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Abstract
Oxidative stress and inflammation are closely related to atherosclerotic cardiovascular dis-

ease. It is established that hydrogen has significant protective effects on many diseases as

a potential antioxidative and anti-inflammatory agent. The purpose of this study is to eval-

uate the effect of hydrogen on unstable angina in vitro and in vivo. An atherosclerosis model

in vitro was constructed by ox-LDL-induced injury of human umbilical vein endothelial cells

and in vitro testing indicated hydrogen inhibited ox-LDL-induced oxidative stress and

inflammatory response by down-regulating LOX-1/NF-kB signaling pathway.

Subsequently, the attenuating effect of hydrogen-rich water intake on unstable angina

was further confirmed in clinic. Forty hospitalized subjects with unstable angina were

enrolled and consumed either 1000–1200mL/d hydrogen-rich water or the same amount

of placebo pure water in addition to conventional drugs for threemonths. Clinical analysis

showed hydrogen-rich water intake relieved angina symptoms in unstable angina patients.

Serum analysis showed that hydrogen-rich water addition resulted in more effective reduc-

tions of total-cholesterol, low-density lipoprotein-cholesterol, and apolipoprotein B levels compared with conventional treatment.

These results support that hydrogen as adjuvant treatment has a beneficial effect on unstable angina.
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Introduction

Cardiovascular disease (CVD) is the leading factor of death
around the world, accounting for 30% of all cases of death,
among which 42% are resulted from coronary heart disease
(CHD).1 Acute coronary syndrome (ACS) is the serious
stage of CHD and acute myocardial infarction and unstable
angina (UA) are involved. Despite of the application of
contemporary therapies, patients with ACS still face
tough risk of early and recurrent cardiovascular events.2

The potential role of oxidative stress and inflammatory
reaction has been indicated in the progression and clinical

instability of ACS by increasing the number of studies.3

Necropsy studies show there are inflammatory cells in ath-
erosclerotic plaque,4 and clinical outcomes also display a
correlation between systemic inflammatory markers and
CVD.5 Therefore, antioxidant and anti-inflammatory ther-
apy is expected to become an important means to prevent
and treat ACS.

Hydrogen, the smallest elemental gas molecule, is capa-
ble of penetrating into the cytoplasm, mitochondria, and
nucleus of cells by simply diffusing. Both hydroxyl radicals
and peroxynitrite anions, which are the most destructive
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reactive oxygen species (ROS), can be selectively scavenged
by hydrogen. Therefore, hydrogen has natural and power-
ful antioxidative and anti-inflammatory functions. It has
been demonstrated that hydrogen has significant protective
effects on many pathological processes such as ischemia
reperfusion,6 ionizing radiation,7 and inflammatory inju-
ries.8 Our previous research showed that intraperitoneal
injection of hydrogen-saturated saline effectively mitigated
atherosclerotic lesion of apoE�/� mice fed either chow or
high-fat diet.9 In addition, our former study also showed
that long-term drinking of hydrogen-rich water (HRW)
could better serum lipid composition and lipoprotein func-
tion for patients with potential metabolic syndrome.10 In
current study, an in vitro atherosclerosis (AS) model was
firstly built by ox-LDL-induced injury of human umbilical
vein endothelial cells (HUVECs) to explore the protective
effect of hydrogen. Thereafter, a small clinical trial was car-
ried out to further verify whether hydrogen alleviated UA
in clinic or not.

Materials and methods

Cell culture

HUVECs (EA.hy926) were from Shanghai Institute of
Biochemistry and grew in RPMI-1640 medium (HyClone,
China) supplemented with 10% fetal bovine serum
(HyClone, China). Cells grown to subconfluence were
divided into four groups, namely control, hydrogen,
ox-LDL, and ox-LDLþhydrogen group. Cells were respec-
tively put into normal incubator without hydrogen or
hydrogen incubator with 50% H2 (Jinan Haowei
Experimental Instrument Co., Ltd, China) during the pro-
cess of cell experiments. After adhesion, the latter two
groups were stimulated with 100 lg/mL ox-LDL for 24 h.
Cells and supernatants were harvested and relevant index-
es were tested.

Flow cytometric assessment of mitochondrial
generation of ROS

Mitochondrial generation of ROS, specifically superoxide
anion, was evaluated using mitoSOX red kit (KeyGEN bio-
tech Co., China), in which there was a lipid soluble cation. It
selectively targeted to the mitochondrial matrix and emit-
ted red fluorescence when oxidized. After treatment,
HUVECs were gently washed twice with warm PBS and
then covered with 1mL of 5 mmol/L mitoSOX reagent
working solution. The cells were incubated in darkness
for 10min at 37�C. Following two centrifugations and
washes, mitoSOX fluorescence intensity was detected by
flow cytometry.

Measurement of MDA and SOD

According to the manufacturer’s instructions of kits
(Nanjing Jiancheng Bioengineering Institute, China), the
levels of malondialdehyde (MDA) in cultured cells
in vitro were evaluated by measuring thiobarbituric acid-
reactive substances (TBARS). Superoxide dismutase (SOD)
activity was also tested by Fridovich’s method, in which

xanthine and xanthine oxidase were applied to produce
superoxide radicals to react with p-iodonitrotetrazolium
violet to generate a red formazan measured at 505 nm.11

Immunofluorescence assay

Cells were incubated on coverslips. After the correspond-
ing intervention, cells were tenderly washed with PBS for
three times, fixed by 4% paraformaldehyde for 20min and
permeabilized by 0.1% Triton-X 100 for 5min. The cover-
slips were blocked with 10% donkey serum and incubated
with the primary antibody (Abcam, USA) of intercellular
adhesion molecule-1 (ICAM-1), vascular cell adhesion
molecule-1 (VCAM-1), or nuclear factor kappa B (NF-jB)
p65 for whole night at 4�C. Then the coverslips were
exposed to Alexa Fluor 488-conjugated secondary antibody
(Thermo Fisher Scientific, USA) for 1 h at room tempera-
ture. After counterstained with DAPI, the coverslips were
photographed under a laser scanning confocal microscope
(Bio-Rad Radiance 2100).

Western blot

Total protein and nuclear protein from treated cells were
extracted using RIPA lysis buffer (Solarbio, China) and
nuclear protein extraction kit (BestBio, China), respectively.
The equal amounts of protein were subjected to 12% SDS-
PAGE and transferred onto PVDF membranes through
electroblotting. Then the membranes were blocked with
skimmed milk powder and incubated with primary anti-
bodies against lectin-like oxidized low-density lipoprotein
receptor-1 (LOX-1) and NF-kB p65 (Abcam, USA) for whole
night at 4�C. Following washed with TBS containing 0.1%
Tween 20, the membranes were incubated with horseradish
peroxidase-conjugated secondary antibodies (Zsbio, China)
for 2 h at room temperature. Thereafter, the immunoblots
were exposed by ECL reaction and visualized using a high-
performance chemiluminescence film. The IOD value of
immunoreactive bands was calculated by Image-Pro Plus
software and normalized by house-keeping protein b-actin
or histone H3 (Abcam, USA).

Study population and design

In this study, a randomized-controlled trial was taken for
clinical observation. Forty hospitalized individuals with
UA from Cardiovascular Department in The Second
Affiliated Hospital of Shandong First Medical University
were screened. They must meet one of the following
three: (1) Recent onset (�1month) angina pectoris with
ST segment depression or T wave depression or inversion;
(2) Angina pectoris at rest; (3) Deterioration of original exer-
tional angina.12 There was no limitation to patient’s gender,
age, occupation, and race. Patients with other viscera
disease, viral myocarditis, AMI, diabetes mellitus, mental
illness, and related drug allergy were excluded.

Forty participants were divided into HRW group
(n¼ 20) and control group (n¼ 20) and received a three-
month intervention. Control group were given routine
treatment and nursing and required them to drink
1000–1200mL pure water per day; HRW group drank
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HRW for three months in addition to conventional drugs
and its volume per day was also about 1000–1200mL. HRW
was from hydrogen producing cup (Zhishui miniature
hydrogen-rich water cup, HW-G2 model, Shuangdi
Electronic Technology Co., Ltd, China). The cup can elec-
trolyze water to produce hydrogen. The cup was given to
patients twodays before discharge and its correct use-
method was informed in detail. Considering that hydrogen
density was low and it easily volatilized, patients were
advised to drink HRW within 30min and to cover the
cup tightly during drinking. Before the intervention and
threemonths later, the clinical parameters of patients
were collected and recorded.

In the intervention period, all participants attended 1-h
sessions for health education once a month. The low-fat,
low-salt, and low-sugar diet were required. The proper
exercise and walk for about half an hour every day were
recommended. Overstrain and excitable states were not
admitted. Diaries of both diet and exercise were completed
by participants and reviewed at each visit. The patients
were also phoned once a week to increase their adherence
to the study protocol.

Standard for reduction of angina symptoms

The standard for efficacy evaluation of angina pectoris was
referred from the literature.13 Markedly effective: angina
attack was not caused by equal level of exertion as before,
or angina frequency and dosage of nitroglycerin lowered
by more than 80%; Effective: angina frequency and dosage
of nitroglycerin lowered by 50%–80%; Ineffective: angina
frequency and dosage of nitroglycerin lowered by less
than 50% or even increased.

Measurement of serum lipid and lipoprotein

parameters

At both the beginning and the end of the study, blood sam-
ples were taken after 12 to 14 h of fasting state to obtain
serum. TC, TG, LDL-C, HDL-C, apoB, and apoA1 in
serum were tested using standard laboratory methods in
The Second Affiliated Hospital of Shandong First Medical
University. The data of patients whose lipid or lipoprotein
level were reduced above 20% after three-month interven-
tion was considered to be effective. The effective rate was
calculated by the ratio of effective patients’ number to total
patients’ number.

Statistical analysis

Statistical analysis was performed by SPSS 24.0 (IBM, USA).
The qualitative data were expressed as frequency and per-
centage, and Chi-square test was utilized to analyze the
statistical difference between groups. Quantitative data
were presented as mean� standard deviation, and the
data from in vitro experiments were analyzed by one-way
analysis of variance (ANOVA) followed by Student–
Newmann–Keuls multiple comparison tests. A P-value
<0.05 was considered statistically different.

Results

In vitro tests

Hydrogen inhibited ROS production and alleviated
oxidative stress in ox-LDL-induced HUVECs.
Mitochondria are the important site of ROS production.
Therefore, we used a specific mitochondrial superoxide
indicator, mitoSOX, to test the effect of hydrogen on mito-
chondrial ROS generation of live cells. As expected, ox-LDL
significantly increased mitoSOX Red fluorescence intensity
in HUVECs and hydrogen treatment abolished the increase
(Figure 1(a)). In this study, we also determined MDA level
and SOD activity in HUVECs. After 24-h exposure of ox-
LDL (100 lg/mL), MDA content was enhanced and SOD
activity was lowered in HUVECs. However, hydrogen
treatment decreased MDA level in ox-LDL-induced
HUVEC cells (Figure 1(b)).

Hydrogen inhibited the expression of adhesion
molecules in ox-LDL-induced HUVECs. AS is a chronic
inflammatory disease of arterial wall and adhesion mole-
cules exert an important role in the process.14 The expres-
sion of adhesion molecules increases after vascular
endothelium damage, which mediates local adhesion and
immigration of leukocytes.15 In cell experiments, immuno-
fluorescence analyses showed ox-LDL (100 lg/mL, 24 h)
increased the expressions of ICAM-1 and VCAM-1 in
HUVECs. However, hydrogen reversed the event
(Figure 2).

Hydrogen down-regulated LOX-1/NF-jB signaling path-
way in ox-LDL-induced HUVECs. LOX-1 is the major
receptor for ox-LDL in endothelial cells.16 After combing
with its ligands, ox-LDL results in endothelial oxidative
injuries by modulating LOX-1-mediated oxidase signaling
pathway.17 More importantly, it is reported that LOX-1 acti-
vates NF-jB signaling pathway,18–19 which facilitates nucle-
ar translocation and subsequently the gene expression of
adhesion molecules.20 In this study, incubation of HUVECs
with ox-LDL up-regulated LOX-1 expression and NF-jB
activity, while hydrogen treatment obviously reduced
LOX-1 level and blocked translocation of NF-jB p65 into
nucleus (Figure 3).

Clinical data

Demographic characteristics of the study subjects with
UA. Demographic characteristics of the study participants
are reported in Table 1. Comparisons showed no statistical
difference in gender proportion, age, stent placement,
smoking habit, and drinking habit between control group
and HRW group.

Effect of HRW addition on angina symptoms in clinic. In
this experiment, we analyzed the improvement of angina
symptoms in the two groups after treatment. As shown in
Table 2, among 20 cases in control group, 2 (10%) were
markedly effective, 10 (50%) effective, and 8 (40%) ineffec-
tive; the total efficacy rate was 60%. Among 20 cases in
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HRW group, 4 (20%) were markedly effective, 14 (70%)
effective, and 2 (10%) ineffective; the total efficacy rate
was 90%. The data showed HRW plus conventional drugs
had a better effect on relieving symptoms of angina (60%
vs. 90%, v2¼ 4.800, P< 0.05).

Effect of HRW addition on serum lipid and lipoprotein
profiles of UA participants. The serum lipid and lipopro-
tein levels in each individual patient with UA are presented
in Table 3. Clinical biochemical testing showed that the
effective rates to lower serum TC, LDL-C, and apoB
levels in HRW group were increased compared with
those in control group (TC, 35% vs. 15%; LDL-C, 40% vs.
20%; apoB, 40% vs. 15%). However, the serum HDL-C and

apoA1 levels were not significantly altered by HRW addi-
tion which is not shown in this paper.

Discussion

CHD usually results from the occlusion of coronary artery
by atherosclerotic plaque. When the occlusion >75%, the
increase of physical activity can cause the relative insuffi-
ciency of coronary blood supply and mild angina pectoris,
which is called “stable angina”. However, once the athero-
sclerotic plaque ruptures suddenly and forms thrombus on
the surface, it will aggravate the degree of stenosis, and
then cause UA. UA can further develop into acute myocar-
dial infarction, or even sudden death. UA is an acute and
critical illness with characteristics of high hospitalization

Figure 1. Hydrogen inhibited mitochondrial ROS generation and decreased MDA content in ox-LDL-induced HUVEC cells. The mitochondria-specific ROS level was

determined using MitoSOX and quantified by flow cytometry. MDA content and SOD activity in cells were tested using the corresponding kits. (a) Flow cytometry

images and quantification of mitoSOX fluorescence; (b) MDA content in HUVECs; (c) SOD activity in HUVECs. Values obtained from three independent experiments

were expressed as mean�SD. *P< 0.05, **P< 0.01 vs. control group; #P< 0.05, ##P< 0.01 vs. ox-LDL group. (A color version of this figure is available in the online

journal.)

1984 Experimental Biology and Medicine Volume 246 September 2021
...............................................................................................................................................................



rate, high disability rate, and high mortality.21 Even though
conventional medicine benefits the patients of UA, various
drug resistance and side effects raise the difficulty of the
treatment. Therefore, better strategies for delaying the
development of atherosclerosis and treating UA have
been seeking.

It has been well established that oxidative stress and
inflammation play a key role in the initiation and progres-
sion of atherothrombotic disease.22 A variety of cardiovas-
cular risk factors, such as hypertension, hyperlipidemia,
diabetes mellitus or smoking, can stimulate ROS generation
in vascular wall.23 ROS can peroxidize lipid components

Figure 2. Hydrogen inhibited the protein expressions of ICAM-1 and VCAM-1 induced by ox-LDL in HUVECs. (a) Visualized ICAM-1 level by immunofluorescence

experiment; (b) visualized VCAM-1 level by immunofluorescence experiment. (A color version of this figure is available in the online journal.)
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and form ox-LDL, which deposits under the endothelium
and promote plaque enlargement.24 Furthermore, ox-LDL
can regulate redox-sensitive transcription factors such as
NF-jB and accelerates the synthesis of adhesion molecules
and inflammatory mediators in endothelial cells and mac-
rophages.25 These cytokines can affect the stability of
plaque and induce platelet activation.26 Based on the
above, it can be assumed that anti-oxidation and anti-
inflammation are also important targets for clinical

treatment of UA. Molecular hydrogen, a potent antioxida-
tive and anti-inflammatory agent, has been explored as an
ideal therapy tool for many diseases over the last 10 years.
Compared with other antioxidants, hydrogen has the fol-
lowing advantages: (1) It can be directly dispersed into
cells, even organelles because of small molecular weight
and strong penetration; (2) So far, any adverse reaction
has not been found after drinking or inhaling hydrogen;
(3) It is convenient to use hydrogen production cup.

Figure 3. Hydrogen down-regulated LOX-1/NF-jB signaling pathway in ox-LDL-induced HUVECs. The protein expressions of LOX-1 in cells and NF-jB p65 in

nucleus were analyzed byWestern blot or immunofluorescence. (a) LOX-1 protein level in cells by Western blot; (b) NF-jB p65 protein level in nucleus by Western blot;

(c) visualized NF-jB p65 in nucleus by immunofluorescence experiment. Data were presented as mean�SD of at least three independent experiments. **P< 0.01 vs.

control group; #P< 0.05, ##P< 0.01 vs. ox-LDL group. (A color version of this figure is available in the online journal.)
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Table 1. Characteristics of patients with UA treated with or without HRW.

Control group HRW group

Variables n (%) n (%) P value

Gender

Male 10 (50) 14 (70) 0.197

Female 10 (50) 6 (30)

Age

�49 3 (15) 4 (20) 0.465

50–59 11 (55) 12 (60)

�60 6 (30) 4 (20)

Stent placement

Yes 11 (55) 14 (70) 0.327

No 9 (45) 6 (30)

Smoking

Yes 4 (20) 5 (25) 1.000

No 16 (80) 15 (75)

Drinking

Yes 7 (35) 8 (40) 0.744

No 13 (65) 12 (60)

UA: unstable angina; HRW: hydrogen-rich water.

Table 2. Comparison of angina symptom reduction of UA patients after treatment for threemonths.

Group Case Markedly effective n (%) Effective n (%) Ineffective n (%) Total effective n (%)

Control group 20 2 (10) 10 (50) 8 (40) 12 (60)

HRW group 20 4 (20) 14 (70) 2 (10) 18 (90)

Note: v2¼ 4.800, P< 0.05 (P¼ 0.028).

UA: unstable angina; HRW: hydrogen-rich water.

Table 3. Effects of HRW addition on serum lipid and lipoprotein levels in each individual patient with UA.

　
TC LDL-C apoB

Control group HRW group Control group HRW group Control group HRW group

Patient

number

Before

treatment

(mM)

After

treatment

(mM)

Before

treatment

(mM)

After

treatment

(mM)

Before

treatment

(mM)

After

treatment

(mM)

Before

treatment

(mM)

After

treatment

(mM)

Before

treatment

(g/L)

After

treatment

(g/L)

Before

treatment

(g/L)

After

treatment

(g/L)

1 5.99a 4.46 6.41a 4.51 4.38a 2.19 3.80a 2.51 1.17 0.99 1.40a 0.84

2 5.64a 4.19 6.09a 3.62 2.22 2.58 3.89a 1.92 0.70 0.88 1.26a 0.65

3 5.37 5.08 5.25 5.07 3.87 3.70 3.14 2.83 1.18a 0.73 1.09 0.94

4 5.06 4.60 4.82 4.43 2.95 2.50 2.68 2.34 0.97 0.87 0.93 0.86

5 4.90 5.14 4.73a 3.02 2.48a 1.74 2.81a 1.49 0.85 0.69 1.05a 0.61

6 4.73a 3.60 4.61 4.29 2.57a 1.89 2.46 2.37 1.04a 0.75 0.84 0.86

7 4.62 4.35 4.35 5.95 2.42 2.48 2.48 3.18 0.96 0.88 0.99 1.04

8 4.61 3.76 4.25a 3.10 2.61 2.54 2.42a 1.39 0.92 0.88 0.79a 0.55

9 4.40 4.68 4.21 4.25 2.15 1.80 1.95 2.18 0.73 0.63 0.73 0.85

10 4.39 4.45 4.17 4.01 2.94 2.62 2.51 2.42 1.07 0.93 0.87 1.05

11 4.38 4.33 4.04a 2.32 2.86 3.06 2.31a 0.98 0.98 1.04 0.73a 0.46

12 4.04 3.31 4.03 4.07 2.31 1.91 1.96 1.82 0.76 0.65 0.75 0.74

13 4.04 3.77 4.00a 2.96 2.91 3.10 2.14a 1.29 0.98 1.07 0.70a 0.51

14 3.89 3.46 3.90a 3.04 1.80 1.57 1.73a 0.95 0.66 0.60 0.60a 0.37

15 3.81 3.07 3.87 4.45 2.02a 1.49 2.00 3.36 0.80a 0.62 0.74 0.73

16 3.67 3.02 3.64 3.34 1.65 1.48 1.86 1.75 0.64 0.59 0.72 0.67

17 3.48 3.87 3.26 2.68 1.47 1.82 1.46a 1.13 0.58 0.66 0.60a 0.45

18 3.32 3.43 3.11 5.29 1.66 1.46 1.46 3.09 0.66 0.59 0.60 0.96

19 3.05 4.54 2.76 4.54 1.19 2.05 1.50 2.79 0.81 0.71 0.60 0.92

20 2.91 3.87 2.74 2.49 1.73 2.19 1.31 1.59 0.65 0.73 0.58 0.56

Mean 4.32 4.05 4.21 3.87 2.41 2.21 2.29 2.07 0.86 0.77 0.83 0.73

SD 0.83 0.63 0.95 0.99 0.79 0.61 0.72 0.75 0.18 0.16 0.23 0.21

Effectiverate 15% 35% 20% 40% 15% 40%

aPatients whose lipid or lipoprotein level was reduced above 20% after treatment for three months compared with the baseline data before treatment. The effective

rate was calculated by the marked patients’ number to total patients’ number.

HRW: hydrogen-rich water, UA: unstable angina, TC: total cholesterol, LDL-C: low-density lipoprotein-cholesterol, apoB: apolipoprotein B.
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In order to elucidate protective effect of hydrogen on
UA, we constructed an in vitro AS model by exposing
endothelial cells to ox-LDL. Effects of hydrogen on ox-
LDL-induced oxidative stress and inflammation in
HUVECs were investigated. Our data indicated that hydro-
gen treatment inhibited mitochondrial ROS generation and
decreased MDA level in ox-LDL-stimulated HUVECs.
Meanwhile, hydrogen down-regulated the expressions of
adhesion molecules, including both ICAM-1 and VCAM-1,
in HUVEC cells. Ox-LDL cannot be uptaken by LDL recep-
tor, instead, it is mainly recognized by LOX-1 in endothelial
cells, macrophages, and smooth muscle cells.27 The uptake
of ox-LDL can sharply increase intracellular ROS such as
superoxide (O2) and hydrogen peroxide. In turn, ROS pro-
motes the expression of LOX-1, thereby resulting in further
ROS generation.28 As a consequence, the excessive ROS
triggers the activation of NF-jB29 and increases expression
of adhesion molecules and proinflammatory cytokines via
LOX-1/NF-jB signaling pathway.30 Our results indicated
that hydrogen treatment obviously down-regulated LOX-
1/NF-kB signaling pathway in ox-LDL-induced HUVECs
(Figure 3).

In this study, we also evaluated the effect of HRW sup-
plement on UA in clinic and the results claimed HRW com-
bined with conventional drugs had a better effect on
relieving angina symptoms than conventional drugs
alone. Our clinical data analysis also indicated that hydro-
gen could regulate metabolism and reduce blood lipid.
Serum lipid testing showed HRW as a complementary
medicine could more effectively lower UA patients’ TC,
LDL-C, and apoB levels compared with conventional treat-
ment. These data were consistent with those of our previ-
ous research for metabolic syndrome patients.3

Furthermore, the clinical follow-up also showed that
angina pectoris, sleep, vitality, and mood of the patients
in HRW group were improved compared with control
group. The times of return visit in HRW group were less
than those of control group. No obvious adverse reaction
was found during the intervention except one case in con-
trol group reporting of stomach discomfort.

In conclusion, the present study demonstrates that
hydrogen not only inhibits oxidative stress and inflamma-
tion by suppressing LOX-1/NF-kB signaling pathway in
endothelial cells but also improves serum cholesterol
level of UA patients in clinic. These effects contribute to
the easement of angina symptoms in UA. Our study sug-
gests hydrogen can be a potential strategy for the treatment
and prevention of atherosclerotic cardiovascular disease in
the future. Of course, considering the small sample of par-
ticipants in this study, an appropriately designed, large-
scale, prospective clinical study is therefore necessary to
confirm our findings.
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