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Abstract

Intracerebral hemorrhage (ICH) remains the least treatable form of stroke, with inflamma-
tion implicated as a major pathophysiological feature. Hence, this study sought to associate
serum proteins and hormones associated with inflammation and ICH outcomes. Patients
presenting to Duke University Hospital with computed tomography-verified spontaneous,
supratentorial, non-traumatic ICH within 24 h of symptom onset were prospectively re-
cruited. In this pilot study, equal numbers of men and women and Black and White
individuals were included and matched by a 6-month modified Rankin Score (mRS). The
primary analyses were the correlation of L-ratios (LR; Log2(Day 2/Day 1 concentrations))
of serum gonadal hormones and neuroinflammatory proteins with mRS > 3 at 6 months.
A total of 40 participants were included in this pilot study. LRs were significantly higher
for C-reactive protein (CRP; p = 0.013) and lower for interleukin-6 (IL-6; p = 0.026) and
surfactant protein-D (p = 0.036) in participants with unfavorable outcomes at 6 months after
ICH. Further, higher CRP (p = 0.02) and lower IL-6 (p = 0.035) and surfactant protein-D
(p = 0.041) LRs were associated with mRS > 3 at 6 months after ICH in multiple logistic
regression analyses, adjusted for race and sex. The relationship amongst gonadal hormones,
neuroinflammatory proteins, and ICH outcome is complex. In this pilot study, unfavorable
outcomes after ICH may have been associated with selected inflammatory biomarkers. A
larger scale study is warranted to define interactions between hormones, proteins, and
their effects on ICH outcomes.
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1. Introduction
Intracerebral hemorrhage (ICH), the second most common stroke subtype accounts

for 10 to 30% of all stroke hospital admissions in the United States and is associated with
a mortality of over 40% [1,2]. Among people who survive, only half regain functional
independence within three months, and ICH remains the least treatable form of stroke,
lacking any effective therapy [3]. Further, no blood biomarker has been studied sufficiently
for guiding ICH diagnosis and management [4]. In preclinical and translational models
of ICH, evidence exists for serological inflammatory proteins and gonadal hormones as
potential prognostic indicators and therapeutic targets [5–7].

Although ICH clinical trials have historically focused on the reduction of hematoma
volume, recent studies have identified adverse relationships between both neuroinflam-
mation and systemic inflammation on neurological outcomes in ICH patients [2,3,8,9].
Additionally, elevated inflammatory proteins on admission have been associated with
unfavorable outcomes for ICH patients [10–14]. Similarly, gonadal hormones have well-
known associations with both inflammatory markers and neurological outcomes after
acute injury [15,16], and several clinical trials have assessed gonadal hormones as potential
therapeutics after acute brain insults [17,18]. Thus, better understanding of interactions
between gonadal hormones, systemic inflammation, and neurological recovery may make
neuroinflammatory mediators attractive prognostic and therapeutic targets.

This project seeks to employ exploratory analyses to identify key relationships between
acute serum inflammatory proteins, gonadal hormones, and neurobehavioral outcomes in
patients with ICH.

2. Results
Baseline characteristics were compared between favorable (mRS = 0–3) and unfa-

vorable (mRS = 4–6) outcome groups in Table 1, with hematoma volume being the only
variable of significant difference. Table 2 shows the concentration values of serum gonadal
hormones and neuroinflammatory proteins on Day 1 and Day 2 after ICH, stratified by
favorable and unfavorable 6-month mRS. Notable differences were seen in progesterone,
CRP, and IL-6.

To test correlations between gonadal hormones and neuroinflammatory proteins, the
Spearman correlation coefficient was assessed on Day 1 after ICH (Table S2). Significant
correlations were found between estrogen-progesterone & -CRP, testosterone-MMP-3, Pai-1
active-Ang-2, & -TNF-α, and IL-6-progesterone & -CRP, setting a p-value of <0.01 as
significant given multiple comparisons.

Table 1. Demographics and baseline characteristics.

mRS 0~3 mRS 4~6
Age, years, mean (SD) 61.40 (12.42) 63.15 (12.79)

BMI, mean (SD) 30.04 (8.07) 29.17 (7.97)
Hematoma volume, cm3, mean (SD) 14.72 (16.28) 43.70 (33.19)

Past medical history of hypertension, N (%) 14 17
Intraventricular bleeding, N (%) 6 7

Lobar ICH, N (%) 10 10
Non-lobar ICH, N (%) 10 10

BMI: Body Mass Index; %: percentage; cm3: centimeters cubed; ICH, intracerebral hemorrhage, mRS: modified
Rankin Scale at 6 months after intracerebral hemorrhage; N: number; SD: standard deviation; Hematoma volume
p-value = 0.003.
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Table 2. Differences in Day 1 and Day 2 mean (standard deviation) serum gonadal hormone and
inflammatory protein concentrations between patients with favorable vs. unfavorable outcomes at
6 months after ICH.

Day 1 Day 2

mRS 0~3 mRS 4~6 p-Value mRS 0~3 mRS 4~6 p-Value
Estrogen 39.67 (62.80) 37.90 (21.26) 0.112 30.00 (34.74) 34.97 (25.74) 0.160

Progesterone 0.37 (0.50) 0.72 (0.51) 0.014 0.26 (0.41) 0.47 (0.47) 0.02
Testosterone 1.71 (1.76) 1.97 (1.83) 0.402 1.32 (1.23) 1.57 (1.40) 0.695

Ang-2 418.17 (309.67) 619.21
(702.89) 0.409 425.76

(261.81)
784.73

(764.90) 0.091

Pai-1 active 12,436.83
(16,690.28)

17,272.00
(16,639.43) 0.12 8861.78 (6522.37) 11,010.15

(7451.09) 0.285

Pai-1 total 28,682.40
(13,281.28)

31,645.50
(23,096.07) 0.882 26,032.70

(14,221.70)
23,096.07

(14,121.35) 0.925

RAGE 382.65 (788.33) 496.87
(580.41) 0.06 662.02 (1610.11) 725.16

(724.25) 0.19

CRP
Mean (SD) 2.44 (4.38) 2.96 (1.95) 0.012 3.51 (5.35) 9.7

(8.11) <0.001

MMP-1 5.14
(4.02)

6.43
(5.81) 0.715 5.28

(4.81)
6.28

(4.36) 0.337

MMP-3 19.43
(16.77)

21.69
(15.32) 0.457 35.1

(46.53)
35.8

(29.14) 0.273

MMP-9 147.97
(121.8)

137.39
(81.53.) 0.839 121.25

(80.34)
132.08
(60.68) 0.508

IL-6 4.40 (5.00) 17.83 (24.66) <0.001 4.93 (4.45) 10.55 (12.10) 0.005
IL-8 7.72 (6.41) 9.99 (5.31) 0.039 6.79 (6.41) 9.11 (5.28) 0.12

TNF-α 2.45 (1.86) 2.77 (1.97) 0.285 2.38 (1.62) 2.91 (2.02) 0.351

VEGF 50.99 (22.29) 63.95
(30.67) 0.135 53.63 (22.45) 57.83 (26.64) 0.593

Surfprotd 9.38 (6.84) 7.59 (4.60) 0.607 9.39 (6.61) 6.56 (3.76) 0.107

Ang-2: Angiopoietin 2 (pg/mL); CRP: C-reactive protein (mg/dL); Day 1: serum concentration one day after
ICH; Day 2: serum concentration two days after ICH; Estrogen (pg/mL); ICH: intracerebral hemorrhage; IL-6:
interleukin 6 (pg/mL); IL-8: interleukin 8 (pg/mL); MMP-1: matrix metalloproteinase 1 (ng/mL); MMP-3: matrix
metalloproteinase 3 (ng/mL); MMP-9: matrix metalloproteinase 9 (ng/mL); mRS: modified Rankin Scale; Pai-1
active: active Plasminogen Activator Inhibitor-1 (IU/mL); Pai-1 total: total Plasminogen Activator Inhibitor-1
(IU/mL); Progesterone (ng/mL); RAGE: Receptor for Advanced Glycation Endproducts (pg/mL); SD: standard
deviation; Surfprotd: Surfactant protein-D (ng/mL); Testosterone (ng/dL); TNF-α: tumor necrosis factor alpha (pg/mL);
VEGF: vascular endothelial growth factor (pg/mL). Bolded entries represented statistically significant findings.

The distributions of serum gonadal hormone and neuroinflammatory protein con-
centrations on Day 1 (Figure S1), Day 2 (Figure S2), and FC (Figure S3) were found to be
non-normative. Thus, LR (Figure S4) was used to address differences in change in the
first 48 h after ICH. A two-sample comparison of hormone and protein LR and FC for
favorable versus unfavorable 6-month mRS is presented in Table 3. Significant differences
between participants with favorable and unfavorable outcomes were found for CRP, IL-6,
and Surfprotd.

Multiple logistic regression analysis, adjusted for race and sex, found that CRP, IL-6,
and Surfprotd LRs were associated with mRS > 3 at 6 months after ICH (Table 4, with FC
for comparison). Using the same model, associations between gonadal hormone and neu-
roinflammatory protein concentrations on Day 1 or 2 with unfavorable 6-month outcomes
were assessed, but no significant associations were found (Table S3). Finally, an enhanced
multivariate regression model adjusted for race, sex, age, body mass index, history of
hypertension, hematoma location and volume, and the presence of IVH was performed.
In this model, no associations between blood gonadal hormones or neuroinflammatory
protein concentrations were found with unfavorable mRS at 6 months after ICH.
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Table 3. Differences in fold change and log ratio mean (standard deviation) of serum gonadal
hormone and inflammatory protein concentrations between patients with favorable vs. unfavorable
outcomes at 6 months after ICH.

Log Ratio Fold Change

mRS 0~3 mRS 4~6 p-Value mRS 0~3 mRS 4~6 p-Value
Estrogen −0.30 (1.27) −0.23 (0.65) 0.825 1.15 (1.02) 0.89 (0.48) 0.922

Progesterone −0.96 (1.68) −0.73 (1.54) 0.66 0.89 (0.87) 0.98 (1.03) 0.684
Testosterone −0.10 (1.01) −0.41 (0.82) 0.294 1.18 (0.86) 0.87 (0.49) 0.409

Ang-2 0.13 (0.44) 0.39 (0.62) 0.13 1.15 (0.4) 1.43 (0.6) 0.19
Pai-1 active −0.07 (1.23) −0.48 (1.42) 0.331 1.32 (1.17) 1.23 (1.98) 0.239
Pai-1 total −0.23 (0.6) −0.07 (0.78) 0.675 0.92 (0.36) 1.14 (0.99) 0.675

RAGE 0.56 (0.68) 0.54 (1.11) 0.947 1.67 (1.01) 1.91 (1.45) 0.882
CRP 0.68 (1.12) 1.72 (1.39) 0.013 2.16 (1.83) 5.24 (5.53) 0.022

MMP-1 −0.09 (0.72) 0.12 (0.69) 0.882 1.04 (0.45) 1.265 (0.83) 0.882
MMP-3 0.61 (1.65) 0.70 (0.75) 0.561 1.9 (1.65) 1.85 (0.98) 0.561
MMP-9 −0.15 (0.73) 0.01 (1.12) 0.6 1.01 (0.48) 1.35 (1.19) 0.756

IL-6 0.4 (1.2) −0.49 (1.23) 0.026 1.81 (1.65) 0.93 (0.61) 0.026
IL-8 −0.02 (0.85) −0.14 (0.8) 0.715 1.17 (0.84) 1.02 (0.41) 0.715

TNF-α 0.02 (0.18) 0.04 (0.5) 0.913 1.03 (0.18) 1.09 (0.46) 0.882
VEGF 0.08 (0.51) −0.14 (0.46) 0.156 1.12 (0.35) 0.95 (0.29) 0.108

Surfprotd 0.04 (0.36) −0.20 (0.31) 0.036 1.06 (0.28) 0.89 (0.19) 0.027

Ang-2: Angiopoietin 2; CRP: C-reactive protein; ICH: intracerebral hemorrhage; IL-6: interleukin 6; IL-8: inter-
leukin 8; MMP-1: matrix metalloproteinase 1; MMP-3: matrix metalloproteinase 3; MMP-9: matrix metallopro-
teinase 9; mRS: modified Rankin Scale; Pai-1 active: active Plasminogen Activator Inhibitor-1; Pai-1 total: total
Plasminogen Activator Inhibitor-1; RAGE: Receptor for Advanced Glycation Endproducts; Surfprotd: Surfactant
protein-D; TNF-α: tumor necrosis factor alpha; VEGF: vascular endothelial growth factor. Fold Change = serum
concentration two days after ICH/serum concentration one day after ICH. Log ratio = Log2(serum concentration two
days after ICH/serum concentration one day after ICH). Bolded entries represented statistically significant findings.

Table 4. Multiple logistic regression of fold change and log ratio for serum gonadal hormones and
inflammatory proteins on dichotomized modified Rankin Scale (0–3 versus 4–6) at 6 months after
intracerebral hemorrhage, adjusted for race and sex as covariates.

Log Ratio Fold Change

Point Estimate 95% CI p-Value Point Estimate 95% CI p-Value
Estrogen 1.051 (0.527, 2.095) 0.888 0.606 (0.236, 1.557) 0.298

Progesterone 1.095 (0.732, 1.639) 0.659 1.134 (0.569, 2.257) 0.721
Testosterone 0.642 (0.300, 1.376) 0.717 0.446 (0.152, 1.309) 0.141

Ang-2 2.651 (0.759, 9.264) 0.127 3.205 (0.819, 12.536) 0.094
Pai-1 active 0.775 (0.470, 1.278) 0.319 0.963 (0.640, 1.447) 0.854
Pai-1 total 1.501 (0.550, 4.095) 0.428 1.776 (0.501, 6.298) 0.374

RAGE 0.976 (0.487, 1.956) 0.945 1.189 (0.695, 2.036) 0.527
CRP 2.037 (1.118, 3.711) 0.02 1.297 (0.987, 1.706) 0.062

MMP-1 1.615 (0.624, 4.176) 0.323 1.739 (0.568, 5.323) 0.333
MMP-3 1.181 (0.528, 2.640) 0.686 0.974 (0.604, 1.573) 0.916
MMP-9 1.308 (0.576, 2.967) 0.521 1.857 (0.705, 4.889) 0.21

IL-6 0.490 (0.253, 0.950) 0.035 0.365 (0.136, 0.979) 0.045
IL-8 0.830 (0.372, 1.848) 0.648 0.657 (0.226, 1.911) 0.441

TNF-α 1.099 (0.215, 5.620) 0.909 1.737 (0.248, 12.182) 0.579
VEGF 0.372 (0.095, 1.465) 0.158 0.184 (0.023, 1.481) 0.112

Surfprotd 0.073 (0.006, 0.894) 0.041 0.016 (<0.001, 0.822) 0.04

95% CI; 95% confidence interval; Ang-2: Angiopoietin 2; CRP: C-reactive protein; IL-6: interleukin 6; IL-8:
interleukin 8; MMP-1: matrix metalloproteinase 1; MMP-3: matrix metalloproteinase 3; MMP-9: matrix met-
alloproteinase 9; mRS: modified Rankin Scale; Pai-1 active: active Plasminogen Activator Inhibitor-1; Pai-1
total: total Plasminogen Activator Inhibitor-1; RAGE: Receptor for Advanced Glycation Endproducts; Surfprotd:
Surfactant protein-D; TNF-α: tumor necrosis factor alpha; VEGF: vascular endothelial growth factor; bolded
p-values < 0.05. Fold Change = serum concentration two days after ICH/serum concentration one day after ICH.
Log ratio = Log2(serum concentration two days after ICH/serum concentration one day after ICH). Bolded entries
represented statistically significant findings.

Finally, trajectory analyses were performed to test associations between serum gonadal
hormones and inflammatory proteins on the positive recovery trajectory over 6 months
after ICH. Day 1 IL-6 and Day 2 CRP were initially significant, with higher concentrations
associated with poorer outcomes before adjustment for multiple testing. However, no
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biomarker remained statistically significant after correction for multiple comparisons
(Table 5).

Table 5. Trajectory analysis for selected inflammatory proteins (with p-value < 0.02) on positive
recovery defined by dichotomized modified Rankin Scale (0–3) at 6 months after intracerebral
hemorrhage.

Intercept
(p-Value) Estimate Chi-Squared p-Value BH Adjusted

p-Value

IL-6, Day 1 1.61
(0.011) −0.388 5.237 0.022 0.013

CRP, Day 2 1.19
(0.028) <−0.001 4.884 0.027 0.025

CRP, Day 1 1.102
(0.065) −0.15 3.654 0.065 0.038

Surfprotd, Day 2 1.048
(0.082) −0.12 3.01 0.083 0.05

VEGF, Day 1 0.992
(0.116) −0.1 2.49 0.114 0.063

Ang-2, Day 2 0.956
(0.147) −0.08 2.1 0.147 0.075

TNF-α, Day 1 0.931
(0.169) −0.07 1.87 0.169 0.088

MMP-1, Day 2 0.902
(0.189) −0.06 1.75 0.189 0.1

Ang-2: Angiopoietin 2; BH: Benjamini–Hochberg correction for multiple comparisons; CRP; C-reactive protein;
Day 1: serum concentration one day after ICH; Day 2: serum concentration two days after ICH; IL-6: interleukin 6;
MMP-1: matrix metalloproteinase 1; Surfprotd: Surfactant protein-D; TNF-α: tumor necrosis factor alpha; VEGF:
vascular endothelial growth factor; If a p-value is smaller than its BH-adjusted threshold, it is considered significant
after correction.

3. Discussion
This exploratory study represents the first attempt to investigate correlations between

acute changes in gonadal hormones, neuroinflammatory proteins, and clinical outcomes
up to 6 months after ICH. In this cohort, we observed potentially interesting correlations
between various hormones and proteins and possible associations between neuroinflam-
matory proteins and clinical outcomes in adjusted multivariate models. However, these
associations failed to reach significance when adjusted for multiple comparisons. Interest-
ingly, despite previous observations that sex is associated with outcomes after ICH [19,20],
gonadal hormones failed to associate with clinical outcomes after ICH in our analyses.

Although various peripheral blood proteins have potential for diagnosis, therapeutic
monitoring, risk stratification, or targets for intervention in the setting of acute ICH, none
are currently used for clinical management. For example, both IL-6 and CRP are associated
with neuroinflammation [21,22]; prior observations have suggested that IL-6 serum con-
centrations are an independent predictor of early hematoma growth and associated with
poor 3-month outcomes, whereas CRP is independently associated with increased 30-day
mortality post-ICH [23,24]. Similarly, in the present exploratory analyses, CRP and IL-6
concentrations correlated with each other and with dichotomized mRS at 6 months after
ICH even when adjusting for covariates. Thus, the present study adds further weight to
the importance of these neuroinflammatory proteins in acute mediating outcome after ICH.
However, current human data regarding the modifiability of IL-6 and CRP expression as
an intervention affecting ICH outcome are limited [25].

One novel finding from this study is the potential role of Surfprotd in ICH. A multi-
meric collection discovered in pulmonary epithelia and expressed in the brain [26], Surf-
protd is involved in innate immunity by exerting antimicrobial effects and inhibiting inflam-
mation [27,28]. While differential expression patterns in the brain have been investigated,
the true role of CNS Surfprotd remains unclear [29], though modulating CNS inflammation
has been implicated [30]. Two potential mechanisms have been proffered: interaction with
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toll-like receptors and CD14 to modulate microglia [31,32] and S-nitrosylation to induce
chemotaxis and MAPK phosphorylation in the CNS [26,33]. In the present analyses, di-
minished Surfprotd expression in patients with worse outcomes may have been consistent
with loss of anti-inflammatory protection.

While gonadal hormone effects have been studied extensively in preclinical models
of CNS trauma, their effects on post-ICH outcomes are only beginning to be understood.
However, we found no correlation between serum gonadal hormone measurements and
outcome after ICH in our sample. This may be attributed to a lack of power or incom-
plete understanding of complex female gonadal hormone interactions with inappropriate
measurement comparisons. Interestingly, progesterone is known to have pleiotropic CNS
effects involving coagulation and inflammation that result in both injurious and beneficial
effects [34,35]. Prior studies have begun to link IL-6, progesterone, and neurological recov-
ery [36], and the present exploratory study seems to support these relationships. Notably,
this study’s analyses did not identify gender-based covariation in these hormones; estradiol
and progesterone were not uniquely protective or deleterious in female patients, nor was
testosterone in male patients.

When analyzing multiple time-point measurements of a biological system, we chose
to use FC, as the ratio provided a relative measure that could be used to compare the
change between the two longitudinal conditions. Similarly, LR was calculated by taking
the logarithm of the FC ratio, thus representing multiplicative change between two values
rather than the absolute difference. Because FC was non-normative, we chose LR as our
primary model. Ultimately, the use of LR over FC, Day 1, or Day 2 concentrations made
little difference in terms of the observed correlations between any biomarker and 6-month
mRS, and both measures are not well-suited for immediate clinical interpretation and
applicability.

Finally, trajectory analyses were constructed to leverage the power of serial sampling
in this cohort. While not reaching statistical significance for a positive outcome trajectory
before the multiple comparison correction, both Day 1 IL-6 and Day 2 CRP were associ-
ated with negative trajectories, indicating that a higher concentration contributes to poor
trajectory outcomes. These findings are consistent with our prior regression modeling.
Additionally, given the exploratory nature of the study, all biomarkers with a p-value lower
than 0.2 might be worth investigating for clinical significance in a larger cohort.

This study’s limitations include a relatively small sample, a short duration of serologi-
cal monitoring, a lack of controls without ICH, and multiple statistical comparisons. Given
the small stratified pilot sample in the current study, statistical models have a high probabil-
ity of selection bias, over-fitting, and limited generalizability; thus, a larger sample would
allow for adjustment for more recovery-related covariates, including hematoma location,
and permit analyses across diverse subpopulations—for example, young Black females
compared to older Hispanic males. Importantly, limiting the timeframe of the study to 48 h
after ICH allowed for the investigation of the acute phase of injury; however, since the true
time course of these hormones and proteins is unclear after ICH, even the relatively minor
variability in the sampling of the present study (±4 h) has unclear effects. Observing fre-
quent, standardized temporal changes in serum concentrations over several days or weeks
would shed light on the body’s response to ICH. Similarly, serial standardized imaging
timing coupled with serum biomarker concentrations would provide powerful correlations
between serologic and radiologic biomarkers and physiology after ICH. Without reference
to controls or a clinical control range, it is difficult to make inferences beyond statistical
correlations and associations. A diverse array of other relevant clinical outcomes should
be included in future studies. Although there appears to be no directional relationship
between the human gonadal hormone and neuroinflammatory biomarker levels, complex
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relationships and interactions remain to be defined. Additionally, treating mRS as an
ordinal variable rather than a dichotomized outcome may provide more descriptive results
of the relationships between individual trajectories and biomarkers of interest. Finally,
because our aim was to generate hypotheses from a pilot exploratory study, we did not
correct for multiple comparisons across all of the statistical analyses. Future studies will
need to correct for this before definite conclusions can be drawn.

Taken together, the present findings suggest the potential relevance of IL-6 and CRP in
post-ICH recovery, warranting further investigation. Additionally, several biomarkers (e.g.,
Surfprotd, VEGF, Ang-2) were identified with demonstrated adjusted p-values < 0.2 and
may be worth exploring in future studies. To pursue biomarker development, a sufficiently
large sample size with serial sampling and imaging beyond the first few days after ICH
would provide more powerful and informative analyses.

4. Materials and Methods
4.1. Study Population

All study procedures were approved by the Duke University Institutional Review
Board. Patients from the emergency room, neurological ICU, and stroke ward were screened
daily for potential ICH cases, including those with uncertain diagnoses. Informed consent
was obtained from each enrolled subject or their legally authorized representative if the
patient was unable to consent due to impaired capacity, assessed by an informed consent
comprehension questionnaire.

4.2. Participants

From January 2009 to December 2015, all patients aged 18 years and above who pre-
sented to Duke University Hospital with an acute focal neurological deficit and computed
tomography (CT)-verified spontaneous, non-traumatic ICH within 24 h of symptom onset
(or last known well-time) were approached for consent. Of those approached, 182 patients
were enrolled in the single-center parent observational study of ICH, from which a pilot
cohort of 10 white female subjects, 10 black female subjects, 10 white male subjects, and
10 black male subjects were analyzed. Of these, an equal distribution of patients by race and
gender had an mRS at 6 months post-ICH of 0 to 3 (defined as a favorable outcome) and
4 to 6 (defined as an unfavorable outcome). Patients with secondary causes of ICH, pregnant
females (as verified by review of the standard of care urine pregnancy test), and patients
with infratentorial hematoma locations were excluded from the study. Demographic and
baseline data for each subject were obtained via chart abstraction (Table 1).

4.3. Imaging

Neuroimaging review by the study neurologist (MLJ) of the initial CT scan for each
subject confirmed the diagnosis of spontaneous ICH. Hematoma volumes on the diagnostic
CT were measured using AnalyzePro version 1.0 (AnalyzeDirect, Inc., Stilwell, KS, USA)
and confirmed by a blinded study neuroradiologist (PFK). The hematoma location was
dichotomized into lobar and non-lobar.

4.4. Neurological Outcome

Outcome was defined as the modified Rankin Scale (mRS) 6 months post-ICH, ob-
tained from follow-up phone interviews with patients and LARs [37]. Phone interviews
were conducted by study staff in a standardized fashion after sufficient training by certified
mRS assessors [38].
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4.5. Blood Sampling

Each enrolled subject had 10 mL of whole blood collected at enrollment or 24 ± 4 h
after their last known normal (i.e., Day 1) and 48 ± 4 h after their last known normal (i.e.,
Day 2) via venous puncture or by accessing existing central venous, arterial, or peripheral
intravenous catheters. The samples were centrifuged at 2000× g for ten minutes at 4 ◦C, and
the supernatant (i.e., plasma) was aliquoted into five 1 mL aliquots and stored in a −80 ◦C
freezer for subsequent measurement of serum gonadal hormone and neuroinflammatory-
associated protein concentrations. The latency from sample collection to hormone/protein
analyses ranged from 1–5 years.

4.6. Measurement of Serum Gonadal Hormone Concentrations

For serum gonadal hormone measurement, Estradiol DA (MP Biomedicals, Solon,
OH, USA, catalog number 07-138102), Progesterone DA (MP Biomedicals, Solon, OH,
USA, catalog number 07-170102), and Testosterone DA (MP Biomedicals, Solon, OH, USA,
catalog number 07-189102) kits were used. Reagents, samples, standards, and controls were
brought to room temperature, and the required volumes were added to the corresponding
numbered tubes. Radioactive hormones and specific antibodies were added, and tubes
were vortexed, mixed, and then incubated in a water bath. After the incubation, precipitants
were added, and tubes were vortexed, mixed, and incubated again. Subsequently, tubes
were centrifuged and aspirated, and the precipitate was counted in a gamma counter.

4.7. Measurement of Serum Inflammatory Protein Concentrations

Inflammatory proteins were chosen based on existing literature [21,39–46]. Angiopoi-
etin 2 (Ang-2), active Plasminogen Activator Inhibitor-1 (Pai-1 active), total Plasminogen
Activator Inhibitor-1 (Pai-1 total), Receptor for Advanced Glycation Endproducts (RAGE),
C-reactive protein (CRP), matrix metalloproteinase 1, 3, and 9 (MMP-1, MMP-3, MMP-9),
interleukin 6 and 8 (IL-6, IL-8, tumor necrosis factor-alpha (TNF-α), vascular endothelial
growth factor (VEGF), and Surfactant protein-D (Surfprotd) were measured from the same
serum samples used for gonadal hormone measurements. All samples were analyzed in
duplicate to quantify protein expression using immunoassays. Assays used to measure
the biomarkers are tabulated in Table S1. All assays were performed according to the
individual manufacturer’s instructions.

4.8. Statistical Analyses

Analyses for this study were performed using the Statistical Analysis System (SAS®)
software version 9.4 (Cary, NC, USA), University Edition, and R version 3.5.2. All sub-
ject/sample datasets were complete with no cases of missing data.

Two sample tests were performed to compare baseline characteristics between favor-
able (i.e., mRS = 0–3) and unfavorable (i.e., mRS = 4–6) 6-month neurological outcome
groups. Continuous variables including age, body mass index (BMI), and hematoma vol-
ume were compared by two-sample t-tests (if passed normality tests) or Wilcoxon rank-sum
tests (if failed normality tests). Binary variables such as past medical history of hyperten-
sion, intraventricular hemorrhage (IVH), and lobar hematoma location were compared by
chi-squared tests (if all expected cell counts were greater than 5) or Fisher’s exact tests (if
any expected cell count was less than 5).

In addition, fold change (FC; [Day 2]/[Day 1]) and logarithmic ratios (LR;
Log2([Day 2]/[Day 1])) were calculated for serum gonadal hormone and inflammatory
protein concentrations to compare changes in concentration over the first two days after
ICH. FC and LR are often used when analyzing multiple measurements of a biological
system taken at different times, as the change described by the ratio between time points
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may be easier to interpret than the difference. Day 1 and Day 2 concentrations, FC, and LR were
compared between outcome groups (favorable and unfavorable 6-month mRS) by two-sample
t-tests (if passed normality tests) or Wilcoxon rank-sum tests (if failed normality tests).

To evaluate the relationships between serum gonadal hormones and inflammatory
proteins, Spearman correlation coefficients were computed for Day 1 concentrations. To
assess the relationships between biomarkers and clinical outcomes, multiple logistic regres-
sion analyses were conducted across outcome groups (favorable and unfavorable 6-month
mRS) for each serum gonadal hormone and inflammatory protein LR. Since FC was not
normally distributed, LR was used as the primary analysis. One set of multiple logistic
regression analyses was adjusted for race and sex; a second set of analyses was adjusted for
race, sex, age, BMI, hypertension, location of ICH, ICH volume, and IVH as covariates.

Finally, trajectory analyses were performed to identify biomarkers associated with
6-month recovery trajectories in patients with ICH. The primary outcome variable, trajec-
tory, was a binary variable. A favorable 6-month mRS, or positive trajectory, was coded as
1 in the data set, while an unfavorable 6-month mRS, or negative trajectory, was coded as
0. Although trajectories may be analyzed using PROC TRAJ or PROC GLIMMIX, PROC
LOGISTIC was the most efficient way to analyze our data, given the binary nature of the
primary outcome. PROC LOGISTIC was run using stepwise selection, with the descending
option used because the positive trajectory was 1. The entry level was 0.05, and the exit
level was 0.10. Due to a low sample size of 40 patients and with 32 independent variables,
16 logistic models were used to test each biomarker on both days per model. Once each
model was tested and estimates with p-values were produced, the Benjamini–Hochberg
(BH) procedure at 0.2 was used to account for the numerous models.

5. Conclusions
Interactions amongst gonadal hormones, neuroinflammatory proteins, and ICH patho-

physiology are complex. Unfavorable outcomes after ICH may be associated with increases
in CRP, IL-6, and Surfprotd in the first day after ICH. Surfprotd requires further study
to understand biological implications in ICH. Gonadal hormone relationships with ICH
recovery likely require subpopulation study and analyses of inter-hormone interactions.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ijms26178334/s1.

Author Contributions: Y.N.—conceptualization, data curation, visualization, writing—original
draft; W.Q.—formal analysis, software, data curation, writing—original draft; A.C.—project admin-
istration, writing—review & editing, visualization; B.B.IV—formal analysis, software, methodol-
ogy; C.K.—investigation, resources; A.B.N.—investigation, resources; N.K.K.K.—writing—review &
editing; P.F.K.—investigation; T.C.—writing—review & editing; R.T.—writing—review & editing;
D.T.L.—writing—review & editing, methodology; C.S.—writing—review & editing; M.B.—project
administration, visualization, writing—review & editing; V.K.—writing—review & editing; S.S.—
writing—review & editing; A.K.W.—writing—review & editing, methodology; M.L.J.—investigation,
methodology, resources, funding acquisition, supervision, writing—review & editing. All authors
have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The trial was approved by the Duke University Institutional
Review Board (Pro00011656, originally on 28 January 2007, last updated 28 January 2026).

Informed Consent Statement: Written informed consent was obtained from all participants or their
legally authorized representatives.

https://www.mdpi.com/article/10.3390/ijms26178334/s1
https://www.mdpi.com/article/10.3390/ijms26178334/s1


Int. J. Mol. Sci. 2025, 26, 8334 10 of 12

Data Availability Statement: The original contributions presented in this study are included in the
article/Supplementary Material. Further inquiries can be directed to the corresponding author(s).
The raw data supporting the conclusions of this article will be made available by the authors
on request.

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

References
1. Feigin, V.L.; Lawes, C.M.M.; Bennett, D.A.; Barker-Collo, S.L.; Parag, V. Worldwide stroke incidence and early case fatality

reported in 56 population-based studies: A systematic review. Lancet Neurol. 2009, 8, 355–369. [CrossRef]
2. Flaherty, M.L.; Haverbusch, M.; Sekar, P.; Kissela, B.; Kleindorfer, D.; Moomaw, C.J. Long-term mortality after intracerebral

hemorrhage. Neurology 2006, 66, 1182–1186. [CrossRef]
3. Abulhasan, Y.B.; Teitelbaum, J.; Al-Ramadhani, K.; Morrison, K.T.; Angle, M.R. Functional Outcomes and Mortality in Patients

With Intracerebral Hemorrhage After Intensive Medical and Surgical Support. Neurology 2023, 100, E1985–E1995. [CrossRef]
4. Lusk, J.B.; Troy, J.; Nowacki, N.; Kranz, P.G.; Maughan, M.; Laskowitz, D.T. An Exploratory Analysis of Biomarkers of Perihe-

matomal Edema in the CN-105 in Participants with Acute Supratentorial Intracerebral Hemorrhage (CATCH) Trial. J. Stroke
Cerebrovasc. Dis. 2022, 31, 106600. [CrossRef] [PubMed]

5. Xie, Y.; Li, Y.J.; Lei, B.; Kernagis, D.; Liu, W.W.; Bennett, E.R.; Venkatraman, T.; Lascola, C.D.; Laskowitz, D.T.; Warner, D.S.; et al.
Sex Differences in Gene and Protein Expression After Intracerebral Hemorrhage in Mice. Transl. Stroke Res. 2019, 10, 231–239.
[CrossRef]

6. Lusk, J.B.; Quinones, Q.J.; Staats, J.S.; Weinhold, K.J.; Grossi, P.M.; Nimjee, S.M.; Laskowitz, D.T.; James, M.L. Coupling Hematoma
Evacuation with Immune Profiling for Analysis of Neuroinflammation After Primary Intracerebral Hemorrhage: A Pilot Study.
World Neurosurg. 2022, 161, 162–168. [CrossRef]

7. Lei, B.; Ho Kim, Y.; Qi, W.; Berta, T.; Covington, A.; Lusk, J.B.; Warner, D.S.; Ji, R.R.; James, M.L. In vivo single microglial cell
isolation after intracerebral hemorrhage in mice. Neurosci. Lett. 2022, 787, 136822. [CrossRef]

8. Rost, N.S.; Greenberg, S.M.; Rosand, J. The genetic architecture of intracerebral hemorrhage. Stroke 2008, 39, 2166–2173. [CrossRef]
9. Brouwers, H.B.; Greenberg, S.M. Hematoma expansion following acute intracerebral hemorrhage. Cerebrovasc. Dis. 2013, 35,

195–201. [CrossRef]
10. Tschoe, C.; Bushell, C.D.; Duncan, P.W.; Alexander-Miller, M.A.; Wolfe, S.Q. Neuroinflammation after Intracerebral Hemorrhage

and Potential Therapeutic Targets. J. Stroke 2020, 22, 29–46. [CrossRef]
11. Castillo, J.; Dávalos, A.; Alvarez-Sabín, J.; Pumar, J.M.; Leira, R.; Silva, Y. Molecular signatures of brain injury after intracerebral

hemorrhage. Neurology 2002, 58, 624–629. [CrossRef]
12. Silva, Y.; Leira, R.; Tejada, J.; Lainez, J.M.; Castillo, J.; Dávalos, A. Molecular signatures of vascular injury are associated with early

growth of intracerebral hemorrhage. Stroke 2005, 36, 86–91. [CrossRef] [PubMed]
13. Murthy, S.B.; Urday, S.; Beslow, L.A.; Dawson, J.; Lees, K.; Kimberly, W.T. Rate of Perihaematomal Oedema Expansion is

Associated with Poor Clinical Outcomes in Intracerebral Haemorrhage. J. Neurol. Neurosurg. Psychiatry 2016, 87, 1169–1173.
[CrossRef] [PubMed]

14. Wu, T.Y.; Sharma, G.; Strbian, D.; Putaala, J.; Desmond, P.M.; Tatlisumak, T. Natural History of Perihematomal Edema and Impact
on Outcome After Intracerebral Hemorrhage. Stroke 2017, 48, 873–879. Erratum in Stroke 2017, 48, 319. [CrossRef] [PubMed]

15. Boehl, G.; Raguindin, P.F.; Valido, E.; Bertolo, A.; Itodo, O.A.; Minder, B.; Lampart, P.; Scheel-Sailer, A.; Leichtle, A.; Glisic, M.;
et al. Endocrinological and inflammatory markers in individuals with spinal cord injury: A systematic review and meta-analysis.
Rev. Endocr. Metab. Disord. 2022, 23, 1035–1050. [CrossRef]

16. Wagner, A.K.; McCullough, E.H.; Niyonkuru, C.; Ozawa, H.; Loucks, T.L.; Dobos, J.A.; Brett, C.A.; Santarsieri, M.; Dixon, C.E.;
Berga, S.L.; et al. Acute serum hormone levels: Characterization and prognosis after severe traumatic brain injury. J. Neurotrauma
2011, 28, 871–888. [CrossRef]

17. Skolnick, B.E.; Maas, A.I.; Narayan, R.K.; Hoop, R.G.; MacAllister, T.; Ward, J.D. A clinical trial of progesterone for severe
traumatic brain injury. N. Engl. J. Med. 2014, 371, 2467–2476. [CrossRef]

18. Viscoli, C.M.; Brass, L.M.; Kernan, W.N.; Sarrel, P.M.; Suissa, S.; Horwitz, R.I. A clinical trial of estrogen-replacement therapy after
ischemic stroke. N. Engl. J. Med. 2001, 345, 1243–1249. [CrossRef]

19. Rivier, C.A.; Renedo, D.; Marini, S.; Magid-Bernstein, J.R.; de Havenon, A.; Rosand, J.; Hanley, D.F.; Ziai, W.C.; Mayer, S.A.; Woo,
D.; et al. Sex Modifies the Severity and Outcome of Spontaneous Intracerebral Hemorrhage. Ann. Neurol. 2024, 97, 232–241.
[CrossRef]

20. Yang, L.; Han, J.; Qin, C.; Shou, W. Sex-Based Differences in the Outcomes of Intracerebral Haemorrhage: A Systematic Review
and Meta-Analysis. Cerebrovasc. Dis. 2024, 53, 753–766. [CrossRef]

https://doi.org/10.1016/S1474-4422(09)70025-0
https://doi.org/10.1212/01.wnl.0000208400.08722.7c
https://doi.org/10.1212/WNL.0000000000207132
https://doi.org/10.1016/j.jstrokecerebrovasdis.2022.106600
https://www.ncbi.nlm.nih.gov/pubmed/35728356
https://doi.org/10.1007/s12975-018-0633-z
https://doi.org/10.1016/j.wneu.2022.02.062
https://doi.org/10.1016/j.neulet.2022.136822
https://doi.org/10.1161/STROKEAHA.107.501650
https://doi.org/10.1159/000346599
https://doi.org/10.5853/jos.2019.02236
https://doi.org/10.1212/WNL.58.4.624
https://doi.org/10.1161/01.STR.0000149615.51204.0b
https://www.ncbi.nlm.nih.gov/pubmed/15550687
https://doi.org/10.1136/jnnp-2016-313653
https://www.ncbi.nlm.nih.gov/pubmed/27466360
https://doi.org/10.1161/STROKEAHA.116.014416
https://www.ncbi.nlm.nih.gov/pubmed/28275199
https://doi.org/10.1007/s11154-022-09742-9
https://doi.org/10.1089/neu.2010.1586
https://doi.org/10.1056/NEJMoa1411090
https://doi.org/10.1056/NEJMoa010534
https://doi.org/10.1002/ana.27123
https://doi.org/10.1159/000535612


Int. J. Mol. Sci. 2025, 26, 8334 11 of 12

21. Bader, E.R.; Pana, T.A.; Barlas, R.S.; Metcalf, A.K.; Potter, J.F.; Myint, P.K. Elevated inflammatory biomarkers and poor outcomes
in intracerebral hemorrhage. J. Neurol. 2022, 269, 6330–6341. [CrossRef] [PubMed]

22. Sasongko, A.B.; Wahjoepramono, P.O.P.; Halim, D.; Aviani, J.K.; Adam, A.; Tsai, Y.T.; Wahjoepramono, E.J.; July, J.; Achmad, T.H.;
Polilli, E. Potential blood biomarkers that can be used as prognosticators of spontaneous intracerebral hemorrhage: A systematic
review and meta-analysis. PLoS ONE 2025, 20, e0315333. [CrossRef]

23. James, M.L.; Blessing, R.; Bennett, E.; Laskowitz, D.T. Apolipoprotein E modifies neurological outcome by affecting cerebral
edema but not hematoma size after intracerebral hemorrhage in humans. J. Stroke Cerebrovasc. Dis. 2009, 18, 144–149. [CrossRef]
[PubMed]

24. Zlotnik, A.; Leibowitz, A.; Gurevich, B.; Ohayon, S.; Boyko, M.; Klein, M. Effect of estrogens on blood glutamate levels in relation
to neurological outcome after TBI in male rats. Intensiv. Care Med. 2011, 38, 137–144. [CrossRef]

25. Myserlis, E.P.; Ray, A.; Anderson, C.D.; Georgakis, M.K. Genetically proxied IL-6 signaling and risk of Alzheimer’s disease and
lobar intracerebral hemorrhage: A drug target Mendelian randomization study. Alzheimers Dement. 2024, 10, e70000. [CrossRef]

26. Schob, S.; Schicht, M.; Sel, S.; Stiller, D.; Kekulé, A.; Paulsen, F.; Maronde, E.; Bräuer, L.; Coles, J.A. The Detection of Surfactant
Proteins A, B, C and D in the Human Brain and Their Regulation in Cerebral Infarction, Autoimmune Conditions and Infections
of the CNS. PLoS ONE 2013, 8, e74412. [CrossRef]

27. Schaible, E.V.; Windschugl, J.; Bobkiewicz, W.; Kaburov, Y.; Dangel, L.; Kramer, T. 2-Methoxyestradiol confers neuroprotection
and inhibits a maladaptive HIF-1alpha response after traumatic brain injury in mice. J. Neurochem. 2014, 129, 940–954. [CrossRef]

28. Shamim, A.; Abdul Aziz, M.; Saeed, F.; Kumari, R.; Joseph, A.M.; Ponnachan, P.; Kishore, U.; Masmoudi, K. Revisiting surfactant
protein D: An immune surveillance molecule bridging innate and adaptive immunity. Front. Immunol. 2024, 15, 1491175.
[CrossRef]

29. Li, J.; Siegel, M.; Yuan, M.; Zeng, Z.; Finnucan, L.; Persky, R. Estrogen enhances neurogenesis and behavioral recovery after stroke.
J. Cereb. Blood Flow Metab. 2011, 31, 413–425. [CrossRef]

30. Scheffzük, C.; Biedziak, D.; Gisch, N.; Goldmann, T.; Stamme, C. Surfactant protein A modulates neuroinflammation in adult
mice upon pulmonary infection. Brain Res. 2024, 1840, 149108. [CrossRef]

31. Engür, D.; Kumral, A. Surfactant Protein D as a Novel Therapy for Periventricular Leukomalacia: Is It the Missing Piece of the
Puzzle? ACS Chem. Neurosci. 2012, 3, 990. [CrossRef]

32. Nayak, A.; Dodagatta-Marri, E.; Tsolaki, A.G.; Kishore, U. An Insight into the Diverse Roles of Surfactant Proteins, SP-A and
SP-D in Innate and Adaptive Immunity. Front. Immunol. 2012, 3, 131. [CrossRef]

33. Guo, C.J.; Atochina-Vasserman, E.N.; Abramova, E.; Foley, J.P.; Zaman, A.; Crouch, E.; Beers, M.F.; Savani, R.C.; Gow, A.J.; Stamler,
J. S-Nitrosylation of Surfactant Protein-D Controls Inflammatory Function. PLoS Biol. 2008, 6, e266. [CrossRef] [PubMed]

34. Quillinan, N.; Deng, G.; Grewal, H.; Herson, P.S. Androgens and stroke: Good, bad or indifferent? Exp. Neurol. 2014, 259, 10–15.
[CrossRef] [PubMed]

35. Zup, S.L.; Edwards, N.S.; McCarthy, M.M. Sex- and age-dependent effects of androgens on glutamate-induced cell death and
intracellular calcium regulation in the developing hippocampus. Neuroscience 2014, 281, 77–87. [CrossRef] [PubMed]

36. Harman, S.M.; Metter, E.J.; Tobin, J.D.; Pearson, J.; Blackman, M.R.; BLSo, A. Longitudinal effects of aging on serum total and
free testosterone levels in healthy men. Baltimore Longitudinal Study of Aging. J. Clin. Endocrinol. Metab. 2001, 86, 724–731.
[CrossRef]

37. Nakamura, T.; Xi, G.; Keep, R.F.; Wang, M.; Nagao, S.; Hoff, J.T. Effects of endogenous and exogenous estrogen on intracerebral
hemorrhage-induced brain damage in rats. Acta Neurochir. Suppl. 2006, 96, 218–221.

38. Bruno, A.; Akinwuntan, A.E.; Lin, C.; Close, B.; Davis, K.; Baute, V.; Aryal, T.; Brooks, D.; Hess, D.C.; Switzer, J.A.; et al. Simplified
modified rankin scale questionnaire: Reproducibility over the telephone and validation with quality of life. Stroke 2011, 42,
2276–2279. [CrossRef]

39. Luo, J.; Chen, D.; Mei, Y.; Li, H.; Qin, B.; Lin, X.; Chan, T.F.; Lai, K.P.; Kong, D. Comparative transcriptome findings reveal the
neuroinflammatory network and potential biomarkers to early detection of ischemic stroke. J. Biol. Eng. 2023, 17, 50. [CrossRef]

40. Hua, Y.; Xi, G.; Keep, R.F.; Wu, J.; Jiang, Y.; Hoff, J.T. Plasminogen Activator Inhibitor-1 Induction after Experimental Intracerebral
Hemorrhage. J. Cereb Blood Flow Metab. 2002, 22, 55–61. [CrossRef]

41. Yang, F.; Wang, Z.; Zhang, J.H.; Tang, J.; Liu, X.; Tan, L.; Huang, Q.Y.; Feng, H. Receptor for Advanced Glycation End-Product
Antagonist Reduces Blood–Brain Barrier Damage After Intracerebral Hemorrhage. Stroke 2015, 46, 1328–1336. [CrossRef]

42. Lattanzi, S.; Di Napoli, M.; Ricci, S.; Divani, A.A. Matrix Metalloproteinases in Acute Intracerebral Hemorrhage. Neurotherapeutics
2020, 17, 484–496. [CrossRef]

43. Gu, T.; Pan, J.; Chen, L.; Li, K.; Wang, L.; Zou, Z.; Shi, Q. Association of inflammatory cytokines expression in cerebrospinal fluid
with the severity and prognosis of spontaneous intracerebral hemorrhage. BMC Neurol. 2024, 24, 7. [CrossRef] [PubMed]

44. Rendevski, V.; Aleksovski, B.; Stojanov, D.; Aleksovski, V.; Rendevska, A.M.; Kolevska, M.; Stojanoski, K.; Gjorgoski, I. Peripheral
glutamate and TNF-α levels in patients with intracerebral hemorrhage: Their prognostic values and interactions toward the
formation of the edemal volume. Neurol. I Neurochir. Pol. 2018, 52, 207–214. [CrossRef] [PubMed]

https://doi.org/10.1007/s00415-022-11284-8
https://www.ncbi.nlm.nih.gov/pubmed/35869372
https://doi.org/10.1371/journal.pone.0315333
https://doi.org/10.1016/j.jstrokecerebrovasdis.2008.09.012
https://www.ncbi.nlm.nih.gov/pubmed/19251191
https://doi.org/10.1007/s00134-011-2401-3
https://doi.org/10.1002/trc2.70000
https://doi.org/10.1371/annotation/920eb90c-4f7f-4468-ae9c-1198b7b952fc
https://doi.org/10.1111/jnc.12708
https://doi.org/10.3389/fimmu.2024.1491175
https://doi.org/10.1038/jcbfm.2010.181
https://doi.org/10.1016/j.brainres.2024.149108
https://doi.org/10.1021/cn300211k
https://doi.org/10.3389/fimmu.2012.00131
https://doi.org/10.1371/journal.pbio.0060266
https://www.ncbi.nlm.nih.gov/pubmed/19007302
https://doi.org/10.1016/j.expneurol.2014.02.004
https://www.ncbi.nlm.nih.gov/pubmed/24512750
https://doi.org/10.1016/j.neuroscience.2014.09.040
https://www.ncbi.nlm.nih.gov/pubmed/25264034
https://doi.org/10.1210/jcem.86.2.7219
https://doi.org/10.1161/STROKEAHA.111.613273
https://doi.org/10.1186/s13036-023-00362-8
https://doi.org/10.1097/00004647-200201000-00007
https://doi.org/10.1161/STROKEAHA.114.008336
https://doi.org/10.1007/s13311-020-00839-0
https://doi.org/10.1186/s12883-023-03487-x
https://www.ncbi.nlm.nih.gov/pubmed/38167007
https://doi.org/10.1016/j.pjnns.2017.10.003
https://www.ncbi.nlm.nih.gov/pubmed/29096921


Int. J. Mol. Sci. 2025, 26, 8334 12 of 12

45. Yang, G.; Shao, G.F. Elevated serum IL-11, TNF α, and VEGF expressions contribute to the pathophysiology of hypertensive
intracerebral hemorrhage (HICH). Neurol. Sci. 2016, 37, 1253–1259. [CrossRef] [PubMed]

46. Crocker, C.E.; Sharmeen, R.; Tran, T.T.; Khan, A.M.; Li, W.; Alcorn, J.L. Surfactant protein a attenuates generalized and localized
neuroinflammation in neonatal mice. Brain Res. 2023, 1807, 148308. [CrossRef]

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/10.1007/s10072-016-2576-z
https://www.ncbi.nlm.nih.gov/pubmed/27115896
https://doi.org/10.1016/j.brainres.2023.148308

	Introduction 
	Results 
	Discussion 
	Materials and Methods 
	Study Population 
	Participants 
	Imaging 
	Neurological Outcome 
	Blood Sampling 
	Measurement of Serum Gonadal Hormone Concentrations 
	Measurement of Serum Inflammatory Protein Concentrations 
	Statistical Analyses 

	Conclusions 
	References

