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Abstract 27 

Background: Mass effects of haematoma, neuroinflammation, oxidative stress, and 28 

neuronal apoptosis are the major causes of poor prognosis of intracerebral 29 

haemorrhage (ICH). Our previous study suggests that biocompatible iron sulphide 30 

nanoparticles possess peroxidase-like activity and can release hydrogen polysulfanes，31 

which may inhibit brain injury. The purpose of this study was to investigate the 32 

neuroprotective efficacy of diallyl disulfide (DADS) nFeS in mice after ICH and 33 

preliminarily illustrate the potential mechanism. 34 

 35 

Methods: Adult male C57BL/6 mice (n = 176) were injected with bacterial 36 

collagenase in the striatum. In the first part, DADS-nFeS at different doses (25, 50, or 37 

100 mg/kg) was intragastrically administered 2 h, 26 h, and 50 h before ICH. In the 38 

second and third parts, DADS-nFeS (50 mg/kg) was administered 2 h, 26 h, and 50 h 39 

before and after the induction of ICH in the pre-treatment group and post-treatment 40 

group, respectively. H&E staining was performed to detect drug toxicity. Haematoma 41 

volume measurement, Fluoro-Jade C (F-JC) staining, Nissl staining, 42 

immunofluorescence staining, western blotting, terminal deoxynucleotidyl transferase 43 

dUTP nick end labelling (TUNEL) staining, malondialdehyde (MDA) and superoxide 44 

dismutase (SOD) assays, and neurobehavioural tests were performed. 45 

 46 

Results: All three doses of DADS-nFeS had neuroprotective effects, and 50 mg/kg 47 

resulted in the best outcome. DADS-nFeS reduced the haematoma volume and MDA 48 

content, inhibited the activation of microglia and astrocytes, progressive neuronal 49 

degeneration, and apoptosis, increased SOD activity and neuronal survival, and 50 

improved both short-term and long-term neurological functions in perihaematomal 51 

areas after ICH. Moreover, DADS-nFeS was associated with the downregulation of 52 

Iba-1, GFAP, TNF-α, IL-1β, 4-hydroxynonenal (4-HNE), and Bax/Bcl-2 levels in 53 

perihaematomal areas after ICH. Finally, post-treatment with DADS-nFeS had a 54 

better effect than pre-treatment with DADS-nFeS. 55 
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Conclusions: Our study indicated that gavage administration of DADS-nFeS 56 

decreased the haematoma volume, suppressed neuroinflammation, oxidative stress, 57 

and neuronal apoptosis, and improved short- and long-term neurological functions, 58 

which was, at least in part, realized by inhibiting the activation of microglia and 59 

astrocytes, enhancing local SOD activity, and decreasing the recruitment of reactive 60 

oxygen species. Therefore, DADS-nFeS may serve as a potential therapeutic strategy 61 

via the diet against central nervous system diseases. 62 

 63 

Keywords: Intracerebral haemorrhage, Nanosized iron sulphide, Neuroinflammation, 64 

Oxidative stress, Apoptosis 65 

 66 

Background 67 

As a serious cerebrovascular disease, spontaneous intracerebral haemorrhage (ICH) 68 

accounts for approximately 10–15% of all strokes and is usually accompanied by a 69 

high rate of morbidity and mortality[1, 2]. Brain injury after ICH can be mainly 70 

classified as primary brain injury (PBI) and secondary brain injury (SBI). Of these, 71 

PBI mainly involves the formation of expanding haematoma compressing 72 

surrounding brain tissue and cerebral vascular structure, which in turn results in 73 

mechanical injury after intracerebral haemorrhage[3]. SBI is induced by the interplay 74 

of complicated pathologic responses involving an inflammatory process initiated by 75 

blood components, oxidative stress via induction of erythrocyte lysates, and the 76 

progressive degeneration or apoptosis of neurons activated by excitotoxicity[4, 5]. 77 

Due to the deep location of the cerebral haematoma in the brain and secondary injury 78 

after the operation, increasing evidence from clinical trials has revealed that open 79 

surgery to remove haematoma does not effectively improve the prognosis of 80 

patients[6, 7]. Therefore, the endogenous mechanisms of haematoma evacuation 81 

based on SBI warrant further research. 82 

 With the development of nanotechnology, nanomaterials have been commonly 83 

utilized in the biomedical field due to their nonintrusive and safe features. Because of 84 
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the high iron content in the human body, iron-based nanomaterials are considered to 85 

be more biocompatible than other metal elements[8]. At present, most iron-based 86 

nanomaterials are iron oxides that possess oxidoreductase-like activity. Iron sulphide 87 

nanomaterials have received much less attention in the biomedical domain. In fact, 88 

however, the band gap in iron sulphide is smaller than that of iron oxide, and 89 

iron-sulphur clusters are crucial cofactors of many enzymes[9]. Thus, iron sulphide 90 

may show stronger enzyme-like activity and catalytic activity than iron oxide. In our 91 

previous study, we confirmed that diallyl disulfide (DADS) nFeS has peroxidase-like 92 

activity and can release hydrogen polysulfanes with anti-inflammatory and 93 

antioxidant functions. A study showed that reactive oxygen species (ROS) were 94 

closely related to inflammatory development in ICH[10]. Therefore, the use of 95 

DADS-nFeS as a free radical scavenger and cooperation with hydrogen polysulfane 96 

anti-inflammatory and antioxidant stress may have certain developmental prospects. 97 

In this study, DADS-nFeS was administered intragastrically in an experimental 98 

ICH model, and haematoma volume, neuroinflammation, oxidative stress, neuronal 99 

apoptosis, and neurological deficits were evaluated. Moreover, we explored the 100 

neuroprotective effect of DADS-nFeS and its potential mechanisms. To the best of our 101 

knowledge, this is the first study to investigate the therapeutic efficacy of nFeS on 102 

ICH, which may provide novel ideas for the treatment of ICH. 103 

 104 

Methods 105 

Synthesis and Characterization of DADS-nFeS 106 

As previously described, DADS-nFeS was synthesized with the typical solvothermal 107 

method[11]. We determined the morphological and structural characteristics of 108 

DADS-nFeS. The products were stored in test tubes and refrigerated at 4 ℃ for 109 

further use. 110 

 111 

Animals 112 

All experimental procedures were in accordance with the National Institutes of Health 113 
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Guidelines for the Care and Use of Laboratory Animals and approved by the 114 

Yangzhou University Institutional Animal Care and Use Committee. Adult male 115 

C57BL/6 mice (postnatal week 8) were purchased from the Comparative Medicine 116 

Center of Yangzhou University, and mice weighing 25–35 g were selected for 117 

induction of intracerebral haemorrhage after one week of adaptation. All mice were 118 

housed under a 12 h light/dark cycle and had free access to water and food in a 119 

controlled environment of temperature (22 ± 3 °C) and humidity (60 ± 5%). All mice 120 

were randomly assigned to the experimental and control groups following a random 121 

number table. 122 

 123 

Experimental design 124 

A total of three separate experiments were performed, and experimental groups were 125 

established (Figure 1). Before intragastric treatment, the mice were randomly divided 126 

into a control group, cerebral haemorrhage group and different pre-treatment and 127 

post-treatment groups. Before and after the induction of intracerebral haemorrhage, 128 

mice in the ICH group and the intervention group were given three gavages. Only 129 

animals that died before being sacrificed were excluded from the experiment. (A total 130 

of 18 animals were excluded from the experiment.) Neurobehavioural functional 131 

evaluation was performed and histological images were collected in a blinded manner. 132 

 133 

Experiment 1 134 

To evaluate the toxicity and compare the effects of treatment at different dosages on 135 

mice, we established DADS-nFeS groups with three different doses. For the effects of 136 

the drug 72 h after ICH, 60 mice were assigned to five groups: sham, ICH + vehicle, 137 

ICH + DADS-nFeS (25 mg/kg), ICH + DADS-nFeS (50 mg/kg), and ICH + 138 

DADS-nFeS (100 mg/kg) (n = 12/group). H&E staining was conducted to detect the 139 

perceived pathological change in the major organs. Slices obtained from the brain 140 

mould (G1137101-002, RWD, China) were used to measure the changes in 141 

haematoma volume. F-JC staining and Nissl staining allowed the identification of 142 
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degenerating neurons and neuronal Nissl bodies. 143 

 144 

Experiment 2 145 

To assess the effects of DADS-nFeS administration on neuroinflammatory factors, 146 

microglial/astrocytic activation, oxidative stress, apoptotic neurons and 147 

neurobehavioural function at 72 h after ICH, we randomly divided 72 mice into four 148 

groups for immunofluorescence, western blotting analysis, SOD and MDA assays, 149 

TUNEL staining, and neurobehavioural tests: sham, ICH + vehicle, ICH + 150 

DADS-nFeS (50 mg/kg, pre-treatment), and ICH + DADS-nFeS (50 mg/kg, 151 

post-treatment) (n = 18/group). 152 

 153 

Experiment 3 154 

To investigate the effects of COG1410 on long-term neurobehavioural functions after 155 

ICH, we assigned 24 mice to four groups: sham, ICH + vehicle, ICH + DADS-nFeS 156 

(50 mg/kg, pre-treatment), and ICH + DADS-nFeS (50 mg/kg, post-treatment) (n = 157 

8/group). The rotarod test and Y maze were performed on Days 7, 14, and 21 after 158 

ICH. The Morris water maze was conducted on Days 21–25 after ICH. 159 

 160 

ICH model 161 

As previously described[12], cerebral haemorrhage was induced by stereotactic 162 

collagenase injection into the right basal ganglia in the experimental mice. First, we 163 

anaesthetized the mice via 1–3% isoflurane inhalation and immobilized them on a 164 

brain stereotaxic apparatus in the prone position. The scalps were expanded to expose 165 

the skull, and we took the bregma position as the coordinate origin. A hole 1 mm in 166 

diameter was drilled that was 0.5 mm forward and 2.5 mm right lateral to the origin, 167 

and bacterial collagenase (Type Ⅳ, Sigma-Aldrich, USA) was injected at a depth of 168 

3.8 mm at a rate of 0.04 μL/min for 5 min. After the injection, the needle was kept at 169 

the injection point for 10 min to prevent liquid backflow and then removed slowly. 170 

Finally, bone wax was used to close the cranial pinhole, and the incisions in the skin 171 
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were sutured. Each mouse was intraperitoneally injected with 0.4 mL of normal saline 172 

to avoid postoperative dehydration. The mice in the sham group only received needle 173 

insertion. 174 

 175 

Gavage administration 176 

For the pre-treatment and post-treatment groups, gavage administration was 177 

performed 2 h, 26 h, and 50 h before and after ICH, respectively. PBS or DADS-nFeS 178 

at three different dosages (25 mg/kg, 50 mg/kg, and 100 mg/kg) dissolved in PBS was 179 

administered via gavage. Briefly, each mouse was gavage-fed with approximately 180 

0.32 mL of solution. 181 

 182 

H&E staining 183 

For H&E staining, samples of the heart, liver, spleen, lung, and kidney were collected 184 

and then fixed in 4% paraformaldehyde (PFA) for 24 h. After the samples were 185 

embedded and sliced, they were stained with H&E after dehydration. Finally, 186 

morphological changes were observed under a Nikon Eclipse Ni-U upright 187 

microscope to evaluate histological damage. 188 

 189 

Fluoro-Jade C staining 190 

Fluoro-Jade C staining is usually performed to visualize degenerating neurons and has 191 

been identified as a reliable indicator. The brain tissues were sliced into 192 

30-micrometer-thick frozen sections and collected in 0.1M PBS. All tissue slices were 193 

dried for at least 1 h at 60 °C before staining. Slices were then immersed in a solution 194 

of 1% NaOH and 80% alcohol for 5 min, followed by rinsing in 70% ethanol and 195 

double distilled water for 2 min. After transfer to 0.06% potassium permanganate 196 

solution for 10 min on a shaker, the sections were incubated in 0.0004% F-JC (AG325, 197 

Millipore, USA) solution for 20 min. The slides were then washed in double distilled 198 

water and dried at 60 °C for 3 min. Finally, the slides were cleared in xylene for 1 min 199 

and affixed to using D.P.X (BCCC7767, Sigma-Aldrich, USA). Sections were 200 
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immediately observed, and fluorescence images were captured using Carl Zeiss 201 

Microscopy (Axio Scope A1, Germany). 202 

 203 

Nissl staining 204 

Viable neurons were observed via Nissl staining for 72 h after ICH. As previously 205 

described [13], the slides were pretreated in chloroform for 30 min, hydrated in 206 

graded ethanol solutions (100–70%) in distilled water, and stained with cresyl violet 207 

acetate (C5042, Sigma-Aldrich, USA) for 90 min at room temperature. Subsequently, 208 

the brain slices were washed with double distilled water 3 times and dehydrated 209 

through an alcohol series (70–100%). Finally, the sections were cleared in xylene and 210 

covered with neutral resin. ImageJ software was used to count the stained neurons. 211 

 212 

Immunofluorescence staining 213 

After mice were anaesthetized with 1–3% isoflurane inhalation and intracardially 214 

perfused with normal saline and 4% PFA, the brain was removed and fixed in 4% PFA 215 

for 24 h at 4 °C and dehydrated in gradient sucrose solutions (5%, 10%, 20%, 30%) 216 

for approximately 3 days. The brain tissue was embedded in optimal cutting 217 

temperature (OCT) compound, snap-frozen at −80 °C, and sliced into 30-μm-thick 218 

coronal sections using a freezing microtome (Leica, Germany). The frozen sections 219 

were fixed in acetone for 10 min and incubated with 3% bovine serum albumin (BSA) 220 

for 1 h at room temperature. After blocking nonspecific staining, the slices were 221 

incubated with primary antibodies, including GFAP (1:100, ab7260, Abcam, USA), 222 

Iba-1 (1:100, ab108539, Abcam, USA), and 4-HNE (1:100, MAB3249, R&D Systems, 223 

China), overnight at 4 °C. After that, the frozen sections were washed with PBS 3 224 

times and incubated with the corresponding secondary antibodies (Thermo Fisher 225 

Scientific, USA) for 2 h at room temperature. Finally, the nuclei were counterstained 226 

with DAPI (Beyotime Biotechnology, China), and the slides were affixed to 227 

FluorSave Reagent (3429091, Merck KGaA, Germany). 228 

 229 
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Western blotting 230 

To detect the protein expression levels of different groups, we performed western 231 

blotting. The haematoma and its surrounding area were obtained and lysed in 400 μl 232 

of lysis buffer containing 4 μl of proteinase inhibitor for 30 min. The extracted sample 233 

was centrifuged at 12000 g for 30 min at 4 °C, and the supernatant was collected. 234 

After the protein concentration was evaluated by the BCA protein assay kit, an equal 235 

amount of protein sample was obtained and then electrophoresed in a 10% 236 

SDS-PAGE gel. Then, the protein was transferred to polyvinylidene fluoride (PVDF) 237 

membranes (0.22 μm). After being blocked in 5% BSA for 2 h, the PVDF membranes 238 

were incubated with primary antibodies, including TNF-α (1:1000, ab6671, Abcam, 239 

USA), IL-1β (1:1000, ab9722, Abcam, USA), GFAP (1:1000, ab7260, Abcam, USA), 240 

Iba-1 (1:1000, ab108539, Abcam, USA), 4-HNE (1:500, MAB3249, R&D Systems, 241 

China), Bcl-2 (1:1000, ab196495, Abcam, USA), Bax (1:1000, ab216494, Abcam, 242 

USA), and GAPDH (1:1000, CW0100M, CWBIO, China), overnight at 4 °C. The 243 

PVDF membranes were then washed three times with 1×TBST and incubated with 244 

secondary antibodies for 1.5 h at room temperature. Protein bands were detected using 245 

Tanon 5200 (Tanon, China). 246 

 247 

TUNEL staining 248 

TUNEL staining was conducted to quantify apoptosis in intracerebral cells. A TUNEL 249 

BrightRed Apoptosis Detection Kit (A113-01, Vazyme, China) was utilized at 72 h 250 

after ICH according to the manufacturer’s instructions. The data are described as the 251 

percentage of TUNEL-positive cells (%). 252 

 253 

Measurement of SOD activity and MDA content 254 

According to the manufacturer's certificate, the MDA assay kit (A003-1-2, Jiancheng, 255 

China) and SOD assay kit (S0103, Beyotime, China) were used to detect SOD activity 256 

and MDA content using supernatants of mouse brains. 257 

 258 
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Short-term neurobehavioural assessment 259 

As described previously[12, 14, 15], short-term neurological tests were carried out 260 

using the corner turn test, forelimb placement test, and rotarod test by two blinded 261 

investigators at 24 h and 72 h after ICH. For the forelimb placement test, we recorded 262 

the placement of the forelimb contralateral to the haematoma side on the countertop 263 

when the vibrissa was stimulated. The percentage of forelimb placement in 10 trials 264 

was calculated. For the corner turn test, mice were placed before a 30° angle corner, 265 

and the direction the mouse exited was counted. A total of ten trials were performed, 266 

and the score was described as the number of right turns/all trials × 100. For the 267 

rotarod test, all mice were trained once a day for three days before intracerebral 268 

haemorrhage by running on the rotating cylinder at 10 RPM for 30 min. During the 269 

test, the rotating speed started at 5 RPM and gradually increased by 2 RPM every 5 s. 270 

The selected mice were tested 3 times/day, and the average falling latency was 271 

recorded. 272 

 273 

Long-term neurobehavioural assessment 274 

As previously reported[16, 17], the rotarod test and Y maze test were utilized to assess 275 

sensorimotor coordination and spatial working memory on the 7th day, 14th day and 276 

21st day after ICH, while the Morris water maze was conducted to evaluate the spatial 277 

learning ability and reference memory on Days 21 to 25 after ICH. The rotarod test 278 

was performed in the same manner as described above. For the Y maze test, a 279 

Y-shaped maze with three opaque arms was used, and the mice were allowed to 280 

explore freely for 8 min. The total numbers of arm entries were measured by a 281 

monitor immediately above the apparatus and analysed by the Supermaze system 282 

(XinRuan, China). Alternation percentage (%) was calculated as (successive triplet 283 

sets [entries into three arms consecutively]/total number of entries –2] × 100. For the 284 

Morris water maze, mice were placed in a metal circular pool that was divided evenly 285 

into four quadrants and allowed to find a visible platform above the water level in 60 s. 286 

If the mouse did not find the platform within 60 s, it would be guided to stay on the 287 
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platform for 10 s to help it remember the location of platform and the swim path, 288 

escape latency, and swim distance were recorded individually. Finally, we removed 289 

the platform and performed probe trials. The percentage of time that the mouse spent 290 

in the target quadrant that previously contained the hidden platform was recorded. 291 

 292 

Statistical analysis 293 

All data are presented as the mean and standard deviation (mean ± SD). Statistical 294 

analysis was performed using Graphpad prism 8.0 (GraphPad Software, USA). 295 

Analysis of variance (ANOVA) was utilized to compare the differences in haematoma 296 

volume, immunofluorescence staining, western blotting, assay kit, and 297 

neurobehavioural assessment. Differences were considered significant when p < 0.05. 298 

 299 

Results 300 

Animal exclusion and drug toxicity. 301 

A total of 176 mice were utilized for this experiment. Of these, 138 mice experienced 302 

intracerebral haemorrhage, and the mortality of the mice was 6.52% (9/138). In 303 

addition, no mice died in the sham group. Three mice were eventually excluded from 304 

subsequent experiments and replaced by other animals due to lack of cerebral 305 

haematoma. In addition, H&E staining was performed to detect drug toxicity, and no 306 

perceived pathological changes were observed in the major organs, which suggested 307 

that the three dosages of DADS-nFeS would have no side effects (Figure 2). 308 

 309 

DADS-nFeS treatment reduced cerebral haematoma volume and protected 310 

viable neurons at 72 h after ICH. 311 

Three different dosages of DADS-nFeS were utilized to select the optimal dose that 312 

showed the best effect on intracerebral haemorrhage. First, we quantified the 313 

haematoma size in mouse brains at 72 h after ICH via coronal brain mould slices and 314 

found that the three groups treated with DADS-nFeS had smaller haematoma volumes 315 

than the ICH + vehicle group (Figure 3a, b). Moreover, the best efficacy was observed 316 
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in the ICH + DADS-nFeS (50 mg/kg) group versus the other two groups (Figure 3a, 317 

b). Distinct degenerated neurons were detected in the ICH + vehicle group at 72 h 318 

compared with the sham group, as shown by F-JC staining, while the administration 319 

of DADS-nFeS obviously alleviated neuronal degeneration (Figure 3c, d). Similarly, 320 

the proportion of degenerated neurons also showed the same trend after treatment 321 

with three different dosages. Furthermore, Nissl staining was performed to detect 322 

viable neurons at 72 h after ICH. Consistently, ICH + DADS-nFeS (50 mg/kg) 323 

significantly reduced the death of neurons and brain injury compared to those of the 324 

ICH + vehicle group (Figure 3e, f). Therefore, the middle dosage of DADS-nFeS was 325 

chosen for further experiments. 326 

 327 

DADS-nFeS treatment inhibited microglial and astrocyte activation and the 328 

expression of Iba-1, GFAP, TNF-α, and IL-1β at 72 h after ICH. 329 

To further explore the neuroprotective efficacy of DADS-nFeS after ICH, we detected 330 

the distribution of microglia and astrocytes in the perihaematoma area. 331 

Immunofluorescence staining was performed to observe the levels of Iba-1 and GFAP 332 

at 72 h after ICH. We found that the numbers of Iba-1- and GFAP-positive cells were 333 

obviously increased in the ICH + vehicle group versus the sham group, while 334 

DADS-nFeS treatment evidently decreased Iba-1 and GFAP clustering in the 335 

perihaematomal area compared with that in the ICH + vehicle group (Figure 4a, b, c, 336 

d). In addition, western blotting was performed at 72 h after ICH to measure the 337 

expression of inflammatory cells and inflammatory factors in the mouse brains. The 338 

results showed that the expression of Iba-1 and GFAP in the ipsilateral hemisphere 339 

was significantly inhibited by DADS-nFeS in the therapeutic intervention group 340 

compared to the ICH + vehicle group (Figure 4e, f, g). The expression of the 341 

proinflammatory mediators TNF-α and IL-1β was also reduced in the two ICH + 342 

DADS-nFeS groups (Figure 4e, h, i). Experimental results indicated the suppression 343 

of macrophage inflammatory responses by DADS-nFeS treatment. 344 

 345 
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DADS-nFeS treatment alleviated the levels of oxidative stress and decreased the 346 

contents of 4-HNE, MDA, and SOD at 72 h after ICH. 347 

In addition to the neuroinflammatory process, oxidative stress can results in serious 348 

SBI. To investigate whether DADS-nFeS could attenuate oxidative stress, we 349 

analysed the levels of 4-HNE. As a result, the immunostaining marker 4-HNE was 350 

found to be significantly increased in the ICH + vehicle group at 72 h after ICH 351 

compared with the sham group. The high levels of oxidative stress were suppressed in 352 

the two ICH + DADS-nFeS groups compared to the PBS administration group 353 

(Figure 5a). Additionally, 4-HNE was highly expressed in the ICH + vehicle group, as 354 

detected using western blot, while ICH + DADS-nFeS (post-treatment) showed better 355 

efficacy than ICH + DADS-nFeS (pre-treatment) in this experiment (Figure 5b, c). 356 

Previous studies demonstrated that the MDA content and SOD activity coordinated 357 

oxidative stress balance in the brain and were indicators of free radical damage[18, 358 

19]. Therefore, to further verify the efficacy of DADS-nFeS on oxidative stress, we 359 

utilized MDA and SOD detection kits to measure the relative levels of MDA and SOD 360 

in the mouse brains. As shown in the results, the MDA content was evidently 361 

increased after ICH, but treatment with DADS-nFeS inhibited this trend (Figure 5d). 362 

In contrast, SOD activity was obviously improved in the ICH + DADS-nFeS group 363 

versus the ICH + vehicle group (Figure 5e). The above results indicated that 364 

DADS-nFeS could attenuate brain injury after ICH by restraining the levels of 365 

oxidative stress. 366 

 367 

DADS-nFeS treatment suppressed neuronal cell apoptosis and improved the 368 

expression of Bcl-2 and Bax at 72 h after ICH. 369 

In a previous experiment, we revealed that DADS-nFeS administration effectively 370 

alleviated F-JC-positive neurons in the perihaematomal area at 72 h after ICH (Figure 371 

3c). For further evidence, TUNEL staining was carried out. The results indicated that 372 

TUNEL-positive cells were obviously increased in the ICH + vehicle group compared 373 

to the sham group at 72 h after ICH. However, DADS-nFeS treatment significantly 374 
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reduced the numbers of TUNEL-positive cells, and the two treatment groups showed 375 

no significant difference (Figure 5f, g). The expression of Bcl-2 and Bax was also 376 

measured at 72 h after ICH by western blots. The results demonstrated that the ratio of 377 

Bax/Bcl-2 was markedly decreased in the ipsilateral hemisphere in the DADS-nFeS 378 

group compared to the ICH + vehicle group (Figure 5h, i). Better efficacy was 379 

observed in the post-treatment group than in the pre-treatment group. These results 380 

suggested that neuroprotective and antiapoptotic effects could be mediated by 381 

DADS-nFeS. 382 

 383 

DADS-nFeS treatment improved the short-term neurological deficits at 72 h 384 

after ICH. 385 

In addition to the histopathological detection of mouse brains, behavioural indicators 386 

were also assessed to reveal functional motor recovery on Days 1 and 3 after ICH in 387 

mice. The corner turn test, forelimb placement test, and rotarod test were utilized in 388 

this experimental study. In the corner turn test, the right turns significantly increased 389 

in the ICH + vehicle group compared to the sham group, while DADS-nFeS treatment 390 

inhibited this trend on Day 1 and Day 3 (Figure 5j). ICH + DADS-nFeS 391 

(post-treatment) showed better efficacy on Day 3. Moreover, no significant difference 392 

was detected between the ICH + vehicle group and the two ICH + DADS-nFeS 393 

groups on Day 1 in the other two tests (Figure 5k, l). In the forelimb placement test, 394 

the mice notably placed the left paw on the countertop more times in the two ICH + 395 

DADS-nFeS groups than in the ICH + vehicle group on Day 3 (Figure 5k). Likewise, 396 

the mice treated with DADS-nFeS spent significantly more time on the rotarod than 397 

those in the ICH + vehicle group on Day 3 in the rotarod test (Figure 5l). As a result, 398 

motor disorder after ICH in mice could be improved by DADS-nFeS treatment, and 399 

DADS-nFeS (post-treatment) may attenuate the neurological deficits better than 400 

DADS-nFeS (pre-treatment). 401 

 402 

DADS-nFeS treatment improved the long-term neurological deficits after ICH. 403 
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Relevant research demonstrates that stroke will result in various impairments in motor, 404 

sensory, learning, and memory domains in survivors[20, 21]. Hence, the Y maze test, 405 

rotarod test, and Morris water maze were performed to detect the long-term 406 

impairment of neurological function. In the Y maze test, the mice in the ICH + vehicle 407 

group spent more time remaining stationary than those in the sham group, while this 408 

trend was suppressed in the two ICH + DADS-nFeS groups (Figure 6a, b, c). In 409 

addition, the number of total arm entries and the percentage of spontaneous 410 

alternations were decreased in mice after ICH and increased by DADS-nFeS (Figure 411 

6d, e). Of these, the DADS-nFeS preconditioning had no significant effect on the 412 

percentage of spontaneous alternation on Days 7 and 14 compared to that of the ICH 413 

+ vehicle group. In the rotarod test, the time latency before falling on the rotarod was 414 

significantly shorter in the ICH + vehicle group than in the sham group in the first, 415 

second, and third weeks after ICH (Figure 6f). However, the falling latency was 416 

obviously increased with the administration of DADS-nFeS in the two treatment 417 

groups in the three stages. In the Morris water maze, the mice in the ICH + vehicle 418 

group spent less time in the target quadrant than those in the sham group on Day 25, 419 

while DADS-nFeS treatment improved the condition (Figure 6g, h). In addition, 420 

greater distances and more time were required to find the platform for the mice in the 421 

ICH + vehicle group on Days 21 to 25. However, a significant reduction occurred in 422 

escape latency and swim distance in the two DADS-nFeS treatment groups (Figure 6i, 423 

j). Thus, DADS-nFeS (post-treatment) but not DADS-nFeS (pre-treatment) had better 424 

efficacy over a long period of motor functional rehabilitation. These results suggest 425 

that DADS-nFeS may improve long-term poststroke cognitive performance. 426 

 427 

Discussion 428 

Haemorrhagic stroke is a severe disease with high mortality and poor outcomes for 429 

patients. Previous studies have illustrated that intracerebral haematoma, 430 

neuroinflammation, and oxidative stress are closely related to neurodegeneration and 431 

neurological dysfunction[22, 23]. Consequently, decreasing the haematoma volume 432 
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and inhibiting neuroinflammation and oxidative stress have been proven to effectively 433 

alleviate this condition. 434 

 This is the first study to detect the therapeutic potential of DADS-nFeS against 435 

intracerebral haemorrhage in mice. In the current study, we first investigated the drug 436 

toxicity of three different dosages of DADS-nFeS in mice after ICH and then 437 

ascertained the comparatively better dosage of DADS-nFeS. Second, we explored the 438 

neuroprotective effects of gavage administration of DADS-nFeS on space-occupying 439 

haematoma lesions, neuroinflammation, oxidative stress, neuronal apoptosis, and 440 

neurobehavioural parameters in mice with collagenase-induced intracerebral 441 

haemorrhage. We demonstrated that oral DADS-nFeS evidently decreased the 442 

haematoma volume, suppressed the activation of microglia and astrocytes, reduced 443 

lipid peroxidation products, enhanced SOD activity, and inhibited neuronal apoptosis 444 

in the perihaematomal area. Correspondingly, our results also showed that the 445 

expression of Iba-1, GFAP, TNF-α, IL-1β, 4-HNE, and Bax was downregulated by the 446 

application of DADS-nFeS. In addition, we further performed short- and long-term 447 

neurobehavioural and neurocognitive tests, and obvious improvement was observed in 448 

multiple phases. Finally, this study suggested that the gavage administration of 449 

DADS-nFeS may alleviate the PBI and SBI, which in turn protect neurons from 450 

apoptosis and improve neurological functions. 451 

 Neuroinflammation plays an important role in SBI. Of these, astrocytes and 452 

microglia, as immune cells in the brain, are important mediators that modulate 453 

neuroinflammation. Previous studies indicated that microglia can be activated and 454 

accumulate at the perihaematomal area in a short time after ICH[24, 25]. Moreover, 455 

microglia have two types that can release various inflammation-related cytokines. Of 456 

these, M1 microglia can release TNF-α, IL-1β, and iNOS, while M2 microglia can 457 

release brain-derived neurotrophic factor (BDNF) and anti-inflammatory 458 

cytokines[26]. Therefore, proinflammatory cytokines constantly exacerbate 459 

neuroinflammation and become classic inflammatory markers. Astrocytes used to be 460 

viewed as an integral component of the blood brain barrier (BBB). Numerous studies 461 
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have examined its functions in the BBB, while few studies have focused on its 462 

neuroinflammatory abilities. Some studies found that excessive activation of 463 

astrocytes can stimulate proinflammatory cytokine release, activate the 464 

proinflammatory pathways of glial cells (microglia, oligodendrocytes), and contribute 465 

to neuronal excitotoxicity[27, 28]. Consequently, inhibiting the excessive activation of 466 

astrocytes can significantly attenuate inflammatory processes. Our results indicated 467 

that the activation of microglia and astrocytes was obviously suppressed by 468 

DADS-nFeS treatment. Moreover, the content of inflammatory cytokines decreased in 469 

the perihaematomal area. Our results confirmed that DADS-nFeS alleviated 470 

neuroinflammation and decreased neuronal apoptosis by decreasing glial cell activity 471 

and the expression of inflammatory cytokines. 472 

 One of the main mechanisms of brain injury following haemorrhagic apoplexy is 473 

oxidative stress mediated by ROS. Due to the space-occupying lesion of haematoma 474 

after ICH, the neurovascular structures experience heavy damage, and various 475 

cytotoxic molecules extravasate. Of these, haeme, as the major ingredient of 476 

haemoglobin, can release excessive ferrous iron and catalyse a mass of hydroxyl 477 

radicals[29–31], which is a dangerous type of ROS leading to severe lipid 478 

peroxidation and cell apoptosis. Moreover, as an unstable marker of oxidative stress, 479 

lipid peroxides often decompose to form MDA and 4-HNE[32]. SOD is closely 480 

related to oxygen radical detoxification. Numerous studies have indicated that some 481 

neuroprotective drugs can increase the activity of SOD and decrease the accumulation 482 

of ROS in the lesion area[33–35]. In contrast, the lack of SOD activation will lead to a 483 

high level of ROS and cause serious neuronal injury[36–38]. In addition, our previous 484 

studies have suggested that DADS-nFeS is fairly stable and displays high 485 

peroxidase-like activity[11]. In our results, with the administration of DADS-nFeS, 486 

the MDA content and the expression of 4-HNE were obviously decreased, and local 487 

SOD activation was significantly increased. Therefore, it seemed that DADS-nFeS 488 

can synergistically decrease the accumulation of ROS and inhibit lipid peroxidation 489 

by activating its peroxidase-like activity and improving local SOD activation, which 490 
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eventually suppresses oxidative stress. 491 

 DADS-nFeS is a novel nano-iron sulphide converted from natural organosulfur 492 

compounds fabricated by Xu et al. This conversion endows iron-based nanoparticles 493 

with various functions and higher peroxidase-like activity. We found that these 494 

nanoiron sulphides have the potential to become an alternative for treating ICH and 495 

display the following characteristics: (1) DADS-nFeS is a nanoparticle with high 496 

stability and dispersibility in the solvent, which makes it suited for in vivo treatment 497 

and long-term use. (2) DADS-nFeS attenuates neuroinflammation and oxidative stress 498 

partly by constantly releasing hydrogen polysulphanes. These hydrogen polysulfanes 499 

can easily penetrate the biofilm matrix, benefiting from good diffusibility[39]. (3) The 500 

peroxidase-like activity of nanoiron sulphides can accelerate the release of 501 

polysulfanes and result in a synergistic effect, which in turn enhances the efficacy[11]. 502 

In addition, a small number of studies have begun to investigate the role of hydrogen 503 

sulphide in cerebral haemorrhage and verified that it has a certain neuroprotective 504 

effect, but the mechanism is still unclear[40–42]. In this study, we found that 505 

DADS-nFeS obviously alleviated cell apoptosis and improved neurological deficits in 506 

mice after ICH. As a notable feature of ICH, neuronal apoptosis is regulated by the 507 

expression of Bcl-2 and Bax levels and strongly associated with unfavourable 508 

outcomes of patients after ICH[43, 44]. Western blot analysis demonstrated that the 509 

ratio of Bax/Bcl-2 resulting from haematoma was reduced by DADS-nFeS, which 510 

was in line with the TUNEL staining results. Correspondingly, DADS-nFeS treatment 511 

also had a positive effect on motor, spatial learning, and memory functions in mice on 512 

Days 3, 7, 14, and 21 after ICH. 513 

 Taken together, the present study preliminarily revealed some potential 514 

mechanisms of the anti-inflammatory, antioxidative stress, and antiapoptotic effects of 515 

DADS-nFeS after ICH. The in-depth mechanisms merit further explorations. Some 516 

studies have shown that hydrogen sulphides may be strongly connected with 517 

PI3K/Akt and promote the nuclear translocation of NF-κB[45, 46]. Other studies 518 

demonstrated that as a downstream effector of PTEN, the PI3K/Akt signalling 519 
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pathway participates in macrophage polarization and that TLR4/NF-κB 520 

pathway-related proteins mediate microglial polarization from M1 to M2[47–49]. 521 

Hence, it is worth further investigating the specific mechanism by which DADS-nFeS 522 

regulates microglial polarization, with hydrogen sulphides as a positive control, which 523 

is ongoing in another study from our group. 524 

 There are several limitations in our study. First, the collagenase-induced ICH 525 

model and the autologous blood-induced ICH model are the most often used ICH 526 

models. Both models have their own advantages. We chose the former due to the 527 

better disease process. However, the latter can better mimic the effects of the 528 

haematoma mass, which should not be ignored[40]. Thus, the efficacy of DADS-nFeS 529 

should be verified in different models in future studies. Second, our 530 

immunofluorescence staining and western blot results showed that DADS-nFeS can 531 

affect the activation of microglia and astrocytes. Of these, astrocytes, as primary cells, 532 

can produce hydrogen sulphides, which in turn regulate other glial cells[40]. The 533 

interactions between exogenous hydrogen polysulphanes released from DADS-nFeS 534 

and endogenous hydrogen sulphides from astrocytes have not yet been clarified. 535 

Therefore, further studies are required to explore the neuroprotective effects of 536 

DADS-nFeS on other CNS cells against SBI after ICH. Third, in the current study, we 537 

confirmed that DADS-nFeS and its product can synergistically suppress inflammation, 538 

oxidative stress, and apoptosis. However, we did not compare the efficacy between 539 

DADS-nFeS and hydrogen sulphides. In summary, it is valuable and necessary to use 540 

hydrogen sulphides as a positive control in further studies. Finally, recent studies 541 

indicated that prognosis after ICH was determined by two major risk factors, sex and 542 

age[50]. Our present study utilized only male C57BL/6 mice aged 8 to 12 weeks. 543 

Female sex and age groups were not evaluated in this experiment. Hence, further 544 

studies should include females and age groups to confirm the curative efficacy of 545 

DADS-nFeS in mice after ICH. 546 

 547 

Conclusion 548 
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In conclusion, we preliminarily demonstrated that gavage administration of 549 

DADS-nFeS decreased haematoma volume and alleviated neuroinflammation, 550 

oxidative stress, and neuronal apoptosis, at least in part by repressing the activation of 551 

microglia and astrocytes and enhancing local SOD activity. Moreover, post-treatment 552 

had a better efficacy than pre-treatment. Therefore, based on the above advantages 553 

and large-scale preparation at low cost, DADS-nFeS may serve as a potential 554 

therapeutic strategy used as a dietary regimen against central nervous system diseases. 555 

 556 
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Figure Legends 809 

Figure 1 Experimental design and animal groupings.  810 

ICH, intracerebral haemorrhage; WB, western blot; F-JC: Fluoro-Jade C; TUNEL: 811 

terminal deoxynucleotidyl transferase dUTP nick end labelling; IF: 812 

immunofluorescence; MDA: malondialdehyde; SOD: superoxide dismutase. 813 

 814 

Figure 2 Representative H&E staining photomicrographs of the heart, liver, spleen, 815 

lung, and kidney treated with PBS, DADS-nFeS (pre-treatment), and DADS-nFeS 816 

(post-treatment). Scale bar: 50 μm. 817 

 818 

Figure 3 The effects of DADS-nFeS on haematoma volumes and neuronal 819 

survival at 72 h after ICH.  820 

a Representative schematic diagrams of brain sections. b Quantitative analyses of 821 

haematoma volume based on morphometric measurements (n = 6/group). c 822 

Representative images of F-JC staining in the perihaematomal area. Scale bar: 100 823 

μm. d Quantitative analyses of F-JC-positive neurons in the perihaematomal area (n = 824 

6/group). e Representative images of Nissl staining in the perihaematomal area. Scale 825 

bar: 500 μm. f Quantitative analyses of surviving neurons in the perihaematomal area 826 

(n = 6/group). Error bars are represented as the mean ± SD. *p < 0.05 vs. sham, @p < 827 

0.05 vs. ICH + vehicle, #p < 0.05 vs. ICH + DADS-nFeS (25 mg/kg). 828 

 829 

Figure 4 The effects of DADS-nFeS on activated microglia, astrocytes, and 830 

inflammation-related factors at 72 h after ICH.  831 

a, b, c, d Representative images of immunofluorescence staining of Iba-1 and GFAP 832 

and quantitative analyses of Iba-1- and GFAP-positive cells in the perihaematomal 833 

area (n = 6/group). Scale bar: 100 μm. e Representative western blot bands showing 834 

Iba-1, GFAP, TNF-α, and IL-1β protein levels in the perihaematomal area. f, g, h, i 835 

Quantitative analyses of Iba-1, GFAP, TNF-α, and IL-1β protein levels in the 836 

perihaematomal area (n = 6/group). Error bars are represented as the mean ± SD. *p < 837 
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0.05 vs. sham, @p < 0.05 vs. ICH + vehicle, #p < 0.05 vs. ICH + DADS-nFeS 838 

(pre-treatment). 839 

 840 

Figure 5 The effects of DADS-nFeS on oxidative stress, neuronal apoptosis, and 841 

short-term neurological deficits after ICH.  842 

a Representative image of immunofluorescence staining of 4-HNE at 72 h after ICH. 843 

Scale bar: 100 μm. b, c Representative western blot bands and quantitative analyses 844 

of 4-HNE at 72 h after ICH (n = 6/group). d, e Measurement of MDA content and 845 

SOD activity in the perihaematomal area at 72 h after ICH (n = 6/group). f, g 846 

Representative images of TUNEL staining and quantitative analyses of 847 

TUNEL-positive cells in the perihaematomal area at 72 h after ICH (n = 6/group). 848 

Scale bar: 100 μm. h, i Representative western blot bands and quantitative analyses of 849 

Bcl-2 and Bax protein levels in the perihaematomal area at 72 h after ICH (n = 850 

6/group). j, k, l Analyses of the corner turn test, forelimb placement test, and rotarod 851 

test at 24 h and 72 h after ICH (n = 6/group). Error bars are represented as the mean ± 852 

SD. *p < 0.05 vs. sham, @p < 0.05 vs. ICH + vehicle, #p < 0.05 vs. ICH + 853 

DADS-nFeS (pre-treatment). 854 

 855 

Figure 6 The effects of DADS-nFeS on long-term neurological deficits after ICH.  856 

a Representative 8 min heat maps reflecting the average time cost in different parts of 857 

the Y maze by each group. b, c, d, e Analyses of the quiescent time ratio, total 858 

distance travelled, spontaneous alternation, and total arm entry on Days 7, 14, and 21 859 

(n = 8/group). f Analyses of rotarod tests on Days 7, 14, and 21 (n = 8/group). g 860 

Representative traces of the Morris water maze on Day 25 after ICH. h Analyses of 861 

probe quadrant duration in the Morris water maze on Day 25 after ICH. i, j Analyses 862 

of escape latency and swim distance of the Morris water maze on Days 21 to 25 after 863 

ICH. Error bars are represented as the mean ± SD. *p < 0.05 vs. sham, @p < 0.05 vs. 864 

ICH + vehicle, #p < 0.05 vs. ICH + DADS-nFeS (pre-treatment). 865 



Figures

Figure 1

E x per imental design and animal groupings. ICH, intracerebral haemorrhage; WB, western blot; F JC :
Fluoro Jade C ; TUNEL: terminal deo xynucleotidyl transferase dUTP nick end labelling; IF:
immuno�uorescence; MDA: malondialdehyde; SOD: superoxide di smut ase.



Figure 2

Representative H&E staining photomicrographs of the heart, liver, spleen, lung, and kidney treated with
PBS, DADS nFeS ( pr e treatment ), and DADS nFeS post treatm ent). Scale bar: 50 μm.



Figure 3

The effects of DADS nFeS on haematoma volumes and neuronal survival at 72 h after ICH. a
Representative s chematic diagrams of brain sections. b Quantitative analyses of haematoma vo lume
based on morphometric measurements (n = 6/group). c Rep resentative images of F JC staining in the
perihaematomal area. Scale bar: 100 μm. d Quantitative analyses of F JC positive neurons in the
perihaematomal area (n = 6/group). e Representative image s of Nissl staining in the perihaematoma l



area. Scale bar: 5 00 μm. f Quantitative analyses of surviving neurons in the perihaematomal area (n =
6/group). Error bars are represented as the mean ± SD. *p < 0.05 vs. s ham, p < 0.05 vs. ICH + v ehicle, p <
0.0 5 vs. ICH + DADS nFeS 25 mg/kg).

Figure 4

The effects of D ADS nFeS on a ctivated microglia, astrocytes, and in�ammation related factors at 72 h
after ICH. a, b, c, d Representative images of immuno�uorescence staining of Iba 1 and GFAP and



quantitative analyses of Iba 1 and GFAP positive ce lls in the perihaema tomal area (n = 6/group). Scale
bar: 100 μm. e Representative western blot bands showing Iba 1, GFAP, TNF α, and IL 1β protein levels in
the perihaematomal area. f, g, h, i Quantitative analyses of Iba 1, GFAP, TNF α, and IL 1β protein levels in
the perihaematomal area (n = 6/group). Error bars are represented as the mean ± SD. *p < 0.05 vs. s ham,
p < 0.05 vs. ICH + v ehicle, p < 0.05 vs. ICH + DADS nFeS (pre treatment).

Figure 5



The effects of DADS nFeS on oxidative stress, neuronal a poptosis, and short term neurological de�cits
after ICH. a Representative image of immuno�uorescence staining of 4 HNE at 72 h after ICH. Scale bar:
100 μm. b, c Representative western blot bands and quantitative analyses of 4 HNE at 72 h after ICH (n =
6/group). d, e Measureme nt of MDA content and SOD activity i n the perihaematomal area at 72 h after
ICH (n = 6/group). f, g Representative images of TUNEL staining and quantitative analyses of TUNEL
positive cells in the perihaematomal area at 72 h after ICH (n = 6/group). Scale bar: 100 μm. h, i
Representative wes tern blot bands and quantitative analyses of Bcl 2 and Bax protein levels in the
perihaematomal area at 72 h after ICH (n = 6/group) group). j, k, l Analyses of the corner turn test,
forelimb placement test, and rotarod test at 24 h and 72 h after ICH (n = 6/grou p)p). Error bars are
represented as the mean ± SD. *p < 0.05 vs. s ham, p < 0.05 vs. ICH + v ehicle, p < 0.05 vs. ICH + DADS
nFeS pre treatment



Figure 6

The effects of DADS nFeS on long term ne urological de�cits after ICH. a Representative 8 min heat m
aps re�ecting the average time cost in different parts of the Y maze by each group. b, c, d, e Analyses of
the quiescent time ratio, total distance travelled, spontaneous alternation, and total arm entry on Days 7,
14, and 21 (n = 8/ group). f Analyses of rotarod tests on Days 7, 14, and 21 (n = 8/group). g
Representative traces of the Morris water maze on Day 25 after ICH. h Analyses of probe quadrant



duration in the Morris water maze on Day 25 after ICH. i, j Analyses of escape latency and swim distance
of the Morris water maze on Days 21 to 25 after ICH. Error bars are represented as the mean ± SD. *p <
0.05 vs. s ham, p < 0.05 vs. ICH + v ehicle, p < 0.05 vs. ICH + DADS nFeS pre treatment
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