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 32 

Highlights 33 

� Kallistatin-transgenic (KAL-TG) mice defined its cognitive memory impairment 34 

phenotype accompanied by increased Aβ deposition and tau phosphorylation. 35 

� Kallistatin could directly bind to the Notch1 receptor and thereby upregulate 36 

BACE1 expression by inhibiting PPARγ signaling. 37 

� Fenofibrate could alleviate cognitive memory impairment and down-regulate the 38 

serum Kallistatin level. 39 

 40 

Abstract  41 

Accumulation of amyloid β (Aβ) peptides and hyperphosphorylated tau proteins 42 
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in the hippocampus triggers cognitive memory decline in Alzheimer’s disease (AD). 43 

The incidence and mortality of sporadic AD were tightly associated with diabetes and 44 

hyperlipidemia, while the exact linked molecular is uncertain. Here, we reported that 45 

serum Kallistatin concentrations were meaningfully higher in AD patients, with a 46 

higher concentration of fasting blood glucose and triglyceride. In addition, the 47 

constructed Kallistatin-transgenic (KAL-TG) mice defined its cognitive memory 48 

impairment phenotype and lower LTP in hippocampal CA1 neurons accompanied by 49 

increased Aβ deposition and tau phosphorylation. Mechanistically, Kallistatin could 50 

directly bind to the Notch1 receptor and thereby upregulate BACE1 expression by 51 

inhibiting PPARγ signaling, resulting in Aβ cleavage and production. Besides, 52 

Kallistatin could promote the phosphorylation of tau by activating GSK-3β. 53 

Fenofibrate, a hypolipidemic drug, could alleviate cognitive memory impairment by 54 

down-regulating Aβ and tau phosphorylation of KAL-TG mice. Collectively, our data 55 

clarified a novel mechanism for Aβ accumulation and tau protein 56 

hyperphosphorylation regulation by Kallistatin, which might play a crucial role in 57 

linking metabolic syndromes and cognitive memory deterioration, and suggested that 58 

fenofibrate might have the potential for treating metabolism-related AD. 59 

  Key words: Alzheimer’s disease, Kallistatin, Aβ42, BACE1, Diabetes 60 
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Introduction 62 

Alzheimer’s disease (AD), the most prevalent irreversible neurodegenerative 63 

disorder associated with dementia in elderly individuals, is marked by a gradual 64 

decline in cognitive memory. Pathologically, AD is identified by the presence of 65 

extracellular amyloid-β (Aβ) plaques and intracellular neurofibrillary tangles (NFTs) 1, 
66 

2, 3. The Aβ cascade and tau protein hyperphosphorylation are the two primary 67 

hypotheses concerning AD. According to the Aβ cascade hypothesis, the excessive 68 

production of Aβ disrupts normal cellular functions, leading to synaptic dysfunction, 69 

neurodegeneration, tau hyperphosphorylation, and neuroinflammation, which 70 

ultimately result in memory impairment in individuals with AD and dementia 4, 5. Aβ 71 

peptides are derived from the sequential cleavage of amyloid precursor protein (APP) 72 

by β-secretase (β-site APP cleaving enzyme 1, BACE1) and γ-secretase, thus making 73 

this cleavage process significant in AD pathology 6, 7. BACE1 is considered a highly 74 

promising therapeutic target. Several potent BACE1 inhibitors have progressed to 75 

advanced stages in clinical trials, emphasizing the role of BACE1 in Aβ production 8, 9, 
76 

10. Tau, a microtubule-associated protein, naturally occurs in axons and regulates 77 

microtubule dynamics and axonal transport 11. In AD, tau undergoes a multistep 78 

transformation from a natively unfolded monomer to large aggregated forms, such as 79 

NFTs, another defining feature of AD 12, 13. Glycogen synthase kinase-3 (GSK3) is a 80 

key kinase involved in the initial steps of tau phosphorylation, with Wnt signaling 81 
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being crucial in activating GSK-3β and GSK-3β-mediated tau phosphorylation 14. The 82 

physiological mechanisms underlying their interaction remain poorly understood. 83 

There is a close relationship between metabolic disorders and cognitive 84 

impairment across the AD spectrum 15, 16. Nearly 95% of AD patients are categorized 85 

as sporadic patients, whose increasing incidence and mortality are strongly associated 86 

with type 2 diabetes mellitus (T2DM), obesity, and hyperlipidemia 17, 18, 19. About 37% 87 

of comorbidities between AD and diabetes have been reported in the Alzheimer’s 88 

Association Report 20, 21. As a result of the strong association and shared mechanism 89 

between AD and T2DM, AD has been termed “type 3 diabetes” by some researchers 90 

22, 23, 24, 25. Several studies have demonstrated that diabetes confers a 1.6-fold increased 91 

risk of developing dementia 26, 27. Similarly, central obesity and high body mass index 92 

(BMI) during middle age are associated with an about 3.5-fold increased risk of 93 

dementia later in life 28. Therefore, controlling blood glucose and lipids is expected to 94 

be a strategy for preventing or moderating cognitive decline during aging. 95 

Nevertheless, the exact link and key associated regulators between metabolic 96 

abnormalities and AD are still unclear. 97 

Kallistatin is a serine proteinase inhibitor previously identified as a tissue 98 

kallikrein-binding protein 29. It is produced predominantly in the liver and is widely 99 

expressed in body tissues, where it has antiangiogenic, antifibrotic, antioxidative 100 

stress, and antitumor effects 30, 31. Furthermore, Kallistatin was found to be increased 101 

in patients with obesity, prediabetes, and diabetes 32, 33, 34. The concentration of 102 
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Kallistatin was positively correlated with the triglyceride glucose index 35, which was 103 

proven to be an independent risk factor for dementia 36. In addition, our previous 104 

study revealed that the concentration of serum Kallistatin in T2DM patients was 105 

significantly increased and further revealed that Kallistatin suppressed wound healing 106 

in T2DM patients by promoting local inflammation, which suggested that Kallistatin 107 

plays a critical role in the progression of T2DM 37. Furthermore, our recent research 108 

revealed that Kallistatin can cause memory and cognitive dysfunction by disrupting 109 

the glutamate-glutamine cycle38. 110 

To explore the relationships among T2DM, AD and Kallistatin, we constructed 111 

Kallistatin transgenic (KAL-TG) mice to explore whether Kallistatin could cause 112 

cognitive impairment through the upregulation of Aβ production. Taken together, our 113 

results suggest that a novel regulatory mechanism of Aβ production and tau protein 114 

hyperphosphorylation by Kallistatin is involved in the progression of metabolic 115 

abnormality-related AD. 116 

 117 

Results 118 

Kallistatin increases in AD patients and AD model mice 119 

To explore the relevance of AD in T2DM, a GAD disease enrichment analysis 120 

was initially conducted on differentially expressed genes in neurons of T2DM patients 121 

and normal controls, revealing a close relationship between AD and T2DM 122 

(GSE161355) (Fig. S1A). Additionally, PFAM analysis using the DAVID database 123 
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identified enrichment of the Serpin family protein domain (Fig. S1B) 124 

(https://david.ncifcrf.gov/). Our previous studies revealed that Kallistatin (serpin 125 

family a member 4) was elevated in the serum of T2DM patients and was associated 126 

with an adverse prognosis of diabetes complications 44. We collected 11 serum 127 

samples from dementia patients at Sun Yat-sen Memorial Hospital and reported that 128 

the concentration of Kallistatin was greater than that in normal controls38. In this study, 129 

56 AD patients and 61 healthy controls were enrolled from four hospitals in 130 

Guangdong Province to further investigate the potential relevance of Kallistatin and 131 

AD. The clinical and biochemical characteristics of the participants are provided in 132 

Tables S1 and S2. In addition, the serum Kallistatin (12.78 ±2.80 μg/mL) content in 133 

patients with AD was greater than that in normal controls (9.78 ±1.93 μg/mL) (Fig. 134 

1A). Similarly, fasting blood glucose (FBG) and triglyceride (TG) levels were greater 135 

in AD patients than in healthy controls (Fig. 1B). We further grouped all the AD 136 

patients according to diabetes status and found that the Kallistatin (13.79 ±3.05 137 

μg/mL) and TG contents were further elevated in AD patients with diabetes (Fig. 1C-138 

D). Similarly, Kallistatin expression was increased in the hippocampus of the AD 139 

model mouse SAMP8 compared with that in the control mouse SAMR1 (Fig. S1C-D). 140 

Taken together, these results indicate that the Kallistatin concentration is increased in 141 

metabolic abnormality-related AD patients. 142 

Kallistatin impairs cognitive memory in mice 143 
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The above experiments demonstrated that Kallistatin was increased in AD 144 

patients and AD model mice. We subsequently generated KAL-TG mice and assessed 145 

their behavioral performance through the Morris water maze (MWM) and Y maze 146 

tests. Notably, the latency to escape the platform was longer, and the number of 147 

platform crossings, percentage of time spent, and spontaneous alternation were 148 

significantly lower in KAL-TG mice than in age-matched WT mice (Fig. 1E-I). 149 

Furthermore, long-term potentiation (LTP) was measured using whole-cell voltage-150 

clamp recordings of CA1 neurons in acute hippocampal slices from KAL-TG and WT 151 

mice to assess changes in hippocampal synapses. The LTP in KAL-TG mice was 152 

significantly reduced compared to that in WT mice (Fig. 1J). These results showed 153 

that Kallistatin could impair cognitive memory in mice. 154 

Kallistatin promotes Aβ deposition and tau phosphorylation 155 

We evaluated Aβ deposition and tau phosphorylation in these experimental 156 

mouse hippocampal tissues via immunohistochemistry (IHC) and western blotting. 157 

Predictably, the plaque density and tau phosphorylation in KAL-TG mice were much 158 

greater than those in age-matched WT mice (Fig. 2A-C, 3A-D). Consistent with these 159 

results, ELISA detection of the Aβ42 content in hippocampal tissue revealed that Aβ 160 

production was extraordinarily increased in KAL-TG mice compared with WT mice 161 

(Fig. 2D). These results suggested that Kallistatin promoted Aβ deposition and tau 162 

phosphorylation. 163 

Kallistatin positively regulates Aβ generation by promoting β-secretase rather 164 
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than γ-secretase 165 

Western blot and ELISA analyses revealed that the Aβ levels in primary 166 

hippocampal neurons (immunofluorescence identified with the neural marker MAP2, 167 

Fig. S2G) infected with the Kallistatin adenovirus were greater than those in the 168 

control groups (Fig. 2E-G), as were those in the HT22 cells (Fig. S2A-C). Amyloid-169 

beta precursor protein (APP) undergoes proteolytic processing to generate peptide 170 

fragments 45. β-Secretase (BACE1) and γ-secretase, which are composed of presenilin 171 

1 (PS1), nicastrin, and Pen-2, are crucial enzymes for Aβ generation 46, 47. We 172 

determined the levels of APP, BACE1, and PS1 in hippocampal tissue. Compared 173 

with those in WT mice, BACE1 protein and mRNA levels were greater in KAL-TG 174 

mice (Fig. 4A-C, S2D), whereas no significant difference in APP, PS1, or α-secretase 175 

(ADAM9, ADAM10, or ADAM17) expression was detected (Fig. 4A, S2E). 176 

Consistent with the above results, the activity of BACE1 increased (Fig. 4D), whereas 177 

PS1 activity did not change (Fig. S2F). Similarly, the expression and activity of 178 

BACE1 were found to be increased in primary mouse neurons and HT22 cells 179 

transfected with Kallistatin adenovirus (Fig. 5A-C, S3A-C), while PS1 expression and 180 

activity remained unchanged (Fig. 5A, 5D, S3A). Additionally, the effect of 181 

Kallistatin was attenuated by the BACE1 inhibitor verubecestat or siBACE1 03, 182 

which was the most effective (Fig. 5E-F, S3D). These results indicate that Kallistatin 183 

can promote Aβ generation through the upregulation of BACE1 expression. 184 

Kallistatin suppresses PPARγ activation to promote BACE1 expression 185 
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The transcription factors SP1, YY1, and PPAR reportedly regulate BACE1 186 

expression at the transcriptional level. Among them, PPARγ can downregulate 187 

BACE1 expression 48, 49, 50. PPARγ decreased in the hippocampal tissue of KAL-TG 188 

mice, as detected by western blot and immunohistochemical analysis (Fig. 5G-J). 189 

However, no significant differences in YY1 or SP1 expression were detected (Fig. 190 

5G). In addition, Kallistatin downregulated the expression of PPARγ in primary 191 

hippocampal neurons and HT22 cells, thus increasing BACE1 and Aβ expression (Fig. 192 

5K, S3E). Treatment with rosiglitazone, a PPARγ agonist, reversed the decrease in 193 

PPARγ caused by Kallistatin (Fig. 5K-L). Predictably, rosiglitazone inhibited the 194 

ability of Kallistatin to promote BACE1 and Aβ (Fig. 5K and Fig. S3E). 195 

Kallistatin promotes Aβ production via direct binding to the Notch1 receptor and 196 

activating the Notch1 pathway 197 

Our results indicated that Notch1 was highly expressed in the hippocampal 198 

tissues of KAL-TG mice (Fig. 6A-D). Furthermore, Notch1 expression was 199 

upregulated in primary hippocampal neurons and HT22 cells infected with adenovirus 200 

expressing Kallistatin in vitro (Fig. S4A-B). Additionally, Kallistatin could directly 201 

bind to the Notch1 receptor and activate the Notch1 pathway (Fig. 6E-F and Fig. S4C-202 

D). Treatment with siNotch1 03, which was the most effective (Fig. S4E), to knock 203 

down Notch1 inhibited the effect of Kallistatin on the activation of the Notch1 204 

signaling pathway, leading to the downregulation of HES1, upregulation of PPARγ, 205 

and downregulation of BACE1 and Aβ (Fig. 6G). HES1, an essential downstream 206 
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effector of the Notch1 signaling pathway, has been reported to suppress the expression 207 

of PPARG (the gene name of PPARγ) in neurons 51, 52. Similarly, HES1 shRNA 1, the 208 

most effective (Fig. S4F), upregulated PPARγ and decreased the production of 209 

BACE1 and Aβ when neurons were infected with adenovirus to overexpress 210 

Kallistatin (Fig. 6H). These results suggest that Kallistatin promotes Aβ production 211 

via direct binding to the Notch1 receptor and activating the Notch1 pathway. 212 

Kallistatin promotes the phosphorylation of tau by activating the Wnt signaling 213 

pathway. 214 

Glycogen synthase kinase3-β (GSK-3β) is a crucial element in the 215 

phosphorylation of tau 53. When Wnt signaling is activated, the LRP6 PPPSPxS motif 216 

can directly interact with GSK-3β and phosphorylate it 54. Consequently, when Wnt 217 

signaling is inhibited, GSK-3β becomes activated and dephosphorylated, allowing 218 

nonphosphorylated GSK-3β to add phosphate groups to serine/threonine residues of 219 

tau 14. Kallistatin has already been reported as a competitive inhibitor of the canonical 220 

Wnt signaling pathway 55. Consistent with previous reports, our results demonstrated 221 

that GSK-3β was activated in the hippocampus of KAL-TG mice (Fig. 7A-B). 222 

Moreover, an increase in tau phosphorylation was observed with the activation of 223 

GSK-3β induced by Kallistatin overexpression (Fig. 7C-D, Fig. S5A), which was 224 

reversed by LiCl, an inhibitor of GSK-3β (Fig. 7E-F, Fig. S5B). These findings 225 

confirmed that Kallistatin promoted tau phosphorylation by activating the Wnt 226 

signaling pathway. 227 
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Fenofibrate alleviates memory and cognitive impairment in KAL-TG mice 228 

Hyperlipidemia and hyperlipidemia account for the development of AD 56, 57. 229 

Here, a hypolipidemic drug (fenofibrate) and a hypoglycemic drug (rosiglitazone) 230 

were used to treat KAL-TG mice (Fig. 8A). Compared with that of the KAL-TG 231 

group, the behavioral performance of the treated group was improved, as measured by 232 

the MWM and Y-maze tests. The latency to reach the escape platform on the fifth 233 

training day was significantly decreased (Fig. 8B), and the number of platform 234 

crossings (Fig. 8C), percentage of time spent (Fig. 8D), and spontaneous alternation 235 

(Fig. 8F) were significantly greater in the fenofibrate-treated group than in the 236 

rosiglitazone-treated group. Similarly, the path trace heatmap indicated that the mice 237 

in the fenofibrate-treated group stayed in the target quadrant longer (Fig. 8E). In 238 

addition, decreased serum Kallistatin levels, Aβ and BACE1 levels, phosphorylation 239 

of tau, and activation of GSK3β were detected in the fenofibrate-treated KAL-TG 240 

group (Fig. 8G-K). However, there was no significant difference between the 241 

rosiglitazone-treated group and the KAL-TG group (Fig. 8G-K). 242 

Mechanism summary 243 

In patients with metabolic abnormality-related AD, the concentration of 244 

Kallistatin is elevated, which could increase Aβ deposition through the 245 

Notch1/HES1/PPARγ/BACE1 pathway and induce tau hyperphosphorylation by 246 

activating GSK-3β. Consequently, elevated Kallistatin impaired cognitive memory by 247 

inducing Aβ deposition and tau hyperphosphorylation (Fig. S5C). 248 
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Discussion 250 

This study demonstrated that Kallistatin is a novel regulator of amyloid-β plaque 251 

accumulation, tau protein hyperphosphorylation, and metabolic abnormality-related 252 

cognitive memory impairment. It was shown that Kallistatin levels were increased in 253 

the serum of patients with AD and diabetes-related AD, as well as in the hippocampus 254 

of AD model mice. Additionally, the KAL-TG mice exhibited cognitive memory 255 

impairment and lower LTP in hippocampal CA1 neurons, along with increased Aβ 256 

deposition and tau phosphorylation. Mechanistically, Kallistatin transcriptionally 257 

upregulates BACE1 expression by suppressing the transcriptional repressor PPARγ, 258 

leading to Aβ cleavage and production. Most importantly, our studies revealed that 259 

Kallistatin could bind directly to the Notch1 receptor and activate the Notch1/HES1 260 

pathway, causing a decrease in PPARγ, overproduction of BACE1, and increased 261 

Aβ42 generation. Moreover, Kallistatin can induce tau phosphorylation by activating 262 

GSK-3β, which results from the inhibition of LRP6. Finally, prolonged stimulation 263 

with high concentrations of Kallistatin impaired cognitive memory in mice. Finally, 264 

the hypolipidemic drug fenofibrate decreased Aβ expression, tau phosphorylation, and 265 

the serum Kallistatin level in KAL-TG mice, alleviating memory and cognitive 266 

impairment. For the first time, these observations establish an association between 267 

high Kallistatin levels and metabolic abnormality-related AD and provide a new drug 268 

candidate (fenofibrate) for AD patients with metabolic syndromes. 269 

Increasing evidence suggests that diabetes mellitus and AD are closely linked. 270 
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About 80% of AD patients are insulin resistant or have T2DM 58; additionally, T2DM 271 

patients have a higher risk of up to 73% dementia than healthy controls do 26. In line 272 

with these observations, the process of cognitive decline in T2DM patients appears to 273 

begin in the prediabetic phase of insulin resistance 59, 60. A GAD disease enrichment 274 

analysis of differentially expressed genes in the neurons of T2DM patients and normal 275 

controls revealed a close relationship between AD and T2DM. Additionally, PFAM 276 

analysis identified an enrichment of the Serpin family protein domain (Fig. S1A, B). 277 

We and other researchers reported that the level of Kallistatin (which belongs to the 278 

serpin family) was increased in T2DM patients 32, 37. Although the relationship 279 

between Kallistatin and AD has not been reported to date, we speculate that 280 

Kallistatin might be a critical molecule that could establish a relationship between 281 

Alzheimer’s disease and diabetes. Our data indicated that AD patients exhibit 282 

metabolic disorders and elevated Kallistatin levels (Fig. 1A-D, S1C-D). Additionally, 283 

KAL-TG mice showed impaired memory, cognitive function, and synaptic plasticity 284 

(Fig. 1E-J). These results suggest that Kallistatin represents a novel connection 285 

between AD and diabetes. 286 

A hallmark of AD is the aggregation of Aβ into amyloid plaques and tau 287 

phosphorylation in patients’ brains. Aβ, a small peptide with a high propensity to form 288 

aggregates, is widely believed to be central and initial to the pathogenesis of this 289 

disease 61. Correspondingly, it was discovered that Kallistatin could lead to Aβ 290 

overproduction through the Notch1/HES1/PPARγ/BACE1 signaling pathway. GSK-291 
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3β, a vital kinase that regulates the process of tau phosphorylation 53, can be activated 292 

by inhibiting the Wnt signaling pathway. Kallistatin has been identified as a 293 

competitive inhibitor of LRP6, the Wnt receptor 55. Consistent with previous reports, 294 

Kallistatin increased tau phosphorylation by activating GSK-3β. It was demonstrated 295 

for the first time that Kallistatin promoted AD by increasing Aβ production and tau 296 

phosphorylation in the central nervous system. 297 

Previous studies have shown that Notch signaling is closely related to AD. For 298 

example, a NOTCH mutation was reported to cause AD-like pathology 62. In addition, 299 

the level of Notch1 was found to be increased in AD patients 63. In addition, the 300 

Notch1/HES1 signaling pathway has been reported to suppress the expression of 301 

PPARγ 64. Our previous studies demonstrated that Kallistatin can activate Notch1 302 

signaling 37. Consequently, we detected Notch1 in our animal and cell models. Indeed, 303 

Notch1 was upregulated by Kallistatin (Fig. 6, S4), as was Aβ deposition. Notch 304 

signaling is initiated by receptor�ligand interactions at the cell surface. In mammals, 305 

there are five ligands encoded by JAG1, JAG2, DLL1, DLL3, and DLL4 65. Here, our 306 

results revealed that Kallistatin could activate Notch1 by binding directly to it, 307 

indicating that Kallistatin is a new ligand of the Notch1 receptor. 308 

The treatment of AD has always been a prominent and challenging issue in 309 

neurology. Multiple strategies have been proposed to reduce the pathogenicity of Aβ 310 

and tau. Unfortunately, several Aβ-targeted therapies tested in phase III clinical trials 311 

have failed to slow cognitive decline, although they can effectively reduce the Aβ load 312 
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66, 67, 68, 69, 70, 71. BACE1 inhibitors have not only failed to improve the cognitive 313 

function of AD patients but have also resulted in clinical deterioration and liver 314 

function impairment 72, 73, 74. Two possible reasons for the failure of clinical trials with 315 

BACE1 inhibitors are: first, the reduction in BACE1 activity could lead to the 316 

accumulation of full-length APP 75; second, the size of the BACE1 active site is 317 

relatively large, and the use of a small molecule may not be sufficient to occupy the 318 

active site 76. Consequently, synaptic damage caused by BACE1 inhibitors or their 319 

insufficient effect may lead to the failure of clinical trials. Therapeutic strategies 320 

targeting tau include tau aggregation blockers (TRx0014, TRx0237), antibody vaccine 321 

therapy (e.g., RO7105705, BIIB092), the inhibition of tau phosphorylation (Anavex2-322 

73), and the use of microtubule stabilizers (Anavex2-73) 77. Some of these drugs have 323 

been partially discontinued, while others are still undergoing clinical testing and have 324 

shown protective benefits. Nonetheless, several obstacles remain to the 325 

commercialization of tau treatments when they reach maturity. 326 

Because of the failure of clinical trials, some researchers have proposed 327 

alternative options for AD therapeutics to address modifiable risk factors for the 328 

development of AD, such as type 2 diabetes 78, 79, 80. Previous studies revealed that 329 

Kallistatin is a multifunctional protein strongly associated with diabetes and that a 330 

Kallistatin neutralizing antibody improves diabetic wound healing 44. This study 331 

demonstrated that Kallistatin induced memory-related cognitive dysfunction by 332 

promoting Aβ deposition and tau phosphorylation. Thus, it is speculated that 333 
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increased Kallistatin could be a promising candidate for T2DM-related AD therapy. 334 

PPARγ is a ligand-activated transcription factor and a master modulator of glucose 335 

and lipid metabolism, organelle differentiation, and inflammation 81, 82. Growing 336 

evidence revealed that PPARγ agonists (rosiglitazone) could rescue memory 337 

impairment of AD model mice 83, 84, 85. In clinical trials, it is controversial whether 338 

rosiglitazone has a protective effect on memory cognitive function 86, 87, 88. In this 339 

study, although Aβ expression had a downward trend, the memory and cognition of 340 

KAL-TG mice were unchanged after treatment with rosiglitazone for a month (Fig.8). 341 

This might be caused by insufficient treatment time and the unchanged Kallistatin 342 

level. 343 

Fenofibrate is a fibric acid derivative for clinically lowering blood lipids, mainly 344 

triglycerides 89. Studies showed that fenofibrate could prevent memory disturbances, 345 

maintain hippocampal neurogenesis, and protect against Parkinson’s disease (PD) 90, 91. 346 

Specifically, fenofibrate has a neuroprotective effect on memory impairment induced 347 

by Aβ through targeting α- and β- secretase 92. Recently, our study proved that the 348 

fenofibrate could repair the disrupted glutamine-glutamate cycle by upregulating 349 

glutamine synthetase, while there is currently no fenofibrate treatment of AD in 350 

clinical trials38. In this study, we proved fenofibrate was beneficial for memory and 351 

cognitive impairment of KAL-TG mice. In addition, Aβ, BACE1, phosphorylated tau, 352 

and serum Kallistatin level of KAL-TG mice could be downregulated after the 353 

treatment of fenofibrate. All of these suggested that fenofibrate might be helpful for 354 
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metabolic abnormalities-related AD patients. Therefore, fenofibrate administration in 355 

patients with metabolic syndrome play an early role in preventing and treating AD. 356 

In summary, we affirmed that Kallistatin concentrations were increased in 357 

diabetes-related AD patients. In addition, our study demonstrated for the first time that 358 

Kallistatin positively regulated Aβ42 through Notch1/HES1/PPARγ/BACE1, and 359 

increased phosphorylated tau through inhibition of the Wnt signaling pathway. 360 

Kallistatin might play a crucial role in linking diabetes and cognitive memory 361 

deterioration. Moreover, fenofibrate could decrease the serum Kallistatin level, 362 

BACE1, Aβ, and phosphorylated tau of KAL-TG mice, leading to alleviating memory 363 

and cognitive impairment. These findings might provide new insight into AD and 364 

possibly other neurodegenerative disorders.  365 

 366 

Materials and methods  367 

Ethics approval and consent to participate  368 

All patients involved in this study gave their informed consent. This study 369 

obtained the institutional review board approval of Medical Ethics of Zhongshan 370 

Medical College No. 072 in 2021 and Animal Experiment Ethics of Zhongshan 371 

Medical College, Approval No.: SYSU-IACUC-2019-B051. 372 

Human Subjects 373 

The study was approved by the experimental ethics committee of Guangdong 374 

Academy of Medical Sciences and Sun Yat-sen University and carried out in strict 375 
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accordance with the ethical principles, and each participant was provided written 376 

informed consent before collecting samples. We certify that the study was performed 377 

in accordance with the 1964 declaration of HELSINKI and later amendments. We 378 

collected 61 normal human samples, 56 AD patient samples, of whom 36 normal 379 

human samples were from the Zhongshan City People’s Hospital; 14 normal human 380 

samples and 22 AD patient samples were from Zhongshan Third People’s Hospital；381 

11 normal human samples and 14 AD patient samples were from Sun Yat-sen 382 

Memorial Hospital. AD patient was clinically diagnosed according to ICD-10 383 

(International Classification of Diseases) and NINCDS-ADRDA (the National 384 

Institute of Neurological and Communicative Disorders and Stroke and the 385 

Alzheimer’s Disease and Related Disorders Association) criteria, and 20 AD patient 386 

samples were clinically diagnosed according to MMSE (Mini-Mental State 387 

Examination), were collected from Guangdong Provincial People’s Hospital. All 388 

subjects’ Clinical characteristics were presented in Supplementary Tables (Table S1-2). 389 

Experimental Animals and Protocols 390 

All animal experiment procedures were carried out in an environment without 391 

specific pathogens (Specific pathogen free, SPF) with the approval of the Animal 392 

Care and Use Committee of Sun Yat-sen University (approval ID: SYXK 2015-0107). 393 

The wild type mice (WT, C57BL/6) were purchased from the Animal Center of 394 

Guangdong Province (Production license No.: SCXK 2013-0002, Guangzhou, China). 395 

The SAMR1 and SAMP8 mice (7 months old) were purchased from Tianjin 396 
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University of Traditional Chinese Medicine (Tianjin, China). Kallistatin transgenic 397 

mice (KAL-TG) were C57BL/6 strain provided by Dr. Jianxing Ma (University of 398 

Oklahoma Health Sciences Center) 39. The KAL-TG mice genotype was identified by 399 

PCR technology (forward primer: 5’-AGGGAAG-ATTGTGGATTTGG-3’, reverse 400 

primer: 5’-ATGAAGATACCAGTGATGCTC-3’). KAL-TG mice aged 6 months were 401 

randomly divided into three groups: control group (KAL-TG), fenofibrate-treated 402 

group (KAL-TG-Feno, 0.3�g/kg/d), and rosiglitazone-treated group (KAL-TG-RSG, 403 

0.005� g/kg/d). Fenofibrate (Sigma-Aldrich, cat. no. F6020) and rosiglitazone 404 

(Selleck, cat. no. S2556) were administered to mice by oral gavage. In three groups, 405 

the serum Kallistatin were examined in the 0 week and 4 week after drug treatment 406 

from the blood taken from mouse orbit. In addition, the Morris water maze and Y-407 

maze test were performed one week after the second blood collection. 408 

Morris water maze (MWM) 409 

The KAL-TG and WT mice were employed for the Morris water maze test 410 

including the behavioral test, latency experiment (for 6 days), and the probe test (the 411 

7th day). In addition, the MWM was performed as described previously 40. Mice were 412 

brought into the testing room and handled for 1 day before the training experiment. In 413 

the 6-day training experiment, each mouse was trained with four daily trials. The mice 414 

facing the wall were placed into the maze, exploring the maze from different 415 

directions (east, south, west, and north). This trial was completed as soon as the 416 

mouse found the platform, or 90 s elapsed. If the mice could discover and climb the 417 
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submerged platform within 90 s, the system would automatically record the latency 418 

time and path immediately, and then the mouse was guided to and placed on the 419 

submerged platform for extra 20 s. On day 7, the platform was removed, and a probe 420 

test was performed to examine the strength and integrity of the animal spatial memory 421 

24 h after the last testing trial. During the probe test, the mice were gently brought 422 

into the water from the fixed monitoring point, and the mice were allowed to swim for 423 

90 s without the platform. Finally, all of the measured behavioral parameters were 424 

analyzed using SMART software. 425 

Y-maze test 426 

A Y maze test was performed to assess the mice’s spatial memory. The Y maze 427 

was separated by 120°, consisting of three identical arms (30 cm long, 7 cm wide, and 428 

15 cm high) made of blue PVC. The mice were placed first in one of the arms, and 429 

over the next 10 minutes, the sequence and number of their entry into the three arms 430 

were monitored. An alternation is defined when a mouse visits three straight arms 431 

(namely, ABC, BCA, or CAB, but not ABA, BAB, or CAC). Spontaneous alternation 432 

(%)�=�[(number of alternations)/(total number of arms−2)]×�100. 433 

Electrophysiology  434 

Hippocampal slices (300-400 μm) from KAL-TG and WT mice were cut as 435 

described 41. Coronal slices from hippocampus (400 μm thick) were prepared from 436 

different age groups KAL-TG mice and their WT littermates using a tissue slicer 437 

(Vibratome 3000; Vibratome) in ice-cold dissection buffer containing the following 438 
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(in mM): 212.7 sucrose, 3 KCl, 1.25 NaH2PO4, 3 MgCl2, 1 CaCl2, 26 NaHCO3, and 439 

10 dextrose, bubbled with 95% O2/5% CO2. The slices were immediately transferred 440 

to ACSF at 35 °C for 30 min before recordings. The recipe of ACSF was similar to the 441 

dissection buffer, except that sucrose was replaced with 124 mM NaCl, and the 442 

concentrations of MgCl2 and CaCl2 were changed to 1 mM and 2 mM, respectively. 443 

All recordings were performed at 28-30 °C. Pyramidal cells in CA1 areas were 444 

identified visually under infrared differential interference contrast optics based on 445 

their pyramidal somata and prominent apical dendrites. Whole-cell was performed 446 

using an Integrated Patch-Clamp Amplifier (Sutter Instrument, Novato, CA, USA) 447 

controlled by Igor 7 software (WaveMetrics, Portland, OR, USA) filtered at 5�kHz 448 

and sampled at 20�kHz. Igor 7 software was also used for acquisition and analysis. 449 

Only cells with series resistance <20 MΩ and input resistance >100 MΩ were studied. 450 

Cells were excluded if input resistance changed >15% or series resistance 451 

changed >10% over the experiment. A concentric bipolar stimulating electrode with a 452 

tip diameter of 125 μm (FHC) was placed in the stratum radiatum. The recording and 453 

stimulating electrode distances were kept at 50-100 μm. Patch pipettes (2-4MΩ) were 454 

filled with the internal solution consisting of the following (in mM): 120 Cs-455 

methylsulfonate, 10 Na-phosphocreatine, 10 HEPES, 4 ATP, 5 lidocaine N-ethyl 456 

bromide (QX-314), 0.5 GTP; the pH of the solution was 7.2–7.3, and the osmolarity 457 

was 270-285 mOsm.  458 
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To induce LTP, a pairing protocol was applied. In brief, conditioning stimulation 459 

consisted of 360 pulses at 2 Hz paired with continuous postsynaptic depolarization 460 

(180 s) to 0 mV. 50 μM picrotoxin was added to the recording bath to suppress 461 

excessive polysynaptic activity, and the concentration of Ca2+ and Mg2+ was elevated 462 

to 4 mM to reduce the recruitment of polysynaptic responses. A test pulse was 463 

delivered at 0.067 Hz to monitor baseline amplitude for 10 min before and 30 min 464 

following paired stimulation. To calculate LTP, the EPSC amplitude was normalized 465 

to the mean baseline amplitude during 10 min baseline. Potentiation was defined as 466 

the mean normalized EPSC amplitude 25–40 min after paired stimulation.  467 

ELISA 468 

To quantify serum Kallistatin, the collected samples were centrifuged at 4 � for 469 

10min at 5000 rpm. It was detected using the KBP ELISA kit (#DY1669, R&D 470 

systems, MN, USA) as per the instructions of the manufacturer. The levels of Aβ42 in 471 

brain tissue produced from mouse primary neuron cells and HT22 cells were 472 

measured with a mouse Aβ42 Elisa Kit (27721, IBL, Germany). To measure Aβ42 in 473 

brain tissue, 0.05 g of mouse brain tissues were weighed and homogenized using 2ml 474 

PBS with a protease inhibitor (cocktail, IKM1020, Solarbio). After centrifugalization 475 

at 4 � for 30 min at 12000 g, the extracts’ supernatants were analyzed using the 476 

ELISA method after total protein quantification. To quantify levels of Aβ42 produced 477 

from primary neuron cells, the cell supernatants were ultrafiltrated with an 478 

Ultrafiltration tube (4-kD Millipore), centrifugalization, and testing. Cell homogenate 479 
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was prepared in 1ml PBS with cocktail and quantified using the BCA method before 480 

being measured by ELISA. 481 

Immunohistochemistry  482 

Tissue slices were prepared as described before 42. The sections were incubated 483 

with Aβ (ab201060, Abcam, Cambridge, UK), BACE1 (#5606S, Cell Signaling 484 

Technology, Boston, USA), PPARγ (#2435, Cell Signaling Technology, Boston, USA), 485 

Notch1 (#3608, Cell Signaling Technology, Boston, USA), p-tau S202 (ab108387, 486 

Abcam, Cambridge, UK), p-tau T231(ab151559, Abcam, Cambridge, UK), p-tau 487 

S396 (ab109390, Abcam, Cambridge, UK), tau (ab75714, Abcam, Cambridge, UK) 488 

antibodies overnight at 4°C and then incubated with Alexa Fluor 488-donkey anti-489 

rabbit IgG (H�+�L) (1:200, Life Technologies, Gaithersburg, MD, USA, #A21208) 490 

for 1h, then incubated with a biotin-conjugated secondary antibody for 30�min, 491 

followed by incubation with DAB for 10�s and hematoxylin staining for 30�s. The 492 

IHC signals were analyzed using ImageJ. 493 

Cell culture experiments 494 

HT22 cells were purchased from the Cell Bank of the Chinese Academy of 495 

Sciences (Shanghai, China). HT22 cells were cultured and grown to confluence in 496 

DMEM supplemented with 10% FBS (Gibco BRL), 100 U/mL penicillin, and 100 497 

U/mL streptomycins (Gibco BRL). 498 

Primary culture of hippocampal neurons 499 

Primary neurons were obtained from the hippocampus of C57/BL6J mice at age 500 

1-3 days. Before culturing, the newborn pup was euthanized and dipped into 70% 501 

was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (whichthis version posted April 8, 2025. ; https://doi.org/10.1101/2024.05.20.594915doi: bioRxiv preprint 

https://doi.org/10.1101/2024.05.20.594915


26 

 

 

ethanol for 3 min. First, the infant pup hippocampus was isolated with eye tweezers 502 

observed under the stereomicroscope, and excess soft tissue was removed. Second, 503 

hippocampal tissue in PBS buffer was cut up with scissors gently and blown with a 504 

1ml pipette until it was not visible. Next, the cell suspension was transferred to a 15ml 505 

centrifuge tube and centrifuged at 1000 rpm for 5 min at room temperature. Cell 506 

precipitation was suspended and cultured with 2-3mL primary neural stem cell (NSC) 507 

suspension (Thermo Fisher Scientific, 21103049) in a 37 °C, 5% CO2 cell incubator 508 

for 3 days, changing half medium every 2 days. After 7 days, the cell suspension was 509 

transferred to a 15ml centrifuge tube, centrifuged, and recultured with neurobasal, 510 

10%FBS, 1:50 B27(Thermo Fisher Scientific, A3582801), and 1:100 bFGF (Thermo 511 

Fisher Scientific, #RP-8626). One day later, the medium was changed to neurobasal 512 

(2%FBS, 1:50 B27, and 1:100 bFGF), culturing for 21 more days. The 513 

immunofluorescence technique was used with the neuron-specific marker (MAP2, 514 

#4542, Cell Signaling Technology, Boston, USA) to determine the purity of neurons. 515 

siRNA, shRNA, and adenovirus transfection 516 

Notch1 siRNA and control siRNA were purchased from RiboBio (Guangzhou, 517 

China). HES1 shRNA and control shRNA were purchased from Qingke (Guangzhou, 518 

China). Green fluorescent protein-adenovirus (Ad-GFP) and Kallistatin-adenovirus 519 

(Ad-KAL) were provided by Dr. Jianxing Ma (University of Oklahoma Health 520 

Sciences Center). According to the manufacturer’s instructions, the transfections were 521 

performed at approximately 60% confluency using Lipofectamine®3000 transfection 522 
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reagent (Invitrogen) or RNAiMAX. After 24�h, interference confirmation was 523 

conducted using real-time quantitative PCR (RT-qPCR) and Western blot. 524 

RNA isolation and quantitative RT-PCR 525 

Total RNA extraction, reverse transcription of cDNA, and real-time quantitative 526 

PCR were performed as described previously 43. BACE1 forward: 527 

GGAGCCCTTCTTTGACTCCC; BACE1 reverse: CAATGATCATGCTCCCTCCCA; 528 

ADAM9 forward: GGAAGGCTCCCTACTCTCTGA; ADAM9 reverse: CAATTCC-529 

AAAACTGGCATTCTCC; ADAM10 forward: ATGGTGTTGCCGACAGTGTTA; 530 

ADAM10 reverse: GTTTGGCACGCTGGTGTTTTT; ADAM17 forward: GGAT-531 

CTACAGTCTGCGACACA; ADAM17 reverse: TGAAAAGCGTTCGGTACTTGAT; 532 

β-actin forward: GCACTCTTCCAGCTTCCTT; β-actin reverse: 533 

GTTGGCGTACAG-GTCTTTGC. 534 

Western blot  535 

Western blot was performed as described previously 40, 43. Equal amounts of 536 

protein were subjected to western blot analysis. Blots were probed with antibodies 537 

against Kallistatin (ab187656, Abcam, Cambridge, UK), Aβ (ab201060, Abcam, 538 

Cambridge, UK), Presenilin-1 (ab76083, Abcam, Cambridge, UK), BACE1 (#5606S, 539 

Cell Signaling Technology, Boston, USA), APP (#2452S, Cell Signaling Technology, 540 

Boston, USA), MAP2 (#4542, Cell Signaling Technology, Boston, USA), PPARγ541 

（#2435, Cell Signaling Technology, Boston, USA), SP1 (#9389, Cell Signaling 542 

Technology, Boston, USA),  YY1 (#46395, Cell Signaling Technology, Boston, 543 
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USA）, Notch1 (#3608, Cell Signaling Technology, Boston, USA), Hes1 (#11988, 544 

Cell Signaling Technology, Boston, USA ), p-tau S202 (ab108387, Abcam, 545 

Cambridge, UK), p-tau T231(ab151559, Abcam, Cambridge, UK), p-tau S396 546 

(ab109390, Abcam, Cambridge, UK), tau (ab75714, Abcam, Cambridge, UK), 547 

GSK3β(#70109S, Cell Signaling Technology, Boston, USA), p-GSK3β Ser9 (#9323, 548 

Cell Signaling Technology, Boston, USA), β-actin (A5441-2ml, Sigma, CA, USA), 549 

Caveolin-1(SZ02-01, Huabio, China), GAPDH (200306-7E4, Zen-bio, China), anti-550 

Mouse (#PI200, Vector Laboratories, Burlingame, CA, USA), anti-Rabbit (#PI1000, 551 

Vector Laboratories, Burlingame, CA, USA). The signal intensity was quantified 552 

using ImageJ (NIH).  553 

Statistical Analysis 554 

The results are expressed as mean ± SD. Student’s t-test was applied for 555 

comparisons of parametric data between two groups, and one-way ANOVA followed 556 

by LSD t-test was used to compare differences between more than two different 557 

groups (GraphPad Prism software). A P value less than 0.05 was considered statistical 558 

significance. 559 

List of abbreviations 560 

Aβ amyloid β 

p-tau hyperphosphorylated tau 

AD Alzheimer’s disease 

T2DM type 2 diabetes mellitus 
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FBG fasting blood glucose 

TG triglyceride 

KAL-TG Kallistatin-transgenic 

WT wild type mice  

APP amyloid precursor protein  

BACE1 β-site APP cleaving enzyme 1 

BMI body mass index 

ICD-10 The International Statistical Classification of Diseases and 

Related Health Problems 10th Revision 

NINCDS-

ADRDA 

the National Institute of Neurological and Communicative 

Disorders and Stroke and the Alzheimer’s Disease and Related 

Disorders Association 

MMSE mini-Mental State Examination 

KAL-TG-RSG rosiglitazone-treated group 

KAL-TG-Feno fenofibrate-treated group 

MWM morris water maze 

RT-qPCR real-time quantitative PCR 
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Figure legend 948 

Fig.1 Increased Kallistatin was presented in AD patients and could impair 949 

cognitive memory in mice. (A-B) Serum Kallistatin(A), fasting blood glucose (FBG), 950 

triglyceride (TG), and total cholesterol (TC) (B) of AD patients and their 951 

corresponding normal control subjects. (C-D) Serum Kallistatin(C), TG, and TC(D) of 952 

AD patients with DM and their corresponding normal control subjects (Student’s t-953 

test ). (E-J) The behavioral performance of KAL-TG mice was assessed through the 954 

Morris water maze test, Y-maze test, and electrophysiology. (E)The escape latency 955 

time of different months of KAL-TG mice (3M, 6M, 9M, 12M) and corresponding 956 

WT mice were presented during 1-6 day (two-way ANOVA). (F-H) Cognitive 957 

functions were evaluated by spatial probe test at day 7 (Student’s t-test), the 958 

representative each group mice traces were shown (F), then analyzing each group 959 

mice crossing platform times (G) and time percent in the targeted area (H), n=4 to 9 960 

per group. (I) Spontaneous alternation of Y-maze test. (J) LTP was measured by 961 

whole-cell voltage-clamp recordings of CA1 neurons in acute hippocampal slices of 962 

KAL-TG (3M, 6M, 12M) and WT mice (Student’s t-test, n=6-12 cells from 3 mice 963 

per group). Error bars represent the standard deviation (SD); one asterisk, p < 0.05, 964 

two asterisks, p < 0.01; four asterisks, p < 0.0001. 965 

 966 

Fig.2 Kallistatin promoted Aβ generation. (A-B) Immunohistochemistry staining of 967 

Aβ(A) was carried out in KAL-TG and WT mice hippocampal tissue. Scale bar, 968 
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100μm. The statistical analysis of Aβ plaques (B) in hippocampal tissue of KAL-TG 969 

and WT mice, n=4-5 per group. (C) Protein levels of Aβ were tested by western blot 970 

analysis in hippocampal tissue, n=3 per group, then statistically analyzed the above 971 

results. (D) Hippocampal tissue Aβ42 contents were performed by ELISA in KAL-TG 972 

and WT groups, n=3 per group. (E) Primary mouse neurons were isolated, then 973 

infected with adenovirus to overexpress Kallistatin for 72h. Aβ42 concentration of 974 

primary hippocampal neurons supernate and cell lysate were quantified by ELISA, 975 

n=3 per group. (F-G) Western blot analysis of Aβ protein level in primary 976 

hippocampal neurons infected with overexpressing Kallistatin adenovirus and control 977 

groups, then statistical analysis of Aβ protein levels, n=3 per group. Error bars 978 

represent the standard deviation (SD); one asterisk, p < 0.05; two asterisks, p < 0.01; 979 

three asterisks, p < 0.001; Student’s t-test. 980 

 981 

Fig.3 Kallistatin promoted tau phosphorylation. (A-B) Immunohistochemistry 982 

staining of phosphorylated tau (p-tau S396, p-tau T231, p-tau S202) and tau(A) was 983 

carried out in KAL-TG and WT mice hippocampal tissue. Scale bar, 100μm. The 984 

statistical analysis of phosphorylated tau(B) in hippocampal tissue of KAL-TG and 985 

WT mice, n=3 per group. (C-D) Protein levels of phosphorylated tau (p-tau S396, p-986 

tau T231, p-tau S202) and tau were tested by western blot analysis in hippocampal 987 

tissue, then statistically analyzed the above results. Error bars represent the standard 988 

deviation (SD); one asterisk, p < 0.05; two asterisks, p < 0.01; three asterisks, p < 989 
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0.001; Student’s t-test. 990 

Fig.4 Kallistatin transgenic mice exhibited increased BACE1 expression and 991 

activity in the hippocampus. (A) Western blot analysis of relevant proteins, such as 992 

APP, PS1, and BACE1 during Aβ generation in hippocampal tissue of each time point 993 

(6M, 9M, 12M) KAL-TG mice and corresponding WT control groups, n=3 per group, 994 

then statistical analysis of APP, PS1 and BACE1 protein levels. (B) 995 

Immunohistochemistry staining of BACE1 was carried out in KAL-TG and WT mice 996 

hippocampal tissue at each time point (6M, 9M, 12M). n=3 to 5 per group. Scale bar, 997 

100 μm. (C) Statistical analysis of BACE1 immunohistochemistry staining, n=3 to 4 998 

per group. (D) ELISA measured the β-secretase activity of each group’s hippocampal 999 

tissue, n=3 per group. Error bars represent the standard deviation (SD); one asterisk, p 1000 

< 0.05, two asterisks, p < 0.01; Student’s t-test. 1001 

 1002 

Fig.5 In vitro, Kallistatin promoted BACE1 expression to augment Aβ by 1003 

suppressing PPARγ activation. (A) The relevant protein levels in primary mouse 1004 

neurons infected with overexpressing Kallistatin adenovirus during Aβ generation 1005 

were determined by western blot analysis. (B) Statistical analysis of BACE1 1006 

expression in primary neurons. (C-D) β-secretase(C) and γ- secretase(D) activity of 1007 

primary hippocampal neurons infected with overexpressing Kallistatin adenovirus and 1008 

control adenovirus was measured by ELISA. (E) Primary hippocampal neurons were 1009 

treated with BACE1 inhibitor verubecestat (50nM), then infected with adenovirus to 1010 
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overexpress Kallistatin. Western blot analysis of Aβ, BACE1, and Kallistatin protein 1011 

levels, β-actin served as a loading control. (F) HT22 cells were infected with BACE1 1012 

siRNA, then infected with adenovirus to overexpress Kallistatin. Western blot 1013 

analysis of Aβ and BACE1 protein levels, β-actin served as a loading control. (G) The 1014 

relevant proteins involved in BACE1 transcriptional expressions, such as PPARγ, 1015 

YY1, and SP1 were measured by western blot analysis in hippocampal tissue. β-actin 1016 

served as a loading control. (H) Statistical analysis of PPARγ in hippocampal tissue of 1017 

each group. (I) The representative diagrams of PPARγ expression in hippocampal 1018 

tissue were presented in the above graphs. Scale bar, 100μm. (J) Statistical analysis of 1019 

PPARγ immunohistochemistry staining in hippocampal tissue of each group, n=3 to 4 1020 

per group. (K)Primary hippocampal neurons were treated with PPARγ agonist 1021 

rosiglitazone (10nM) for 12h, then infected with adenovirus to overexpress Kallistatin 1022 

for 72h. Western blot analysis of Aβ and BACE1 protein levels. β-actin served as a 1023 

loading control. (L) Statistical analysis of PPARγ protein levels in each group. Error 1024 

bars represent the standard deviation (SD), one asterisk, p < 0.05, two asterisks, p < 1025 

0.01; three asterisks, p < 0.001; ns means no significant difference; Student’s t-test. 1026 

 1027 

Fig.6 Kallistatin directly bonded to the Notch1 receptor, which activated the 1028 

Notch1 pathway to promote Aβ production. (A) Notch1 expression was measured 1029 

by western blot analysis in hippocampal tissue. β-actin served as a loading control. (B) 1030 

Statistical analysis of Notch1 in hippocampal tissue of each group. (C) The 1031 
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representative diagrams of Nocth1 expression in hippocampal tissue were presented in 1032 

the above graphs. Scale bar, 100μm. (D) Statistical analysis of Notch1 1033 

immunohistochemistry staining in hippocampal tissue of each group. (E-F) Primary 1034 

hippocampal neurons were infected with overexpressing Kallistatin adenovirus for 1035 

72h, then Co-IP analysis (E) and membrane extraction experiment (F) was performed 1036 

to verify whether Kallistatin can bind to the Notch1 receptor. β-actin served as a 1037 

loading control. (G-H) HT22 cells were treated with siRNA (Notch1) and shRNA 1038 

(HES1) to knock down Notch1 and HES1 for 12h, then infected with adenovirus to 1039 

overexpress Kallistatin for 24h. Western blot analysis was used to detect the Notch1 1040 

signaling pathway. Error bars represent the standard deviation (SD), one asterisk, p < 1041 

0.05; Student’s t-test. 1042 

 1043 

Fig.7 Kallistatin promoted phosphorylation of tau by suppressing Wnt signaling 1044 

pathway. (A-B) GSK-3β and p-GSK-3β expression was measured by western blot 1045 

analysis in hippocampal tissue, then statistically analyzed the above results. (C-D) 1046 

Primary hippocampal neurons were treated with overexpressing Kallistatin adenovirus 1047 

for 72h, then western blot analysis was used to detect the content of GSK-3β, p-GSK-1048 

3β, tau, p-tau (Ser9, T231, S396), and statistically analyzed the above results. (E-F) 1049 

Primary hippocampal neurons were treated with overexpressing Kallistatin adenovirus 1050 

for 48h, then treated with LiCl (10mM) for 24h, western blot analysis was used to 1051 

detect the content of GSK-3β, p-GSK-3β, p-tau (Ser9, T231, S396), and statistical 1052 
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analysis of the above results. Error bars represent the standard deviation (SD), two 1053 

asterisk, p < 0.01; three asterisk, p < 0.001; Student’s t-test. 1054 

 1055 

Fig.8 Fenofibrate could alleviate memory and cognitive impairment of KAL-TG 1056 

mice. (A) Illustration of experimental protocols. Fenofibrate (0.3 g/kg/d × 5week, i.g.) 1057 

or rosiglitazone (5mg/kg/d × 5week, i.g.) were given to KAL-TG mice. The serum for 1058 

Kallistatin measuring was collected at week 0 and week 4. And Morris water maze 1059 

and Y-maze test were performed at week 5. (B-E) Behavioral performance was 1060 

assessed through the Morris water maze test and the Y-maze test. (B) The escape 1061 

latency time was presented during 1-5 day. (C-E) Cognitive functions were evaluated 1062 

by spatial probe test at day 6, then analyzing each group of mice crossing platform 1063 

times(C), time percent in the targeted area (D), and the path traces heatmap (E), n=5 1064 

to 6 per group. (F) Spontaneous alternation of Y-maze test. (G) Kallistatin decreased 1065 

ratio was calculated by dividing the serum Kallistatin concentration of KAL-TG mice 1066 

before Fenofibrate/ rosiglitazone treatment by the serum Kallistatin concentration of 1067 

KAL-TG mice after a-month treatment, and serum Kallistatin concentration was 1068 

measured by ELISA. (H-I ) Protein levels of Aβ and BACE1 were tested by western 1069 

blot analysis in hippocampal tissue, then statistically analyzing the above results. (J-K) 1070 

Protein levels of p-tau(231), tau, p-GSK-3β(Ser9) and GSK-3β were tested by western 1071 

blot analysis in hippocampal tissue，then statistically analyzing the above results. 1072 

Error bars represent the standard deviation (SD); one asterisk, p < 0.05; Student’s t-1073 
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test. 1074 

 1075 

Table.S1 Clinical characteristic of AD patients 1076 

 NC AD 
p value 

(Dementia vs NC) 

N 61 56 NA 

Age 49-82 52-85 **** 

Average age 64±8.53 73.02±9.43 NA 

Male 29 25 
NS 

Female 32 31 

GLU (mmol/L) 5.07±0.65 6.73±2.81 **** 

TC (mmol/L) 4.63±0.58 4.50±1.12 NS 

TG (mmol/L) 1.09±0.50 1.41±0.65 ** 

N is an abbreviation for number; GLU is an abbreviation for glucose; TC is an 1077 

abbreviation for total cholesterol; TG is an abbreviation for triglyceride; NA indicates 1078 

not available; NS indicates no significance. two asterisk, p < 0.01, four asterisk, p < 1079 

0.0001. 1080 

 1081 

Table.S2 Clinical characteristic of AD patients with DM 1082 

 NC AD + DM 
p value 

(Dementia+DM vs NC) 

N 61 26 NA 

Age 49-82 52-92 **** 

Average age 64±8.53 76.77±8.69 NA 

Male 29 15 
NS 

Female 32 11 

GLU (mmol/L) 5.07±0.65 8.12±3.05 **** 
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TC (mmol/L) 4.63±0.58 4.29±1.04 NS 

TG (mmol/L) 1.08±0.50 1.69±0.68 **** 

N is an abbreviation for number; GLU is an abbreviation for glucose; TC is an 1083 

abbreviation for total cholesterol; TG is an abbreviation for triglyceride; NA indicates 1084 

not available; NS indicates no significance. four asterisk, p < 0.0001. 1085 

 1086 

Figure legend 1087 

Fig.S1 (A-B) GAD disease enrichment analysis (A) and PFAM analysis (B) result. 1088 

Differentially expressed genes in neurons were obtained from GSE161355, and GAD 1089 

disease enrichment was analyzed on David database. (C-D) Western blot analysis of 1090 

Kallistatin expression in aging model SAMP8 and corresponding control SAMR1 1091 

mice hippocampal tissue samples, then statistically analyzing the above results. β-1092 

Actin served as a loading control. Error bars represent the standard deviation (SD); 1093 

one asterisks, p < 0.05. 1094 

 1095 

Fig.S2 (A) HT22 cells were infected with adenovirus to overexpress Kallistatin for 1096 

48h. Aβ42 concentration of supernate and cell lysate was quantified by ELISA. (B-C) 1097 

Western blot analysis of Aβ protein level in HT22 cells infected with overexpressing 1098 

Kallistatin adenovirus and control groups for 48h, then statistical analysis of 1099 

Kallistatin protein levels. (D) BACE1 mRNA expression in hippocampal tissue. (E) α-1100 

secretases (ADAM9, ADAM10, ADAM17) mRNA expression in hippocampal tissue. 1101 
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(F) γ-secretase activity of each group’s hippocampal tissue was measured by ELISA. 1102 

(G) Primary hippocampal neurons were identified with MAP2. Error bars represent 1103 

the standard deviation (SD), one asterisk, p < 0.05, two asterisks, p < 0.01. 1104 

 1105 

Fig.S3 (A) The relevant protein levels in HT22 cells infected with overexpressing 1106 

Kallistatin adenovirus during Aβ generation were determined by western blot analysis. 1107 

(B) Statistical analysis of BACE1 expression in HT22 cells. (C) β-secretase activity of 1108 

HT22 cells infected with overexpressing Kallistatin adenovirus and control 1109 

adenovirus was measured by ELISA. (D) Primary hippocampal neurons were infected 1110 

with BACE1 siRNA for 72h. Western blot analysis of BACE1 protein levels. (E) 1111 

HT22 cells were treated with PPARγ agonist rosiglitazone (10nM) for 12h, then 1112 

infected with adenovirus to overexpress Kallistatin for 48h. Western blot analysis of 1113 

Aβ and BACE1 protein levels. β-actin served as a loading control. Error bars 1114 

represent the standard deviation (SD), two asterisks, p < 0.01. 1115 

 1116 

Fig.S4 (A-B) Western blot analysis of Notch1 protein level in primary hippocampal 1117 

neurons and HT22 cells infected with overexpressing Kallistatin adenovirus and 1118 

control groups. (C) HT22 cells were infected with overexpressing Kallistatin 1119 

adenovirus for 48h, and Co-IP analysis was conducted to verify whether Kallistatin 1120 

can bind to the Notch1 receptor. β-actin served as a loading control. (D) Primary 1121 

hippocampal neurons were treated with Kallistatin protein for 72h, then IP analysis. 1122 
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(E) Primary hippocampal neurons were infected with Notch1 siRNA for 72h. Western 1123 

blot analysis of BACE1 protein levels. (F) HT22 cells were infected with HES1 1124 

shRNA for 48h. Western blot analysis of HES1 protein levels. 1125 

 1126 

Fig.S5 (A) Western blot analysis of GSK-3β, p-GSK-3β, tau, p-tau(Ser9, T231, S396) 1127 

in HT22 cells infected with overexpressing Kallistatin adenovirus and control groups. 1128 

(B) Western blot analysis of GSK-3β, p-GSK-3β, p-tau(Ser9, T231, S396) in HT22 1129 

cells infected with overexpressing Kallistatin adenovirus and control groups for 24h, 1130 

then treated with LiCl(10 mM) for 24h. (C) Simplified model depicting the pathway 1131 

of Aβ regulated by Kallistatin.  1132 

 1133 
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