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Abstract
Aims: Hypertension is a leading cause of cerebral small vessel disease (CSVD). 
Currently, treatments for CSVD are limited. Nicotinamide riboside (NR) can protect 
against vascular injury and cognitive impairment in neurodegenerative diseases. In 
this study, the protective effects of NR against angiotensin II (Ang Ⅱ)–induced CSVD 
were evaluated.
Methods: To explore the effects of NR in CSVD, C57BL/6 mice were infused with 
Ang Ⅱ, and NR was added to the food of the mice for 28  days. Then, short-term 
memory, blood-brain barrier (BBB) integrity, and endothelial function were detected. 
Arteriole injury and glial activation were also evaluated.
Results: Our data showed that mice infused with Ang Ⅱ exhibited decreased short-
term memory function and BBB leakage due to decreased claudin-5 expression 
and increased caveolae-mediated endocytosis after 28  days. Furthermore, Ang Ⅱ 
decreased the expression of α-smooth muscle actin (α-SMA) and increased the ex-
pression of proliferating cell nuclear antigen (PCNA) in arterioles and decreased the 
expression of neurofilament 200 (NF200) and myelin basic protein (MBP) in the white 
matter. These CSVD-related damages induced by Ang Ⅱ were inhibited by NR admin-
istration. Moreover, NR administration significantly reduced glial activation around 
the vessels.
Conclusion: Our results indicated that NR administration alleviated Ang Ⅱ–induced 
CSVD by protecting BBB integrity, vascular remodeling, neuroinflammation, and 
white matter injury (WMI)–associated cognitive impairment.
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1  | INTRODUC TION

Cerebral small vessel disease (CSVD), one of the main causes of vas-
cular dementia, accounts for 20% of all dementia and is associated 
with 25% of stroke.1 CSVD affects almost 100% of people older than 
90  years and leads to the worsening of Alzheimer's disease (AD) 
symptoms.2 However, there is no reliable treatment for CSVD.3,4 
CSVD is characterized by white matter hyperintensities, cognitive 
impairment, cerebral microbleeds, and cerebrovascular injury in pa-
tients.1,5,6 BBB leakage is considered to be the initiating factor of 
CSVD and is related to the severity of the disease.7

The blood-brain barrier (BBB) is formed by the endothelium, 
astroglia, pericytes, and basal lamina.8 BBB dysfunction is a wide-
spread phenomenon in patients with CSVD and is associated with 
impaired cognition.7 Impaired cognition is linked to white matter in-
jury (WMI), which can predict the outcome of CSVD in patients.9,10 
The destruction of the BBB allows harmful substances, such as in-
flammatory cells and inflammatory factors, to enter the brain pa-
renchyma and then triggers inflammation.8 Typical intimal thickening 
caused by atherosclerosis in areas of hypertensive arterial disease 
occurs in CSVD,1 and CSVD shows stronger associations with vas-
cular inflammation in these areas. Ang Ⅱ can cause CSVD, including 
vascular injury, neuroinflammation, and cognitive decline in mice.11,12 
The application of antihypertension drugs, such as inhibitors of the 
angiotensin receptor and angiotensin-converting enzyme, failed to 
reverse neurological deficits such as cognitive impairment in CSVD 
patients.3,13,14 Alternative treatments for Ang Ⅱ–induced CSVD need 
to be proposed.

Nicotinamide adenine dinucleotide (NAD+) is a coenzyme that 
is essential for maintaining the mitochondrial electron transfer 
chain.15 NAD+ is involved in vital intracellular signal transduction, 
such as cell proliferation, death, and metabolism.16 Moreover, nic-
otinamide riboside (NR) and nicotinamide mononucleotide (NMN), 
NAD+ precursors, have beneficial effects in neurological degener-
ative diseases and cardiovascular diseases, such as Parkinson's dis-
ease (PD), AD, aging, stroke, and hypertension.17-23 However, the 
administration of the NAD+ precursors maintains the integrity of 
BBB, reverses endothelial dysfunction, and improves cognitive func-
tion and healthspan.18,23,24 The role of NR in CSVD has not been in-
vestigated. We hypothesized that NR administration has protective 
effects against CSVD. Our data illustrated that NR administration 
improved CSVD, including BBB integrity, neuroinflammation, and 
cognitive function. NR administration may be a potential therapeu-
tic method for CSVD.

2  | MATERIAL S AND METHODS

2.1 | Animals

Adult male C57BL/6 mice （8-10  weeks old, 22-30  g）were used 
in this study. The mouse model was induced by using osmotic 
minipumps (ALZET® Osmotic Pumps, DURECT Corporation) as 

previously described.25 Briefly, the mice were anesthetized with 
1% sodium phenobarbital. Then, the hair was removed from the 
back of the mice, and the skin was disinfected with iodophor and 
cut with scissors. The osmotic minipumps were subcutaneously im-
planted and used to administer Ang Ⅱ (1000 ng/kg/min, purchased 
from Absin) or saline for 28 days, and the skin was sutured. The mice 
were divided into three groups: the control, Ang Ⅱ, and NR groups. 
In the control group, the subcutaneously implanted osmotic pumps 
contained saline. In the Ang Ⅱ group, the subcutaneously implanted 
osmotic pumps contained Ang Ⅱ, and the NR group received chow 
containing NR (300 mg/g body weight, purchased from AdipoGen 
Corporation) while also receiving Ang Ⅱ infusion for 28  days. The 
experimental procedures were approved by the Laboratory Animal 
Care and Use Committee of the Army Medical University, China. The 
mice were maintained in standard housing conditions under a 12-
hour light/dark cycle with free access to food and water.

2.2 | Immunohistochemistry

Immunohistochemistry was performed according to previously de-
scribed procedures.26 Briefly, anesthetized mice were transcardi-
ally perfused with saline, and then, the mice were further perfused 
with 4% paraformaldehyde (PFA) in phosphate-buffered saline (PBS). 
The brains were postfixed in 4% PFA overnight at 4℃ and then de-
hydrated in 30% sucrose at 4℃ for 2 days. For hematoxylin-eosin 
(H&E) staining, the brains were sliced coronally (5 μm) on a vibrat-
ing slicer. The sections were incubated in hematoxylin for 2 minutes 
and eosin for 1  minute. The samples were observed with a BX51 
microscope (Olympus) and analyzed with Image-Pro Plus. For im-
munofluorescence staining, the brains were embedded in optimal 
cutting temperature compound (OCT Compound, SAKURA) and 
then sectioned coronally at a thickness of 30 μm using a cryostat 
microtome (CM1860UV; Leica). The sections were blocked with 5% 
bovine serum albumin (BSA) and 0.25% Triton X-100 for 1.5 hours 
at room temperature and then incubated with primary antibodies 
overnight at 4°C, after which the sections were washed with PBS 
3 times and incubated with secondary antibodies overnight at 
4°C. The following antibodies were used: caveolin-1 (Cav-1, rabbit, 
1:200; Cell Signaling Technology (CST), s3267), Cav-1 (mouse, 1:100; 
Santa Cruz Biotechnology, sc-53564), α-SMA (rabbit, 1:200; Abcam, 
ab7817), MBP (goat, 1:200; Santa Cruz Biotechnology, sc-13914), 
PCNA (mouse, 1:100; Santa Cruz Biotechnology, sc-56), glial fibril-
lary acidic protein (GFAP) (rabbit 1:200; Abcam, ab7260), and ion-
ized calcium-binding adapter molecule 1 (IBA1) (goat, 1:100; Santa 
Cruz Biotechnology, sc20). Alexa Fluor 488–conjugated (mouse, 
rabbit, 1:1000), Alexa Fluor 555–conjugated (rabbit, 1:1000), and 
Alexa Fluor 594–conjugated (mouse, 1:1000) secondary antibod-
ies from Invitrogen were used. The nuclei were counterstained with 
4′-6-diamidino-2-phenylindole (DAPI; Santa Cruz Biotechnology). 
To visualize brain blood vessels, biotinylated Lycopersicon esculen-
tum (tomato) lectin (LEL, TL) (1:200; Vector Laboratories, B-1175) 
was used to label endothelial cells, and the experimental procedure 
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was the same as that for immunofluorescence. The sections were 
then incubated with DyLight 488–conjugated Streptavidin (1:200; 
Vector Laboratories, SA-5488) overnight at 4°C. The samples were 
observed with a laser scanning confocal microscope (Zeiss, LSM780) 
and analyzed by ZEN2012.

2.3 | BBB integrity assay

The BBB integrity assay was as previously described.27 Briefly, dex-
tran （3 kDa, Invitrogen; D3328）was injected into the tail vein after 
28 days. Two hours later, anesthetized mice were perfused with sa-
line and 4% PFA, and brain tissues were then sectioned at a thick-
ness of 30 μm for immunohistochemical staining. The sections were 
stained with lectin. The samples were observed with a laser scanning 
confocal microscope (Zeiss, LSM780). The fluorescence intensity of 
dextran was analyzed by using ZEN2012.

2.4 | Western blot analysis

Western blot method was as previously described.26 Briefly, every 
100-mg brain tissue was lysed using lysis solution containing 100 µL 
RIPA buffer and a mixture of inhibitors (Roche). The protein con-
centration was determined using a BCA protein assay kit (Beyotime 
Biotechnology). Brain lysates were diluted in loading buffer solution 
at 95°C for 5 minutes. Total protein (50 µg) was resolved on 8%-12% 
polyacrylamide gels. After gel electrophoresis was completed, the 
proteins were transferred to polyvinylidene difluoride (PVDF) mem-
branes. The membranes were blocked with 5% nonfat milk in Tris-
buffered saline (TBS) containing 0.1% Tween-20 for 2 hours at room 
temperature. Then, the membranes were incubated with primary an-
tibodies overnight at 4°C. After that, the membranes were washed 
in TBS containing 0.1% Tween-20 for 3 times and then incubated 
with horseradish peroxidase–conjugated secondary antibodies for 
2 hours at room temperature. The immunoreactive bands were de-
tected using the chemiluminescence reagent kit (Thermo Scientific). 
The primary antibodies used were as follows: Cav-1 (rabbit, 1:1000; 
CST, s3267), ZO-1 (rabbit 1:1000; Invitrogen, 61-7300), occlu-
din (rabbit 1:1000; Invitrogen, 71-1500), claudin-5 (rabbit 1:1000; 
Invitrogen, 34-1600), MBP (goat, 1:1000; Santa Cruz Biotechnology, 
sc-13914), GAPDH (mouse, 1:1000; Proteintech, 60004-1-lg), TNF-α 
(rabbit, 1:1000; Boster BA14901）, and endothelial nitric-oxide 
synthase (eNOS) (mouse, 1:1000; Abcam, ab76198). Rabbit HRP-
conjugated, mouse HRP-conjugated, and goat HRP-conjugated sec-
ondary antibodies were used. Images were taken and analyzed by 
using Image Lab software (Image Lab 3.0; Bio-Rad).

2.5 | Transmission electron microscopy

The Transmission electron microscopy (TEM) method was de-
scribed in a previous study.26,27 Mice were anesthetized with 1% 

pentobarbital sodium and perfused through the heart with 30 mL 
saline, followed by 1.25% glutaraldehyde and 2% PFA in 0.1 mol/L 
phosphate buffer (PB). Then, the brains were rapidly removed and 
postfixed for 3 days at 4°C. The tissues were washed overnight in 
0.1  mol/L sodium cacodylate buffer and then cut in 50-mm-thick 
free-floating sections using a vibratome. The sections were post-
fixed with 1% OsO4 in PB for 2 hours, counterstained with uranyl 
acetate, dehydrated in a graded acetone series, infiltrated with pro-
pylene oxide, and embedded in Epon. Ultrathin sections (~60  nm) 
were cut by using an ultramicrotome (LKB-V, LKB Produkter AB, 
Bromma) and observed under a transmission electron microscope. 
To quantify the number of vesicles, the vesicles from 5 random im-
ages were chosen for calculation.

2.6 | Novel object recognition task and target 
location task

The Novel object recognition (NOR) task and target location task 
(OLT) were used to assess short-term recognition memory as pre-
viously described.28,29 Briefly, the mice underwent environmental 
adaptation in a 30-cm  ×  45-cm open box for 2  days, and on the 
third day, the mice were placed in the box with two identical ob-
jects for 5 minutes. Then, the mice were placed back in the cage for 
15 minutes. The mice were again placed in the box after one object 
was replaced with a novel object for 5 minutes. The time the mice 
spent exploring the two objects within 5 minutes was recorded. The 
Recognition Index (RI, representing the time spent exploring the 
novel object (T novel) relative to that spent exploring the familiar 
object (T familiar)) was calculated according to the formula: RI = T 
novel/(T novel + T familiar). The experimental steps of the OLT were 
the same as those of the NOR task. Instead of replacing one object 
with a novel object, we moved the object. Then, we recorded the 
time that the mice spent exploring the moved object. All the behav-
ioral tests were performed by a blinded investigator.

2.7 | Statistical analysis

All results are presented as the means ± standard deviations (SDs). 
Statistical analyses were performed using Prism 6, and t test, one-
way analysis of variance (ANOVA), and two-way ANOVA were used 
to analyze the data. Significance is indicated as *P < .05, **P < .01, 
and ***P < .001.

3  | RESULT

3.1 | NR administration ameliorates Ang Ⅱ–induced 
white matter injury and cognitive impairment

To examine cognitive function, the maximal diameter of the cer-
ebral was measured. There was a significant decline in the Ang 
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Ⅱ group compared with the control group, and NR treatment 
attenuated the Ang Ⅱ–induced decrease in cerebral diameter 
(control, 11.17  ±  0.16; Ang Ⅱ, 10.17  ±  0.17; NR, 10.67  ±  0.34; 
Figure 1B,C）. Short-term memory recognition was assessed by 
the NOR task and OLT after the mice were infused with Ang Ⅱ 
for 28  days. The data showed that cognitive ability was sig-
nificantly decreased and was rescued by NR administration 
(OLT: control, 5.33 ± 0.33; Ang Ⅱ, 0.67 ± 0.33; NR, 3.67 ± 0.67; 
Figure 1D; NOR: control, 67.75 ± 2.03%; Ang Ⅱ, 55.70 ± 2.22%; 
NR, 67.40 ± 4.172%; Figure 1E). WMI was common in CSVD and 
was associated with cognitive decline. The mice infused with Ang 
Ⅱ showed decreased immunofluorescence intensities of MBP and 
NF200. NR administration significantly increased the intensi-
ties of MBP and NF200 compared with those in the Ang Ⅱ infu-
sion group（Figure 1F-H）. Western blot result showed that NR 
treatment restored the decreased expression of MBP caused by 
Ang Ⅱ infusion（control, 1.000 ± 0.023; Ang Ⅱ, 0.83 ± 0.019; NR, 
0.927 ± 0.022; Figure 1I,J）.

3.2 | NR administration protects against Ang Ⅱ–
induced BBB dysfunction

Endothelium-associated BBB dysfunction is considered the driv-
ing force behind CSVD.30 To test the effect of NR on BBB integ-
rity, FITC-dextran (3  kDa) was used to detect BBB leakage. NR 
administration significantly decreased Ang Ⅱ–induced BBB leak-
age (control, 21.41 ± 0.28; Ang Ⅱ, 41.45 ± 0.42; NR, 25.37 ± 0.97; 
Figure 2A,B). To explore the mechanism by which BBB integrity 
was reversed, we first detected the expression of tight junction 
proteins and found that the expression of claudin-5 was de-
creased in the Ang Ⅱ group compared with the control group. NR 
administration significantly increased the expression of claudin-5 
(Figure 2E,H). Limited caveolae-mediated endocytosis is critical 
for maintaining BBB integrity. The data showed that Cav-1 ex-
pression was remarkably increased in the Ang Ⅱ group (control, 
1.00 ± 0.11; Ang Ⅱ, 1.52 ± 0.099; NR, 1.18 ± 0.095; Figure 2F,I). 
Additionally, transmission electron microscopy analysis suggested 
that the number of vesicles was increased in the endothelium 
(Figure 2C,D). NR administration reduced the Cav-1 level and vesi-
cle number in capillaries. Furthermore, NR supplementation res-
cued the eNOS decrease induced by Ang Ⅱ (control, 1.00 ± 0.040; 
Ang Ⅱ, 0.62 ± 0.0099; NR, 0.95 ± 0.10; Figure 2G,J). The results 
above show that NR administration protects against Ang Ⅱ–in-
duced BBB dysfunction in CSVD.

3.3 | NR administration reduces Ang Ⅱ–induced 
vascular remodeling

Arteriole damage has been reported as a pathological change in 
CSVD. The phenotypic conversion of smooth muscle is one of the 
major reasons for arteriole damage. Under pathological conditions, 
especially the activation of the renin-angiotensin system, smooth 
muscle cells change from contractile type to proliferative type.31,32 
Hematoxylin and eosin (H＆E) staining showed that NR administra-
tion significantly alleviated vascular wall thickening caused by Ang 
Ⅱ (Figure 3A). The Ang Ⅱ group showed decreased expression of the 
contractile type marker α-SMA, and NR administration significantly 
upregulated the expression of α-SMA (control, 17.29 ± 2.68; Ang Ⅱ, 
5.09 ± 1.00; NR, 10.05 ± 0.47; Figure 3B,C), which was detected by 
immunofluorescence. Moreover, the immunofluorescence data dem-
onstrated that the expression of the proliferation marker PCNA was 
significantly increased in the Ang Ⅱ group, whereas it was normalized 
by treatment with NR (control, 4.35 ± 0.14; Ang Ⅱ, 7.69 ± 0.58; NR, 
5.57 ± 0.35; Figure 3D,E).

3.4 | NR administration suppresses Ang Ⅱ–induced 
vascular inflammation

Evidence from numerous articles has suggested a relatively stable 
association between CSVD and inflammation.30 We explored the 
antiinflammatory effect of NR on CSVD, and H＆E staining showed 
that NR administration suppressed the infiltration of inflammatory 
cells caused by Ang Ⅱ (Figure 4A,B). The data showed that the immu-
nofluorescence intensities of IBA1 and GFAP were enhanced around 
capillaries and in the brain parenchyma. NR administration signifi-
cantly suppressed microglial and astrocyte activation compared with 
that in the Ang Ⅱ group（control, 6.72 ± 0.38; Ang Ⅱ, 18.58 ± 2.31; 
NR, 7.95 ± 0.28; Figure 4C-F）. The increased expression of tumor 
necrosis factor α (TNF-α) was also restrained by NR supplemen-
tation (control, 0.94 ± 0.12; Ang Ⅱ, 1.43 ± 0.098; NR, 1.01 ± 0.14; 
Figure 4G,H).

4  | DISCUSSION

There is a high incidence of CSVD in elderly individuals over the age 
of 60 years, and CSVD is 6-10 times more common than large ves-
sel stroke.4 Antihypertensive therapy, the most commonly used treat-
ment, cannot efficiently improve all the symptoms of CSVD.3 Vascular 

F I G U R E  1   NR administration ameliorates angiotensin Ⅱ–induced myelin degradation and short-term memory function decline. (A) 
Experimental design. (B-C) Representation of brain morphology and the quantification of maximal brain diameter in control, Ang Ⅱ–
treated, and NR-treated mice after 28 d. (D-E) Recognition memory was measured in the 3 groups by the OLT and NOR task. (F-H) 
Representative immunofluorescence images and quantification analysis of NF200 and MBP expression in brain tissues from the 3 groups. 
(I, J) Representative images of immunoblotting analysis and the quantification of MBP in brain tissues from the 3 groups. The scale bars in 
F represent 50 μm; *P < .05 and **P < .01, ***P < .001. Ang: angiotensin Ⅱ, Ang + NR: angiotensin Ⅱ+nicotinamide riboside. The results are 
presented as the means ± standard deviations (SDs)
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injury–related pathological changes are the main causes of the poor 
outcomes of CSVD.1 Tarantini et al17 reported that supplementation 
with NAD+ precursor has a protective effect on vascular injury and de-
mentia. In this study, we explored the beneficial effects of NR on Ang 
Ⅱ–induced CSVD. We found for the first time that NR administration 

can protect the vasculature and protect against white matter injury and 
cognitive decline caused by Ang Ⅱ. NR shows the potential to be used 
as a prospective supplement to antihypertensive therapy for CSVD.

Magnetic resonance imaging has indicated that there is diffuse 
WMH, which are considered an indicator of dementia and decline 

F I G U R E  2   NR administration protects against angiotensin Ⅱ–induced BBB leakage by restoring tight junction proteins and reducing 
caveolae-mediated endocytosis. (A-B) Representative images and the quantification of 3-kDa dextran fluorescence in mice treated with 
control, Ang Ⅱ, and NR for 28 d after staining with lectin. The white arrows indicate dextran leakage. (C-D) Transmission electron microscopy 
analysis for endocytosis in capillaries. (E, H) Immunoblotting analysis and the quantification of the tight junction protein claudin-5 in the 
3 groups after treatment for 28 d. (F, I) Representative immunoblotting images and the quantification of Cav-1 in brain tissues from the 3 
groups. (G, J) Representative immunoblotting images and the quantification of eNOS expression in brain tissues from the 3 groups. Scale 
bars: A = 50 µm, C = 2 μm; *P < .05, **P < .01, ***P < .001. Ang: angiotensin Ⅱ, Ang + NR: angiotensin Ⅱ+nicotinamide riboside. The results are 
presented as the means ± standard deviations (SDs)
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in cognitive performance.33,34 Cognitive dysfunction is one of the 
symptoms that cannot be alleviated by antihypertensive therapy.35 
CSVD patients show slight cognitive changes, such declines in ex-
ecutive functions, attention, and set-shifting abilities, which can be 
detected through the Mini-Mental Status Examination (MMSE).36,37 
Functional brain imaging, used to reveal the mechanisms of cognitive 

dysfunction, has suggested that the default mode network (DMN) 
and frontoparietal control network (FPCN)/ dorsal attention network 
(DAN) are reduced in CSVD patients.4 The mechanism of CSVD has 
also been evaluated in animal models. Rajani et al38 reported that 
mature oligodendrocytes are decreased, which implies abnormal my-
elination. In the CNS, MBP and NF200 are the critical components 

F I G U R E  3   NR administration reduces the angiotensin Ⅱ–induced phenotypic transformation of smooth muscle cells. (A) Representative 
images of arterioles stained with H＆E in control, Ang Ⅱ–treated, and NR-treated mice after 28 d. (B-C) Representative immunofluorescence 
images and the quantification analysis of α-SMA in the 3 groups. (D-E) Representative immunofluorescence images and the quantification 
analysis of PCNA in the 3 groups after staining with lectin. Scale bars: A = 100 μmol/L, B and D = 50 μm; *P < .05, **P < .01. Ang: angiotensin 
Ⅱ, Ang + NR: angiotensin Ⅱ+nicotinamide riboside. The results are presented as the means ± standard deviations (SDs)
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F I G U R E  4   NR administration suppresses the angiotensin Ⅱ–induced excessive activation of microglia and astrocytes. (A-B) 
Representative images of inflammatory cells in the brains of control, Ang Ⅱ–treated, and NR-treated mice after 28 d. (C-F) Representative 
immunofluorescence images and the quantification of IBA1 and GFAP after staining with lectin in control, Ang II–treated, and NR-treated 
mice. (G-H) Immunoblotting analysis and the quantification of TNF-α in the 3 groups. Scale bars A = 100 μmol/L, C and E = 50 μm; *P < .05, 
**P < .01, ***P < .001. Ang: angiotensin Ⅱ, Ang + NR: angiotensin Ⅱ+nicotinamide riboside. The results are presented as the means ± standard 
deviations (SDs)
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of myelin and axons, and their integrity plays an important role in 
maintaining the conduction of nerve fiber bundles.39 In our study, 
cognitive decline and myelin degeneration were observed after mice 
were infused with Ang Ⅱ for 28 days. Under NR administration, the 
cognitive function of mice was significantly improved, and the degra-
dation of myelin was repressed. These data indicate that NR protects 
the cognitive function of mice by attenuating Ang Ⅱ–induced white 
matter injury, especially the breakdown of axons and myelin.

Higher WMHs and increased BBB permeability are associated 
with poor functional outcomes in CSVD patients.40 The impairment of 
the BBB predicts cognitive impairment at one year.41 Previous studies 
of BBB permeability in CSVD have focused on tight junction proteins, 
such as zonula occludens-1 (ZO-1), occludin, and claudin-5.42,43 The 
decreased expression of claudin-5, the key tight junction protein of the 
BBB, has been reported in a CSVD model.38 In addition, growing evi-
dence has indicated that limited caveolae-mediated transcytosis main-
tains BBB integrity in the CNS,44 and BBB disruption due to increased 
vesicle transport has been confirmed in many models.27,45 Cav-1 is a 
major structural component of caveolae and is mainly expressed in the 
vessels of the CNS.46 Umesalma et al reported that Ang Ⅱ increases 
the expression of Cav-1 in the CNS in hypertension.25,47 Andreone et 
al45 reported increased caveolae-mediated intracellular transport of 
vesicles can induce BBB leakage. In our study, NR administration not 
only maintained the expression of claudin-5 but also inhibited caveo-
lae-mediated vesicle trafficking, thereby protecting BBB integrity. It 
was demonstrated for the first time that NR administration restored 
BBB function by restraining caveolae-mediated endocytosis and re-
versing the expression of the tight junction protein claudin-5 in CSVD.

Animal experiments and clinical evidence have shown that 
there is a significant correlation between vascular inflammation and 
CSVD.30 BBB destruction leads to the infiltration of inflammatory 
cells and is the cause of neuroinflammation in CSVD.48 The inflam-
matory response exists throughout the entire process of CSVD.30 
Inflammation markers, such as fibrinogen, interleukin-6, and homo-
cysteine, are increased in CSVD patients.30 Therefore, inflammation 
may be the driving force behind CSVD.1 Additionally, the CNS in-
flammation caused by Ang Ⅱ is extensive. BBB leakage leads to Ang Ⅱ 
entering the perivascular space,49 where Ang Ⅱ activates astrocytes 
and microglia by activating NFкB and signal transducer and activator 
of transcription protein 3 (STAT3) signaling.11,50 Activated glial cells 
release inflammatory factors that contribute to subsequent neuroin-
flammation.51 In our study, we found that NR administration reduced 
neuroinflammation and suppressed the activation of microglia and 
astrocytes by decreasing the expression of TNF-α in the brain. The 
antiinflammatory effect of NR may be related to its ability to protect 
BBB integrity.

5  | CONCLUSION

Our results demonstrate that NR administration can ameliorate 
CSVD induced by Ang Ⅱ, including vascular and white matter injury 
and cognitive decline. The beneficial effects of NR may involve its 

antiinflammatory ability and the protection of BBB integrity. Further 
studies are needed to confirm our findings.

CONFLIC T OF INTERE S T
The authors declare no conflict of interest.

ORCID
Hua Feng   https://orcid.org/0000-0003-4489-9217 

R E FE R E N C E S
	 1.	 Cannistraro RJ, Badi M, Eidelman BH, Dickson DW, Middlebrooks 

EH, Meschia JF. CNS small vessel disease: a clinical review. 
Neurology. 2019;92(24):1146-1156.

	 2.	 Smallwood A, Oulhaj A, Joachim C, et al. Cerebral subcortical 
small vessel disease and its relation to cognition in elderly sub-
jects: a pathological study in the Oxford Project to Investigate 
Memory and Ageing (OPTIMA) cohort. Neuropathol Appl Neurobiol. 
2012;38(4):337-343.

	 3.	 Bath PM, Wardlaw JM. Pharmacological treatment and prevention 
of cerebral small vessel disease: a review of potential interventions. 
Int J Stroke. 2015;10(4):469-478.

	 4.	 Dey AK, Stamenova V, Turner G, Black SE, Levine B. 
Pathoconnectomics of cognitive impairment in small vessel disease: 
a systematic review. Alzheimers Dement. 2016;12(7):831-845.

	 5.	 Meissner A, Minnerup J, Soria G, Planas AM. Structural and func-
tional brain alterations in a murine model of Angiotensin II-induced 
hypertension. J Neurochem. 2017;140(3):509-521.

	 6.	 Mathew R. Pathogenesis of pulmonary hypertension: a case for ca-
veolin-1 and cell membrane integrity. Am J Physiol Heart Circ Physiol. 
2014;306(1):H15-25.

	 7.	 Zhang CE, Wong SM, van de Haar HJ, et al. Blood-brain barrier 
leakage is more widespread in patients with cerebral small vessel 
disease. Neurology. 2017;88(5):426-432.

	 8.	 Abbott NJ, Rönnbäck L, Hansson E. Astrocyte-endothelial interac-
tions at the blood-brain barrier. Nat Rev Neurosci. 2006;7(1):41-53.

	 9.	 Grimmer T, Faust M, Auer F, et al. White matter hyperintensities 
predict amyloid increase in Alzheimer's disease. Neurobiol Aging. 
2012;33(12):2766-2773.

	10.	 Kim YJ, Kwon HK, Lee JM, et al. Gray and white matter changes 
linking cerebral small vessel disease to gait disturbances. Neurology. 
2016;86(13):1199-1207.

	11.	 Bhat SA, Goel R, Shukla S, Shukla R, Hanif K. Angiotensin receptor 
blockade by inhibiting glial activation promotes hippocampal neu-
rogenesis via activation of Wnt/β-catenin signaling in hypertension. 
Mol Neurobiol. 2018;55(6):5282-5298.

	12.	 Torika N, Asraf K, Apte RN, Fleisher-Berkovich S. Candesartan 
ameliorates brain inflammation associated with Alzheimer's dis-
ease. CNS Neurosci Ther. 2018;24(3):231-242.

	13.	 Maruhashi T, Soga J, Fujimura N, et al. Endothelial function is im-
paired in patients receiving antihypertensive drug treatment re-
gardless of blood pressure level: FMD-J study (Flow-Mediated 
Dilation Japan). Hypertension. 2017;70(4):790-797.

	14.	 Jochemsen HM, van der Flier WM, Ashby EL, et al. Angiotensin-
converting enzyme in cerebrospinal fluid and risk of brain atrophy. J 
Alzheimers Dis. 2015;44(1):153-162.

	15.	 Rich PR. The molecular machinery of Keilin's respiratory chain. 
Biochem Soc Trans. 2003;31(6):1095-1105.

	16.	 Garten A, Schuster S, Penke M, et al. Physiological and pathophys-
iological roles of NAMPT and NAD metabolism. Nat Rev Endocrinol. 
2015;11(9):535-546.

	17.	 Tarantini S, Valcarcel-Ares MN, Toth P, et al. Nicotinamide mono-
nucleotide (NMN) supplementation rescues cerebromicrovascu-
lar endothelial function and neurovascular coupling responses 

https://orcid.org/0000-0003-4489-9217
https://orcid.org/0000-0003-4489-9217


     |  447LI et al.

and improves cognitive function in aged mice. Redox Biol. 
2019;24:101192.

	18.	 de Picciotto NE, Gano LB, Johnson LC, et al. Nicotinamide mononu-
cleotide supplementation reverses vascular dysfunction and oxida-
tive stress with aging in mice. Aging Cell. 2016;15(3):522-530.

	19.	 Wei CC, Kong YY, Hua X, et al. NAD replenishment with nicotin-
amide mononucleotide protects blood-brain barrier integrity and 
attenuates delayed tissue plasminogen activator-induced haem-
orrhagic transformation after cerebral ischaemia. Br J Pharmacol. 
2017;174(21):3823-3836.

	20.	 Wei CC, Kong YY, Li GQ, Guan Y-F, Wang P, Miao C-Y. Nicotinamide 
mononucleotide attenuates brain injury after intracerebral hem-
orrhage by activating Nrf2/HO-1 signaling pathway. Sci Rep. 
2017;7(1):717.

	21.	 Fry JL, Shiraishi Y, Turcotte R, et al. Vascular smooth muscle 
Sirtuin-1 protects against aortic dissection during angiotensin II-
induced hypertension. J Am Heart Assoc. 2015;4(9):e002384.

	22.	 Schöndorf DC, Ivanyuk D, Baden P, et al. The NAD+ precursor 
nicotinamide riboside rescues mitochondrial defects and neu-
ronal loss in iPSC and fly models of Parkinson's disease. Cell Rep. 
2018;23(10):2976-2988.

	23.	 Gong B, Pan Y, Vempati P, et al. Nicotinamide riboside restores cog-
nition through an upregulation of proliferator-activated receptor-γ 
coactivator 1α regulated β-secretase 1 degradation and mitochon-
drial gene expression in Alzheimer's mouse models. Neurobiol Aging. 
2013;34(6):1581-1588.

	24.	 Mitchell SJ, Bernier M, Aon MA, et al. Nicotinamide improves 
aspects of healthspan, but not lifespan, in Mice. Cell Metab. 
2018;27(3):667-676.e664.

	25.	 Forrester SJ, Elliott KJ, Kawai T, et al. Caveolin-1 deletion pre-
vents hypertensive vascular remodeling induced by angiotensin II. 
Hypertension. 2017;69(1):79-86.

	26.	 Xia M, Chen W, Wang J, et al. TRPA1 activation-induced myelin 
degradation plays a key role in motor dysfunction after intracere-
bral hemorrhage. Front Mol Neurosci. 2019;12:98.

	27.	 Park MH, Lee JY, Park KH, et al. Vascular and neurogenic rejuvena-
tion in aging mice by modulation of ASM. Neuron. 2018;100(1):pp. 
167–182 e169.

	28.	 Han QY, Zhang H, Zhang X, et al. dl-3-n-butylphthalide pre-
serves white matter integrity and alleviates cognitive impairment 
in mice with chronic cerebral hypoperfusion. CNS Neurosci Ther. 
2019;25(9):1042-1053.

	29.	 Foulquier S, Namsolleck P, Van Hagen BT, et al. Hypertension-
induced cognitive impairment: insights from prolonged angiotensin 
II infusion in mice. Hypertens Res. 2018;41(10):817-827.

	30.	 Low A, Mak E, Rowe JB, Markus HS, O'Brien JT. Inflammation and 
cerebral small vessel disease: a systematic review. Ageing Res Rev. 
2019;53:100916.

	31.	 Das S, Zhang E, Senapati P, et al. A novel angiotensin II-induced 
long noncoding RNA giver regulates oxidative stress, inflamma-
tion, and proliferation in vascular smooth muscle cells. Circ Res. 
2018;123(12):1298-1312.

	32.	 Chen J, Peters A, Papke CL, et al. Loss of smooth muscle α-ac-
tin leads to NF-κB-dependent increased sensitivity to angio-
tensin II in smooth muscle cells and aortic enlargement. Circ Res. 
2017;120(12):1903-1915.

	33.	 Debette S, Markus HS. The clinical importance of white matter 
hyperintensities on brain magnetic resonance imaging: systematic 
review and meta-analysis. BMJ. 2010;341:c3666.

	34.	 Dufouil C, Godin O, Chalmers J, et al. Severe cerebral white matter 
hyperintensities predict severe cognitive decline in patients with 
cerebrovascular disease history. Stroke. 2009;40(6):2219-2221.

	35.	 Weber R, Weimar C, Blatchford J, et al. Telmisartan on top of 
antihypertensive treatment does not prevent progression of 
cerebral white matter lesions in the prevention regimen for 

effectively avoiding second strokes (PRoFESS) MRI substudy. 
Stroke. 2012;43(9):2336-2342.

	36.	 Pantoni L. Cerebral small vessel disease: from pathogenesis and 
clinical characteristics to therapeutic challenges. Lancet Neurol. 
2010;9(7):689-701.

	37.	 Benisty S, Gouw AA, Porcher R, et al. Location of lacunar infarcts 
correlates with cognition in a sample of non-disabled subjects 
with age-related white-matter changes: the LADIS study. J Neurol 
Neurosurg Psychiatry. 2009;80(5):478-483.

	38.	 Rajani RM, Quick S, Ruigrok SR, et al. Reversal of endothelial dys-
function reduces white matter vulnerability in cerebral small vessel 
disease in rats. Sci Transl Med. 2018;10(448):eaam9507.

	39.	 Stadelmann C, Timmler S, Barrantes-Freer A, Simons M. Myelin 
in the central nervous system: structure, function, and pathology. 
Physiol Rev. 2019;99(3):1381-1431.

	40.	 Wardlaw JM, Doubal FN, Valdes-Hernandez M, et al. Blood-brain 
barrier permeability and long-term clinical and imaging outcomes in 
cerebral small vessel disease. Stroke. 2013;44(2):525-527.

	41.	 Wardlaw JM, Makin SJ, Valdés Hernández MC, et al. Blood-brain 
barrier failure as a core mechanism in cerebral small vessel disease 
and dementia: evidence from a cohort study. Alzheimers Dement. 
2017;13(6):634-643.

	42.	 Chen W, Ju XZ, Lu Y, Ding X-W, Miao C-H, Chen J-W. Propofol im-
proved hypoxia-impaired integrity of blood-brain barrier via mod-
ulating the expression and phosphorylation of zonula occludens-1. 
CNS Neurosci Ther. 2019;25(6):704-713.

	43.	 Sweeney MD, Zhao Z, Montagne A, Nelson AR, Zlokovic BV. Blood-
brain barrier: from physiology to disease and back. Physiol Rev. 
2019;99(1):21-78.

	44.	 Ben-Zvi A, Lacoste B, Kur E, et al. Mfsd2a is critical for the 
formation and function of the blood-brain barrier. Nature. 
2014;509(7501):507-511.

	45.	 Andreone BJ, Chow BW, Tata A, et al. Blood-brain barrier perme-
ability is regulated by lipid transport-dependent suppression of 
caveolae-mediated transcytosis. Neuron. 2017;94(3): 581–594 
e585.

	46.	 Virgintino D, Robertson D, Errede M, et al. Expression of caveolin-1 
in human brain microvessels. Neuroscience. 2002;115(1):145-152.

	47.	 Chan SL, Umesalma S, Baumbach GL. Epidermal growth factor re-
ceptor is critical for angiotensin II-mediated hypertrophy in cerebral 
arterioles. Hypertension. 2015;65(4):806-812.

	48.	 Li Y, Zhu ZY, Huang TT, et al. The peripheral immune response after 
stroke—a double edge sword for blood-brain barrier integrity. CNS 
Neurosci Ther. 2018;24(12):1115-1128.

	49.	 Faraco G, Sugiyama Y, Lane D, et al. Perivascular macrophages me-
diate the neurovascular and cognitive dysfunction associated with 
hypertension. J Clin Invest. 2016;126(12):4674-4689.

	50.	 Bhat SA, Goel R, Shukla R, Hanif K. Angiotensin receptor blockade 
modulates NFκB and STAT3 signaling and inhibits glial activation 
and neuroinflammation better than angiotensin-converting enzyme 
inhibition. Mol Neurobiol. 2016;53(10):6950-6967.

	51.	 Jin X, Liu MY, Zhang DF, et al. Baicalin mitigates cognitive impair-
ment and protects neurons from microglia-mediated neuroinflam-
mation via suppressing NLRP3 inflammasomes and TLR4/NF-κB 
signaling pathway. CNS Neurosci Ther. 2019;25(5):575-590.

How to cite this article: Li C-C, Chen W-X, Wang J, et al. 
Nicotinamide riboside rescues angiotensin Ⅱ–induced 
cerebral small vessel disease in mice. CNS Neurosci Ther. 
2020;26:438–447. https​://doi.org/10.1111/cns.13276​

https://doi.org/10.1111/cns.13276

