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Background: Angiotensin II (Ang II)-triggered endothelial inflammation is a critical mechanism contributing to Ang II-related 
cardiovascular diseases. The inflammation is highly correlated with mitochondrial function. Although astragaloside IV (AS-IV), 
a primary bioactive ingredient extracted from the traditional Chinese medicine Astragalus membranaceus Bunge that can effectively 
treat numerous cardiovascular diseases, posses the actions of antiinflammation and antioxidation in vivo, limited data are made 
available on the impacts of AS-IV on mitochondrial function in endothelial inflammation triggered by Ang II. This study was 
performed to evaluate the in vitro actions of AS-IV on Ang II-triggered inflammatory responses in endothelial cells, and to further 
clarify the potential role of mitochondria in the actions.
Methods: Human umbilical vein endothelial cells (HUVECs) were preincubated with AS-IV and then exposed to Ang II for 12 h.
Results: The exposure of HUVECs to Ang II triggered cytokine and chemokine production, the upregulation of adhesive molecules, 
monocyte attachment, and nuclear factor-kappa B activation. Additionally, our results showed that the inflammatory responses 
triggered by Ang II were associated with the impairment of mitochondrial function, as evidenced by the reductions of mitochondrial 
membrane potential, ATP synthesis, and mitochondrial complexes I and III activities. Moreover, the concentrations of malondialde-
hyde, cellular reactive oxygen species, and mitochondrial superoxide enhanced after HUVECs challenged with Ang II, which were 
concurrent with the decreases in total superoxide dismutase (SOD) and its isoenzyme activities such as Mn-SOD. These Ang II– 
induced alterations were reversed by preincubation with AS-IV.
Conclusion: Our data indicate that AS-IV attenuates Ang II-triggered endothelial inflammation possibly via ameliorating mitochon-
drial function.
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Introduction
In the world, cardiovascular diseases remain the major causes of morbidity and mortality.1,2 Inflammation, as 
a significant hallmark of endothelial injury, is recognized to contribute to the development of cardiovascular 
diseases.3,4 Numerous studies demonstrate that the disruption of endothelial cell homeostasis, a condition defined as 
endothelial dysfunction, contributes to the pathogenesis of various inflammation-characterized circulatory disorders, 
including atherosclerosis, hypertension, and ischemia-reperfusion injury.4–6 Currently, endothelial dysfunction is thought 
to be the critical initiating factor for inflammation and frequently associated with mitochondrial dysfunction.7,8 

Mitochondrial reactive oxygen species (ROS) are involved in the development of multiple diseases characterized by 
inflammation, and mitochondrial ROS scavengers have been demonstrated to inhibit inflammatory responses.5,8–10 These 
results indicate that mitochondrial dysfunction can cause various pathological processes, including inflammation, through 
increased mitochondrial ROS production. Under pathological conditions, mitochondrial ROS are primarily derived from 
abnormal oxidative phosphorylation occurring in mitochondria. Mitochondrial dysfunction, as a main source of ROS, is 
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frequently derived from the changes in mitochondrial energy metabolism, ATP synthesis, mitochondrial membrane 
potential (MMP), and mitochondrial biogenesis.10

It is well established that angiotensin II (Ang II), the principal component of the renin-angiotensin-aldosterone 
system, is implicated in a series of physiological and pathophysiological processes, including sodium and water home-
ostasis, inflammation, and a number of cardiovascular diseases.11 It is well accepted that Ang II is one of the critical 
pathological stimulus for inflammation.11,12 Results from in vivo and in vitro studies show that mitochondrial ROS is 
involved in Ang II–induced injury in various tissues.5,13,14 Thus, important for the pathogenic effects of Ang II, is its 
ability to enhance ROS generation by triggering mitochondrial dysfunction in various tissues, including endothelium. 
Although the detailed mechanisms responsible for Ang II-mediated inflammatory response are unelucidated, mitochon-
drial dysfunction appears to be one of the attractive mechanisms for Ang II-triggered inflammation, which is accom-
panied by an enhancement of ROS formation.15

Astragaloside IV (AS-IV) is a primary ingredient extracted from Astragalus membranaceus Bunge, which has been 
commonly utilized in the clinic for the therapy for numerous cardiovascular diseases in China.16 In addition to its 
antioxidant and myocardial protective properties,16–18 AS-IV has been shown to ameliorate Ang II- and diabetes-induced 
organ injury, including aortic aneurysm and renal damage.19–21 The protective actions of AS-IV are attributed to its 
antiinflammatory properties. It is well accepted that the pathogenesis of inflammation is mediated by many factors, 
including mitochondrial dysfunction and its ROS production. Recently, it has been recognized that Ang II can cause 
damage to mitochondria, thereby leading to the overproduction of mitochondrial ROS under pathological conditions. 
Although it is possible that AS-IV acts as an antioxidant agent to ameliorate mitochondrial dysfunction,22,23 limited data 
are available for Ang II–induced inflammation regarding the relationship between AS-IV and mitochondrial function.

Given the critical role of endothelial function in the pathogenesis of inflammation, an in vitro model of human umbilical 
vein endothelial cells (HUVECs) was employed to determine the in vitro actions of AS-IV on endothelial inflammation 
triggered by Ang II, and to further clarify the mitochondria potentially implicated in the actions in this study.

Materials and Methods
Chemical and Reagents
AS-IV, its purity determined by NMR ≥ 98%, was supplied by MedChemExpress (Monmouth Junction, NJ, USA). 
Dimethyl sulfoxide (DMSO), 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), and mitochondria 
isolation kit were provided by Sigma Chemical (St. Louis, MO, USA). A EGM-2 Bullet kit was from Lonza (Allendale, 
NJ, USA). RPMI-1640 medium, carboxyfluorescein diacetate succinimidyl ester (CDSE), fetal bovine serum (FBS), 
lipophilic cationic dye JC-1, DCFH-DA probe, and MitoSOX Red were all supplied by Invitrogen (Carlsbad, CA, USA). 
A protein assay kit and RIPA lysis buffer were supplied by Bio-Rad Laboratories (Hercules, CA, USA) and Thermo 
Scientific (Waltham, MA, USA), respectively. Cytokine and chemokine ELISA kits were provided by R&D Systems 
(Minneapolis, MN, USA). The mouse monoclonal antibodies against ICAM-1 and VCAM-1 were purchased from Santa 
Cruz Biotechnology (Santa Cruz, CA, USA). The FITC-conjugated antimouse antibody was obtained from Jackson 
ImmunoResearch Laboratories (West Grove, PA, USA). The specific TransAM NF-κB p65 transcription factor assay kit 
and nuclear extraction kit were supplied by Active Motif (Carlsbad, CA, USA). The mitochondrial complex I enzyme 
activity microplate assay kit and complex III activity assay kit were supplied by Abcam (Cambridge, MA, USA). The 
luminescence-based ATP assay kit, CuZn/Mn-SOD kit (WST-8), and lipid peroxidation MDA assay kit were provided by 
Beyotime Biotechnology (Shanghai, China).

Cell Lines and Study Protocols
HUVECs from Lonza (Allendale, NJ, USA) were allowed to grow in a growth supplement-containing EGM-2 Bullet kit 
medium. HUVECs between 3 to 7th passages were utilized in the whole study. For starvation, HUVECs, at 80–90% 
confluence, were cultured in the EGM-2 Bullet kit medium without growth supplements for 4 h prior to the start of the 
experiments. According to the manufacturer’s suggestions, THP-1 (a human monocytic cell line; 2–5×106 cells/mL; 
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ATCC, Manassas, VA, USA) was grown in 10% FBS-containing RPMI-1640 medium. To maintain sufficient cell 
growth, the cells mentioned above were routinely grown at 37°C in a humidified incubator with 5% carbon dioxide.

AS-IV was dissolved in the solvent DMSO (1 mg/mL) and kept at −20°C. To reach the desired concentrations, the 
stock solutions were serial diluted using the culture medium for the experiments. HUVECs at 80–90% confluence were 
incubated with AS-IV (3, 10, or 30 μM) for 1 h prior to Ang II (1 μM) exposure for the indicated times. Incubation of 
HUVECs with DMSO alone was used as controls.

Determination of Cell Viability
An MTT colorimetric assay was used to determine cell viability as originally described by Mosmann.24 Briefly, 
HUVECs at a density of 1×104 cells/well were cultured in 96-well plates for 12 h. Following exposure of 
HUVECs to AS-IV at various concentrations for the indicated times, the MTT reagent at the final concentration 
of 0.5 mg/mL was distributed into each well and cocultured for an additional 4 h. Next, the MTT reagent- 
containing medium was aspirated, DMSO (100 μL) was added to bring the formazan crystals into the solution. 
After that, a SpectraMax microplate reader (Molecular Devices, Sunnyvale, CA, USA) was used to determine the 
amount of formazan at 570 nm. Cell viability was expressed as a percentage with the unstimulated cells as 100%.

Determination of Cytokine and Chemokine Levels
To measure the levels of cytokines and chemokines, the cell culture condition media were collected 12 h after exposure 
of HUVECs (3 × 105 cells/well) to Ang II with or without AS-IV in 6-well plates. The commercial ELISA kits were 
applied to determine the levels of cytokines (TNF-α and IL-6), and chemokines (MCP-1). The levels of cytokines and 
chemokines were reported as pg/mL of the media.

Determination of Adhesion Molecule Expression
The influence of AS-IV on the Ang II-triggered expression of adhesion molecules was evaluated by the use of a cell-based ELISA 
assay per our previous publication.25,26 Briefly, 4% paraformaldehyde was used to fix HUVECs in a 96-well plate for 5 min after 
12 h of incubation of the cells with Ang II. To permeabilize the fixed HUVECs, the cells were incubated with the prechilled 
methanol for 10 min at 4°C. After then, the cells were blocked using phosphate-buffered saline (PBS) with 1% BSA and 0.2% 
Triton X-100 for 1 h before incubation of them with mouse monoclonal antibody directed to ICAM-1 or VCAM-1 (dilutions, 
1:100) for 12 h at 4°C. After rinsing with PBS, FITC-conjugated secondary antibody directed to mouse (dilution, 1:200) was 
incubated for 1 h at room temperature. The optical density of each well was determined at excitation 485 nm/emission 520 nm 
with a SpectraMax microplate reader. Results were reported as fold alterations relative to the unstimulated group.

Evaluation of Monocyte Adhesion
The measurement of monocyte attachment was carried out as previously described.25,26 Briefly, HUVECs (1 x 104 

cells/well) were routinely grown in 96-well plates overnight before 12 h of exposure of the cells to Ang II with or 
without AS-IV (3, 10, or 30 µM). CDSE (1 µM) was used to fluorescently label THP-1 at 37°C for 30 min before 
applying the THP-1 to the HUVECs challenged with Ang II. Next, the THP-1 cells labeled with CDSE were 
cocultured with HUVECs exposed to Ang II at 37°C for 30 min under normal culture conditions. To lyse the THP- 
1 cells, the cells were incubated with 2% Triton X-100-containing PBS after rinsing with PBS. A SpectraMax 
microplate reader was used to determine the total fluorescence levels of the cell lysates at 485/520 nm. Data were 
recorded as fold alterations of the intensity of fluorescence relative to the unstimulated group. In addition, HUVECs at 
a density of 0.5×105 cells/well were allowed to grow in 24-well plates. The experiments were performed to determine 
the adhesion of fluorescence-labeled THP-1 cells to endothelial cells as described above. Eventually, after removing 
the non-attached pre-stained THP-1 cells, a fluorescent inverted microscope was used to visualize the attached THP-1 
cells at 485/535 nm.
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Determination of the Activity of Nuclear Factor-Kappa B (NF-κB) p65 Binding to 
DNA
HUVECs (3 × 105 cells/well) grown in 6-well plates were incubated with AS-IV (3, 10, or 30 µM) before 30 min of Ang 
II exposure. After then, according to the manufacturer’s instructions, the nuclear extraction kit obtained from Active 
Motif (Carlsbad, CA, USA) was applied to extract nuclear protein from the cells. A protein assay kit was used to 
determine the levels of nuclear protein. The activity of NF-κB p65 binding to DNA was determined using the specific 
TransAM NF-κB p65 transcription factor assay kit following the manufacturer’s suggestions. The protein concentration 
of nuclear protein was applied to normalize the activity of NF-κB p65 binding to DNA.

Evaluation of Mitochondrial Membrane Potential (MMP)
The lipophilic cationic dye JC-1 was used to determine the endothelial MMP as described previously.27 JC-1, normally 
green fluorescent dye, forms red fluorescent aggregates in response to higher MMP. Therefore, the ratio between the red 
(J-aggregate) and green (J-monomer) fluorescence of cells loaded with JC-1 is often used for the determination of the 
MMP. Briefly, HUVECs (3×105 cells/well) cultured in 6-well plates were exposed to Ang II (1 μM) with or without AS- 
IV (3, 10, or 30 µM) for 12 h. After being washed with PBS, the cells were incubated with the JC-1 probe (2 μM final 
concentration)-containing medium at 37°C for 20 min. After rinsing with PBS, a fluorescence microscope was used to 
visualize the JC-1-stained cells for J-aggregate at excitation 585 nm/emission 590 nm and J-monomer at excitation 515 
nm/emission 529 nm, respectively. The software of ImageJ (NIH, Bethesda, MD, USA) was applied to determine the 
fluorescence intensity. The ratio of J-aggregate to J-monomer was used to calculate the relative MMP of endothelial cells. 
Results were presented as fold changes in the MMP relative to the unstimulated group.

Determination of Intracellular ATP Level
Following the product specification sheet supplied by the vendor, a luminescence-based ATP assay kit was used to 
determine the concentration of intracellular ATP. Briefly, HUVECs at a density of 3×105 cells/well grown in 6-well plates 
were incubation with Ang II (1 μM) as mentioned above. Subsequently, the HUVECs were incubated in ATP assay lysis 
buffer provided by the kit to lyse the cells and then centrifuged at 12000 × g for 10 min to get the supernatants. A protein 
assay kit was used to determine the protein level of the supernatant. ATP detection working solution (100 μL) supplied by 
the kit was incubation with the supernatants (20 μL) in 96-well plates. After incubation at room temperature in the dark, 
a TD-20/20 luminometer (Turner BioSystems, Sunnyvale, CA, USA) was used to make measurements. Following the 
manufacturer’s instructions, a standard curve of ATP was used to calculate the levels of ATP. The ATP levels were 
reported as nM/mg protein.

Determination of Cellular Malondialdehyde (MDA) Level and Superoxide Dismutase 
(SOD) Activity
HUVECs at a density of 3×105 cells/well in 6-well plates were washed with PBS and harvested 12 h after exposure to 
Ang II with or without AS-IV (3, 10, or 30 µM). To prepare cell lysates, a proteinase inhibitor-containing RIPA was used 
to resuspend the cells. The lysis was subjected to five cycles of thawing in a 37°C water bath followed by fast freezing in 
liquid nitrogen. A protein assay kit was used to measure the protein levels of the lysates to normalize the concentrations 
of MDA and activities of total SOD and its isoenzymes. Then, the lysates were stored at −80°C until measurement.

A lipid peroxidation MDA assay kit was applied to quantify the concentrations of MDA. In this method, the lysates 
(100 uL) were incubated with 200 uL aliquot of the assay solution at 100°C for 15 min. After cooling to room 
temperature, the mixtures were centrifuged at 1000 × g for 10 min to collect the supernatants. After a 200 uL aliquot 
of the supernatant was transferred to a 96-well plate, the absorbance was immediately measured at 532 nm using 
a SpectraMax microplate reader. The levels of MDA was calculated using a standard curve of MDA following the 
manufacturer’s instructions.

The activities of total SOD, CuZn-SOD, and Mn-SOD were assayed using a CuZn/Mn-SOD kit (WST-8). Briefly, 
a 20 uL aliquot of the lysate was mixed with 180 uL reaction mixture supplied by the kit. This allows for a reaction with 
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SOD in the lysate. A SpectraMax microplate reader was used to assay the absorbance of the mixture at 450 nm after 
incubation at 37°C for 30 min. To determine the activity of Mn-SOD, the activity of CuZn-SOD was completely 
attenuated by the addition of an inhibitory solution supplied by the kit. The measurement of Mn-SOD activity was 
conducted as described above. The activity of Mn-SOD was subtracted from the total SOD activity to determine the 
activity of CuZn-SOD. SOD activity was recorded as units per milligram of protein.

Determination of Cellular ROS Level
Cellular ROS were detected using DCFH-DA probe. The intracellular levels of ROS were determined using the DCFH- 
DA probe 12 h after exposure of HUVECs in 6-well plates to Ang II with or without AS-IV (3, 10, or 30 µM). After 
being rinsed with PBS, the cells were incubated in PBS with the DCFH-DA probe (5 μM) at 37°C for 30 min in the dark. 
After rinsing with PBS, a fluorescence microscope was used to immediately visualize the DCFH-DA-stained cells at 
excitation/emission wavelengths of 492/520 nm. The software of ImageJ (NIH, Bethesda, MD, USA) was applied to 
analyze the intensity of DCFH-DA fluorescence. Results were reported as fold alterations of the fluorescence intensity 
relative to the unstimulated cells.

Determination of Mitochondrial Superoxide Level
Following manufacturer’s suggestions, MitoSOX Red, a mitochondrial superoxide indicator, was used to determine the 
levels of mitochondrial superoxide. Briefly, HUVECs in 6-well plates were rinsed with 1 × HBSS containing calcium and 
magnesium 12 h after incubation of the cells with Ang II with or without AS-IV (3, 10, or 30 µM). Subsequently, the 
cells were fluorescently labeled with MitoSOX Red (1 μM final concentration) diluted in 1 × HBSS at 37°C for 10 min. 
After rinsing with 1 × HBSS, a fluorescence microscope was used to observe the cells labeled with MitoSOX Red at 
excitation/emission wavelengths of 510/580 nm. The software of ImageJ (NIH, Bethesda, MD, USA) was applied to 
evaluate the fluorescent intensity, and then it was normalized to the control to produce a fold-change value.

Determination of Mitochondrial Complexes I and III Activities
To determine the activities of mitochondrial complexes I and III, HUVECs (3×105 cells/well) grown in 6-well plates 
were incubated with Ang II as described above. The mitochondria of HUVECs were extracted using the mitochondria 
isolation kit 12 h after exposure of HUVECs to Ang II. The mitochondria were collected in the sediments following the 
manufacturer’s suggestions. According to the manufacturer’s protocol, the complex I enzyme activity microplate assay 
kit and mitochondrial complex III activity assay kit were used to measure the activities of mitochondrial complexes I and 
III, respectively. The activity of complex I was reported as the alterations of absorbance per minute per amount of sample 
loaded into the well. According to the manufacturer’s instructions, a standard curve of reduced cytochrome c was used to 
calculate the activity of complex III. Data were presented as units per milligram of protein.

Statistical Analysis
All results from at least 3 independent experiments are expressed as means ± SE. Statistical analysis of the significance 
between more than 2 groups was made by one-way ANOVA followed by Bonferroni’s adjustment for multiple 
comparisons. For all measurements, differences were considered statistically significant at p < 0.05. The data were 
analyzed by the use of GraphPad Prism software (Version 6.0; GraphPad Software, Inc., La Jolla, CA, USA).

Results
AS-IV Reduces the Viability of HUVECs
The viability of HUVECs, determined by MTT assay, was decreased 24 h following incubation with 30 μM AS-IV 
(Figure 1). However, the viability of HUVECs was not found to change 6 or 12 h after incubation of HUVECs with AS- 
IV (3, 10, 30 μM). In addition, to establish an in vitro model of endothelial inflammation, HUVECs were usually 
stimulated by Ang II (1 μM), an inflammatory agent able to trigger inflammation. Based on these findings, in this study 
we chose Ang II (1 μM), AS-IV (3–30 μM), and an incubation period of 12 h to more fully clarify the events.
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AS-IV Suppresses Ang II-Triggered Inflammation in HUVECs
The attenuating effect of AS-IV on endothelial inflammation triggered by Ang II was determined in the current study. 
AS-IV (3–30 μM) was found to concentration-dependently inhibit the production/expression of proinflammatory 
mediators, including cytokines (TNF-α and IL-6), chemokines (MCP-1), and adhesion molecules (ICAM-1 and 
VCAM-1), in HUVECs exposed to Ang II (Figures 2 and 3). Based on the fact that inflammatory cell adhesion to 
endothelial cells is a pivotal step in the development of inflammation, we evaluated the effect of AS-IV on the Ang II- 
mediated monocyte adhesion to HUVECs in the current study. As demonstrated in Figure 4, incubation with Ang II 
enhanced the number of monocytes that adhered to HUVECs. However, the AS-IV preincubation concentration- 
dependently suppressed monocyte adhesion triggered by Ang II. Moreover, the nuclear transcription factor NF-κB is 
thought to be implicated in the generation of inflammatory factors. The NF-κB p65 binding to DNA is necessary for the 
NF-κB activation. Since the activation of NF-κB plays an important role in the process of inflammation, the action of AS- 
IV in the inhibition of Ang II-triggered NF-κB activation was evaluated by determining the DNA-binding activity of NF- 
κB p65. As shown in Figure 4C, the activity of NF-κB p65 binding to DNA increased 30 min after exposure of HUVECs 
to Ang II, and this action was, in a concentration-dependent manner, attenuated by AS-IV preincubation. Collectively, 
these data demonstrate that AS-IV can inhibit the inflammation triggered by Ang II in endothelial cells.

AS-IV Ameliorates the Mitochondrial Dysfunction Triggered by Ang II in HUVECs
Since MMP is closely related to mitochondrial function, especially mitochondrial ATP synthesis, the impacts of AS-IV 
on Ang II-triggered changes in MMP and mitochondrial ATP synthesis were determined in this study. As demonstrated in 
Figure 5, compared with the control group, Ang II stimulation for 12 h triggered an obvious decrease in the MMP of 
endothelial cells. Consistent with MMP alterations, ATP synthesis diminished after Ang II stimulation when compared 
with control unstimulated cells, while the Ang II-mediated decreases in MMP and ATP production were reversed by 
preincubation with AS-IV. However, incubation with AS-IV alone had no impact on MMP and ATP synthesis in 
HUVECs under basal unstimulated conditions. These findings highlight preincubation with AS-IV was able to ameliorate 
the Ang II-triggered mitochondrial dysfunction by counteracting the decreases in MMP and ATP synthesis.

AS-IV Suppresses Ang II-Triggered Increases in the Levels of Mitochondrial Oxidative 
Stress in HUVECs
To determine the protective actions of AS-IV on endothelial oxidative stress under inflammatory conditions triggered by Ang 
II, the impacts of AS-IV on oxidative damage, cytosolic ROS, mitochondrial superoxide, and SOD activities were evaluated 
12 h after exposure of HUVECs to Ang II. The overproduction of cellular ROS frequently led to the peroxidation of cellular 
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lipids, which was determined by assaying the concentration of MDA produced from lipid peroxidation. Ang II stimulation 
for 12 h significantly enhanced the production of MDA, intracellular ROS, and mitochondrial superoxide when compared 
with control unstimulated cells (Figures 6 and 7). However, preincubation with AS-IV concentration-dependently inhibited 
the Ang II-mediated production of MDA, cytosolic ROS, and mitochondrial superoxide. Conversely, incubation with Ang II 
lowered the endothelial activity of SOD, including total SOD, Mn-SOD, and CuZn-SOD (Figure 8). All Ang II-mediated 
actions were reversed by AS-IV preincubation with the exception of those on CuZn-SOD activity. Collectively, the results 
show that AS-IV preincubation can suppress Ang II-triggered inflammation possibly via attenuating mitochondrial ROS 
production and increasing antioxidative enzyme activity.
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AS-IV Attenuates Ang II-Triggered Decreases in Complexes I and III Activities in 
HUVECs
Because it is well established that mitochondrial superoxide is derived from respiratory chain, especially complexes I and 
III, the complexes I and III activities were measured 12 h after exposure of HUVECs to Ang II. As compared with 
unstimulated cells, HUVECs after 12 h of Ang II exposure exhibited the decreases in complexes I and III activities 
(Figure 9). However, preincubation with AS-IV concentration-dependently inhibited the Ang II-triggered reductions of 
complexes I and III activities. Collectively, these data indicate that AS-IV suppresses Ang II-mediated formation of 
mitochondrial ROS possibly via ameliorating the activities of complexes I and III.

Discussion
Inflammation is still a complicated issue in the development of numerous diseases. Multiple mechanisms are proposed to 
mediate the complexity of cellular events that result in the pathogenesis of inflammation. Among these mechanisms, 
mitochondrial dysfunction is considered to be one of the most critical mechanisms contributing to the progression of 
inflammatory responses. In the current study, our data demonstrated that AS-IV attenuates the inflammatory responses 
induced by Ang II as a result of its inhibiting the production of inflammatory mediators and leukocyte attachment to 
endothelial cells after Ang II exposure. Most importantly, these alterations were concurrent with the AS-IV-mediated 
improvement of mitochondrial function, characterized by increased MMP and ATP synthesis, and decreased mitochon-
drial ROS production. Collectively, these novel findings indicate that AS-IV suppresses endothelial inflammation 
triggered by Ang II possibly via the amelioration of mitochondrial function.

Inflammation is thought to contribute to the pathogenesis of circulatory disorders, including atherosclerosis, hyper-
tension, and ischemia-reperfusion injury. Ang II is a critical pathological stimulus for cardiovascular diseases and 
involved in the development of various circulatory disorders involving its proinflammatory action.28 Usually, Ang II 
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Figure 3 Effect of astragaloside IV (AS-IV) on angiotensin II (Ang II)-induced ICAM-1 (A) and VCAM-1 (B) expression in endothelial cells. Human umbilical vein endothelial 
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triggers the mitochondrial dysfunction of endothelial cells via binding to type-1 angiotensin receptors (AT1R) on 
endothelial cells. The mitochondrial superoxide anion (O2

−·) derived from mitochondrial dysfunction activates NF-κB, 
thereby inducing endothelial inflammation.13,29 In addition to the generation of inflammatory factors, a vital response 
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Figure 4 Effect of astragaloside IV (AS-IV) on angiotensin II (Ang II)-induced monocyte adhesion to endothelial cells (A and B) and the activation of NF-κB (C) in endothelial 
cells. Human umbilical vein endothelial cells (HUVECs) were preincubated with or without AS-IV (3, 10, or 30 µM) 1 h before incubation with Ang II (1 µM) for 12 h or 
30 min. Subsequently, HUVECs were coincubated with fluorescence-labeled human monocytes for 30 min or the NF-κB activity in HUVECs was assayed by the use of 
a nonradioactive ELISA-based assay kit. (A) Fluorescent images of monocyte adhesion to HUVECs were visualized with a fluorescence microscope at 485/535 nm. 
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activities of NF-κB in HUVECs were assayed using a specific TransAM NF-κB p65 transcription factor assay kit. Results are expressed as means ± SE. *p < 0.05 compared 
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Figure 5 Effect of astragaloside IV (AS-IV) on angiotensin II (Ang II)-induced changes in mitochondrial membrane potential (MMP) (A and B) and ATP levels (C) in 
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occurring in inflammation is the inflammatory cells adhered to the endothelium due to the upregulation of adhesion 
molecules expressed on endothelial cells.30,31 Our findings demonstrated that AS-IV suppressed Ang II-mediated 
monocyte attachment to endothelial cells via attenuating the upregulation of ICAM-1 and VCAM-1. Moreover, our 
data showed that preincubation with AS-IV improved the dysfunction of mitochondria triggered by Ang II, thereby 
potentially attenuating the endothelial inflammation induced by Ang II. Overall, our novel findings show the complex 
interplay of AS-IV and mitochondrial function after exposure of endothelial cells to Ang II.

The vascular endothelium contributes to maintaining vascular homeostasis through the modulation of vascular tone, 
blood clotting, leukocyte infiltration, and permeability.32,33 Endothelial dysfunction is typified by diminished nitric oxide 
and enhanced ROS levels along with a rise in the generation/expression of proinflammatory mediators, including 
cytokines, chemokines, and adhesive molecules.4,5 Oxidative stress seems to be a crucial initiating factor for the 
dysfunction of endothelial cells in circulatory disorders. Usually, the dysfunction of mitochondria is considered to be 
the early characterization of endothelial dysfunction.8,34 Once deregulated, mitochondria are not only a main source but 
also a target of oxidative stress, thereby resulting in a vicious circle. Enhanced ROS produced from mitochondria cause 
injury to various intracellular constituents, which in turn accelerates ROS generation and leads to the dysfunction of 
mitochondria through the impairments of oxidative phosphorylation (OXPHOS) process and ATP synthesis.34,35 Since 
endothelial dysfunction and inflammation induced by enhanced mitochondrial ROS seem to contribute to circulatory 
pathology,8,34 identification of the mechanisms by which mitochondria-targeting agent AS-IV suppresses the inflamma-
tion triggered by Ang II may be helpful in developing therapeutic interventions for circulatory diseases.

The synthesis of ATP by OXPHOS process is recognized to be the main mitochondrial function. To provide energy 
for ATP synthesis, the transport of electrons from complexes I to IV develops MMP formed by a concentration gradient 
of protons across the inner mitochondrial membrane. Under pathological states, failure in electron transfer frequently 
results in the overproduction of mitochondrial ROS and mitochondrial dysfunction accompanied by obvious decreases in 
the efficiency of OXPHOS, which are derived from MMP breakdown and uncoupled OXPHOS.35 In this study, our data 
showed that MMP and mitochondrial ATP synthesis were markedly decreased after exposure of endothelial cells to Ang 
II. The Ang II-triggered decreases in MMP and mitochondrial ATP synthesis were associated with the accumulation of 
mitochondrial ROS. According to diminished overproduction of mitochondrial ROS, AS-IV preincubation inhibited the 
endothelial MMP depolarization triggered by Ang II and induced an increment of ATP synthesis by enhancing the 
activities of OXPHOS-related enzymes, such as complexes I and III. Therefore, these studies show the protective actions 
of AS-IV on mitochondria after exposure of endothelial cells to Ang II.

Mitochondria are not only ATP-producing organelles, but also they contribute to regulating cell signaling via the low 
levels of mitochondrial ROS.36,37 Conversely, high concentrations of mitochondrial ROS are able to impose damage to 
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mitochondria under pathological conditions. The Ang II-triggered overproduction mitochondrial ROS can impair the 
function of endothelial cells, thereby resulting in the onset of inflammation.13 It is well recognized that the sites of 
mitochondrial ROS generation are primarily located in the mitochondrial electron transport chain (ETC). Although most 
electrons arrive at the end complex IV through ETC, the electrons leaked from ETC can interact with oxygen, mainly at 
the site of ETC complexes I and III, to produce superoxide.37,38 In agreement with previous reports,12,39 our data 
demonstrated that Ang II-mediated endothelial inflammation, as evidenced by enhanced inflammatory factor production 
and monocyte attached to HUVECs, was associated with the diminished mitochondrial function and enhanced formation 
of mitochondrial ROS. The results imply that the inflammatory response induced by Ang II occurs through the 
mechanisms that determine a reduction of mitochondrial function and an increment of mitochondrial ROS production. 
About the impacts of AS-IV on Ang II–induced mitochondrial dysfunction, this study demonstrated that preincubation 
with AS-IV ameliorated mitochondrial function and suppressed the accumulation of mitochondrial ROS, as shown by the 
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Figure 8 Effect of astragaloside IV (AS-IV) on angiotensin II (Ang II)-induced decreases in the activities of total SOD (A), Mn-SOD (B), and CuZn-SOD (C) in endothelial 
cells. Human umbilical vein endothelial cells (HUVECs) were preincubated with or without AS-IV (3, 10, or 30 µM) 1 h before incubation with Ang II (1 µM) for 12 h. The 
activities of total SOD, Mn-SOD, and CuZn-SOD in HUVECs were measured using a commercial assay kit as described in Materials and Methods. Results are expressed as 
means ± SE. *p < 0.05 compared with the control group; #p < 0.05 and ##p < 0.01 compared with HUVECs exposed to Ang II alone.
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diminished MitoSOX fluorescence staining. Collectively, our results point out the potential action of mitochondrial 
dysfunction and its mediated overproduction of mitochondrial ROS in endothelial inflammation triggered by Ang II and 
suggest that the protective effect of AS-IV on endothelial mitochondria may mediate its antiinflammatory actions.

Under normal conditions, low levels of mitochondrial ROS, a byproduct of mitochondrial energy production, are 
derived from electron transport through ETC. To maintain the low levels of oxidative stress, multiple antioxidant systems 
existing in mitochondria work to scavenge mitochondrial ROS. Usually, mitochondrial superoxide can be converted to 
hydrogen peroxide by mitochondrial Mn-SOD. Hydrogen peroxide is thought to be the less reactive form of ROS.36,37 As 
before, incubation with Ang II triggered mitochondrial ROS generation in this study, however, this response was 
attenuated by preincubation with AS-IV. The observed decreases in superoxide and hydrogen peroxide, a product of 
superoxide dismutation, could be due to both decreased production and increased scavenging. We found the improvement 
of mitochondrial function induced by AS-IV supporting decreased superoxide production during OXPHOS. Moreover, 
consistent with the diminished superoxide concentrations, our findings showed that AS-IV enhanced the activity of Mn- 
SOD activity in HUVECs exposed to Ang II in this study. This result is consistent with previous data demonstrating the 
impacts of AS-IV on the activation of antioxidant enzymes.40,41 These data suggested that the AS-IV-induced improve-
ment of the mitochondrial antioxidant system involving SOD could impact cellular redox balance.

NF-κB, a nuclear transcription factor sensitive to the cellular oxidative stress, is recognized to modulate the 
generation/expression of inflammatory mediators implicated in inflammation.42,43 An augmentation of ROS, including 
mitochondrial ROS, can activate NF-κB pathway, thereby promoting the synthesis of inflammatory factors and inducing 
inflammation.5,44,45 Our findings demonstrated that AS-IV ameliorated the mitochondrial dysfunction triggered by Ang II 
and suppressed its associated enhancement of mitochondrial ROS. In addition, our data also showed that AS-IV 
obviously suppressed the NF-κB activation induced by Ang II. Thus, the attenuating impacts of AS-IV on the endothelial 
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Figure 9 Effect of astragaloside IV (AS-IV) on angiotensin II (Ang II)-induced decreases in the activities of complexes I (A) and III (B) in endothelial cells. Human umbilical 
vein endothelial cells (HUVECs) were preincubated with or without AS-IV (3, 10, or 30 µM) 1 h before incubation with Ang II (1 µM) for 12 h. The activities of complexes 
I and III in HUVECs were measured using a commercial assay kit as described in Materials and Methods. Results are expressed as means ± SE. *p < 0.05 compared with the 
control group; #p < 0.05 and ##p < 0.01 compared with HUVECs exposed to Ang II alone.
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inflammation triggered by Ang II could be derived from its action in the inhibition of mitochondrial ROS production and 
its associated NF-κB activation.

The complex interactions among inflammation, autophagy, and pyroptosis have been shown in various pathological 
processes.46–48 It has been demonstrated that mitochondrial dysfunction, decreased autophagy, and pyroptosis lead to in 
the development of inflammation.5,46–48 In addition to suppression of pyroptosis in various tissues,49,50 AS-IV was also 
found to inhibit lung inflammation.46 Moreover, the inhibitory effect of AS-IV on inflammation was reversed by 
autophagy inhibitor. These data suggest that the antiinflammatory actions of AS-IV may be mediated by the autophagy 
mechanism. In this study, only in vitro experiments were performed to investigate the pharmacological mechanisms of 
AS-IV. Thus, further studies conducted in animal models of cardiovascular diseases such as atherosclerosis and 
hypertension are required to determine the detailed mechanisms for the effects of AS-IV on mitochondria, autophagy 
and pyroptosis in inflammation triggered by Ang II.

Overall, this study supplies comprehensive insight into the antiinflammatory activity of AS-IV and its effects on 
mitochondrial function. Our data revealed that AS-IV displayed obvious inhibitory effects on Ang II-mediated endothe-
lial inflammation possibly via the improvement of mitochondrial dysfunction. These data ameliorate our current knowl-
edge on the potential impacts of AS-IV on the endothelial inflammation triggered by Ang II. Furthermore, our data 
highlight the potential actions of mitochondria-targeting AS-IV in the treatment of inflammation-characterized cardio-
vascular diseases induced by Ang II.

Perspectives
Since enhanced mitochondrial ROS generation seems to be a critical event in Ang II–induced inflammation implicated in 
cardiovascular diseases, identification of the mechanisms by which AS-IV, a mitochondrial-targeting agent, inhibits the 
inflammation triggered by Ang II may be helpful for the development of therapeutic interventions for Ang II-associated 
cardiovascular diseases. In this study, our data provide new understanding of the pharmacological action of AS-IV in 
attenuating the development of Ang II-mediated inflammation and its possible mechanisms, leading to promoting the 
application of AS-IV in clinical practice.
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