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Abstract. – OBJECTIVE: Cardiovascular dis-
eases (CVD) are prevalent among those with ob-
structive sleep apnea (OSA) and are the leading 
cause of death in these individuals. However, due 
to clinical confounders, the mechanism by which 
OSA induces CVD is still unclear. Previous stud-
ies have shown that chronic intermittent hypoxia 
(CIH) and high cholesterol diet (HCD) induce dis-
tinct characteristics of atherosclerotic plaques, 
highlighting the specific mechanisms involved in 
CIH-induced vascular endothelial injury.

MATERIALS AND METHODS: This study 
aims to investigate whether nicotinamide ad-
enine dinucleotide (NAD+) biosynthesis reduc-
tion-mediated mitochondrial dysfunction is re-
sponsible for vascular endothelial injury induced 
by CIH and to elucidate its specific role in this 
process. Models were established to stimulate 
human umbilical vein endothelial cells (HUVECs) 
with CIH and oxidized low-density lipoprotein 
(ox-LDL), and the NAD+ biosynthesis-related in-
dicators, such as NAD+ levels and nicotinamide 
phosphoribosyltransferase (NAMPT) enzyme ac-
tivity, were measured in this model. Additionally, 
interventions were performed by supplementing 
NAD+ levels with nicotinamide mononucleotide 
(NMN), inhibiting NAD+ synthesis with FK866, 
and evaluating mitochondrial function, oxidative 
stress status, vascular constriction and dilation 
function, and endothelial adhesion function in 
these models. A comparative study was conduct-
ed to assess the effects of these interventions.

RESULTS: We found that under CIH condi-
tions, NAMPT enzyme activity was inhibited, 
leading to a reduction in NAD+ biosynthesis and 
a decrease in NAD+/NADH ratio. At the same 
time, CIH caused mitochondrial dysfunction in 
HUVECs, including a decrease in adenosine 
triphosphate (ATP) content and mitochondrial 
membrane potential, as well as the activity of re-
spiratory chain complex I and III, induced an in-
crease in oxidative stress levels in endothelial 
cells, impaired vascular constriction and dilation 

function, and significantly increased expression 
of adhesion factors. The impact of CIH on en-
dothelial cell-related mitochondrial function 
and endothelial function was restored by sup-
plementing NMN. Although ox-LDL also caus-
es multi-level endothelial injury, it does not in-
volve the NAD+ pathway, as there were no signif-
icant changes in the related indicators, and the 
impaired endothelial function under ox-LDL con-
ditions was not restored by supplementing NMN.

CONCLUSIONS: CIH-induced vascular en-
dothelial injury may be associated with NAD+ 
biosynthesis reduction-mediated mitochondrial 
dysfunction. Supplementing NAD+ precursors to 
increase its levels may be a potential interven-
tion to ameliorate CIH-induced vascular endo-
thelial injury, while it does not have a significant 
effect on endothelial injury caused by ox-LDL.

Key Words:
Obstructive sleep apnea, NAD+, Mitochondrial dys-

function, Vascular endothelial injury.

Introduction

Cardiovascular complications due to obstructi-
ve sleep apnea (OSA) are of widespread concern. 
Chronic intermittent hypoxia (CIH) is the main 
pathological and physiological basis of OSA1-4, 
and it is a key mediator in the development of 
cardiovascular diseases (CVD) associated with 
OSA5. Preliminary research6 indicates that in mi-
ce with a deficiency of the ApoE gene, atheroscle-
rosis induced by CIH, compared to atherosclero-
sis induced by a high cholesterol diet (HCD), dif-
fers significantly in terms of plaque morphology, 
cell composition and type of fibrous deposition. 
Impairment of vascular endothelial functions as 
an initiating factor for atherosclerosis formation 
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due to OSA also varies between the two exposure 
groups, suggesting that atherosclerosis induced 
by CIH develops through a pathway that is di-
stinct from atherosclerosis induced via an HCD. 
However, in clinical practice, CIH in the OSA 
population often coexists with multiple other car-
diovascular risk factors7, including smoking, obe-
sity, and metabolic disorders, leading to increased 
CVD events8. The specific mechanism and rela-
tionship between solitary CIH and CVD are not 
yet clear. Therefore, it is particularly important to 
clarify the relationship between CIH and vascular 
endothelial injury and to determine the important 
role and potential mechanism that CIH plays in 
this process, in order to identify new targets for 
the prevention and treatment of this disease.

In the field of CIH research, the theory of 
oxidative stress has been one of the hotspots 
in recent years in studying the mechanisms re-
lated to vascular endothelial injury caused by 
CIH. The periodic changes of rapid hypoxia 
and reoxygenation in CIH are similar to local 
ischemia-reperfusion. During this process, a lar-
ge amount of oxygen free radicals is produced, 
which disrupts the balance between the oxida-
tive system and the antioxidant system, causing 
oxidative stress9-11, leading to apoptosis of en-
dothelial cells, increasing the susceptibility of the 
vascular wall to atherosclerosis, and ultimately 
leading to thrombosis formation12. Recently, it 
has been discovered13 in the field of oxidative 
stress damage that nicotinamide phosphoribosyl-
transferase (NAMPT), which mediates nicoti-
namide adenine dinucleotide (NAD+) salvage 
pathways, plays an important role in maintaining 
NAD+ levels and cellular vitality under oxidati-
ve stress conditions. This has become a widely 
studied hotspot in oxidative stress damage. The 
NAD+ salvage pathway is the main pathway of 
NAD+ biosynthesis in mammals, and NAD+ is a 
key cofactor in cellular redox reactions, serving 
as the hydrogen receptor of the mitochondrial 
electron transport chain. When NAD+ decreases, 
it triggers electron leakage, leading to mitochon-
drial oxidative stress14,15. Concurrently, NAD+ 
is involved in mitochondrial redox reactions as 
a coenzyme; hence, NAD+ depletion leads to 
mitochondrial dysfunction, thereby exacerba-
ting mitochondrial oxidative stress16,17. There are 
also research reports18 showing that prolonged 
hypoxia leads to irreversible loss of neuronal 
function, and immediate metabolic damage to 
the NAD+ cycle upon reoxygenation, leading to 
excessive oxidation of NADH. Studies19 in aged 

rats have shown that supplementation with nico-
tinamide ribonucleotide (NMN) reduces levels 
of mitochondrial reactive oxygen species (ROS) 
and oxidative stress, which in turn alleviates 
ischemia-reperfusion injury. Exogenous NAD+ 
supplementation protects cardiac myoblasts from 
hypoxia/reoxygenation injury20,21. Therefore, we 
suggest that the reduction in NAD+ is due to the 
impact on the NAD+ salvage pathway, which 
leads to mitochondrial dysfunction, and that this 
reduction in NAD+ may play a key role in the va-
scular endothelial injury induced by CIH. 

In this study, we used CIH and classical oxi-
dized low-density lipoprotein (ox-LDL) to indu-
ce human umbilical vein endothelial cells (HU-
VECs) to construct in vitro models of CIH and 
HCD-induced vascular endothelial injury. We 
compared and analyzed the differential expres-
sion of key indicators in NAD+ and its biosynthe-
tic pathway to explore the specific mechanisms 
that differentiate CIH-induced vascular endothe-
lial injury from ox-LDL-induced.

Materials and Methods 

Cell Culture
HUVECs were acquired from the Cell Bank of 

the Chinese Academy of Sciences (Shanghai, Chi-
na). These cells were cultured in DMEM (Solarbio, 
Beijing, China) containing 10% phosphate-buffe-
red saline (PBS) (Biological Industries, Israel), 100 
U/mL penicillin and 100 mg/mL streptomycin, 
and 4.5 g/L D-glucose, and incubated in a 37°C, 
95% humidity, and 5% CO2 cell culture incubator 
(Thermo Fisher Scientific, Waltham, CA, USA). 
When these cells were fused, they were sub-cul-
tured at a 1:3 ratio in 75 cm2 cell culture flasks 
(NEST, Wuxi, China), and the culture medium 
was replaced every two days. All procedures were 
performed under sterile conditions in a Class II 
biological safety cabinet (Heal Force, Shanghai, 
China). Before use, all materials and disposable 
items were disinfected with 75% ethanol.

Establishment of the CIH Model 
In reference to relevant literature22, combined 

with the characteristics of intermittent hypoxia 
pathological physiology in OSA sleep mode, HU-
VECs cultured in vitro were exposed to intermit-
tent hypoxia in a cell culture chamber (MAWOR-
DE, Heilongjiang, China) to simulate the state 
of OSA patients. According to the measurement 
of the oxygen sensor for different durations of 
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hypoxia exposure and different reoxygenation ti-
mes after hypoxia, the oxygen partial pressure in 
the culture medium was determined to establish 
a single cycle of low oxygen condition. Different 
cyclic hypoxia periods were used to determine the 
optimal CIH condition by measuring the cell via-
bility and hypoxia-inducible factor-1alpha (HIF-
1α) protein expression under different periods.

Establishment of the ox-LDL Model
Using different concentrations of ox-LDL to 

intervene in HUVECs for 24 hours, the optimal 
condition for ox-LDL intervention on HUVECs 
was determined by measuring cell viability and 
lactate dehydrogenase (LDH) release under diffe-
rent concentrations of ox-LDL intervention.

NMN Preprocessing
NMN was obtained from Sigma Aldrich, and 

the NMN stock solution was prepared in dou-
ble-distilled water and stored at -20°C before di-
lution to the final concentration for experiments. 
The experimental groups were as follows: con-
trol group, CIH control group, ox-LDL group, 
CIH+NMN pretreatment group, and ox-LDL pre-
treatment group. The NMN pretreatment group 
was pretreated with 0.5 mM NMN for 24 hours 
before conducting further experiments as planned.

Cell Proliferation and Cytotoxicity Testing
The CCK-8 (Solarbio, Beijing, China) was utili-

zed to examine the cell viability in accordance with 
the manufacturer’s instructions. A total of 100 µl of 
1 × 104 HUVECs were seeded into each well of the 
96-well plate and exposed to either different time 
intervals of CIH or normoxia, or different concen-
trations of drugs. Following the incubation, 10 µl of 
cholecystokinin octapeptide (CCK-8) solution was 
added to each well at different time points, with 
the culture medium as a blank control. The cells 
were then cultured further at 37°C without light 
for 1-4 hours. Using a microplate reader (Biotek, 
VT, USA), the optical density (OD450) was mea-
sured at a wavelength of 450 nm. The experimental 
incubation time was chosen based on the corre-
sponding incubation time with appropriate absor-
bance values. The cell viability was quantified in 
percentages, with the mean and standard deviation 
calculated from three independent variables.

Lactate Dehydrogenase (LDH) Activity 
Measurement

The LDH assay kit (Beyotime, Shanghai, China) 
was utilized for assessing LDH activity in cells. 

HUVECs were seeded at a density of 1×104 cells 
per well in a 96-well plate and then subjected 
to 150 mg/ml ox-LDL, a blank control, or left 
untreated for 24 hours. Following the manu-
facturer’s instructions, LDH activity analysis 
was performed. The absorbance values were 
read at 495 nm using the EPOCH 2 microplate 
spectrophotometer (Biotek, VT, USA). 

Measurement of Intracellular Reactive 
Oxygen Species (ROS)

The intracellular ROS were measured using the 
fluorescent probe DCFH-DA (ROS detection kit, 
Jiancheng, Nanjing, China). 2’,7’-dichlorofluore-
scin (DCFH) reacts with ROS to form the fluo-
rescent product DCF. HUVECs were incubated 
with DCFH-DA staining solution (10 μmol/L) at 
37°C in darkness for 30 minutes. After incuba-
tion, the culture medium was discarded, and the 
residual DCFH-DA was completely washed off 
with PBS. The cells were perfused with 500 ml of 
PBS and the fluorescence intensity was detected 
by a fluorescence spectrophotometer (Biotek, VT, 
USA) at excitation and emission wavelengths of 
495 nm and 515 nm, respectively, representing 
the level of intracellular ROS. Images of intra-
cellular ROS were captured using a fluorescen-
ce microscope (Olympus, Toyko, Japan) with a 
magnification of 200 times. The experiment was 
repeated three times.

 
Measurement of Intracellular 
Malondialdehyde (MDA) and 
Superoxide Dismutase (SOD) Activity

The cellular level of lipid peroxidation was me-
asured by using the thio-barbituric acid reaction 
(TBARS) to determine the level of formation 
of its by-product, MDA. The MDA content was 
measured using a colorimetric method with MDA 
equivalent standards, where an adduct is formed 
with TBA. Butylated hydroxytoluene (BHT) was 
added to each test sample to prevent further lipid 
oxidation during sample processing and TBA re-
action. The spectrophotometry method detected 
MDA production at 533 nm and expressed as 
nmol/mg. SOD activity was determined using 
the Fluka analytical kit and measured using a 
Victor™X spectrophotometer at a wavelength of 
440 nm. The reduction capacity of water-soluble 
tetrazolium 1 (WST-1) was measured to determi-
ne Cu/ZnSOD and mitochondrial MnSOD acti-
vity, where the hypoxanthine/xanthine oxidase 
system generated superoxide anions in the absen-
ce or presence of 4 mmol/L Potassium Cyanide 
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(KCN). One unit of SOD activity was defined 
as the amount of enzyme required to cause hal-
f-maximal inhibition of WST-1 reduction. All 
procedures were performed according to the in-
structions of the respective manufacturers (MAD 
and SOD assay kit, Jiancheng, Nanjing, China).

Determination of Nitric Oxide (NO) 
and Endothelial Nitric Oxide Synthase 
(eNOS) Concentrations

According to the manufacturer’s manual, the cell 
sediment suspension was collected to determine 
the NO concentration by measuring the concentra-
tions of total nitrate and nitrite (NO detection kit, 
Jiancheng, Nanjing, China). This method is based 
on the reduction of nitrate by nitrate reductase to 
convert it to nitrite for the determination of the total 
NO content. After the reaction, the nitrite produced 
by the Griess reaction was detected by colorimetric 
analysis at 550 nm using an enzyme-linked im-
munosorbent assay. The NO concentration of each 
sample was calculated using the formula based on 
the standard sample concentration and the corre-
sponding optical density. As mentioned earlier, the 
activity of eNOS in the collected HUVECs was 
evaluated by converting L-arginine to NO (eNOS 
detection kit, Jiancheng, Nanjing, China).

Determination of Mitochondrial NAD+ 
and NAD+/NADH Ratio

The levels of NAD+ and NADH in the mito-
chondria were assessed using a NAD+/NADH 
assay kit (Beyotime, Shanghai, China) following 
the manufacturer’s protocol. The total amount of 
NAD+ in the mitochondria was extracted from 
the extraction buffer, and both the samples and 
NADH standard were treated with ethanol dehy-
drogenase to convert all NAD+ to NADH. After 
incubating them in a MTT [3-(4,5-dimethylthia-
zol-2-yl)-2,5-diphenyltetrazolium bromide] de-
tection buffer for an hour at room temperature, 
the conversion of MTT to formazan was mo-
nitored by recording the absorbance at 570 nm 
(A570). The change in A570 readings and the 
NADH standard curve were used to compute the 
total NAD+. To measure NADH levels, the sam-
ples were heated to 60°C for 30 minutes, cooled 
on ice, and then treated with dehydrogenase to de-
compose all NAD+ while preserving NADH. The 
NADH levels in the samples were then quantified 
as described earlier. The NAD+ concentration 
was calculated by subtracting the NADH value 
from the total NAD+, and the NAD+/NADH ratio 
was determined by dividing NAD+ by NADH.

Measurement of Intracellular ATP 
Concentration

HUVECs (1×106 cells) were homogenized in 
ice-cold phosphate-buffered saline (pH 7.4) using 
a DIAX 600 tissue homogenizer (Heidolph, Ger-
many). The homogenate was centrifuged at 2,500 
rpm for 10 minutes at 4°C. The supernatant was 
collected, and the protein concentration was me-
asured using the bicinchoninic acid (BCA) assay. 
The level of ATP products in HUVECs was 
measured using an ATP detection kit (Jiancheng, 
Nanjing, China) according to the manufacturer’s 
instructions. The ATP concentration in the sam-
ples was divided by the protein concentration to 
eliminate errors caused by differences in protein 
concentration in the samples.

Mitochondrial Membrane Potential 
Detection

Evaluation of mitochondrial membrane poten-
tial (MMP) was carried out as previously de-
scribed23. According to the manufacturer’s in-
structions, the JC-1 MMP Assay Kit (Beyotime, 
Shanghai, China) was used to detect changes in 
the instability of the mitochondrial membrane. In 
brief, 1×106 cells were washed twice with Dulbec-
co’s Modified Eagle Medium (DMEM) without 
FBS and then incubated with 500 μL of JC-1 
staining solution at 5% CO2 and 37°C for 20 min. 
After that, the free probe was removed by JC-1 
staining buffer. Cell photos were obtained using 
a fluorescence microscope. In normal cells with 
intact mitochondria, red fluorescent compounds 
were formed, while in damaged cells, JC-1 re-
mained in a monomeric state and displayed green 
fluorescence. The excitation and emission wa-
velengths for each fluorescent dye were selected 
according to the manufacturer’s instructions. The 
fluorescence intensity was quantitatively analyzed 
using ImageJ software (NIH, Bethesda, USA), 
and the MMP was evaluated as the ratio of red to 
green fluorescence intensity.

Measurement of the Activity of Respiratory 
Chain Complexes I and III in Mitochondria

As described above, mitochondria are first 
separated24. In simple terms, HUVECs are ho-
mogenized in isolation buffer (1 mM EGTA, 
215 mM mannitol, 75 mM sucrose, 0.1% BSA, 
20 mM Hepes, pH 7.2). After differential centri-
fugation, the obtained mitochondria are further 
homogenized. To determine the activity of respi-
ratory chain complexes I and III, corresponding 
assay kits are used. The procedure for measuring 
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the activity of complex I involves incubating 
the reaction mixture containing ubiquinone and 
reduced nicotinamide adenine dinucleotide (NA-
DH) at 30°C for 3 minutes before adding 100 μl 
of the sample. The production of NAD+ is then 
monitored via the immediate measurement of 
absorbance at 340 nm (A340). Background ab-
sorption is corrected by measuring absorbance at 
380 nm (A380) at two time points. To determine 
the total activity of complex I, the change rate 
of the corrected A340 value (A340-A380) and 
the NAD+ standard curve are used. To measure 
the non-specific activity of complex I for each 
sample, a parallel reaction with a special complex 
I inhibitor is added to the reaction mixture. The 
specific activity of complex I for each sample is 
calculated by subtracting non-specific activity 
from total complex I activity.

To assess the activity of complex III, a re-
action mixture comprising fumarate ubiquinone 
and cytochrome c is incubated in darkness at 
room temperature for 10 minutes, followed by 
the addition of 100 μl of the sample. Subsequent-
ly, the absorbance at 550 nm (A550) is promptly 
measured to track the decline rate of cytochrome 
c production after incorporating the sample and 
allowing it to incubate for 5 minutes. The activity 
of complex III is estimated according to alte-
rations in A550 values and the reduction of the 
cytochrome c reference curve.

Enzyme-Linked Immunosorbent Assay 
(ELISA)

According to the manufacturer’s instructions, 
these kits (Fankewei, Shanghai, China) targeting 
specific human cytokines [intercellular adhesion 
molecule-1 (ICAM-1), vascular cell adhesion mo-
lecule-1 (VCAM-1), and NAMPT] were used. In 
brief, 50 μL of supernatant or cell precipitate su-
spension from HUVECs culture medium was col-
lected and then added successively to coated wells 
on a 96-well plate with blank, diluted standards, 
or samples. Next, the plate was incubated with 
HRP-conjugated antibody for 30 minutes at 37°C, 
with the reaction being terminated with a stop so-
lution. The absorbance at 450 nm (A450) was recor-
ded using a microplate reader (Bioteck, EPOCH, 
USA), and the concentration of the relevant protein 
was calculated based on the standard curve.

Protein Extraction and Western Blot
As previously mentioned, the Western blot-

ting technique was used25. For nuclear and cyto-
plasmic proteins, a nuclear and cytoplasmic ex-

traction reagent kit (Beyotime, Shanghai, Chi-
na) containing 1% Triton X-100 (Solarbio, Bei-
jing, China) was added to the cells to dissolve 
the membrane and maintain the integrity of the 
nuclear membrane. The supernatant was then 
incubated at 4°C for 20 minutes, followed by 
the addition of 500 µl nuclear isolation buffer. 
The homogenate was centrifuged at 600 x g (10 
minutes, 4°C) to separate the cytoplasmic and 
granular nucleic acid fractions from the super-
natant. The proteins were then extracted using 
Radio-Immunoprecipitation Assay (RIPA) ly-
sis buffer (Beyotime, Shanghai, China). Accor-
ding to the manufacturer’s instructions, total 
proteins were extracted from cells using RIPA 
lysis buffer containing 10% benzene sulfonate 
fluoride. The protein concentration was deter-
mined using a BCA protein concentration assay 
kit (Solarbio, Beijing, China). Each protein 
sample of approximately 30 µg was separated 
by Sodium dodecyl-sulfate polyacrylamide gel 
electrophoresis (SDS-PAGE) and transferred 
onto the polyvinylidene fluoride (PVDF) mem-
brane. The membrane was blocked with 5% 
non-fat milk (dissolved in Tris Buffered Saline 
with Tween 20 (TBST) at room temperature for 
2 hours, followed by incubation with primary 
antibody against alkaline phosphatase [HIF-1α 
(Abcam; cat: ab192256 number, 1:1000)] over-
night at 4°C. The membrane was washed three 
times with TBS-TWEEN 20 (1% TWEEN) and 
incubated with a secondary antibody, either 
horseradish peroxidase (HRP)-labeled goat an-
ti-rabbit IgG (H+L) (Beyotime, cat: A0208; 
1:2000) or HRP-labeled goat anti-mouse IgG 
(H+L) (Beyotime, cat: A0216; 1:2000) at room 
temperature for 1 hour. The immunoblot was 
visualized using the Odyssey infrared imaging 
system (Li-Cor Biosciences, Nebraska, USA). 
The band intensity on the Western blot was 
analyzed using the ImageJ software (NIH, 
Bethesda, USA) .

Statistical Analysis
All data analyses were conducted using SPSS 

22.0 (IBM Corp., Armonk, NY, USA) software. 
Measurement data were represented as mean ± 
SEM. For pairwise comparisons, Student’s t-test 
was utilized, while for intergroup comparisons, 
one-way analysis of variance (ANOVA) was uti-
lized. The count data were expressed as percen-
tages and examined using chi-square tests. The 
criteria for significance were set at p < 0.05.
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Results

Establishment of an In Vitro Model 
of CIH-Induced and ox-LDL-Induced 
Endothelial Injury in HUVECs

A partial pressure of oxygen of 45.8 ± 1.7 mm 
Hg was used in the HUVECs culture chamber to 
create atmospheric oxygen conditions (21% O2). 
Hypoxic oxygen conditions of 1% O2 were then 
created and maintained for 60 minutes. The par-
tial pressure of oxygen in the medium was sub-
sequently increased to 96.5 ± 3.8 mm Hg to 

reoxygenate the chamber to 21% O2 for about 30 
minutes (Figure 1A). Cell viability measured by 
CCK-8 was 87.87% after this first hypoxia-reoxy-
genation cycle and decreased gradually to 58.49% 
at the 8th cycle (Figure 1B). The model was va-
lidated by measuring the expression of HIF-1α 
under the control and CIH conditions. The nuclear 
protein content of HIF-1α was significantly higher 
(p < 0.05) in the CIH group after 8 cycles of inter-
mittent hypoxia than in the normoxic group (Fi-
gure 1C-D). Therefore, 8 hypoxia-reoxygenation 
cycles were used for subsequent experiments.

Figure 1. Establishment of in vitro model of endothelial injury induced by CIH and ox-LDL. A, Measurement of oxygen partial 
pressure in HUVECs culture media under different hypoxia and reoxygenation time points. B, Effects of different cycles of CIH 
intervention on cell viability in HUVECs. C-D, Detection of protein levels of HIF-1α in the cytoplasm and cell membrane under 
normal control group and 8 cycles of CIH condition using immunoblotting. E, Effects of different concentrations of ox-LDL on 
cell viability in HUVECs. F, Expression of LDH after ox-LDL treatment in HUVECs detected by ELISA. * vs. Control.
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In a second model, ox-LDL was used to induce a 
classic model of endothelial cell injury in HUVECs. 
Ox-LDL treatment gradually decreased the cell 
viability of HUVECs in a concentration-dependent 
manner, with a significant decrease in cell viability 
at 75, 100, 125, and 150 µg/ml (Figure 1E). This 
model was validated using the release of lactate 
dehydrogenase (LDH) from cells as a marker of 
impaired cell function. The amount of LDH relea-
sed from HUVECs at ox-LDL concentrations of 75 
µg/ml was approximately 4 times higher than that 
of the control group (Figure 1 F). Therefore, 75 µg/
ml of ox-LDL was used for subsequent experiments.

Effects on NAD+ and the NAD+ Salvage 
Synthetic Pathway Under CIH and 
ox-LDL Conditions

To verify whether NAD+ levels and the NAD+ 
salvage pathway are impaired in CIH-induced en-
dothelial injury, we examined the expression levels 
of NAD+ and its key enzyme in the salvage synthe-
tic pathway, nicotinamide phosphoribosyltransfera-
se (NAMPT), in HUVECs injury models induced 
by CIH and by ox-LDL. Intracellular NAD+ levels 
were significantly reduced in the CIH group, the 
NAD+/NADH ratio decreased, and the NAMPT 
activity decreased from 77.15 U/L to 57.31 U/L; the 
above indicators were statistically significantly dif-
ferent (p < 0.05) in the CIH group compared with 
the control group (Figure 2A-C). There was not, 
however, a statistically significant difference in any 
of these indices under the ox-LDL condition com-
pared with the control group. Thus, CIH and ox-L-
DL exhibited different effects on NAD+ and the 
NAD+ salvage synthetic pathway, also indicating 
that CIH may inhibit the NAD+ salvage pathway, 
leading to reduced NAD+ levels and suggesting that 

the NAMPT-mediated NAD+ salvage pathway may 
have an important role in CIH.

Effects on Mitochondrial Function Under 
CIH and ox-LDL Conditions, and After 
NMN Supplementation

To determine whether reduced NAD+ levels 
affect mitochondrial function in endothelial cells 
under CIH and ox-LDL conditions, we exami-
ned mitochondrial function-related indices under 
CIH or ox-LDL stimulation. We also supple-
mented with NMN in HUVECs under CIH and 
ox-LDL conditions for further validation. First, 
the stimulated HUVECs were incubated with a 
fluorescent probe JC-1. Compared with the con-
trol group, the cells induced by the CIH and 
ox-LDL groups showed reduced red fluorescence 
and increased green fluorescence, and the ratio 
of red to green fluorescence was significantly 
decreased, indicating a decrease in MMP (Figure 
3A,B). In addition, the ATP content was reduced 
by 43.24% in the CIH group compared with the 
control group (Figure 3C), accompanied by a de-
crease in the activity of mitochondrial respiratory 
chain complexes I and III. However, the ATP 
content and activity of mitochondrial respiratory 
chain complexes I and III in the ox-LDL group 
were not significantly different from the control 
group (Figure 3D-E). After NMN intervention, 
red fluorescence increased, and green fluore-
scence decreased in the CIH group indicating an 
increase in the level of MMP. The ATP content 
and mitochondrial respiratory chain complexes I 
and III activities increased after MNM interven-
tion in this group. No significant changes in these 
indices were observed in the ox-LDL group after 
pretreatment with NMN (Figure 3A-E).

Figure 2. The effects of NAD+ and its rescue pathways under CIH and ox-LDL conditions. A, Levels of NAD+ in the culture 
supernatants of HUVECs under different conditions; (B) Ratios of NAD+/NADH under different conditions; (C) Levels of 
NAMPT in the culture supernatants of HUVECs under different conditions. *vs. Control; #vs. CIH.
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Effects on Vascular Endothelial Function 
Under CIH and ox-LDL, and After NMN 
Supplementation

To assess the effect of NAD+ levels on the state 
of oxidative stress of endothelial cells under CIH 
and ox-LDL conditions, we incubated stimulated 
HUVECs with the fluorescent probe DHR and 
measured ROS levels, MDA levels, and activity of 
the antioxidant enzyme SOD. In the CIH group, 

ROS levels increased by 52.23%, MDA levels 
increased from 1.16 nmol/ml to 1.48 nmol/ml, and 
SOD activity decreased by 29%, and these changes 
were significantly different compared to the con-
trol group (p < 0.05) (Figure 4A-D). In the ox-LDL 
group, ROS levels increased by 36.96%, MDA le-
vels increased from 1.16 nmol/ml to 2.58 nmol/ml, 
and SOD activity decreased by 41.81%, and these 
changes were significantly different compared to 
the control group (p < 0.05) (Figure 4A-D). NMN 

Figure 3. The differential effects of CIH and ox-LDL on mitochondrial function. A-E, After treatment with CIH and ox-
LDL, HUVECs were supplemented with NMN under the same conditions. The effects of these conditions on mitochondrial 
membrane potential, activity of respiratory chain complexes I and III and ATP levels were measured. *vs. Control; #vs. CIH. 
MV: 40×.
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Figure 4. Under CIH and ox-LDL, as well as supplementation with NMN, differential effects on endothelial function were 
observed at various levels. A-D, The levels of ROS, MDA, and SOD activity within the cells. E-F, The levels of endothelial NO 
and eNOS content within the cells. G-H, The levels of ICAM-1 and VCAM-1. *vs. Control; #vs. CIH. MV: 40×
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intervention significantly suppressed the increase 
in ROS level, restored the activity of the antioxi-
dant enzyme SOD, and inhibited the increase in 
MDA levels observed without MNM intervention 
in the CIH group. In the ox-LDL group, no signi-
ficant changes in ROS, MDA content, and SOD 
activity were observed after NMN intervention. 
These findings suggest CIH may specifically cause 
oxidative stress injury in the vascular endothelium 
through the NAD+ salvage pathway. 

ELISA was used to measure levels of NO and 
eNOS in CIH- and ox-LDL-exposed conditions to 
assess whether endothelial diastolic function was 
altered. Levels of NO and eNOS decreased in the 
CIH group, by 28.30% and 26.19%, respectively, 
and in the ox-LDL group, by 28.93% and 39.61%, 
respectively, and these changes were significant-
ly different compared to the control group (p < 
0.05). However, after NMN intervention, eNOS 
and NO levels were restored in the CIH group but 
not in the ox-LDL group (Figure 4E-F).

To determine the effect of the above conditions 
on endothelial inflammatory adhesion molecu-
les, we determined the levels of VCAM-1 and 
ICAM-1 using ELISA under the two experimen-
tal conditions compared to the control. As shown 
in Figure 4G-H, the expression of VCAM-1 and 
ICAM-1 was significantly higher under CIH and 
ox-LDL compared to the control groups (p < 
0.05). However, while subsequent NMN inter-
vention significantly reduced these two indices 
under CIH conditions, they were not significantly 
changed under ox-LDL conditions. 

These findings suggest that CIH may indu-
ce impaired vascular endothelial diastolic and 
adhesive functions by specifically affecting 
the NAD+ salvage pathway, whereas ox-LDL, 
a strong inducer of endothelial injury, may be 
mediated through other pathways.

 

Discussion 

Clinical and basic studies in the literature sur-
rounding the common risk factors, pathological 
evolution, and underlying mechanisms of OSA 
have demonstrated that vascular endothelial injury 
induced by CIH plays an important role in OSA-re-
lated CVD. However, these studies have been 
unable to determine the underlying mechanisms 
of how CIH induces endothelial injury, as CIH is 
confounded with other risk factors, obscuring the 
specific role of CIH on vascular injury. Therefore, 
it was important to investigate the mechanism of 

action of CIH-induced vascular endothelial injury. 
In the present study, we compared CIH to its clas-
sic inducing factor ox-LDL as a control to explore 
and highlight the specificity of the CIH mecha-
nism in this process. Our results showed that the 
NAMPT-mediated NAD+ salvage pathway was 
impaired in CIH-induced HUVECs, which in turn 
led to NAD+ reduction. However, the addition of 
NMN effectively reversed the multifaceted en-
dothelial functional impairment under CIH con-
ditions but did not significantly affect ox-LDL-in-
duced conditions. These results suggest that CIH 
and ox-LDL may mediate vascular injury through 
different mechanisms, with CIH potentially inhi-
biting the NAD+ salvage pathway, leading to a 
decrease in NAD+ levels, which in turn leads to 
endothelium-related functional impairment throu-
gh the induction of mitochondrial dysfunction.

OSA, characterized by rapid reoxygenation 
after hypoxia, is the main mechanism leading 
to the generation of oxidative stress and is the 
mechanism most intensively studied in CIH-me-
diated vascular injury26,27. Mitochondria are one 
of the major organelles of cellular energy meta-
bolism. Although endothelial cells do not derive 
most of their energy from mitochondrial oxidati-
ve phosphorylation metabolism, mitochondria in 
endothelial cells are still physiologically relevant, 
in part because they are the major source of cel-
lular ROS, in addition to the NOX system. NAD+ 
is essential for the electron transport reaction in 
mitochondria, which produce ATP through the 
Krebs cycle, fatty acid oxidation, and oxidative 
phosphorylation. NAD+ deficiency inhibits mi-
tochondrial function and ATP production, as 
well as facilitating increased mtROS production, 
which in turn can accelerate inflammation and 
lead to impairment of vascular endothelial fun-
ctions28,29. Recent studies14,30 have shown that 
the NAD+ salvage pathway is affected and sub-
sequently mediated by oxidative stress and pro-
motes the development of endothelial injury in 
hypoxic environments. Similarly, a decrease in 
NAD+ levels can induce mitochondrial oxidative 
stress, leading to endothelial injury in mouse 
arteries31,32. NAD+ level downregulation resulting 
in mitochondrial oxidative stress may induce the 
decrease of vascular endothelial function and 
the appearance of related phenotypes. The pro-
duction of higher concentrations of ROS after 
impaired mitochondrial function can lead to and 
exacerbate oxidative stress and secondary cel-
lular damage33-35. For example, oxygen radicals 
react with biofilms via lipid peroxidation of un-
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saturated fats to generate MDA, which causes a 
decrease in SOD, the main antioxidant enzyme 
against reactive oxygen metabolites, further par-
ticipating in the formation of atherosclerosis36. 
Similarly, in our study, we showed that CIH 
leads to mitochondrial dysfunction in HUVECs, 
as evidenced by a significant decrease in mito-
chondrial complexes I and III, ATP content, and 
MMP levels. These findings strongly support the 
inhibition of the NAD+ salvage pathway, leading 
to a reduction in NAD+, as playing a direct role 
in vascular endothelial mitochondrial dysfun-
ction caused by CIH, and that this mechanism 
is different from that observed under the classic 
ox-LDL condition. Certain pathways may be able 
to maintain mitochondrial NAD+ levels and thus 
play a role in maintaining mitochondrial function 
under the classic condition.

The inhibition of the NAMPT-mediated NAD+ 
biosynthesis pathway can downregulate antioxidant 
proteins, leading to increased oxidative stress sen-
sitivity37,38. Oxidative stress leads to cytokine secre-
tion and promotes inflammation in vascular tissues, 
while the upregulation of adhesion molecules such 
as ICAM-1 and VCAM-1 stimulates endothelial 
activation by promoting leukocyte adhesion to en-
dothelial cells39,40. In the present study, we also 
found a significant increase in ROS and MDA in 
HUVECs under CIH and ox-LDL conditions, whi-
le SOD enzyme activity was significantly downre-
gulated, accompanied by a significant increase in 
both ICAM-1 and VCAM-1 expression. We specu-
late that decreased NAD+ levels may generate hi-
gher ROS by inducing a decrease in mitochondrial 
function, as well as leading to a decrease in cellular 
antioxidant capacity, ultimately causing an increase 
in oxidative stress and levels of inflammatory fac-
tors in HUVECs under CIH conditions, leading to 
impaired endothelial function. Vascular endothelial 
injury is characterized by reduced bioavailabili-
ty of endothelium-derived vasoactive mediators 
and NO41. The expression of eNOS, a synthase of 
NO, has also been used as an important index to 
evaluate endothelial function42. The present study 
also observed a significant reduction in NO and 
eNOS under CIH conditions, and these findings 
suggest that the CIH-induced NAMPT-mediated 
NAD+ salvage pathway caused by CIH is likely 
to be responsible for its contribution to vascular 
endothelial injury. Research43 has demonstrated 
that specific inhibition of NAD+-dependent sirtuin 
1 (SIRT1) in mouse arterial endothelium leads to a 
decrease in NO and inhibition of endothelium-de-
pendent vasodilation and in vitro experiments44 

have revealed that SIRT1 can increase endothelial 
NO through direct deacetylation. These processes 
stimulate the activity of endothelial NO synthase 
and exert a direct protective effect on endothe-
lium-dependent vascular activity, a process that, in 
addition to the role of NAD+ in the maintenance of 
mitochondrial dysfunction, may provide indirect 
evidence that reduced NAD+ levels may lead to 
the impairment of endothelial functions through 
another mechanism affecting SIRT1.

Evidence45-48 is accumulating, demonstrating 
that increasing NAD+ levels through supplemen-
tation with NAD+ intermediates can improve 
cardiovascular-related endothelial injury. In addi-
tion, studies49,50 have found that treatment of aged 
mice with NMN restored endothelium-dependent 
diastolic function in the carotid artery. To identify 
the NAMPT-mediated decrease in NAD+ levels 
as the cause of impaired endothelial function due 
to CIH, we performed back-supplementation of 
HUVECs under CIH and ox-LDL conditions with 
NMN. Results verified that back-supplementation 
of NAD+ reversed CIH-induced mitochondrial 
dysfunction, oxidative stress, and endothelial 
injury in endothelial cells. 

Limitations
There are some limitations to this study. 

First, we were only able to demonstrate a corre-
lation between NAD+ levels that were reduced 
under CIH conditions and concomitant vascular 
endothelial injury. Whether other causes are 
involved, and the specific mechanisms involved 
remain to be explored. Second, in addition to 
the NAD+ salvage pathway, the effects of other 
synthetic pathways, including the de novo syn-
thesis of NAD+ and NAD+-consuming enzymes 
on NAD+ levels, were not assessed. In addition, 
the downstream mechanisms of vascular en-
dothelial injury due to the NAD+ salvage pa-
thway require further investigation.

Conclusions

Our study has shown that CIH-induced vascu-
lar endothelial injury may be associated with a 
decrease in NAMPT-mediated NAD+ levels, le-
ading to mitochondrial dysfunction, followed by 
increased oxidative stress and increased vascular 
adhesion, and that supplementation of NAD+ 
precursors to increase their levels may be a po-
tential intervention to ameliorate CIH-induced 
vascular endothelial injury.
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