalli et al. (2013), in a 3-arm 
(yoga, yoga and antidepressants or antidepressants) study, found that 
depressed patients in the yoga groups experienced greater cortisol re
ductions than antidepressants alone. In the yoga-only group, depression 
improvements correlated with cortisol reductions.

Four studies found prenatal yoga effective at reducing cortisol con
centrations in a depressed population (Chen et al., 2017; Kusaka et al., 
2016; Bershadsky et al., 2014; Field et al., 2013). Chen and Bershadsky 
found a reduction compared to control. While Field and Kusaka found a 
significant cortisol reduction coupled with depression, anxiety and 
mood improvements prenatally, Bershadsky found a depression reduc
tion only postnatally. Chen found higher immunoglobulin-A concen
trations, suggesting that reduced cortisol may improve immunity.

3.4. Inflammation

Cytokines are small signalling proteins that cells release to regulate 
immune responses, inflammation, and hematopoiesis (Janeway et al., 
2001). They facilitate communication between immune cells and play a 
crucial role in innate and adaptive immunity. Innate cytokines, such as 
interferons and interleukins, are quickly produced in response to 
infection, while adaptive cytokines, like IL-2 and IL-4, modulate 
longer-term, antigen-specific immune functions.

TRD presents with subclinical inflammation. Findings on yogic 
practices’ anti and pro-inflammatory effects are inconsistent, possibly 
complicated by the same cytokines activating pro and anti-inflammatory 
pathways (Raison et al., 2018). While Cahn et al. (2017) found a 
decrease in IL-12 (pro-inflammatory) and an increase in IL-10 (anti-in
flammatory), TNF-α, IFN-γ, IL-1β, IL-6, and IL-8 (pro-inflammatory), 
Bower et al. (2015) found no effect on these cytokines. Gautam et al. 
(2023) found a reduction in IL-17 and IL-6 (pro-inflammatory) in pa
tients with rheumatoid arthritis, and Wahyuni et al. (2023) found a 
reduction in IL-6 in elderly with knee osteoarthritis compared to control. 
Nugent et al. (2021) found that yoga significantly reduced IL-6 but not 
TNF-α and CRP in severely depressed patients using antidepressants. In a 
review, Estevao (2022) corroborates yoga’s downregulating effect on 
C-reactive protein and cytokines (IL-1β, IL-6, TNF-α, INF-γ).

3.5. Neuroplasticity

In depression, inflammation and high cortisol concentrations nega
tively affect neurogenesis, resulting in hippocampal neuronal apoptosis 
(Fang et al., 2023; Crochemore et al., 2005). Studies found reduced 
hippocampal volume and brain-derived neurotrophic factor (BDNF) 
gene expression in depression (Polyakova et al., 2015; Videbech and 
Ravnkilde, 2004).

Improved neuroplasticity may be necessary to promote hippocampal 
neurogenesis. Reduced HPA axis activity and increased BDNF expression 
induce hippocampal plasticity (Liu and Nusslock, 2018). Yogic tech
niques may induce neuroplasticity via improved BDNF expression (Cahn 
et al., 2017; Tolahunase et al., 2017; Pal et al., 2014; Gangadhar et al., 
2013). Learning new motor skills may open a window of neuroplasticity, 
which if repeated and consolidated, results in hippocampal neurogenesis 
(Liu and Nusslock, 2018). Exercise increases BDNF, facilitating 
long-term potentiation (LTP) (Cunha et al., 2010; Rex et al., 2007). 
Learning new motor skills results during sleep in the new pathways’ LTP. 
By reducing sympathetic load, the brain may experience increased CREB 
phosphorylation, essential in LTP (Ying et al., 2002; Abel et al., 2013). 
Neuroimaging studies found increased hippocampal grey matter volume 
in yoga and meditation practitioners (Gothe et al., 2018; Gotink et al., 

2016; Hariprasad et al., 2013; Hölzel et al., 2011).
A second related mechanism promoting neuroplasticity is theta wave 

induction (Liu et al., 2015). These facilitate LTP in glutamatergic hip
pocampal neurons during sleep. During NREM sleep, hippocampal rip
ples induce LTP, AMPA, and NMDA receptor expression (Diekelmann 
and Born, 2010). This process is essential for memory consolidation and 
learning. In depression, sleep and memory are abnormal. Yoga induces 
theta waves and improves sleep quality (Azward et al., 2021; Cahn et al., 
2010; Corby et al., 1978).

Nasal breathing and longer exhalation, part of breathwork practices, 
produce hippocampal oscillations, which are fundamental to emotional 
and cognitive processing (Zelano et al., 2016). Yogic practitioners have 
more activation in areas (superior parietal lobule, posterior cingulate 
gyrus, anterior supramarginal gyrus) mediating emotional regulation 
than controls (Wadden et al., 2018). In depression, deficits in cognitive 
control result in maladaptive emotional regulation strategies (Joormann 
and Gotlib, 2010). Yoga may improve emotional regulation by 
improving salience network connectivity. The increased neuroplasticity 
may consolidate the new emotional regulation pathways and down
regulate the maladaptive ones, improving emotional arousal regulation 
in depression.

4. Conclusions

Yoga’s psychoneuroimmunology teaches us that reducing allostatic 
load is crucial to improving depressive symptoms. They achieve this by 
promoting parasympathetic tone and downregulating the HPA axis, 
reducing inflammation and boosting immunity. Improved interoception 
reduces allostasis and enhances the insula’s ability to predict energy 
expenditure, restoring homeostasis. Additionally, by improving func
tional connectivity within the salience network, yoga may restore the 
dynamic switching between the DMN and CEN, reducing rumination 
and mind-wandering. Learning can happen as inflammation diminishes 
and the system feels safe, promoting BDNF expression and neuro
plasticity. Neurogenesis crowns the process. This model is the first to 
suggest that yoga’s psychoneuroimmunological mechanisms result from 
neuroplasticity and improved metabolic function.

Antidepressants may not have worked in TRD because they treated 
the symptoms, not the cause. Due to expensive prediction errors in de
pression’s prodromal phase, energy consumption skyrockets to maintain 
sympathetic tone and HPA axis activity. In the long term, the HPA axis 
becomes hyperactive due to its negative feedback mechanism down
regulation, resulting in inflammation. If this scenario endures, due to 
exhaustion and metabolic overconsumption, the system slows down 
(hypometabolism) to survive, producing fatigue and anhedonia.

Further research is needed to corroborate this theory. Future in
vestigations should a) combine neuroimaging and biological measures 
to assess causality and correlation; b) investigate yoga’s effect on 
metabolism; b) be powered and include diverse populations; c) use 
control groups and randomisation; d) report effect sizes; d) test whether 
yoga in conjunction with pharmacological interventions improves 
depression outcomes; e) test yoga in different depression clusters; f) 
investigate practices’ long-term effects on neuroplasticity and neuro
genesis in depression g) unpack specific techniques’ neurophysiology in 
health and disease h) run longitudinal studies assessing whether yoga 
promotes depression’s remission and if they have long-lasting effects. 
These directions are vital to improving yoga’s acceptability within the 
medical community and bringing them to the table of evidence-based 
care.

Yoga offers a cost-effective personalised treatment opportunity. 
Within prescribed protocols, practices like yoga nidra (hypnotic relax
ation) offer patients a personalised space. This personal touch and care 
cannot be addressed (currently) with pharmacological interventions. 
Something as simple as bringing patients to a happy memory while in a 
hypnotic state, as their brains are in theta wave, can open a neuro
plasticity window. This window is critical to form new pathways and 
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depress the maladaptive ones that lead to depression.
Evidence from psychoneuroimmunological investigations offers in

sights into new therapeutic targets. Possible targets include the HPA 
axis, parasympathetic tone, large brain circuits, insulin receptors, anti- 
inflammatory cytokines and neurotrophic factors. Pharmacological, 
gene, biofeedback, mind-body and cognitive therapies targeting these 
pathways must be engineered.

Allopathic healthcare providers should collaborate with comple
mentary therapists to design holistic programs. Knowledge from both 
sciences should inform patient care. Establishing interdisciplinary 
healthcare teams may provide an effective and cost-efficient strategy to 
alleviate TRD. Combining and integrating multiple modalities will solve 
humanity’s most taxing conditions.
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