Systematic Review

The Role of Brain-Derived Neurotrophic Factor (BDNF) in
Depression and Cardiovascular Disease: A Systematic Review

Massimo Fioranelli !, Maria Grazia Roccia !, Bianca Przybylek ? and Maria Luisa Garo >*

check for
updates

Citation: Fioranelli, M.; Roccia, M.G.;
Przybylek, B.; Garo, M.L. The Role of
Brain-Derived Neurotrophic Factor
(BDNF) in Depression and
Cardiovascular Disease: A
Systematic Review. Life 2023, 13, 1967.
https:/ /doi.org/10.3390/1ife13101967

Academic Editor: Cora Weber

Received: 31 July 2023
Revised: 9 September 2023
Accepted: 26 September 2023
Published: 26 September 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Department of Human Sciences, Guglielmo Marconi University, Via Plinio 44, 00193 Rome, Italy;
m.fioranelli@unimarconi.it (M.E); m.roccia@unimarconi.it (M.G.R.)

Istituto Terapie Sistemiche Integrate, Casa di Cura Villa del Rosario, Via Flaminia 449, 00181 Rome, Italy;
bianca.przybylek@goglemail.com

Istituto Terapie Sistemiche Integrate, Casa di Cura Sanatrix, Via di Trasone, 6, 00199 Rome, Italy

*  Correspondence: marilu.garo@gmail.com

Abstract: Background: Several studies have been conducted to prove the bidirectional relationship
between cardiovascular disease (CVD) and depression. These two major illnesses share several
common risk factors such that the development of either condition may increase the risk of the
occurrence of the other. Brain-derived neurotrophic factor (BDNF) has been suggested as a reliable
biomarker for depression and a strong predictor of CVD because it plays an important role in neuron
survival and growth, serves as a neurotransmitter modulator, and promotes neuronal plasticity.
The aim of this systematic review was to examine the bidirectional relationship between CVD and
depression, focusing on the potential role of low serum BDNF levels in the development of either
disease in the presence of the other. Methods: A systematic search strategy was developed using
PRISMA guidelines. Results: Six studies (comprising 1251 patients) were identified, all of which
examined the association between CVD and depression. Conclusions: It was found that there may be
a strong association between low serum BDNF levels and the risk of post-stroke depression. However,
the studies on the role of altered serum BDNF levels and other types of CVD are few. Therefore, the
inverse association between depression and CVD cannot be proven.

Keywords: BDNF; brain-derived neurotrophic factor; cardiovascular disease; depression

1. Introduction

Cardiovascular disease (CVD) and depression are considered two of the major illnesses
occurring worldwide. According to recent statistics, about 523 million people develop CVD each
year, and the annual mortality rate for CVD is about 32% (about 19 million deaths per year) [1].
Similarly, depression has an incidence rate of 3.8% (prevalent in 280 million people world-
wide) [2]. Both illnesses significantly impact the overall quality of the life of patients
and the healthcare system economically due to the associated higher medical costs and
the utilisation of health-care services and significantly impact the productive life years of
the patients [3-9].

The large number of studies conducted so far have demonstrated a causal bidirectional
relationship between CVD and depression in terms of epidemiological data [10], common
risk factors [11], and some specific biological mechanisms [12]. Epidemiological data on
the co-occurrence of CVD and depression confirm this close bidirectional relationship
and show that a patient has a higher risk of developing one of the two diseases when
the other is present. Specifically, patients with depression have a 1.5-fold higher risk of
developing CVD than patients without depression [12]. The prevalence of CVD in patients
with major depressive disorder has been estimated to be 9.9% (95% CI: 7.4-13.3), with the
cardiovascular-related mortality rate being higher than that in non-depressed patients [13].
Conversely, several studies have shown a higher prevalence of major depression in patients
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with CVD [14]: Major depression or an increase in depressive symptoms affects 20-45% of
patients with coronary artery disease [15] and 30—40% of patients with stroke [16-18].
Many behavioural and biological mechanisms have been studied to evaluate the deter-
minants of this bidirectional causality, which is likely due to a common pathophysiological
pathway [19]: Many common risk factors for both diseases have been identified [12,20];
however, much uncertainty still remains [21]. In recent years, brain-derived neurotrophic
factor (BDNF), a neurotrophic growth factor, has been shown to be associated with several
neuropsychiatric disorders and some CVDs, such as acute coronary syndrome (ACS) and
stroke [22-24]; therefore, serum BDNF levels have been proposed as a reliable biomarker
for depression [25,26] and a consistent parameter for predicting cardiovascular risk [27,28].
Indeed, according to the neurotrophic hypothesis of depression, depressive symptoms
are due to a stress-induced decrease in BDNF [29], because of a mechanism that impairs
neuroplasticity and neurogenesis and promotes cell atrophy [30], which is why decreased
BDNF levels are often observed in depressed patients [31]. A more complex mechanism
links BDNF and CVD: BDNF is involved in angiogenesis and promotes the survival of
vascular smooth muscle cells, cardiomyocytes, endothelial cells [32], and atherosclerotic
vessels. It also induces oxidative stress by activating the enzyme oxidase in coronary
artery smooth muscle cells, which could lead to atherosclerotic plaque instability [33].
High BDNF levels play a protective role against CVD and CVD-related mortality, whereas
low serum BDFN levels are considered a risk factor for future coronary events [28,30]
and are associated with an increase in risk of future coronary events and mortality in
patients with angina [32]. In line with these mechanisms of action, recent evidence has
indicated that restoring normal BDNF levels through targeted therapeutic approaches
reduces symptomatology in depressed patients [34] and patients with CVD [35].
However, these disease-specific mechanisms of action do not explain the bidirectional
relationship. To this end, some hypotheses have been put forward, which are aimed at
understanding the biological mechanism underlying the relationship between depression
and CVD and thus the co-occurrence of both diseases. Hashimoto (2013) hypothesised
that the bidirectional relationship may be due to endoplasmic reticulum (ER) stress, which
is of interest in the pathophysiology of both diseases: Under ER stress, unfolded protein
response inhibits BDNF secretion through the action of the ER molecular chaperone sigma-1
receptor, which precisely regulates BDNF secretion [19]. Bahls et al. (2019) speculated that
the bidirectional relationship could be explained by the fact that BDNF influences both
diseases via inflammation, a common feature of depression and CVD [27]. In this case, low
BDNEF levels in both diseases could be because inflammation tends to decrease BDNF [36].
Although there is evidence to support the hypothesis that alteration of BDNF levels
may increase the risk of depression or CVD, the possible role of altered BDNF levels in
increasing the risk of depression in patients with CVD and, conversely, the risk of CDV
in patients with depression is still unknown. To the best of our knowledge, there are no
systematic reviews that have examined a possible bidirectional relationship mediated by
BDNF levels. Therefore, the aim of this systematic review is to evaluate the role altered
BDNF levels play in patients with CVD and those with depression in terms of increase in
risk of depressive symptoms and that of CVD, respectively.

2. Materials and Methods
A systematic review of published data was carried out according to the PRISMA guidelines [37].

2.1. Eligibility Criteria

Published studies (i.e., peer-reviewed journal articles) that included adult subjects
(age > 18 years) with CVD (as defined by the WHO: diseases of the heart and blood vessels,
including coronary artery disease, cerebrovascular disease, rheumatic heart disease, and
other conditions) and with depressive symptoms (as defined by the Diagnostic and Statis-
tical Manual of Mental Disorders 111, IV, or V) diagnosed and confirmed according to the
accepted criteria (e.g., TOAST or STEPS-STROKE criteria for stroke, Framingham criteria
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for heart failure, or Hamilton Depression Rating Scale or Patient Health Questionnaire
for depression), which assessed serum BDNF levels on patient admission to the hospital
or during follow-up and prospectively investigated a possible association between CVD
and depression or vice versa, were included in this study. Studies that analysed BDNF
levels in depressed patients and in patients with CVD without examining a possible cause-
and-effect relationship, such as case-control studies with healthy subjects or cross-sectional
studies, were excluded. Studies that included only diabetic subjects, to rule out a possible
interaction between diabetes and CVD, and studies that analysed depressive symptoms
in association with other psychiatric symptoms such as anxiety, psychosis, and mixed
features, were also excluded. Finally, to reduce the risk of very large heterogeneity amongst
the potentially included studies because of different BDNF measurements, studies that
investigated BDNF gene polymorphisms or assessed the effect of rehabilitation on BDNF
levels were also excluded.

2.2. Study Design

Observational studies that comprised patients with CVD and patients with depression
and subsequently examined in them the development of depressive symptoms and CVD,
respectively, were included.

2.3. BDNF Level Measurement

Ninety percent or more of BDNF in the blood is stored in platelets, and there is a close
relationship between the platelet count and the serum BDNF concentration. The plasma
component of BDNF is believed to be related to particular inflammatory states and the
release of specific cytokines, making it relevant and useful as a disease state marker [38].
However, considering that BDNF in platelets may play a role in tissue trauma or nerve
injury, BDNF concentrations in serum largely reflect the activation-dependent release of
BDNF from platelets, a fact not so easily found in plasma, whose BDNF concentrations
during the coagulation process are 200-fold lower than those of serum BDNF, are highly
unstable, may reflect the influence of different cellular sources of plasma BDNE, have
lower repeatability, and may be influenced by confounding factors such as the patient’s
sex and age [38]. Therefore, to analyse the bidirectional relationship, the serum BDNF
levels recorded at the time of the diagnosis in patients with either CVD or depression were
considered. If serum BDNF levels were also monitored during follow-up, their data were
also registered.

2.4. Search Strategy

A systematic search strategy was conducted on the three main databases, PubMed,
Web of Science, and Scopus, from April to June 2023 without time and language restrictions.
The following search strategy was applied: (Brain-derived neurotrophic factor OR BDNF)
AND (depression OR depress*) AND (cardiovascular disease). The selection of articles
was performed in two steps: In the first step, articles were evaluated by title and abstract,
and in the second step, articles that appeared to be suitable for inclusion in the previous
step were retrieved and evaluated by reading full texts. Both steps were executed by two
independent reviewers (M.G.R. and B.P.). Disagreements between the two reviewers were
resolved under the supervision of a third experienced reviewer (M.E.).

The complete list of articles obtained through the systematic search was uploaded
on Rayyan (https:/ /www.rayyan.ai). After removing duplicates, potential articles were
screened by title and abstract. Post screening, eligible articles that met the inclusion and
exclusion criteria were identified and their full texts were retrieved. After that, the two
reviewers read the full texts and assessed the eligibility of each study; then, the third
and fourth reviewers (M.E and M.L.G.) checked all the included and excluded studies by
reading the full texts and resolved the disagreements between the reviewers. The reasons
for exclusion of each article were recorded.
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2.5. Data Extraction

Data from the included studies were independently extracted and recorded in a
datasheet (Excel file) by two authors (M.G.R. and B.P.). No disagreement was registered
during this phase. The data that were gathered included (1) study characteristics, i.e., name
of the first author, year, country, study design, observation period, enrolled patients’
characteristics (patients with CVD or patients with depression), relationship direction
(impact of CVD on development of depression or of depression on that of CVD), patients’
inclusion and exclusion criteria, endpoints, sample size, patients’ age, and sex; (2) diagnostic
tools for depression or CVD; and (3) serum BDNF levels. No information was extracted
from the figures or graphs reported in the articles.

2.6. Quality Assessment

Assessment for bias was performed through the Quality Assessment Tool for Ob-
servational Cohort and Cross-Sectional Studies predisposed by the NIH (https://www.
nhlbi.nih.gov/health-topics/study-quality-assessment-tools, accessed on 25 June 2023).
The tool was composed of 14 items that investigated the quality of the research question,
the study population, the methodological aspects (e.g., sample size justification, outcome
measurement, and statistical analysis methods), the presence of an adequate timeframe
between exposure and outcome, the blinding of outcome assessors, and the follow-up rate.
For each item, three possible responses were available: yes, no, or other (CD: cannot be
determined, NA: not applicable, NR: not reported). A final rating score was determined for
each article, assigning values of 1 for “yes”, 0 for “no”, and —1 for “CD”. The quality was
rated as poor if the final score ranged from 0 to 4, fair if the final score ranged from 5 to 10,
or good if the final score ranged from 11 to 14.

2.7. Data Synthesis

The results were presented as a narrative summary in which the characteristics of the
studies were reported in detail.

3. Results
3.1. Search Results

The search strategy resulted in the collection of 569 articles from the databases:
PubMed: 233; Web of Science: 56; Scopus: 233 (Figure 1). After excluding duplicates
(n = 138) and screening the remaining (n = 431) articles by reading the title and abstract,
33 articles met the inclusion criteria and were screened by reading the full text. Twenty-
seven articles were excluded by reading the full text: 11 studies did not examine BDNF
serum levels; 7 and 3 studies did not include patients with CVD and those with depression,
respectively; the association between CVD and depression was unclear in 5 studies; and
1 study did not clearly report BDNF serum levels in depressed and nondepressed patients.
Finally, six studies published between 2010 and 2022 (n = 1251 patients) were included in
the study [30,39-43]. The average age of the patients was approximately 60 years.

3.2. Study Characteristics

Four of the six studies were conducted in China [40-43], one in Germany [30], and
one in Brazil [39]. Five were prospective studies, and only one was a retrospective study.
Only one was a multicentred study [41]. The observation period was from June 2007 to
August 2019, and all of the included studies analysed the relationship between CVD (stroke
or coronary artery disease) and the development or worsening of depressive symptoms.
Studies that analysed the inverse relationship (role of altered BDNF in the development of
CVD in depressed patients) were not included. Five studies investigated possible altered
BDNF levels in patients with stroke [39-43]. Only one study examined the role of possible
altered serum BDNF levels in the development of depression in patients with coronary
heart disease [30]. Stroke was diagnosed using the criteria of STEPS-STROKE [39,43] and
TOAST [40,42]. A study that examined serum BDNF levels in patients with minor stroke
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did not report the criteria for stroke diagnosis [41]. The study, which included patients
with coronary artery disease, recruited well-confirmed coronary heart disease patients as
determined by medical records [30]. Depressive symptoms were diagnosed with the 9-item
Patient Health Questionnaire (PHQ-9), the 17-item Hamilton Rating Scale for Depression
(HAMD), and the Montgomery-Asberg Depression Scale (MADRS). Serum BDNF levels
were assessed during enrolment in all of the included studies and monitored during follow-
up in only one study. A full description of the characteristics of the included studies is
reported in Table 1.

Identification of new studies via databases and registers

=
S
§ Records identified from: Records removed before screening:
= Databases (n = 569) Duplicate records (n = 138)
©
=
Records screened Records excluded
(n = 431) (n =398)
= Reports sought for retrieval | Reports not retrieved
£ (n=233) (n=0)
=
(1}]
D
Q
(%]
Reports excluded:
No BDNF levels (n= 11)
No CVD patients (n = 7)
Reports assessed for eligibility Unclear relationship between CVD
(n=233) and depression (n = 5)
No depressed patients (n = 3)
Outcome unclear between depressed
and no-depressed patients (n = 1)

o
g New studies included in review
= (n=86)
[5]
=

Figure 1. PRISMA flowchart [44].

Three of the six studies reported the time of clotting and platelet activation (between
30 and 60 minutes) and the associated temperature (i.e., room temperature or a fixed tem-
perature of 48 °C) for separating the serum [30,42,43]. Serum BDNF levels were measured
by highly sensitive and specific fluorometric two-site enzyme-linked immunosorbent assay
(ELISA) in all studies: Three studies used a kit to detect mature BDNF [42,43], one study
explicitly stated that mature BDNF cannot be distinguished from proBDNF [30], two stud-
ies provided no information other than the name of the ELISA manufacturer [39,40], and
one study provided no information at all [41]. A full description of the characteristics of
the included studies is reported in Table 2.
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Table 1. Study characteristics.
. Observation Relationship CVD at . . Outcome .
Author Country  Study Design Period Direction Recruitment CVD Diagnosis Outcome Evaluation Endpoints
Baccaro et al. (2019) April CVD — EI{EESS?E?IE Ed Within 3 months
acearo et at. Brazil Prospective 2006-September . Stroke criteria co € PSD PHQ-9 > 10 from stroke onset
[39] depression by CT + TOAST for ..
2014 . . (subclinical phase)
ischemic stroke
December . .
Kuhlmann et al. (2017) Germany Prospective 2012-November CVD = CHD Medical charts Depressive PHQ-9 >7 PHQ-9 at baseline
[30] 2014 depression symptoms and at 6 months
. First episode of .
Lietal. (2014) China Prospective NR CVD = acute ischemic TOAST Depression HAM-D Baseline and after
[40] depression 3 months from stroke
stroke
. May . . .
Qiu et al. (2022) . . 8 CVD — Minor stroke Confirmed by CT or : Baseline and after
[41] China Prospective 20182 (ﬁggust depression (NIHSS score < 3) MRI PSD HAM-D>7 3 months from stroke
Yang et al. (2011) China Prospective | June 2007-June CVD — afflrt‘;lz:;’gil TOAST PSD HAM-Dand  3-7-14 days after
[42] P 2008 depression . . MADRS admission
infarction
April 7 daysand at 1, 3,
Zhou et al. (2011) China Retrospective ~ 2008-November CVD = Ischemic stroke WHO criteria PSD HAM-D and 6 months after
[43] depression
2008 onset of stroke

BDNF: brain-derived neurotrophic factor; CHD: coronary artery disease; CT: computed tomography, CVD: cardiovascular disease; MRI: magnetic resonance imaging; HAM-D: Hamilton
Rating Scale for Depression; PHQ: Patients Health Questionnaire; TOAST: Trial of Org 10,172 in Acute Stroke Treatment; WHO: World Health Organization.
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Table 2. Analytical methods for BDNF determination.
. . Differentiation mBDNF . .
Author Analytical Methods BDNF Evaluation from proBDNF Endpoints Sample Size
B ro et al. (2019) (1) Sample collection ELISA Within 3 months from stroke
e O[f;‘;il ‘ 2) Ai' ; etC(f)r e noat —-80°C (HMYOMAG-56k-02, Millipore®, Unclear onset (subclinical phase) 103
1quots froze St. Charles, MO, USA) P
(1) Sample collection
Kuhlmann et al. (2017)  (2) Clotting time 30-60 min at room temperature ELISA (Promega Inc., No PHQ-9 at baseline and at 6 190
[30] (3) Centrifugation at 3.500 rpm for 15 min at 4 °C Mannheim, Germany) months
(4) Serum refrigeration at 20 °C
Lietal. (2014) (1) Sample collection ELISA Baseline and after 3 months
reta pe coflechio . o (DuoSet ELISA Development, R&S Unclear 216
[40] (2) Samples stored before analysis at —80 °C from stroke
Systems, USA)
Qiu et al. (2022) NR NR NR Baseline and after 3 months 530
[41] from stroke
(1) Sample collection
(2) Kept at room temperature for 1 h .
Yang eic4a21]. (2011 (3) Kept for 1 h at 48 °C ELISA (Promeggslgc)., Madison, W1, Yes 3-7-14 days after admission 100
(4) Centrifugation at 2000 g for 10 min at 48 °C
(5) Kept frozen at —80 °C
(1) Sample collection BDNF Emax Immunoassay System
Zhou et al. (2011) (2) Kept at room temperature for 30 min kit Yes 7 daysand at 1,3, and 6 112
[43] (3) Centrifugation for 15 min at 1000x g (R&D Systems, Minneapolis, MN, months after onset of stroke
(4) Stored at —80 °C USA)
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3.3. Risk of Bias

All six studies were rated to be of fair quality. All of the studies did not provide
information on investigator blinding and sample size. Only one study analysed BDNF more
than once over time [42]. Three of the six studies did not consider potential confounding
variables for assessing the relationship between BDNF serum levels and depression. The
details of the quality assessment are given in Supplementary Materials Table S1.

3.4. Role of BDNF in Patients with Stroke

Five studies comprising a total of 1111 patients (men: 693, women: 418) investigated
the possible altered BDNF serum levels in stroke patients (Table 3). Three hundred thirteen
patients reported post-stroke depression (PSD) within a maximum of 3 months after stroke
onset. One study reported PSD within 14 days of stroke [42].

In the retrospective study by Yang et al. (2010), which prospectively investigated
whether serum BDNF is associated with the development of depression in the acute phase, it
was found that the mean serum BDNF level in PSD patients was significantly lower than in
non-PSD patients as early as 1 day after stroke and that the serum BDNF level < 5.86 ng/mL
at day 1 was independently associated with the occurrence of PSD in the acute phase of
stroke (OR.28.99; 95% CI, 8.014-104.891; p < 0.001 after adjustment) [42].

In 2011, Zhou et al. found that the serum BDNF levels in PSD patients at the time of
PSD diagnosis were lower compared with those in stroke patients without PSD in a prospec-
tive study of a sample of 112 ischemic stroke patients, 35 of whom had PSD (p = 0.027). In
the acute phase, no statistically significant differences were observed in the serum BDNF
levels between the groups (PSD: 29.1 & 11.4 ng/mL, no PSD: 28.1 £ 9.7 ng/mL), whereas at
follow-up, a statistically significant difference was observed between the two groups (PSD:
21.7 £ 10.3 ng/mL, no PSD: 28.6 £ 9.6 ng/mL, p = 0.01). In PSD patients, a significant
decrease in BDNF levels was observed from the acute phase till follow-up (acute phase:
29.1 £+ 11.4 ng/mL, follow-up: 21.7 £ 10.3 ng/mL, p-value not reported in the primary
study). On comparison, no changes in the BDNF serum levels were seen in patients without
PSD between 7 days and 6 months after the stroke [43].

In the study by Li et al. (2018), which was conducted on a sample of 216 patients with
a first episode of acute ischemic stroke diagnosed via TOAST and composed of a higher
number of women (women: 128, men: 88), the authors reported an incidence of major
depression of 27.3%. The BDNF serum level was significantly lower in depressed patients
(median: 8.1 ng/mL, IQR: 5.6-9.4) than in non-depressed patients (median: 13.7 ng/mL,
IQR: 10.4-16.5, p < 0.0001). Moreover, the authors demonstrated a significant relationship
between lower serum BDNF levels at admission and a higher HAM-D score at 3 months
(r=0.361, p < 0.0001), even in the adjusted model (3 = 0.304, p = 0.009) [40].

Baccaro et al. (2018) demonstrated in a preliminary Brazilian prospective study
aimed to evaluate the role of multifactorial alterations, including poststroke anatomic
lesions and biomarker levels, in the development of PSF and conducted according to strict
exclusion criteria that 13.6% of patients, 57.1% of whom had a previous depressive episode
before the psychiatric interview using SCID-1, had PSD within 3 months of stroke. No
statistically significant serum BDNF levels were seen between patients with and without
PSD (p = 0.35) [39].

A recent multicentre study by Qiu et al. (2022), which included 530 patients with
minor stroke (NIHSS score < 3 points) and excluded patients with a history of depression,
anxiety, mental illness, or taking psychotropic drugs, showed an incidence rate of 31.7%
of PSD within 3 months of stroke. In a multivariate logistic regression analysis aimed at
assessing the probability of PSD occurrence, the authors reported a significant difference in
BDNF levels (p = 0.029, OR = 0.916, 95% CI: 0.846-0.991) between women with PSD and
those without PSD, whereas no such difference was observed in men [41].
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Table 3. Relationship between stroke and depression.

. Sex (Male/Female Number of Patients .1
Author Sample Size  Follow-Up Age Ratio) NIHSS with Depression Findings
No statistically significant difference in
Baccaro [g,tg?l. (2019) 103 71 days Median: 63 years 60/43 NR 14 serum BDNF levels between patients
with and without PSD (p = 0.35)
BDNF serum levels in depressed
patients: 8.1 ng/mL (5.6-9.4); BDNF
Depressed patients: Depressed: median 8 serum level in not depressed patients:
Li et al. (2014) 216 72.8 £ 11.2; not 88/128 (IQR 4-14); not 59 13.7 ng/mL (10.4-16.5), p < 0.0001.
[40] depressed patients: depressed: median 5 Inverse correlation between lower
63.9 £9.1 (IOR 2-8) serum BDNF levels at admission and
higher HAM-D score at 3 months
(r=0.361, p < 0.0001).
Serum BDNF levels statistically
Qiu et al. (2022) Female: 58.8 + 12.3; different in women with and without
[41] 530 male: 58.0 + 11.5 415/115 NIHSS <3 168 PSD: p = 0029, OR = 0.916, 95% CI:
0.846-0.991
Yang et al. (2011) PSD: 68.95 + 9.28; no PSD: median 7 (IQR at?:ri}clsr?hilr?ilzr:szil’ssng’fi;r;tzaDda
geraL 100 PSD: 68.43 + 11.18; 77/73 4~9.5); no PSD: 37 P N oL patk y
[42] HC: 65.12 + 10.27 median 3 (IQR 2~4) after stroke. No significant differences
T ’ on day 7 (F =2.796, p = 0.064).
Diagnosis, serum BDNF level lower in
PSD patients compared to non-PSD
) ) PSD: median 7 (IQR patients (p = 0.027).
Zhou etal. (2011) 112 6 mo PSD: 61.7 £ 8.5, no 53/59 1-24); no PSD: 35 Acute stage: no significant differences.

[43]

PSD: 63.5 + 12.5

median 5 (IQR 1-13)

No significant differences in patients
without PSD comparing BDNF levels at
7 days and 6 months

IQR: interquartile range; PSD: post-stroke depression.
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3.5. Coronary Heart Disease and Altered BDNF Levels

Only one study that investigated the possible role of altered BDNF levels in the de-
velopment of depression in patients with coronary artery disease was included in this
review [30] (Table 4). This nonexperimental prospective study was conducted from Decem-
ber 2012 to November 2014 in a sample of 190 CHD patients, which include 48 patients with
persistent depression (patients who showed depressive symptoms at enrolment and during
follow-up), 23 patients with incident depression (patients without depressive symptoms
at enrolment but who developed depressive symptoms during follow-up), 25 patients
with remitted depression (patients who showed depressive symptoms at enrolment that
disappeared during follow-up), and 94 patients without any form of depression (patients
without depressive symptoms throughout the study period). The analysis of BDNF levels
showed a statistically significant difference between the four depressed groups (p = 0.002).
Post-hoc comparisons revealed that the BDNF levels were lower in permanently depressed
patients compared with those in non-depressed patients and those in patients with incident
depression (p-values < 0.05), even in the adjusted model. The BDNF levels in permanently
nondepressed patients did not differ significantly from those in patients who remitted
during follow-up (p = 0.643) or from those in patients with acute depression (p = 0.371). In
initially nondepressed patients, lower BDNF levels were not associated with the onset of
depression (OR, 1.50; 95% CI, 0.95-2.39; p = 0.081), whereas in patients who were depressed
at diagnosis, serum BDNF levels were predictive of depressive symptoms at 6 months (OR,
0.37; 95% CI, 0.19-0.74; p = 0.005). In addition, in the case of patients with acute coronary
syndrome, the risk of depression was higher in patients with lower BDNF serum levels
(OR, 4.60; 95% CI, 1.12-18.97; p = 0.035).

Table 4. Relationship between cardiovascular events and depression.

Author

Sample Follow- Sex (Male/ Number of Patients

Size

Up Age Female Ratio) with Depression Findings

Kuhlmann et al.
(2017) [30]

190

Depressed patients: BDNF
significantly lower in persistently
depressed patients (p < 0.05). BDNF
not predictive for depression in
incident depressed patients (OR: 1.50,
95% CI: 0.95-2.39, p = 0.081).
Incident depressed:  Persistent depressive symptoms more

23; persistently common in patients with lowed
65 + 145/45 depressed: 48; BDNF concentration at admission
11 remitted depressed:  (OR: 0.37, 95% CI: 0.19-0.74, p = 0.005).
25, persistently Acute coronary syndrome predictive
non-depressed: 94 factor for depressive symptoms (OR:

4.60,95% CI: 1.12-18.97, p = 0.035).
Charlson Comorbidity Index
significantly predicts depressive
symptoms in initially non-depressed
patients (OR: 1.61, 95% CI: 1.06-2.46,
p =0.026).

4. Discussion

CVD and depression are major illnesses that are interrelated. Several clinical studies
have already demonstrated a poor medical prognosis for patients suffering from both
conditions [45,46]. A kind of dose-response relationship has been proposed between the
severity of depression and cardiac prognosis in depressed patients [47,48], and conversely,
an increase in depressive symptoms has been observed in patients with CVD [46,49].
Investigating the biological mechanisms underlining this bidirectional relationship, some
animal and human studies have hypothesised that BDNF might play a mediating role in
the onset of one of these two diseases because lower serum BDNF levels were observed
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in patients of both CVD and depression [50-53]. Nevertheless, the role that serum BDNF
levels plays in the development of either disease in the presence of the other seems unclear.
The aim of this systematic review was to investigate this bidirectional relationship mediated
by serum BDNF levels and to explain whether and to what extent altered serum BDNF
levels might serve as biomarkers for predicting the development of depression and CVD in
patients diagnosed with CVD and patients diagnosed with depression, respectively.

4.1. Relationship between Stroke and Depression

The findings of this study have provided evidence of a clear association between
decreased BDNF serum levels and the subsequent development of depressive symptoms in
stroke patients: Patients who had low serum BDNF levels at the time of stroke diagnosis had
a higher risk of developing depression in the PSD period. To understand the underlying
mechanism of this relationship mediated by the serum BDNF levels, it is necessary to
understand that the BDNF can cross the blood—brain barrier in both directions [54] and
thus consider the changes in BDNF serum levels as a reflection of the changes occurring in
the BDNF levels in the brain. Following this assumption, the lower serum BDNF levels in
PSD could indicate a breakdown of the stress adaptation system and its failure to protect the
brain from stress-induced neuronal degeneration [42], which consequently sets the stage
for the development of depression [55]. The mechanism of the action of serum BDNF in the
development of depression could be explained by the BDNF changes that occur in the brain
immediately after stroke. Under normal conditions, the brain’s adaptive response to stroke
is to increase BDNF levels to reduce neuronal loss and promote subsequent neurogenesis.
However, in some patients, this adaptive response does not occur, and a decrease in BDNF
is observed, likely due to a downstream induction of BDNEF, which is the result of altered
neuronal excitability with a downstream signal of excitatory neurotransmitters [56]. The
consequence of this BDNF decline is neuronal loss and a slowing of the neurogenesis
processes, which in turn are possible mechanisms in the pathogenesis of depression [57].
This mismatch is confirmed by the analysis of the correlation between BDNF decline and
stroke severity: All of the included studies reported significantly higher NIHSS scores in
patients who had lower BDNF levels at diagnosis and reported depression in the post-stroke
period [40,42,43]. Serum BDNF levels are therefore a signal of maladaptation or dysfunction
of the body leading to stroke and could therefore be used as a potential biomarker for PSD.
Restoring BDNF levels in post-stroke patients has been proposed as a reliable method to
reduce the risk of the development of PSD in them [24].

4.2. Relationship between Coronary Artery Disease and Depression

On examining the role of BDNF in the development of depression after coronary
artery disease (ACS), a different role of BDNF was identified in this study. According
to the only study included in our work that examined the relationship between CVD
distinct from stroke and the occurrence of depression after coronary artery disease [30],
the role of lower serum BDNF levels is rather uncertain. Although lower BDNF levels
during follow-up after ACS were observed in patients with depression, no cause—effect
relationship was established between lower serum BDNF levels on the diagnosis of ACS
and the subsequent development of depression. In other words, although lower serum
BDNF levels on ACS diagnosis were predictors of the persistence of depression in those
patients who had depression before the ACS event, they did not occur in patients with
incidence of depression (i.e., depression developing during the follow-up period after ACS).
In patients with incidence of depression, its development during the follow-up period
appears to be related to the severity of CVD and is associated with more severe treatments
and longer hospital stays [30] but not with low serum BDNF levels. Thus, in the presence
of concomitant CVD and depression at the time of ACS diagnosis, the role of low BDNF
levels remains unclear; therefore, we cannot assess whether these lower levels represent
a state of depression or a marker of it. According to the study by Bus et al. (2011), BDNF
levels in depressed patients decrease over time, suggesting that the likelihood of a patient
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persisting in a depressed state increases once biological changes take place [58]. The role
that CVD plays in exacerbating depressive symptomatology can certainly be suspected,
but a possible role of BDNF in this process seems less clear.

BDNF and its receptors (tyrosine receptor kinase B) are expressed in the peripheral
vessel wall, where it stimulates angiogenesis, promotes endothelial cell survival, favours
neovascularisation in response to hypoxic stimuli via the Akt signalling pathway, maintains
vascular integrity [59], and plays a role in cardiomyocyte contractility [60,61] and activation
of enzymes involved in the detoxification of reactive oxygen species [62]. Low BDNF levels
have been frequently observed in patients with coronary artery disease and heart failure
(HF) and have been associated with HF severity and unfavourable outcome in HF patients,
whereas higher serum BDNF levels have been associated with a lower risk of CVD and
mortality [63]. On analysing the post-myocardial infarction (MI) phase, animal studies have
shown that BDNF plasma levels are significantly higher in mice with myocardial ischemia,
and BDNF expression is upregulated by neural signals from the heart after MI to protect
the myocardium from ischemic damage: BDNF/TrkB indeed attenuates ischemic heart
damage and inhibits cardiomyocyte apoptosis by regulating TRPC3/6 channels [60,64,65].
The same mechanism has been demonstrated in patients with unstable angina, in whom
significantly higher levels of BDNF were observed in the coronary sinus and aorta in
response to the cardiac event, whereas no such signs were observed in patients with stable
angina and in patients without coronary artery disease [33]. Thus, if, on the one hand, it
is clear that BDNF contributes to the pathophysiology of coronary artery disease and has
therefore been proposed as a potential diagnostic tool [66], an elevated BDNF level may, on
the other hand, represent a compensatory response to the heart and vessels on injury [67].

This mechanism may explain the lack of evidence in the findings of this study for a
possible role of BDNF in developing depression after coronary artery disease. Studies exam-
ining the role of BDNF in the relationship between CVD (other than stroke) and depression
are needed along with those investigating the BDNF response to cardiac events. However,
the findings of this study have their limitations: It is unclear whether the eligibility criteria
of this study resulted in high specificity or whether the studies that investigated this specific
relationship are less likely to be conducted or published because of nonsignificant results.

4.3. Relationship between Depression and CVD

There was a lack of studies on the analysis of the other side of the bidirectional
relationship, that is, between depression and CVD, and therefore, not a single study was
included in this review. From the cross-sectional studies reported in this review, it appears
that there is a possible association between low BDNF levels and depression and CVD
as concurrent conditions [32], but prospective studies are needed to determine a possible
cause—effect relationship.

4.4. Limitations of the Included Studies

However, the studies that were included in this review had some methodological
limitations. First, significant heterogeneity was found in the included studies regarding
the procedures used to determine BDNF serum levels in terms of centrifugation strategy,
temperature during clotting, and choice of bioassay. The major concerns were related to
clotting time and detection of mature BDNEF. Only three studies reported the clotting time,
which ranged from 30 to 120 minutes, with the temperature varying from room temperature
to 48 °C. Only two of these three studies used a kit for a selective detection of mature BDNF.
The consequences of this level of uncertainty may have significantly affected the accuracy of
the analytical procedure and led to bias in the BDNF results. According to this study, which
suggests a clotting time of 1 hour given the rapid release of serum BDNF from platelets
during clotting at room temperature within the first hour after sample collection [54]
and the use of ELISA Kkits capable of selective discrimination between mature BDNF and
proBDNF [68,69], future studies should use not only more standardised procedures to
allow for meta-analytic comparisons amongst studies but also accurate analytical methods
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that allow for reliable measurements of serum BDNF levels. Second, serum BDNF levels
are influenced by platelets, and some studies have demonstrated an association amongst
depression, CVD, and platelet function [38,70]. None of the included studies examined
the relationship between BDNF and platelet reactivity. Future studies should examine the
ratio of pro-BDNF to mature BDNF, as suggested by some authors [71,72], and also apply a
proteomic approach that could expand the understanding of BDNF pathways [73]. Finally,
BDNE, depression, and CVD could be studied together with inflammatory parameters
related to depressive symptoms [74].

4.5. Limitations of this Systematic Review

This work has some limitations. First, the number of included studies was very
small because strict eligibility criteria were applied, which, on the one hand, increased the
specificity of this work but on the other, significantly limited its potential. The a priori
decision to exclude an analysis of studies that investigated a BDNF polymorphism such
as Val66met and BDNF methylation certainly had an impact on the number of included
studies. Considering the aim of this work, a more in-depth analysis also examining genetic
variants such as Val66met could have introduced a relevant heterogeneity factor that would
have shifted the focus of this study. Although low serum BDNF levels are common in both
diseases, the role of polymorphisms in some cardiovascular events is still unclear [75]. Thus,
during the analysis of the role of BDNF in the incidence/prevalence of either disease in the
coexistence of the other, the unclear role of BDNF polymorphisms may have hindered the
investigation of the bidirectional relationship in this study. BDNF methylation was excluded
because the role of this parameter as a suitable biomarker for psychiatric disorders is not
well understood [76]. Second, due to the large heterogeneity of studies, a meta-analysis
could not be performed, although quantitative data on BDNF serum levels were available,
which would have favoured a quantitative approach.

5. Conclusions

Serum BDNF levels have been shown to be a valuable biomarker for predicting
PSD: indeed, low serum BDNF levels are strongly associated with a higher risk of the
development of PSD in patients. The role of BDNF in the development of depression in
patients after cardiovascular events other than stroke should be investigated, including
the assessment of BDNF alteration in response to cardiovascular injury. Further studies
are also needed to understand whether and to what extent low serum BDNF levels can
increase the risk of the development of CVD in depressed patients.

In conclusion, from the findings in this study it is evident that BDNF plays an im-
portant role in explaining one side of the bidirectional relationship between CVD and
depression; therefore, serum BDNF level could be considered as a valuable biomarker. In
the clinical context, restoration of BDNF levels could therefore be a novel therapeutic target
to prevent or reduce depressive symptoms in patients with CVD.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/1ife13101967 /s1, Table S1: Risk of bias.

Author Contributions: Conceptualization, M.F,, M.G.R. and M.L.G.; methodology, M.L.G; software,
B.P; validation, M.E,, M.G.R. and M.L.G.; formal analysis, M.G.R. and M.L.G.; investigation, B.P.
and M.L.G.; resources, M.F,; data curation, M.G.R. and M.L.G.; writing—original draft preparation,
M.L.G. and B.P; writing—review and editing, M.F. and M.G.R.; visualization, M.G.R.; supervision,
M.E; project administration, M.L.G.; funding acquisition, M.E. All authors have read and agreed to
the published version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: Data used in the manuscript are inserted in the main text and tables.


https://www.mdpi.com/article/10.3390/life13101967/s1
https://www.mdpi.com/article/10.3390/life13101967/s1

Life 2023, 13, 1967 14 of 16

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Coronado, F.; Melvin, 5.C.; Bell, R.A.; Zhao, G. Global Responses to Prevent, Manage, and Control Cardiovascular Diseases. Prev.
Chronic Dis. 2022, 19, E84. [CrossRef]

2. World Health Organization Depression. Depressive Disorder (Depression). Available online: https://www.who.int/news-room/
fact-sheets/detail /depression (accessed on 10 July 2023).

3.  Cho, Y, Lee, ].K.; Kim, D.H.; Park, ].H.; Choi, M.; Kim, H.J.; Nam, M.].; Lee, K.U.; Han, K.; Park, Y.G. Factors associated with
quality of life in patients with depression: A nationwide population-based study. PLoS ONE 2019, 14, €0219455. [CrossRef]

4. Bahall, M,; Legall, G.; Khan, K. Quality of life among patients with cardiac disease: The impact of comorbid depression. Health
Qual. Life Outcomes 2020, 18, 189. [CrossRef]

5. Komalasari, R.; Nurjanah; Yoche, M.M. Quality of Life of People with Cardiovascular Disease: A Descriptive Study. Asian Pac. Isl.
Nurs. J. 2019, 4, 92-96. [CrossRef]

6. Basu, S.; Bendavid, E.; Sood, N. Health and Economic Implications of National Treatment Coverage for Cardiovascular Disease in
India: Cost-Effectiveness Analysis. Circ. Cardiovasc. Qual. Outcomes 2015, 8, 541-551. [CrossRef]

7. Suhrcke, M.; Urban, D. Are cardiovascular diseases bad for economic growth? Health Econ. 2010, 19, 1478-1496. [CrossRef]

8. Andlin-Sobocki, P.; Wittchen, H.U. Cost of affective disorders in Europe. Eur. J. Neurol. 2005, 12 (Suppl. S1), 34-38. [CrossRef]

9.  Bock, J.O.; Luppa, M.; Brettschneider, C.; Riedel-Heller, S.; Bickel, H.; Fuchs, A.; Gensichen, J.; Maier, W.; Mergenthal, K.; Schafer,
I; et al. Impact of depression on health care utilization and costs among multimorbid patients--from the MultiCare Cohort Study.
PLoS ONE 2014, 9, €91973. [CrossRef]

10. Ziwei, Z.; Hua, Y.; Liu, A. Bidirectional association between depressive symptoms and cardiovascular disease in the middle-aged
and elderly Chinese: A 5-year longitudinal study. BM] Open 2023, 13, e071175. [CrossRef]

11. Jia, Z.; Li, S. Risk of Cardiovascular Disease Mortality in Relation to Depression and 14 Common Risk Factors. Int. J. Gen. Med.
2021, 14, 441-449. [CrossRef]

12.  Baune, B.T,; Stuart, M.; Gilmour, A.; Wersching, H.; Heindel, W.; Arolt, V.; Berger, K. The relationship between subtypes of depression
and cardiovascular disease: A systematic review of biological models. Transl. Psychiatry 2012, 2, €92. [CrossRef] [PubMed]

13.  Henao Perez, M.; Lopez Medina, D.C.; Lemos Hoyos, M.; Rios Zapata, P. Depression and the risk of adverse outcomes at 5 years
in patients with coronary heart disease. Heliyon 2020, 6, e05425. [CrossRef] [PubMed]

14. Huffman, J.C.; Celano, C.M.; Beach, S.R.; Motiwala, S.R.; Januzzi, J.L. Depression and cardiac disease: Epidemiology, mechanisms,
and diagnosis. Cardiovasc. Psychiatry Neurol. 2013, 2013, 695925. [CrossRef] [PubMed]

15. Rawashdeh, S.I.; Ibdah, R.; Kheirallah, K.A.; Al-Kasasbeh, A.; Raffee, L.A.; Alrabadi, N.; Albustami, I.S.; Haddad, R.; Ibdah, R.M.;
Al-Mistarehi, A.H. Prevalence Estimates, Severity, and Risk Factors of Depressive Symptoms among Coronary Artery Disease
Patients after Ten Days of Percutaneous Coronary Intervention. Clin. Pract. Epidemiol. Ment. Health 2021, 17, 103-113. [CrossRef]

16. Ayerbe, L.; Ayis, S.; Wolfe, C.D.; Rudd, A.G. Natural history, predictors and outcomes of depression after stroke: Systematic
review and meta-analysis. Br. J. Psychiatry 2013, 202, 14-21. [CrossRef]

17.  de Bekker, A.; Geerlings, M.L; Uitewaal-Poslawsky, L.E.; de Man-van Ginkel, .M. Depression in Stroke Survivors: Ten-Year Follow-
Up. Determinants of the Natural Course of Depressive Symptoms in Stroke Survivors in the Netherlands: The SMART-Medea
Study. J. Stroke Cerebrovasc. Dis. 2022, 31, 106272. [CrossRef]

18. Hackett, M.L.; Pickles, K. Part I: Frequency of depression after stroke: An updated systematic review and meta-analysis of
observational studies. Int. |. Stroke 2014, 9, 1017-1025. [CrossRef]

19. Hashimoto, K. Sigma-1 receptor chaperone and brain-derived neurotrophic factor: Emerging links between cardiovascular
disease and depression. Prog. Neurobiol. 2013, 100, 15-29. [CrossRef]

20. Dhar, AK,; Barton, D.A. Depression and the Link with Cardiovascular Disease. Front. Psychiatry 2016, 7, 33. [CrossRef]

21. Ogunmoroti, O.; Osibogun, O.; Spatz, E.S.; Okunrintemi, V.; Mathews, L.; Ndumele, C.E.; Michos, E.D. A systematic review of the
bidirectional relationship between depressive symptoms and cardiovascular health. Prev. Med. 2022, 154, 106891. [CrossRef]

22.  Fujitani, M.; Otani, Y.; Miyajima, H. Do Neurotrophins Connect Neurological Disorders and Heart Diseases? Biomolecules 2021,
11,1730. [CrossRef] [PubMed]

23. Montone, R.A.; Camilli, M.; Del Buono, M.G.; Russo, M.; Rinaldi, R.; Canonico, F,; Pedicino, D.; Severino, A.; D’Amario, D.; Trani,
C,; et al. Brain-derived neurotrophic factor in patients with acute coronary syndrome. Transl. Res. 2021, 231, 39-54. [CrossRef] [PubMed]

24. Mojtabavi, H.; Shaka, Z.; Momtazmanesh, S.; Ajdari, A.; Rezaei, N. Circulating brain-derived neurotrophic factor as a potential
biomarker in stroke: A systematic review and meta-analysis. J. Transl. Med. 2022, 20, 126. [CrossRef] [PubMed]

25. Carniel, B.P,; da Rocha, N.S. Brain-derived neurotrophic factor (BDNF) and inflammatory markers: Perspectives for the manage-
ment of depression. Prog. Neuropsychopharmacol. Biol. Psychiatry 2021, 108, 110151. [CrossRef] [PubMed]

26. Arosio, B.; Guerini, ER.; Voshaar, R.C.O.; Aprahamian, I. Blood Brain-Derived Neurotrophic Factor (BDNF) and Major Depression:
Do We Have a Translational Perspective? Front. Behav. Neurosci. 2021, 15, 626906. [CrossRef]

27. Bahls, M.; Konemann, S.; Markus, M.R.P; Wenzel, K ; Friedrich, N.; Nauck, M.; Volzke, H.; Steveling, A.; Janowitz, D.; Grabe, H.J.; et al.

Brain-derived neurotrophic factor is related with adverse cardiac remodeling and high NTproBNP. Sci. Rep. 2019, 9, 15421. [CrossRef]


https://doi.org/10.5888/pcd19.220347
https://www.who.int/news-room/fact-sheets/detail/depression
https://www.who.int/news-room/fact-sheets/detail/depression
https://doi.org/10.1371/journal.pone.0219455
https://doi.org/10.1186/s12955-020-01433-w
https://doi.org/10.31372/20190402.1045
https://doi.org/10.1161/CIRCOUTCOMES.115.001994
https://doi.org/10.1002/hec.1565
https://doi.org/10.1111/j.1468-1331.2005.01195.x
https://doi.org/10.1371/journal.pone.0091973
https://doi.org/10.1136/bmjopen-2022-071175
https://doi.org/10.2147/IJGM.S292140
https://doi.org/10.1038/tp.2012.18
https://www.ncbi.nlm.nih.gov/pubmed/22832857
https://doi.org/10.1016/j.heliyon.2020.e05425
https://www.ncbi.nlm.nih.gov/pubmed/33210006
https://doi.org/10.1155/2013/695925
https://www.ncbi.nlm.nih.gov/pubmed/23653854
https://doi.org/10.2174/1745017902117010103
https://doi.org/10.1192/bjp.bp.111.107664
https://doi.org/10.1016/j.jstrokecerebrovasdis.2021.106272
https://doi.org/10.1111/ijs.12357
https://doi.org/10.1016/j.pneurobio.2012.09.001
https://doi.org/10.3389/fpsyt.2016.00033
https://doi.org/10.1016/j.ypmed.2021.106891
https://doi.org/10.3390/biom11111730
https://www.ncbi.nlm.nih.gov/pubmed/34827728
https://doi.org/10.1016/j.trsl.2020.11.006
https://www.ncbi.nlm.nih.gov/pubmed/33221484
https://doi.org/10.1186/s12967-022-03312-y
https://www.ncbi.nlm.nih.gov/pubmed/35287688
https://doi.org/10.1016/j.pnpbp.2020.110151
https://www.ncbi.nlm.nih.gov/pubmed/33096156
https://doi.org/10.3389/fnbeh.2021.626906
https://doi.org/10.1038/s41598-019-51776-8

Life 2023, 13, 1967 15 of 16

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

Kaess, B.M,; Preis, S.R.; Lieb, W.; Beiser, A.S.; Yang, Q.; Chen, T.C.; Hengstenberg, C.; Erdmann, J.; Schunkert, H.; Seshadri, S.; et al.
Circulating brain-derived neurotrophic factor concentrations and the risk of cardiovascular disease in the community. J. Am.
Heart Assoc. 2015, 4, e001544. [CrossRef]

Duman, R.S; Li, N. A neurotrophic hypothesis of depression: Role of synaptogenesis in the actions of NMDA receptor antagonists.
Philos. Trans. R. Soc. Lond. B Biol. Sci. 2012, 367, 2475-2484. [CrossRef]

Kuhlmann, S.L.; Tschorn, M.; Arolt, V.; Beer, K.; Brandt, J.; Grosse, L.; Haverkamp, W.; Muller-Nordhorn, J.; Rieckmann, N.;
Waltenberger, J.; et al. Serum brain-derived neurotrophic factor and stability of depressive symptoms in coronary heart disease
patients: A prospective study. Psychoneuroendocrinology 2017, 77, 196-202. [CrossRef]

Sen, S.; Duman, R.; Sanacora, G. Serum brain-derived neurotrophic factor, depression, and antidepressant medications: Meta-
analyses and implications. Biol. Psychiatry 2008, 64, 527-532. [CrossRef]

Tschorn, M.; Kuhlmann, S.L.; Rieckmann, N.; Beer, K.; Grosse, L.; Arolt, V.; Waltenberger, J.; Haverkamp, W.; Muller-Nordhorn, J.;
Hellweg, R.; et al. Brain-derived neurotrophic factor, depressive symptoms and somatic comorbidity in patients with coronary
heart disease. Acta. Neuropsychiatr. 2021, 33, 22-30. [CrossRef] [PubMed]

Ejiri, J.; Inoue, N.; Kobayashi, S.; Shiraki, R.; Otsui, K.; Honjo, T.; Takahashi, M.; Ohashi, Y.; Ichikawa, S.; Terashima, M.; et al.
Possible role of brain-derived neurotrophic factor in the pathogenesis of coronary artery disease. Circulation 2005, 112, 2114-2120.
[CrossRef] [PubMed]

Zhou, C; Zhong, J.; Zou, B; Fang, L.; Chen, J.; Deng, X.; Zhang, L.; Zhao, X.; Qu, Z.; Lei, Y.; et al. Meta-analyses of compar-
ative efficacy of antidepressant medications on peripheral BDNF concentration in patients with depression. PLoS ONE 2017,
12, €0172270. [CrossRef] [PubMed]

Fioranelli, M.; Spadafora, L.; Bernardi, M.; Roccia, M.G.; Del Buono, M.G.; Cacioli, G.; Biondi-Zoccai, G. Impact of low-dose
Brain-Derived Neurotrophic Factor (BDNF) on atrial fibrillation recurrence. Minerva. Cardiol. Angiol. 2023. [CrossRef]

Jehn, C.F; Becker, B.; Flath, B.; Nogai, H.; Vuong, L.; Schmid, P.; Luftner, D. Neurocognitive function, brain-derived neurotrophic
factor (BDNF) and IL-6 levels in cancer patients with depression. J. Neuroimmunol. 2015, 287, 88-92. [CrossRef]

Mobher, D.; Liberati, A.; Tetzlaff, ].; Altman, D.G.; Group, P. Preferred reporting items for systematic reviews and meta-analyses:
The PRISMA statement. PLoS Med. 2009, 6, e1000097. [CrossRef]

Serra-Millas, M. Are the changes in the peripheral brain-derived neurotrophic factor levels due to platelet activation? World J.
Psychiatry 2016, 6, 84-101. [CrossRef]

Baccaro, A.; Wang, Y.P,; Candido, M.; Conforto, A.B.; Brunoni, A.R.; Leite, C.D.C.; Busatto Filho, G.; Lotufo, P.A.; Bensenor, LM.;
Goulart, A.C. Post-stroke depression and cognitive impairment: Study design and preliminary findings in a Brazilian prospective
stroke cohort (EMMA study). J. Affect. Disord. 2019, 245, 72-81. [CrossRef]

Li, J.; Zhao, Y.D.; Zeng, ] W.; Chen, X.Y.; Wang, R.D.; Cheng, S.Y. Serum Brain-derived neurotrophic factor levels in post-stroke
depression. J. Affect. Disord. 2014, 168, 373-379. [CrossRef]

Qiu, X.; Wang, H,; Lan, Y; Miao, J.; Pan, C.; Sun, W,; Li, G.; Wang, Y.; Zhao, X.; Zhu, Z.; et al. Blood biomarkers of post-stroke
depression after minor stroke at three months in males and females. BMC Psychiatry 2022, 22, 162. [CrossRef]

Yang, L.; Zhang, Z.; Sun, D.; Xu, Z.; Yuan, Y.; Zhang, X.; Li, L. Low serum BDNF may indicate the development of PSD in patients
with acute ischemic stroke. Int. J. Geriatr. Psychiatry 2011, 26, 495-502. [CrossRef] [PubMed]

Zhou, Z.; Lu, T,; Xu, G;; Yue, X,; Zhu, W.; Ma, M,; Liu, W.; Zhu, S.; Liu, X. Decreased serum brain-derived neurotrophic factor
(BDNF) is associated with post-stroke depression but not with BDNF gene Val66Met polymorphism. Clin. Chem. Lab. Med. 2011,
49, 185-189. [CrossRef] [PubMed]

Page, M.].; McKenzie, J.E.; Bossuyt, PM.; Boutron, I.; Hoffmann, T.C.; Mulrow, C.D.; Shamseer, L.; Tetzlaff, ] M.; Akl, E.A,;
Brennan, S.E.; et al. The PRISMA 2020 statement: An updated guideline for reporting systematic reviews. BM] 2021, 372, n71.
[CrossRef] [PubMed]

Bai, B.; Yin, H.; Guo, L.; Ma, H.; Wang, H.; Liu, E; Liang, Y.; Liu, A.; Geng, Q. Comorbidity of depression and anxiety leads to a
poor prognosis following angina pectoris patients: A prospective study. BMC Psychiatry 2021, 21, 202. [CrossRef]

Hare, D.L.; Toukhsati, S.R.; Johansson, P.; Jaarsma, T. Depression and cardiovascular disease: A clinical review. Eur. Heart ]. 2014,
35,1365-1372. [CrossRef]

Duan, J.; Huang, K; Zhang, X.; Wang, R.; Chen, Z.; Wu, Z.; Huang, C.; Yang, C.; Yang, L. Role of depressive symptoms in the
prognosis of heart failure and its potential clinical predictors. ESC Heart Fail. 2022, 9, 2676-2685. [CrossRef]

Freedland, K.E.; Carney, RM. Depression as a risk factor for adverse outcomes in coronary heart disease. BMC Med. 2013, 11, 131. [CrossRef]
Choi, W,; Kim, ].W,; Kang, H.J.; Kim, HK,; Kang, H.C,; Lee, ].Y.; Kim, SW.; Hong, Y.J.; Ahn, Y.; Jeong, M.H.; et al. Interaction
effects of diabetes and brain-derived neurotrophic factor on suicidal ideation in patients with acute coronary syndrome. Sci. Rep.
2022, 12, 6602. [CrossRef]

Angelucci, F; Brene, S.; Mathe, A.A. BDNF in schizophrenia, depression and corresponding animal models. Mol. Psychiatry 2005,
10, 345-352. [CrossRef]

Qiao, H.; An, S.C; Xu, C.; Ma, X.M. Role of proBDNF and BDNF in dendritic spine plasticity and depressive-like behaviors
induced by an animal model of depression. Brain Res. 2017, 1663, 29-37. [CrossRef]

Yang, T.; Nie, Z.; Shu, H.; Kuang, Y.; Chen, X.; Cheng, J.; Yu, S.; Liu, H. The Role of BDNF on Neural Plasticity in Depression.
Front. Cell Neurosci. 2020, 14, 82. [CrossRef] [PubMed]


https://doi.org/10.1161/JAHA.114.001544
https://doi.org/10.1098/rstb.2011.0357
https://doi.org/10.1016/j.psyneuen.2016.12.015
https://doi.org/10.1016/j.biopsych.2008.05.005
https://doi.org/10.1017/neu.2020.31
https://www.ncbi.nlm.nih.gov/pubmed/32967752
https://doi.org/10.1161/CIRCULATIONAHA.104.476903
https://www.ncbi.nlm.nih.gov/pubmed/16186425
https://doi.org/10.1371/journal.pone.0172270
https://www.ncbi.nlm.nih.gov/pubmed/28241064
https://doi.org/10.23736/S2724-5683.23.06324-X
https://doi.org/10.1016/j.jneuroim.2015.08.012
https://doi.org/10.1371/journal.pmed.1000097
https://doi.org/10.5498/wjp.v6.i1.84
https://doi.org/10.1016/j.jad.2018.10.003
https://doi.org/10.1016/j.jad.2014.07.011
https://doi.org/10.1186/s12888-022-03805-6
https://doi.org/10.1002/gps.2552
https://www.ncbi.nlm.nih.gov/pubmed/20845405
https://doi.org/10.1515/CCLM.2011.039
https://www.ncbi.nlm.nih.gov/pubmed/21143020
https://doi.org/10.1136/bmj.n71
https://www.ncbi.nlm.nih.gov/pubmed/33782057
https://doi.org/10.1186/s12888-021-03202-5
https://doi.org/10.1093/eurheartj/eht462
https://doi.org/10.1002/ehf2.13993
https://doi.org/10.1186/1741-7015-11-131
https://doi.org/10.1038/s41598-022-10557-6
https://doi.org/10.1038/sj.mp.4001637
https://doi.org/10.1016/j.brainres.2017.02.020
https://doi.org/10.3389/fncel.2020.00082
https://www.ncbi.nlm.nih.gov/pubmed/32351365

Life 2023, 13, 1967 16 of 16

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.
69.

70.

71.

72.
73.
74.

75.

76.

Belanger, ].C.; Bouchard, V.; Le Blanc, J.; Starnino, L.; Welman, M.; Chabot-Blanchet, M.; Busseuil, D.; Chertkow, H.; D’Antono, B.;
Lordkipanidze, M. Brain-Derived Neurotrophic Factor Mitigates the Association Between Platelet Dysfunction and Cognitive
Impairment. Front. Cardiovasc. Med. 2021, 8, 739045. [CrossRef] [PubMed]

Gejl, AK.; Enevold, C.; Bugge, A.; Andersen, M.S.; Nielsen, C.H.; Andersen, L.B. Associations between serum and plasma brain-derived
neurotrophic factor and influence of storage time and centrifugation strategy. Sci. Rep. 2019, 9, 9655. [CrossRef] [PubMed]

Czira, M.E.; Wersching, H.; Baune, B.T.; Berger, K. Brain-derived neurotrophic factor gene polymorphisms, neurotransmitter
levels, and depressive symptoms in an elderly population. Age 2012, 34, 1529-1541. [CrossRef] [PubMed]

Clarkson, A.N.; Overman, ].J.; Zhong, S.; Mueller, R.; Lynch, G.; Carmichael, S.T. AMPA receptor-induced local brain-derived
neurotrophic factor signaling mediates motor recovery after stroke. J. Neurosci. 2011, 31, 3766-3775. [CrossRef] [PubMed]

Dou, S.H.; Cui, Y.; Huang, S.M.; Zhang, B. The Role of Brain-Derived Neurotrophic Factor Signaling in Central Nervous System
Disease Pathogenesis. Front. Hum. Neurosci. 2022, 16, 924155. [CrossRef]

Bus, B.A.; Molendijk, M.L.; Penninx, B.].; Buitelaar, ].K.; Kenis, G.; Prickaerts, J.; Elzinga, B.M.; Voshaar, R.C. Determinants of
serum brain-derived neurotrophic factor. Psychoneuroendocrinology 2011, 36, 228-239. [CrossRef]

Jin, H.; Chen, Y.; Wang, B.; Zhu, Y.; Chen, L.; Han, X,; Ma, G.; Liu, N. Association between brain-derived neurotrophic factor and
von Willebrand factor levels in patients with stable coronary artery disease. BMIC Cardiovasc. Disord. 2018, 18, 23. [CrossRef]
Feng, N.; Huke, S.; Zhu, G.; Tocchetti, C.G.; Shi, S.; Aiba, T.; Kaludercic, N.; Hoover, D.B.; Beck, S.E.; Mankowski, J.L.; et al.
Constitutive BDNF/TrkB signaling is required for normal cardiac contraction and relaxation. Proc. Natl. Acad. Sci. USA 2015,
112, 1880-1885. [CrossRef]

Fulgenzi, G.; Tomassoni-Ardori, F.; Babini, L.; Becker, J.; Barrick, C.; Puverel, S.; Tessarollo, L. BDNF modulates heart contraction
force and long-term homeostasis through truncated TrkB.T1 receptor activation. J. Cell Biol. 2015, 210, 1003-1012. [CrossRef]
Hildreth, V.; Anderson, R.H.; Henderson, D.J. Autonomic innervation of the developing heart: Origins and function. Clin. Anat.
2009, 22, 36—46. [CrossRef] [PubMed]

Hang, PZ.; Zhu, H.; Li, PF; Liu, J.; Ge, FQ.; Zhao, J.; Du, Z.M. The Emerging Role of BDNF/TrkB Signaling in Cardiovascular
Diseases. Life 2021, 11, 70. [CrossRef] [PubMed]

Okada, S.; Yokoyama, M.; Toko, H.; Tateno, K.; Moriya, J.; Shimizu, I.; Nojima, A.; Ito, T.; Yoshida, Y.; Kobayashi, Y.; et al. Brain-
derived neurotrophic factor protects against cardiac dysfunction after myocardial infarction via a central nervous system-mediated
pathway. Arterioscler. Thromb. Vasc. Biol. 2012, 32, 1902-1909. [CrossRef] [PubMed]

Hang, P; Zhao, J.; Cai, B,; Tian, S.; Huang, W.; Guo, J.; Sun, C.; Li, Y,; Du, Z. Brain-derived neurotrophic factor regulates TRPC3/6
channels and protects against myocardial infarction in rodents. Int. J. Biol. Sci. 2015, 11, 536-545. [CrossRef]

Monisha, K.G.; Prabu, P.; Chokkalingam, M.; Murugesan, R.; Milenkovic, D.; Ahmed, S. Clinical utility of brain-derived
neurotrophic factor as a biomarker with left ventricular echocardiographic indices for potential diagnosis of coronary artery
disease. Sci. Rep. 2020, 10, 16359. [CrossRef]

Kermani, P.; Hempstead, B. BDNF Actions in the Cardiovascular System: Roles in Development, Adulthood and Response to
Injury. Front. Physiol. 2019, 10, 455. [CrossRef] [PubMed]

Lim, Y;; Zhong, ].H.; Zhou, X.F. Development of mature BDNF-specific sandwich ELISA. ]. Neurochem. 2015, 134, 75-85. [CrossRef]
Polacchini, A.; Metelli, G.; Francavilla, R.; Baj, G.; Florean, M.; Mascaretti, L.G.; Tongiorgi, E. A method for reproducible
measurements of serum BDNF: Comparison of the performance of six commercial assays. Sci. Rep. 2015, 5, 17989. [CrossRef]
Khodadi, E. Platelet Function in Cardiovascular Disease: Activation of Molecules and Activation by Molecules. Cardiovasc. Toxicol.
2020, 20, 1-10. [CrossRef]

Gelle, T.; Samey, R.A.; Plansont, B.; Bessette, B.; Jauberteau-Marchan, M.O.; Lalloue, F,; Girard, M. BDNF and pro-BDNF in serum
and exosomes in major depression: Evolution after antidepressant treatment. Prog. Neuropsychopharmacol. Biol. Psychiatry 2021,
109, 110229. [CrossRef]

Zara, M.; Amadio, P.; Campodonico, J.; Sandrini, L.; Barbieri, S.S. Exosomes in Cardiovascular Diseases. Diagnostics 2020, 10, 943. [CrossRef]
Lin, C.C,; Huang, T.L. Brain-derived neurotrophic factor and mental disorders. Biomed. ]. 2020, 43, 134-142. [CrossRef] [PubMed]
Falaschi, V.; Palego, L.; Marazziti, D.; Betti, L.; Musetti, L.; Maglio, A.; Dell’'Oste, V.; Sagona, S.; Felicioli, A.; Carpita, B.; et al.
Variation of Circulating Brain-Derived Neurotrophic Factor (BDNF) in Depression: Relationships with Inflammatory Indices,
Metabolic Status and Patients&rsquo; Clinical Features. Life 2023, 13, 1555. [CrossRef] [PubMed]

Kim, ].M,; Stewart, R.; Kim, S.Y.; Kim, ].W,; Kang, H.J.; Lee, ].Y; Kim, S.W.; Shin, L.S.; Kim, M.C.; Hong, YJ.; et al. Interaction
between BDNF val66met polymorphism and personality on long-term cardiac outcomes in patients with acute coronary syndrome.
PLoS ONE 2019, 14, €0226802. [CrossRef]

Zheleznyakova, G.Y.; Cao, H.; Schioth, H.B. BDNF DNA methylation changes as a biomarker of psychiatric disorders: Literature
review and open access database analysis. Behav. Brain Funct. 2016, 12, 17. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.3389/fcvm.2021.739045
https://www.ncbi.nlm.nih.gov/pubmed/34557534
https://doi.org/10.1038/s41598-019-45976-5
https://www.ncbi.nlm.nih.gov/pubmed/31273250
https://doi.org/10.1007/s11357-011-9313-6
https://www.ncbi.nlm.nih.gov/pubmed/21898033
https://doi.org/10.1523/JNEUROSCI.5780-10.2011
https://www.ncbi.nlm.nih.gov/pubmed/21389231
https://doi.org/10.3389/fnhum.2022.924155
https://doi.org/10.1016/j.psyneuen.2010.07.013
https://doi.org/10.1186/s12872-018-0762-z
https://doi.org/10.1073/pnas.1417949112
https://doi.org/10.1083/jcb.201502100
https://doi.org/10.1002/ca.20695
https://www.ncbi.nlm.nih.gov/pubmed/18846544
https://doi.org/10.3390/life11010070
https://www.ncbi.nlm.nih.gov/pubmed/33477900
https://doi.org/10.1161/ATVBAHA.112.248930
https://www.ncbi.nlm.nih.gov/pubmed/22556331
https://doi.org/10.7150/ijbs.10754
https://doi.org/10.1038/s41598-020-73296-6
https://doi.org/10.3389/fphys.2019.00455
https://www.ncbi.nlm.nih.gov/pubmed/31105581
https://doi.org/10.1111/jnc.13108
https://doi.org/10.1038/srep17989
https://doi.org/10.1007/s12012-019-09555-4
https://doi.org/10.1016/j.pnpbp.2020.110229
https://doi.org/10.3390/diagnostics10110943
https://doi.org/10.1016/j.bj.2020.01.001
https://www.ncbi.nlm.nih.gov/pubmed/32386841
https://doi.org/10.3390/life13071555
https://www.ncbi.nlm.nih.gov/pubmed/37511930
https://doi.org/10.1371/journal.pone.0226802
https://doi.org/10.1186/s12993-016-0101-4
https://www.ncbi.nlm.nih.gov/pubmed/27267954

	Introduction 
	Materials and Methods 
	Eligibility Criteria 
	Study Design 
	BDNF Level Measurement 
	Search Strategy 
	Data Extraction 
	Quality Assessment 
	Data Synthesis 

	Results 
	Search Results 
	Study Characteristics 
	Risk of Bias 
	Role of BDNF in Patients with Stroke 
	Coronary Heart Disease and Altered BDNF Levels 

	Discussion 
	Relationship between Stroke and Depression 
	Relationship between Coronary Artery Disease and Depression 
	Relationship between Depression and CVD 
	Limitations of the Included Studies 
	Limitations of this Systematic Review 

	Conclusions 
	References

