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Abstract 15 

Background: It is well accepted that accumulation of beta-amyloid (Aβ) may involve 16 

in endothelial dysfunction during the Alzheimer’s disease (AD) progression. However, 17 

anti-Aβ antibodies, which remove Aβ  plaques, do not improve cerebrovascular 18 

function in AD animal models. The reasons for these paradoxical results still remain 19 

to be further investigated. We hypothesize that Aβ exposure may cause persistent 20 

damage to cerebral endothelial cell even after Aβ  is removed (termed as 21 

cerebrovascular endothelial damage memory). The aim of this study is to investigate 22 

whether cerebrovascular endothelial damage memory exists in endothelial cells.  23 

Method: The hCMEC/D3 cells are treated with Aβ1−42 for 12h and then withdraw 24 Aβ1−42 for another 12h incubation to investigate whether cerebrovascular endothelial 25 

damage memory exists in endothelial cells. A mechanism based kinetics progression 26 

model is developed to investigate the dynamic characters of the cerebrovascular 27 

endothelial damage.  28 

Results: After Aβ1−42 was removed, the level of sirt-1 recovered but the cell vitality 29 

did not improved which suggested that the cerebrovascular endothelial damage 30 

memory may exist in endothelial cells. Sirt-1 activator SRT2104 and NAD
+
 31 

supplement may relieve the cerebrovascular endothelial damage memory dose 32 

dependently. sirt-1 inhibitor EX527 may exacerbate the cerebrovascular endothelial 33 

damage memory. Kinetics analysis suggested that sirt-1 involves in initiating the 34 

cerebrovascular endothelial damage memory otherwise NAD
+
 exhaustion plays a vital 35 

role in maintaining the cerebrovascular endothelial damage memory.  36 

Conclusions: This study provides a novel feature of cerebrovascular endothelial 37 

damage induced by Aβ. 38 

Key words: cerebrovascular endothelial damage memory; sirt-1; vicious circle; 39 

kinetics process modeling; Alzheimer’s disease 40 

Background  41 

 Dementia is considered as one of the biggest threats to the aging population and a 42 

major public health problem worldwide, whose leading cause Alzheimer’s disease 43 

(AD) accounts for about 80% dementia [1]. Previous researches proposed a amyloid 44 



cascade hypothesis which suggested that amyloid β (Aβ) plays a central role in the 45 

development of AD [2, 3]. Therefore, according to the hypothesis, multiple 46 

anti-bodies targeted at Aβ (e.g. Solanezumab, Bapineuzumab and Crenezumab, etc) 47 

are tested in AD patients [4]. Unfortunately, none of these anti-bodies exhibits 48 

efficacy in clinical trails [5]. 49 

 An often-cited explanation for the failure of anti-bodies targeted at Aβ in clinical 50 

trials is that they are set too late in the disease process [5, 6]. However, there is a 51 

different opinion on the explanation for anti-Aβ immunotherapies lacking efficacy. It 52 

is widely accepted that cerebrovascular system may play an important role in Aβ 53 

clearance [7]. Therefore, Qi et al suggested that the failure of anti- Aβ 54 

immunotherapies may be due to the cerebrovascular damage which can not be 55 

improved by removing Aβ [8]. Previous reports could provide more evidences for 56 

this hypothesis. When the AD animal models are treated with anti-Aβ antibodies, 57 

they are effective at removing the Aβ plaques, but void at preventing hemorrhages 58 

which may be related to the cerebrovascular damage [9-12]. In other words, Aβ may 59 

impair the cerebrovascular function, but the cerebrovascular function can not be 60 

improved by removing Aβ [10]. Therefore, to provide a new insight into the failure 61 

of anti-Aβ immunotherapies, it is necessary to investigate the reasons for lacking 62 

efficacy of removing Aβ on cerebrovascular function improvement.  63 

 Diabetes “metabolic memory” phenomenon may provide enlightenments for the 64 

investigation on the persistent endothelial dysfunction of AD. Metabolic memory 65 

phenomenon is defined as the persistence of diabetes complications even after 66 

glycemic control has been pharmacologically achieved [13]. Especially, the Metabolic 67 

memory phenomenon is associated to the endothelial dysfunction [14]. In other word, 68 

the endothelial dysfunction induced by hyperglycemia in the early stage of diabetes 69 

might not be improved by the following glycemic control. The endothelial 70 

dysfunction which can not be improved by removing Aβ seems to be similar to the 71 

metabolic memory phenomenon of diabetes. Therefore, it is reasonable to assume that 72 

the damage memory phenomenon may exist in cerebrovascular endothelial cell. 73 

  As metabolic memory in diabetes is related to epigenetic changes which is also 74 



observed in AD patients, it is reasonable to assume that the epigenetic factors may 75 

involve in the formation of cerebrovascular endothelial damage memory [15, 16]. The 76 

Epigenetic factors include DNA methylation, histone modifications, chromatin 77 

remodeling, and regulation by non-coding RNA [15]. Among these factors, histone 78 

modifications variations are observed in wide range of researches involving in AD 79 

patients, AD animal models, and AD culture models, which suggests that histone 80 

modifications may play a vital role in the development of AD [15, 17]. Histone 81 

modifications include multiple types e.g. acetylation, methylation, phosphorylation, 82 

ubiquitination, etc., among which acetylation is the most ubiquitous and well studied 83 

[15, 17]. Histone acetylation is catalyzed by histone acetyltransferase (HAT) while 84 

deacetylation is influenced by histone deacetylases (HDAC) [15]. Among these 85 

HDAC enzymes, sirt-1, which decreases significantly in AD patients, is closely 86 

associated with the proliferation and apoptosis of endothelial cells [18, 19]. Therefore, 87 

sirt-1 may be related to the formation of AD cerebrovascular endothelial damage 88 

memory.  89 

The aim of this study is to investigate that whether the damage memory process 90 

may exist in cerebrovascular endothelial cells and the kinetics characters of this 91 

process. A mechanism based kinetic progression model is developed to investigate the 92 

dynamic process of cerebrovascular endothelial cell damage as well as the method for 93 

improving the cerebrovascular endothelial cell damage memory. Our research 94 

provides new insight into the AD cerebrovascular endothelial cell dysfunction and the 95 

new idea for the improvement of cerebrovascular endothelial function. 96 

Result 97 

Withdrawing A𝛃 does not improve hCMEC/D3 cell vitality 98 

 The results (Fig. 1E) show that the cell vitality in Aβ group decreases during  99 Aβ1−42  incubation. After Aβ1−42  is withdrawn, the cell vitality in the damage 100 

memory group did not recover and there was no significant difference (P>0.05, t=0.28, 101 

t-test) compared with Aβ group. These results suggested that the damage memory 102 

may exist in endothelial cell. In other words, if endothelial cell exposes to  Aβ1−42 103 

for a certain time, the damage induced by Aβ1−42  may not be improved by 104 



withdrawing  Aβ1−42. Furthermore, Our result (Fig. 1A-D) suggested that sirt-1 level 105 

decreased during Aβ1−42  incubation and its level recovered when Aβ1−42  is 106 

withdrawn. Meanwhile the levels of NAD
+
 and MMP decreased whereas p66

SHC
 and 107 

ROS increased continually in both Aβ group and damage memory group. Compared 108 

with control group, NAD
+
, p66

SHC
, ROS, Sirt-1 activity and MMP had significant 109 

difference ( pNAD+ < 0.05 , tNAD+ = −4.97 ; p𝑝66𝑆𝐻𝐶 < 0.05 , t𝑝66𝑆𝐻𝐶 = 4.88 ; 110 pMMP < 0.05, tMMP = −7.24; 𝑝𝑅𝑂𝑆<0.01, 𝑡𝑅𝑂𝑆=4.57; 𝑝𝑠𝑖𝑟𝑡 < 0.01, 𝑡𝑠𝑖𝑟𝑡 = −6.33, 111 

t-test) in both Aβ group and damage memory at 24h. But NAD
+
, p66

SHC
, ROS, Sirt-1 112 

activity and MMP had no significant difference (pNAD+ > 0.05, tNAD+ = 1.50; 113 p𝑝66𝑆𝐻𝐶 > 0.05 , t𝑝66𝑆𝐻𝐶 = 0.08 ; pMMP > 0.05 , tMMP = 0.98 ; 𝑝𝑅𝑂𝑆 > 0.05 , 114 𝑡𝑅𝑂𝑆 =-0.77; 𝑝𝑠𝑖𝑟𝑡 > 0.05 , 𝑡𝑠𝑖𝑟𝑡 = −1.09 , t-test) between Aβ  group and damage 115 

memory at 24h. Our study suggested that when hCMEC/D3 cell exposes to Aβ1−42 116 

for 12h, the levels of NAD
+
, p66

SHC
, ROS, and MMP may alter and the variation of 117 

their levels can not recover to the baseline level. To determine whether intracellular 118 

Aβ accumulation involves in the formation of damage memory, we performed 119 

western blot to measure the intracellular Aβ level after hCMEC/D3 cells are exposed 120 

to Aβ  for 24h. The results (the brands are given in supplementary materials) 121 

suggested that no intracellular Aβ accumulation are detected. Therefore, it seems that 122 

intracellular Aβ accumulation may not invovle in the formation of damge memory. 123 

Stimulating sirt-1 relieves the endothelial damage memory 124 

 As the expression of sirt-1 alters in the damage memory group compared to the 125 

control group, sirt-1 may affect the formation of the endothelial damage memory. 126 

There are two ways to stimulate the activity of sirt-1. Firstly, selective small molecule 127 

activator of sirt-1 SRT2104 is available to increase sirt-1 activity. Secondly, as NAD
+
 128 

is a vital cofactor of sirt-1, NAD
+
 supplement also can stimulate the activity of sirt-1. 129 

Therefore, both methods are used to test whether the activity of sirt-1 may affect the 130 

formation of the endothelial damage memory. In the first experiment, a sirt-1 activator 131 

SRT2104 is used to stimulate sirt-1 activity. The results are shown in Fig4. A. 132 

Compared with the damage memory group, the levels of NAD
+
,
 
MMP, Mn-SOD and 133 



cell vitality in SRT2104 treated groups increased significantly (pNAD+ < 0.05 , 134 tNAD+ = 17.35 ; pMMP < 0.05 , tMMP = 11.29 ; pMTT < 0.05 , tMTT = 31.53 ; 135 𝑝𝑆𝑂𝐷 < 0.01 , 𝑡𝑆𝑂𝐷 = 10.41 , t-test) meanwhile p66
SHC

 and ROS decreased 136 

significantly ( 𝑝𝑝66 <0.05, 𝑡𝑝66 =-11.01; 𝑝𝑅𝑂𝑆 < 0.01 , 𝑡𝑅𝑂𝑆 = −5.04 , t-test). The 137 

variations of above biomarkers levels are dose dependent. Therefore, our reults 138 

suggested that stimulating sirt-1 relieve the endothelial damage memory. 139 

In the second experiment, NAD
+
 supplement is used to increase the activity of 140 

sirt-1. The results are represented in Fig. 2C. Compared with memory group, the 141 

levels of Mn-SOD, MMP and cell vitality in NAD
+
 treated groups increased 142 

significantly ( 𝑝𝑆𝑂𝐷 < 0.05 , 𝑡𝑆𝑂𝐷 = 2.68 ; pMMP < 0.05 , tMMP = 3.61 ; pMTT <143 0.05 , tMTT = 9.11 , t-test) meanwhile p66
SHC

 and ROS decreased significantly 144 

(𝑝𝑝66 <0.05, 𝑡𝑝66 =-8.94; 𝑝𝑅𝑂𝑆 < 0.01 , 𝑡𝑅𝑂𝑆 = −11.89  t-test). The variations of 145 

above the biomarkers levels are dose dependent. Therefore, our reults suggested that 146 

NAD
+
 supplement relieves the endothelial damage memory. 147 

Inhibiting sirt-1 exacerbates the endothelial damage memory 148 

 Stimulating sirt-1 may relieve the endothelial damage memory, whereas 149 

inhibiting sirt-1 may exacerbate the endothelial damage memory presumably. To test 150 

this hypothesis, a sirt-1 inhibitor EX527 is used in the cell experiment. The results are 151 

shown in Fig 4B. Compared with the damage memory group, the levels of Mn-SOD, 152 

NAD
+
,
 
MMP and cell vitality in EX527 treated groups decreased significantly 153 

(  𝑝𝑆𝑂𝐷 < 0.01 , 𝑡𝑆𝑂𝐷 = −14.00 ; pNAD+ < 0.05 , tNAD+ = −29.89 , pMMP < 0.05 , 154 tMMP = −14.52, pMTT < 0.05, tMTT = −40.11, t-test) meanwhile p66
SHC

 and ROS 155 

increased significantly (𝑝𝑝66<0.05, 𝑡𝑝66=24.03; 𝑝𝑅𝑂𝑆 < 0.01, 𝑡𝑅𝑂𝑆=39.27, t-test). 156 

The variations of the above biomarkers levels are dose dependent. Therefore, our 157 

reults suggested that inhibiting sirt-1 exacerbates the endothelial damage memory. 158 

The dysfunction of sirt-1 may not only increase the production of ROS but also impair 159 

the elimination of ROS.  160 

NAD
+
 and sirt-1 play different roles in the dynamic process of endothelial 161 

damage memory 162 

 We wonder that whether NAD
+
 and sirt-1 may play different roles in the  163 



endothelial damage memory kinetic process. To test this hypothesis , a mechanism 164 

based kinetic progression model is developed. The visual predictive check (VPC) for 165 

this model is represented in Fig. 3. The VPC plots show that the observed average 166 

data falls within 95% prediction confidence interval. The bootstrapping values of 167 

estimated model parameters (table 1) remain near the final parameters estimation with 168 

relative low coefficient of variances (CV). Therefore, the goodness of fit for the 169 

mechanism based kinetic progression model is satisfactory. 170 

 After the internal validation of the mechanism based kinetic progression is 171 

performed, simulations based on this model are conducted. The simulations are 172 

performed based on three scenario. The aim for the first scenario is to investigate the 173 

time of endothelial damage memory formation. The relevance of this simulation is to 174 

provide a baseline data for comparing the effects of different levels of sirt-1 and 175 

NAD
+
 on the time of endothelial damage memory formation. The results of the first 176 

simulation are shown in the Fig. 4. The results suggested that when the cells are 177 

treated with Aβ1−42 for more than 4h, the levels of sirt-1, Sirt-1 activity, p66
SHC

, 178 

ROS, NAD
+
, MMP and cell vitality may not be recovered by withdrawing  Aβ1−42. 179 

In other words, the baseline of endothelial damage memory formation time might be 180 

4h post Aβ1−42 treatment in hCMEC/D3 cells. After the base line time of endothelial 181 

damage memory formation is determined, the simulation of the second scenario is 182 

performed. In this scenario, the level of sirt-1 or NAD
+
 is changed and then the time 183 

of endothelial damage memory formation is estimated. The results of above 184 

simulation are shown in Fig. 5. Changing the levels of both sirt-1 and NAD
+
 may alter 185 

the time of endothelial damage memory formation. Particularly the variation of the 186 

endothelial damage memory formation time is more sensitive to changing of the sirt-1 187 

level than that of the NAD
+
 level. In the third scenario, the methods for relieving the 188 

endothelial damage memory were investigated. The effects of sirt-1 activator or 189 

NAD
+
 supplement on relieving the endothelial damage memory were estimated. The 190 

results of the above simulation are shown in Fig. 6. When the cells are treated with 191 

sirt-1 activator, the time of endothelial damage memory formation is delayed to 6h 192 

post Aβ1−42 incubation. When the cells are treated with NAD
+
 supplement, the time 193 



of endothelial damage memory formation is delayed to 8h post Aβ1−42 incubation. 194 

These results suggested that NAD
+
 supplement may be a potential method for 195 

delaying the formation of endothelial damage memory. 196 

Different roles of NAD
+
 and sirt-1 in delaying the formation of endothelial 197 

damage memory 198 

As the above simulations suggested that the NAD
+
 supplement may delay the 199 

formation of endothelial damage memory, cell experiments are performed to test this 200 

hypothesis. To test that whether NAD
+
 supplement can delay the formation of 201 

endothelial damage memory, the baseline time of endothelial damage memory 202 

formation should be determined. The above simulation suggested that the baseline 203 

time for endothelial damage memory formation may be 4h after 2.5μmol/ml  Aβ1−42 204 

incubation. Therefore, the cell experimets are designed to investigate the baseline time 205 

of the damage memory formation and whether different Aβ1−42 concentrations affect 206 

the baseline time (Fig. 7A). The cell vitality in 2h memory group recovered whereas it 207 

did not relive in 4h memory group after Aβ (2.5μmol/ml ) is withdrawn (Fig. 7B). 208 

Compared with Aβ (2.5μmol/ml ) group, the cell vitality in 2h memory group had 209 

significant difference (p<0.05, t=1.81, t-test) but it had no significant difference 210 

(p>0.05, t=1.48, t-test) in 4h memory group (Fig. 7B). The results suggested that the 211 

baseline time of endothelial damage memory formation might be 4h after  Aβ1−42 212 

(2.5μmol/ml ) incubation. In addition, to investigate the critical concentration and 213 

time exposure to Aβ, the formation time of the damage memory were estimated when 214 

the cells were incubated with different concentrations of Aβ. The results suggested 215 

that the formation time of the damage memory is Aβ concentration dependent whose 216 

curve fits 𝐸𝑚𝑎𝑥 model (Fig. 7C). With Aβ concentration getting higher, the damage 217 

memory forms earlier. 218 

After the baseline time of endothelial damage memory formation is estimated, the 219 

effect of sirt-1 activator or NAD
+
 supplement on delaying endothelial damage 220 

memory formation is investigated. The above simulation shows that the formation of 221 



endothelial damage memory may be delayed to 6h or 8h after 𝐴𝛽1−42 incubation by 222 

SRT 2104 or NAD
+
 supplement respectively. Therefore, the cell experimets were 223 

desinged according to the simulation (Fig. 11B-C). The results of SRT2104 treatment 224 

are shown in Fig. 8A. The results suggested that the cell vitality in 4h SRT2104 group 225 

(including low dose and high dose) is significantly higher (p<0.05, t=5.17, t-test) than 226 

that in 6h SRT2014 (including low dose and high dose) group and damage memory 227 

group meanwhile there is no significant difference (p>0.05, t=-1.05, t-test) between 228 

6h SRT2104 (including low dose and high dose) group and damage memory group. 229 

Compared with the damage memory group, the levels of ROS and p66
SHC

 decreased 230 

significantly ( 𝑝𝑅𝑂𝑆 < 0.01 , 𝑡𝑅𝑂𝑆 = −11.89 ; 𝑝𝑝66 <0.05, 𝑡𝑝66 =-33.37, t-test) 231 

meanwhile the levels of Mn-SOD, MMP, sirt-1 activity and NAD
+
 increased 232 

significantly (𝑝𝑆𝑂𝐷 < 0.01, 𝑡𝑆𝑂𝐷 = 10.41; pMMP < 0.05, tMMP = 3.78  pNAD+ <233 0.05, tNAD+ = 3.46; 𝑝𝑠𝑖𝑟𝑡 < 0.01, 𝑡𝑠𝑖𝑟𝑡 = 5.59, t-test) in SRT2104 treated cells. 234 

Therefore, treating with SRT2104 may delay the endothelial damage memory 235 

formation to 6h after Aβ1−42 incubation. 236 

The results of NAD
+
 supplement treatment are shown in Fig. 8B. The cell vitality 237 

in 6h NAD
+
 group (including low dose and high dose) is significantly higher (p<0.05, 238 

t=9.11, t-test) than that in 8h NAD
+
 (including low dose and high dose) group and 239 

damage memory group meanwhile there is no significant (p>0.05, t=2.11, t-test) 240 

difference between 8h NAD
+
 (including low dose and high dose) group and damage 241 

memory group. Compared with the damage memory group, the levels of ROS and 242 

p66
SHC

 decreased significantly ( 𝑝𝑅𝑂𝑆 < 0.01 , 𝑡𝑅𝑂𝑆 = −11.89 ; 𝑝𝑝66 <0.05, 243 𝑡𝑝66 =-8.94, t-test) meanwhile the levels of sirt-1 activity, Mn-SOD and MMP 244 

increased significantly ( 𝑝𝑠𝑖𝑟𝑡 < 0.01 , 𝑡𝑠𝑖𝑟𝑡 = 4.70 ; 𝑝𝑆𝑂𝐷 < 0.05 , 𝑡𝑆𝑂𝐷 = 2.68 ; 245 𝑝𝑝66<0.05, 𝑡𝑝66=3.61, t-test) in NAD
+
 treated cells. Therefore, treating with NAD

+
 246 

may delay the endothelial damage memory formation to 8h after Aβ1−42 incubation. 247 

Therefore, the experiments results suggested that compared with sirt-1 activator, 248 

NAD
+
 supplement may exhibit better effects on delaying the formation of endothelial 249 

damage memory (Fig. 8C). 250 

Discussion 251 



 Previous research has demonstrated that cerebrovascular endothelial cell damage 252 

is recognized as a contributor to the AD pathogenesis and Aβ may impair the 253 

cerebrovascular function [10, 20]. But AD animal models researches show that the 254 

cerebrovascular function can not be improved by removing Aβ [9, 11, 12]. In this 255 

study, a new feature termed as cerebrovascular endothelial cell damage memory is 256 

revealed to explain this paradoxical previous results.  257 

  Our results suggested that sirt-1 may involve in the formation of cerebrovascular 258 

endothelial cell damage memory (Fig. 9). sirt-1 is a NAD
+
 dependent protein 259 

deacetylase which occupies in cytoplasm and nucleus [21]. It may suppress gene 260 

transcription of the mitochondrial adaptor p66
SHC

 by deacetylating histone 3 binding 261 

to the p66
SHC

 promoter [22, 23]. Whereas inhibition of sirt-1 increased acetylated 262 

histone H3 binding to the p66
SHC

 promoter and induce overexpression of p66
SHC

. The 263 

increased p66
SHC

 would open the mitochondrial permeability transition pore (PTP) 264 

which may result into the collapse of the mitochondrial membrane potential (MMP) 265 

[24]. When the PTP opens, the contact between the cytosolic and the mitochondrial 266 

pools of pyridine nucleotides may reduce NAD
+
 via enzymatic reactions [25]. 267 

According to the above researches, a hypothesis for the mechanism of cerebrovascular 268 

endothelial damage memory is proposed: the sirt-1 level of cerebrovascular 269 

endothelial cell may be decreased by Aβ exposure, then the decreased sirt-1 could 270 

overexpress p66
SCH

 which may cause MMP collapse inducing NAD
+
 level reduction; 271 

meanwhile NAD
+
 is a vital coenzyme of sirt-1, low level NAD

+
 may exacerbate sirt-1 272 

deactivation then further reduce MMP which may form a vicious circle. sirt-1 273 

downregulation may be related to the ROS production induced by Aβ. Our results 274 

suggested that the damage memroy may induce ROS accumulation which is 275 

consistent with previous researches. Previous clinical research has demonstrated that 276 

the significant correlation between sirt-1 and Aβ levels in the brain as seen in human 277 

patients and Aβ may suppress the expression of sirt-1 [26]. Therefore, Aβ induced 278 

ROS production may cause the depletion of sirt-1 expression [27, 28]. 279 

 Furthermore, the dynamic process of cerebrovascular endothelial cell damage 280 

memory formation is investigated by the mechanism based kinetic progression model. 281 



According to our model, the progression of cerebrovascular endothelial cell damage 282 

memory might be divided into two phases. The first phase termed as the formation 283 

phase is defined that the cell vitality can be recovered by removing  Aβ1−42. The 284 

second phase termed as the maintenance phase is defined that the cell vitality can not 285 

be recovered by removing  Aβ1−42. The roles of sirt-1 and NAD
+
 are different in 286 

different phases. The sirt-1 is an initiator in the formation phase. The decreased sirt-1 287 

level may collapse the mitochondrial membrane potential which may inhibit the 288 

production of NAD
+
. As NAD

+
 is exhausted, even if sirt-1 level recovers, it may not 289 

be fully function as the histone deacetylase for lacking crucial cofactor NAD
+
. In 290 

other words, when the maintenance phase is reached, lacking NAD
+
 may be the 291 

important factor to maintain the endothelial damage vicious circle. In summary, 292 

decreased sirt-1 level is an initiator to activate endothelial damage vicious circle. 293 

When the vicious circle formed, it is maitained by low level NAD
+
 and the variation 294 

of sirt-1 level only has limited impact on the damage vicious circle. Our experiments 295 

demonstrate that the vicious circle may induce mitochondria dysfunction and ROS 296 

accumulation. sirt-1, p66
SHC

 and Mn-SOD is affected by triggered vicious. In this 297 

study, our results suggested that Aβ may suppress the expression of sirt-1 which may 298 

cause the overexpression of p66
SHC

. Increased p66
SHC

 may open the mitochondrial 299 

permeability transition pore (PTP) which may result in the collapse of the 300 

mitochondrial membrane potential (MMP). When the PTP opens, the contact between 301 

the cytosolic and the mitochondrial pools of pyridine nucleotides may reduce NAD
+
 302 

via enzymatic reactions. Meanwhile NAD
+
 is a vital coenzyme of SIRT-1, low level 303 

NAD
+
 may exacerbate sirt-1 deactivation then further reduce MMP which may form a 304 

vicious circle. Besides mitochondria dysfunction, the vicious circle may also induce 305 

ROS accumulation. The vicious circle may not only induce ROS production but also 306 

impair ROS elimination via suppress Mn-SOD expression. The above discussion is 307 

added to the revised manuscript.  308 

 The above kinetic process analysis may provide insight into the methods for the 309 

damage memory improvement which may contribute to reducing neuronal damage 310 

according to previous clinical research [29]. Our reseach suggested that both sirt-1 311 



activator and NAD
+
 supplement may exihibit endothelial protection effects. Previous 312 

researches have demonstrated the roles of sirt-1 in AD pathology. The loss of sirt-1 is 313 

closely associated with the accumulation of amyloid-beta and tau in the cerebral 314 

cortex of AD patients [18]. Researches in cell culature and genetic mouse models 315 

have identified the potential protective role of sirt-1 activators against AD [30, 31]. 316 

The sirt-1 activator SRT2104, similar to other sirt-1 activators, increased 317 

mitochondrial content and suppressed the inflammation pathways [32]. It also exhibits 318 

endothelial protective effects which is observed in this study [32]. Besides sirt-1 319 

activators, NAD
+
 boosters or supplement may have potential endothelial protective 320 

effects. Clinical research shown that stimulating NAD
+
 metabolism in healthy 321 

middle-aged and older adults may reduce blood pressure and arterial stiffness [33]. 322 

However, the roles of the above treatments are still different in improving 323 

cerebrovascular endothelial cell damage memory. Compared with sirt-1 activator 324 

SRT2104, NAD
+
 supplement may have more potent effects on delaying the formation 325 

of cerebrovascular endothelial cell damage memory. This result may be due to the 326 

different roles of sirt-1 and NAD
+
 in the cerebrovascular endothelial cell damage 327 

memory dynamic process. sirt-1 may mainly plays a role in initializing the 328 

cerebrovascular endothelial cell damage vicious circle. Once the vicious circle formed, 329 

the variation of sirt-1 may have very limited impact on the vicious circle due to 330 

lacking the vital cofactor NAD
+
. Therefore, NAD

+
 supplement or booster may be a 331 

potential method for improving the cerebrovascular endothelial cell damage memory. 332 

Furthermore, although our cell damage kinetics model is developed based the cell 333 

model produced by Aβ1−42, previous research has suggested that the cytotoxicity of 334 Aβ1−40 and Aβ1−42 are similar [34]. Therefore, the structure of the proposed model 335 

can be applied for Aβ1−40 and the parameters of the proposed model may need to be 336 

further validated for Aβ1−40. 337 

Conclusion 338 

 In this study, the kinetic progression of cerebrovascular endothelial cell damage 339 

memory vicious circle is demonstrated. sirt-1 is an initiator to activate the above 340 

vicious circle. Once the vicious circle formed, it is maitained by low level NAD
+
 341 



which suggested that NAD
+
 supplement may be a potential method for improving the 342 

cerebrovascular endothelial cell damage memory. The present study provides a new 343 

insight into cerebrovascular endothelial damage in AD progression. 344 

Method 345 

Research framework 346 

 This study contains four steps (Fig. 10). Firstly, cell experiments are performed to 347 

investigate that whether the damage memory exists in endothelial cells and obtain the 348 

data for the kinetics process of cerebrovascular endothelial cells damage. Secondly, a 349 

mathematical model is developed to describe the above kinetics process. Thirdly, 350 

simulations based on the above model are performed to investigate the kinetic 351 

characters of the damage process and improvement method of cerebrovascular 352 

endothelial cells damage. Fourthly, the improvement method proposed by the above 353 

simulations are validated by cell experiments. 354 

Cell culture 355 

hCMEC/D3 cells were cultured in complete RPMI 1640 and seeded on glass 356 

coverslips in 12-well plates for ELISA and Western blot, 24-well plates for HPLC and 357 

MMP assays, or 96-well plates for cell vitality and ROS assays. All cell lines were 358 

maintained at 37°C and 5% CO2. Cell lines were validated by short tandem repeat 359 

(STR) profiling.  360 

Cell treatment 361 

 Aβ peptide is used to prepare AD cerebrovascular endothelial cell dysfunction 362 

model. The stock solution of Aβ peptide (100μM) is prepared by dissolving 1mg 363 

freeze-dried Aβ  peptide powder in 2208μL PBS and 45μL DMSO. The stock 364 

solution is diluted to 2.5μM with complete RPMI 1640 solution for in vitro model 365 

preparation. To investigate that whether the cerebrovascular endothelial cell 366 

dysfunction memory exists in endothelial cells, the hCMEC/D3 cells are divided into 367 

three groups (Fig. 10A). For the first group (control group), the hCMEC/D3 cells 368 

were cultured in complete RPMI 1640. For the second group (the Aβ group), the 369 

hCMEC/D3 cells are incubated with complete RPMI 1640 containing 2.5μM Aβ 370 

peptide for 24h. For the third group (the damage memory group), the hCMEC/D3 371 



cells are incubated with 2.5μM Aβ peptide for 12h and then withdraw Aβ for anther 372 

12h incubation. For all three groups, the cell samples are collected at 0h, 2h, 4h, 6h, 373 

8h, 10h, 12h, 14h, 16h, 18h, 20h, 22h, 24h for sirt-1, p66
SHC

, NAD
+
, ROS (Reactive 374 

Oxygen Species), MMP and cell vitality measurement. For mechanistic experiments, 375 

the cells in the damage memory group are treated with EX527 (a selective sirt-1 376 

inhibitor), SRT2104 (a selective sirt-1 activator) and NAD
+
 [35, 36].  377 

ELISA kit 378 

 The expression of sirt-1 is measured by a commercial ELISA kit obtained from 379 

abcam. 380 

Immunoblot 381 

The cells were lysed in RIPA buffer and quantified using a BCA assay. Equal 382 

amounts of total protein were separated by SDS-PAGE followed by electrophoretic 383 

transfer to polyvinylidene fluoride (PVDF) membranes (Millipore). After blocking 384 

membranes for 1 h with 5% skim milk powder in PBST, p66
SHC

 anti-body, amyloid 385 

beta anti-body or Mn-SOD anti-body were immunodetected by incubating for 16 h in 386 

primary antibody in blocking buffers. Membranes were washed extensively with 387 

PBST or TBST, and incubated with anti-rabbit secondary antibody in blocking buffer. 388 

After 1h, membranes were washed as above and developed using enhanced 389 

chemiluminescence. Densitometric images were captured with ImageJ and band 390 

intensity normalized to the control group. 391 

Cell vitality assay 392 

To evaluate the vitality of cells, the growth medium was disposed. Then wash the 393 

cells with PBS twice. 150μL 0.5mg/mL MTT solution was added to each well of 96 394 

well plates. After incubation for 90min at 37°C with MTT, the supernatant in each 395 

well was removed. The precipitated formazan was solubilized with DMSO and 396 

quantified spectrophotometrically at 550nm.  397 

MMP assay 398 

 Following an incubation with the JC-1 at 37 °C/45 min, the culture medium was 399 

removed and plates were washed with PBS. Finally, fluorescence was measured in a 400 

Perkin Elmer LS-50B fluorescence microplate reader set at 525 nm (excitation) and 401 



590 nm (emission). 402 

ROS measurement 403 

 Following an incubation with the DCFH-DA (10 μmol/L ) at 37 °C/20 min, the 404 

culture medium was removed and plates were washed with PBS. Finally, fluorescence 405 

was measured in a Perkin Elmer LS-50B fluorescence microplate reader set at 488 nm 406 

(excitation) and 525 nm (emission). 407 

NAD
+
 sample preparation and HPLC condition 408 

 The cells were lysed by freeze-thaw cycles. The cell extractive was centrifuged 409 

for 10 min at 15000 rpm under 4℃. 100μL of the supernatant was stored at −70 °C 410 

until analysis. 411 

 The prepared samples are analyzed by a HPLC method according to the previous 412 

research with slight modifications [37]. The prepared samples were injected into an 413 

Agilent ZORBAX SB-Aq column (5.0μm, 150mm×2.0mm). The mobile phase 414 

consisted of water containing 25g/L Na2HPO4•12H2O. The flow rate of the mobile 415 

phase was 1 mL∙min-1. The injection volume was 20μL. The column oven was 416 

conditioned at +40℃ and UV detection is set to 210nm.  417 

Sirt-1 activity assay 418 

 The sirt-1 activity is measured by a commercial kit as instructed by the 419 

manufacturer (obtained form Yanyu Biotech, Shanghai, China ). The Cell Lysis 420 

solution was incubated with 5 μL of  flsorescence substrate (100 µmol/L) and NAD
+
 421 

(100 µmol/L) for 30 min at 37 °C. The fluorescence was subsequently monitored for 422 

30 min at 360 nm (excitation) and 460 nm (emission). 423 

Mechanism based kinetic progression model development 424 

 In this study, the data for model development is collected in the above cell 425 

experiment. After the model is developed, simulations are performed for investigating 426 

the dynamic characters of cerebrovascular endothelial damage memory. The 427 

mechanism based kinetic progression model is described in the system which is 428 

composed of five linked turn over equations: 429 
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The basal equation of sirt-1 level (Eq. [1]) is depicted by a zero-order production rate 436 

(
1SIRT

in
k ) and a first-order degradation rate (

1SIRT

out
k ). In this system, the expression of 437 

sirt-1 may be inhibited by Aβ whose concentration is constant in the cell experiments. 438 

Therefore, inhibition of sirt-1 expression induced by Aβ is assumed to constant 439 

which is described by parameter A
E  . When the cell is incubated in growth medium 440 

without Aβ, the value of A
E   is set to 1. The basal equation of p66

SHC
 level (Eq. [2]) 441 

is depicted by a zero-order production rate ( 66SHCp

in
k ) and a first-order degradation rate 442 

( 66SHCp

out
k ). sirt-1 may decrease p66

SHC
 expression. Additionally, NAD

+
 is the cofactor 443 

of sirt-1 which may also affect the expression of p66
SHC

. The effects of sirt-1 and 444 

NAD
+
 on p66

SHC
 expression are assumed to be linear which are described by 445 

parameters 
1

66SHC

SIRT

p
k  and 

66SHC

NAD

p
k



 respectively. The basal equation of ROS level (Eq. 446 

[2]) is depicted by a zeros-order production rate (
ROS

in
k ) and a first-order degradation 447 

rate (
ROS

out
k ). The effect of p66

SHC
 on rising ROS level is described by maxE  model 448 

containing two parameters 66

max

SHCp
E  and 66

50

SHCp
EC . The basal equation of NAD

+
 level 449 



(Eq. [3]) is depicted by a zero-order production rate ( NAD

in
k



) and a first-order 450 

degradation rate ( NAD

out
k



). The basal equation of MMP level (Eq. [4]) is depicted by a 451 

zero-order production rate (
MMP

in
k ) and a first-order degradation rate (

MMP

out
k ). The 452 

MMP collapse induced by
 
ROS is assumed to be described by a 

maxE  model which 453 

contains two parameters 
max

ROS
E  and 

50

ROS
EC . The basal equation of cell vitality (Eq. 454 

[5]) is depicted by a zero-order production rate (
MTT

in
k ) and a first-order degradation 455 

rate (
MTT

out
k ). The cell vitality may be affect by MMP whose effect is assumed to be 456 

described by a maxE  model including two parameters 
max

MMP
E  and 

50

MMP
EC .  457 

Simulation 458 

 The simulation can provide insight into three issues. Firstly, the simulation can 459 

help find the time of cerebrovascular endothelial damage memory formation. For this 460 

scenario, Aβ is withdrawn at different time points and levels of sirt-1, p66
SHC

, NAD
+
, 461 

MMP and cell vitality are estimated to find the time at which the cell vitality may 462 

recover after Aβ is withdrawn. The formation of cerebrovascular endothelial damage 463 

memory is defined as that the cell vitality decreases more than 30% compared with 464 

control group and it can not recover after Aβ is withdrawn. Secondly, the influence 465 

factors for cerebrovascular endothelial damage memory formation are investigated by 466 

simulations. In this scenario, the effects of levels of sirt-1 and its cofactor NAD
+
 on 467 

cerebrovascular endothelial damage memory formation are investigated. When sirt-1 468 

level or NAD
+
 level changes, the time for cerebrovascular endothelial damage 469 

memory formation is estimated. Thirdly, the methods for delaying the formation of 470 

endothelial damage memory are investigated by simulation. In this scenario, the 471 

endothelial improvement effect of sirt-1 activator and NAD
+
 supplement are 472 

simulated. The improvement method proposed by simulation is validated in cell 473 

experiments.  474 

Simulation validation 475 

To validate the simulation based on the kinetic progression, three cell 476 



experiments are performed. The aim of the first cell experiment is to validate the 477 

baseline time of the formation of endothelial damage memory (Fig. 11A). Validation 478 

of the baseline time could help us to compare the different endothelial function 479 

improvement methods. In the first experiment, the hCMEC/D3 cells were divided into 480 

four groups. In the first group (control group), the cells were incubated with complete 481 

RPMI 1640 for 24h. In the second group (2h memory group), the cells were incubated 482 

with culture medium containing  Aβ1−42 for 2h and then withdraw  Aβ1−42 for 483 

another 22h incubation. In the third group (4h memory group), the cells were 484 

incubated with culture medium containing  Aβ1−42  for 4h and then withdraw  485 Aβ1−42 for another 20h incubation. In the fourth group (Aβ group), the cells were 486 

incubated with culture medium containing  Aβ1−42 for 24h. All the cell samples are 487 

collected for cell vitality measurement after 24h incubation.  488 

The aim of the second experiment is to investigate the effects of sirt-1 activator 489 

SRT2104 on delaying the formation of endothelial damage memory (Fig. 11B). In this 490 

experiment, the cells were divided into seven groups. In the first group (control 491 

group), the cells were incubated with complete RPMI 1640 for 24h. In the second 492 

group (Aβ group), the cells were incubated with Aβ for 24h. In the third group 493 

(damage memory group), the protocol is same as the 4h memory group in the first 494 

experiment. In the fourth and fifth groups (4h high and low dose SRT2104 groups), 495 

the cells were incubated with culture medium containing  Aβ1−42 for 4h and then 496 

withdraw  Aβ1−42 for another 20h incubation meanwhile the cells were treated with 497 

2μmol/L and 1μmol/L SRT2104 respectively during the entire incubation. In the 498 

sixth and seventh groups (6h high and low dose SRT2104 group), the cells were 499 

incubated with culture medium containing  Aβ1−42  for 6h and then withdraw  500 Aβ1−42 for another 18h incubation meanwhile the cells were treated with 2μmol/L 501 

and 1μmol/L SRT2104 respectively during the entire incubation.  502 

The aim of the third experiment is to investigate the effects of sirt-1 activator on 503 

delaying the formation of endothelial damage memory (Fig. 11C). In this experiment, 504 

the cells were divided into seven groups. The protocols of the first group (control 505 

group) and second (Aβ group) are same as those groups in the second experiment. In 506 



the third group (damage memory group), the cells were incubated with culture 507 

medium containing Aβ for 6h and then withdraw Aβ for another 18h incubation. In 508 

the fourth and fifth groups (6h high and low dose NAD
+
 groups), the cells were 509 

incubated with culture medium containing  Aβ1−42  for 6h and then withdraw  510 Aβ1−42 for another 18h incubation meanwhile the cells were treated with 5mmol/L 511 

and 1mmol/L NAD
+
 respectively during the entire incubation. In the sixth and 512 

seventh groups (8h high and low dose NAD
+
 groups), the cells were incubated with 513 

culture medium containing  Aβ1−42 for 8h and then withdraw  Aβ1−42 for another 514 

16h incubation meanwhile the cells were treated with 5mmol/L and 1 mmol/L 515 

NAD
+
 respectively during the entire incubation. All the cell samples were collected 516 

after 24h incubation for p66
SHC

, NAD
+
, MMP and cell vitality. 517 
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Table 1 mechanism based kinetic process model parameters and bootstrap validation. 648 

Parameters Estimate CV CI Bootstrap 

LL UL 

1SIRT

in
k  

0.02 77.05% 4.73E-03 0.04 0.02 

A
E   

-0.63 77.05% -1.12 -0.15 -0.63 

1SIRT

out
k  

0.10 35.96% 0.07 0.14 0.11 

66SHCp

in
k  

0.06 65.20% 0.02 0.11 0.06 

1

66SHC

SIRT

p
k  

28.29 67.40% 9.22 47.36 28.29 

66SHC

NAD

p
k



 
13.05 81.77% 2.38 23.73 13.50 

66 SHCp

out
k  

1.42 7.29% 1.31 1.52 1.42 

ROS

in
k  

1.11 0.22% 1.10 1.11 1.11 

66

max

SHCp
E  

0.32 19.86% 0.26 0.38 0.35 

66

50

SHCp
EC  

0.11 96.27% 4.01E-03 0.21 0.11 

66SHCp

out
k  

1.11 0.22% 1.10 1.11 1.11 

NAD

in
k



 
0.26 58.87% 0.11 0.41 0.27 

NAD

out
k



 
0.21 78.28% 0.05 0.38 0.23 

MMP

in
k  

0.86 88.70% 0.05 1.58 0.71 

max

ROS
E  

1.11 0.15% 1.17 1.17 1.04 

50

ROS
EC  

0.03 0.11% 0.03 0.03 0.03 

MMP

out
k  

1.17 92.09% 0.03 2.18 1.02 

MTT

in
k  

0.94 83.68% 0.15 1.72 0.94 

max

MMP
E  

0.26 15.85% 0.21 0.30 0.26 

50

MMP
EC  

0.04 78.74% 0.01 0.08 0.04 



MTT

out
k  

1.04 78.53% 0.22 1.85 1.04 
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Figures: 651 

 

 

Fig. 1 A: the time course of relative change of sirt-1, p66
SHC

, NAD
+
, ROS, MMP, and cell vitality 

compared to the control group. The black line represent the control group level which is 

normalized to 100%. The blue line represent Aβ group level. The red line represent the damage 

memory group. B: the levels of sirt-1 activity in damage memory group, Aβ group and control 

group. 
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Fig. 2 A: the change of p66
SHC

, NAD
+
, MMP, ROS, Mn-SOD and cell vitality in SRT2104 treated hCMEC/D3 cell. The control group data is normalized to 100%. B: the 

change of p66
SHC

, NAD
+
, MMP, ROS, Mn-SOD and cell vitality in EX527 treated hCMEC/D3 cell. The control group data is normalized to 100%. C: the change of p66

SHC
, 

MMP, ROS, Mn-SOD and cell vitality in NAD
+
 supplement treated hCMEC/D3 cell. The control group data is normalized to 100%. ** p<0.01 * p<0.05 
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Fig. 3 A: visual predicted check (VPC) for sirt-1, p66
SHC

, ROS, NAD
+
, MMP, and cell vitality. 

The shaded area represents the 95% confidence interval of the simulated median value. The line 

represents the median value of observed value. The red scatters represent observed values. B: 

scatter plots of predicted residuals vs. time for sirt-1, p66
SHC

, ROS, NAD
+
, MMP, and cell vitality. 
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Fig. 4 the simulation results for scenario I which investigate the time of cerebrovascular endothelial cell damage memory formation. 
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Fig. 5 A: the impact of different levels of NAD
+
 on the cerebrovascular endothelial cell damage 

memory formation time. B: the impact of different levels of sirt-1 on the cerebrovascular 

endothelial cell damage memory formation time. C: the summary plot of the impact of different 

levels of sirt-1 and NAD
+
 on the cerebrovascular endothelial cell damage memory formation time. 
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Fig. 6 A: the simulation for change of sirt-1, p66
SHC

, ROS, NAD
+
, MMP, and cell vitality in NAD

+
 supplement treated cells. B: the simulation for change of sirt-1, 

p66
SHC

, ROS, NAD
+
, MMP, and cell vitality in sirt-1 activator treated cells. 
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Fig. 7 A: experimental protocol for determining time of cerebrovascular endothelial cell damage 

memory formation. B: the experimental validation of cerebrovascular endothelial cell damage 

memory formation time. C: the damage memory formation time with different concentration of Aβ 
incubation. 
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Fig. 8 A: the effect of SRT2104 on delaying the formation of cerebrovascular endothelial cell 

damage memory formation. B: experimental protocol for evaluating the effect of SRT2104 on 

delaying the formation of cerebrovascular endothelial cell damage memory. C: the effect of NAD
+
 

supplement on delaying the formation of cerebrovascular endothelial cell damage memory 

formation. D: experimental protocol for evaluating the effect of NAD
+
 supplement on delaying the 

formation of cerebrovascular endothelial cell damage memory. E: summary of the effect of 

SRT2104 and NAD
+
 supplement on delaying the formation of cerebrovascular endothelial cell 

damage memory formation. 
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Fig. 9 the cerebrovascular endothelial cell damage memory vicious circle. 
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Fig. 10 the framework of this study 
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Fig. 11 A: experimental protocol for determining time of cerebrovascular endothelial cell damage 

memory formation. B: experimental protocol for evaluating the effect of SRT2104 on delaying the 

formation of cerebrovascular endothelial cell damage memory. C: experimental protocol for 

evaluating the effect of NAD
+
 supplement on delaying the formation of cerebrovascular 

endothelial cell damage memory. 
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Figures

Figure 1

A: the time course of relative change of sirt-1, p66SHC, NAD+, ROS, MMP, and cell vitality compared to the
control group. The black line represent the control group level which is normalized to 100%. The blue line
represent Aβ group level. The red line represent the damage memory group. B: the levels of sirt-1 activity
in damage memory group, Aβ group and control group.



Figure 2

A: the change of p66SHC, NAD+, MMP, ROS, Mn-SOD and cell vitality in SRT2104 treated hCMEC/D3 cell.
The control group data is normalized to 100%. B: the change of p66SHC, NAD+, MMP, ROS, Mn-SOD and
cell vitality in EX527 treated hCMEC/D3 cell. The control group data is normalized to 100%. C: the change
of p66SHC, MMP, ROS, Mn-SOD and cell vitality in NAD+ supplement treated hCMEC/D3 cell. The control
group data is normalized to 100%. ** p<0.01 * p<0.05



Figure 3

A: visual predicted check (VPC) for sirt-1, p66SHC, ROS, NAD+, MMP, and cell vitality. The shaded area
represents the 95% con�dence interval of the simulated median value. The line represents the median
value of observed value. The red scatters represent observed values. B: scatter plots of predicted
residuals vs. time for sirt-1, p66SHC, ROS, NAD+, MMP, and cell vitality.



Figure 4

the simulation results for scenario I which investigate the time of cerebrovascular endothelial cell
damage memory formation.



Figure 5

A: the impact of different levels of NAD+ on the cerebrovascular endothelial cell damage memory
formation time. B: the impact of different levels of sirt-1 on the cerebrovascular endothelial cell damage
memory formation time. C: the summary plot of the impact of different levels of sirt-1 and NAD+ on the
cerebrovascular endothelial cell damage memory formation time.



Figure 6

A: the simulation for change of sirt-1, p66SHC, ROS, NAD+, MMP, and cell vitality in NAD+ supplement
treated cells. B: the simulation for change of sirt-1, p66SHC, ROS, NAD+, MMP, and cell vitality in sirt-1
activator treated cells.



Figure 7

A: experimental protocol for determining time of cerebrovascular endothelial cell damage memory
formation. B: the experimental validation of cerebrovascular endothelial cell damage memory formation
time. C: the damage memory formation time with different concentration of Aβ incubation.



Figure 8

A: the effect of SRT2104 on delaying the formation of cerebrovascular endothelial cell damage memory
formation. B: experimental protocol for evaluating the effect of SRT2104 on delaying the formation of
cerebrovascular endothelial cell damage memory. C: the effect of NAD+ supplement on delaying the
formation of cerebrovascular endothelial cell damage memory formation. D: experimental protocol for
evaluating the effect of NAD+ supplement on delaying the formation of cerebrovascular endothelial cell
damage memory. E: summary of the effect of SRT2104 and NAD+ supplement on delaying the formation
of cerebrovascular endothelial cell damage memory formation.



Figure 9

the cerebrovascular endothelial cell damage memory vicious circle.



Figure 10

the framework of this study



Figure 11

A: experimental protocol for determining time of cerebrovascular endothelial cell damage memory
formation. B: experimental protocol for evaluating the effect of SRT2104 on delaying the formation of
cerebrovascular endothelial cell damage memory. C: experimental protocol for evaluating the effect of
NAD+ supplement on delaying the formation of cerebrovascular endothelial cell damage memory.
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