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Abstract: Microvascular and macrovascular diseases are important complications of metabolic diseases and affect the normal
functioning of the human cardiovascular system. Endothelial dysfunction is the basic pathological tache of vascular diseases.
This study aims to find out whether mangiferin can relieve endothelial dysfunction by inhibiting mitochondrial fission induced
by endoplasmic reticulum stress. After being stimulated by palmitate, the expression of endoplasmic reticulum stress-related
proteins Bip, p-PERK (RNA-like endoplasmic reticulum kinase) increased significantly. The endoplasmic reticulum stress was
effectively inhibited after the treatment with mangiferin and the inhibition diminished after the knockout of AMPK
(AMP-activated protein kinase) through AMPK siRNA interference, which demonstrated that AMPK was a key point for
mangiferin action to exert its therapeutic effects. Under endoplasmic reticulum stress conditions, the influx of calcium ions from
the endoplasmic reticulum into cytoplasm may lead to mitochondrial calcium ions overload and a large increase in mitochondrial
ROS. As a result, mitochondrial fission was further promoted and apoptosis was induced. Mangiferin effectively improved the
endothelial function by activating AMPK to inhibit the endoplasmic reticulum stress, maintaining the calcium homeostasis in
mitochondria while inhibiting apoptosis by diminishing mitochondrial fission and ROS (Reactive Oxygen Specie) generation. In
conclusion, mangiferin could maintain Ca2+ homeostasis in mitochondria under ER stress conditions, attenuate cell apoptosis
induced by mitochondrial fission and ROS generation, and effectively improve the endothelial function by activating AMPK to
inhibit endoplasmic reticulum stress.
Keywords: Mangiferin, Endoplasmic Reticulum Stress, Mitochondrial Dysfunction, Endothelial Dysfunction

1. Introduction
Obesity and diabetes are accompanied with an increasing risk
of developing cardiovascular disease[1-4], since glucose and
lipid metabolism disorder can stimulate vascular endothelial cells
to induce a stress response, to which endoplasmic reticulum (ER)
and mitochondria are exquisitely sensitive [2-5]. If such an
external stimulation is prolonged, endoplasmic cells cannot
maintain the normal physiological functions by self-regulation
and pathological stress occurs as a result. Endothelial dysfunction
has been observed in patients with chronic metabolic diseases,
such as diabetes, cardiovascular disease and atherosclerosis [6].

In eukaryotic cells, ER is a vital apparatus for protein
biogenesis, folding and translocation, while also participating in
cell signaling. When excessive unfolded proteins exist in the ER
lumen, the stability of the ER will be destroyed and Endoplasmic
Reticulum stress (ER stress) occurs. In such a case, Unfolded
Protein Response (UPR) can be triggered to restore proteostasis
of ER. There are three UPR target transducers in the ER
membrane, namely protein kinase RNA-like endoplasmic
reticulum kinase (PERK), IRE1, and Activating Transcription
Factor 6 (ATF6) and their cascade. The canonical UPR aims to
increase protein folding and decrease biogenesis and secretion so
as to attenuate stress. However, if the stress cannot be sufficiently
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neutralized, the endothelial cells will be in a sustained stress
status [7, 8]. Ca2+ also locals in the ER ([Ca2+]ER), when cells
undergoes the ER stress and [Ca2+]ER will exude to the cytosolic,
which may trigger inflammation, apoptosis, and oxidative stress.
Increasing evidence has suggested that ER stress is responsible
for endothelial dysfunction [9].
Generally, mitochondria are “energy-supplement” organelle,
playing an important role in endothelial homeostasis [10]. It
participates in cell survival and death by regulating their
morphology through fission and fusion proteins, and is involved
in cell mitosis, embryonic development, and energy metabolism.
Furthermore, it maintains cellular metabolic processes including
enzyme reactions through oxidative phosphorylation, which is
vital for cell death and survival [11-13]. There is increasing
evidence revealing the close relationship between endothelial
dysfunction and perturbative mitochondrial morphology [14].
The mitochondria play a critical role in the endothelial cells
because of ROS generation and calcium homeostasis
maintaining. ER and mitochondria interact with each other not
only in structure but also in function [13]. Increasing evidence
has suggested that mitochondria morphology and function have
important roles in endothelial dysfunction [15]. Under stress,
[Ca2+] ER transfers to the cytoplasm and the mitochondrial
uptake the Ca2+ regulates the level of Ca2+ in cells during routine
functioning. In the event of potential mitochondrial membrane
collapse, ROS generation will be induced due to Ca2+ overload
[13, 16]. Meanwhile, excessive Ca2+ in cytoplasm can increase
calcineurin concentration and facilitate Drp1 (dynamin-related
protein 1) dephosphorylation and transfer to the mitochondrial
outer membrane. Afterwards, mitochondrial fragmentation
increases and cytochorome c is released to trigger apoptosis [17,
18]. More recent data, however, have suggested endothelial
dysfunction is related to mitochondrial dysfunction.
Mangiferin (MGF) is one of the main constituents in common
anemarrhena, a traditional medicine, for treating diabetes [19-21].
Recently, it has been reported that MGF can attenuate high-fat
diet (HFD)-induced metabolism syndrome through activating
AMP-actived protein Kinase (AMPK) for abnormal lipid
metabolism regulation, anti-inflammation, and insulin resistance
improvement [19]. A recent study demonstrates that MGF can
ameliorate endothelial dysfunction by regulating AMPK to
inhibit the inflammation in ER stress [20]. A large body of
evidence has reported that MGF can regulate AMPK activation,
which is sensitive to the ratio of AMP to ATP. AMP/ATP plays a
vital role in intracellular homeostasis and it has been well
documented that activation of AMPKα can inhibit ROS
generation to attenuate mitochondrial fission and ameliorate
apoptosis of endothelial cells undergoing diabetes [22]. However,
a recent report demonstrated that AMPK directly participates in
mitochondrial fission and activated AMPK can also facilitate
mitochondrial fission [23]. However, the effect MGF has in
preventing or significantly reducing endothelial dysfunction with
ER stress and the mechanism by which it regulates AMPK
activation in the mitochondrial fission process is still unclear.
Therefore, we designed the relevant experiments to explore this
problem and enhance our understanding of the process by which
MGF facilitates and regulates cellular interactions to improve
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conditions resulting from endothelial dysfunction.
The mechanism by which MGF regulates endothelial
dysfunction is related to ER stress and mitochondria fission. Our
preliminary results showed that MGF could activate AMPK to
attenuate ER stress, while AMPK also facilitated mitochondria
fission. Therefore the relationship between ER stress and
mitochondria fission requires further explored. The results
showed that MGF could ameliorate mitochondrial fission and
[Ca2+]mito overload induced by ER stress. MGF could inhibit ER
stress through activating AMPK, so as to maintain mitochondrial
homeostasis and attenuate cell apoptosis. We hypothesized ER
function and morphology homeostasis were responsible for the
mitochondrial function and morphology homeostasis.

2. Materials and Methods
2.1. Reagents
Mangiferin (MGF) was obtained from Nanjing Zelang
Medical Technological Co., Ltd (Nanjing, China). AICA
riboside (AICAR) was purchased from Beyotime Institute of
Biotechnology (Shanghai, China). Tauroursodeoxycholic acid
(TUDCA) was procured from Sigma (St Louis, MO, USA).
Mito-TEMPOL was obtained from Abcam (Cambridge, MA,
USA). These reagents were dissolved in dimethyl sulfoxide
(DMSO) before use and the final working concentration was
lower than 0.1% (v/v). Palmitate (PA, Sinopharm Chemical
Rwagent wq Co., Ltd. Shanghai, China) was dissolved in
anhydrous ethanol to prepare a 200 mM stock solution and
then was further diluted with medium containing 10% bovine
serum albumin (BSA) at the ratio of 1:19 to obtain a
concentration of 10 mM prior to experimental application.
The following items were purchased from the cited
commercial sources: Tunicamycin (Tun), Acetylcholine (Ach),
Sigma (St Louis, MO, USA); phenylephrine (TCI, Shanghai,
China); anti-phospho-AMPKα (T172) (2531 s), anti-AMPKα
(2532 s), anti-PERK (#3192), Cell Signaling Technology
(Beverly, MA, USA); anti-eIF2α(ab26197), anti-phosphoeIF2α(ab32157), anti-ATF4(ab184909), anti-Drp1(ab184247),
anti-phospho-Drp1(ab193216), Abcam (Cambridge, MA,
USA);
anti-GAPDH(AP0063),
Goat
Anti-Rabbit
IgG(BS13278), Bioworld Technology(St. Paul, MN, USA);
AMPKα1/2 siRNA(sc-45312), Control siRNA(sc-37007),
siRNA transfection(sc-29528), Santa Cruz Biotechnology, Inc.
(Santa Cruz, CA, USA).
2.2. Animals
Sprague-Dawley male rats (180-220 g) and ICR male mice
(18-22 g) were obtained from Laboratory Animal Center of
Yangzhou University. These animals were cared according to
the Provisions and General Recommendation of Chinese
Experimental Animals Administration Legislation. These
animals were maintained a constant temperature (22±2°C),
unlimited standard diet and water, in a 12 h light-dark cycle.
This study was performed in compliance with the guide for the
Care and Use of Laboratory Animals (2011 version; National
Institutes of Health) and approved by the Animal Ethics
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Committee of the School of Chinese Materia Medica at China
Pharmaceutical University.
2.3. Cell Preparation and Culture
Rat aortic endothelial cells (RAECs) were prepared as
previously described [22]. In summary, RAECs were isolated
from rat thoracic aortas explants using collagenase Ⅰ and
cultured in Dulbecco’s Minimum Essential Medium (DMEM)
supplemented with 20% fetal bovine serum (FBS) until cellular
division was observed from the endothelial tissue being
maintained at 37°C in a humidified atmosphere of 5% CO2.
Passages 3 to 5 of the RAECs were available for the experiments.
Human umbilical vein endothelial cells (HUVECs,
provided by the cell bank of the Chinese Academy of Sciences,
Shanghai, China) were cultured in the RPMI 1640 medium
containing 10% (v/v) fetal bovine serum (FBS), 100 µg·mL-1
streptomycin and 100 U·mL-1 penicillin at 37°C in a 5% CO2
atmosphere. After 80% confluence, cells were washed twice
with PBS and switched to a serum-free medium for 2-4 h
before further experiments were conducted [22].
2.4. Assay of ROS Production and NO
RAECs were cultured in a 48-well plate, as cells were
cultured to 80% confluency and then treated with MGF (10
mM), AICAR (500 µM), mito-TEMPO (20 µM), Ru 360 (10
µM)， RuR (10 µM), Xe C (10 µM) in the presence or absence
of PA (100 µM) and Tun (5 ng/mL) for 24h and 8h respectively.
After treatment, cells were washed with PBS twice, and then
kept in the dark with ROS specific fluorescent probe dye
dihydroethidium (Beyotime Institute of Biotechnology,
Shanghai, China) for 30 min and DAPI (Sigma, St. Louis, MO,
USA) for 5 min at 37°C. After being washed, cells were fixed in
4% paraformaldehyde (v/v) for 5 min at 4°C, and ROS
production was viewed by a fluorescence microscope or
measured using a microplate reader at an excitation wavelength
of 488 nm and an emission wavelength of 525 nm.
For the detection of NO, RAECs were cultured to 80%
confluency and then pretreated with MGF (10 mM), AICAR
(500 µM), TUDCA (100 µM) for 30 min, and then incubated
with PA (100µM) and Tun (5 ng/mL) for 24h and 8h
respectively. After treatment, cells were washed with PBS and
incubated with NO-specific fluorescent dye DAF-FMDA
(Beyotime, Shanghai, China) at 37°C, in the dark for 20 min.
For the observation of NO in the vascular endothelium with
HFD-fed mice, isolated thoracic aortas were then incubated
with 10 µm ACh for 30 min and then stained with DAF-FMDA
and DAPI. After being washed with PBS twice, RAECs and
thoracic aortas were detected with a fluorescence microscope.
2.5. Mitochondria Fission and Mitochondrial Membrane
Potential (△ψm) Analysis
For mitochondrial fission assay, RAECs were pretreated with
MGF, TUDCA and RuR for 30 min, and then incubated with PA
and Tun for 24h and 8h respectively. After the treatment and
being washed by PBS twice, RAECs were fixed in Mito Tracer
Red CMX Rox (200 nmol/L) for 30 min at 37°C. The structure

of mitochondria was viewed by confocal scanning microscopy.
The results were evaluated for mitochondrial morphology from
90 cells in three independent experiments.
Mitochondrial membrane potential (△ψm) was examined by
TMRE staining using confocal microscopy. After treatment,
RAECs cells were incubated with potentiometric dye TMRE
(500 nM) for 30 min at 37°C. The results were determined by
single-cell fluorescence intensities from 30 cells in every
treatment group.
2.6. Assay of Apoptosis, Mitochondrial Ca2+ and Caspase-3
Confluent RAECs were pretreated with MGF, TUDCA for
30 min, and then incubated with PA for 24h. After incubation,
cells were collected and stained with Annexin V-FITC
Apoptosis Detection Kit (Key GEN Biotech Co., Ltd. Nanjing,
China). According to manufacturer’s instructions, cellular
fluorescence was imaged using flow cytometry analysis with a
FACS Calibur Flow Cytometer (BD Biosciences, USA).
Confluent RAECs were pre-treated with MGF and TUDCA
for 30 min respectively, and then fixed in PA and Tun for 24 h
and 8 h respectively. After treatment, cells were washed by PBS
twice. In order to detect mitochondrial Ca2+, cells were lysed by
commercial Kit to collect mitochondria. Then cells were
washed by PBS twice and O-cresolphthalein complexone was
used to assay the concentration of Ca2+ in mitochondria.
As cells reached an 80% degree of fusion while being
cultured in a 6-well plate, they were treated with MGF,
TUDCA, anti-IL-1β for 30 min, and then fixed in PA and Tun
for 24h or 8h respectively. After treatment, collected cells
were lysed in ice-cold lysis buffer to extract protein by
centrifugation at 12 000 g, 4°C, 15 min. Caspase-3 activity
was determined by a commercial kit (Beyotime, Shanghai,
China).
2.7. The SIRNA-Mediated Gene Silencing
To specifically silence AMPK gene expression, HUVECs
were respectively transfected with human specific AMPK
α1/2 (sc-45312, Santa Cruz Biotechnology) duplexes small
interfering RNA (siRNA) or control siRNA (sc-37007) by
siRNA transfection reagent (sc-29528). After cells had been
transfected for 7h, they were cultured in a medium for 48h and
then switched to a serum-free medium for 2h. The cells were
pretreated with MGF, TUDCA for 30 min, and incubated with
PA and Tun for 24h and 8h respectively and the protein
expression was examined by western blot.
2.8. Western Blot Assay and Immunohistochemistry
HUVECs or RAECs were lysed in an ice-cold RIPA buffer
containing 1 mM PMSF for 45 min separately, then underwent
centrifugation at 12 000 g for 20 min at 4°C, and the
concentration was quantified using Bicinchoninic Acid
Protein Assay Kit (Biosky Biotechnology Corporation,
Nanjing, China). An equal amount of protein was
electrophoresed on SDS-PAGE, transferred to polyvinylidene
difluoride (PVDF) membranes, and then blocked at room
temperature for 2h. For immunoblotting, the primary
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antibodies were used respectively at 4°C overnight, followed
by incubation with the secondary antibody at room
temperature for 2h. An enhanced ECL Kit was used to detect
signals and Image-Pro Plus 6.0 (IPP 6.0) software was
employed for quantitative analysis by densitometry.
The thoracic aortas were isolated from the mice and then
cultured in a 6-well plate and then the thoracic aortas were
washed with PBS and incubated with 4% paraformaldehyde
for 24 h, dehydrated and embedded in paraffin, then cut into 4
µM thickness and affixed onto slides, followed by
deparaffinization and rehydration. After rehydration, antigens
were retrieved by microwave heat. The slides were then
blocked with 3% peroxide-methanol for 25 min at room
temperature. The slides were incubated with primary antibody
overnight at 4°C followed by incubation with
HRP-conjugated secondary antibody for 50 min at room
temperature. The sections were stained with diaminobenzidine
(DAB) for 10 min in the dark and counterstained using
hematoxylin nuclear stain and finally detected the microscope.

(K-H) solution to remove fat and connective tissues. The
aortas were cut into 5 mm rings, and then the rings were
incubated in the K-H solution and maintained at 37°C with
95% O2 and 5% CO2. The aorta rings were exposed to 60 mM
KCl to assay the contractile activity. The functionality of
vascular endothelium was confirmed by the ability of
relaxation (over 80%) in response to 10 µM Ach, after the
rings were pre-contracted with 1 µM phenylephrine (TCI,
Shanghai, China). Each aorta ring was pretreated with MGF
and TUDCA respectively for 30 min, and then incubated
with PA and Tun for 30 min respectively. Then they were
washed three times using K-H solution and pre-contracted
with 1µM phenylephrine. Finally, the rings were
cumulatively treated with Ach (0.001-10 µM) to test the
endothelium-dependent relaxation function. The relaxation
was expressed as a percentage of the phenylephrine-induced
contraction.

2.9. Endothelium-Dependent Relaxation Assay

All results were expressed as means ± SD (standard
deviation). Data were analyzed by using two-tailed t-test or
one-way ANOVA test with Student–Newman–Keuls test for
comparison of two groups. A value of p < 0.05 was considered
statistically significant.

The rat thoracic aortas were isolated as previously
described [22]. In brief, the thoracic aortas were removed
from the rats and incubated in an ice-cold Krebs-Henseleit

2.10. Statistical Analysis

Figure 1. MGF and AICAR prevented ER stress through activating AMPK. (A): primary rat aorta endothelial cells (RAECs) were pretreated with MGF, AICAR
and TUDCA respectively at given concentrations, and then incubated with palmitate (PA) for 24 h; Bip, p-PERK, p-eIF2-α and ATF4 protein expression in
RAECs were determined with Western blot. (B): RAECs were pretreated with MGF, AICAR and TUDCA respectively, and then incubated with Tun for 8 h. Bip,
p-PERK, p-eIF2-α and ATF4 protein expression in RAECs were determined with Western blot. (C): HUVECs were incubated with MGF and AICAR separately in
the presence of PA for 24 h and Tun for 8 h. (D): MGF and AICAR incubated with PA for 24 h or Tun for 8 h in HUVECs which were transfected with AMPKα1/2
or control scrambled siRNAs. AMPK, IRE1-α and PERK phosphorylation were determined by Western blot. The results were expressed as the mean ± SD of three
independent experiments. *p<0.05: indicated group vs PA or Tun only treatment; #p<0.05: PA or Tun treatment vs untreated control.
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3. Results
3.1. MGF and AICAR Prevented ER Stress Through
Activating AMPK
RAECs stimulated by PA could improve the expression of Bip,
p-PERK, p-eIF2α, and ATF4, which indicated cells were
undergoing ER stress. MGF could ameliorate ER stress as the
AMPK activator AICAR (figure 1A). Tun can influence in
protein synthesis to induce the ER dysfunction and trigger ER
stress. MGF and AICAR prevented cells from ER stress

stimulated by Tun (figure 1B). As AICAR is an AMPK activator
with both MGF and AICAR able to attenuate ER stress, we
further detected whether the mechanism of MGF inhibiting ER
stress is related to AMPK activation. To confirm the role of
AMPK in the regulation, we examined the effects of MGF and
AICAR on p-IRE1α and p-PERK expression in AMPK-slienced
cells and found that AMPKα knockout attenuated MGF and
AICAR-induced inhibition of p-IRE1α and p-PERK expression.
The results suggested that MGF ameliorated ER stress through
the activation of AMPK (figure 1C, D).

Figure 2. MGF attenuated mitochondrial Ca2+ overload. RAECs were incubated with MGF and AICAR separately in the presence of PA and Tun for 24 h and 8
h respectively; (A): direct measurement of total Ca2+ content in mitochondria, isolated from RAECs. Absolute Ca2+ content (expressed as nmoles/mg protein) was
determined using the o-cresolphthalein complexone assay. RAECs were pretreated with MGF (10 µM) TUDCA (100 µM), XeC (10 µM), RuR (10 µM), Ru 360 (10
µM), Mito-TEMPO (20 µM) and then incubated with PA for 24 h or Tun for 8 h. (B): ROS production in RAECs was measured with a fluorescence microplate
reader. (C): mitochondrial ROS levels were measured by Mito Sox Red (red) using confocal microscopy. Mito Sox Red is colocalized with Mito Tracker Green.
Scale bar, 5µm. (D): RAECs were stimulated with PA for 24 h in the presence of MGF, TUDCA and Ru 360, and ∆ψm was viewed by TMRE labeling with confocal
microscopy. Bar Scale = 5 µm. (E): RAECs were pretreated with MGF, TUDCA, RuR and XeC separately, and then incubated with PA and Tun for 24 h and 8 h
respectively. Mitochondrial fission was detected by Mito Tracker Red CMX Ros with confocal microscopy and represented by the percentage of fragmented
mitochondria. Scale bar, 5 µm. The results were expressed as the mean ± SD of three independent experiments. *p<0.05: indicated group vs PA or Tun only
treatment; #p<0.05: PA or Tun treatment vs untreated control.

3.2. MGF Attenuated Mitochondrial Ca2+ Overload
Under ER stress, mitochondria will take in the excessive Ca2+
resulting in a significantly large amount of Ca2+ uptake in the
mitochondria. This phenomenon, known as mitochondrial Ca2+
overload, was stimulated by PA or Tun. MGF can significantly

reduce the Ca2+ concentration as an ER stress inhibitor TUDCA
(Figure 2A). As cytoplasm and mitochondria were responsible
for ROS generation, we treated RAECs with MGF, TUDCA,
ER Ca2+ inhibitor RuR and XeC, mitochondrial Ca2+ ([Ca2+]Mito)
inhibitor Ru 360 and mitochondrial ROS inhibitor
Mito-TEMPO. MGF and TUDCA effectively reduce PA or
Tun-induced ROS increase in RAECs. Meanwhile, [Ca2+]ER
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inhibitor RuR and XeC, [Ca2+]Mito inhibitor Ru 360 and
Mito-TEMPO inhibited ROS generation (Figure 2B).
Mitochondrial ROS inhibitor obviously reduced ROS
concentration in cytosolic, which suggested that mitochondria
were the primary apparatus for ROS generation. We also tested
mitochondrial ROS production using a fluorescence
microscope. MGF or TUDCA inhibited mitochondrial ROS
increase was stimulated by PA or Tun, meanwhile Ru 360 and
Mito-TEMPO also had an inhibitory effect on mitochondrial
ROS generation (figure 2C), which suggested that
mitochondrial Ca2+ overload induced ROS generation under ER
stress, and MGF and TUDCA could reduce ROS generation
through attenuating ER stress. We also measured mitochondrial
fission by confocal scanning microscopy. MGF, TUDCA,
[Ca2+]ER inhibitor RuR and XeC reduced mitochondrial fission
induced by PA or Tun (Figure 2E), suggesting that ER stress
increased mitochondrial fission. We also detected whether
MGF and TUDCA regulated mitochondrial function through
testing mitochondrial membrane potential (△ψm). MGF,
TUDCA, and [Ca2+]Mito inhibitor Ru 360 restored PA-induced
mitochondrial membrane potential degraded (Figure 2D).
These results demonstrated that MGF and TUDCA could
inhibit mitochondrial fission and ROS generation caused by ER
stress.
3.3. Independent of Activating AMPK, MGF Inhibited
Mitochondrial Fission
Drp1 is the main factor facilitating mitochondrial fission. It
primarily locates in the cytosol at Ser 637 phosphorylation
status. If dephosphorylation of Ser 637 occurs, mitochondrial
fission will increase. As shown in Figure 3A, the expression of
p-Drp1 was reduced by PA or Tun, while MGF and AICAR
can regulate its level to prevent cells from undergoing
mitochondrial fission. We further investigated the relationship
between AMPK and MGF that resulted in inhibited
mitochondrial fission. As Figure 3B indicated, MGF also
increased p-Drp1 expression after silencing AMPK. The
results suggested that MGF did not attenuate mitochondrial
fission through AMPK activation.
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Figure 3. Independent of activating AMPK, MGF inhibited mitochondrial
fission. (A): HUVECs were incubated with MGF or TUDCA in the presence of
PA and Tun for 24 h and 8 h respectively; (B): HUVECs transfected with
AMPKα1/2 or control scrambled siRNAs. AMPK and DRP1 phosphorylation
were determined by Western blot. The results were expressed as the mean ±
SD of three independent experiments. *p<0.05: indicated group vs PA or Tun
only treatment; #p<0.05: PA or Tun treatment vs untreated control.

3.4. MGF and TUDCA Inhibited Endothelial Cells
Apoptosis
Caspase-3 is the key factor related to cells apoptosis, so we
detected activation of caspase-3 expression using a
commercial Kit. As shown in Figure 4B, MGF and TUDCA
reduced PA or Tun-induced caspase-3 activation in RAECs,
and anti-IL-1β neutralizer also inhibited caspase-3 activation,
suggesting that IL-1β was required for caspase-3 activation.
After we detected RAECs apoptosis by flow cytometry
analysis (Figure 4A), these results conclusively proved that
MGF and TUDCA could inhibit cells apoptosis induced by
PA.

Figure 4. MGF and TUDCA inhibited endothelial cells apoptosis. (A): the apoptosis assay was performed with flow cytometry analysis in RACEs exposed to PA.
(B): activated caspase-3 in RAECs, after being exposed to PA and Tun for 24 h and 8 h respectively, was determined with a commercial Kit. The result was
expressed as the mean ± SD (n=4 per group). The results were derived from three independent experiments. *p<0.05: indicated group vs PA or Tun only treatment;
#p<0.05: PA or Tun treatment vs the untreated control.
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3.5. MGF and TUDCA Prevented Rat Aorta from PA
Stimulated Change of Endothelium-Dependent
Vasodilation
Endothelial dysfunction is accompanied by depression of
the endothelium-dependent vasodilation function. Therefore,
we stimulated rat aorta with PA and detected endothelial
vasodilation function in response to acetylcholine (ACh). The
rat aorta was pretreated with MGF and TUDCA for 30 min
and incubated with PA or Tun for 1h, then fixed in ACh. The
results demonstrated that MGF and TUDCA improved
endothelial vasodilation function in rat aorta with PA or Tun

insult (figure 5C). In vivo, we fed mice with HFD, treated
them with MGF and TUDCA, and then measured with
fluorescence microscope. As Figure 5A showed, MGF and
TUDCA increased NO production response to ACh in
endothelium. We detected the level of NO stimulated by PA in
RAECs. RAECs were incubated with MGF and TUDCA for
30 min, exposed to PA for 1 h and detected with fluorescence
microscopy. The results suggested that MGF and TUDCA
attenuated PA-induced reduction of NO generation (Figure
5B).

Figure 5. MGF and TUDCA prevented rat aorta from PA stimulated change of endothelium-dependent vasodilation. (A): rat aortas were pretreated with MGF,
TUDCA for 30 min and then stimulated with PA or Tun for 1 h. The data was showed by comparing fold change of fluorescence intensity in WT or MGF or
TUDCA treated groups versus HFD group. Scale bar, 50 µm. (B): RAECs cells were pretreated with MGF or TUDCA for 30 min and then stimulated with PA for
1 h. Intracellular NO was viewed with fluorescence microscopy. Scale bar, 5 µm. (C): the vasodilation was assessed by exposure to ACh. The results were
expressed as the mean ± SD (n=6 per group). The result was for one representative of three independent experiments. *p<0.05: indicated group vs PA or Tun or
HFD treatment; #p<0.05: PA treatment vs untreated control.

3.6. MGF Ameliorated ER Stress in Aorta Endothelium in
HFD-fed Mice
For testing MGF attenuating ER stress in vivo, mice was
provided with HFD for 15 days and treated with MGF (50
mg/Kg) and TUDCA (50 mg/Kg). Then we detected the
protein expression related to ER stress in aorta cells by

Immunohistochemisty. We observed the levels of p-IRE1 and
p-PERK were elevated in HFD-fed mice, and Oral
administration of MGF and TUDCA reduced p-IRE1 and
p-PERK expression, which indicated that MGF and TUDCA
could attenuate ER stress in vivo (Figure 6).

Figure 6. MGF ameliorated ER stress in aorta endothelium in HFD-fed mice. Mice were fed with HFD for 2 weeks. IRE1 and PERK phosphorylations in the
mice aorta were viewed by immunohistochemisty staining. Bar Scale = 50 µm at 200× maginification. The result was obtained one from of three different mice.
*p<0.05: indicated group vs HFD treatment; #p<0.05: PA treatment vs untreated control.
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4. Discussion
Mangiferin (MGF) can be extracted from the rhizome of
Anemarrhena asphodeloides, a fruit used in traditional
Chinese Medicine generally used to treat metabolism
syndrome, such as type 2 diabetes and insulin resistance.
Recent studies have shown that MGF is an AMPK activator,
an anti-inflammation and anti-oxidant agent and has a specific
function in regulating glucose and lipid metabolism [20,
24-26]. MGF can maintain endothelial homeostasis but its
mechanism remains unclear. The results demonstrated that
MGF could improve endothelial dysfunction by attenuating
[Ca2+]mito overload-induced mitochondrial fission and
inhibiting mitochondrial ROS production to depress ER stress
and maintain ER homeostasis through activating AMPK
pathway.
The endoplasmic reticulum plays a crucial role in
maintaining cell homeostasis, which is responsible for protein
synthesis, processing, translation, and secretion. It is also
important for intracellular calcium homeostasis and lipid
biosynthesis [27, 28]. Recently, a variety of studies have
demonstrated that ER stress and unfolded protein response
(UPR) are associated with chronic metabolic disease and
cardiovascular disease [29, 30]. Rachelle E. Kaplon and
colleagues demonstrated that endothelial cells in nondiabetic
obese adults also undergo ER stress [31], because lipid
metabolism dysfunction can disturb ER homeostasis and
result in ER stress [27]. In the present study, we used PA
stimulated endothelial cells to mimic high blood concentration
of FFA in patients with glucose and lipid metabolism disorder.
The results elucidated that PA induced ER stress and activated
PERK, IRE1α and ATF4 pathway, while MGF and TUDCA
reduced phosphorylation of the protein expression which is
relate to ER stress. MGF, as an AMPK activator, detected
whether the attenuation of ER stress by MGF required for
activating AMPK. The results demonstrated that MGF
inhibited ER stress through activating AMPK. Meanwhile, we
also used Tun, an ER stress irritant, to test the hypothesis, and
the results also proved that MGF inhibited ER stress by
activating AMPK.
The mitochondria are responsible for supplying energy to
cells and it also participates in cell division, embryonic
development, apoptosis and cellular metabolism. In
endothelial cells, mitochondrial function is associated with
ROS production and calcium balance. Many studies have
elucidated that damaged mitochondrial function is related to
endothelial dysfunction [32]. In the present study, the
endothelial cells was treated with PA to increase
mitochondrial fission through dephosphorylating Drp1 at Ser
637 residue, and demonstrated that MGF could reduce
mitochondrial fission by improving Drp1 phosphorylation.
Drp1, a mitochondrial fission dynamic related protein, is an
important role in mitochondrial fission process. Normally, it
exists in cytoplasm in phosphorylated status, induced by cell
stress, and then it recruits at the Outer Mitochondrial
Membrane (OMM) to trigger mitochondrial fission process
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[33, 34]. Generally, there is a dynamic balance between
mitochondrial fission and fusion to maintain mitochondrial
function, but stress can disturb this balance and then trigger
mitochondrial apoptosis or autophagy. The mechanism of
PA-induced mitochondrial fission is related to calcium
homeostasis. Mitochondria, an Ca2+ buffer organelle, plays a
crucial role in maintaining calcium homeostasis in cytoplasm.
In ER stress conditions, a large flux of Ca2+ transfers from ER
to cytoplasm, and then mitochondria takes in a large amount
of Ca2+ to maintain calcium homeostasis in cytoplasm, and
finally results in Ca2+ overload in mitochondria [35].
Mitochondrial Ca2+ overload leads to mitochondria
dysfunction, destroyed mitochondrial respiratory chain
function and production of a high ROS concentration. In turn
ROS further facilitates mitochondrial fission and induces
mitochondria to release pro-apoptosis factor. After that, the
cells undergo an apoptosis process [36].
We hypothesized that the mechanism of MGF inhibiting
mitochondrial fission was associated with inhibiting ER stress.
The results suggested that ER stress significantly improved
mitochondrial fission in endothelial cells and pretreatment
with MGF and TUDCA could reduce mitochondrial fission,
therefore, MGF attenuated mitochondrial fission by inhibiting
ER stress. Mitochondrial dysfunction induced metabolism
disorder of endothelial cells and then influenced endothelial
function. The endothelial function was detected by
endothelium-dependent vasodilation. NO was shown to be
related to endothelial vasodilation function in rat aorta
endothelium-dependent experiment, and the results
demonstrated that MGF could improve PA-induced
decreasing of endothelial vasodilation. In the present study,
the results demonstrated that protein expression related to ER
stress was increased in aorta endothelial cells of HFD-fed
mice, which facilitated mitochondrial fission, while MGF
could attenuate ER stress and mitochondrial fission. However,
a recent report has discovered that the AMPK participates in
the mitochondrial fission process and AMPK activator
increases mitochondrial fission [37].
AMPK, as a sensor of cellular energy, plays a crucial role in
cell metabolism, survival and death and also regulates
metabolic balance within the entire body [38, 39]. Recent
studies have shown that AMPK plays a crucial role in
inhibiting metabolism disease, such as diabetes, obesity and
cardiovascular disease [40]. There are various influence
factors in the AMPK pathway, such as calcium concentration
and the ratio of AMP/ATP or ADP/ATP. Several researches
have elucidated that many plant extract can activate AMPK,
but the mechanisms are different [41]. The classical medicine
metformin activated AMPK through the inhibition of the
mitochondrial respiratory chain to reduce ATP synthesis [42],
but the mechanism of MGF activating AMPK is unclear.
Pasha Apontes et.al. reported that MGF can improve glucose
metabolism to prevent against metabolism disorder induced
by HFD, an effect that is similar to the activation of AMPK
thereby ameliorating metabolism dysfunction [21].
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Figure 7. The mechanism of MGF attenuating endothelial dysfunction. After being stimulated by Saturated Fatty Acid for a long time, ER stress occurs and
induces the exudation of Ca2+ from ER lumen to cytoplasm. Mitochondria could take in a large amount of Ca2+ to build a normal concentration gradient in
cytoplasm. Mitochondrial Ca2+ overload induced ROS generation in mitochondria, and then ROS increased mitochondria fission and releasing of apoptosis
factor which triggers the apoptosis program of cells. Apoptosis, ER stress and ROS can induce endothelial dysfunction. MGF could attenuate ER stress through
activating AMPK and reduce mitochondrial fission and ROS generation to improve endothelial cells function.

In conclusion, the mechanism of MGF attenuating
endothelial dysfunction is closely related to the activation of
AMPK which inhibits ER stress. ER plays a vital role in
maintaining cell homeostasis and PA can be used to break its
normal ER function. Under ER stress, excess Ca2+ exudate
from ER lumen to cytoplasm [9, 35], mitochondria could take
in a large amount of Ca2+ to build a normal concentration
gradient in cytoplasm. Mitochondrial Ca2+ overload induced
ROS generation in mitochondria, and then ROS increased
mitochondria fission which released the apoptosis factor
thereby triggering the apoptosis program of cells. AMPK, as a
cell energy senor, could be activated by stress stimulation. If
stress is presented for a long time, it is difficult for AMPK to
maintain the balance of cell metabolism. Chronic metabolic
diseases, like diabetes and obesity, tend to cause long-term
stress in the whole body, so we need medical treatment to help
the body maintain normal physiological function. Diabetes
and obesity always accompany hyperlipidermia, PA was used
to create the environment similar to hyperlididermia. This
present experiment demonstrated the mechanism of MGF
maintaining endothelial homeostasis through inhibiting ER
stress and mitochondrial fission. The results should
significantly contribute to the development of medicine, such
as MGF, in treating cardiovascular metabolism disease.
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