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Abstract

In this study, we examined the effect of progesterone on histopathologic and functional outcomes 

of intracerebral hemorrhage (ICH) in 10–12-month-old mice. Progesterone or vehicle was 

administered by intraperitoneal injection 1 hour after collagenase-induced ICH and then by 

subcutaneous injections at 6, 24, and 48 hours. Oxidative and nitrosative stress were assayed at 12 

hours post-ICH. Injury markers were examined on day 1, and lesion was examined on day 3. 

Neurologic deficits were examined for 28 days. Progesterone posttreatment reduced lesion 

volume, brain swelling, edema, and cell degeneration and improved long-term neurologic 

function. These protective effects were associated with reductions in protein carbonyl formation, 

protein nitrosylation, and MMP-9 activity and attenuated cellular and molecular inflammatory 

responses. Progesterone also reduced VEGF expression, increased neuronal-specific Na+/K+ 

ATPase α3 subunit expression, and reduced PKC-dependent Na+/K+ ATPase phosphorylation. 
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Furthermore, progesterone reduced glial scar thickness, myelin loss, brain atrophy, and residual 

injury volume on day 28 after ICH. With multiple brain targets, progesterone warrants further 

investigation for its potential use in ICH therapy.
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Progesterone; neuroprotective effects; inflammatory response; neurologic function; intracerebral 
hemorrhage

1. Introduction

Intracerebral hemorrhage (ICH), a common and devastating subtype of stroke, accounts for 

15–20% of all strokes and affects more than 2 million people worldwide each year (Adeoye 

and Broderick, 2010, Poon, et al., 2015, Wang, 2010). With limited therapeutic options, ICH 

is associated with high morbidity and poor prognosis. It causes perihematomal edema, 

elevations in intracranial pressure, and neurologic deficits (Keep, et al., 2014). Hematoma 

formation, expansion, and mass effect cause the primary damage, whereas inflammatory 

response and oxidative stress contribute to the progression of secondary injury (Wang, 2010, 

Wu, et al., 2010). Because outcomes are poor, it is worth exploring approaches that can 

ameliorate the detrimental effects of neuroinflammation and improve functional recovery 

after ICH.

We and others have revealed that inflammatory mediators cyclooxygenase (COX)-1, COX-2, 

prostaglandin receptors, high-mobility group box 1 (HMGB1), and interleukin 1β (IL-1β), 

may play major roles in ICH-induced secondary injury (Han, et al., 2015, Mracsko and 

Veltkamp, 2014, Wang, 2010, Wu, et al., 2016, Wu, et al., 2015, T. Wu, et al., 2011). A 

recent clinical trial reported that patients treated in the acute stage of ICH with celecoxib, a 

selective COX-2 inhibitor, had a smaller expansion of perihematomal edema than controls 

(Lee, et al., 2013). Increased release of HMGB1 and IL-1β after ICH may boost 

inflammatory reaction in the early stage by promoting secretion of other chemotactic factors 

and adhesion molecules from the vascular endothelium. These factors can lead to the 

activation of glial cells and early infiltration of neutrophils and macrophages to the injury 

lesion (Li, et al., 2015, Wu, et al., 2015). Infiltrating polymorphonuclear neutrophils that 

accumulate within and around the lesion release toxic substances such as matrix 

metalloproteinase (MMP)-2 and MMP-9, and promote further inflammatory damage (Wang, 

2010, Wang and Dore, 2007b, Xue and Yong, 2008). Inflammatory response also enhances 

the release of reactive oxygen species (ROS) that lead to cell death and brain tissue damage 

after ICH (Wang, 2010, Wang and Dore, 2007b). In addition to activation of MMP-2 and 

MMP-9 released from inflammatory cells, increased expression of vascular endothelial 

growth factor (VEGF) and decreased activity of Na+/K+ ATPase (NKA) also play a role in 

brain edema formation after stroke (Keep, et al., 2014, Won, et al., 2014, Zan, et al., 2014). 

Therefore, modulation of inflammatory response after ICH could offer a promising 

therapeutic approach to ICH.

Progesterone, primarily a sex hormone, has been shown to exert neuroprotective effects by 

alleviating inflammatory response and improving neurologic function after ischemic stroke 
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(Jiang, et al., 2011, Jiang, et al., 2009, Jiang, et al., 2016, Won, et al., 2015). To our 

knowledge, no study has reported a therapeutic effect of progesterone after ICH in middle-

aged mice. Therefore, we investigated whether progesterone administered after ICH 

provides neuroprotection and improves long-term neurologic outcome for ICH. Because a 

12-month-old mouse is equivalent to a person of 58 years (www.age-converter.com/mouse-

age-calculator.html), middle age in mice equates to 10–15 months (Dutta and Sengupta, 

2015). Therefore, to enhance the clinical relevance, we used 10–12-month-old mice, as ICH 

occurs more often in middle-aged and elderly individuals. For early outcomes of ICH, we 

evaluated inflammatory response, oxidative stress, neuronal death, brain injury volume, 

brain swelling, and brain edema in the acute phase after ICH; for long-term outcomes of 

ICH, we evaluated astrogliosis (glial scar thickness), myelin loss, brain atrophy, and residual 

lesion volume on day 28. Neurologic deficits were assessed on days 1, 3, 7, 14, 21, and 28 

post-ICH.

2. Materials and Methods

2.1 Animals, ICH model, and treatment regimen

All animal procedures were performed in accordance with the National Institutes of Health 

and institutional guidelines for animal research under a protocol approved by the Animal 

Care and Use Committee of Johns Hopkins University. One hundred and thirty middle-aged 

male C57BL/6 mice weighing 25 to 35 g (10–12 months old) were used and were given free 

access to food and water throughout the study. Animal experiments were reported in 

accordance with the ARRIVE guidelines.

The procedure for inducing ICH by collagenase injection in mice has been established in our 

laboratory (Chang, et al., 2014, Zhao, et al., 2015). Briefly, mice were anesthetized by 

isoflurane (3.0% for induction, 1.0% for maintenance) and ventilated with oxygen-enriched 

air (20%:80%) via a nose cone. To induce hemorrhage, we injected the left caudate putamen 

of mice with collagenase VII-S (0.075 U in 0.5 μL saline, Sigma-Aldrich, St Louis, MO) at 

the following stereotactic coordinates: 0.8 mm anterior and 2.0 mm lateral of the bregma, 

2.9 mm in depth. Collagenase was delivered over 5 minutes, and the needle was left in place 

for an additional 10 minutes to prevent any reflux. Rectal temperature was maintained at 

37.0 ± 0.5°C throughout the experimental and recove ry periods. The rectal temperature and 

percent change in body weight of each mouse was recorded as previously described (Wu, et 

al., 2015).

Computer-generated random numbers were used for randomization of mice into three study 

groups: sham-operated group, vehicle-treated ICH group, and progesterone-treated ICH 

group. Progesterone (8 mg/kg, Sigma-Aldrich) or vehicle [22.5% 2-

hydroxypropylcyclodextrin (Sigma-Aldrich)] was injected intraperitoneally at 1 hour after 

surgery and subcutaneously at 6, 24, and 48 hours (Wali, et al., 2014). Investigators blinded 

to the treatment groups evaluated outcomes in all mice and performed data analysis.
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2.2 Brain lesion volume, swelling, and atrophy

Mice (n=10–11 per group) were euthanized after neurologic examination on day 3 or 28 

post-ICH. The entire brain of each mouse was cut with a cryostat into 50-μm sections at 10 

rostral-caudal levels that were spaced 360 μm apart. Sections were stained with Luxol fast 

blue (LFB, for myelin) and Cresyl Violet (for neurons) before being quantified for grey- and 

white-matter injury with SigmaScan Pro software (version 5.0.0 for Windows; Systat, San 

Jose, CA). The lesion volume in cubic millimeters was calculated by multiplying the section 

thickness by the damaged area, as determined by the lack of specific staining (Wang, et al., 

2003).

Brain swelling (n=10–11 mice/group) was quantified by calculating the percentage of 

hemispheric enlargement on day 3 after ICH (H. Wu, et al., 2011). Hemisphere enlargement 

(%) was expressed as: [(ipsilateral hemisphere volume − contralateral hemisphere volume) / 

contralateral hemisphere volume] × 100%.

Brain atrophy (tissue loss, n=12 mice/group) was quantified on day 28 after ICH according 

to the formula: (contralateral hemisphere volume ipsilateral hemisphere volume) / 

contralateral hemisphere volume ×100% (Wu, et al., 2015).

2.3 Brain water content

Mice (n=6 per group) were anesthetized and decapitated on day 3 after ICH as previously 

described (Jiang, et al., 2009, Zhu, et al., 2014) for determination of brain water content. 

Briefly, cerebral tissue was divided into two hemispheres. We immediately dissected and 

weighed the ipsilateral and contralateral striatum and cerebellum (which served as an 

internal control) with an electronic analytical balance to obtain the wet weight. Then, after 

brain samples were dried at 100°C in an electric blast drying oven for 24 hours, we obtained 

the dry weight. The percentage of brain water content was calculated as: (wet weight − dry 

weight) / wet weight × 100%.

2.4 Neurologic deficit assessment

The modified neurologic severity score (mNSS) was used to assess the neurologic deficits of 

mice on days 1, 3, 7, 14, and 28 after ICH or sham surgery (n=12 mice/group) (Jiang, et al., 

2013, Wang and Dore, 2007a, Zhao, et al., 2015). The mNSS comprises body symmetry, 

gait, climbing, circling behavior, front limb symmetry, and compulsory circling. Neurologic 

deficit was graded on a scale of 0–4 for each test, establishing a maximum deficit score of 

24.

2.5 Gelatin gel zymography

The MMP-2 (gelatinase A, 72 kD) and MMP-9 (gelatinase B, 98 kD) proteolytic activities in 

hemorrhagic brain were measured with gelatin gel zymography on day 1 post-ICH as 

previously described (Wang and Tsirka, 2005). Briefly, the brains were collected, and the 

hemorrhagic hemispheres were sonicated in ice-cold homogenization buffer (20 mM Tris, 1 

mM EGTA, 1 mM EDTA, 10% sucrose, pH 7.4) containing protease inhibitors. Protein 

samples were obtained by centrifugation at 1,000 rpm for 10 minutes at 4°C. Samples were 

loaded onto 10% Tris-tricine gels with 0.1% gelatin as a substrate, and separated by 
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electrophoresis. Next, the gel was renatured and incubated with development buffer at 37°C 

for 48 hours. After development, the gel was stained with 0.5% wt/vol Coomassie blue 

R-250 for 2 hours and then destained appropriately to be photographed. MMP-2/9 activity 

was measured by optical density and quantified as fold increase compared with sham 

controls using NIH Image J software (n=5 mice for each treatment group, and n=3 mice for 

sham group).

2.6 Immunofluorescence

Anesthetized mice underwent transcardial perfusion with phosphate-buffered saline (PBS) 

followed by 4% paraformaldehyde in 0.1 M PBS on day 3 or 28 after ICH (n=6 mice/group). 

The brains were removed and postfixed in 4% paraformaldehyde at 4°C overnight and then 

placed in 15%, 20%, and 30% sucrose consecutively until they sank. Coronal brain sections 

of 10 μm thickness were obtained with a freezing microtome (Leica, Germany) and were 

kept at −20°C. Immunofluorescence was carried out as described previously (Wang and 

Dore, 2008, T. Wu, et al., 2011). Sections were blocked in 5% bovine serum albumin for 60 

minutes at room temperature and then were incubated with rabbit anti-ionized calcium-

binding adapter molecule 1 (Iba-1, microglial marker; 1:200; Wako Chemicals, Richmond, 

VA), rabbit anti-myeloperoxidase (MPO, neutrophil marker; 1:300; Dako, Carpinteria, CA), 

or rabbit anti-glial fibrillary acidic protein (GFAP, astrocyte marker; 1:500; Dako) at 4°C 

overnight. After being washed three times with PBS, the sections were incubated with 

AlexaFluor 488-conjugated goat anti-rabbit IgG (1:1500; Molecular Probes, Eugene, OR) or 

AlexaFluor 594-conjugated goat anti-rabbit IgG (1:1500; Molecular Probes) for 60 minutes 

at room temperature. The sections were rinsed three times for 5 minutes each with PBS. 

Stained sections were examined with a fluorescence microscope (Carl Zeiss, Oberkochen, 

Germany). In selected sections with similar lesion areas, the numbers of cells 

immunoreactive for Iba1, MPO, or GFAP at 12 locations per mouse were quantified and 

averaged as positive cells per square millimeter (4 comparable fields per section and 3 

sections per mouse) in the perihematomal brain region (Zhao, et al., 2015). We defined 

microglia and/or macrophages as activated if the cells were spherical, amoeboid, or rod-like 

in appearance; had a diameter of more than 7.5 μm in at least one direction, with short, thick 

processes; and exhibited intense Iba1 immunoreactivity. Resting microglia/macrophages 

were characterized by small cell bodies (<7.5 μm in diameter) with long processes and weak 

Iba1 immunoreactivity (Wang, et al., 2008). We express the results as positive cells per 

square millimeter.

2.7 Fluoro-Jade B Staining

Fluoro-Jade B (FJB) histochemical staining was performed on day 3 after ICH as we 

described previously to quantify degenerating cells (n=6 mice per group) (Wu, et al., 2012, 

H. Wu, et al., 2011). Stained sections were examined with a fluorescence microscope, and 

images were captured and analyzed by SPOT image software (Diagnostic Instruments Inc., 

Sterling Heights, MI). Areas with large blood vessels were avoided. The FJB+ cells were 

quantified with the same strategy as described above for immunoreactive cells.
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2.8 Western blotting

Five brains from each treatment group and three brains from the sham group were used for 

measurement of protein expression at 12 hours and 1 day post-ICH. The brains were 

carefully removed and placed in chilled saline. Total protein was isolated from the 

hemorrhagic hemisphere by lysing the tissue with Laemmli buffer containing 2% SDS, 10% 

glycerol, 2% 2-mercaptoethanol, and 0.002% bromphenol blue in 75 mM Tris-HCl. The 

samples were heated to 95°C for 10 minutes before being separated on 10% Tris/

glycine/SDS acrylamide gels (Bio-Rad, Hercules, CA). The proteins were subsequently 

transblotted onto polyvinylidene difluoride membranes (Millipore, Bedford, MA) and 

blocked for 2 hours at room temperature in 5% dry milk. The immunoblots were incubated 

for 2 hours at 37°C with rabbit anti-COX-1 (1:500; Cayman Chemical, Ann Arbor, MI), 

rabbit anti-COX-2 (1:5000; Cayman Chemical), rabbit anti-HMGB1 (1:1000, Abcam, 

Cambridge, MA), rabbit anti-IL-1β (1:1000, Millipore, Temecula, CA, USA), mouse anti-

VEGF (1:500, Santa Cruz Biotechnology, Dallas, TX), mouse anti-NKA α1 (1:10,000; 

Sigma-Aldrich) or NKA α3 (1:10,000; Affinity Bioreagents, Golden, CO), rabbit anti-

phospho NKA pSer23 or NKA pSer943 (1:1,000; Santa Cruz Biotechnology), or mouse 

anti-nitrotyrosine (1:40,000; Millipore). β-Actin protein served as a loading control. After 

three washes with Tris-buffered saline/0.05% Tween-20, the blots were incubated with 

horseradish peroxidase-conjugated goat anti-rabbit or anti-mouse antibody (Santa Cruz 

Biotechnology) for 1 hour at 37°C. Protein signal was visualized with the SuperSignal West 

Pico Chemiluminescent Substrate (Pierce, Rockford, IL) and detected with an imaging 

system. Sigma scan software (Scion Corp., Frederick, MD) was used for densitometric 

analysis of bands. Data were expressed as fold change over the loading control. Background 

values were subtracted, and multiple blots were combined for statistical analysis.

2.9 Protein Oxidation Assay

An OxyBlot protein oxidation detection kit (Millipore) for protein carbonyl groups was used 

to determine the oxidative modification of proteins in striatum at 12 hours after ICH, as 

described previously (n=5 mice for each treatment group, and n=3 for sham group) (Wu, et 

al., 2015, Zhao, et al., 2015).

2.10 White Matter Damage and Myelin Loss

We stained brain sections used for immunofluorescence with LFB to evaluate white matter 

damage on day 28 by measuring the amount of myelin in LFB-stained intact myelin tracts, 

as previously demonstrated (n=12 mice/group) (Chen, et al., 2011, Wu, et al., 2012). Light 

microscopy was used at the same exposure level to analyze three different sections from 

each mouse. At least three comparable white-matter fields from the middle of the corpus 

striatum were selected from each section. The areas covered by the LFB stain were 

quantified with ImageJ software, averaged, and expressed as a percentage of the total area of 

the white matter examined.

2.11 Statistical Analysis

Sample sizes were determined with a power analysis based on the results of one of our 

previous studies (Wu, et al., 2015). We used a power of 0.9 and a significance level of 0.05. 
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A chi-square test was used for analyzing mortality. The power analysis showed that 8 mice 

per group would be sufficient to detect a significant difference in corrected lesion volume on 

day 3 after collagenase-induced ICH. For behavior studies, we calculated the sample size 

based on difference in means and standard deviation of the means of the neurologic deficit 

score on day 28 after ICH reported in our previous study. The results revealed that 10 

completed mice in each group would enable us to detect a significant difference in 

neurologic deficit on day 28 after collagenase-induced ICH.

Parametric data are expressed as mean ± SD. Student’s t-test was applied for comparisons of 

the difference between two groups. The statistical comparisons among multiple groups were 

made by using 1-way analysis of variance (ANOVA) followed by Bonferroni correction. 

Repeated ANOVA followed by Bonferroni correction was used for detection of changes in 

rectal body temperature, body weight and neurologic deficit score between treatment groups 

over time. Differences were considered statistically significant at p < 0.05.

3. Results

3.1 Effect of progesterone on mortality, rectal temperature, and body weight

In the collagenase-induced ICH model, the mortality of progesterone-treated mice (13.33%, 

6 of 45) was not different from that of vehicle-treated mice (9.30%, 4 of 45, p>0.05). 

Progesterone treatment did not affect rectal body temperature at any time during the research 

period (Supplementary Fig. 1A). Mouse body weight was decreased compared with baseline 

during the first week after ICH. Percent change in body weight from baseline did not differ 

between progesterone-treated mice and vehicle-treated mice on days 1, 3, 7, 14, and 21 after 

ICH (Supplementary Fig. 1B, n=12 mice/group, all p>0.05), but on day 28, weight gain in 

progesterone-treated mice was significantly greater than that of vehicle-treated mice 

(p<0.05).

3.2 Effect of progesterone on brain lesion volume, brain swelling, and edema

Brain lesions were identified by lack of color on sections stained with LFB/Cresyl Violet 

(Fig. 1A). The brain lesion volume comprised the hematoma, perihematomal edema, and 

surrounding damaged grey matter and white matter tracts. Progesterone treatment reduced 

brain lesion volume compared with that in the vehicle-treated group on day 3 after ICH 

(p<0.05, n=10–11 mice/group; Fig. 1B).

Because swelling contributes to brain damage and death after severe stroke, we also 

measured the percentage of hemispheric enlargement to evaluate brain swelling. 

Progesterone treatment significantly reduced brain swelling on day 3 after ICH compared 

with that in the vehicle-treated group (n=10–11 mice/group, p<0.05; Fig. 1C). We also 

measured the brain water content in the ipsilateral and contralateral striatum and cerebellum. 

As with brain swelling, brain water content in the ipsilateral striatum was significantly less 

in the progesterone-treated group than in the vehicle-treated group (p<0.05; n=6 mice/group, 

Fig. 1D).
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3.3 Effect of progesterone on neurobehavioral deficits

To examine whether reduced brain injury results in improved neurologic function, we 

assessed neurologic deficit score at baseline and on days 1, 3, 7, 14, 21, and 28 after ICH. 

Mice treated with progesterone after ICH had lower neurologic deficit scores than did 

vehicle-treated mice from days 7 to 28 after ICH (n=12 mice/group, all p<0.05; Fig. 2). 

However, although an obvious trend was apparent, neurologic deficit scores for the 

individual tests were not significantly different between the treatment and vehicle groups (all 

p>0.05).

3.4 Effect of progesterone on oxidative and nitrosative stress

Protein carbonyl formation and 3-nitrotyrosine immunoreactivity were used as markers of 

oxidative and nitrosative stress (Zhao, et al., 2015). The levels of carbonylated and 

nitrosylated proteins were significantly increased in the ICH brain at 12 hours after ICH, but 

were significantly lower in the progesterone-treated group than in the vehicle-treated group 

(p<0.05, n=5 mice for each treatment group, and n=3 for sham group; Fig. 3A and B).

3.5 Effect of progesterone on MMP-9 activity

Gelatin zymograms revealed that the activity of pro-MMP-9 and pro-MMP-2 increased 

significantly in vehicle-treated mice on day 1 after ICH and that progesterone treatment 

significantly reduced the activity of pro-MMP-9, but not that of pro-MMP-2, when 

compared with that of vehicle-treated mice (p<0.05, n=5 mice for each treatment group, and 

n=3 mice for sham group; Fig. 3C).

3.6 Effect of progesterone on microglial/macrophage activation, astrocytic activation, 
neutrophil infiltration, and neuronal death

Iba-1 immunofluorescence labeling was used to detect the effect of progesterone treatment 

on microglial/macrophage activation after ICH (Wang and Dore, 2007a). Microglia/

macrophages were classified as either resting or activated by using a combination of 

morphological criteria and a cell body diameter cutoff of 7.5 μm (H. Wu, et al., 2011). The 

number of activated microglia/macrophages in the perihematomal region on day 3 after ICH 

was significantly reduced in mice treated with progesterone (p<0.01; n=6 mice/group, Fig. 

4A and E).

Neutrophil infiltration occurs after activation of microglia/macrophages and contributes to 

early hemorrhagic brain injury after ICH (Moxon-Emre and Schlichter, 2011, Wang, 2010, 

Wang and Tsirka, 2005). MPO-immunoreactive neutrophils were evident in the hemorrhagic 

striatum on day 3 after ICH. An inset in Fig. 4B shows higher magnification of an MPO-

positive neutrophil. Progesterone treatment reduced their number when compared with that 

in vehicle-treated mice (p<0.05; n=6 mice/group, Fig. 4B and E).

GFAP immunofluorescence labeling was used to examine the effect of progesterone 

treatment on astrocyte reactivity. Reactive astrocytes in the peri-ICH area had more GFAP-

immunoreactive processes than did resting astrocytes on the contralateral side. Additionally, 

the immunoreactivity was more intense and the processes were longer and thicker (Wu, et 
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al., 2012). Progesterone treatment reduced the fluorescence intensity of GFAP in the 

perihematomal area on day 3 after ICH (p<0.05; n=6 mice/group, Fig. 4C and F).

Cell degeneration was assessed with FJB staining. We found that progesterone treatment 

significantly reduced the number of FJB+ cells in the perihematomal region on day 3 after 

ICH (p<0.01; n=6 mice/group, Fig. 4D and G).

3.7 Effect of progesterone on the expression of inflammatory factors

Using Western blot analysis, we examined the effect of progesterone on COX-1, COX-2, 

HMGB1, and IL-1β expression in the acute stage of ICH. Progesterone administration did 

not change COX-1 or COX-2 expression on day 1 compared with that in vehicle-treated ICH 

mice. However, it significantly reduced expression of HMGB1 (p<0.05) and IL-1β (p<0.01) 

in the ipsilateral striatum (n=5 mice per treatment group, and n=3 mice for sham group; Fig. 

5A–C).

3.8 Effect of progesterone on VEGF and NKA activity

Studies have shown that an increase in VEGF expression and downregulation of NKA 

activity are associated with the aggravation of brain injury (Jiang, et al., 2014, Yang, et al., 

2012). The activity of NKA in brain can be downregulated by phosphorylation of the α 

subunit at Ser23 by PKC or Ser943 by PKA (Yang, et al., 2012). Changes in NKA 

expression in the ICH brain have not been reported. Immunoblotting results showed that the 

expression of NKA α1 subunit and PKA-dependent phosphorylation at Ser943 did not 

change significantly in progesterone-treated ICH mice compared with that in vehicle-treated 

ICH mice on day 1 (p>0.05, Fig. 6). However, progesterone significantly reduced the 

expression of VEGF and PKC-dependent phosphorylation of NKA at Ser23 and increased 

the expression of NKA α3 subunit on day 1 after ICH when compared with that of vehicle-

treated ICH mice (p<0.01; n=5 mice for each treatment group, and n=3 mice for sham 

group; Fig. 5A and D and Fig. 6A–D).

3.9 Effect of progesterone on astrogliosis, myelin loss, brain atrophy, and residual lesion 
volume

After ICH, astrocytes undergo morphologic changes known as astrogliosis (Qin, et al., 

2015). We examined the astrocytic proliferation around the lesion site with immunostaining 

of GFAP on day 28 after ICH (Fig. 7A and B). Progesterone significantly decreased 

astrogliosis (glial scar thickness) in ICH mice when compared with that in vehicle-treated 

ICH mice (p<0.01, Fig. 7C). We also used LFB to label normal myelin (Chen, et al., 2011, 

Zhao, et al., 2015). Progesterone treatment reduced the loss of LFB-stained myelin in the 

perihematomal region on day 28 after ICH (n=12 mice/group, p<0.01, Fig. 7D and E). It 

also significantly reduced brain atrophy and residual lesion volume on day 28 after ICH 

(both p<0.01, n=12 mice/group, Fig. 7F–I).

4. Discussion

We and others have shown that progesterone is neuroprotective and might be a useful 

therapeutic agent for traumatic brain injury (TBI) (Howard, et al., 2015), ischemic stroke 
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injury (Jiang, et al., 2016, Won, et al., 2015), and spinal cord injury (Garcia-Ovejero, et al., 

2014). To our knowledge, this is the first study to test the efficacy of progesterone in a 

clinically relevant ICH model, in which the hematoma develops over several hours. We 

found that progesterone treatment beginning 1 hour after ICH reduced brain injury volume, 

brain swelling, brain edema, and the number of the FJB+ degenerating cells and improved 

long-term neurologic recovery. These changes were associated with decreases in protein 

oxidation, protein nitrosylation, and MMP-9 activity; alleviation of cellular and molecular 

inflammatory responses (microglial/macrophage and astrocyte activation, neutrophil 

infiltration, HMGB1 and IL-1β expression); and decreases in VEGF and NKA pSer23 

expression, but increases in NKA α3 expression. In addition, we showed that progesterone 

treatment reduced astrogliosis/glial scar formation, myelin loss, brain atrophy, and residual 

lesion. Furthermore, progesterone increased body weight on day 28 but did not increase 

mortality rate or core body temperature. Together, these results suggest that progesterone has 

anti-inflammatory and anti-oxidant effects, reduces MMP-9 activity, and inhibits NKA 

pSer23 expression, which may lead to reductions in secondary brain injury and 

improvements in functional recovery after ICH.

Accumulating evidence suggests that inflammation is an important contributor to secondary 

brain injury after ICH (Keep, et al., 2012, Zhou, et al., 2014). ICH results in a rapid and 

robust cellular inflammatory response characterized in part by activation of resident 

microglia and astrocytes and infiltration of neutrophils and macrophages that release 

proinflammatory cytokines, chemokines, ROS, prostaglandins, proteases, ferrous iron, and 

other immunoreactive molecules (Hwang, et al., 2011, Wang, 2010). Therefore, 

inflammation may contribute to blood-brain barrier (BBB) breakdown and brain edema 

(Wang, 2010). Conversely, BBB disruption also contributes to inflammation by promoting 

leukocyte and macrophage infiltration, which exacerbates vasogenic edema after ICH 

(Hwang, et al., 2011, Wang, 2010). It is known that perihematomal edema increases by 

approximately 75% in the first 24 hours after ICH, peaks around 5–6 days, lasts for up to 14 

days, and is associated with adverse outcomes (Gebel, et al., 2002, Hwang, et al., 2011). In 

this study, we showed that progesterone treatment reduces brain lesion volume and brain 

swelling/edema early after ICH, likely by reducing cellular inflammatory responses from 

microglia and astrocytes and infiltrating neutrophils and macrophages. To minimize concern 

that decreases in cellular inflammatory responses and neuronal death by progesterone are 

due to differences in lesion volume, we performed profile-based cell counting in vehicle and 

treatment groups using brain sections with similar lesion areas.

Cellular inflammatory response triggers release of various immunoreactive molecules that 

regulate brain cell function directly (Wang, 2010). HMGB1, defined as a cytokine, has 

shown a toxic role early after ICH in preclinical and clinical studies (Zhou, et al., 2010). 

Proinflammatory cytokine IL-1β, released primarily from stimulated macrophages and 

monocytes, can increase endothelial permeability and lead to vasogenic edema (Holmin and 

Mathiesen, 2000). We and others have shown that inhibition of HMGB1 and IL-1β 

expression alleviates brain injury and improves neurologic function (Ohnishi, et al., 2011, 

Wu, et al., 2015). Here, we showed that progesterone treatment markedly decreases protein 

expression of HMGB1 and IL-1β at day 1 after ICH. We and others also have shown that 

COX-2 is upregulated mainly in astrocytes in the perihematomal region after ICH (Gao, et 
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al., 2008, T. Wu, et al., 2011) and that the selective COX-2 inhibitor celecoxib reduces 

expansion of perihematomal edema in ICH patients compared with that in controls (Lee, et 

al., 2013). We also have shown that COX-1 is constitutively expressed in neurons and 

microglia in the striatum after ICH (T. Wu, et al., 2011). Interestingly, we demonstrated here 

that progesterone treatment does not affect COX-1 and COX-2 expression. These data 

suggest that progesterone can modulate molecular inflammatory responses after ICH that are 

independent of COX1 and COX-2.

Inflammatory cells, mainly microglia/macrophages and leukocytes, are major sources of 

ROS, which can activate MMP-2 and MMP-9 and damage the neurovascular unit and BBB 

(Wang, 2010, Xue and Yong, 2008, Zhou, et al., 2014). The efficacy of free radical 

scavengers has provided direct evidence for a causal relationship between ROS and ICH 

injury. Specifically, overexpression of copper/zinc-superoxide dismutase (Wakai, et al., 

2014) or treatment with deferoxamine (Cui, et al., 2015, Ni, et al., 2015, H. Wu, et al., 

2011), a chelator of pro-oxidative iron, significantly reduced brain injury in animal models 

of ICH. In agreement with these experiments, mice with a genetic deletion of NADPH-

oxidase, a key enzyme involved in ROS generation, exhibited reduced damage after ICH 

(Tang, et al., 2005, Wakisaka, et al., 2010). Recently, it was demonstrated that estrogen 

reduces ferrous iron toxicity both in vivo and in vitro, indicating that sex differences in 

susceptibility to ICH may be associated with differences in how the body handles iron 

toxicity (Umeano, et al., 2013). Our study revealed that progesterone, another female sex 

hormone, also reduces oxidative stress early after ICH by reducing protein carbonyl 

formation and protein nitrosylation, which is associated with reduction of MMP-9 activity. 

This result is consistent with our previous research in the ischemic stroke model (Jiang, et 

al., 2009). A recent study showed that progesterone attenuates BBB breakdown and 

hemorrhagic transformation after delayed treatment with tissue plasminogen activator in a 

middle cerebral artery occlusion model of stroke. Additionally, its neurovascular protective 

effects were associated with a reduction of VEGF-MMP-9 expression (Won, et al., 2014). 

Consistent with this observation, we and others have shown that exogenous application of 

VEGF can increase BBB permeability (Jiang, et al., 2014, J. Wang, et al., 2015). Here, we 

showed that progesterone treatment decreases VEGF expression and MMP-9 activity. 

Together, these data indicate that progesterone has antioxidant effects and anti-MMP-9 

activity that may reduce BBB permeability.

NKA is important for cell physiology. Reduced brain NKA activity has been reported in a 

variety of pathologic brain conditions but has not been shown in ICH (de Lores Arnaiz and 

Ordieres, 2014, Yang, et al., 2012). In the brain, the NKA α subunit has three isoforms—α1, 

α2, and α3—and multiple isoforms are expressed by both neurons and glia (de Lores Arnaiz 

and Ordieres, 2014). Phosphorylation of the α subunit at Ser23 by PKC and at Ser943 by 

PKA reduces the NKA activity (Yang, et al., 2012). We demonstrated here that progesterone 

treatment does not affect the expression of the widespread NKA α1 subunit and does not 

inhibit PKA-dependent phosphorylation at Ser943. In contrast, it increased the expression of 

the neuronal-specific NKA α3 subunit and inhibited PKC-dependent phosphorylation at 

Ser23 on day 1 after ICH. Thus, progesterone treatment after ICH may offer neurovascular 

protection by inhibiting PKC-dependent phosphorylation of Ser23 and thereby partially 

restoring NKA activity.

Jiang et al. Page 11

Neurobiol Aging. Author manuscript; available in PMC 2017 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



As discussed above, progesterone most likely exerts neuroprotective effects through anti-

inflammatory, anti-oxidant, and anti-MMP-9 activity, and by inhibiting PKC-dependent 

phosphorylation of NKA, which may lead to reduction in early ICH injury and 

improvements in long-term outcomes, including histopathology and neurologic recovery 

after ICH. However, long-term histopathology in mouse ICH models has not been well 

studied. Our results revealed that the residual lesion on day 28 after ICH was surrounded by 

an astroglial scar and that neuronal and axonal/ myelin loss are likely the major causes of 

brain atrophy. Importantly, progesterone treatment not only decreased neurobehavioral 

deficit scores gradually from days 7 to 28, but also mitigated astrogliosis/glial scar 

formation, myelin loss, and brain atrophy on day 28 after ICH. The alleviation of secondary 

brain injury in the acute phase and the attenuation of long-term histopathology by 

progesterone led to improved functional recovery up to day 28 after ICH when compared 

with that of vehicle-treated animals.

Although the Women’s Health Initiative-Memory Study (WHIMS) failed to find beneficial 

effects of progestin in age-associated brain dysfunction, some explained that the differences 

in the neurobiology of progesterone and the clinically used synthetic progestin, 

medroxyprogesterone acetate, may account for the negative results. Indeed, the type of 

progestin used may dictate the outcome of preclinical and clinical studies that address brain 

function (Singh and Su, 2013a, Singh and Su, 2013b). Another study showed that hormone 

replacement therapy that combines progesterone with estrogen may increase the risk of 

ischemic stroke with no effect on hemorrhagic stroke (Davis, 2008, Speroff, 2010). Based on 

these previous reports and the limited therapeutic options for ICH, we tested the therapeutic 

effect of progesterone for ICH in a rodent model. As in the animal models of ischemic 

stroke and TBI (Barha, et al., 2011, Jiang, et al., 2016), we found that progesterone is 

neuroprotective in the mouse collagenase-induced ICH model. However, recently completed 

clinical trials with progesterone failed to demonstrate any neuroprotective effect in patients 

with TBI (Jickling and Sharp, 2015, Schwamm, 2014). The authors of these studies 

commented that the failure of these trials may relate to the limited/insensitive outcome 

measures, unidimensional TBI characterization approaches (e.g., Glascow coma scale), and 

the heterogeneity of severe TBI (Stein, 2015, Webster, et al., 2015). To increase the clinical 

relevance of our study, we used middle-aged mice because ICH occurs more often in 

middle-aged and elderly individuals. Moreover, we chose the collagenase-induced ICH 

model because the hematoma develops gradually over 4–6 hours (Wang, 2010, Wang and 

Dore, 2007b, M. Wang, et al., 2015). This time course mimics that of the clinical condition 

in which a small penetrating artery ruptures and continues to bleed for an extended period. 

Indeed 17% of patients exhibit bleeding that lasts for more than 6 hours (Kazui, et al., 1996, 

Wang, 2010). In translational medicine, testing in multiple related preclinical models and in 

different laboratories is strongly encouraged before advancing any novel medicine or therapy 

to a clinical trial (Wang, 2010). Therefore, data from the blood injection-induced ICH model 

and from different laboratories are needed to provide additional evidence to support the 

therapeutic efficacy of progesterone for ICH. The results could lay the foundation for future 

clinical trials.

Sex differences in patient outcomes after ICH have been reported (Gokhale, et al., 2015). 

Our study is limited because it included only middle-aged male mice. Validation in middle-
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aged females and in aged males and females is needed to confirm the efficacy of 

progesterone for ICH. Progesterone has been shown to have multiple neuroprotective effects. 

Previous studies also have shown that it has neurotrophic effects and anti-excitotoxic effects 

(Jiang, et al., 2016, Singh and Su, 2013a). Moreover, progesterone-regulated neural 

responses may be mediated by membrane progesterone receptors (α-, β-, and γ-isoforms), 

putative γ-aminobutyric acid type A receptors, or progesterone membrane receptor 

component 1 (PGRMC1) (Liu, et al., 2012). It will be important to assess the effects of 

progesterone on excitotoxicity and neurogenesis and to determine which receptor is involved 

in the neuroprotective effects of progesterone after ICH.

In conclusion, our findings indicate that progesterone protects brain against ICH injury in 

middle-aged male mice. With multiple cellular and molecular targets, progesterone warrants 

further preclinical investigation and holds therapeutic promise for patients with ICH.
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Abbreviations

ICH intracerebral hemorrhage

COX cyclooxygenase

HMGB1 high-mobility group box 1

IL-1β interleukin 1β

MMP matrix metalloproteinase

NKA Na+/K+ ATPase

VEGF vascular endothelial growth factor

ROS reactive oxygen species

LFB luxol fast blue

mNSS modified neurologic severity score

FJB Fluoro-Jade B

Iba-1 ionized calcium-binding adapter molecule 1

MPO myeloperoxidase

GFAP glial fibrillary acidic protein
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Highlights

• We examined the efficacy of progesterone in a clinically relevant ICH model.

• Progesterone decreased inflammatory response and oxidative stress, restored 

Na+/K+ ATPase activity after ICH.

• Progesterone reduced brain lesion volume and edema, attenuated long-term 

histopathology in ICH brain.

• Progesterone provides neuroprotection and improves long-term neurologic 

outcome after ICH.
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Fig. 1. 
Progesterone (PROG) decreases brain lesion volume and edema on day 3 after collagenase-

induced ICH. (A) Representative images of Luxol fast blue/Cresyl Violet-stained brain 

sections on day 3 after collagenase-induced ICH. The area of the lesion is indicated by a 

lack of staining; scale bar = 2 mm. (B) Brain lesion volume was measured on Luxol fast 

blue/Cresyl Violet-stained brain sections. Quantification analysis revealed that brain lesion 

volume was smaller in the progesterone-treated group than in the vehicle-treated group 3 

days after ICH (n=10–11 mice/group, *p<0.05). (C) Progesterone post-treatment reduced 

brain swelling after collagenase-induced ICH compared with that of the vehicle-treated 

group (n=10–11 mice/group, *p<0.05). (D) Progesterone post-treatment reduced brain water 

content in the ipsilateral striatum after collagenase-induced ICH compared with that of the 

vehicle-treated group (n=6 mice/group, *p<0.05). All values are means ± SD. Ipsi, 

ipsilateral; Contra, contralateral.
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Fig. 2. 
Progesterone (PROG) post-treatment ameliorates neurologic deficits after collagenase-

induced ICH. (A) Progesterone post-treatment improved the neurologic function of mice on 

days 7, 14, 21, and 28 after ICH compared with that of the vehicle-treated group (n=12 

mice/group, *p<0.05). (B) Neurologic deficit scores for each of the individual tests on days 

1, 3, 7, 14, 21, and 28 after ICH (n=12 mice/group, all p>0.05). Values are means ± SD.
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Fig. 3. 
Progesterone (PROG) decreases oxidative stress and MMP-9 activity after collagenase-

induced ICH. Immunoblotting analysis showed that progesterone decreased protein carbonyl 

(A) and 3-nitrotyrosine (B) immunoreactivity on multiple protein bands at 12 hours after 

ICH. (C) Representative gel showing relative activity of MMP-2 and MMP-9 on day 1 after 

ICH in brain lysates from sham and ICH mice post-treated with vehicle or progesterone. Bar 

graphs show the quantitative analysis of nitrotyrosine (A, 14 to 191 kDa), carbonyls (B, 29 

to 98 kDa), and MMP-2 and MMP-9 activity (C) from each group (n=5 mice for each 

treatment group, and n=3 mice for sham group). All data are shown as mean ± SD. *p<0.05 

vs. ICH+vehicle.
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Fig. 4. 
Progesterone (PROG) reduces microglial/macrophage and astrocytic activation, neutrophil 

infiltration, and Fluoro-Jade B (FJB)+ cell number after collagenase-induced ICH. (A–C) 

Immunostaining for Iba1 (A), myeloperoxidase (MPO; B), and glial fibrillary acidic protein 

(GFAP; C) in the perihematomal region on day 3 after collagenase-induced ICH. Inset 

represents higher magnification of MPO-positive neutrophil. Scale bar = 50 μm. (D) FJB 

histological staining of degenerating cells in sections collected 3 days after collagenase 

injection. Inset represents higher magnification of FJB-positive cell. Scale bar = 25 μm. (E–

G) Bar graphs show quantification analysis of activated microglia/macrophages and 

astrocytes, infiltrating neutrophils, and FJB-positive cells (n=6 mice/group, *p<0.01 or 0.05 

versus vehicle-treated group). Values are means ± SD.
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Fig. 5. 
Progesterone (PROG) decreases HMGB-1, IL-1β, and VEGF expression on day 1 after 

collagenase-induced ICH. (A) Representative Western blot showing relative protein 

expression of COX-1, COX-2, HMGB-1, IL-1β, and VEGF in brain lysates from sham and 

ICH rats post-treated with vehicle or progesterone. β-Actin was used as a loading control 

(n=5 mice for each treatment group, and n=3 for sham group). (B–D) Bar graphs show the 

quantitative analysis of COX-1, COX-2, HMGB-1, IL-1β, and VEGF expression from each 

group (n=5 mice for each treatment group, and n=3 mice for sham group, #p<0.05 or 

*p<0.01 versus vehicle-treated group). Values are means ± SD.
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Fig. 6. 
Progesterone (PROG) increases protein expression of Na+/K+ ATPase (NKA) α3, but 

decreases protein expression of NKA pSer-23 on day 1 after collagenase-induced ICH. (A 

and B) Representative Western blots showing relative protein expression of NKA α1 and 

NKA α3 (A), and NKA pSer23 and NKA pSer943 (B) in brain lysates from sham-operated 

and ICH rats post-treated with vehicle or progesterone. β-Actin was used as a loading 

control. (C and D) Bar graphs show the quantitative analysis of NKA α1, NKA α3, NKA 

pSer23, and NKA pSer943 expression from each group (n=5 mice for each treatment group, 

and n=3 mice for sham group, *p<0.01 versus vehicle-treated group). Values are means ± 

SD.

Jiang et al. Page 24

Neurobiol Aging. Author manuscript; available in PMC 2017 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 7. 
Progesterone (PROG) post-treatment decreases glial scar thickness (astrogliosis), myelin 

loss, brain atrophy, and lesion volume on day 28 after collagenase-induced ICH. (A and B) 

Immunostaining for glial fibrillary acidic protein in the perihematomal region on day 28 

after collagenase-induced ICH; scale bar = 50 μm. (C) Quantitative analysis of glial scar 

thickness (n=12 mice/group, *p<0.01 vs. ICH + vehicle). (D) Immunostaining with Luxol 

fast blue in the perihematomal region on day 28 after collagenase-induced ICH; scale bar = 

50 μm. (E) Quantitative analysis of white matter damage (n=12 mice/group, *p<0.01 vs. 

ICH + vehicle). (F and G) Representative images of Luxol fast blue/Cresyl Violet-stained 

brain sections on day 28 after collagenase-induced ICH; scale bar = 2 mm. (H and I) Bar 

graphs show the quantitative analysis of brain atrophy (H) and lesion volume (I) from each 

group (n=12 mice/group). Quantitative data are shown as mean ± SD. *p<0.01 vs. ICH + 

vehicle.
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