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Recombinant adiponectin peptide ameliorates cortical neuron damage induced by chronic 1 

cerebral hypoperfusion by inhibiting NF-κB signaling and regulating microglial polarization  2 
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Abstract 26 

Background 27 

Chronic cerebral hypoperfusion (CCH) is common in multiple central nervous system diseases that 28 

are associated with neuronal death and cognitive impairment. Microglial activation-mediated 29 

polarization changes may be involved in CCH-induced neuronal damage. Adiponectin (APN) is a 30 

fat-derived plasma protein that affects neuroprotection. This study investigated whether a 31 

recombinant APN peptide (APN-P) improved the cognitive function of CCH rats by regulating 32 

microglial polarization in the cortex. 33 

Methods 34 

A CCH rat model was established through bilateral common carotid artery occlusion (BCCAO) 35 

surgery. An antibody microarray was used to analyze differentially expressed proteins in the cerebral 36 

cortex of CCH rats compared to the sham rats. APN-P and a solvent control were used to intervene 37 

at different time points. Western blotting and immunofluorescence staining were conducted to 38 

examine the status of microglial polarization in different treatment groups. qRT-PCR was used to 39 

detect the expression levels of inflammatory and anti-inflammatory genes. Neuronal morphology 40 

was assessed via Nissl staining, and cognitive function was assessed with the Morris water maze 41 

test. In vitro, by inhibiting the expression of NF-κB in BV2 microglia and using Transwell co-culture 42 

systems of BV2 microglia and neurons, the effects of APN-P on neuroprotection and the underlying 43 

mechanism were investigated. 44 



Results 45 

In the cortical microglia of 12-week-old CCH rats, the expression of APN protein was significantly 46 

downregulated compared to the sham rats. CCH damages neurons and activates cortical microglial 47 

polarization to an M1-type by upregulating inflammatory factors. APN-P supplementation 48 

upregulated APN expression in cortical microglia, with neuronal survival as well as microglial 49 

polarization from an M1 toward an M2 phenotype in CCH cortex. In vivo and in vitro experiments 50 

revealed that APN-P promoted the expression of anti-inflammatory factors and neuronal survival 51 

by inhibiting NF-κB signaling, thus improving the cognitive function in CCH rats. 52 

Conclusions 53 

Our study revealed a novel mechanism by which APN-P suppresses the NF-κB pathway and 54 

promotes microglial polarization from M1 toward the M2-type to reduce neuron damage in the 55 

cortex after CCH. 56 

 57 
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 60 

Background 61 

While the pathophysiology and mechanisms of acute stroke are of scientific and clinical importance, 62 

few experimental systems can recapitulate the ischemic injury that results from chronic cerebral 63 

hypoperfusion (CCH) [1]. CCH is a state of chronic cerebral blood flow (CBF) reduction that 64 

contributes to numerous neurological illnesses [2], and can result from disorders affecting the 65 

cerebral vascular system [3]. The long-lasting reduction in CBF will lead to neuronal damage 66 



followed by cognitive and memory deficits [2]. Cognitive injury secondary to CCH is pervasive and 67 

likely underrecognized [1, 4]. To date, there is no successful drug treatment that prevents CCH-68 

induced cognitive deficits [5, 6]. Although improving cerebral perfusion can be an effective 69 

intervention, it is limited to only early stages of CCH. 70 

In response to CCH, a chain of homeostatic interactions occur in the brain, including 71 

neuroinflammation, oxidative stress, mitochondrial dysfunction, disorder of neurotransmitter 72 

system and lipid metabolism, and changes in expression of growth factors, which culminate in 73 

neuronal death [4, 7]. Unfortunately, the neurorestorative potential of the adult brain is very limited 74 

[8]. Previous studies have reported that neuronal death is the key factor for cognitive impairment in 75 

CCH [7, 9, 10], with CCH patients often suffering long-term neurological deficits and cognitive 76 

impairment in the process of cerebral hypoperfusion [2]. Indeed, a previous study indicated that 77 

patients with vascular cognitive impairment exhibited typical neuron loss [11]. Identifying 78 

promising strategies for reducing neuronal death is paramount for long-term functional 79 

improvement in CCH patients. 80 

CCH does not influence acute neural cell death but can induce a chronic phase of neuronal 81 

degeneration, death, and loss. Chronic cerebral ischemia and neural death are accompanied by long-82 

lasting neuroinflammation. Chronic neuroinflammation is tightly related to neuronal death [5], 83 

suggesting that reducing neuronal death could be a promising therapeutic opportunity for improving 84 

the neurological outcomes of CCH. 85 

Microglia are innate immune cells of the central nervous system and are the major mediators 86 

of neuroinflammation, microglia can be activated to polarize after stimulation, which exerts pro-87 

inflammatory or anti-inflammatory functions through the secretion different substances [12] . 88 



Neuroinflammation has been linked strongly to cognitive deficits, activated (proinflammatory) 89 

microglia can reduce new cell survival and may also affect their integration into pre-existing neural 90 

networks [13]. Activated microglia can have M1 and M2 phenotypes: M1 microglia are pro-91 

inflammatory and secrete inflammatory cytokines that promote neuronal damage under pathological 92 

conditions, while M2 microglia express anti-inflammatory mediators that prevent inflammation and 93 

contribute to neurological protection [14]. 94 

In our previous study, we reported that the CCH process can lead to activation of microglia in 95 

the brain [7]. Indeed, mounting evidence has demonstrated that the microglia with the anti-96 

inflammatory phenotype play a neurorestorative role during the recovery period after ischemic 97 

events [8]. However, the process of cerebral microglial polarization in CCH is not clear. 98 

Hippocampal microglial polarization was shown to be associated with the M1 phenotype during 99 

CCH [12], and therefore, regulating the polarization of microglia in the brain may be a novel 100 

therapeutic target for neurological recovery after CCH. 101 

Adiponectin (APN) is mainly secreted by mature adipocytes and can function as an insulin-102 

sensitizing adipokine, with a globular domain that acts as its functional region [15]. APN is the main 103 

adipokine controlling the balance of energy metabolism at both cellular and systemic levels [16], and 104 

APN is considered a biomarker for metabolic diseases in multiple systemic systems because it has 105 

significant antiatherosclerotic, antiapoptotic, organ-protective, anti-inflammatory, and other biological 106 

functions [15]. APN and its receptor are expressed in the central nervous system of mammals; 107 

additionally, peripheral APN can enter the cerebrospinal fluid through blood circulation [17]. Recent 108 

studies [13, 17-19] have shown that APN is closely associated with neurological diseases and that APN 109 

has neuroprotective effects. A clinical study has shown that APN levels <4 μg/mL is independently 110 



associated with mortality, and low plasma APN is related to an increased risk of 5-year mortality after 111 

first-ever ischemic stroke [20]. The reduction of APN levels can weaken anti-inflammatory capacity and 112 

increase susceptibility to the ischemic vascular disease progression [17, 18]. In the serum of elderly 113 

patients with type 2 diabetes, APN levels are decreased, and this is closely related to the outcome of 114 

neurocognitive impairment [19]. Moreover, as a biomarker that represent one of the inflammation, APN 115 

can be used as a marker in patients with clinical cognitive impairment [13]; however, the exhaustive 116 

effects of APN on and neuroinflammation microglial polarization following CCH are not well 117 

elucidated. Furthermore, due to the limited blood-brain barrier penetrability of the full length APN, 118 

adenovirus-mediated and intracerebroventricular injection for APN supplementation may be 119 

traumatic and unsuitable for clinical practice. According to the amino acid sequence of the 120 

functional globular domain at the C-terminal end of APN, a variant APN peptide (APN-P) that can 121 

effectively cross the blood-brain barrier was used in this study [16, 21].  122 

Antibody microarray experiments are used as the initial tool during the biomarker discovery process 123 

[22]. In this study, using antibody microarray, we showed that the APN protein levels decreased in 124 

the cortex 12 weeks after CCH. A better understanding of the interactions between microglial 125 

polarization and APN might provide new therapeutic targets for the treatment of CCH. To address 126 

this challenge, we attempted to explore the role and underlying mechanisms of two subtypes of 127 

activated microglia-mediated neuroinflammation, as well as the interactions between microglial 128 

polarization and neuronal death in CCH, with or without APN-P treatment.  129 

 130 

Materials and Methods 131 

Animals and Ethics 132 



A total of 138 eight-week-old healthy, adult male Sprague-Dawley rats weighing 200–250 g were 133 

obtained from the Laboratory Animal Center of Fourth Military Medical University. All rats were 134 

housed in a specific pathogen-free animal room at a constant temperature (23°C ± 1°C) and humidity 135 

(60% ± 10%) in a 12-h light/dark cycle. The rats were conditioned for 4 weeks before the 136 

experiments started and given free access to food and water. All animal experimental procedures 137 

were approved by the Ethics Committee for Animal Experimentation of the Xi’an Jiaotong 138 

University, and followed the National Institutes of Health Guide for the Care and Use of Laboratory 139 

Animals [12]. 140 

 141 

Animal surgery 142 

Rats were anesthetized with 3% sodium pentobarbital [50 mg/kg, intraperitoneal (i.p.) injection]. 143 

Rats were subjected to permanent bilateral common carotid artery occlusion (BCCAO) surgery to 144 

induce CCH as described previously [2, 7, 12]. Briefly, both common carotid arteries were ligated 145 

with two 4-0 sutures. Sham rats underwent bilateral common carotid artery exposure but not artery 146 

occlusion. 147 

 148 

Cell cultures 149 

The mouse microglia cell line BV2 and mouse hippocampal neuronal cell line HT-22 were 150 

purchased from the China Center for Type Culture Collection. BV2 and HT-22 cells were cultured 151 

in high-glucose Dulbecco's modified Eagle medium (DMEM, Hyclone, USA),  supplemented with 152 

10% fetal bovine serum (Gibco, USA) and 1% penicillin-streptomycin solution (Gibco, USA). Cells 153 

were incubated in 5% CO2 humidified atmosphere at 37°C. BV2 and HT-22 cells were seeded into 154 



6-well plates at a density of 2 × 105 cells/mL. Primary neuronal cultures were harvested from the 155 

cerebral cortices of E16–E18 mouse embryos. Poly-D-lysine-coated culture plates or glass cover 156 

slips were prepared, then dissociated cells were obtained and seeded. The neurobasal medium 157 

(Gibco, USA) contained 2% B27 (Invitrogen, USA) and 1% penicillin and streptomycin. Primary 158 

cortical neurons were seeded in 6-well plates at a density of 4 × 105 cells/mL.  159 

 160 

Drug administration 161 

The synthetic peptide amino acid sequence of the recombinant APN-P is NH2-162 

LQVYGDGDHNGLYADNVN-COOH [23] (Fig. 2a). For in vivo experiments, APN-P was 163 

dissolved in a 0.9% saline solution and administered to rats in the treatment group through every 164 

other day tail vein injections of 1 mg/kg APN-P immediately after BCCAO induction.  165 

For in vitro experiments, we used 200 ng/mL lipopolysaccharide (LPS) (Sigma, USA) for 24 h to 166 

identify inflammatory responses in BV2 cells. APN-P was added to the medium 2 h before the 167 

addition of LPS. APN-P solutions at concentrations of 25 μM, 50 μM, and 100 μM were prepared, 168 

and 50 μM was selected for further experiments. 169 

 170 

Experimental Design 171 

Experiment 1. Differential expression analysis of cortical proteins in CCH rats using antibody 172 

microarrays. Fresh frozen cortex tissue was analyzed using antibody-based protein microarrays 173 

(sham group: n = 6; CCH 12w group: n = 6). A commercially available microarray (Biotin label-174 

based rat antibody array, AAR-BLG-1, RayBiotech®, United States) was used, which included 90 175 

antibodies made up of 16 classifications that included cytokines, neurokines, and chemokines, as 176 



well as another 12 control antibodies. A detailed manufacturer’s protocol was described in previous 177 

reports [7, 24]. 178 

 179 

Experiment 2: Neuroprotective effects of APN-P on microglial polarization induced by CCH 180 

and exploration of the underlying mechanisms in vivo. In total, 138 rats (27 rats in the sham 181 

group; 111 out of an initial 121 rats survived CCH surgery) were randomly and evenly divided into 182 

the sham, CCH [CCH 4 weeks (w) (4w after BCCAO surgery), CCH 8w, CCH 12w], and 183 

CCH+APN-P (CCH 4w+APN-P, CCH 8w+APN-P, CCH 12w+APN-P) treatment groups (1 184 

mg/kg/Qod). After the CCH or intervention with APN-P, rats were tested for behavioral function 185 

using a water maze test, and were then sacrificed to evaluate immunofluorescence staining, neuronal 186 

morphology, western blotting and quantitative real-time PCR (qRT-PCR) analyses. Animal groups 187 

and the number of rats used in the study are shown in Additional file 1. Rats were euthanized by 188 

sodium pentobarbital overdose [100 mg/kg, intraperitoneal (i.p.) injection] at the corresponding 189 

experimental end points. 190 

 191 

Experiment 3: Exploration of the mechanism of the protective role of APN-P in vitro. BV2 cells 192 

were cultured in a different type of dishes to approximately 80% confluence before intervention. 193 

The groups and interventions included: (1) control group: with conventional medium; (2) APN-P 194 

group: addition of 50 μM APN-P for 26 h in total; (3) LPS group: addition of 200 ng/mL LPS for 195 

24 h in total; (4) LPS+BAY 11-7082 (BAY) group: we treated the cells with a known potent inhibitor 196 

of NF-κB, BAY (10 μM) for 30 min prior to stimulating the BV2 cells with LPS, then plus 200 197 

ng/mL LPS for another 24 h; and (5) LPS+APN-P group: addition of 50 μM APN-P for 2 h prior to 198 



stimulating the BV2 cells with LPS, then plus 200 ng/mL LPS for another 24 h.  199 

 200 

Morris water maze test 201 

Learning and spatial memory in the rats from different groups were evaluated with the Morris water 202 

maze test 4, 8, and 12 weeks after BCCAO using a previously described method [7]. The mean 203 

escape latency (EL) of four training sessions was recorded as a daily learning score from the 1st to 204 

5th day. The swimming path and number of times that the rats crossed the platform in 60 s on the 6th 205 

day were recorded as the score for spatial memory by the animal behavioral recording system. 206 

 207 

Microglia-neuron co-cultures  208 

HT-22 cells were plated into 24-well plates (2 × 104 cells/mL). BV2 cells were divided into the five 209 

groups as above in 0.4-μm pore-sized Transwell inserts (Costar, USA) (1 × 104 cells/mL)). 210 

Thereafter, Transwell inserts and the medium from each group of BV2 cells was respectively 211 

collected and transferred to HT-22 cells for another 48 h. The HT22 cell viability was measured by 212 

the intensity of 5-chloromethylfluorescein diacetate (CMFDA) fluorescence to determine the effects 213 

of the secreted cytokines from each groups of BV2 cells. 214 

For the indirect microglia-neuron co-cultures, primary cortical neurons were plated into 24-well 215 

plates (8 × 104 cells/mL) and incubated for 3 d. BV2 microglia were then added to 0.4-μm pore-216 

sized Transwell inserts (Costar, USA) (1 × 104 cells/mL). After treatment, Transwell inserts and the 217 

medium from each group of BV2 cells was respectively collected and transferred, and the neurons 218 

and BV2 microglia were co-cultured for another 3 d. The viability of primary cortical neurons were 219 

measured via CCK-8 test. 220 



 221 

Nissl staining  222 

Nissl staining was used to observe morphological changes in neurons within the cortex of CCH rats. 223 

Rats were transcardially perfused (chest ribs were dissected to expose heart tissue for perfusion) 224 

with physiological saline solution followed by 4% paraformaldehyde [25] and following the 225 

manufacturer’s instruction of the Nissl staining kit (E607316, Sangon Biotech, China). Neurons in 226 

three different fields were counted. Intact neurons were shown as a rich cytoplasm, one or two large 227 

round nuclei with large cell bodies, but damaged neurons were shown as dark cytoplasm, condensed 228 

nuclei, empty vesicles or shrunken cell bodies.  229 

 230 

Immunofluorescence staining 231 

In vivo experiments. The selected brain slices were incubated with phosphate-buffered saline (PBS) 232 

solution with 0.1% Triton X-100 for 30 min, then blocked with PBS containing 5% goat serum 233 

(Gibco, USA) for another 30 min. The samples were incubated overnight at 4°C with the following 234 

primary antibodies: anti-Iba-1 (1:200; Abcam), anti-APN (1:200; Abcam), anti-CD16 (1:200; 235 

Abcam), anti-CD206 (1:200; Abcam), anti-NeuN (1:200; Abcam). The sections were rinsed in PBS 236 

and incubated with the corresponding secondary antibodies (Abcam) for 1 h at 25°C. Lastly, sections 237 

were incubated in 4,6-diamidino-2-phenylindole (DAPI) solution (Invitrogen, USA) for 15 min at 238 

25°C. All section images were blindly captured using a fluorescence microscope (Nikon, Japan) and 239 

analyzed with the Image J software. 240 

In vitro experiments. BV2 cells were fixed with 4% formaldehyde solution, incubated with 0.1% 241 

Triton X-100 in PBS for 30 min, then blocked with 5% goat serum (Gibco, USA) in PBS for another 242 



30 min. The samples were incubated overnight at 4°C with the following primary antibodies: anti-243 

Iba-1 (1:200, Abcam), anti-CD16 (1:200, Abcam), anti-CD206 (1:200, Abcam). The appropriate 244 

secondary antibodies (Abcam) were used, and the nuclei were stained with DAPI (Invitrogen, USA). 245 

Sample images were captured with a fluorescence microscope (Nikon, Japan) and analyzed with the 246 

Image J software. 247 

 248 

Western blotting  249 

The selected samples were collected and homogenized in ice-cold RIPA buffer with 1% protease 250 

and phosphatase inhibitors, with an ultrasonic homogenizer. The lysates were centrifuged, then the 251 

supernatants were transferred to new frozen storage tubes (stored at -80C). Protein concentrations 252 

were measured with a BCA Protein Assay kit (Thermo Fisher Scientific, USA). Protein samples 253 

were separated with SDS-PAGE, with 20 μg protein loaded into each well of the electrophoresis 254 

gels. The proteins were then transferred to PVDF membranes (Millipore, USA). Membranes were 255 

blocked with 5% non-fat milk in TBST and then incubated with primary antibodies overnight at 256 

4°C, then each membranes were incubated with the appropriate secondary antibodies (1:5000, 257 

Abcam) at room temperature for another 2 h. After washing three times for 5 min in TBST, the 258 

protein bands were detected using a Bio-Rad Imaging System (Bio-Rad, USA). The following 259 

primary antibodies were used: anti-APN (1:800, Abcam); anti-iNOS (1:1000, Abcam); anti-260 

Arginase-1 (Arg-1) (1:1000, Abcam); anti-NF-κB (P65, 1:800, Cell Signaling Technology); anti-261 

phospho-NF-κB (p-P65, 1:800, Cell Signaling Technology); anti-β-actin (1:3000, Abcam). 262 

 263 

qRT-PCR 264 



Cortex tissue of rats and BV2 cells were collected from each treatment groups. Total RNA was 265 

isolated using an RNA Extraction Kit (Thermo Fisher Scientific, USA) and quantified. Then, reverse 266 

transcription using a reverse transcriptase kit (TaKaRa, Japan). Real-time PCR was performed 267 

according to the manufacturer’s manual for SYBR green (TaKaRa, Japan). The reaction was 268 

performed at 95°C for 3 min followed by 40 cycles of 95°C for 10 s and 55°C for 30 s on the Bio-269 

Rad PCR Detection System (Bio-Rad, USA). The primers (Table 1) and sequences derived from 270 

the relative mRNA expression levels were calculated using the 2−ΔΔCT method and the data were 271 

presented normalized by β-actin. 272 

 273 

Table 1 Primers used for qRT-PCR 274 

Primers Species Forward (5’-3’) Reverse (5’-3’) 

iNOS Rat TTCACGACACCCTTCACCACA TCTCTGGGTCCTCTGGTCAAAC 

 Mice CAACAGGAACCTACCAGCTCACT AGCCTGAAGTCATGTTTGCCG 

IL-6 Rat AAGAGACTTCCAGCCAGTTGCC TGTGGGTGGTATCCTCTGTGAAG 

 Mice TTCTTGGGACTGATGCTGGTG GCCATTGCACAACTCTTTTCTC 

IL-18 Rat GGAATCAGACCACTTTGGCAGA GTCTGGTCTGGGATTCGTTGG 

 Mice TGAAGTAAGAGGACTGGCTGTGA TTGGCAAGCAAGAAAGTGTCC 

IL-1β Rat AATGGACAGAACATAAGCCAACA CTTCTTCTTTGGGTATTGTTTGG 

 Mice TGCCACCTTTTGACAGTGATG TGATGTGCTGCTGCGAGATT 

TNF-α Rat CCAGGTTCTCTTCAAGGGACAA GGTATGAAATGGCAAATCGGCT 

 Mice CCCTCACACTCACAAACCACC CTTTGAGATCCATGCCGTTG 

Arg-1 Rat CACCTGAGTTTTGATGTTGATGG CTCTGGCTTATGATTACCTTCCC 

 Mice GGTGGCAGAGGTCCAGAAGAA CCCATGCAGATTCCCAGAGC 

IL-10 Rat GCACTGCTATGTTGCCTGCTC CCCAAGTAACCCTTAAAGTCCTG 

 Mice TTTAAGGGTTACTTGGGTTGCC AATGCTCCTTGATTTCTGGGC 

TGF-β Rat CCAACTACTGCTTCAGCTCCACA GCTTGCGACCCACGTAGTAGA 

 Mice CAACAATTCCTGGCGTTACCT GCCCTGTATTCCGTCTCCTT 

β-actin Rat TGCTATGTTGCCCTAGACTTCG GTTGGCATAGAGGTCTTTACGG 

 Mice GTGACGTTGACATCCGTAAAGA GTAACAGTCCGCCTAGAAGCAC 

 275 

Cell viability assay 276 



Cell Counting Kit-8 (CCK-8) (Dojindo, Japan) was used to assess primary neuron viability. The 277 

protocol was performed according to the manufacturer’s manual. Briefly, in each 96-well plate, 10 278 

μL CCK-8 solution was added to 90 μL medium solution and incubated for 4 h at 37°C. The 279 

absorbance at 450 nm was measured with a microplate reader (Thermo Fisher Scientific, USA). 280 

 281 

CMFDA labeling 282 

HT-22 cells were labeled with CMFDA (1 μM; C2925; Invitrogen) before initiating the co-culture 283 

with BV2 cells in different treatment groups. The experimental steps were performed according to 284 

the manufacturer’s manual. Briefly, HT22 cells were cultured in a medium containing 1 μM 285 

CMFDA for 30 min then co-cultured with BV2 cells. 286 

 287 

Statistical analyses 288 

Data sets were analyzed using SPSS version 19.0 software (SPSS Inc., Chicago, IL). All values are 289 

expressed as the mean ± SD and are indicated in the figure legends. The statistical analysis was 290 

performed by comparing the means of two groups using an unpaired two-tailed Student’s t-test. For 291 

multiple comparisons, the data were analyzed by One-way ANOVA with Tukey’s multiple 292 

comparison test. Assessment of MWM results were analyzed by Two-way ANOVA with Bonferroni 293 

post hoc test. Statistical significance was considered at p <0.05.  294 

 295 

Results 296 

CCH induces microglial activation and decreases expression of APN in the rat cortex 297 

In order to investigate how CCH affects the activation of microglia in the cortex, we generated a rat 298 



model for CCH using BCCAO surgery. First, we evaluated the polarization of microglia in rats at 2, 299 

4, 8 and 12 weeks after BCCAO surgery. Immunofluorescence staining showed that the number 300 

cells in the cortex region that were positive for the microglial marker Iba-1 (Iba-1+ cells) 301 

significantly increased at 4 weeks and gradually increased at 8 and 12 weeks after BCCAO surgery 302 

[sham vs. CCH 2w (F = 0.43, P ＞ 0.05); sham vs. CCH 4w (F = 0.00, P ＜ 0.01); sham vs. CCH 303 

8w (F = 1.93, P ＜ 0.01); sham vs. CCH 12w (F = 4.50, P ＜ 0.01)]. Moreover, visualization of 304 

the microglial morphologies indicated that CCH promoted microglia activation and 305 

neuroinflammation (Fig. 1b–c). Spearman correlation analysis showed a negative correlation 306 

between the number of Iba-1+ and NeuN+ cells [CCH 2w (correlation coefficient = -0.977, P = 307 

0.023); CCH 4w (correlation coefficient = -0.961, P = 0.039); CCH 8w (correlation coefficient = -308 

0.962, P = 0.038); CCH 12w (correlation coefficient = -0.964, P = 0.036)] (Fig. 1d). Therefore, 309 

CCH induced microglial activation, which was accompanied by neuronal damage in the cortex. 310 

The protein arrays revealed that there were 10 differentially expressed proteins and APN expression 311 

significantly decreased in cortex of the CCH rats (CCH 12w) compared to the sham rats (Fold 312 

change: -4.23; P < 0.05) (Fig. 1e). 313 

Double immunofluorescence staining showed that the percentage of APN-positive microglial 314 

(APN+ Iba-1+)-cells in the cortex significantly decreased in the 12th week after CCH compared to 315 

the sham (27.11%±1.89 vs. 80.83%±5.59, F = 10.36, P ＜ 0.01) (Fig. 1f–g). 316 

 317 

CCH polarizes microglia toward the M1 phenotype, while APN-P promotes the M2 phenotype 318 

In this study, as revealed by Western blotting, we found that APN expression was downregulated in 319 

the cortex of CCH rats, especially CCH 12w, compared to the sham condition; however, after the 320 



administration of APN-P (Fig. 2b), APN expression was upregulated [(F = 236.27, CCH 4w vs. 321 

sham, P ＜ 0.01; CCH 4w vs. CCH 4w +APN-P, P ＜ 0.01), (F = 196.42, CCH 8w vs. sham, P 322 

＜ 0.01; CCH 8w vs. CCH 8w +APN-P, P ＜ 0.01), (F = 271.02, CCH 12w vs. sham, P ＜ 0.01; 323 

CCH 12w vs. CCH 12w +APN-P, P ＜ 0.01)] (Fig. 2b–c). In addition, CCH increased the relative 324 

intensity (relative level) of iNOS (M1 marker), while APN-P treatment decreased the protein 325 

expression of iNOS [(F = 398.00, CCH 4w vs. sham, P ＜ 0.01; CCH 4w vs. CCH 4w +APN-P, P 326 

＜ 0.01), (F = 415.82, CCH 8w vs. sham, P ＜ 0.01; CCH 8w vs. CCH 8w +APN-P, P ＜ 0.01), 327 

(F = 702.77, CCH 12w vs. sham, P ＜ 0.01; CCH 12w vs. CCH 12w +APN-P, P ＜ 0.01)]. While 328 

CCH decreased in the expression of Arg-1 (M2 marker), this expression was rescued by APN-P 329 

treatment in the CCH treatment group [(F = 22.30, CCH 4w vs. sham, P ＜ 0.01; CCH 4w vs. CCH 330 

4w +APN-P, P ＜ 0.01), (F = 223.22, CCH 8w vs. sham, P ＜ 0.01; CCH 8w vs. CCH 8w +APN-331 

P, P ＜ 0.01), (F = 204.98, CCH 12w vs. sham, P ＜ 0.01; CCH 12w vs. CCH 12w +APN-P, P 332 

＜ 0.01)] (Fig. 2b–c). 333 

Using double-immunofluorescence staining, the co-localization of the M1-associated marker CD16 334 

or the M2-associated marker CD206 with Iba-1 was quantified (Fig. 2d–e). To clarify the 335 

characteristic activated microglia phenotype, the numbers of CD16-positive (CD16+) and CD206-336 

positive (CD206+) microglia cells were analyzed, respectively. Compared to the sham group, the 337 

number of positive Iba-1+ cells and both microglia phenotypes gradually increased in the cortex of 338 

CCH rats from the 4th to 12th week, especially the number of CD16+ microglia (Fig. 2d–h). 339 

Compared to the CCH rats, APN-P treatment relieved microglia activation (neuroinflammation) 340 

according to the number of positive Iba-1+ cells [(F = 96.10, CCH 4w vs. sham, P ＜ 0.01; CCH 341 

4w vs. CCH 4w +APN-P, P ＜ 0.01), (F = 234.43, CCH 8w vs. sham, P ＜ 0.01; CCH 8w vs. 342 



CCH 8w +APN-P, P ＜ 0.01), (F = 300.24, CCH 12w vs. sham, P ＜ 0.01; CCH 12w vs. CCH 343 

12w +APN-P, P ＜ 0.01)] and the microglial morphologies (Fig. 2d–f). Furthermore, we observed 344 

that APN-P treatment decreased the number of CD16+ microglia cells [(F = 118.48, CCH 4w vs. 345 

sham, P ＜ 0.01; CCH 4w vs. CCH 4w +APN-P, P ＜ 0.01), (F = 521.70, CCH 8w vs. sham, P 346 

＜ 0.01; CCH 8w vs. CCH 8w +APN-P, P ＜ 0.01), (F = 151.54, CCH 12w vs. sham, P ＜ 0.01; 347 

CCH 12w vs. CCH 12w +APN-P, P ＜ 0.01)] and increased the number of CD206+ microglia cells 348 

[(F = 84.45, CCH 4w vs. sham, P ＜ 0.01; CCH 4w vs. CCH 4w +APN-P, P ＜ 0.01), (F = 330.95, 349 

CCH 8w vs. sham, P ＜ 0.01; CCH 8w vs. CCH 8w +APN-P, P ＜ 0.01), (F = 377.84, CCH 12w 350 

vs. sham, P ＜ 0.01; CCH 12w vs. CCH 12w +APN-P, P ＜ 0.01)] (Fig. 2d, e, g, h). Subsequently, 351 

the ratio of CD16/CD206 and CD206/CD16 were statistically analyzed to better understand the 352 

dynamic changes in microglial polarization. A ratio of CD16/CD206 higher than 1 indicates 353 

microglial polarization toward the M1 phenotype, while a ratio of CD206/CD16 higher than 1 354 

indicates microglial polarization toward the M2 phenotype [12]. The data showed that the 355 

CD16/CD206 ratio increased 4 weeks after CCH and reached its highest value at 12 weeks 356 

compared to the sham condition [CCH 4w vs. sham, 2.94±0.91 vs. 1.08±0.14, P = 0.013; CCH 8w 357 

vs. sham, 3.93±0.53 vs. 1.08±0.14, P ＜ 0.01; CCH 12w vs. sham, 4.89±0.72 vs. 1.08±0.14, P ＜ 358 

0.01] (Fig. 2i). However, CCH rats that received APN-P treatment had an increased CD206/CD16 359 

ratio compared to CCH rats that did not receive APN-P [CCH 4w +APN-P vs. CCH 4w, 2.00±0.50 360 

vs. 0.33±0.07, P ＜ 0.01; CCH 8w +APN-P vs. CCH 8w, 3.67±0.29 vs. 0.26±0.03, P ＜ 0.01; 361 

CCH 12w +APN-P vs. CCH 12w, 3.17±0.29 vs. 0.21±0.03, P ＜ 0.01] (Fig. 2j).  362 

To further verify that microglial polarization was associated with the M1 or M2 phenotype after 363 

CCH or APN-P treatment, qRT-PCR analysis was performed using different microglial markers to 364 



assess the status of the M1 and M2 phenotypes. We found that APN-P treatment significantly 365 

reversed the CCH-induced upregulation of inflammatory cytokines (iNOS, IL -6, IL-18, IL-1β, and 366 

TNF-α) [(iNOS, P ＜ 0.01), (IL -6, P ＜ 0.01), (IL-18, P ＜ 0.01), (IL-1β, P ＜ 0.01), (TNF-α, 367 

P ＜ 0.01)] (Fig. 3a–e) and the downregulation of anti-inflammatory cytokines (Arg-1, IL-10, and 368 

TGF-β) [(Arg-1, P ＜ 0.01), (IL-10, P ＜ 0.01), (TGF-β, P ＜ 0.01)] in cortex (Fig. 3f–h). 369 

These results suggested that CCH induced microglial polarization toward the M1 phenotype, while 370 

APN-P treatment induced microglial polarization toward the M2 phenotype. 371 

LPS is a strong stimulator of microglial activation, BV2 cells activated by LPS can act as an in vitro 372 

neuroinflammation model (LPS-BV2 cells) [26]. Using this model, the co-localization of the M1-373 

associated marker CD16 or the M2-associated marker CD206 with Iba-1 was assessed using double-374 

immunofluorescence staining (Fig. 4a–b). Compared to the control group, the numbers of both 375 

microglial phenotypes gradually increased in the LPS stimulation group, especially those for CD16+ 376 

microglia [F =196.00, Control vs. APN-P, P ＞  0.05; Control vs. LPS, P ＜  0.01; LPS vs. 377 

LPS+APN-P, P ＜ 0.01]. Conversely, APN-P treatment decreased the number of CD16+ microglia 378 

but increased the number of CD206+ microglia when compared to the control group [F =232.87, 379 

Control vs. APN-P, P ＜ 0.01; Control vs. LPS, P = 0.087; LPS vs. LPS+APN-P, P ＜ 0.01] (Fig. 380 

4c-d). In addition, the ratio of CD16/CD206 was higher than 1 in the LPS-stimulated BV2 cells [F 381 

=121.17, Control vs. APN-P, 0.54±0.04 vs. 0.32±0.03, P ＞ 0.05; Control vs. LPS, 0.54±0.04 vs. 382 

2.97±0.38, P ＜ 0.01; LPS vs. LPS+APN-P, 2.97±0.38 vs. 0.70±0.04, P ＜ 0.01] (Fig. 4e), while 383 

the CD206/CD16 ratio was higher than 1 in the APN-P-treated LPS-BV2 cells [F =107.99, Control 384 

vs. APN-P, 1.86±0.16 vs. 3.11±0.03, P ＜ 0.01; Control vs. LPS, 1.86±0.16 vs. 0.34±0.04, P ＜ 385 

0.01; LPS vs. LPS+APN-P, 0.34±0.04 vs. 1.43±0.07, P ＜ 0.01] (Fig. 4f). These results also 386 



indicated that APN-P treatment induced microglial polarization toward the M2 phenotype under 387 

environment of neuroinflammation in vitro. 388 

 389 

APN-P promotes microglial polarization toward the M2 phenotype through inhibition of the 390 

NF-κB pathway 391 

We detected p-NF-κB expression levels to further investigate whether the effect of APN-P on 392 

microglial polarization was mediated by NF-κB pathway. The ratio of p-NF-κB/NF-κB significantly 393 

increased in the cortex of the CCH rats, while APN-P treatment significantly reduced this ratio [(F 394 

=68.66, CCH 4w vs. sham, P ＜ 0.01; CCH 4w vs. CCH 4w +APN-P, P ＜ 0.01), (F = 307.90, 395 

CCH 8w vs. sham, P ＜ 0.01; CCH 8w vs. CCH 8w +APN-P, P ＜ 0.01), (F = 98.89, CCH 12w 396 

vs. sham, P ＜ 0.01; CCH 12w vs. CCH 12w +APN-P, P ＜ 0.01)] (Fig. 5a–b). These results 397 

showed that APN-P had an inhibitory effect on the NF-κB pathway in vivo. However, we found that 398 

APN-P treatment could inhibit the expression of p-NF-κB in LPS-activated BV2 cells (F = 12.99, 399 

Control vs. LPS, P = 0.015; LPS vs. LPS+APN-P, P = 0.049), which was due to the effect of the p-400 

NF-κB inhibitor, BAY in in the BV2 cells (LPS vs. LPS+BAY, P ＜ 0.01) (Fig. 5c–d). In addition, 401 

when p-NF-κB was suppressed, the relative level of the M1 marker iNOS decreased (F = 244.43, 402 

Control vs. LPS, P ＜ 0.01; LPS vs. LPS+BAY, P ＜ 0.01; LPS vs. LPS+APN-P, P ＜ 0.01); 403 

however, the M2 marker Arg-1 increased (F = 46.39, Control vs. LPS, P ＜  0.01; LPS vs. 404 

LPS+BAY, P ＜ 0.01; LPS vs. LPS+APN-P, P = 0.037) with APN-P treatment in LPS-BV2 cells 405 

compared to the LPS treatment alone (Fig. 5c–d). Moreover, when p-NF-κB was suppressed, the 406 

expression of pro-inflammatory factors (iNOS, IL-6, IL-18, IL-1β, and TNF-α) were decreased 407 

[(iNOS, P ＜ 0.01), (IL -6, P ＜ 0.01), (IL-18, P ＜ 0.01), (IL-1β, P ＜ 0.01), (TNF-α, P ＜ 408 



0.01)] (Fig. 5e–i), while that of anti-inflammatory factors (Arg-1, IL-10, and TGF-β) were increased 409 

in both BAY- and APN-P-treated LPS-BV2 cells [(Arg-1, P ＜ 0.01), (IL-10, P ＜ 0.01), (TGF-β, 410 

P ＜ 0.01)] (Fig. 5j–m). These results indicated that APN-P promoted microglial polarization 411 

toward the M2 phenotype through the inhibition of the NF-κB pathway. 412 

 413 

The effects of APN-P on neuron protection in CCH rats and LPS-BV2 cells 414 

When we used Nissl staining to evaluate neuron protection effect of APN-P, we found that compared 415 

to the CCH group, APN-P treatment significantly alleviated neuron damage in the cortex [CCH 416 

4w+APN-P vs. CCH 4w, F = 272.74, P ＜ 0.01; CCH 8w+APN-P vs. CCH 8w, F = 268.94, P ＜ 417 

0.01; CCH 12w+APN-P vs. CCH 12w, F = 1080.41, P ＜ 0.01] (Fig. 6a, b) and the CA1 region of 418 

the hippocampus [CCH 4w+APN-P vs. CCH 4w, F = 350.98, P ＜ 0.01; CCH 8w+APN-P vs. CCH 419 

8w, F = 126.90, P ＜ 0.01; CCH 12w+APN-P vs. CCH 12w, F = 282.12, P ＜ 0.01] (Fig. 6a, c). 420 

These results indicated that APN-P treatment had neuroprotective effects against CCH. To further 421 

determine whether the neuron protection effects of APN-P on microglia altered neuron viability in 422 

a neuroinflammation environment (i.e., LPS treatment), we constructed a microglia-neuron co-423 

culture system to mimic the coexistence of microglia cells and cortex/hippocampal neurons in vitro 424 

(Fig. 6d). As shown in Fig. 6e, the viabilities of primary cortical neurons decreased in the LPS-425 

treated group, in which neurons were cultured by medium from LPS-treated BV2 cells. Indeed, in 426 

groups treated with medium from LPS-treated BV2 cells supplemented with BAY and APN-P, 427 

neuron viability was significantly increased, although they did not return to normal levels [F = 428 

162.28, Control vs. LPS, 100.08%±1.60 vs. 72.46%±0.98, P ＜  0.01; LPS+BAY vs. LPS, 429 

85.74%±1.88 vs. 72.46%±0.98, P ＜ 0.01; LPS+APN-P vs. LPS, 86.07%±2.94 vs. 72.46%±0.98, 430 



P ＜ 0.01]. We further found that medium from LPS-treated BV2 cells supplemented with BAY 431 

and APN-P increased the number of CMFDA-positive hippocampal HT-22 cells, indicating 432 

improved cell viability in comparison to the LPS-treated BV2 cells [F = 176.87, Control vs. LPS, 433 

154.43±2.03 vs. 76.58±6.10, P ＜ 0.01; LPS+BAY vs. LPS, 149.54±4.31 vs. 76.58±6.10, P ＜ 434 

0.01; LPS+APN-P vs. LPS, 146.86±5.74 vs. 76.58±6.10, P ＜ 0.01] (Fig. 6f–g).  435 

These results confirmed that in addition to reducing neuron death, APN-P supplementation could 436 

effectively decrease damage of primary cortical neurons and hippocampal HT-22 cell viability 437 

induced by LPS-BV2 cell neuroinflammation. 438 

 439 

APN-P improves learning and memory function in CCH rats 440 

Using the Morris water maze test, we showed that APN-P treatment improved learning, which was 441 

indicated by a decreased EL [(Day 1, F = 4.89, P ＞ 0.01), (Day 2, F = 12.99, P ＜ 0.01), (Day 3, 442 

F = 75.66, P ＜ 0.01), (Day 4, F = 84.68, P ＜ 0.01), (Day 5, F = 73.09, P ＜ 0.01)] (Fig. 7a) 443 

and memory function, which was indicated by an increased frequency of platform crossing (F = 444 

56.78, sham vs. CCH, P ＜ 0.01, CCH + APN-P vs. CCH, P ＜ 0.01) and residence time in the 445 

target quadrant (F = 84.99, sham vs. CCH, P ＜ 0.01, CCH + APN-P vs. CCH, P ＜ 0.01) 446 

compared to the CCH group (Fig. b–c). Representative images of frequency of platform crossing in 447 

different groups are displayed in Fig. 7d. These results indicated that APN-P treatment could 448 

improve cognitive function in CCH rats. 449 

 450 

Discussion 451 

CCH is a widespread condition observed in central nervous system diseases and commonly 452 



accompanied by cognitive impairment. Therefore, developing targeted therapeutic strategies to 453 

improve cognitive function are of great significance to the outcome of individuals with CCH. The 454 

major findings of the present research can be summarized as follows: (a) CCH presents confounding 455 

pathological features including cognitive impairment, neuronal damage, microglial activation that 456 

mediates neuroinflammation, M1-type polarization, and exacerbated activation of NF-κB signaling. 457 

(b) APN-P treatment might be a novel therapeutic strategy for CCH, evidenced by the increased 458 

neuronal survival and improved neurological function observed in CCH mice treated with APN-P 459 

when compared to the CCH control group. (c) APN-P treatment alleviated neuroinflammation and 460 

promoted microglia M2-type polarization after CCH and LPS stimulation. (d) Mechanistically, the 461 

positive APN-P effect on CCH-associated neuronal dysfunction and damage was NF-κB signaling-462 

dependent. 463 

In addition to its known function in the maintenance of metabolic homoeostasis, APN 464 

possesses anti-inflammatory, antioxidant, and antiatherogenic properties [16]. The concentration of 465 

plasma APN declines is inversely correlated with poor outcomes of acute neural injury [16]. A 466 

previous report showed that APN protected against glutamate-induced excitotoxicity in nervous 467 

system-related diseases [27]. In an animal model for cerebral ischemia-reperfusion injury, APN 468 

attenuated oxidative stress and neuronal damage [17]. Additionally, APN ameliorated brain injury 469 

by suppressing astrocyte-derived inflammation following intracerebral hemorrhage [23]. Thus, 470 

there is considerable evidence that supports the direct and indirect influence of APN on β-amyloid 471 

and tau aggregate formation; thus, elevation of APN levels might constitute a neuroprotective 472 

strategy in AD [28]. APN is a classic anti-inflammatory agent in multiple systems including the 473 

cardio-cerebrovascular system via reducing inflammation and switching the macrophage phenotype 474 



to an anti-inflammatory state [15]. These studies suggest that reduced APN function plays a 475 

causative role in neurological impairment after CCH, which inspired us to hypothesize that 476 

exogenous supplementation of APN could be a promising therapeutic strategy, although the role of 477 

APN in CCH is unclear.  478 

Intracerebroventricular injection has been the primary method adopted for drug delivery [2]; 479 

however, this method can lead to cerebral injury and may not be suitable for clinical practice. 480 

Because the full-length APN has restricted blood-brain barrier permeability that reduces its potential 481 

for future clinical applications, a recombinant APN-P was synthetized [16, 23] and used in the 482 

present study. We found that APN-P significantly improved the cognitive function, attenuated 483 

microglial activation, and mediated neuroinflammation and neuronal survival in the rat 484 

cortex/hippocampus. These findings highlight the promising neuroprotective effects of APN-P 485 

treatment on CCH in human patients. 486 

Previous study has suggested that neuroinflammation plays a crucial role in the cognitive 487 

dysfunction induced by CCH [29]. Microglia are resident immune cells of the central nervous 488 

system that maintain brain homeostasis. A previous study reported that neuroinflammation is mainly 489 

manifested by microglial activation and the subsequent release of inflammatory factors, which lead 490 

to brain damage ultimately [30]. In this study, we also found that microglia activation accompanied 491 

CCH in the cortex. Neuron death is a key hallmark of CCH-related cognitive impairment [7], and it 492 

is well established that inflammatory responses induced by CCH, including the activation of glial 493 

cells and inflammatory cytokine production, could further result in neuron death and cognitive 494 

deficits [30]. In addition, we found that microglia activation was accompanied by neuronal damage 495 

in the cortex of CCH rats in this study. Therefore, inhibiting microglial activation to the pro-496 



inflammatory phenotype could alleviate neuronal injury [29].  497 

Activated microglia represent a variety of phenotypes after injury, including the broadly 498 

classified M1 and M2 phenotypes that are useful for understanding the function and effect of 499 

microglia in diversiform brain diseases [12]. The M2-to-M1 phenotypic changes during chronic 500 

inflammation may be regulated by a common pathologic mechanism that underlies multiple types 501 

of injuries in the central nervous system, including traumatic brain injury, white matter lesions, 502 

spinal cord injuries, and strokes [31]. These dynamic phenotypic changes observed in brain diseases 503 

suggest that manipulating microglial polarization might be a promising therapeutic strategy with 504 

neuroprotective effects. However, research on the underlying mechanism and related potential 505 

interventions of microglial polarization during CCH are currently limited. We used three methods 506 

to evaluate how CCH affects the microglial polarization process. First, we detected increased iNOS 507 

and decreased Arg-1 protein levels in the cortexes of CCH rats compared to sham controls. Second, 508 

immunofluorescence was used to evaluate Iba-1, CD16, and CD206 expression as biomarkers for 509 

microglial polarization. We found that the ratio of CD16/CD206 in Iba-1+ cells in the cortex of 510 

CCH rats gradually increased between 4 and 12 weeks after BCCAO surgery. Third, microglial 511 

polarization was further shown to significantly increase the mRNA levels of iNOS, IL-6, IL-18, IL-512 

1β, and TNF-α in CCH groups compared to those in the sham control. These results demonstrated 513 

that during CCH, the microglia switched towards an M1 phenotype, which is associated with 514 

neuroinflammation. Conversely, APN-P treatment in CCH rats promoted the microglia towards the 515 

detrimental M2 phenotype, with decreased iNOS and increased Arg-1 expression, an increased 516 

CD206/CD16 ratio in Iba-1+ cells, and secretion of anti-inflammatory factors.  517 

Research have focused on the role of the hippocampus in cognitive impairment, but spatial 518 



reference memory is thought to be related to the integrity of both the hippocampus and cortex [32]. 519 

The onset of CCH is in the associative cortical areas; then, it spreads throughout the brain via the 520 

neuronal network, affecting cognitive function [33]. Our previous studies also showed that CCH 521 

resulted in hypoperfusion of cortical cerebral blood flow in rats, as well as white matter fiber injury 522 

and neuron death in the cortex [7, 9]. Considering cerebral white matter is comprised of nerve fibers 523 

that interconnect neurons in the cortex or the deep structures [34], pathological changes in the 524 

cerebral cortex caused by CCH could also be associated with cognitive impairment. Therefore, we 525 

focused on the CCH effects on cortex in this study. We found APN-P not only regulated microglial 526 

polarization changes in the cortex of CCH rats but also showed a protective effect on cortical and 527 

hippocampal neurons in vivo. In vitro results also indicated a neuroprotective effect in the two 528 

neuronal cell lines when co-cultured with activated BV2 microglia cells. Together, these results 529 

indicated that APN-P treatment could reduce cortex injury through the mediation of pro- and anti-530 

inflammatory responses that contribute to CCH tissue damage, further suggesting a therapeutic 531 

potential for ANP-P treatment strategies for cortex injuries. 532 

CCH causes a cascade of pathological processes during which diverse signaling pathways are 533 

activated [30]. Our in vivo study found that CCH could activate the NF-κB signaling pathways, 534 

which are closely related to neuroinflammation [35] and can induce the production of pro-535 

inflammatory molecules that promote apoptosis in neural cells and cause secondary neurotoxicity 536 

[36]. A previous study indicated that APN inhibits ROS-induced cardiac remodeling in rat 537 

ventricular myocytes by inhibiting NF-κB activation and that APN mediates the suppression of NF-538 

κB activation and pro-inflammatory cytokine expression, leading to a suppression of M1 539 

macrophage proliferation and function [15]. Consistent with these previous findings, we observed 540 



that APN-P could efficiently inhibit NF-κB activation in the cortex of CCH rats, and our in vitro 541 

results from LPS-activated BV2 microglial cells showed that an NF-κB inhibitor and and APN-P 542 

treatment could mediate the suppression of M1 polarization and pro-inflammatory factor expression. 543 

Consistent with the effect of the NF-κB inhibitor, APN-P mediated the promotion of M2 polarization 544 

and anti-inflammatory factor expression in LPS-induced BV2 cells. 545 

This study has several limitations. First, APN-P-mediated protection after CCH was studied 546 

using a single dose concentration; future studies should assess concentration-dependent effects of 547 

APN-P. Second, we focused on changes in microglial cells after CCH and APN-P treatment, but the 548 

potential effects on microglia-neuron crosstalk deserve further exploration. Third, exploration of the 549 

effects of APN-P on CCH in aging, diabetes, or obesity is warranted in follow-up studies due to the 550 

vital role of APN in metabolic regulation. Finally, none of the experimental CCH models currently 551 

in use can completely mimic the clinical CCH process, and before clinical application, the 552 

translational challenges of this novel treatment must be fully considered. 553 

 554 

Conclusions 555 

Collectively, APN downregulation is involved in CCH-induced polarization of cortex microglia 556 

toward the pro-inflammatory M1 phenotype. APN-P showed neuroprotective effects against neuron 557 

damage after CCH, which alleviated microglia-derived inflammation and regulated the 558 

transformation of microglial cells to the anti-inflammatory M2 phenotype. These effects were 559 

mediated by the suppression of NF-κB signaling. This study provides a novel and potentially 560 

therapeutic strategy for future clinical application of APN-P in the treatment of CCH-induced 561 

cognitive impairment in human patients. 562 
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 728 

 729 

 730 



Figure Legends 731 

Fig. 1 Microglial activation and decreased expression of APN in the cortex of CCH rats. 732 

a. A flowchart of the animal experiments. 733 

b. Representative images of Iba-1+ and NeuN+ cells in the cortexes of sham and CCH rats at the 734 

2nd, 4th, 8th, and 12th week after BCCAO surgery. Magnification ×20, scale bar = 100 μm. 735 

c. Quantification of the Iba-1+ cells in the cortex region of rats in different groups. 736 

d. There was a negative correlation between the Iba-1+ and NeuN+ cell numbers.  737 

Values are mean ± SD, n = 3 slices from 4 animals per group, *P < 0.05, **P < 0.01 vs sham group, 738 

Student’s t test and Pearson correlation analysis. ROI, 200μm2. 739 

e. A heat map representation of the protein level analysis of antibody arrays that show that APN was 740 

the most statistically significant among 10 proteins in the cortex of CCH 12w rats compared to the 741 

sham (fold change = -4.23, P < 0.05; n = 6 animals per group). 742 

f. Representative images of APN expression in Iba-1+ cells in the cortex region of sham and CCH 743 

rats at the 12th week after BCCAO surgery. Magnification ×60, scale bar = 30 μm. 744 

g. Quantification of the ratio of APN in Iba-1+ cells in cortex region. 745 

Values are mean ± SD, n = 3 slices from 3 animals per group, **P < 0.01 vs sham group, Student’s 746 

t test. ROI, 100μm2. 747 

 748 

Fig. 2 CCH polarizes microglia toward M1 phenotypes, while APN-P promotes M2 phenotypes 749 

in the rat cortex  750 

a. The amino acid sequence of APN-P [23]. 751 

b, c. Western blotting analysis of the relative protein levels of APN, iNOS, and Arg-1 expressed in 752 



vivo. 753 

d. Representative images of CD16 expression in Iba-1+ cells in the cortex of sham, CCH, and CCH 754 

rats with APN-P treatment groups. Magnification ×60, scale bar = 30 μm. 755 

e. Representative images of CD206 expression in Iba-1+ cells in cortex of sham, CCH and, CCH 756 

with APN-P treatment groups. Magnification ×60, scale bar = 30 μm. 757 

f. Quantification of the Iba-1+ cell number in the cortex of different treatment groups. 758 

g. Quantification of CD16 in Iba-1+ cells (%) in the cortex of different treatment groups. 759 

h. Quantification of CD206 in Iba-1+ cells (%) in the cortex of different groups. 760 

i. Quantification of the CD16/CD206 ratio in the cortex of different treatment groups. 761 

j. Quantification of the CD206/CD16 ratio in the cortex of different treatment groups. 762 

Values are mean ± SD, n = 3 slices from 3 animals per group, **P < 0.01 CCH vs sham groups, ##P 763 

< 0.01 CCH+APN-P vs CCH groups, One way ANOVA test, Tukey tests. ROI, 100μm2. 764 

 765 

Fig. 3 CCH induces inflammatory responses, while APN-P treatment induces anti-766 

inflammatory responses in the rat cortex  767 

The mRNA expression of (a) iNOS, (b) IL-6, (c) IL-18, (d) IL-1β, (e) TNF-α, (f) Arg-1, (g) IL-10, 768 

and (h) TGF-β in the cortex of rats in different groups. Values are mean ± SD, n = 6 animals per 769 

group, **P < 0.01 CCH vs sham groups, ##P < 0.01 CCH+APN-P vs CCH groups, One way 770 

ANOVA test, Tukey tests. 771 

 772 

Fig. 4 APN-P promotes the microglia M2 phenotype in LPS-induced BV2 cells 773 

Representative immunofluorescent images of (a) CD16 and (b) CD206 expression in Iba-1+ cells 774 



in BV2 cells from control, LPS, and LPS+APN-P treatment groups. Magnification ×60, scale bar = 775 

30 μm. 776 

Quantification of (c) CD16 in Iba-1+ cells (%), (d) CD206 in Iba-1+ cells (%), (e) CD16/CD206 777 

ratio, and (f) CD206/CD16 ratio in BV2 cells of different groups. 778 

Values are mean ± SD, n = 3 slices from 3 animals per group, **P < 0.01 LPS vs control group, ##P 779 

< 0.01 vs LPS group, One way ANOVA test, Tukey tests. ROI, 100μm2. 780 

 781 

Fig. 5 APN-P promotes the microglial M2 phenotype and anti-inflammatory responses via NF-782 

κB pathway inhibition 783 

a. Western blotting analysis of in vivo NF-κB and p-NF-κB protein expression. 784 

b. Quantification of the in vivo p-NF-κB/NF-κB ratio. 785 

Values are mean ± SD, n = 3 samples per group, **P＜0.01 CCH vs sham group, ##P＜0.01 786 

CCH+APN-P vs CCH group, One way ANOVA test, Tukey tests. 787 

c. Western blotting analysis of the protein expression of NF-κB, p-NF-κB, iNOS and Arg-1 in vivo. 788 

d. Quantification of the in vitro p-NF-κB/NF-κB ratio relative to iNOS and Arg-1 expression levels 789 

in control, LPS treatment, LPS + BAY and LPS + APN-P treated groups. 790 

Values are mean ± SD, n = 3 samples per group, *P < 0.05, **P＜0.01 LPS vs control group, #P < 791 

0.05, ##P＜0.01 vs LPS group, One way ANOVA test, Tukey tests. 792 

The mRNA expression of (e) iNOS, (f) IL-6, (g) IL-18, (h) IL-1β, (i) TNF-α, (j) Arg-1, (k) IL-10, 793 

and (m) TGF-β in BV2 cells in different groups. 794 

Values are mean ± SD, n = 6 samples per group, **P＜0.01 LPS vs control group, ##P＜0.01 vs 795 

LPS group, One way ANOVA test, Tukey tests. 796 



 797 

Fig. 6 Effects of APN-P on neuron protection 798 

a. Sections of the cortex and the hippocampal CA1 region were obtained and treated with Nissl 799 

staining. Magnification ×40, scale bar = 50 μm.  800 

b. Quantitative analysis of neuronal damage of the cortex region. 801 

c. Quantitative analysis of neuronal damage of the hippocampal CA1 region. 802 

Values are mean ± SD, n = 3 samples per group, **P＜0.01 CCH vs sham group, ##P＜0.01 803 

CCH+APN-P vs CCH group, One way ANOVA test, Tukey tests. ROI, 200μm2. 804 

d. Flowchart of in vitro experiments (a microglia-neuron co-culture system). 805 

e. Quantitative analysis of neuronal viability of BV2 cells from different groups after co-culturing 806 

using a CCK-8 test. 807 

Values are mean ± SD, n = 5 samples per group, **P＜0.01 LPS vs control group, ##P＜0.01 vs 808 

LPS group, One way ANOVA test, Tukey tests. 809 

f. Representative images of CMFDA-labeled neurons (green) after co-culturing with different BV2 810 

cells. Magnification ×40, scale bar = 100 μm. 811 

g. The quantification of the CMFDA fluorescence intensity in different groups. 812 

Values are mean ± SD, n = 3 samples per group, **P＜0.01 LPS vs control group, ##P＜0.01 vs 813 

LPS group, One way ANOVA test, Tukey tests. 814 

 815 

Fig. 7 CCH exacerbates cognitive deficits, while APN-P improved cognitive function in rats 816 

a. EL of rats trained in a Morris water maze (day 1 to day 5). 817 

Values are mean ± SD, n = 6 samples per group, **P < 0.01 CCH 4w vs sham group, ##P < 0.01 818 



CCH 4w + APN-P vs CCH 4w group; **’P < 0.01 CCH 8w vs sham group, ##’P < 0.01 CCH 8w + 819 

APN-P vs CCH 8w group; **’’P < 0.01 CCH 12w vs sham group, ##’’P < 0.01 CCH 12w + APN-820 

P vs CCH 12w group, Two-way ANOVA, Bonferroni post hoc test. 821 

b. Number of platform location crosses indicating that the CCH and CCH+APN-P treatment groups 822 

were significantly different from each other on day 6. 823 

c. Stay time of each treatment group on the platform during a single 60-s probe trial (day 6). 824 

Values are mean ± SD, n = 6 samples per group, **P < 0.01 CCH vs sham group, ##P < 0.01 CCH 825 

+ APN-P vs CCH group, Two-way ANOVA, Bonferroni post hoc test. 826 

d. Representative images of the number of platform location crosses of each treatment group in the 827 

Morris water maze. 828 

 829 

Fig. 8 Graphical abstract 830 

APN-P inhibited the NF-κB pathway and regulated microglial polarization from an M1 toward an 831 

M2 phenotype, which alleviated the inflammatory response and cortical neural injury, rescuing 832 

CCH-induced cognitive impairment. 833 
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Figure S1. Full gels of APN, iNOS, Arg-1, NF-κB, p-NF-κB and β-actin in vivo and in vitro. 840 



Figures

Figure 1

Microglial activation and decreased expression of APN in the cortex of CCH rats. a. A �owchart of the
animal experiments. b. Representative images of Iba-1+ and NeuN+ cells in the cortexes of sham and
CCH rats at the 2nd, 4th, 8th, and 12th week after BCCAO surgery. Magni�cation ×20, scale bar = 100 μm.
c. Quanti�cation of the Iba-1+ cells in the cortex region of rats in different groups. d. There was a negative
correlation between the Iba-1+ and NeuN+ cell numbers. Values are mean ± SD, n = 3 slices from 4
animals per group, *P < 0.05, **P < 0.01 vs sham group, Student’s t test and Pearson correlation analysis.
ROI, 200μm2. e. A heat map representation of the protein level analysis of antibody arrays that show that
APN was the most statistically signi�cant among 10 proteins in the cortex of CCH 12w rats compared to
the sham (fold change = -4.23, P < 0.05; n = 6 animals per group). f. Representative images of APN
expression in Iba-1+ cells in the cortex region of sham and CCH rats at the 12th week after BCCAO
surgery. Magni�cation ×60, scale bar = 30 μm. g. Quanti�cation of the ratio of APN in Iba-1+ cells in
cortex region. Values are mean ± SD, n = 3 slices from 3 animals per group, **P < 0.01 vs sham group,
Student’s t test. ROI, 100μm2.



Figure 2

CCH polarizes microglia toward M1 phenotypes, while APN-P promotes M2 phenotypes in the rat cortex a.
The amino acid sequence of APN-P [23]. b, c. Western blotting analysis of the relative protein levels of
APN, iNOS, and Arg-1 expressed in vivo. d. Representative images of CD16 expression in Iba-1+ cells in
the cortex of sham, CCH, and CCH rats with APN-P treatment groups. Magni�cation ×60, scale bar = 30
μm. e. Representative images of CD206 expression in Iba-1+ cells in cortex of sham, CCH and, CCH with
APN-P treatment groups. Magni�cation ×60, scale bar = 30 μm. f. Quanti�cation of the Iba-1+ cell number
in the cortex of different treatment groups. g. Quanti�cation of CD16 in Iba-1+ cells (%) in the cortex of
different treatment groups. h. Quanti�cation of CD206 in Iba-1+ cells (%) in the cortex of different groups.
i. Quanti�cation of the CD16/CD206 ratio in the cortex of different treatment groups. j. Quanti�cation of
the CD206/CD16 ratio in the cortex of different treatment groups. Values are mean ± SD, n = 3 slices from
3 animals per group, **P < 0.01 CCH vs sham groups, ##P < 0.01 CCH+APN-P vs CCH groups, One way
ANOVA test, Tukey tests. ROI, 100μm2.



Figure 3

CCH induces in�ammatory responses, while APN-P treatment induces anti-in�ammatory responses in the
rat cortex the mRNA expression of (a) iNOS, (b) IL-6, (c) IL-18, (d) IL-1β, (e) TNF-α, (f) Arg-1, (g) IL-10, and
(h) TGF-β in the cortex of rats in different groups. Values are mean ± SD, n = 6 animals per group, **P <
0.01 CCH vs sham groups, ##P < 0.01 CCH+APN-P vs CCH groups, One way ANOVA test, Tukey tests.



Figure 4

APN-P promotes the microglia M2 phenotype in LPS-induced BV2 cells Representative
immuno�uorescent images of (a) CD16 and (b) CD206 expression in Iba-1+ cells in BV2 cells from
control, LPS, and LPS+APN-P treatment groups. Magni�cation ×60, scale bar = 30 μm. Quanti�cation of
(c) CD16 in Iba-1+ cells (%), (d) CD206 in Iba-1+ cells (%), (e) CD16/CD206 ratio, and (f) CD206/CD16
ratio in BV2 cells of different groups. Values are mean ± SD, n = 3 slices from 3 animals per group, **P <
0.01 LPS vs control group, ##P < 0.01 vs LPS group, One way ANOVA test, Tukey tests. ROI, 100μm2.

Figure 5

APN-P promotes the microglial M2 phenotype and anti-in�ammatory responses via NF-κB pathway
inhibition a. Western blotting analysis of in vivo NF-κB and p-NF-κB protein expression. b. Quanti�cation
of the in vivo p-NF-κB/NF-κB ratio. Values are mean ± SD, n = 3 samples per group, **P0.01 CCH vs
sham group, ##P0.01 CCH+APN-P vs CCH group, One way ANOVA test, Tukey tests. c. Western blotting



analysis of the protein expression of NF-κB, p-NF-κB, iNOS and Arg-1 in vivo. d. Quanti�cation of the in
vitro p-NF-κB/NF-κB ratio relative to iNOS and Arg-1 expression levels in control, LPS treatment, LPS +
BAY and LPS + APN-P treated groups. Values are mean ± SD, n = 3 samples per group, *P < 0.05, **P
0.01 LPS vs control group, #P < 0.05, ##P0.01 vs LPS group, One way ANOVA test, Tukey tests. The
mRNA expression of (e) iNOS, (f) IL-6, (g) IL-18, (h) IL-1β, (i) TNF-α, (j) Arg-1, (k) IL-10, and (m) TGF-β in
BV2 cells in different groups. Values are mean ± SD, n = 6 samples per group, **P0.01 LPS vs control
group, ##P0.01 vs LPS group, One way ANOVA test, Tukey tests.

Figure 6

Effects of APN-P on neuron protection a. Sections of the cortex and the hippocampal CA1 region were
obtained and treated with Nissl staining. Magni�cation ×40, scale bar = 50 μm. b. Quantitative analysis
of neuronal damage of the cortex region. c. Quantitative analysis of neuronal damage of the
hippocampal CA1 region. Values are mean ± SD, n = 3 samples per group, **P0.01 CCH vs sham group,



##P0.01 CCH+APN-P vs CCH group, One way ANOVA test, Tukey tests. ROI, 200μm2. d. Flowchart of in
vitro experiments (a microglia-neuron co-culture system). e. Quantitative analysis of neuronal viability of
BV2 cells from different groups after co-culturing using a CCK-8 test. Values are mean ± SD, n = 5
samples per group, **P0.01 LPS vs control group, ##P0.01 vs LPS group, One way ANOVA test, Tukey
tests. f. Representative images of CMFDA-labeled neurons (green) after co-culturing with different BV2
cells. Magni�cation ×40, scale bar = 100 μm. g. The quanti�cation of the CMFDA �uorescence intensity in
different groups. Values are mean ± SD, n = 3 samples per group, **P0.01 LPS vs control group, ##P
0.01 vs LPS group, One way ANOVA test, Tukey tests.

Figure 7

CCH exacerbates cognitive de�cits, while APN-P improved cognitive function in rats a. EL of rats trained
in a Morris water maze (day 1 to day 5). Values are mean ± SD, n = 6 samples per group, **P < 0.01 CCH
4w vs sham group, ##P < 0.01CCH 4w + APN-P vs CCH 4w group; **’P < 0.01 CCH 8w vs sham group,
##’P < 0.01 CCH 8w + APN-P vs CCH 8w group; **’’P < 0.01 CCH 12w vs sham group, ##’’P < 0.01 CCH
12w + APN- P vs CCH 12w group, Two-way ANOVA, Bonferroni post hoc test. b. Number of platform
location crosses indicating that the CCH and CCH+APN-P treatment groups were signi�cantly different
from each other on day 6. c. Stay time of each treatment group on the platform during a single 60-s probe
trial (day 6). Values are mean ± SD, n = 6 samples per group, **P < 0.01 CCH vs sham group, ##P < 0.01
CCH + APN-P vs CCH group, Two-way ANOVA, Bonferroni post hoc test. d. Representative images of the
number of platform location crosses of each treatment group in the Morris water maze.



Figure 8

Graphical abstract APN-P inhibited the NF-κB pathway and regulated microglial polarization from an M1
toward an M2 phenotype, which alleviated the in�ammatory response and cortical neural injury, rescuing
CCH-induced cognitive impairment.
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