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The comprehension of the pathophysiology of the major depressive disorder (MDD)
is essential to the strengthening of precision psychiatry. In order to determine the
relationship between the pathophysiology of the MDD and its clinical progression,
analyzed by severity of the depressive symptoms and sleep quality, we conducted a
study assessing different peripheral molecular biomarkers, including the levels of plasma
C-reactive protein (CRP), serum mature brain-derived neurotrophic factor (mBDNF),
serum cortisol (SC), and salivary cortisol awakening response (CAR), of patients with
MDD (n = 58) and a control group of healthy volunteers (n = 62). Patients with the first
episode of MDD (n = 30) had significantly higher levels of CAR and SC than controls
(n = 32) and similar levels of MBDNF of controls. Patients with treatment-resistant
depression (TRD, n = 28) presented significantly lower levels of SC and CAR, and higher
levels of MBDNF and CRP than controls (n = 30). An increased severity of depressive
symptoms and worse sleep quality were correlated with levels low of SC and CAR, and
with high levels of mBDNF. These results point out a strong relationship between the
stages clinical of MDD and changes in a range of relevant biological markers. This can
assist in the development of precision psychiatry and future research on the biological
tests for depression.

Keywords: cortisol, C-reactive protein, brain-derived neurotrophic factor, sleep quality, precision psychiatry

INTRODUCTION

The burden of mental disorders has been increasing worldwide (Vigo et al., 2016; World Health
Organization(Who), 2017). Major depressive disorder (MDD) is one of the most prevalent mood
syndrome, affecting 350 million people globally (World Health Organization(Who), 2017; Liu
et al., 2020). Currently, there is a thought in the research field that the comprehension of MDD
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pathophysiology is essential to the strengthening of precision
psychiatry, by supporting prognosis, diagnosis, treatments, and
follow-up of patients, and thus would help in the reduction of
MDD burden (Schmidt et al., 2011; Dean and Keshavan, 2017;
Menke, 2018). These are the main goals of the large European
and American studies such as the Roadmap for Mental Health
Research and Research Domain Criteria, respectively (Insel et al.,
2010; Elfeddali et al., 2014).

Many studies have tried to associate neurobiological markers
with a set of MDD symptoms as shown in 5th Diagnostic
and Statistical Manual of Mental Disorders (DSM-5) (American
Psychiatric Association, 2013; Hashimoto, 2015; Fried et al,
2019; Koo et al., 2019). However, the physiological dysfunctions
observed in patients with major depression are inconsistent:
they are not present in all patients with the same intensity,
and with similar relationship with symptoms (Bremmer et al,
2017; Zou et al, 2018; Almeida et al., 2019). Therefore,
at present, none biomarker validated in scientific studies is
widely used clinically (Menke, 2018). It is suggested that the
progression of clinical disease, such as the severity of depressive
symptoms and the sleep changes, and some sociodemographic
characteristics, like gender, age, income, and education, can be
related to the large variance observed in the pathophysiology
of patients with depression (Mello et al, 2007; Verduijn
et al, 2015; Menke, 2018; Kim, 2020; Perna et al, 2020;
Santiago et al., 2020).

Some patients with MDD often show dysregulation of
hypothalamus-pituitary-adrenal (HPA) axis, which is the main
endocrine stress system. However, the studies have conflicting
views about up- and downregulation of HPA axis in these patients
(Bremmer et al., 2017; Dean and Keshavan, 2017; Ferrari and
Villa, 2017). Some show systemic hypercortisolemia (Gold et al.,
1986, 1988), while other studies show hypocortisolemia (Tu
et al., 2013; Kunugi et al., 2015). Furthermore, disruptions in
the cortisol awakening response (CAR) and the circadian cortisol
pattern are also found, which can be measured from saliva
samples (Chida and Steptoe, 2009; Marques et al., 2010; Vreeburg
et al., 2013; Moreira et al., 2016; Galvao et al., 2018).

Increased systemic inflammation is another physiological
alteration observed in some patients with depression (Krishnadas
and Cavanagh, 2012; Lopresti et al., 2014; Zou et al., 2018).
It is proposed that cortisol changes disrupt homeostasis of the
immune system, stimulating proinflammatory cytokines, such
as interleukin 6 (IL-6), and tumor necrosis factor-a (Zunszain
et al., 2011; Sousa et al, 2015). Furthermore, an increase in
the C-reactive protein (CRP) levels, a non-specific inflammatory
biomarker released by hepatocytes, is also observed in patients
with MDD (Haapakoski et al., 2015; Kohler-Forsberg et al., 2016;
Galvao-Coelho et al., 2020).

In addition, neuroimaging studies have revealed a reduced
hippocampal volume in some patients with depression, which
is speculated to be related to a decrease in the levels
of neurotrophins, such as brain-derived neurotrophic factor
(BDNF) (Lima-Ojeda et al., 2018; Roddy et al., 2019; Sheline et al.,
2019). Although some studies have shown lower levels of blood
BDNF in patients with major depression (MD) in comparison
with those of healthy subjects, the results are inconsistent

(Karege et al., 2002; Groves, 2007; Lee and Kim, 2009; Vu and
Student, 2009; Cubala and Landowski, 2014; Almeida et al., 2019).

Interestingly, all these changes, including HPA axis, immune
system, and the levels of BDNF, have physiological pathways
that are often integrated with sleep disturbances in a disrupted
positive-feedback system (Cubala and Landowski, 2014; Giese
et al, 2014; Kunugi et al, 2015; Chrousos et al., 2016;
Ferrari and Villa, 2017; van Dalfsen and Markus, 2018). The
decrease in sleep quality is usually observed before the onset
of MDD (Breslau et al., 1996; Perlis et al., 1997; Ohayon and
Roth, 2003), while persistent sleep impairments are associated
with the severity of MDD, worse treatment outcomes, and
consequently, the recurrence of illness (Moos and Cronkite, 1999;
Santiago et al., 2020).

Despite the knowledge about the relationship across these
important biological systems, a minor number of studies have
evaluated these changes simultaneously and over the clinical
progression of MDD (Verduijn et al, 2015). Therefore, the
purpose of this study was to evaluate patients with depression
in distinct MDD stages (de novo patients and patients with
treatment-resistant depression), by the serum mature BDNF
(mBDNF), plasma CRP, serum cortisol (SC), and the salivary
CAR, aiming to compare them with those of a control group
of healthy volunteers. These physiological parameters were
analyzed by taking into account the severity of the depression
symptom, sleep quality, and sociodemographic characteristics of
the participants. We hypothesized that patients with depression
have distinct physiological profiles from healthy volunteers,
which will be influenced by the stage of disease, that is, worse
physiological parameters would be related to stronger depressive
symptoms and worse sleep quality.

MATERIALS AND METHODS

Ethical Aspects

This study was approved by the Medical Research Ethics
Committee of the Onofre Lopes University Hospital (HUOL)
(# 579,479) and by the Human Research Ethics Committee
of the Federal University of Rio Grande do Norte (UFRN)
(# 2.628.202). This study was registered at http://clinicaltrials.
gov (NCT02914769/U1111-1215-4472). The procedures of this
study comply with the ethical standards of the relevant national
and institutional committees for human experimentation and
with the Declaration of Helsinki of 1975, revised in 2008. The
research was carried out at UFRN. Individuals who met inclusion
and exclusion criteria were invited to voluntarily participate in
this study. They signed the informed consent that provided
information about the study and granted complete freedom to
drop out from the study at any time. All information collected in
this study was kept confidential.

Participants

The recruitment of adult participants of both sexes was
performed by psychiatrist referrals at local outpatient psychiatric
units and by advertising on local and social media between
2016 and 2018. The sample size was determined for G*Power
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(version 3.1.9.4) (Faul et al., 2009), so 120 volunteers were
required to reach an effect size of 1.13. All volunteers had a
full clinical evaluation by a trained psychiatrist which included
anamnesis, mental health, and neurological health evaluation
using the Structured Clinical Interview for Axis I (SCID;
DSM-1V) and Hamilton Depression Scale (HAM-D) (Hamilton,
1960). After the screening, volunteers were allocated into the
following groups:

Patient group (n = 58): Volunteers diagnosed with MDD
on the SCID who were in the course of a depressive episode.
The severity of the disorder was assessed by HAM-D. Patients
with a current or earlier diagnosis of drug abuse or substance-
related disorder, schizophrenia, bipolar affective disorder, mania
or hypomania, or neurological and inflammatory disorders, such
as autoimmune or infectious disease, were not included in this
study. In addition, the diagnosis of personality disorders was
assessed by a clinical interview with a psychiatrist guided by the
criteria instrument of the 4th Diagnostic and Statistical Manual of
Mental Disorders (DSM IV-TR). Patients were grouped according
to an initial depression diagnosis (de novo patients) or treatment-
resistant depression (TRD), as follows:

e Patients with the first episode of MD (n = 30; 14 men
and 16 women): Patients who got their first diagnosis of
MD in the clinical evaluation of this study and who were
naive to antidepressants drugs. During this study, these
patients were free of medications with effects on cognition
and mood, and on neurovegetative, immune, and endocrine
functions. According to the HAM-D, the severity of MDD
in these patients ranged from mild to moderate.

e Patients with TRD (# = 28; 7 men and 21 women): Patients
who did not respond to at least two earlier classes of
antidepressants (Hamilton, 1960). During this study, these
patients were under a 15-day washout period, i.e., without
any antidepressant use, since they were in the process
of changing their antidepressant medication. The use of
benzodiazepines, hypnotic drugs, and/or anxiolytic drugs
under prescription was allowed. According to the HAM-
D, the severity of MDD in these patients ranged from
moderate to severe.

General control group (n = 62): Healthy volunteers without the
diagnosis of physical, sleep, neurological, or psychiatric disorders
and who were free of medications with effects on cognition
and mood, and on neurovegetative, immune, and endocrine
functions. They were grouped into the following subgroups:

e Control group 1 (CGI1: n = 32; 15 men and 17 women):
Volunteers paired with sociodemographic characteristics of
patients with a de novo diagnosis of MD group.

e Control group 2 (CG2: n = 30; 7 men and 23 women):
Subjects paired with sociodemographic characteristics of
the patients with treatment-resistant depression.

Experimental Design

The night before the data collection, volunteers slept in the
laboratories of sleep at UFRN, when their height and body weight
were measured to calculate the body mass index (BMI), and

the Pittsburgh Sleep Quality Index (PSQI) was assessed. On the
following day, around 6:00 a.m., saliva samples were collected,
followed by blood collection. All volunteers were fasting for
approximately 8 h.

Psychometric Scales

Hamilton Depression Scale (Conway et al,, 2017) consists of
a semistructured interview for the identification of frequency
and intensity of depressive symptoms assessed by a trained
psychiatrist (Rush et al., 2004; Howland, 2008). HAM-D has 17
sub-domains, namely, depressed mood (H1), feelings of guilt
(H2), suicide (H3), initial insomnia (H4), insomnia during the
night (H5), delayed insomnia (H6), work and interests (H7),
retardation (HS8), agitation (H9), psychiatric anxiety (H10),
somatic anxiety (H11), gastrointestinal somatic symptoms (H12),
general somatic symptoms (H13), genital symptoms (H14),
hypochondriasis (H15), weight loss (H16), and insight (H17).
According to the HAM-D scores, patients are clustered into one
of the three following categories: (1) mild: 10 < score < 13;
(2) moderate: 14 < score < 17; and (3) severe: scores > 17
(Halfaker et al., 2011).

Pittsburgh Sleep Quality Index is a self-reported instrument
used to assess sleep quality and disturbances over a 1-month
time interval (Buysse et al., 1989; Bertolazi et al., 2011). It has
seven sub-domains, namely, subjective sleep quality (Cl1), sleep
latency (C2), sleep duration (C3), habitual sleep efficiency (C4),
sleep disorder (C5), sleep medication use (C6), and daytime sleep
dysfunction (C7). This tool has an overall score ranging from
0 to 21 points, which can be categorized into good sleep (0-
4 points), poor sleep (5-10 points), and sleep disorder (greater
than 10 points).

Saliva and Blood Collections

Three saliva collections were performed by a trained researcher,
using a Salivette (Sarstedt), a plastic tube, and a cotton piece
specifically used for saliva collection. The first collection was
performed at awakening, then 30 min later, and the third,
45 min later. Before or during saliva collection, volunteers were
instructed not to rinse their mouths, not to eat or drink, and to
remain lying in the bed. Later, blood collection was performed by
a nurse or a trained researcher using perforating and disposable
material (needle and syringe).

Biochemical Dosage

Saliva was used to measure cortisol by using ELISA DRG-
SLV 4635 kit. Blood was used to measure serum cortisol by
using ELISA kit DRG 1887 and mBDNF by using ELISA kit
BDNF SK00752-01 (Aviscera Bioscience). Moreover, CRP was
assessed by using two distinct tests. The first one was the
agglutination plate of latex CRP of EBRAM, which suggests the
presence or absence of inflammation. In the second test, the
levels of serum CRP were assessed by using immunoturbidimetry.
All measurements were performed blindly, for groups and
individuals, and in duplicate. In this study, the intra- and inter-
assay coefficients of variation were 3.97 and 13.01% for SC, 4.78
and 16.30% for salivary cortisol, 6.15 and 21% for mBDNE, and 2
and 3.3% for CRP, respectively.
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Statistical Analysis

The physiological parameters (e.g, CAR, SC, mBDNE and
CRP), PSQI, and HAM-D (both total score and the sub-
score of PSQI and HAM-D sub-domains selected by random
forest-based algorithm, see below) were considered quantitative-
dependent variables, while the groups (i.e., MD, TRD, CG1, and
CG2) were considered the categorical-independent variables.
The sociodemographic characteristics, such as gender (i.e.,
categorical variable), age (i.e., continuous quantitative variable),
BMI (i.e., metric quantitative variable), income (i.e., categorical
variable), and education (i.e., categorical variable), were
used as covariates.

For CAR, its area under the curve was calculated using
the three saliva sample points (Pruessner et al., 2003). CAR,
SC, HAM-D, and sub-score of HAM-D (sHAM-D) were log-
transformed to reach Gaussian distribution. Outliers were
considered as values with 3 SDs below or above the mean
(for Gaussian variables) or outside the quartile 25-quartile
75 range (for non-Gaussian variables) and were excluded
from the analysis.

The statistical plan comprised four sets of analyses; the
significance level considered was p < 0.05 for all tests. First,
we applied the Boruta test, which is a random forest-based
algorithm that selects variables based on its importance score in
comparison with a shuffled attribute (Kursa and Rudnicki, 2010).
Here, we used it to rank the relevance of the sociodemographic
characteristics of volunteers for the discrimination of groups
MD x CGI1 and TRD x CG2 separately (relevant characteristic
must score above a shuffled data, I > 5.94). This algorithm
was also applied to HAM-D and PSQI components, aiming to
select those most relevant to discriminate between patient groups
(MD and TRD). Those selected components were grouped for
constructing sHAM-D (I > 4.24) and sub-score of PSQI (sPSQI;
I > 4.93), respectively. The default hyperparameters were used in
this test (Buysse et al., 1989). Numerical variables were previously
standardized in z-score.

Following, in the second set of analyses, we used some
multivariate tests aiming to find differences in physiological
parameters between depressive groups and its control. We
applied the MANCOVA test to physiological parameters with
the Gaussian distribution (i.e., CAR, SC, and mBDNF), whereas
the General Linear Model (GLM) was used to analyze the non-
Gaussian variables (i.e., CRP) between groups. In each one of
these tests, the analyses were done separately for MD x CGl
and for TRD x CG2. The p-value correction for multiple tests
and bootstrap was applied. In both analyses (i.e., MANCOVA and
GLM), the relevant sociodemographic characteristics previously
selected by using the Boruta test were included as covariates.
When a covariate was significant in multivariate analysis,
we separately applied the Spearman’s correlation test (for
quantitative covariates) or the independent ¢-test (for qualitative
covariates), aiming to find the relationship between the covariate
and the respective dependent variable. Cohen’s d effect size and
its 95% CI for group comparisons are reported.

The third set of analyses corresponded to the correlation
analyses, which were performed by merging the MD and
TRD groups as a single group of patients with depression.

The Spearman’s correlation test was performed to analyze the
numerical physiological parameters in relation to the severity
of the disease (measured by HAM-D and sHAM-D) and sleep
quality (measured by PSQI and sPSQI). Although age was
significantly different between the groups of depressive patients
(Mann-Whitney U = 88, p < 0.001, TRD p = 41.57 & 11.61, and
MD p = 24.2 £ 3.84), the sociodemographic characteristics were
not controlled as covariables since this test does not support it.

The fourth set of analyses is the predictive models. We
performed linear regressions to investigate whether the earlier use
of antidepressant treatment, as a dummy variable, could predict
the physiological parameters (i.e., CAR, SC, and mBDNF).

RESULTS

From the initial inquiries of 640 participants, 120 participants
who potentially met the inclusion criteria were selected for the
screening phase: 62 healthy participants and 58 patients with MD,
with 30 being grouped as patients with first episode of MD (14
men and 16 women) and 28 participants with TRD (7 men and 21
women). The healthy participants were divided into two groups,
namely, a control group (CG1, n = 32; 15 men and 17 women) for
the de novo MD group and a control group for TRD (CG2, n = 30;
7 men and 23 women). The consolidated standards for clinical
trial reports (CONSORT) are shown in Supplementary Figure 1.

Pathophysiology of Patients With
Depression Versus Healthy Volunteers
Patients With First Episode Depression (de novo
Patients)

All patients (first depressive episode, MD: n = 30) and their
respective control group (CGl: n = 32) were Brazilian and
young adults (MD: 24.2 + 3.84; CGl = 27.06 = 6.42). The
majority of the sample were women (MD: 53.33%; CGI:
53.12%), in an undergraduate course and with low income
(Supplementary Table 1). The average patient had depression
levels of mild severity (HAM-D: 12.56 £ 0.56). One patient had
a comorbid anxiety disorder (Supplementary Figure 2). Patients
showed worse sleep quality than controls and had similar BMI
(Supplementary Table 1).

Among the sociodemographic characteristics, the Boruta
algorithm showed that only age (I = 6.03) was relevant for
discrimination between MD and CG1 groups (Figure 1A).

A significant statistical effect was found for the levels of
SC, CAR, and mBDNF between groups (F = 7.56, p < 0.001)
(Supplementary Table 2). Patients with first episode of MDD had
higher salivary levels of CAR (F = 27.61, p < 0.001; d = 1.33, CL:
0.77 to 1.89) and SC (F = 19.44, p < 0.001; d = 1.08, CI: 0.54 to
1.63) than the control group (Figures 2A,B and Supplementary
Tables 2, 3). Moreover, MD and CG1 had similar levels of
mBDNF (F = 2.73, p = 0.10; d = —0.42, CI: —0.94 to —0.09)
(Figure 2C and Supplementary Tables 2, 3). Age was controlled
in these analyses, but it was revealed as a relevant covariate for
only SC (F = 5.03, p = 0.02) (Supplementary Table 2), where
the levels of SC decreased with the age of volunteer (Spearman’s
test: rho = —0.28, p = 0.02). The majority of the MD group
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FIGURE 1 | Importance of sociodemographic characteristics for discrimination of patients from controls. The random forest-based algorithm (Boruta test) of
sociodemographic characteristics relevant to discrimination of: (A) patients with first episode of major depression (MD, n = 30) and the control group (CG1, n = 32).
(B) Patients with treatment-resistant major depression (TRD, n = 28) and the respective control group (CG2, n = 30). The colors used in the images denote: green,
relevant characteristic; yellow, tentative of relevance; red, no relevant characteristic; and blue, randomly shuffled data at a maximum, mean, and minimum levels.

(96.6%) and all CG1 (100%) did not reveal sufficient levels of
CRP to enable a positive result in the qualitative test (thus,
denoting a potentially low level of inflammation). Therefore,
the subsequent quantitative CRP analysis was not completed
for these groups.

Patients With Treatment-Resistant Depression

Patients with TRD (n = 28) and their respective control group
(CG2: n = 30) were Brazilian adults (TRD: 41.57 + 11.61; CG2:
32.34 & 1.95), with the majority being women (TRD: 75%; CG2:
76.67%). The patient group had a larger proportion of volunteers
with lower income and education than controls (Supplementary
Table 1). The TRD sample on average had severe-level symptoms
of MD (HAM-D: 21.57 % 0.99), with approximately 10 years of
MDD and an average of 12 episodes. Twenty (71.42%) patients
with TRD had a personality disorder (histrionic: n = 10/50%;
borderline: n = 9/45%; schizoid: n = 1/5%) and 12 (42.85%) had
anxiety disorder (generalized anxiety disorder: n = 10/83.33%;
panic disorder: n = 5/17.24; social phobia: n = 2/16.67%). It
may be noticed that some patients could show more than
one comorbidity (Supplementary Figure 2). Patients with TRD
had worse sleep quality and higher BMI than the control
group (Supplementary Table 1). A large proportion of the
patients (57.1%) had tried two to three unsuccessful earlier
treatments with different antidepressants, 28.6% tested four to
five, and 14.3% tested six to nine. All patients were previously
treated with a selective serotonin reuptake inhibitor. Tricyclic
antidepressants were used as the second most common treatment
(Supplementary Figure 3).

Age (I = 10.64), BMI (I = 10.56), and income (I = 5.94) were
relevant for discrimination of TRD and CG2 groups (Figure 1B).
There was a significant multivariate effect between SC, CAR, and
mBDNF (F = 3.32, p = 0.008). Patients with TRD presented lower
levels of CAR (group: F = 5.39, p = 0.02; d = —0.62, CI: —1.16
to —0.08) and SC than controls (group: F = 6.27, p = 0.01; BMI:
F =6.05,p=0.01;d = —0.64 CI: —1.18 to —0.10) (Figure 3A,B
and Supplementary Tables 2, 3), where the level of SC was
controlled by BMI (F = 6.05, p = 0.01; Spearman’s test: rho = 0.14,
p = 0.06). Moreover, patients with TRD presented higher levels

of mBDNF than controls (group: F = 7.58, p = 0.008; d = 0.70,
CI: 0.16 to 1.24), which was controlled for income (F = 4.40,
p = 0.04) (Figure 3C and Supplementary Tables 2, 3), where
the levels of mBDNF revealed a trend toward being higher in
the lower-income volunteers (f = 1.59, p = 0.05). The levels of
CRP were also higher in patients with TRD than in healthy
volunteers (GLM; group: F = 5.11, p = 0.02; d = 1.05 CI: 0.48
to 1.61) (Figure 3D and Supplementary Tables 2, 3), which
was controlled for BMI (F = 14.65, p < 0.001), the levels of
CRP increased with volunteer BMI (Spearman’s test: rho = 0.47,
p < 0.001).

Physiological Changes and Depression

Severity

The selection of HAM-D sub-domains by the Boruta algorithm
showed that H11 (I = 10.95), H15 (I = 10.15), H1 (I = 9.53),
Hi12 (I = 9.24), H7 (I = 9.21), H8 (I = 5.58), H9 (I = 4.56),
and H14 (I = 4.24) were relevant for discrimination between
MD and TRD groups (Supplementary Figure 3). Therefore,
sHAM-D was calculated for each patient using the sum of these
relevant selected sub-domains (sHAM-D: MD = 543 &+ 0.29,
TRD =12.03 & 0.61) (Supplementary Figure 4).

The selection of PSQI sub-domains by the Boruta algorithm
showed that C6 (I = 36.46) and C4 (I = 4.93) were
relevant for discrimination between MD and TRD groups
(Supplementary Figure 4), and the sub-score calculated (sPSQI:
MD =0.90 &+ 0.23, TRD = 4.14 &+ 0.32).

The levels of SC and the CAR decrease with depression
symptom severity, assessed by both HAM-D (SC: rho = —0.62,
p < 0.001; CAR: rho = —0.45, p = 0.001) and sHAM-D (SC:
rho = —0.73, p < 0.001; CAR: rho = —0.57, p < 0.001)
(Figure 4 and Supplementary Figure 5). Again, the levels of
SC (Spearman’s test; PSQIL: rho = —0.37, p = 0.004; sPSQI:
rho = —0.47, p < 0.001) and CAR (PSQIL: rho = —0.4, p = 0.002;
sPSQL: rho = —0.51, p < 0.001) decreased with worse sleep
quality (i.e., high score and sub-score in PSQI) (Figure 4).
Conversely, the level of mBDNF increased with symptom
severity, measured by HAM-D (rho = 0.50, p < 0.001) and sHAM-
D (rho = 0.48, p < 0.001), and with worse sleep quality (PSQI:
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FIGURE 2 | Comparison of physiological parameters between de novo patients and its respective control group. Mean =+ standard error of (MANCOVA test): (A)
salivary cortisol awakening response (CAR) of patients with first episode of major depression (MD: n = 30) and healthy controls (CG1: n = 32), (B) serum cortisol (SC)
levels for MD and CG1, and (C) serum mature brain-derived neurotrophic factor (MBDNF) for MD and CG1. **p < 0.001. The circles correspond to the data of each
volunteer.
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FIGURE 3 | Comparison of physiological parameters between treatment-resistant and its respective control group. Mean + standard error of (MANCOVA test): (A)
cortisol awakening response (CAR) for patients with treatment-resistant major depression (TRD: n = 28) and control group (CG2: n = 30). (B) Serum cortisol (SC)
levels for TRD and CG2. (C) Serum mature brain-derived neurotrophic factor (MBDNF) for TRD and CG2. (D) Mean =+ standard error of (GLM test) serum C-reactive
protein (CRP) for TRD and CG2. The circles are the data of volunteers. *p < 0.05.

rho = 0.25, p = 0.05; sPSQI: rho = 0.37, p = 0.001) (Figure 4 Earlier use of antidepressants predicted lower CAR (f = —1.32,
and Supplementary Figure 5). We did not find significant t = —6.69, p < 0.001, R? = 0.44) and SC (B = —1.53, t = —9.07,
correlations for CRP (Figure 4 and Supplementary Figure 5). p <0.001, R? = 0.59) and higher mBDNF levels ( = 1.15, ¢ = 5.36,
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FIGURE 4 | Spearman’s correlation matrix of physiological parameters across
depression severity (measured by HAM-D and sHAM-D) and sleep quality
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gathering (n = 58). Circles denote significant correlations. The area and color
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positive) of the correlation, respectively. *p-values for CRP were calculated
considering only patients with treatment-resistant major depression.
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p < 0.001, R? = 0.33). However, the number of treatments did
not modulate any of those factors (CAR: rho —0.13 p = 0.48;
SC: rho = 0.04, p = 0.83; mBDNF: rho = —0.22, p = 0.25; CRP:
rho = —0.16, p = 0.40).

DISCUSSION

As per our hypothesis, the results of our present study reveal
that patients with MDD present with differing cortisol, mBDNF,
and CRP profiles than that observed in healthy volunteers.
Furthermore, these molecular changes were highly dependent on
the stages of MDD, i.e., the severity of depressive symptoms and
the sleep quality.

The levels of both serum and saliva (i.e., CAR) cortisol
were higher in the patients with de novo MDD, whereas it
was presented in lower levels in the TRD group compared
with the respective healthy controls. Moreover, moderate
correlations were found between the lower levels of both
cortisol measures and stronger depressive symptoms. In the
literature, some studies have revealed that hypercortisolemia
and higher CAR are usually observed in patients with the
short-term depression (Foreman and Goodyer, 1988; Lopez-
Duran et al, 2009; Dedovic and Ngiam, 2015), whereas
other specify that patients with TRD and with a long-term
disease have hypocortisolemia and a blunted CAR (Stetler
and Miller, 2005; Vreeburg et al,, 2013; Moreira et al., 2016;
Bremmer et al., 2017; Galvao et al.,, 2018). In contrast, studies
that analyze changes in cortisol over clinical progression of

MDD are sporadic, but like our findings, they support the
notion of reduction in cortisol levels over disease severity
(Verduijn et al., 2015).

One of the main risk factors for MDD is chronic stress
(Mazure, 1998; Dohrenwend, 2006); although the reactivity of
the HPA axis to a stressor is an adaptive function, the absence
of its recovery induces many dysfunctions (Sen et al., 2008;
Sousa et al., 2015). The sustained overstimulation of the HPA
axis, caused by an impaired negative feedback from the HPA
axis, results in hypercortisolemia (Dean and Keshavan, 2017),
as it is found in patients with mild and moderate MDD (Gold
et al., 1988; Juruena and Cleare, 2007; Dean and Keshavan, 2017;
Ferrari and Villa, 2017), as well as in patients with Cushing’s
syndrome (Gold et al., 1986), which share some similar symptoms
such as metabolic syndrome (Pivonello et al., 2015). However,
if the HPA axis function has been hyperactivated for a long
time, this can later result in adrenal failure (Yehuda et al., 2005)
or an increase in the sensitivity of cortisol negative feedback
in the hypothalamus (Sriram et al., 2012), thus switching such
profile from hypercortisolemia to hypocortisolemia, as it is
seen in patients with TRD (Herbert, 2013) and in individuals
with Addison’s syndrome who show chronic fatigue syndrome
(Maripuu et al, 2014). Therefore, our findings importantly
reveal the contrast in cortisol changes between de novo and
TRD depression, suggesting a switch from hypercortisolemia to
hypocortisolemia as the MDD gets worse and longer, thus helping
for better understanding about HPA changes in MDD (Vreeburg
etal., 2013; Bremmer et al., 2017; Galvao et al., 2018). This further
supports the theory that these changes are related to the severity
of depressive symptoms (Stetler and Miller, 2005; Karlovic et al.,
2012; Herbert, 2013).

We also found that the earlier use of antidepressants predicted
lower levels of both cortisol measures (i.e., SC and CAR).
Distinct classes of antidepressants may have opposite effects in
the modulation of cortisol, which also depends on the treatment
duration. Therefore, since patients with TRD in our study
used many different classes of antidepressants and had distinct
treatment schemes (dose and duration), it is difficult to assure
wheter the low levels of cortisol found here are an etiology of the
disorder or a result of earlier antidepressant treatments. In the
case of de novo patients (who were naive these medications), it
may be speculated that their high levels of cortisol are associated
with etiologic changes of MDD.

Therefore, these distinct cortisol changes in TRD and de
novo patients should be taken into account in the choice of the
antidepressant treatment, since cortisol is a pleiotropic hormone
(Schiile, 2007; Galvao-Coelho et al., 2012). Mainly because,
patients in remission who have ongoing HPA-axis dysfunction
have higher relapse risk (Slavich and Irwin, 2014).

Furthermore, we found that patients with TRD had higher
levels of mBDNF than healthy volunteers, while patients with
first episode showed similar levels of mBDNF as compared
to its control group. Indeed, a positive correlation between
mBDNF levels and MDD severity was found. The increased
mBDNF of patients with TRD are in opposition to our
hypothesis. The neurodegenerative hypothesis of MDD and
some studies in this field show low blood levels of BDNF in
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patients with MDD (Mannari et al., 2008; Monteleone et al., 2008;
Lima-Ojeda et al., 2018), although this finding is not unanimous
(Almeida et al., 2019; Verduijn et al., 2015; Vu and Student,
2009). Here, we found that earlier antidepressant treatment
predicts high levels of mBDNF. Therefore, supported by earlier
evidences (Pilar-Cuéllar et al., 2012; Zhou et al., 2017) and by
observation that patients with first episode MDD, who were
naive for antidepressant medication, presented similar levels
of mBDNF of the control group, we might speculate that the
increased levels of mBDNF are potentially due to the long-
term use of antidepressants by patients with TRD (Perito and
Fortunato, 2012; Yoshida et al., 2012; Lima-Ojeda et al., 2018).

In addition, BDNF isoforms should be taken into account.
Most studies in patients with MDD analyzed the levels of total
blood BDNF (Vu and Student, 2009; Shirayama et al., 2015;
Almeida et al., 2019); however, we measured its active isoform,
i.e., the mBDNF. The few studies that examined mBDNF in
patients with MDD have showed both low and high levels of
this isoform when compared with controls (Foltran and Diaz,
2016; Angoa-Perez et al., 2017). Importantly, it is proposed that
the pro-BDNF/mature BDNF (mBDNF) ratio should be more
relevant for shaping physiological or pathological conditions
(Raison et al., 2013; Zhao et al, 2017; Mora et al.,, 2018;
Osimo et al., 2019).

The concentration of CRP was not measured for patients with
first MDD episode since 96.6% did not show measurable levels
of CRP and, thereby, a absence of inflammation. Earlier, other
studies in drug-naive patients with MDD or in patients with
initial stages of this disorder also did not detect increases in CRP
or IL-6 compared with controls (Cubala and Landowski, 2014;
Verduijn et al., 2015; Zou et al., 2018).

However, patients with TRD had higher levels of CRP
than healthy volunteers, which was characterized as a low-
grade inflammatory profile (CRP level >3 mg/L; healthy adult
population <1 mg/L) (Angoa-Perez et al, 2017; Zhao et al,
2017). Some studies have identified CRP as an etiological
factor for MDD (Harris et al., 1999; Vreeburg et al., 2013;
Kohler-Forsberg et al., 2016) and pointed its increase regardless
of IL-6 (Ivashchenko et al., 2005; Saito et al., 2016). Since
the measurement of CRP shows some advantages, such as
high stability and low-cost dosage, it is proposed that CRP
could be used alone as an inflammatory biomarker in MDD,
independently of IL-6 (Carboni, 2013; Galvao-Coelho et al.,
2020). A significant correlation between CRP and MDD severity
is seen in some studies (Carboni, 2013; Kohler-Forsberg et al.,
2016), although it is not unanimous (Verduijn et al., 2015).
Here, we did not find this correlation possibly due to our
small sample size for CRP quantitative data. Although we
have found between-group differences among these physiological
parameters, it is important to note that these inflammatory
changes are not exclusive of depression and may occur in other
diseases. Therefore, the changes in these physiological parameters
cannot be exclusive biomarkers of MDD (Mondelli et al., 2010;
Martinotti et al., 2016; Orsolini et al., 2018).

Moreover, we must highlight that the physiological changes
observed in our patients remained significant even after
controlling for relevant individual and social characteristics.

For the patients with first episode and their control, a weak
inverse correlation was found between the levels of SC and
age, although the age dispersion is small in this sample. Some
studies have showed age-related changes of the HPA axis in
healthy and clinical populations (Yiallouris et al., 2019). For
patients with TRD and their control, we found a positive
correlation between BMI and the levels of cortisol and CRP.
High levels of proinflammatory biomarkers can be observed in
individuals with overweight due to an overactive metabolism of
cortisone into cortisol in the adipose tissue and also due to a
local immune activity (Milaneschi et al., 2019). Moreover, the
lower-income volunteers had higher levels of mBDNE, probably
a consequence of earlier antidepressant treatment, since low-
income is expected to be a strong stressor, what would lower
mBDNF levels (Fung et al, 2015). Therefore, these results
show the importance of controlling potential sociodemographic
modulators of physiological parameters, avoiding erroneous
interpretations.

We observed that worse sleep quality is related to lower
levels of both cortisol parameters. A blunted CAR has been
observed in patients with MDD and sleep disorders (Santiago
et al., 2020). Patients with MDD have presented changes in
slow wave sleep as a result of reduction in HPA axis activity
(Balbo et al., 2010). Currently, there is no clear conclusion about
the relationship between cortisol and sleep changes, whether
this hormonal change is a cause or a consequence of sleep
disturbances (Steiger, 2003).

Finally, worse sleep quality was weakly correlated with higher
levels of mBDNF. Despite some studies showing that high levels
of BDNF are related to a good sleep profile (Giese et al., 2014),
MDD patients with sleep disorders did not show low levels
of serum BDNF (Santiago et al., 2020). Interestingly, therapies
using acute sleep deprivation for MDD increased mBDNF levels
(Schmitt et al., 2016). Moreover it can be noted that, although
sleep changes are potentially in part related to inflammation
(Patel et al., 2009; Chrousos et al., 2016), we did not find
correlations between these elements, which can be in part due to
the reduced sample size of patients who had their quantitative
value of CRP measured.

Recently, some studies have explored whether various
biomarkers are related to the specific symptoms of the
psychopathologies, rather than to the global condition (Yoshida
etal., 2012; Caldieraro et al., 2017). For instance, the HAM-D sub-
domains have been used to assess the response to antidepressants
(Silverstone et al., 2002). In our study, the HAM-D sub-score,
which was the sum of HAM-D sub-domains selected by the
Boruta algorithm, had a weak contribution to the improvement
of the correlation strength between depression severity and
physiological parameters. Similar founds were observed for PSQI
sub-scores.

It is essential to point out some limitations of this study, such
as the modest number of volunteers, the cross-sectional design
with a single sample of blood and saliva per subject, and the
lack of pro-BDNF measurement, which is relevant to evaluate
the relationship between m-BDNF and pro-BDNF. It is also
important to highlight that some psychometric instruments were
filled out by the clinician in contrast to others of self-report.
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Therefore, studies with larger populations of patients with
MDD and designed with sequential biological measurements
throughout the day and on different days are encouraged.
Moreover, it is of important to evidence that only around
30% of depressive patients show a progression to TRD
(Demyttenaere and Van Duppen, 2019), although it is believed
that understanding the physiological changes in this group is
important to give pavement to studies of MDD biomarkers
and new treatments.

In conclusion, these results show that changes in some
physiological parameters are distinct according to the clinical
stage of depression. This understanding would be important to
support the precision psychiatry, to stimulate further studies on
biological assessments for depression, and to investigate how
it may be underlying the lack of clinical response to usual
pharmacotherapies.
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