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ARTICLE INFO ABSTRACT

Keywords: Sex hormones have biological effects on inflammation, and these might contribute to the sex-specific features of
Major depressive disorder depression. C-reactive protein (CRP) is the most widely used inflammatory biomarker and consistent evidence
Isez hormones shows a significant proportion (20-30 %) of patients with major depressive disorder (MDD) have CRP levels
nflammation

above 3 mg/L, a threshold indicating at least low-grade inflammation. Here, we investigate the interplay be-
tween sex hormones and CRP in the cross-sectional, observational Biomarkers in Depression Study.

We measured serum high-sensitivity (hs-)CRP, in 64 healthy controls and 178 MDD patients, subdivided into
those with hs-CRP below 3 mg/L (low-CRP; 53 males, 72 females) and with hs-CRP above 3 mg/L (high-CRP; 19
males, 34 females). We also measured interleukin-6, testosterone, 17-f-estradiol (E2), progesterone, sex-hormone
binding globulin (SHBG), follicle-stimulating and luteinising hormones, and calculated testosterone-to-E2 ratio
(T/E2), free androgen and estradiol indexes (FAI, FEI), and testosterone secretion index.

In males, high-CRP patients had lower testosterone than controls (p = 0.001), and lower testosterone (p =
0.013), T/E2 (p < 0.001), and higher FEI (p = 0.015) than low-CRP patients. In females, high-CRP patients
showed lower SHGB levels than controls (p = 0.033) and low-CRP patients (p = 0.034). The differences in
testosterone, T/E2 ratio, and FEI levels in males survived the Benjamini-Hochberg FDR correction. In linear
regression analyses, testosterone (f = —1.069 p = 0.033) predicted CRP concentrations (R2 =0.252p = 0.002) in
male patients, and SHBG predicted CRP levels (B = —0.628 p = 0.009, R? = 0.172 p = 0.003) in female patients.

These findings may guide future research investigating interactions between gonadal and immune systems in
depression, and the potential of hormonal therapies in MDD with inflammation.

C-reactive protein
Sex differences

1. Introduction (CRP) and interleukin (IL)-6, have been detected in patients with major
depressive disorder (MDD), in particular in those with treatment-
Elevated levels of immune biomarkers, such as C-reactive protein resistant depression (Valkanova et al., 2013; Strawbridge et al., 2017;
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Chamberlain et al., 2019; Chin Fatt et al., 2023; Medina-Rodriguez et al.,
2023). Moreover, about 20-30 % of MDD patients manifest CRP levels
above 3 mg/L, a threshold that indicates the presence of at least low-
grade inflammation (Osimo et al., 2019; Pitharouli et al., 2021) and is
associated with an increased risk of cardiovascular diseases (Ridker,
2003), although our recent work has shown that even MDD patients
with CRP less than 3 mg/L have evidence of immune activation at a
molecular level (Sforzini et al., 2023). Of note, Zajkowska et al. (2023)
detected sex-specific inflammatory biomarkers associated with the
severity and the risk of depression in adolescence, with, specifically,
elevated IL-2 for boys and elevated IL-6 for girls (Zajkowska et al.,
2023).

Interestingly, sex hormones can affect both innate and adaptive
immune responses (Beagley and Gockel, 2003; Taneja, 2018), as
testosterone exhibits mainly anti-inflammatory proprieties and estrogen
shows both anti- and pro-inflammatory proprieties (Straub, 2007; Gil-
liver, 2010). For instance, in the general population, testosterone levels
correlate negatively with CRP in males, while 17-p-estradiol (E2) levels
correlate positively with CRP in males (Tsilidis et al., 2013) but nega-
tively in premenopausal females (Park and Lee, 2020). Even though
there are clinical studies measuring both sets of markers in individuals
with mood disorders, the evidence is quite limited, and there is a lack of
studies specifically investigating interactions between inflammation and
sex hormones in males and females with MDD. Interestingly, one study
found that male depressed patients show lower testosterone and higher
CRP than controls (Peng and Li, 2021), supporting the anti-
inflammatory action of testosterone, but they did not look at the cor-
relation between these two systems. The putative pro-inflammatory
action of estrogens might also explain why oral contraceptives, which
comprise combinations of estrogens and progesterone, are associated
with increased depressive symptoms and increased CRP levels, as
Masama et al. (2022) recently found with exogenous estradiol in young
females.

Additionally, corroborating evidence from meta-analyses supports a
sex-specific association between sex hormones and depression. Male
MDD individuals exhibit decreased testosterone and increased E2
(Fischer et al., 2019), while premenopausal females with depression
show increased testosterone (Maharjan et al., 2021).

Of note, also the immune system shows a certain degree of sex
dimorphism (Markle and Fish, 2014), with females showing a more
robust immune response than males, and higher rates of autoimmune
diseases (Schmidt et al., 2006). Thus, sex hormones may be involved in
the immune abnormalities described in depression, and abnormalities in
these two interacting systems may contribute to the sex-specific differ-
ences in the prevalence and clinical phenotypes of this disorder.
Nevertheless, to our knowledge, no previous study has examined the
relationship between endogenous sex hormones and immune bio-
markers in MDD individuals (Lombardo et al., 2021).

In the present study, we investigate the association between sex
hormones and peripheral inflammation as measured with serum CRP in
the cross-sectional, observational Biomarkers in Depression (BIODEP)
study. We aim to understand whether MDD patients, males and females
separately, exhibit sex-specific differences in sex hormone levels
compared with healthy controls and whether MDD patients with low-
grade inflammation (CRP above 3 mg/L) have different levels of sex
hormones compared with both controls and MDD patients with CRP
below 3 mg/L. To our knowledge, this is the first study to investigate
endogenous sex hormones in patients with MDD stratified according to
levels of peripheral inflammation (serum high-sensitivity (hs)-CRP).

2. Materials and methods
2.1. Study design and sample characteristics

The current sample was selected from the larger primary and sec-
ondary cohorts of the BIODEP study. The study overview has been
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described previously (Chamberlain et al., 2019). Briefly, the BIODEP
study is a cross-sectional, observational, non-interventional study that is
part of a multi-centre study investigating immune markers in depres-
sion, through the Wellcome Trust Consortium for Neuroimmunology of
Mood Disorders and Alzheimer’s disease (NIMA Consortium), approved
by the National Research Ethics Service East of England, Cambridge
Central, UK (15/EE/0092) and conducted according to the Declaration
of Helsinki.

All participants (aged between 25 and 50 years) gave written
informed consent prior to data collection, were capable and willing to
fast for 8 hours prior to blood draw and to abstain from strenuous ex-
ercise for 72 hours prior to assessment. They were recruited and assessed
in 5 clinical centres in the UK: Brighton, Cambridge, Glasgow, London
(King’s College London), and Oxford. Patients were selected if they met
the MDD diagnosis as defined by structured clinical interview (SCID) in
accordance with DSM-5 criteria (Spitzer et al., 1992).

Healthy subjects were selected from the general population to match
the patient group in terms of age, sex, and BMI. We investigated the
severity of depressive symptoms with the HAMD-17 clinical scale
(Hamilton, 1960).

As previously described (Chamberlain et al., 2019; Nikkheslat et al.,
20205 Cattaneo et al., 2020; McLaughlin et al., 2021), exclusion criteria
were the following: 1) use of any medication (e.g., statins, corticoste-
roids, antihistamines, anti-inflammatory medications), or lifetime his-
tory of any serious medical disorder or recent infection/illness which
could have compromised the interpretation of immunological data; 2)
pregnancy or breastfeeding; 3) active alcohol or drug abuse or depen-
dence in the last 6 months; 4) participation in clinical trial of an
investigational drug within the last 12 months; 5) history of bipolar
disorder or non-affective psychosis; 6) for controls, history of MDD,
antidepressant treatment for depressive symptoms or any other indica-
tion of any major psychiatric disorder as defined by DSM-5.

We excluded from the secondary cohort 23 participants as “repeated
participants” in both the primary and secondary cohorts, so that their
data are only presented once. For the purpose of our analyses, we further
excluded subjects: 1) who were taking any hormonal therapies (e.g., oral
contraceptives, contraceptive injections, hormone replacement therapy
(HRT), intrauterine devices); 2) who declared having medical conditions
associated with disruption of the reproductive system (e.g., erectile
dysfunction, recent abortion, hysterectomy, endometriosis, polycystic
ovary syndrome (PCOS), menopause, perimenopause); and 3) who had
follicle-stimulating hormone (FSH) levels above 20 IU/L (n = 12, age
mean 47.09 + 2.21), a threshold indicating a possible ovarian insuffi-
ciency (Luisi et al., 2015; Tariq et al., 2022). After having excluded one
subject with a missing value for hs-CRP, we obtained a study sample of
242 subjects (males, n = 97; females, n = 145), with 25 male controls, 72
male patients, 39 female controls, and 106 female patients. We further
stratified our depressed sample according to levels of hs-CRP, using a
threshold above and below 3 mg/L: in males, 53 patients had a CRP
below 3 mg/L (low-CRP) and 19 patients had a CRP equal to or greater
than 3 mg/L (high-CRP), while in females, 72 patients had low-CRP and
34 patients had high-CRP. The full breakdown of the screening process is
displayed in Fig. 1.

2.2. Depressive symptoms

The clinical and sociodemographic characteristics of the BIODEP
sample have been extensively described by (Chamberlain et al., 2019;
Nikkheslat et al., 2020; Cattaneo et al., 2020; McLaughlin et al., 2021),
and overall, the sub-sample used for this study showed similar clinical
and immune profiles as those in the larger sample, even when stratified
for males and females and low/high CRP (see Table 1). The average
HAMD-17 score was around 17, and the sample also included patients on
antidepressants and in remission. Specifically, 124 individuals were
taking antidepressants (around 70 % of the sample, for both males and
females), and of these, 26.5 % of males and 20 % of females were in
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Fig. 1. Flowchart of the selection process.
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Note: CRP (C-reactive protein); hs (high sensitivity); high-CRP (hs-CRP above 3 mg/L); low-CRP (hs-CRP below 3 mg/L); n (number of subjects).

remission, as showed by a HAMD-17 < 7. As expected, high-CRP pa-
tients showed significantly larger BMI than controls and patients with
low-CRP, in both sexes, and controls showed lower depressive symptom
scores in HAMD-17 compared with MDD patients (both low- and high-
CRP groups) in both sexes, but we did not detect significant differ-
ences in depression scores between low- and high-CRP patient groups.
The majority of MDD individuals on antidepressants (65 % for males and
76 % for females) were taking SSRIs, alone or in combination with other
antidepressants, while the remaining were taking a mixture of other
classes (tricyclics, serotonin and noradrenaline reuptake inhibitors,
mood stabilizers, and others). There was no difference in the distribution
of antidepressant (SSRIs vs. others) classes between the low- and high-
CRP groups (y2 = 1.643, p = 0.200 in males, and ¥2 = 0.019, p =
0.889 in females).

2.3. Biomarkers

As described by Aruldass et al. (2021), at the time of the clinical
assessment, fasting venous blood was collected between 8:00 and 10:30
in the morning from participants who abstained from exercise for 72
hours prior blood sampling. The tubes were centrifuged at 1600 Relative
Centrifugal Force for 15 minutes. Blood samples were transferred to Q2
Solutions Laboratory to be analysed within the same day of the collec-
tion day. Samples were exposed to anti-CRP-antibodies on latex parti-
cles, and the increase in light absorption due to complex formation was
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used to quantify serum hs-CRP levels (Turbidimetry on Beckman Coulter
AU analysers). Inter and intra-assay coefficient of variations were < 10
%. Serum IL-6 levels were measured in peripheral blood. Tubes were
centrifuged at 1600 g for 15 minutes at room temperature and serum
supernatant was frozen at —80 °C. Serum IL-6 levels were measured
using Meso Scale Discovery (MSD; Rockville, M, USA). Blood (8.5 mL)
was collected into BD Vacutainer® Serum Separator Tubes (SST II
Advance) Silica tubes and incubated for 30 minutes at room tempera-
ture. The tubes were then centrifuged at 1600 Relative Centrifugal Force
for 15 minutes and serum was collected in aliquots. All serum samples
were stored at —70 °C. We were specifically interested in investigating
the sex-specific relationship between CRP and IL-6, so our analyses
focussed on this cytokine.

Sex hormones: Serum samples kept at —80 °C were transferred to
VIApath laboratories (a collaboration between SYNLAB UK & Ireland,
Guy’s & St Thomas” NHS Foundation Trust and King’s College Hospital
NHS Foundation Trust) for the analyses. As illustrated by the assays’
descriptions provided by the laboratory, electrochemiluminescence
immunoassay “ECLIA” was used on COBAS e801 (the Roche) immuno-
assay analysers to measure sex hormone levels in serum samples. The
following assays were performed: Elecsys Estradiol III, the Elecsys
Testosterone II, the Elecsys Progesterone III, the Elecsys Prolactin II, the
Elecsys SHBG, the Elecsys FSH and the Elecsys luteinizing hormone (LH)
to detect levels of E2, testosterone, progesterone, prolactin, SHBG, FSH,
and LH, respectively. The frequency of missing values is specified in
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Table 1
Clinical and sociodemographic characteristics in males and females separately.
Sex Controls Low-CRP MDD High-CRP MDD Statistics
Number of individuals n=25 n=>53 n=19 /

Males BMI (kg/m), mean (SD)
Age (years), mean (SD)
Ethnicity (n) (%)
Antidepressant use (%)
HAMD-17 mean (SD)
Serum hs-CRP (mg/L)
Serum IL-6 (pg/mL)

Number of individuals
BMI (kg/m), mean (SD)
Age (years), mean (SD)
Pre-ovulatory/ovulatory (%)
Ethnicity (n) (%)
Antidepressant use (%)
HAMD-17 mean (SD)
Serum hs-CRP (mg/L)
Serum IL-6 (pg/mL)

Females

n = 25, 25.95 (3.71)
n = 25, 33.36 (6.93)

n = 25, White 21 (84.0 %)

n = 25,0 (0 %)
n = 25, 0.84 (1.34)
n = 25, 0.91 (0.64)
n =15, 0.55 (0.34)

n =39
n = 38, 23.31 (4.69)
n = 39, 35.21 (7.55)
n=39,71.8%

n = 39, White 28 (71.8 %)

n =39, 0 (0 %)
n = 39, 0.67 (1.11)
n = 39, 1.16 (1.53)
n =24, 0.61 (0.23)

n = 53, 25.71 (3.80)
n = 53, 36.81 (8.01)

n = 53, White 50 (94.3 %)

n = 53, 37 (69.8 %)
n = 53, 16.79 (8.28)
n = 53, 0.94 (0.71)
n = 33, 1.68 (5.98)

n=72
n =72, 25.63 (5.07)
n=72,33.71(7.17)
n=71,67.6%

n = 72, White 60 (83.3 %)

n =72, 51 (70.8 %)
n =72,16.15 (5.75)
n =72, 0.98 (0.75)
n =58, 1.30 (4.86)

n =19, 30.32 (5.88)
n =19, 37.32 (7.67)

n = 19, White 18 (94.7 %)
n =19, 12 (63.2 %)
n =19, 16.89 (7.59)
n =19, 5.84 (3.17)
n=13,2.10 (2.78)

n=234
n = 32, 30.83 (5.53)
n = 34, 35.21 (7.12)
n=32,875%
n = 34, White 30 (88.2 %)
n = 34, 24 (70.6 %)
n = 34, 16.71 (6.96)
n = 34, 7.51 (6.46)
n =21, 0.94 (0.51)

F = 8.726 p < 0.001°
F=2.050p=0.134
¥* =2.678 p = 0.262
%2 = 34.630 p < 0.001
F = 47.957 p < 0.001"
F = 64.710 p < 0.001°
F = 5.446 p = 0.007 ?

/
=19.12 p < 0.001?
F =0.770 p = 0.465
¥* =4.512p = 0.105
%% = 3.600 p = 0.165
%% =57.160 p < 0.001
F = 124.377 p < 0.001 ®
F = 91.969 p < 0.001°
F = 1.637 p = 0.200

Note: BMI (body mass index); CRP (C-reactive protein); HAMD-17 (Hamilton Rating Scale for Depression 17-item); hs- (high sensitivity); IL (interleukin); SD (standard de-
viation). Significant tests (p < 0.05) are in bold. In post-hoc analyses with Bonferroni correction we reported only statistically significant differences p < 0.05; with “a”
indicating a difference at statistical significance between the high-CRP group vs. others; and with “b” indicating a difference at statistical significance between Controls vs. others.

Table 2

Differences in sex hormone levels between controls and patients in the male group.
Male group

Controls MDD Statistics

T (nmol/L) mean (SD) 20.12 (5.74) 17.01 (5.50) t=2.242 p = 0.027
E2 (pmol/L) mean (SD) 102.18 (55.56) 82.99 (54.17) t=1.458p = 0.152
FSH (IU/L) mean (SD) 3.77 (1.81) 4.79 (4.09) t=1.139p = 0.258
LH (IU/L) mean (SD) 5.47 (2.63) 5.63 (2.50) t=0.323p = 0.747
SHBG (nmol/L) mean (SD) 31.34 (11.40) 31.65 (13.76) t=0.121 p = 0.904
P4 (nmol/L) mean (SD) 0.49 (0.39) 0.40 (0.44) t=1.294p =0.199

PRL (pIU/L) mean (SD)
T/E2 mean (SD)

239.61 (94.03)
0.033 (0.034)

FAI mean (SD) 0.71 (0.31)
FEI mean (SD) 4.01 (2.64)
TSI mean (SD) 4.10 (1.46)

221.72 (118.76)
0.040 (0.035)

t=1.074p = 0.286
t=0.838 p = 0.407

0.59 (0.22) t=1.945p = 0.055
3.20 (2.75) t=1.334p =0.186
3.39 (1.46) t=2.203 p = 0.030

Note: E2 (17-p-estradiol); FAI (Free androgen index); FEI (Free estradiol index); FSH (follicle stimulating hormone); LH (Luteinizing hormone); P4 (progesterone); PRL
(prolactin); SHBG (sex hormone binding globulin); T (testosterone); T/E2 (testosterone to estradiol ratio); TSI (testosterone secretion index). * Significant tests (p < 0.05) are in

bold.

Supplementary Table S1 in the Supplementary Material. Values below
the lowest Limit of Quantitation (LoQ) were substituted with the Limit of
Detection (LoD) values specific for each sex hormone.

Bioactive sex steroids are those which are not bound to specific
proteins such as SHBG (i.e., free androgen index (FAI) and free estradiol
index (FEI) as they are capable of binding to their associated receptors
(Krakowsky and Grober, 2015). To determine the bioavailable ratios of
testosterone and E2, we calculated the FAI as the molar ratio of total
testosterone/SHBG, and the FEI as the molar ratio of estradiol/SHBG
(Rexrode et al., 2003). We calculated the testosterone to E2 ratio (T/E2)
using the following formula: testosterone/(10*E2) (van Koeverden
et al., 2019), and the testosterone secreting index (TSI) as testosterone
(nmol/L)/LH (IU/L) (Chen et al., 2020).

2.4. Menstrual cycle

We examined the ovulatory phase in the female sample using the
progesterone threshold of 5 ng/mlL, as pre-ovulatory/ovulatory (pro-
gesterone <5 ng/mL) and post-ovulatory (progesterone >5 ng/mL).
Leiva and colleagues used this cut-off and could predict that ovulation
had occurred with a specificity of 98.4 % (Leiva et al., 2015).

2.5. Statistical analyses

All the statistical analyses were performed within the sexes. The data
were graphically assessed for normality (Q-Q plots) and analysed as
appropriate. We applied the natural logarithmic transformation to
normalise sex hormones, hs-CRP and IL-6 values. Chi-square tests and
one-way ANOVA were used to identify significant differences in the
demographic variables between study groups. These comprised inde-
pendent samples t-test and one-way ANOVA with post-hoc comparisons
with Bonferroni correction to investigate differences in sex hormone
between controls and MDD patients, overall and stratified according to
CRP threshold. In addition, we used the Benjamini-Hochberg False
Discovery Rate (FDR) approach (p < 0.05) to control for multiple
comparisons for sex hormone measures in the independent samples t-
test and in the ANOVA analyses (Benjamini and Hochberg, 1995).

We performed Pearson’s bivariate correlational analyses to identify
relevant correlations between serum hs-CRP, sex hormones, and socio-
demographic data (i.e., BMI, age, and ethnicity). We then conducted
ANCOVA analyses to investigate the effect of study groups (controls,
low- and high-CRP MDD) in modulating levels of relevant sex hormones
while controlling for the effects of ovulatory phases (pre-ovulatory/
ovulatory and post-ovulatory) and the relevant sociodemographic data
associated with sex hormone measures, i.e., BMI and age. Finally, we
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Differences in sex hormone levels between controls and patients in the female group.

Female group

Controls Patients Statistics
T (nmol/L) mean (SD) 1.01 (0.54) 1.05 (0.53) t=10.389 p = 0.691
E2 (pmol/L) mean (SD) 523.88 (381.56) 458.27 (333.26) t=1.091p=0.277
FSH (IU/L) mean (SD) 5.69 (3.46) 5.88 (3.45) t=0.357p=0.721
LH (IU/L) mean (SD) 9.56 (11.74) 8.38 (6.43) t=0.085p = 0.932

SHBG (nmol/L) mean (SD)
P4 (nmol/L) mean (SD)
PRL (pIU/L) mean (SD)
T/E2 mean (SD)

FAI mean (SD)

FEI mean (SD)

TSI mean (SD)

60.47 (22.17)
12.16 (16.52)
343.85(171.10)
0.00042 (0.00086)
0.0200 (0.0143)
9.79 (6.66)
0.191 (0.293)

57.84 (33.49)
11.62 (17.77)
345.47 (212.08)
0.00055 (0.00100)
0.0230 (0.0189)
9.88 (8.87)
0.185 (0.218)

t=1.245p = 0.215
t=1.057 p = 0.292
t=10.381p = 0.704
t=1.279 p = 0.203
t=0.995 p = 0.322
t=0.733 p = 0.465
t=0.314p = 0.754

Note: E2 (17-p-estradiol); FAI (Free androgen index); FEI (Free estradiol index); FSH (follicle stimulating hormone); LH (Luteinizing hormone); P4 (progesterone); PRL
(prolactin); SHBG (sex hormone binding globulin); T (testosterone); T/E2 (testosterone to estradiol ratio); TSI (testosterone secretion index).

Table 4

Differences in sex hormone levels between controls, low-CRP patients and high-CRP patients in the male group.
Male group

Controls Low-CRP MDD High-CRP MDD Statistics

T (nmol/L) mean (SD) 20.12 (5.74) 17.92 (5.19) 14.34 (5.67) F = 6.96 p = 0.002%
E2 (pmol/L) mean (SD) 102.18 (55.56) 73.62 (52.08) 109.14 (52.53) F =3.47 p = 0.035 b
FSH (IU/L) mean (SD) 3.77 (1.81) 5.29 (4.61) 3.41 (1.28) F=281p=0.065
LH (IU/L) mean (SD) 5.47 (2.63) 5.86 (2.67) 4.97 (1.88) F=0.94p =0.394

SHBG (nmol/L) mean (SD)
P4 (nmol/L) mean (SD)
PRL (pIU/L) mean (SD)
T/E2 mean (SD)

31.34 (11.40)
0.487 (0.388)
239.61 (94.03)
0.033 (0.034)

32.60 (13.45)
0.460 (0.486)
225.19 (129.52)
0.048 (0.038)

28.85 (14.69)
0.237 (0.239)
211.50 (81.32)
0.018 (0.016)

F=0.86p = 0.425
F=281p = 0.066

F = 0.573p = 0.566

F = 8.52 p < 0.001°

FAI mean (SD) 0.71 (0.31) 0.60 (0.20) 0.56 (0.27) F=2.60p=0.080
FEI mean (SD) 4.01 (2.64) 2.70(2.51) 4.65 (3.00) F =5.12p = 0.008°
TSI mean (SD) 4.09 (1.46) 3.51 (1.51) 3.04 (1.22) F=296p=0.057

Note: E2 (17-p-estradiol); FAI (Free androgen index); FEI (Free estradiol index); FSH (follicle stimulating hormone); LH (Luteinizing hormone); P4 (progesterone); PRL
(prolactin); SHBG (sex hormone binding globulin); T (testosterone); T/E2 (testosterone to estradiol ratio); TSI (testosterone secretion index). * Significant tests (p < 0.05) are in
bold. In post-hoc analyses with Bonferroni correction we reported only statistically significant differences p < 0.05; with “a” indicating a difference at statistical significance
between high-CRP group vs. others; with “b” indicating a difference at statistical trend between high-CRP group and low-CRP group; with “c” indicating a difference at statistical

significance between high-CRP group vs. low-CRP group.

performed linear regression analyses to test whether the sex hormones
correlating with hs-CRP (including predictors with p < 0.1) as well as
BMI and age significantly predicted peripheral inflammation in male
and female patients. All statistical analyses were performed using IBM
SPSS Statistics Version 28 (IBM Ltd., UK).

3. Results
3.1. Sex hormones in MDD patients

3.1.1. MDD males show significantly lower levels of testosterone and lower
TSI compared with controls

In the male group, patients had lower levels of testosterone (p =
0.027) and TSI levels (p = 0.030), than healthy controls, and FAI levels
showed a nonsignificant trend (p = 0.055) toward being lower in pa-
tients compared with controls. We did not identify other differences.
Results are displayed in Table 2. The differences in testosterone and TSI
did not survive the additional control with the Benjamini-Hochberg FDR
adjusted p-value.

3.1.2. MDD females do not show significant differences in sex hormone
levels compared with controls

In the female group, we did not detect significant differences in sex
hormone levels between patients and controls. Results are displayed in
Table 3. We did not find any difference in ovulatory phase between fe-
male patients (73.8 % pre-ovulatory/ovulatory phase, 26.2 % post-
ovulatory phase) and controls (71.8 % pre-ovulatory/ovulatory phase,

171

28.2 % post-ovulatory phase; ¥? = 0.057 p = 0.811).

3.2. Sex hormones in MDD individuals with high-CRP

3.2.1. In males, high-CRP MDD individuals have significantly lower levels
of testosterone compared with both controls and low-CRP MDD individuals

ANOVA analyses showed that testosterone (p < 0.005), E2 (p <
0.05), T/E2 (p < 0.001), and FEI (p < 0.010) significantly differed be-
tween study groups (controls, low-CRP patients, and high-CRP patients)
(see Table 4). The post-hoc analyses with Bonferroni correction showed
that high-CRP patients had lower testosterone than controls (p = 0.001),
and lower testosterone (p = 0.013) and T/E2 ratio (p < 0.001) and
higher FEI levels than low-CRP patients (p = 0.015). The differences in
testosterone, T/E2 ratio, and FEI levels between groups survived the
additional control with the Benjamini-Hochberg adjusted FDR p-value.

As expected, the high-CRP group had higher BMI than controls and
the low-CRP groups; and given the correlations between sex hormones,
BM], and age in males (see Supplementary Material Table S4), we per-
formed ANCOVA analysis adjusting for BMI and age to explore whether
these differences remain significant. In BMI-adjusted analyses, the dif-
ference in T/E2 ratio remained significant (F = 4.343 p = 0.016), with
post-hoc analyses showing a significant difference between low-CRP and
high-CRP groups (p = 0.034), while the other differences maintained the
same direction even though they only reached statistical trend (testos-
terone, F = 2.570 p = 0.082; FEL, F = 3.071 p = 0.051). In age-adjusted
analyses, the differences between groups in FEI remained significant (F
= 5.228 p = 0.007).
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Table 5
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Differences in sex hormone levels between controls, low-CRP patients and high-CRP patients in the female group.

Female group

Controls Low-CRP MDD High-CRP MDD Statistics
T (nmol/L) mean (SD) 1.01 (0.54) 1.10 (0.51) 0.96 (0.55) F=120p=0.30
E2 (pmol/L) mean (SD) 523.88 (381.56) 465.92 (313.24) 441.07 (379.28) F=0.82p=0.44
FSH (IU/L) mean (SD) 5.69 (3.46) 5.86 (4.51) 5.92 (3.35) F=0.07p=0.93
LH (IU/L) mean (SD) 9.56 (11.74) 8.29 (6.85) 8.57 (5.46) F =0.004 p = 1.00
SHBG (nmol/L) mean (SD) 60.47 (22.17) 61.98 (33.23) 48.77 (32.77) F =4.11 p = 0.02*
P4 (nmol/L) mean (SD) 12.16 (16.52) 13.54 (19.17) 7.34 (13.48) F=113p=0.33

PRL (pIU/L) mean (SD)
T/E2 mean (SD)

FAI mean (SD)

FEI mean (SD)

TSI mean (SD)

343.85 (171.10)
0.0004 (0.0009)
0.0200 (0.0143)
9.79 (6.66)
0.191 (0.293)

342.20 (221.40)
0.0005 (0.0010)
0.0216 (0.0169)
9.39 (9.01)
0.186 (0.156)

352.72 (192.94)

0.0006 (0.0011)

0.0263 (0.0227)
10.98 (8.58)
0.183 (0.321)

F=022p=0.81
F =0.90 p = 0.41
F=0.50p = 0.61
F=0.32p=0.73
F=0.01p=0.99

Note: E2 (17-p-estradiol); FAI (Free androgen index); FEI (Free estradiol index); FSH (follicle stimulating hormone); LH (Luteinizing hormone); P4 (progesterone); PRL
(prolactin); SHBG (sex hormone binding globulin); T (testosterone); T/E2 (testosterone to estradiol ratio); TSI (testosterone secretion index). * Significant tests (p < 0.05) are in
bold. In post-hoc analyses with Bonferroni correction we reported only statistically significant differences p < 0.05; with “a” indicating a difference at statistical significance

between high-CRP group vs. others.

3.2.2. In females, high-CRP patients have significantly lower levels of SHBG
compared with both controls and low-CRP MDD individuals

ANOVA analyses showed that only SHBG levels were different be-
tween groups (controls, low-CRP patients, and high-CRP patients) (p =
0.02; see Table 5). The post-hoc analyses with Bonferroni correction
showed that high-CRP patients had lower SHBG levels than both healthy
controls (p = 0.033) and low-CRP patients (p = 0.034). The difference in
SHBG levels between groups did not survive the additional control with
the Benjamini-Hochberg FDR adjusted p-value.

As mentioned above (Table 1), there was no difference in the
ovulatory phase between the high—/low-CRP groups and control;
nevertheless, we conducted secondary ANCOVA analyses co-variating
for the ovulatory phase, and all differences remained in the same di-
rection but were no longer significant (F = 3.043, high-CRP group vs.
controls p = 0.075; vs. low-CRP group p = 0.092). Again, given the
correlations between sex hormones and BMI in females (see Supple-
mentary Material Table S5), we performed BMI-adjusted analyses. The
difference between groups in SHBG was no longer significant after this
adjustment (F = 0.441 p = 0.644).

3.3. Correlations between peripheral inflammation and sex hormones

3.3.1. Testosterone predicts hs-CRP concentration in MDD males

In male depressed individuals, but not in controls, hs-CRP was
negatively correlated with testosterone (r = —0.328 p = 0.005), pro-
gesterone (r = —0.287 p = 0.017), and T/E2 (r = —0.282 p = 0.017),
and, with at statistical trend, with SHBG (r = —0.223 p = 0.062), LH (r =
—0.219 p = 0.065), and (positively) with FEI (r = 0.225 p = 0.060). See
Supplementary Table S2 in the Supplementary Material.

We further investigated these correlations by performing linear
regression analysis to test whether testosterone, progesterone, T/E2,
SHBG, LH, and FEI were able to predict hs-CRP levels in MDD male
patients. The overall linear regression model was significant (R? =
0.252 F (5, 62) = 4.175 p = 0.002), with testosterone (p = —1.069 p =
0.033), significantly predicting hs-CRP (and LH at statistical trend, p =
—0.544 p = 0.094). In adjusted analysis by covarying for BMI and age,
the linear regression model including these variables was also significant
(R2=0.369 F (7, 60) = 5.005 p < 0.001) with only BMI significantly
predicting hs-CRP in male patients (p = 0.090 p = 0.003).

3.3.2. SHBG predicts hs-CRP concentration in MDD females

In female depressed patients, hs-CRP was negatively correlated with
testosterone (r = —0.285 p = 0.003), SHBG (r = —0.292 p = 0.003), TSI
(r = —0.225 p = 0.023), and with a statistical trend with E2 (r = —0.177
p = 0.072), and progesterone (r = —0.192 p = 0.052). See Supplemen-
tary Table S3 in the Supplementary Material.
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Again, we investigated the correlations by performing linear
regression analysis to test whether testosterone, SHBG, TSI, E2, and
progesterone significantly predicted hs-CRP levels in MDD female pa-
tients. The overall linear regression model was statistically significant
(R2 =0.172F (5,92) = 3.819 p = 0.003), and SHBG alone (p = —0.628 p
= 0.009) significantly predicted hs-CRP levels. In adjusted analysis by
covarying for BMI and age, the linear regression model including these
variables was significant (R2=0.519F (7,89) =13.708 p < 0.001), with
E2 (p = —0.223 p = 0.043) and BMI (p = 0.144 p < 0.001) significantly
predicting hs-CRP levels in female patients.

3.4. Sex differences in the association between hs-CRP and IL-6

We recently highlighted a significant correlation between hs-CRP
and IL-6 in female but not in male patients with treatment-resistant
depression who were currently receiving antidepressants (Lombardo
et al., 2022), and we wanted to replicate this association also in the
current study. Details of the analyses are presented in Supplementary
Material (Paragraph S1), and we did replicate here that female but not
male MDD individuals on antidepressants showed a significant corre-
lation between hs-CRP and IL-6.

4. Discussion

To our knowledge, this is the first study investigating endogenous sex
hormones in MDD patients stratified based on inflammatory levels, as
measured by serum CRP. The present study suggests a possible inter-
action between sex hormones and inflammation in MDD patients. Spe-
cifically, we found that low levels of testosterone and SHBG are present
in, respectively, male and female patients with depression and low-
grade inflammation, possibly because of an anti-inflammatory role of
these two hormonal biomarkers.

There is evidence of low testosterone in MDD (Zito et al., 2023); our
findings of low testosterone and TSI in male depressed patients, irre-
spective of inflammation are consistent with Wainberg et al. (2021)
which showed, in the UK Biobank, that low testosterone levels in males
predict a higher 5-year incidence of MDD (Wainberg et al., 2021). The
relationship between a lack of androgens and depression has been
shown also in medical conditions such as males with hypogonadism
(characterised by low levels of testosterone) who exhibit comorbidity
with depressive symptoms (Hauger et al., 2022).

Interestingly, low testosterone concentrations predict high hs-CRP
levels in male MDD patients in our study. Again, this is consistent
with previous evidence in healthy males that those with low testosterone
levels (below 11.44 nmol/L) are more likely to have CRP levels equal to
or above 3 mg/L than males with normal/high testosterone (Tsilidis
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et al., 2013), suggesting a protective role of testosterone against clini-
cally meaningful inflammation. In our study, male MDD patients with
hs-CRP above 3 mg/L have testosterone ~14 nmol/L, and similar levels
of testosterone levels (<15 nmol/L) are associated with increased
prevalence of specific symptoms, such as loss of libido, in older male
depressed patients (Zitzmann et al., 2006). Indeed, high and low levels
of this hormone can be associated with particular symptom profiles; the
National Health and Nutrition Examination Studies (NHANES) found
that decreased testosterone is associated with appetite problems (poor
appetite or overeating as assessed by the Patient Health Questionnaire
(PHQ-9)), and high levels of this hormone are associated with sleep
problems and fatigue (Maattanen et al., 2021). Hence, it is possible that
testosterone interacts with inflammation in producing different profiles
of somatic symptoms.

Our data also suggest a relevant role of the combined action of
testosterone and estradiol in male, inflamed depressed patients. In our
study, a decreased T/E2 ratio in high-CRP patients was due to both low
testosterone and increased E2, suggesting that elevated estrogen levels
may have a pro-inflammatory effect associated with the absence of the
testosterone-mediated anti-inflammatory action, as also shown in in-
dividuals with rheumatoid arthritis (RA) (Straub, 2007). Notably, the
differences in testosterone and T/E2 ratio (and FEI) between the three
study groups survived the adjusted FDR p-value, and the differences in
T/E2 ratio and testosterone levels remained substantially unchanged
even when controlling for BMI.

We also demonstrate that high-CRP female patients exhibited low-
ered SHBG levels. Despite the absence of evidence linking reduced sex
hormone-binding globulin (SHBG) levels to depressive symptoms in
women (Asselmann et al., 2019), our findings are consistent with the
existing literature that SHBG possesses an anti-inflammatory function.
In fact, SHBG determines the bioavailability of gonadal hormones, as
testosterone and E2 are biologically inactive when bound to SHBG
(Westphal, 1971). In an in-vitro study, SHBG inhibited inflammatory
biomarkers mRNA expression, such as TNFa and IL-6 in macrophages
and adipocytes (Yamazaki et al., 2018). This protective action of SHBG
has been seen also in human studies, where serum SHBG negatively
correlates with serum CRP in both sexes in the general population (Liao
et al., 2012), and in post-menopausal women (Joffe et al., 2006). It is
important to highlight, however, that this finding does not survive
adjustment for multiple testing and also for BMI, and thus should be
considered a preliminary finding requiring further investigation. Inter-
estingly, the linear regression shows a relationship between low E2
levels and increased hs-CRP levels in MDD female individuals. These
findings might confirm the previous evidence of pro-inflammatory
proprieties of low estrogenic activity in premenopausal women in the
general population, as suggested by Park and Lee (2020) and previously
mentioned in the introduction.

As we expected, in both sexes high-CRP patients show higher BMI
compared with both controls and low-CRP patients. This observation
suggests a potential mechanism that may account for the variations in
sex hormone levels between these groups, as adipose tissue could play a
role in influencing both sex hormone levels and peripheral inflamma-
tion. For example, Grandys et al. (2021) reported that the negative
correlation between low levels of testosterone and CRP is influenced by
BMI (Grandys et al., 2021). Fat cells are also an important source of E2 in
men, thus the increased E2 levels (and lowered T/E2 ratio) in the high
CRP male patients could be due to the increased BMI causing both
biological changes (inflammation and increased E2), although it is of
note that the directions of the differences in hormones do not change in
males by adjusting for BMI levels in the statistical analysis. In another
study, increased BMI is associated with decreased testosterone and
decreased SHBG levels (the same finding of our study) (Stdrka et al.,
2020). Indeed, contrary to the effects in males, the association between
increased inflammation and low SHGB in females disappears when BMI
is included in the statistical analysis, indicating that adiposity plays a
particular role in this association. This notion is supported by studies
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showing that low SHGB is driven by hyperinsulinemia and decreased
cortisol secretion associated with abdominal obesity (Hautanen, 2000).
Evaluating visceral fat in males and subcutaneous fat in females may
yield more informative results in terms of understanding the biological
mechanisms underpinning the relationship between inflammation and
sex differences, as also suggested by Gavin and Bessesen (2020).

We detect sex differences in the correlation between hs-CRP and IL-6.
In the patient group taking antidepressants, only female participants
showed a significant correlation between these two immune biomarkers,
as we did not observe this association in male participants. These results
confirm our previous findings of a significant correlation between hs-
CRP and IL-6 in females but not in male patients with treatment-
resistant depression who were all receiving antidepressant pharmaco-
therapies (Lombardo et al., 2022). However, here we also found the
opposite scenario in patients not taking antidepressants, with a signifi-
cant correlation in males but not in females. Due to the limited available
evidence on sex differences in the relationship between these inflam-
matory biomarkers, further studies with larger sample sizes are war-
ranted to investigate this sex-specific association. Even though previous
studies supported a correlation between IL-6 and CRP (Panichi et al.,
2002; Kaminska et al., 2023), our findings suggest that the use of anti-
depressants may impact this association. Antidepressants show anti-
inflammatory properties (Hashioka et al., 2009). However, the effi-
cacy of antidepressants exhibits sex differences, possibly due to varia-
tions in pharmacokinetics/pharmacodynamics, such as gastric
emptying, rates of liver metabolism, and interactions between estrogen
and serotonin systems (Sramek et al., 2016). Meta-analytical evidence
highlighted decreased levels of inflammatory biomarkers (including IL-
6) after antidepressant treatments (Kohler et al., 2018), however, the
authors did not perform within-sexes analyses. Nevertheless, Mosiotek
detected inconsistencies and equivocal results in the anti-inflammatory
action of antidepressants across studies (Mosiotek et al., 2021), and it is
tempting to speculate that part of these inconsistencies might derive
from sex differences in the immunomodulatory proprieties of
antidepressants.

From a translational point of view, restoring testosterone levels and
its equilibrium with estradiol to their normal levels may exert protective
effects against inflammation, and could be tested as a future add-on
hormonal-based treatment in depression. Several studies have assessed
adding testosterone in depressed patients, and indeed meta-analytical
evidence reports an antidepressant effect of exogenous testosterone vs.
placebo in males (Zarrouf et al., 2009). As highlighted by Nead, add-on
testosterone therapy might be beneficial in ameliorating depressive
symptoms in males with low levels of sex hormones (Nead, 2019).
However, it is important to understand whether the clinical benefit of
testosterone might be due to anti-inflammatory action and thus would
particularly benefit those male patients with high levels of inflamma-
tion. Furthermore, a balanced T/E2 ratio may exert an antidepressant
effect through its role in increasing neuroplasticity, stimulating the se-
rotonin system, and inhibiting the hypothalamic-pituitary-adrenal axis
and immune system (Fabian et al., 2023; Morssinkhof et al., 2020).

The main limitation of our study is the availability of one-time point
single blood samples, as the secretion of sex hormones varies throughout
the day. Nevertheless, testosterone and progesterone peak in the
morning (Brambilla et al., 2009; Rezanezhad et al., 2018; Rahman et al.,
2019), thus, the standardised, fasting morning collection in our study
has reduced the variability introduced by this limitation. Second, given
the nature of this cross-sectional study, we were not able to assess the
causality of the relationship between hs-CRP and sex hormones on
depression severity or risk. Indeed, reverse causality can also explain our
findings; for example, a pro-inflammatory environment can increase the
aromatase activity (of cytochrome P450) and thus can promote the
conversion of testosterone to E2 (Capellino et al., 2014). Longitudinal or
mechanistic studies are needed to unequivocally dissect the causal
relationship between inflammation and sex hormone changes. Third, the
results for the female sample are limited by the lack of information about
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specific subphases of the menstrual cycle, and about mood alterations
associated with the menstrual cycle, which have been associated with
disturbances in sex hormone levels and increased sensitivity to fluctu-
ation of gonadal hormones (Thys-Jacobs et al., 2008; Kuehner and
Nayman, 2021), although reassuringly there was no difference between
groups in the ovulatory phase. Finally, the multiple testing of this study
may have limited the generalisability of our findings, in particular in
females. In fact, the difference in SHBG concentrations between con-
trols, low-CRP and high-CRP groups did not survive the Benjamini-
Hochberg FDR approach. Notably, our findings in males survived the
FDR correction.

In conclusion, our study highlights an imbalance of sex hormones in
MDD patients with at least low-grade inflammation (low T and T/E2 in
MDD male patients, and low SHBG in MDD female patients). Our study
may guide future research investigating interactions between sex hor-
mones and immune function in the risk and severity of depression, and,
if replicated in larger sample sizes and in longitudinal studies, in
developing tailored add-on hormonal-based treatments for MDD pa-
tients with depression and low-grade inflammation.
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