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Abstract

Myocardial infarction (MI) and depression exhibit a bidirectional relationship, in which
patients with MI are more susceptible to depression, and individuals with depression face
a heightened risk of MI. The two diseases are intricately intertwined via the heart–brain
axis. Sex, age, lifestyle, social background, comorbidities, and genetics contribute to and
affect the prognosis of this combined condition. Mechanisms involving the autonomic
nervous system (ANS), hypothalamic–pituitary–adrenal (HPA) axis, inflammation, throm-
bosis, tryptophan metabolism, renin–angiotensin–aldosterone system (RAAS), endothelial
dysfunction, microRNAs, and gut microbiota, as components of the heart–brain axis, have
been implicated in the pathological link between MI and depression. This review outlines
the common risk factors and potential mechanisms underlying this bidirectional relation-
ship. It treats the comorbidities of MI and depression as a unified condition, relying on
evidence from clinical trials and experimental studies that directly address both diseases
together rather than extrapolating from separate studies on MI or depression alone. It also
discusses current therapeutic approaches, including non-pharmacological interventions
like psychotherapy and exercise, and pharmacological treatments with chemical or natural
compounds. Finally, this review identifies significant gaps in the pathophysiology and
clinical management of MI with depression, which warrant further investigation.

Keywords: myocardial infarction; depression; bidirectional relationship; heart–brain axis;
risk factor; mechanism; intervention

1. Introduction
Myocardial infarction (MI), which is characterised by myocardial necrosis due to acute

sustained coronary ischaemia and hypoxia, remains the leading cause of death and dis-
ability worldwide [1]. Depression, which afflicts approximately 5.7% of adults worldwide,
has emerged as one of the fastest-growing global disease burdens and is the single largest
contributor to disability within mental disorders [1–3]. Mendelian randomization analysis
demonstrated a significant bidirectional causal relationship between the two diseases [4].
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About one-third of MI patients exhibit depression [4–8], a rate five times higher than
that of the general population. Among them, 5–20% experience major depressive disorder
(MDD) [9–11], while nearly 20% present with mild depressive symptoms [6]. Comorbid
depression increases mortality risk by 41% in MI patients [3]. This elevated risk may be
mediated by depression-related unhealthy behaviours, such as smoking, obesity, physical
inactivity, and poor diet, thereby establishing a vicious cycle [12]. Depression is an inde-
pendent risk factor for MI and significantly worsens prognosis [13]. Additionally, changes
in depressive symptoms have been recognised as a predictor of incident cardiovascular
diseases (CVD) [14]. Therefore, the comprehensive management of patients with comorbid
MI and depression is critical for reducing the risk of future events.

In recent years, increasing attention has been paid to the significant impact of MI com-
bined with depression, prompting extensive research on potential risk factors, underlying
pathophysiological mechanisms, and targeted interventions. Investigating the bidirectional
relationship between MI and depression may shed light on the mechanisms driving this
comorbidity as well as the development of the detrimental cycle between the two condi-
tions. However, current research has largely focused on single-disease models, speculating
on the interplay between MI and depression based on isolated mechanisms without suffi-
cient comprehensive clinical and experimental evidence. In contrast, the present review
considers MI and depression as a syndrome, detailing the associated risk factors and the
intricate mechanisms underlying their interactions, spanning from the clinical level to the
molecular scale. It further assesses interventions targeting comorbidities (Figure 1). This
work not only summarises the well-established effect of depression on MI but also explores
the effect of MI on depression, thereby complementing the bidirectional relationship. It
aims to offer fresh perspectives to researchers in both cardiovascular and psychological
fields, stimulate further inquiry, and improve prevention and treatment approaches for MI
combined with depression.

Figure 1. Both genes and miRNAs regulate gene expression and lie upstream in the pathogenesis of
MI combined with depression, reflecting innate mechanisms. Communication pathways between the
heart and brain occur primarily via the circulatory system and neuroendocrine signalling. Inflam-
mation, thrombosis, metabolic disorders, and endothelial dysfunction are primarily blood-related,
while the ANS, HPA axis, tryptophan metabolism, and RAAS are mainly neuroendocrine-related.
The gut–heart–brain axis represents a distinct mechanism, separate from congenital, haematological,
or neuroendocrine pathways. Except for endothelial dysfunction and thrombosis, which primarily re-
flect depression’s effect on MI, other mechanisms contribute to the bidirectional relationship between
MI and depression. MiRNA, microRNA; MI, myocardial infarction; ANS, autonomic nervous system;
HPA, hypothalamic–pituitary–adrenal; RAAS, renin–angiotensin–aldosterone system.
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2. Risk Factors
2.1. Sex and Age

Traditionally, male sex and older age have been recognised as risk factors for CVD.
A global prospective study suggested a stronger link between depression and CVD risk
in men [15], potentially due to lower treatment adherence [16]. However, female sex is a
strong predictor of post-MI depression [17,18], with the prevalence of depression among
women aged 18–44 years twice that in men in the same age group [19]. Women of all ages
with depression or those experiencing higher stress have nearly double the incidence of MI
compared with men [20,21], potentially influenced by their non-adherence to secondary
prevention measures [22]. Similarly, depression alters the relationship between age and
CVD. When combined with depression, the occurrence of abnormal corrected QT intervals
(a marker of cardiac autonomic dysfunction) is 10.6 times higher in the younger population
(<65 years) than in the older population (>65 years) [23]. Younger patients (<30 years) with
depression face a higher hazard of major adverse cardiovascular events (MACE) [24]. The
risk of post-MI depression is tripled in younger patients (<55 years) but is reduced by 54%
in older patients (>70 years) [25]. However, A Scottish study reported that elderly patients
with MI and MDD experience higher in-hospital mortality, potentially because of worse
physical health and greater comorbidities [26].

2.2. Lifestyle

The primary lifestyle factors influencing comorbidities include poor nutrition, alcohol
consumption, smoking, and sleep disturbances. Depression increases the risk of MACE
by 82% in individuals with poor diets, particularly diets low in vegetables and polyunsat-
urated fatty acids [27]. Poor diet can also lead to malnutrition. Comorbid malnutrition
in coronary artery disease (CAD) combined with depression patients raises the risk of
CVD-related death and adverse outcomes by 80% [28]. Similarly, reduced fruit and veg-
etable intake increases depression prevalence by 1.68-fold in patients with coronary heart
disease (CHD) [29]. Patients with depression who drink alcohol have a 1.4-fold higher risk
of MI than nondrinkers [30], and those with a history of alcohol abuse are more likely to be
hospitalised for depression following MI [25]. Smoking mediates 24.9% of the effects of
depression on MI [31], substantially increasing the risk of MI in patients with depression.
However, adjusting for smoking reduced this relationship [32]. Smoking is also associated
with higher rates of depression and rehospitalisation in patients with CAD [25,33,34], dou-
bling the risk of depression during recovery after an acute cardiac event [35]. By contrast,
smoking cessation improves or even resolves depressive symptoms in patients with acute
coronary syndrome (ACS) comorbid with depression [36,37]. Sleep disorders and depres-
sion synergistically increase the risk of CHD morbidity and mortality [38,39], while normal
sleep patterns reduce antidepressant use by 24% in patients with CVD [40]. Low physical
activity and irregular exercise increase the risk of depression in patients with CAD [17,41],
but have a minimal impact on the risk of ischaemic heart disease (IHD) in individuals with
depression [42].

2.3. Social Background

Globally, CVD risk among patients with depression is significantly higher in urban
areas than in rural settings [43]. Elevated crime rates in a given Finnish area strengthen
the association between depression and CHD [44]. Notably, economic status appears to
have little impact on CVD risk after depression [43]. Educational level and work-related
stress independently contribute to cardiac risk irrespective of depressive status [45,46].
However, unemployment and lower educational levels markedly increase the likelihood
of depression among German patients who have experienced an acute cardiac event [47].
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Higher educational attainment reduces depression prevalence in patients with ACS in
Trinidad and Tobago by 28% [34]. In Australia, Financial stress increases the risk of de-
pression during MI recovery by 4–5-fold compared with individuals with less economic
strain. Lower socioeconomic status nearly doubles the risk of depression compared with
individuals with higher status [35]. High stress, except financial stress, more than doubles
the risk of moderate-to-severe depression in patients with CHD. Among various stres-
sors, work-related factors, such as job strain, effort-reward imbalance, job insecurity, long
working hours, and bullying, significantly contribute to the burden of depression and
CHD, with attributable fractions of 17–35% for depression and 5–11% for CHD [29,48].
Importantly, variations in social background, such as worldviews and income levels, lead to
divergent perceptions of depression. Consequently, caution is warranted when considering
the generalizability of these research findings.

2.4. Complications

Diabetes, metabolic syndrome, and anxiety are strongly associated with an increased
risk of cardiovascular death in patients with depression, and a high incidence of depression
in individuals with MI [49,50]. Genetic liability to depression is associated with higher MI
risk, with 24.1% mediated by diabetes [31], and the combination of diabetes and depression
amplifies cardiovascular mortality risk [51,52], with diabetes increasing the CVD risk by
6.5-fold in patients with depression [53]. Diabetes also increases the incidence of depres-
sion by 1.3-fold in patients with MI, particularly during the later recovery stages [35,54].
Elevated haemoglobin A1c levels, a key diabetes marker, worsen the prognosis of patients
with comorbid CHD depression [55]. The correlation between depression and cardiovas-
cular events is strengthened by several metabolic risk factors [56], with central obesity
and lipid imbalances playing significant mediating roles [32,57,58]. Poor adherence to
lipid-lowering therapy [59], low-density lipoprotein (LDL) L5 and pro-protein convertase
subtilisin/kexin type 9 (PCSK9)-related lipid dysregulation, and insulin resistance may
underlie this relationship [60,61]. Overweight/obesity not only increases the risk of IHD
by 1.6-fold in patients with depression [42], but also increases the likelihood of depres-
sion during early MI recovery [35]. Hyperlipidaemia increases the risk of depression by
1.5-fold in Chinese patients with CHD [33]. Conversely, statin therapy can reduce the risk
of depression [62]. Abnormal triglyceride metabolism may mediate the interaction between
MI and depression [63]. Anxiety commonly coexists with depression and causes a further
reduction in high-frequency heart rate variability (HRV) and additional impairment of
parasympathetic function in depressed patients [64,65]. Women are particularly vulnerable
to comorbid anxiety-depression, which significantly increases their risks of developing
chronic diseases [66].

2.5. Genetics

Genetic predisposition is a significant risk factor for comorbid depression and MI. The
FK506 binding protein 51 (FKBP5) C allele, previously associated with psychiatric disorders
such as depression, leads to increased depressive symptoms in patients with CHD who
have a history of MI or CAD [67]. However, this allele does not appear to increase the
risk of depression in German patients newly diagnosed with CHD [68]. The apelin receptor
(APLNR) rs9943582 polymorphism has been implicated in increased CAD risk [69,70], and
its C allele has been linked to both depression prevalence and severity in patients with
CHD [71]. When higher genetic susceptibility to CHD is combined with severe depression,
the risk of developing CHD increases 2.7-fold [72].
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3. Mechanisms
3.1. Autonomic Nervous System

Autonomic nervous system (ANS) dysfunction is characterised by hyperactivation of
the sympathetic nervous system (SNS) and reduction in parasympathetic nervous system
(PNS) signalling. The SNS primarily increases heart rate (HR) and myocardial contractility
through catecholamine release (mainly epinephrine and norepinephrine (NE)), whereas the
PNS counteracts this effect via acetylcholine (ACh) release. Thus, the ANS is one of the key
systems of heart–brain connections. HRV is the main indicator of ANS dysfunction and can
be driven by both MI and depression [73]. Proteins such as sigma-1 receptor (S1R) and G
protein-coupled receptor kinase-2 (GRK2) may play a regulatory role in modulating ANS.

3.1.1. Effect of ANS Dysfunction After MI on Depression

ANS dysfunction or dysplasia can lead to the development of psychiatric disorders [74–78],
and MI can induce ANS dysfunction, contributing to depression onset. Patients post-
MI with depression exhibit significantly lower HRV than those without depression [79].
Interventions such as HRV biofeedback can enhance HRV, modulate ANS function, reduce
depressive symptoms, and lower the risk of readmission in MI patients [80–82].

GRK2 may represent a key protein linking ANS dysfunction, MI, and depression.
Experimental evidence from post-MI heart failure models demonstrates that interven-
tions increasing vagal efferent activity (e.g., optogenetic stimulation) reduce myocardial
GRK2 expression. Inhibition of GRK2 improves cardiomyocyte function; modulates β-
adrenoceptor signalling; restores cardiac volume, left ventricular ejection fractions (LVEF),
and systemic haemodynamics; reduces HR and blood pressure (BP); and improves exer-
cise capacity [83–85]. In patients with MI comorbid with depression, GRK2 expression in
peripheral lymphocytes is inversely correlated with HRV and positively correlated with
depression scores. Treatment with the GRK2 inhibitor paroxetine significantly improves
depression scores, HRV, and LVEF, with greater improvements in cardiac function com-
pared with fluoxetine [86]. These findings suggest that GRK2 overexpression may play a
key role in ANS dysfunction, leading to impaired cardiac function and the exacerbation of
depression. However, whether the effects of paroxetine are solely due to GRK2 inhibition,
or whether it acts as a selective serotonin reuptake inhibitor (SSRI) remains unclear. There-
fore, further research is required to elucidate the mechanisms by which GRK2 contributes
to ANS dysfunction and MI-associated depression.

3.1.2. Effect of ANS Dysfunction After Depression on MI

Depression also contributes to ANS dysfunction, thereby affecting cardiovascular
activity. Patients with MDD and rats exposed to chronic social defeat stress exhibit reduced
HRV and elevated HR and BP [87–89]. The elevation of circulating levels of adrenaline
and noradrenaline in depressed animals may lead to increased cardiac fibrosis, reduced
cardiomyocyte counts, and atrial electrical instability. The recovery of left ventricular
end-diastolic pressure (LVEDP) after ischemia/reperfusion (I/R) injury is significantly
delayed [90], and pulsed electrical stimulation is more likely to induce atrial fibrillation [91].
This phenomenon may be associated with decreased S1R expression in the heart and
hippocampus of depression animals. Administration of the selective S1 receptor agonist
SA4503 can improve cardiac function [91]. These findings suggest that the downregula-
tion of S1R in depression may act as an upstream protein involved in ANS dysfunction,
contributing to cardiac damage.

Although the results of numerous studies suggest that the ANS is a key mediator in the
interaction between MI and depression and that ANS dysfunction is a potential mechanism
underlying this comorbidity, findings from the large Netherlands Study of Depression and
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Anxiety cohort challenge this view. After adjusting for antidepressant use, the association
between cardiac ANS dysfunction and depression became less significant, implying that
the previously reported link may have been confounded by antidepressant effects, rather
than reflecting a true relationship [92]. Moreover, sex differences may play a critical role in
ANS regulation post-MI. Female mice exhibit less vagal dysfunction and greater central
vagal activation than male mice following MI. In male mice with MI, administration of
17β-estradiol significantly attenuates cardiac parasympathetic dysfunction; enhances vagal
baroreflex sensitivity; and reduces vagal ganglionic glutamatergic remodelling, oxida-
tive stress, and mitochondrial dysfunction [93]. These findings suggest that oestrogen
modulates vagal remodelling after MI, which could partly explain the lower incidence
of ventricular arrhythmias and sudden cardiac death post-MI in women compared with
men. However, most current studies predominantly use male animal models, and sex
differences are frequently inadequately accounted for in clinical studies. Therefore, further
investigations are needed to clarify how sex influences ANS function in the context of MI
combined with depression.

3.2. Hypothalamic–Pituitary–Adrenal Axis

The Hypothalamic–Pituitary–Adrenal (HPA), a crucial component of the neuroen-
docrine system, plays a central role in the interplay between MI and depression. This axis
functions through hypothalamic corticotropin-releasing hormone (CRH), which prompts
pituitary adrenocorticotropic hormone (ACTH) release, leading to glucocorticoid (GC)
production in the adrenal cortex. There are two main types of cortisol receptors (CRs)—
mineralocorticoid receptors (MRs) and glucocorticoid receptors (GRs). Normally, GC binds
to high-affinity MRs; however, during stress or GC elevation, low-affinity GRs are activated
to regulate GC via negative feedback. However, chronic GC elevation can reduce GR
expression [94], impairing the negative feedback regulation of the HPA axis. Experimental
studies have demonstrated a strong link between MI combined with depression and dis-
ruptions in the HPA axis feedback mechanism, as well as abnormal CR signalling [95]. In
addition, the two diseases may mutually influence each other through dysregulation of the
HPA axis [96].

3.2.1. Effect of HPA Axis Dysfunction After MI on Depression

ACS triggers activation of the HPA axis, leading to abnormal GC elevation or a
flattened diurnal cortisol slope (DCS), both of which are linked to mood disorders, in-
cluding depression and suicidal ideation [97,98]. For example, a steeper DCS suggests
a 34% reduction in depression risk 12 months after coronary artery bypass grafting [99].
Interestingly, elevated GC levels and flat DCS in patients with MI seem to be more related
to the duration of depression than to its severity or prior history [98]. MI has been shown to
be a key trigger of HPA axis dysregulation when the MR/GR balance is disrupted. Baseline
serum GC levels do not change significantly in MR/GR-KO mice, but MI-induced HPA
axis Dysregulation and depression behaviour are more severe than in normal groups [100].
Dysregulation of the HPA axis after MI is accompanied by abnormally elevated levels of
markers of cardiac injury and glial fibrillary acidic protein (GFAP) in the hippocampus,
reflecting astrocyte activation, neuronal damage and cardiac injury [101,102]. Administra-
tion of GC further upregulates these indicators, exacerbating depression, cognitive deficits
and cardiac dysfunction [94,101]. Dysregulation of the HPA axis after MI and subsequent
depression may be influenced by inflammatory factors, particularly Interleukin (IL)-12A
and tumour necrosis factor (TNF)-α, but not IL-1β and IL-6 [102]. Elevated methylation
levels of nuclear receptor subfamily 3 group C member 1 (NR3C1) modulate GR expression,
significantly increasing the risk of depression within 2 weeks of ACS [103].
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3.2.2. Effects of HPA Axis Dysfunction After Depression on MI

Similarly, depression induces dysfunction of the HPA axis, leading to abnormal GC
levels, which in turn elevate CVD risk [104]. Elevated GC or flat DCS profiles in depression
patients are accompanied by cardiovascular system-related abnormalities such as elevated
diastolic blood pressure, reduced high-density lipoprotein cholesterol (HDL-C), and in-
creased blood glucose levels [105–107]. In depression mice, GC levels elevate, Toll-like
receptor 4 (TLR4) and nuclear factor kappa B (NF-κB) expression in bone marrow mononu-
clear cells show upregulated, as well as intima-media thickness, HR, plasma cholesterol,
triglycerides, and low-density lipoprotein (LDL)-to-HDL ratios are increased. GR knock-
down of GR reversed the above phenotypes [108,109]. These findings suggest that the
GR-mediated NF-κB/TLR4 signalling pathway may play a crucial role in the connection of
depression, HPA axis and cardiovascular system.

The “corticosteroid receptor (CR) hypothesis of depression”, proposed by Florian
Holsboer in 2000, posits that impaired CR signalling is a key mechanism in the pathogenesis
of depression [110]. The above studies suggest that GR dysfunction not only contributes to
depression onset following MI [100,103], but also mediates the effects of depression on the
cardiovascular system [108]. Thus CR signalling might be a key pathological mechanism in
MI combined with depression.

However, studies on CHD combined with depression have not consistently demon-
strated hyperactivity of the HPA axis. Lower GC levels in patients with CHD have been
linked to depression and mental fatigue [111,112]. Chronic emotional stress can lead to
HPA axis dysfunction, decreased GC levels, increased cardiac load, and the risk of silent
myocardial ischaemia, particularly in Black African men [113]. Comorbid conditions
may also influence the GC-depression relationship in patients with MI, with a positive
correlation found only when post-traumatic stress disorder is present [114]. Addition-
ally, dysregulation of the HPA axis seems more relevant to post-ACS depression than to
post-depressive ACS. Patients diagnosed with MDD after ACS show a sluggish cortisol
awakening response (CAR), whereas a history of depression is not associated with CAR
abnormalities [115]. A 2020 two-way Mendelian randomization study concluded that GC
levels were not causally linked to IHD or CVD risk factors (e.g., obesity, glucose levels,
BP, and lipids), and vice versa [116]. Therefore, the role of GC in the relationship between
depression and MI remains unclear.

Overall, the dysregulation of the HPA axis may partially explain the interaction be-
tween MI and depression. MI triggers depression through hippocampal damage mediated
by the HPA axis, which, in turn, increases the risk of MI. However, further research is
required to clarify this relationship.

The mechanisms for the ANS and HPA axis are summarised in Figure 2.

3.3. Inflammation

Immunoinflammatory processes are increasingly recognised as important mechanisms
in MI combined with depression. Following MI, a robust systemic inflammatory response
is well established [117,118], and individuals with depression consistently exhibit elevated
levels of inflammatory markers [119]. Inflammation may play a crucial role in mediating
both the impact of MI on depression and the influence of depression on MI. This mechanism
is shown in Figure 3.
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Figure 2. The ANS and HPA axis are critical mediators of the bidirectional relationship between
MI and depression. (1) Post-infarction overexpression of GRK2 contributes to ANS dysfunction,
impairing cardiac function and exacerbating depression. Depression-related downregulation of the
S1R further impairs ANS function, damages cardiac structure, and accelerates CVD progression.
(2) IL-12A and TNF-α, elevated following MI, may promote depression through impairing HPA
axis. Depression activates the HPA axis, with the GR-mediated NF-κB/TLR4 signalling pathway
playing a pivotal role in cardiovascular pathology. In addition, impaired CR signalling might be a
key pathological mechanism in MI combined with depression. MI, myocardial infarction; GRK2:
G protein-coupled receptor kinase 2; S1R: sigma-1 receptor; CVD: cardiovascular disease; IL-12A,
interleukin-12A; TNF-α: tumour necrosis factor; TLR4, toll-like receptor 4; GC: glucocorticoid; GR:
glucocorticoid receptor; MR: mineralocorticoid receptor; CR: corticosteroid receptor.

3.3.1. Effect of Inflammation After MI on Depression

After MI, apoptotic cardiomyocytes initiate a dramatic inflammatory cascade. Inflam-
mation compromises the integrity of the blood–brain barrier (BBB) by upregulating matrix
metalloproteinases (MMPs), damaging the vascular endothelium, and increasing cellular
permeability [120,121]. Disruption of the BBB allows pro-inflammatory molecules to in-
vade the central nervous system (CNS), activate microglia, and drive neuroinflammation,
inducing or exacerbating depression, which may be manifested as a sustained elevation of
glial fibrillary acidic protein (GFAP) levels [122].

Inflammation levels in CVD patients are strongly associated with depression. Elevated
levels of high-sensitivity CRP (hs-CRP) in patients undergoing percutaneous coronary
intervention (PCI), NOD-like receptor thermal protein domain associated protein 3 (NLRP3)
in patients with ST-segment elevation myocardial infarction (STEMI), and TNF-α and IL-
17A in CHD patients have all been associated with depression [123–125]. However, IL-6,
IL-18, and IL-1β levels are not significantly correlated with depression in patients with
CHD and STEMI [123,124]. A single inflammatory marker may be influenced by various
factors, making a composite indicator a more reliable measure. For instance, in patients
with ACS undergoing their first PCI, admission neutrophil to lymphocyte ratio (NLR)
levels were positively correlated with depression severity 1 month post-procedure. This
marker is clinically accessible and may be a key predictor of depression following PCI [126].
Experimental studies have demonstrated that the application of a pro-inflammatory factor
synthesis inhibitor reduces the levels of inflammatory markers (e.g., IL-1β, IL-2, IL-6, and
TNF-α) in serum and brain regions including the paraventricular nucleus and prefrontal
cortex of rats with MI, and alleviates depressive-like behaviours [127].
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Figure 3. Inflammatory factors mediate heart–brain communication, a process exacerbated by
BBB disruption. The intense inflammatory response following MI triggers neuroinflammation
and contributes to depression onset. Conversely, inflammation linked to depression worsens MI
and impairs prognosis. The impact of MI on depression is primarily driven by macrophage and
microglial activation, potentially mediated by GSK-3β, NLRP3 inflammasomes, calgranulin B or
migration inhibitory factor-related protein 14 S100A9, S100B, JMJD3 and STAT3. Regarding the
effect of depression on infarction, the role of inflammation is regulated by tryptophan metabolism.
Depression-induced inflammation is associated with PG and GAG interactions in the heart, leading
to cardiac damage. BBB: blood–brain barrier; MI, myocardial infarction; GSK-3β, glycogen synthase
kinase 3 beta; NLRP3, NOD-like receptor thermal protein domain associated protein 3; S100A9,
s100 calcium binding protein A9; S100B, s100 calcium binding protein B; JMJD3, jumonji domain-
containing protein 3; STAT3, signal transducer and activator of transcription 3; PG: proteoglycan;
GAG: glycosaminoglycan; GFAP: glial fibrillary acidic protein.

Research on the inflammatory mechanisms underlying post-MI depression has largely
focused on microglial activation. Microglia, the primary immune cells of the CNS, are
quickly activated by pathological stimuli and exhibit two primary phenotypes: M1, which
promotes inflammation and releases pro-inflammatory mediators, and M2, which facilitates
tissue repair and regeneration. In post-MI depressed rats, treatment with the antibiotic
minocycline inhibits systemic and brain inflammation, reduces microglial overactivation
and infarct size, increases sucrose preference, reduces immobility in the forced swim test,
and improves cardiac function by increasing ejection fraction and decreasing LVEDP. These
results highlight the role of microglial activation and inflammation in depression and
cardiac dysfunction following MI [128]. Microglial activation is regulated by numerous
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proteins, including glycogen synthase kinase 3 beta (GSK-3β), NLRP3 inflammasomes,
s100 calcium binding protein A9 (S100A9), s100 calcium binding protein B (S100B), jumonji
domain-containing protein 3 (JMJD3), and signal transducer and activator of transcription
3 (STAT3). The results of animal and human studies have shown that the numbers of
M1-type macrophages increase while those of M2-type macrophages decrease after MI.
IL-6 and IL-17A produced by M1-type macrophages cross the BBB and activate M1-type
microglia in the brain, which in turn release pro-inflammatory factors to induce depression.
Macrophage/microglia polarisation may be mediated through the GSK-3β/notch receptor
1 (Notch1) and GSK-3β/CCAAT/enhancer-binding protein alpha (C/EBPα) signalling
pathways. LiCl, a GSK-3β inhibitor, reverses this phenomenon [129]. NLRP3-mediated
gasdermin-D (GSDMD)-induced microglial pyroptosis has also been identified as a key
pathway in MI and depression [130]. Furthermore, in the heart and hippocampus of
MI rats, S100A9 expression is elevated; the number of CD68+ macrophages and Iba1+
microglia is increased; and the levels of pro-inflammatory factors like IL-1β and TNF-α are
heightened. Treatment with an S100A9 inhibitor reverses these changes, ameliorates cardiac
and neurological pathology, and alleviates depression-like behaviour [131,132]. Thus,
S100A9-mediated macrophage/microglial inflammation is pivotal in post-MI depression.
Similarly, elevated S100B, JMJD3, and STAT3 expression in the brain tissues of mice with
MI or MI combined with heart failure induces microglial activation and increases pro-
inflammatory cytokines. Inhibition of these proteins effectively reverses pathological
changes and alleviates depressive symptoms [133–137].

3.3.2. Effects of Inflammation After Depression on MI

Depression-induced inflammation can also trigger cardiovascular events, but the
mechanism is poorly understood. The Systemic Immune Inflammation Index (SII), which
integrates neutrophil, lymphocyte, and platelet counts, is a useful marker for assessing
immune inflammation. A large cohort study from the UK Biobank involving 176,428 adults
without CHD found that depression increased the risk of premature CHD by 72%, with SII
mediating 2.7% of the association between the two diseases [58]. In individuals with prior
MI, depression increases the likelihood of recurrent myocardial infarction (MIR), which
is positively correlated with elevated hs-CRP levels [138]. Sustained inflammation after
emotional distress such as anxiety and depression also heightens the risk of MI and worsens
prognosis [139]. In patients with STEMI, emotional stress upregulates macrophage migra-
tion inhibitory factor (MIF), exacerbating inflammation, thus promoting atherosclerotic
plaque rupture and MI progression [140]. MIF- adenosine 5′-monophosphate-activated pro-
tein kinase (AMPK) signalling may be involved [141]. Moreover, preoperative depressive
and anxiety symptoms in patients undergoing cardiac surgery are associated with elevated
postoperative CRP levels [142], which can impede recovery [143].

Depression is influenced by polymorphisms in the 5-HT transporter (5-HTT or SERT)
genes. Individuals with the short allele are more prone to depression under stress and their
5-HTT expression is generally lower [144–146]. MI 5-HTT knockout (5-HTT-/-) mice show
behavioural deficits and significantly elevated transforming growth factor-β (TGF-β), TNF-
α, IL-6, and MMP-2 levels, impairing the early healing in MI. All 5-HTT-/- mice succumbed
when the infarct size exceeded 30% and heart failure occurred, whereas 5-HTT+/- and
5-HTT+/+ mice survived despite having more severe infarcts, likely due to differences in
inflammatory response [147]. Proteoglycans (PGs) are non-fibrous components of the heart
that consist of core proteins with attached glycosaminoglycan (GAG) chains. PG/GAG
structural and functional changes are associated with heart disease. Depressed mice show
altered GAG profiles, with increases of 17.9% and 35.3% in heparan sulphate (HS) and
chondroitin sulphate (CS), respectively [148]. HS and CS can bind to pro-inflammatory
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factors, modulate inflammatory responses, and increase IL-6 mRNA expression [148–150].
Meanwhile, left ventricular wall thickness and cardiomyocyte cross-sectional area are also
increased in these mice [148]. Thus, depression may negatively affect the heart through
interactions between inflammation and cardiac PGs/GAGs.

Some studies have suggested the association between post-MI depression and im-
munosuppression. For instance, myeloperoxidase (MPO), a marker of innate immune
activity, is significantly lower in post-MI patients with depression at baseline and 6 months.
A low baseline MPO level was a significant predictor of depression development after MI
at 6 months [151], in contrast to the excessive immune inflammation that is commonly
observed. Additionally, depression may not directly influence cardiac inflammation, as
no changes are detected in cardiac biomarkers such as high-sensitivity cardiac troponin I,
N-terminal pro-B-type natriuretic peptide, Ischemia-modified albumin, or cardiac IL-1β in
depressed rats [152]. However, it cannot be excluded that the results may be influenced
by the degree of depression. Conversely, depression may worsen long-term outcomes and
sudden cardiovascular events in patients with CVD through complex mechanisms. Many
studies investigating the inflammation-mediated mechanisms of post-MI depression have
focused on individual proteins. Transcriptomic analyses have identified different pivotal
differentially expressed genes shared between MI and depression (e.g., cluster of differ-
entiation 24, cystatin A, exostosin like glycosyltransferase 3, ribosomal protein S7, solute
carrier family 25 member 5, zinc finger matrin-type 3, Toll-like receptor 2, HP, intercellular
adhesion molecule 1, lipocalin-2, lactotransferrin, versican, S100A9, and NK-κB inhibitor
alpha), all of which are associated with inflammation [153,154]. However, most candidate
proteins have not been validated. Thus, while the role of inflammation in MI combined
with depression is widely accepted, further in-depth studies are required to elucidate
the upstream and downstream pathways of the relevant proteins, and to determine the
differential roles of inflammation at different stages of the disease.

3.4. Platelet Activation and Coagulation Activation

The excessive activation of platelets and the coagulation system can lead to throm-
bosis, increasing the risk of CVD. Therefore, antiplatelet and anticoagulant therapies are
routinely employed for secondary prevention in patients with MI, provided there are
no contraindications. Emerging evidence suggests that depression may catalyse platelet
activation and coagulation.

Anxiety-depressive syndrome significantly increases the average platelet count,
platelet distribution width, and mean platelet volume in patients with CHD, reflecting en-
hanced platelet aggregation activity [155]. Depression severity also influences coagulation-
related factors, including tissue factor (TF) and D-dimer concentrations, in patients with
MI [156,157]. This hypercoagulable state caused by depression may be regulated by 5-
hydroxytryptamine (5-HT) and the HPA axis, which in turn increases the risk of CVD due
to the close association between thrombosis and CVD. In individuals with depression, re-
duced 5-HT levels lead to the compensatory upregulation of 5-HT receptors on the platelet
surface, sensitising platelets to activation [158]. The administration of SSRIs helps restore
5-HT levels, thereby exerting antiplatelet and profibrinolytic effects [159]. For instance,
pretreatment with varying concentrations of sertraline (an SSRI) and its primary hepatic
metabolite, N-nitrosodimethylamine, results in dose-dependent inhibition of platelet aggre-
gation and decreases the surface expression of thrombosis-related proteins [160]. D-dimer
levels were 73 ng/mL higher in patients with MI with a Beck Depression Inventory score
of ≥6 compared with patients with a score of <6. However, this positive association was
significant only when patient cortisol levels were high [156].
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The brain-derived neurotrophic factor (BDNF) Val66Met gene polymorphism is an innate
factor that influences the interplay between depression, thrombosis, and CVD risk. The
Met allele (BDNF Met) may reduce BDNF levels and increase the risk of depression [161].
For example, BDNF Met/Met mice display a depression-like phenotype [162]. The number of
Met alleles is also positively correlated with the incidence of MACE within 6 months post-
MI [163]. Individuals carrying BDNF Met have an 85.7% higher risk of MI compared with
those carrying BDNF Val/Val [162]. Cardiac magnetic resonance imaging, collagen staining,
and immunofluorescence revealed severe cardiac remodelling in BDNF Met/Met mice post-
MI [164]. Additionally, BDNF Met/Met increases the risk of thrombotic events in patients with
CVD and depression [162,165]. Among patients with CAD, the percentage of proplatelets
released from megakaryocytes is nearly twice as high in those with BDNF Met/Met compared
with BDNF Val/Val [165]. BDNF Met/Met depressed mice are more prone to FeCl3-induced
carotid artery thrombosis and exhibit higher mortality following collagen/adrenergic-
induced pulmonary embolism. Proteomic analyses of aortic supernatants from these mice
show reduced sirtuin 1 (SIRT1) levels, increased sortilin related VPS10 domain containing
receptor 2 (SorCS2) expression and activity, elevated TF and gelsolin levels (both involved
in coagulation), and increased pro-inflammatory α1-antitrypsin (A1AT) levels. In vivo
experiments using the deacetylase inhibitor sirtinol to inhibit SIRT1 in wild-type mice, and
in vitro experiments using SIRT1 activators and SorCS2 siRNA, have both confirmed that
BDNF Met regulates coagulation and inflammation, promotes thrombosis, and increases
CVD risk through the SIRT1/SorCS2 pathway [162].

Another experimental study demonstrated a link between BDNF Met and the NE/α2A-
adrenergic receptor (α2A-ADR) pathway. In novelty-suppressed feeding and FeCl3-
induced arterial thrombosis models, BDNF Met/Met mice display significant behavioural
deficits, reduced hippocampal BDNF levels, and rapid carotid artery thrombosis, accompa-
nied by elevated NE levels in the bone marrow and plasma. Treatment with desipramine,
a NE reuptake inhibitor, reversed these effects. Further in vitro aortic assays and HeLa
cell culture confirmed BDNF Met enhanced procoagulant activity and increased the sen-
sitivity to the procoagulant effect of NE. Similarly, α2A-ADR was increased in BDNF Met

mice, cells, and patients with CAD. Stimulation of megakaryocytes from healthy subjects
with pro-BDNF Met and NE significantly upregulated α2A-ADR expression and enhanced
platelet release. Administration of the α2-ADR antagonist Rauwolscine reversed this effect
and prevented arterial thrombosis [165]. These findings suggest that the NE/α2A-ADR
represents a key pathway mediating the impact of BDNF Met on depression, thrombosis,
and CVD risk.

Although most studies suggest that the prevalence of depression is higher among
BDNF Met carriers, no study has specifically examined the frequency of this allele in de-
pressed populations. Given the high rate of BDNF Met carriage in individuals with depres-
sion and the established link between BDNF Met, thrombosis, and MI, it is highly likely to
be a risk gene for post-depression MI. This raises the question regarding the necessity of
classifying patients with depression into BDNF Met and non- BDNF Met subtypes, as the
underlying mechanisms influencing CVD, such as MI, could differ between them. How-
ever, some evidence suggests that MDD in White populations or males is more primarily
influenced by BDNF Val66Met polymorphism [166,167]. Therefore, further in-depth studies
are required to explore the role of the BDNF Val66Met polymorphism and its impact on
thrombosis in patients with MI and depression.

However, some studies have not observed the correlation between depression scores
and plasma marker levels related to coagulation and fibrinolysis 3 months after MI on-
set [168]. In addition, fibrinogen does not appear to mediate the relationship between
depression and CHD risk [169,170], and the impact of platelet overactivation on left ven-
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tricular function in patients with ACS does not seem to be linked to depression [171]. These
findings suggest that thrombosis may not be the primary mechanism by which depression
influences MI outcomes. Interestingly, impaired platelet cytoplasmic and mitochondrial
functions in patients with ACS with comorbid depression or anxiety have been reported.
After 12 months of follow-up, the incidence of cardiovascular complications in these pa-
tients was double that in those without comorbidities [172]. This finding indicates that
depression and anxiety may impair rather than enhance platelet activity, contributing to
worse cardiovascular outcomes.

Current studies provide limited evidence suggesting that MI increases the risk of
depression through coagulation or platelet activation. Depression is likely to contribute
to an elevated risk of thrombosis, thereby influencing CVD prognosis. However, more
conclusive evidence is required to establish this causal relationship. The inconsistent
findings across studies regarding the impact of various platelet and coagulation markers
on patients with comorbid MI and depression may be influenced by factors such as patient
sex, age, and ethnicity, as well as study design. Larger and more comprehensive studies
are required to clarify these associations.

3.5. Tryptophan Metabolism

5-HT, a key neurotransmitter derived from tryptophan, is widely distributed in the
brain, gut, and platelets, and serves as a crucial mediator between the CNS and the
peripheral system. Its reuptake and homeostasis regulation are controlled by 5-HTT.

Abnormal tryptophan metabolism has been observed in the serum and brain tis-
sues of patients and animal models of MI with comorbid depression. 5-HT levels are
reduced in the serum and brain tissue [131,173–175]. 5-HT2A receptors are decreased in
brain tissue [175,176]. Abnormal plasma-free L-tryptophan (L-Trp) scores and intensity-
dependent auditory evoked potentials reflect reduced serotonergic neurotransmission [177].
Additionally, the mRNA expression of tryptophan metabolism-related enzymes, such as
indoleamine 2,3-dioxygenase 1, kynurenine 3-monooxygenase, and kynureninase (KYNU),
is increased in the hippocampus [173]; kynurenine (KYN) levels are elevated in the serum;
and the KYN-to-tryptophan ratio is increased [134]. These metabolic disturbances are asso-
ciated with both depression and CVD risk. The reduction in 5-HT or changes in its receptor
function may promote the development of depression, with evidence extending back ap-
proximately five decades [178]. Transcriptomic analyses have suggested the critical role of
tryptophan metabolism in atherosclerosis-induced depression, with genes such as caspase-1
and MMP-9, identified as key players [57]. In addition to its role in mood regulation, 5-HT
significantly influences atherosclerosis, MI, heart failure, and hypertension [158,179–182].
Abnormalities in 5-HT and related proteins in the serum and platelets of individuals
with depression or animal models may have detrimental effects on the cardiovascular
system [183,184].

The link between tryptophan metabolism, MI, and depression may involve dysreg-
ulation of the HPA axis, inflammation, and thrombosis. In rodent models of depression
combined with MI or chronic heart failure post-MI, disturbances in tryptophan metabolism
are accompanied by abnormalities in the HPA axis, including increased hypothalamic CRH
expression [134], decreased serum ACTH and GC levels [173], and reduced hippocampal
GR expression [134]. Inflammation, potentially mediated by S100A9, GSK-3β, TNF-α/TNF-
α Receptor (TNFR)/NF-κB signalling pathway or neutrophil degranulation, has been
observed in the serum, hippocampus, and heart of these animals. The inflammatory
response may interact with 5-HT, increasing the risk of depression or amplifying inflamma-
tion in infarcted cardiac tissue [129,131,134,173,185,186]. In addition, individuals carrying
the short allele of 5-HTT express less 5-HTT and are more susceptible to depression [187].
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The resulting reduction in 5-HTT expression may further enhance the autoimmune inflam-
matory response and worsen cardiac outcomes [144,145,147]. Moreover, reduced 5-HT
may increase the risk of CVD by promoting platelet aggregation, vasoconstriction in dis-
eased coronary arteries, and thrombosis [158–160,188]. SSRIs, which improve depression,
significantly reduce the risk of MI [189,190]. These findings suggest that abnormalities in
tryptophan metabolism, particularly those related to 5-HT, promote the development of MI
comorbid with depression.

In MI combined with depression, no consensus has yet been reached regarding the
changes in the tryptophan system or its precise role, from phenotypic alterations to the
underlying mechanisms. Clinical observations have shown that plasma tryptophan levels
are negatively correlated with IHD severity and that its metabolites (e.g., 5-HT and KYN)
are positively correlated with IHD severity. However, Mendelian randomization analyses
have found no causal link between these three metabolites and risk factors for IHD (such
as diabetes, lipids, or BP) or depression [191]. Thus, tryptophan metabolism may not be
the primary driver of IHD or depression; rather, its dysregulation may be a secondary
consequence of these conditions. If this is true, studying tryptophan metabolism as a
key mechanism in MI comorbid with depression may not be appropriate, and further
research is required. Moreover, as peripheral and central 5-HT are largely unable to
cross the BBB [192], it may be more effective to study the effects of 5-HT metabolism on
depression and cardiovascular health separately: peripheral 5-HT for CVD and central
5-HT for depression. However, BBB disruption in MI combined with depression may
enhance communication between the peripheral and central 5-HT systems, which warrants
further investigation.

The mechanisms for the Platelet activation and coagulation activation and Tryptophan
metabolism are summarised in Figure 4.

3.6. Other Mechanisms
3.6.1. Renin–Angiotensin–Aldosterone System

The renin–angiotensin–aldosterone system (RAAS) plays a crucial role in CVD.
Angiotensin-converting enzyme 2 (ACE2), a homologue of ACE and an important compo-
nent of RAAS, degrades angiotensin II (Ang II) into Ang-(1-7). Patients with CAD carrying
the ACE2 risk allele demonstrate higher depression scores and reduced Ang II degradation.
Depression scores in these patients are negatively correlated with Ang-(1-7) levels and
positively correlated with the Ang II/Ang-(1-7) ratio [193]. This suggests that ACE2 genetic
polymorphisms may impair ACE2 activity, leading to an Ang II/Ang-(1-7) imbalance,
which promotes depression. Angiotensin-converting enzyme inhibitors (ACEIs) and an-
giotensin receptor blockers are standard therapies for secondary prevention in patients
with MI. However, depression reduces patient adherence to these medications by 22%,
potentially increasing the risk of adverse cardiovascular outcomes [194].

3.6.2. Endothelial Dysfunction

The vascular endothelium, a single layer of endothelial cells covering the blood
vessels, is a critical barrier between peripheral tissues and the circulatory system that
regulates blood flow, vascular elasticity, platelet function, and homeostasis. Acute mental
stress in patients with stable CAD leads to a 23% reduction in vasodilatory capacity and
transient endothelial dysfunction. This transient endothelial dysfunction induced by
psychiatric stimuli has been linked to a 78% increased risk of MACE over a 3-year follow-
up [195]. Additionally, major depressive episodes significantly reduce levels of circulating
endothelial progenitor cells (EPCs) in patients with ACS, compromising post-ACS vascular
repair [196]. Moreover, in patients with ACS, endothelin-1 (ET-1) levels also increase with
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depression, particularly recurrent depression [197]. However, ET-1 levels do not predict
MACE risk in young patients with ACS over 2 years [198,199]. Whether this is affected by
age remains unknown.

Figure 4. Hyperactivation of platelets and the coagulation system, and tryptophan metabolic dis-
turbances are important mechanisms underlying MI combined with depression. (1) Depression
may worsen MI prognosis by promoting thrombosis. The BDNF Val66Met polymorphism is a key
genetic factor. The Met variant enhances coagulation and inflammation via the SIRT1/SorCS2 path-
way, and modulates the depression-thrombosis-MI relationship through the NE/α2A-ADR pathway.
Reduced 5-HT in depression upregulates platelet 5-HT receptors, increasing platelet activity and
thrombotic risk. This hypercoagulable state may also be influenced by HPA axis dysregulation.
(2) In MI combined with depression, disrupted tryptophan metabolism usually coincides with
HPA axis dysfunction and interacts with inflammation. Mechanisms such as S100A9, GSK-3β, the
TNF-α/TNFR/NF-κB signalling pathway, and neutrophil degranulation may mediate inflammation
associated with tryptophan metabolism. The 5-HTT short allele is a genetic risk, potentially dis-
rupting tryptophan metabolism and promoting inflammation. Modulating tryptophan metabolism
can simultaneously ameliorate both MI and depression. MI, myocardial infarction; BDNF: brain-
derived neurotrophic factor; SIRT1, sirtuin 1; SorCS2, sortilin related VPS10 domain containing
receptor 2; NE, norepinephrine; α2A-ADR, α2A-adrenergic receptor; 5-HT, 5-hydroxytryptamine;
HPA, hypothalamic–pituitary–adrenal; S100A9, s100 calcium binding protein A9; GSK-3β, glycogen
synthase kinase 3 beta; TNF-α, tumour necrosis factor-α; TNFR, TNF-α Receptor; NF-κB, nuclear
factor kappa B; TF: tissue factor; D-D: D-dimer; 5-HTT: 5-HT Transporter.

3.6.3. MicroRNAs

MicroRNAs (miRNAs) have emerged as key regulators of the bidirectional relationship
between MI and depression and represent a novel area of research. The miR-146a rs2910164
C allele reduces miR-146a levels [200], which are correlated with decreased depression risk
in patients with CAD [201]. miR-146a may directly target nitric oxide synthase 1 (NOS1)
mRNA, thereby affecting its expression [201]. NOS1 plays a crucial role in synaptic sig-
nalling and specifically regulates the HPA and 5-HT pathways. Reduced NOS1 expression
and activity have been observed in the brains of depressed rats [202–205]. Thus, the miR-
146a rs2910164 C allele may upregulate NOS1 expression by reducing miR-146a levels in
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patients with CAD, thereby potentially mitigating depression. However, because of the
limited number of studies on MI-depression comorbidities, the roles of miRNAs such as
miR-34a and miR-16 in combined conditions still need further verification.

3.6.4. Gut Microbiome

The gut microbiome has become a focal point for understanding the mechanisms
underlying the comorbidity of MI and depression. In CAD, anxiety, and depression,
four types of jointly upregulated bacteria (Staphylococcus, Escherichia coli, Helicobacter py-
lori, and Shigella) frequently lead to increased inflammatory response. In contrast, five
types of jointly downregulated bacteria (Prevotella, Lactobacillus, Faecalibacterium prausnitzii,
Collinsella, and Bifidobacterium) are usually associated with metabolic abnormalities in short-
chain fatty acids, bile acids, and branched-chain amino acids [206]. MI rat models show dis-
tinct differences in gut microbiome beta diversity between depressed, non-depressed, and
sham groups, with enrichment of Streptococcus and a lower abundance of Actinobacteriaceae
in the depressed group. Notably, the higher area under the curve values for Streptococcaceae
and Aspergillus suggest a predictive link with depression in MI rats. Transplanting the
gut flora from depressed rats into antibiotic-treated pseudo-germ-free rats induces depres-
sion [207]. Treatment with sotagliflozin and faecal microbiota transplantation (FMT) from
sotagliflozin-treated mice can both improve cardiac function and depression [208]. Probiotic
Probio-M8 improves Seattle Angina Questionnaire scores and anxiety-depressed symptoms
in patients with CAD, reduces serum IL-6 and low-density lipoprotein cholesterol levels,
alters gut microbiota composition, and highlights changes in microbial bioactive metabo-
lites, including increased methyl xanthine and decreased pro-atherogenic compounds [209].
Additionally, a combination of Lactobacillus rhamnosus and prebiotic inulin is more effective
than probiotics alone in reducing depression and inflammation in patients with CAD, likely
due to the synergistic effects of prebiotics supporting probiotic growth [210]. Collectively,
these findings suggest that the gut–heart–brain axis plays a significant role in the pathology
of MI combined with depression, with the gut microbiota representing a potential therapeu-
tic target. However, comprehensive two-sample Mendelian randomization analyses have
reported no causal link between gut flora metabolites, colony abundance, depression, CAD,
or cardiometabolic markers (e.g., BP, glucose, cholesterol, and body mass index [BMI]) [211].
Given the relatively limited exploration of the gut–heart–brain axis in comorbidities, further
research is warranted.

The above mechanisms are summarised in Table 1.
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Table 1. Summary of phenotypes, mechanisms and interventions.

Effect of MI on Depression Effects of Depression on MI

Phenotypes Mechanisms Interventions Phenotypes Mechanisms Interventions

ANS HRV ↓ [79] GRK2 ↑→ HRV ↓,
depression and MI [83–86] Paroxetine [86]

HRV ↓, plasma
epinephrine and NE

levels ↑ [87–90]

S1R↓ (depression-related)
→ ANS dysfunction →
Cardiac function and

structure ↓ [91]

HPA axis
GC ↑, adrenal

hypertrophy and
flattened DCS [97–99]

MI→ Inflammation (mRNA
expression of IL-12A and

TNF-α in the hypothalamus ↑)
→ HPA axis dysregulation

→ Depression [102].
MI → Trigger HPA axis

dysfunction after MR/GR
imbalance → Depression [100]

Impaired CR signalling
[100,103,108,110]

GC ↑ and flattened
DCS [104–107]

Depression → Abnormal
activation of the HPA axis

→ GR-mediated
NF-κB/TLR4 signalling

pathway ↑ → CVD
[108,109]

Impaired CR signalling
[100,103,108,110]

Rosmarinic acid [212]

Inflammation

Hs-CRP, NLRP3,
TNF-α, IL-17A, IL-1β,

IL-2, IL-6, NLR and
microglia ↑ [123–128]

GSK-3β/Notch1 and
GSK-3β/C/EBPα signalling

pathways induce
macrophage/microglial

polarisation [129]
NLRP3-mediated

GSDMD-induced microglial
pyroptosis [130]

S100A9-mediated
macrophage/microglial
inflammation [131,132]

S100B, JMJD3 or
STAT3-mediated microglial

polarization [133–137]

Minocycline [128]
Formononetin [129]
HP.SNESNS [213]

GBE [152]
Ginkgolide B [133]

Occurrence: SII and
hs-CRP [58,138]

Prognosis: MIF and
CRP [140–143]

Depression → 5-HTT ↓
→inflammation

(TGF-β ↑, TNF-α ↑, IL-6 ↑
and MMP-2 ↑) →
The early healing
in MI ↓ [144–147]

Depression → PG/GAG
structural and functional
changes → Heart disease

[148–150]

Formononetin [129]
Rosmarinic acid [212]
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Table 1. Cont.

Effect of MI on Depression Effects of Depression on MI

Phenotypes Mechanisms Interventions Phenotypes Mechanisms Interventions

Platelet
activation and

coagulation
activation

Platelet activation: the
average PLT, PDW
and MPV ↑ [155].

Coagulation
activation: TF and

D-dimer ↑ [156,157]

Depression → 5-HT ↓ →
Platelet activation →

CVD ↑ [158–160]
The BDNF Val66Met gene

polymorphism:
BDNF Met → SIRT1

↓/SorCS2 ↑ pathway →
regulates coagulation (TF
↑ and gelsolin ↑) and

inflammation (A1AT ↑),
promotes thrombosis and
increases CVD risk [162]

BDNF Met→
NE/α2A-ADR pathway ↑
→ Thrombosis → CVD

risk ↑ [165]

Sertraline and N-
nitrosodimethylamine

[160]
Desipramine [165]
Rauwolscine [165]

RAAS
Ang-(1-7) ↓

Ang-II/Ang-(1-7) ↑
[193]

ACE2 genetic
polymorphisms: ACE2

genetic polymorphisms in
patients with CHD → ACE2

↓ → Ang II/Ang-(1-7)
imbalance → Depression

[193]

Depression reduces
adherence to ACEIs in
patients with MI [194].

Endothelial
dysfunction

Vasodilatory
capacity ↓, EPC ↓

and ET-1 ↑
[195–197].
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Table 1. Cont.

Effect of MI on Depression Effects of Depression on MI

Phenotypes Mechanisms Interventions Phenotypes Mechanisms Interventions

MiRNA

MiR-146a rs2910164 C allele
→ MiR-146a ↓ (patients with

CAD) → NOS1 ↑ →
Depression ↓ [200–205]

Phenotypes Mechanisms Interventions

Tryptophan
metabolism

5-HT levels in serum and brain tissue ↓ [131,173–175]
5-HT2A receptors expression in brain tissue ↓ [175,176]
Altered plasma-free L-Trp scores alongside abnormal

IDAEP [177]
The mRNA expression of tryptophan

metabolism-related enzymes such as IDO1, KMO and
KYNU in the hippocampus↑ [173]

Serum KYN levels ↑ [134]
KYN-to-tryptophan ratio ↑ [134]

HPA axis [134,173]
Inflammation (may be mediated by S100A9, GSK-3β,

TNF-α/TNFR/NF-κB signalling pathway or neutrophil degranulation)
→ The inflammation in the infarcted cardiac tissue ↑ and depression ↑

[129,131,134,173,185,186]
Regulation of 5-HTT gene polymorphisms → Depression and 5-HTT ↓ →

Inflammation ↑ → Cardiac outcomes ↓ [144,145,147,187]
5-HT ↓ → Thrombosis ↑ → MI risk ↑ [158–160,188–190]

SSRIs [189,190]
Dichloromethane
fractions of Morus

macroura [174]
Rosmarinic acid [212]

Gut
microbiome

Staphylococcus, Escherichia coli, Helicobacter pylori,
Shigella and Streptococcus ↑ [206]

Prevotella, Lactobacillus, E. pumilus, Collinsella,
Bifidobacterium and Actinobacteriaceae ↓ [206]

AUC values for Streptococcaceae and Aspergillus ↑ [207]

The gut–heart–brain axis
Sotagliflozin, [208]

probiotic and prebiotic
inulin [209,210]

Symbols: ↑: increase in a value or deterioration of a disease; ↓: decrease in a value or improvement of a disease; →: denotes a causative relationship (leads to). Abbreviations: MI: myocardial
infarction; ANS: autonomic nervous system; HRV: heart rate variability; GRK2: G protein-coupled receptor kinase-2; NE: norepinephrine; S1R: sigma-1 receptor; HPA: hypothalamic–
pituitary–adrenal; ACTH: adrenocorticotropic hormone; GC: glucocorticoid; DCS: diurnal cortisol slope; IL-12: interleukin-12A; TNF-α: tumour necrosis factor-α; MR/GR: mineralocorticoid
receptors/glucocorticoid receptors; CR: corticosteroid receptor; NF-κB: nuclear factor kappa B; TLR4: toll-like receptor 4; CVD: cardiovascular disease; CRP: C-reactive protein; Hs-CRP:
high-sensitivity CRP; NLRP3: NOD-like receptor thermal protein domain associated protein 3; NLR: neutrophil-to-lymphocyte ratio; GSK-3β: glycogen synthase kinase 3 beta; Notch1, notch
receptor 1; C/EBPα: CCAAT/enhancer-binding protein alpha; GSDMD: gasdermin-D; S100A9: s100 calcium binding protein A9; S100B: s100 calcium binding protein B; JMJD3: jumonji
domain-containing protein 3; STAT3: signal transducer and activator of transcription 3; HP.SNESNS: Self-nanoemulsifying self-nanosuspension loaded with Hypericum perforatum; GBE: Ginkgo
biloba extract; SII: Systemic Immune Inflammation Index; MIF: migration inhibitory factor; 5-HTT: 5-HT transporter; TGF-β: transforming growth factor-β; MMP2: matrix metalloproteinase 2;
PG: Proteoglycan; GAG: glycosaminoglycan; PLT: platelet count; PDW: platelet distribution width; MPV: mean platelet volume; TF: tissue factor; BDNF: brain-derived neurotrophic factor;
SIRT1: sirtuin 1; SorCS2: sortilin related VPS10 domain containing receptor 2; A1AT: α1-antitrypsin; α2A-ADR: α2A-adrenergic receptor; RAAS: renin–angiotensin–aldosterone system; Ang II:
angiotensin II; ACE2: angiotensin-converting enzyme 2; CHD: coronary heart disease; ACEI: Angiotensin-converting enzyme inhibitor; EPC: endothelial progenitor cell; ET-1: endothelin-1;
NOS1: nitric oxide synthase 1; L-Trp: L-tryptophan; IDAEP: intensity-dependent auditory evoked potentials; IDO1: indoleamine 2,3-dioxygenase 1; KMO: kynurenine 3-monooxygenase; KYNU:
kynureninase; KYN: kynurenine; TNFR: TNF-α Receptor. SSRI: selective serotonin reuptake inhibitor; AUC: area under the curve.
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4. Interventions and Treatments
Effective interventions for MI combined with depression require careful balancing

to optimise outcomes for both cardiac function and mental health. Ideally, treatment
strategies should simultaneously support cardiac recovery and mental well-being. In
therapies specifically targeting either MI or depression, the potential adverse effects on
other conditions must be minimised. Both pharmacological and non-pharmacological
approaches can effectively manage this comorbidity.

4.1. Interventions

Nonpharmacological interventions, which are often milder in approach, are particu-
larly suitable for managing mild-to-moderate depression and aiding post-MI rehabilitation.
Common treatment strategies include psychotherapy and exercise.

4.1.1. Psychotherapy

Recent psychological therapies shown to benefit patients with comorbid MI and
depression include cognitive behavioural therapy (CBT), psychocardiology interventions,
patient education, comprehensive nursing interventions based on self-expression, and
attentional training. These therapies reduce depression and anxiety, enhance sleep quality
and life satisfaction, promote physical activity, improve cardiac function, and lower the
risk of cardiovascular events [214–220].

CBT is a widely used modality. Internet-based CBT (iCBT) is particularly effective in
improving depressive symptoms in patients with CVD, with benefits sustained at follow-
up [218]. Cognitive-behavioural stress management has also shown greater efficacy in
reducing depression in patients compared with standard care [219]. In patients with
CVD or individuals at risk for CVD, Internet-based self-directed CBT and mindfulness-
based cognitive therapy enhance daily physical activity, with increased average step counts
during an 8-week follow-up period, whereas participants using only a Fitbit tracker showed
reduced physical activity [214]. As increased physical activity benefits cardiac health, CBT
may lower CVD risk by encouraging greater physical movement.

In addition to iCBT, emerging digital health tools such as e-health systems, m-health
platforms, and telemedicine show promise for managing MI combined with depression.
For example, the NEVERMIND e-Health system significantly reduces depression in MI
patients [221]. Additionally, a meta-analysis suggested that e-health interventions not only
benefit depression but also improve physical health after cardiac surgery [222]. The mobile
app AfterAMI improved the quality of life (QoL) of patients with MI [223]. Telemedicine
can be used to effectively control BMI and BP, and enhances exercise adherence in patients
with atherosclerotic cardiovascular disease, although its effects on mental health and safety
outcomes are limited [224]. Overall, Internet-based healthcare has significant potential for
the management of MI combined with depression.

4.1.2. Exercise Therapy

Exercise therapy is a viable intervention for improving cardiovascular and mental
health. A clinical trial involving 1,282,160 patients with depression observed a 15% re-
duction in MI risk among individuals who initiated exercise after diagnosis, compared
with those who did not exercise. Conversely, patients who stopped exercising had a
15% increased risk compared with those who exercised regularly [225]. Moreover, 12-week
high-intensity interval training, moderate-to-vigorous intensity continuous training, and
Nordic walking (NW) improve patient cardiac function, depressive symptoms, and QoL,
with NW showing a notable advantage in enhancing cardiac function. The benefits of all
three exercise regimens persisted for up to 26 weeks [226,227]. These findings highlight
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the positive effects of regular physical activity on heart health and mood. Additionally,
traditional practices such as Tai Chi and Baduanjin may offer similar benefits and po-
tentially enhance the cardiac and psychological improvements of conventional exercise
therapy [228,229]. Yoga, which is widely used in rehabilitation, better regulates BP, lipid lev-
els, and psychosocial outcomes (including QoL, stress, anxiety, and depression) in patients
with heart disease compared with standard care or non-pharmacological treatments [230].
However, when combined with conventional therapies, yoga may not provide additional
benefits [231]. Therefore, yoga may be particularly suitable for patients with MI with mild
depression, offering effective relief from cardiac and psychological symptoms without the
need for medication.

4.2. Medication

Pharmacological treatment of MI combined with depression focuses on three key
areas: (1) the impact of standard cardiovascular medications on depression, (2) the ef-
fect of antidepressants on the cardiovascular system, and (3) the potential of drugs that
address both MI and depression. The following sections discuss both chemical and
natural therapeutic options.

4.2.1. Chemical Drugs

Conventional cardiovascular medications are also associated with depression. A
meta-analysis revealed that statins and aspirin reduced the risk of depression in patients
with CAD by 23% and 15%, respectively. In contrast, the use of calcium channel blockers
and diuretics was associated with 32% and 36% increased risks of depression, while β-
blockers showed no significant correlation with depression [232]. However, a longitudinal
cohort study of 1,400,766 Swedish individuals reported an 8% reduction in hospitalisation
for depression with β-blockers but an 8% increase in suicide risk, highlighting a more
complex relationship that requires further investigation [233]. Additionally, a prospective
randomised controlled trial (RCT) demonstrated that β-blockers increase depressive symp-
toms in MI patients with preserved LVEF, especially among those with prior β-blockers
treatment [234]. Statins not only lower blood lipids and regulate metabolism but are also as-
sociated with a reduced risk of depression. The safety and efficacy of combining statins with
antidepressants such as SSRIs and serotonin-norepinephrine reuptake inhibitors (SNRIs)
have been validated [62].

Common antidepressants, including SSRIs, SNRIs, and tricyclic antidepressants
(TCAs), have notable effects on the cardiovascular system. In recent years, SSRIs have
garnered significant attention in research on MI combined with depression and 5-HT
metabolism. The HUNT study found that SSRIs reduced the risk of MI by 55% [190],
whereas a meta-analysis reported that SSRIs were associated with a 44% reduction in MI
risk in patients with post-ACS depression [189]. However, conflicting evidence suggests
that SSRIs may increase the risk of MACE [235] and the likelihood of CVD-related rehos-
pitalisation by 25% in older adults with a history of CVD [236]. For instance, although
escitalopram (ES) significantly improves depression-like behaviours in mice with comor-
bid MI and depression, it exacerbates cardiac fibrosis [237]. In contrast, sertraline has a
relatively high safety profile [238]. The effects of ES on mood may involve inflammatory
pathways, as it reverses TNF-α elevation in the cortex of mice with comorbid MI and de-
pression [237]. Overall, the positive and negative cardiovascular effects of SSRIs underscore
the complex relationship between 5-HT metabolism and CVD, positioning them as key
candidates for the treatment of MI combined with depression.

The risk of MACE associated with SNRIs may be comparable to that associated with
SSRIs [239]. Venlafaxine (an SNRI) does not significantly increase the risk of arrhythmias,
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except in high-risk patients [240]. In the HUNT study involving 317,765 participants, TCAs
were associated with a reduced risk of MI [190]. However, a nested case–control study of
344,747 patients found that TCAs may increase the risk of heart failure [236]. Analysis of
South Korea’s national claims data revealed that among patients treated with antidepres-
sants, those using TCAs faced the highest risk of atherosclerotic cardiovascular disease
when compared with healthy controls [241]. Thus, the relationship between different classes
of antidepressants and MI as well as the interaction between standard CVD medications
and depression remains controversial. Therefore, careful consideration is necessary when
prescribing these medications to patients with comorbid MI and depression.

In addition to conventional CVD medications and antidepressants, several studies
have investigated agents that can simultaneously improve MI and depression. Minocy-
cline alleviates cardiac dysfunction and depressive symptoms in post-MI rats by inhibit-
ing inflammation and microglial activation [128]. Probiotics, either alone or in combi-
nation with prebiotics, have demonstrated similar effects, likely through mechanisms
involving the brain-heart-gut axis and inflammation, although the efficacy may vary
by sex [209,210,242]. Emerging research underscores the importance of the brain-heart-gut
axis, with sotagliflozin treatment and subsequent FMT to improve both cardiac and psycho-
logical outcomes in MI models, primarily by modulating the gut microbiota [208]. These
findings suggest that targeting gut flora holds significant promise for the treatment of MI
combined with depression.

4.2.2. Natural Compounds

Natural compounds may offer safer and more effective alternatives to chemical
drugs because of their multi-target mechanisms and complex bioactive profiles. Net-
work pharmacology analyses have identified quercetin, kaempferol, luteolin, beta-
sitosterol, puerarin, stigmasterol, isorhamnetin, baicalein, tanshinone IIa, and nobiletin
as key compounds for treating CAD combined with depression, primarily through anti-
damage/apoptosis, anti-inflammatory, antioxidative, and neurotransmitter homeostasis
functions [243]. The efficacy of formononetin, rosmarinic acid, and extracts from Hypericum
perforatum, Ginkgo biloba, and Morus macroura has also been demonstrated in improving the
comorbidity [129,133,152,174,212,213]. These findings offer valuable insights for develop-
ing novel pharmacological therapies.

Formononetin reduces cardiac injury and depression in MI-depressed mice by
inhibiting GSK-3β-mediated Notch1 and C/EBPα signalling pathways, rebalancing
the macrophage/microglia M1/M2 ratio and mitigating inflammation [129]. Self-
nanoemulsifying self-nanosuspension loaded with Hypericum perforatum not only reduces
the levels of the myocardial injury markers, NO and TNF-α, improves cardiac function, and
restores normal cardiac structure in MI rats but also reduces TNF-α levels in brain tissue,
increases neurotransmitter and BDNF levels, upregulates GFAP expression in the cortex
and hippocampus, and downregulates BCL2 associated X, apoptosis regulator expression,
ultimately alleviating anxiety, depression-like behaviours and cognitive dysfunction [213].
Ginkgo biloba extract alleviates depressive-like behaviour and reduces cardiac inflammation
and cerebral oxidative stress in rats fed a high-fat diet and with depression by inhibiting
the NF-κB signalling pathway [152]. Ginkgolide B improves depression by modulating
STAT3-mediated inflammation, inhibiting microglial activation and reducing IL-1β lev-
els in brain tissues of MI mice [133]. The dichloromethane fractions of Morus macroura
modulate neuronal energy, superoxide dismutase, glutathione, gamma-aminobutyric acid,
5-HT, and dopamine levels, alleviating anxiety and depression in MI rats [174]. In a chronic
unpredictable mild stress -induced depression model, prophylactic administration of ros-
marinic acid reduced adrenocortical hyperplasia; corticosterone levels; lipid peroxidation;
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and cTn-I, MMP-2, and pro-inflammatory marker levels while increasing brain 5-HT and
glutathione levels, as well as catalase activity, thereby mitigating depression-related cardiac
dysfunction through mechanisms involving the HPA axis, oxidative stress, inflammation,
and tryptophan metabolism [212]. However, a RCT demonstrated that sustained quercetin
supplementation failed to affect endothelial dysfunction biomarkers and depression in
post-MI patients [244].

To manage MI combined with depression, non-pharmacological interventions are
generally recommended for mild depression, given the incomplete understanding of how
antidepressants affect the cardiovascular system. This approach minimises potential car-
diovascular harm. When pharmacological treatment is necessary due to severe depression,
the use of antidepressants with favourable safety profiles and no interaction with CVD
medications is advised. The choice of intervention should be tailored to the severity of MI
and depression, emphasising the need for an integrated psychosomatic approach. This
necessitates a standardised framework for MI combined with depression that includes
recognition, screening, and active management, all guided by integrated and individualised
treatment protocols [5]. Cardiologists and mental health specialists should collaborate
closely to ensure comprehensive care. Further research is crucial for developing clear
clinical guidelines for managing this complex condition.

5. Conclusions
The emerging interdisciplinary field of psychocardiology offers significant potential

for advancing research and clinical practice. Multiple risk factors substantially increase the
risk and worsen the prognosis of MI with comorbid depression, with genetic predisposition
further contributing to susceptibility. Complex mechanisms underlie the bidirectional rela-
tionship between MI and depression, perpetuating a vicious cycle through the heart–brain
axis. Current therapeutic strategies, including non-pharmacological interventions such
as psychotherapy and exercise, as well as pharmacological and natural medications, can
effectively manage this comorbidity. However, existing research has disproportionately
focused on factors such as sex and diabetes, whereas evidence for other contributors re-
mains scarce or controversial. Moreover, the generalizability of the research findings may
be limited by cross-cultural differences in the perception of stress. This underscores the
need for large-scale, multicentre, prospective trials to clarify the risk factors and outcomes.
Mechanistic studies should extend beyond phenotypic associations to investigate upstream
and downstream molecular pathways. The insights from these studies can guide the devel-
opment of more precise, safe, and effective treatments. The identification of risk factors
and pathogenic mechanisms provides a foundation for leveraging advanced tools such as
artificial intelligence-driven data phenotyping, machine learning, and predictive model
construction to enhance diagnosis and treatment strategies. Bioinformatic approaches,
including proteomics, may uncover specific biomarkers for MI with depression, enabling
early detection, accurate diagnosis, and personalised therapy. The current reliance on
subjective scales to assess depression highlights the need for more objective diagnostic
methods. Psychosomatic symptoms such as chest tightness and chest pain, which can reflect
underlying depression, are often overlooked in clinical practice, leading to misdiagnosis,
inefficient resource use, and potential iatrogenic harm. Interdisciplinary collaboration is
crucial for the development of an integrated diagnostic and treatment framework. Contin-
ued physician education must be prioritised along with public health initiatives to raise
awareness of mental health issues, improve patient understanding, and reduce stigma.
These efforts will advance the comprehensive prevention, diagnosis, and management of
MI and depression, foster better patient outcomes, and optimise healthcare resources.
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Abbreviations
The following abbreviations are used in this manuscript:

MI Myocardial Infarction
ANS Autonomic Nervous System
HPA Hypothalamic-pituitary-pdrenal
RAAS Renin–angiotensin–aldosterone System
MDD Major Depressive Disorder
CVD Cardiovascular Disease
MACE Major Adverse Cardiovascular Events
CAD Coronary Artery Disease
CHD Coronary Heart Disease
ACS Acute Coronary Syndrome
IHD Ischaemic Heart Disease
LDL Low-density Lipoprotein
PCSK9 Pro-protein Convertase Subtilisin/kexin Type 9
HRV Heart Rate Variability
FKBP5 FK506 binding Protein 51
APLNR Apelin receptor
SNS Sympathetic Nervous System
PNS Parasympathetic Nervous System
HR Heart Rate
NE Norepinephrine
ACh Acetylcholine
S1R Sigma-1 Receptor
GRK2 G Protein-coupled Receptor Kinase-2
LVEF Left Ventricular Ejection Fractions
BP Blood Pressure
SSRI Selective Serotonin Reuptake Inhibitor
LVEDP Left Ventricular End-diastolic Pressure
I/R Ischemia/Reperfusion
CRH Corticotropin-releasing Hormone
ACTH Adrenocorticotropic Hormone
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GC Glucocorticoid
CRs Cortisol Receptors
MRs Mineralocorticoid Receptors
GRs glucocorticoid receptors
DCS Diurnal Cortisol Slope
GFAP Glial Fibrillary Acidic Protein
IL Interleukin
TNF Tumour Necrosis Factor
NR3C1 Nuclear Receptor Subfamily 3 Group C Member 1
HDL-C High-density Lipoprotein Cholesterol
TLR4 Toll-like Receptor 4
NF-κB Nuclear Factor Kappa B
CR Corticosteroid Receptor
CAR Cortisol Awakening Response
BBB Blood–Brain Barrier
MMPs Matrix Metalloproteinases
CNS Central Nervous System
hs-CRP High-sensitivity CRP
PCI Percutaneous Coronary Intervention
NLRP3 NOD-like Receptor Thermal Protein Domain Associated Protein 3
STEMI ST-segment Elevation Myocardial Infarction
NLR Neutrophil To Lymphocyte Ratio
GSK-3β Glycogen Synthase Kinase 3 beta
S100A9 S100 Calcium Binding Protein A9
S100B S100 Calcium Binding Protein B
JMJD3 Jumonji Domain-containing Protein 3
STAT3 Signal Transducer and Activator of Transcription 3
Notch1 Notch Receptor 1
C/EBPα CCAAT/Enhancer-Binding Protein Alpha
GSDMD Gasdermin-D
SII Systemic Immune Inflammation Index
MIR Recurrent Myocardial Infarction
MIF Migration Inhibitory Factor
AMPK Adenosine 5′-monophosphate-activated Protein Kinase
5-HTT/SERT 5-HT Transporter
TGF-β Transforming Growth Factor-β
PG Proteoglycan
GAG Glycosaminoglycan
HS Heparan Sulphate
CS Chondroitin Sulphate
MPO Myeloperoxidase
TF Tissue Factor
5-HT 5-Hydroxytryptamine
BDNF Brain-Derived Neurotrophic Factor
SIRT1 Sirtuin 1
SorCS2 Sortilin Related VPS10 Domain Containing Receptor 2
A1AT α1-Antitrypsin
α2A-ADR α2A-Adrenergic Receptor
L-Trp L-tryptophan
KYNU kynureninas
KYN kynurenine
TNFR TNF-α Receptor
ACE2 Angiotensin-Converting Enzyme 2
Ang II Angiotensin II
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ACEI Angiotensin-Converting Enzyme Inhibitor
EPC Endothelial Progenitor Cell
ET-1 Endothelin-1
MiRNAs MicroRNAs
NOS1 Nitric Oxide Synthase 1
FMT Faecal Microbiota Transplantation
CBT Cognitive Behavioural Therapy
QoL Quality of life
NW Nordic Walking
RCT Randomised Controlled Trial
SNRIs Serotonin-norepinephrine Reuptake Inhibitors
TCA Tricyclic Antidepressants
ES Escitalopram
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