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Mitochondrial dysfunction contributes to excessive reactive oxygen species (ROS)

generation, which is a dramatic cause to promote endothelial dysfunction in diabetes. It

was previously demonstrated that crocin protected the endothelium based on its diverse

medicinal properties, but its effect on the mitochondrion and the potential mechanism

are not fully understood. In this study, mitochondrial function was analyzed during the

process of excessive ROS generation in high glucose (HG)-cultured human umbilical vein

endothelial cells (HUVECs). The role played by KCa3.1 was further investigated by the

inhibition and/or gene silence of KCa3.1 in this process. In addition, nicotinamide adenine

dinucleotide phosphate (NADPH)-oxidase 2 (NOX2), superoxide dismutase 1 (SOD1),

and glutathione peroxidase 1 (GPx1) were also detected in this study. Our data showed

that crocin improved mitochondrial dysfunction and maintained normal mitochondrial

morphology by enhancing the mitochondrial membrane potential (MMP), mitochondrial

mass, and mitochondrial fusion. Furthermore, KCa3.1 was confirmed to be located in

the mitochondrion, and the blockade and/or silencing of KCa3.1 improved mitochondrial

dysfunction and reduced excessive ROS generation but did not affect NOX2 and/or the

SOD1 system. Intriguingly, it was confirmed that KCa3.1 expression was elevated by

ROS overproduction in the endothelium under HG and/or diabetes conditions, while

crocin significantly suppressed this elevation by promoting GPx1 and subsequently

eliminating ROS generation. In addition, crocin enhanced CD31, thrombomodulin (TM),

and p-/t-endothelial nitric oxide synthase (eNOS) expressions as well as NO generation

and decreased vascular tone. Hence, crocin improvedmitochondrial dysfunction through

inhibiting ROS-induced KCa3.1 overexpression in the endothelium, which in turn reduced

more ROS generation and final endothelial dysfunction in diabetes.

Keywords: mitochondrial function, intermediate-conductance Ca2+ -activated K+ channels, endothelial
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INTRODUCTION

Endothelial cells, viewed as a barrier structure between blood
and vessel wall/tissues, function actively in maintaining the
vascular homeostasis system under normal conditions (Favero
et al., 2014). They are able to crucially regulate vascular
tone, structure, and other various biological events by the
production of a wide range of biological factors (Deanfield et al.,
2007; Rajendran et al., 2013; McLaughlin et al., 2018). The
diverse local environment elicits heterogeneous endothelial cell
phenotypes and functions that respond to various pathological
factors (Rajendran et al., 2013). Therefore, some harmful
factors, such as hyperglycemia, excessive reactive oxygen species
(ROS), oxidized low-density lipoprotein (LDL), cholesterol,
etc., can cause damages to the endothelium and subsequent
endothelial dysfunction. Endothelial dysfunction is prevalent
in a variety of human disorders, including diabetic vascular
complication, hypertension, chronic kidney failure, and so on
(Rajendran et al., 2013; Widmer and Lerman, 2014). As a
dominant source of cellular ROS besides the NOX system
(Dan Dunn et al., 2015), mitochondria are generally injured
by hyperglycemia, which results in mitochondrial dysfunction.
Importantly, mitochondrial dysfunction is a dominant cause of
more ROS production, leading to the development of endothelial
dysfunction in diabetes (Widlansky and Hill, 2018).

As we all know, the endothelium-derived hyperpolarizing
factor (EDHF) system is a vital endothelium-dependent
vasodilator mechanism besides nitric oxide (NO) and
prostacyclin (PGI2) (Grgic et al., 2009; Damkjaer et al., 2012).
In this process, KCa3.1, a member of the Ca2+-activated K+

channel family, plays a crucial role in initializing EDHF–dilator
responses by hyperpolarizing the endothelium in endothelium-
dependent relaxation (Wolfle et al., 2009; Damkjaer et al.,
2012). KCa3.1 dysfunction, as well as abnormal expression,
is increasingly confirmed in diverse cardiovascular diseases
(CVDs) associated with endothelial dysfunction (Feletou, 2009;
Mathew John et al., 2018). In addition, growing evidence
showed that KCa3.1 expression appears to be elevated in the
kidneys of diabetic patients and mice (Huang et al., 2013, 2018).
Moreover, KCa3.1 current and expression increased in diabetic
serum-treated vascular smooth muscle cells (VSMCs) (Su et al.,
2013). However, KCa3.1 expression profile and function have
not been established in diabetic vascular endothelial cells.
Intriguingly, besides the plasma membrane, KCa3.1 locates
also in the mitochondrial inner membrane of tumor cells and
has been proposed to potentially modulate mitochondrial
function (Leanza et al., 2014; Klumpp et al., 2018). Therefore, we
hypothesize that abnormal KCa3.1 might be closely associated
with mitochondrial dysfunction, which subsequently contributes
to excessive ROS generation and endothelial dysfunction
in diabetes.

Crocin, the major pharmacological compounds of saffron,
possesses potential antioxidant, anti-inflammatory, antiaging
activities in the physical body (Ghorbanzadeh et al., 2016; Fagot
et al., 2018; Liu et al., 2018). In the cardiovascular system, aside
from its antioxidant and anti-inflammatory effects, crocin has
been determined to dramatically improve vascular endothelial

function, which is associated with KCa3.1 and NO signals in
our previous study (Yang et al., 2018). Crocin induces KCa3.1
activation and subsequent NO generation in endothelial cells,
which results in EDHF-/NO-type dilations in vessels (Yang et al.,
2018). Therefore, these strongly imply that crocin contributes to
the improvement of endothelial dysfunction, in which KCa3.1-
regulated mitochondrial function vitally plays a role in diabetes.

MATERIALS AND METHODS

Cell Culture
Human umbilical vein endothelial cells (HUVECs; ScienCell,
USA) were cultivated in a special endothelial cell medium
(ECM) containing high glucose (HG; 33 mmol/L) to establish
the model of HG-induced endothelial dysfunction. In addition,
this ECM was supplemented with 5% fetal bovine serum
(FBS), 1% endothelial cell growth supplement (ECGS), and 1%
penicillin/streptomycin solution (PS). HUVECs were cultivated
in ECM with mannitol (33 mmol/L) and glucose (5.5 mmol/L)
as control and normal, respectively. Besides crocin (Santa
Cruz, USA), HUVECs were specially treated by KCa3.1 blocker
{1-[(2-chlorophenyl)diphenylmethyl]-1H-pyrazole (TRAM-34)}
and/or agonist (1-EBIO), aiming at confirming the roles of
KCa3.1 in mitochondrial function and ROS-related protease
activity. In addition, N-acetyl-L-cysteine (NAC, a ROS scavenger)
and/or Rosup (an exogenous ROS donor) was also used to
illustrate the effect of ROS on KCa3.1 expression. Passages 3–10
of HUVECs were used in this whole study.

Experiment of Diabetes Model
According to previous studies (King, 2012; Xu et al., 2019), male
Sprague–Dawley (SD) rats (180–220 g; Experimental Animal
Center of China Pharmaceutical University) and male BALB/c
mice (20–22 g; Experimental Animal Center of Harbin Medical
University) were intraperitoneally injected with streptozotocin
(STZ) (0.1M, PH 4.5) at the dosage of 55 and 100 mg/kg
body weight to induce diabetes mellitus model, respectively.
Then, these animals were fed the high-sugar and high-fat diet
(43.6% fat, 45.1% carbohydrate, and 11.3% protein). These rats
and/or mice with fasting blood glucose levels >16.7 mmol/L
were considered diabetic animals to use in this study. Mice and
rats were mainly used in KCa3.1 expression profile analysis and
myograph study of aortic rings, respectively.

Twenty diabetic mice were randomly divided into four groups
(n = 5 for each group): three crocin groups (crocin-20,−40,
and−60) and one diabetic mellitus control group (DM). Crocin
was administered once daily by intraperitoneal injection at the
dosage of 20, 40, and 60 mg/kg body weight for 4∼6 weeks in all
crocin groups. An equal volume of 0.9% saline solution daily was
used in the DM group. Five normal mice were used as normal
control. Body weight and fasting blood glucose levels of mice in
all groups were detected in this experiment. After the treatment,
aorta tissue samples were collected for immunofluorescence
staining. Moreover, 60 SD rats were divided into two groups (n
= 30 for each group): normal (Norm) and DM groups. Aortas
in each group were rapidly excised for the next myograph study
after euthanasia of rats.
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Myograph Study
Aortic rings (3-mm length) of 30 SD rats were prepared and
the tension was measured using a myograph system (Xinhang
JZ101, Beijing) in Krebs buffer bubbled continuously with 95%
O2 and 5% CO2 at 37◦C, as described in the research of
Yang et al. (2018). α-Receptor agonist phenylephrine (PE; 10−5

mol/L)-precontracted aortic rings were evaluated in the absence
or presence of acetylcholine (ACh; 10−10-10−6 mol/L) and/or
crocin (10−9-10−5 mol/L). In a portion of this research, aortic
rings were pretreated with crocin (10−5 mol/L) for 30min,
and in turn the contractive response to PE (10−9-10−5 mol/L)
was tested.

Transmission Electron Microscope
Investigation
Cells were scraped gently and centrifuged for 5min at 1,000
rpm, which was followed by fixation with glutaraldehyde
(2.5%) overnight and subsequent OSO4 (2%) for 2 h. In turn,
graded alcohol was used to dehydrate the samples before
embedding with Epon 812. Ultrathin sections of the samples
were stained with uranium acetate and lead citrate, aiming at the
observation under a transmission electron microscope (Hitachi,
Tokyo, Japan).

Small Interfering RNA Transfection
Three different small interfering RNA (siRNA) sequences
(siRNA-1,−2, and−3) to target KCa3.1 gene (RiboBio Co.,
Ltd., China) were designed to knock down KCa3.1, and the
optimal siRNA was used in this study. KCa3.1–siRNA (100
nmol/L) was transfected intoHUVECswith a 50–75% confluence
by the riboFECTTM CP regent following the manufacturer’s
protocol. The cells were treated with crocin for 48–72 h after
siRNA transfection. The scramble siRNA was used as a negative
control (NC).

Western Blotting Analysis
The whole protein extracts were measured by bicinchoninic
acid (BCA) assay (Pierce, Rockford, IL, USA) following the
manufacturer’s protocol. Proteins were then separated by
10–15% sodium dodecyl sulfate (SDS)–polyacrylamide gel
electrophoresis (PAGE) and transferred to nitrocellulose
filter or polyvinylidene fluoride (PVDF) membrane. After
blocking with 5% milk, the membrane was probed with primary
antibodies, including KCa3.1, p-endothelial nitric oxide synthase
(eNOS), t-eNOS, CD31, thrombomodulin (TM), NADPH
oxidase 2 (NOX2), superoxide dismutase 1 (SOD1), glutathione
peroxidase 1 (GPx1), 4-hydroxynonenal (4HNE), β-actin, and
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) overnight
at 4◦C. In turn, the membrane was incubated with horseradish
peroxidase (HRP)-conjugated secondary antibody for 1 h at
room temperature and then developed using an enhanced
chemiluminescence (ECL) detection system (Amersham
Pharmacia Biotech). All experiments were performed at
least in triplicate and analyzed using Quantity-One software
4.6.2 (Bio-Rad).

Measurement of Intracellular Reactive
Oxygen Species
Evaluation of ROS was performed by using 2′,7′-
dichlorofluorescein diacetate (DCFH-DA; Beyotime, China), a
fluorescent probe of ROS. Concisely, after diverse treatments
such as crocin, Rosup, inhibitors, and siRNA, the HG-cultured
HUVECs were incubated with DCFH-DA (100 µmol/L) at
37◦C for 30min. Images were obtained using a fluorescence
microscope (Olympus-BX51, Japan). In obtained images, the
fluorescence intensity was analyzed through calculating the
mean optical density (MOD) using Image Pro-Plus 6.0 software
referring to the previous method (Yang et al., 2018).

Glutathione Peroxidase Activity Assay
In the present study, total glutathione peroxidase (GPx) Assay
Kit (Beyotime, China) was used to detect the effect of crocin
on GPx activity according to the manufacturer’s instruction.
This assay is a coupled reaction system that the oxidation of
reduced glutathione accompanies NADPH oxidation or NADP+

generation, which is catalyzed by glutathione reductase. One
unit of GPx activity was considered the oxidation of 1 µmol of
NADPH to NADP+ in 1min at 25◦C, pH 8.0. The decrease in
NADPH was determined colorimetrically at 340 nm during the
oxidation of NADPH to NADP+ using an absorbance microplate
reader (Molecular Devices, M2).

Mitochondrial Membrane Potential
Detection
According to the manufacturer’s instructions, mitochondrial
membrane potential (MMP) was probed using a cationic dye JC-
1 (5,5′,6,6′-tetrachloro-1,1′,3,3′-tetraethyl–imidacarbocyanine
iodide) (Beyotime, China). When MMP remains at a
high level, JC-1 can be driven into mitochondrial matrix
to form JC-1 aggregate, which shows red fluorescence
at 585 nm (absorption)/590 nm (emission). Oppositely,
lower MMP leads to dominant JC-1 monomer formation,
presenting green fluorescence at 485 nm (absorption)/535 nm
(emission). In the present study, the MMP was analyzed
through the ratio of red/green fluorescence intensity by flow
cytometry (Becton Coulter EPICS XL, USA) and images by a
fluorescence microscope.

Determination of Nitric Oxide Production
Fluorescence probe 4-amino-5-methylamino-2,7-
difluorofluorescein diacetate (DAF-FM DA) (Beyotime, China)
was used to detect NO as described previously (Chung et al.,
2012; Yang et al., 2018). Briefly, the HG-cultured HUVECs were
incubated with DAF-FMDA (5µmol/L) for 30min at 37◦C prior
to crocin treatment. Image was acquired using a fluorescence
microscope, and the fluorescence intensity of DAF-FM DA was
assessed as described above for ROS measurement.

Intracellular Ca2+ Measurement
Following the previous protocol (Yang et al., 2018), the
intracellular Ca2+ was probed using Fluo-3 AM (Beyotime,
China) and measured in situ by confocal microscopy (Nikon,
ECLIPSE Ti-U, Japan). Briefly, the HG-cultured HUVECs were

Frontiers in Cell and Developmental Biology | www.frontiersin.org 3 March 2021 | Volume 9 | Article 651434

https://www.frontiersin.org/journals/cell-and-Developmental-biology
https://www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-Developmental-biology#articles


Li et al. Crocin Improves Mitochondrial Dysfunction

treated with crocin for at least 48 h and in turn incubated in
serum-free ECM containing Fluo-3 AM (25 µmol/L) for 30min
at 37◦C. The cells were then rinsed using Hanks’ balanced
salt solution (HBSS) to remove excess dye and detected by
confocal microscopy. The fluorescence intensity of Fluo-3 AM
was assessed as described above for ROS and NO measurements.

Mitochondrial Mass and KCa3.1
Immunofluorescence Tests
In this study, mitochondria were labeled using Mito-Tracker Red
CMXRos (Beyotime, China), a mitochondria marker, to assess
mitochondrial mass. Concisely, HUVECs were seeded into the
2-µg/cm2 fibronectin-coated culture dish and subjected to the
specified pretreatments such as crocin, KCa3.1 agonists, and/or
inhibitors. According to the manufacturer’s protocol, 200 nM
Mito-Tracker Red CMXRos was added to incubate HUVECs for
30min at 37◦C. In turn, Mito-Tracker-labeled HUVECs were
probed using the primary antibody KCa3.1 at 4◦C overnight after
the paraformaldehyde (4%) fixation. And then, the cells were
incubated using Alexa Fluor 488-labeled secondary antibody for
1 h at 37◦C after the 5% goat serum blocking, and the nuclei
were labeled by 4′,6-diamidino-2-phenylindole (DAPI). Confocal
microscopy was used to take the images.

Aorta ring tissues from diabetic mice were fixed with 4%
paraformaldehyde, embedded in optimum cutting temperature
(OCT) compound, and cryosectioned into 6-mm-thick sections.
Referring to our previous methods (Yang et al., 2013, 2018),
an immunofluorescence test of KCa3.1 was performed on the
prepared sections as described above.

Antibodies
Antibodies include anti-KCa3.1 (Abcam, ab229593, and
Alomone Labs, #ALM-051), anti-p-eNOS (Cell Signaling
Technology, #9571s), t-eNOS (Cell Signaling Technology,
#9572s), anti-TM (Proteintech, 14318-1-AP), anti-NOX2
(Proteintech, 19013-1-AP), anti-SOD1 (Proteintech, 10269-
1-AP), anti-CD31 (Proteintech, 66065-1-Ig), GPx1 (Cell
Signaling Technology, #3206S), anti-4HNE (Abcam, ab46545),
anti-β-actin (Santa Cruz, sc-47778), and anti-GAPDH (Santa
Cruz, sc-47724).

Statistics
Data are analyzed using GraphPad Prism 5.0 (GraphPad Software
Inc., USA) and presented as the mean ± SEM of at least three
experiments. Student’s t-test and one-way analysis of variance
(ANOVA) were performed for statistical analysis. Differences
with p-values ≤0.05 were considered statistically significant.

RESULTS

Crocin Improves Mitochondrial Function in
High Glucose-Cultured Endothelial Cells
Given the dominant source of cellular ROS, mitochondria
are considered a possible target of crocin for the suppression
of ROS generation. In this study, the MMP, mitochondrial
mass, and mitochondrial morphology were detected to
assess mitochondrial function. Based on the ratio of

aggregates/monomers, JC-1 probe data from both flow
cytometry and fluorescence microscopy confirmed that, to
a great extent, HG dissipated the MMP of endothelial cells
compared to the control group, whereas crocin (0.1–100
µmol/L) could significantly restore the MMP with a peak at
10 µmol/L (Figures 1A–D). Additionally, the mitochondrial
marker MitoTracker Red indicated that HG decreased the
mitochondrial mass compared to the control, which, in turn,
was significantly reversed by crocin (10 µmol/L) (Figures 1E,F).
Similar to crocin, NAC (10 µmol/L) elevated the mitochondrial
mass under HG conditions (Figures 1E,F). Rosup, as a positive
control, also strongly reduced the MMP and mitochondrial
mass in this experiment similar to HG (Figures 1A–F). In
addition, representative TEM images illustrated that HG
induced serious apoptosis and mitochondrial damage compared
to the control and/or normal groups (Figure 1G). These
destroyed mitochondria were characterized by fragmented
cristae, swelling, and vacuoles in the HG group (Figure 1G).
Unlike HG, crocin could significantly protect against the
destruction of mitochondria induced by hyperglycemia. As
shown in Figure 1G, large amounts of unbroken mitochondria
were distributed in the cytoplasm of the crocin group, among
which some fusing mitochondria were also captured by
TEM (Figure 1G).

Effect of KCa3.1 on Mitochondrial Function
in High Glucose-Cultured Endothelial Cells
Our research clearly confirmed that KCa3.1 colocalized with
MitoTracker Red in the mitochondria according to confocal
microscopy (Figure 2A). Considering its possible relevance to
mitochondrial function, we determined the regulatory effect
of KCa3.1 on mitochondrial mass and the MMP using the
KCa3.1 blocker TRAM-34 (10 µmol/L; Sigma, USA). Confocal
microscopy showed that the mitochondrial mass increased
remarkably in the TRAM-34 treatment group compared to the
HG group, which showed levels similar to those in the control
and/or normal (Figures 2B,C). Additional data from the JC-
1 assay revealed that the blockade of KCa3.1 channels could
significantly improve the HG-induced lower MMP according to
flow cytometry and fluorescence microscopy (Figures 2D–G).
These results suggested that KCa3.1 in mitochondria potentially
controlled mitochondrial function and in turn mitochondrial
ROS generation.

Effect of KCa3.1 on Reactive Oxygen
Species Production and Superoxide
Dismutase 1, NADPH Oxidase 2,
Glutathione Peroxidase 1, and
4-Hydroxynonenal in High
Glucose-Cultured Endothelial Cells
To further confirm the possible effect of KCa3.1 on ROS, we
tested ROS production after both blockade and silencing of
KCa3.1. Research indicated that the blockade of KCa3.1 and/or
knockdown of KCa3.1 significantly reduced this increase in
ROS induced by HG (Figures 3A,B). To further characterize
the possible mechanism of KCa3.1 action against HG-induced
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FIGURE 1 | Crocin improved mitochondrial function in HG-cultured endothelial cells. The MMP and mitochondria mass were detected to assess the mitochondrial

function. (A,B) The ratio of aggregates (red)/monomers (green) was analyzed to assess the MMP by flow cytometry in JC-1-probed cells. Data confirmed that HG

dissipated the MMP, which was reversed by crocin in a dose-dependent fashion (0.1, 1, 10, and 100 µmol/L). (C,D) Fluorescence microscopy showed the same

result of lower aggregates (red) and higher monomers (green) in both HG and Rosup groups compared with the control and crocin (10 µmol/L) groups. (E,F)

Mitochondrial marker MitoTracker Red indicated that HG decreased the mitochondrial mass, which in turn was significantly reversed by crocin. Here, Rosup, as a

positive control, also strongly reduced the MMP and mitochondrial mass in this experiment. (G) TEM images illustrated that HG induced serious apoptosis and

mitochondrial damage, including fragmented cristae, swelling (red arrow), and vacuoles (red arrow head) compared to the control and normal groups. However,

abundant unbroken mitochondria and even some fusing mitochondria (blue arrow) were shown in the crocin group compared to the HG group, and the small inset in

this panel shows an amplified image of mitochondrial fusion. Ctrl, control (mannitol 33 mmol/L); HG, high glucose; Cro, crocin; NAC, N-acetyl-L-cysteine; FCM, flow

cytometry; FLM, fluorescence microscopy; TEM, transmission electron microscope; Norm, normal glucose level; MMP, mitochondrial membrane potential. Results are

shown as means ± SEM of three independent experiments. *p < 0.05, **p < 0.01. One-way ANOVA followed by Tukey’s multiple comparisons test.
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FIGURE 2 | Effect of KCa3.1 on mitochondrial function in HG-cultured endothelial cells. (A) Confocal microscopy confirmed that KCa3.1 colocalized with MitoTracker

Red in the mitochondria (arrow head). (B,C) Confocal images showed that KCa3.1 blocker TRAM-34 (10 µmol/L) remarkably increased mitochondrial mass

compared to HG. (D–G) Flow cytometry and immunofluorescence staining assays indicated that TRAM-34 significantly improved the lower MMP induced by HG in

JC-1-probed cells. Ctrl, control (mannitol 33 mmol/L); HG, high glucose; TRAM, TRAM-34 {1-[(2-chlorophenyl)diphenylmethyl]-1H-pyrazole}; Norm, normal glucose

level; FCM, flow cytometry; FLM, fluorescence microscopy; MMP, mitochondrial membrane potential. Results are presented as means ± SEM of at least three

independent experiments. **p < 0.01. One-way ANOVA followed by Tukey’s multiple comparisons test.

ROS production, the expression of NOX2, SOD1, and GPx1 was
detected by Western blotting. Data indicated that the blockade
and/or activation of KCa3.1 had no influence on NOX2 and
SOD1 expression after the administration of TRAM-34 and/or 1-
EBIO (10µmol/L, Abcam, USA), respectively (Figures 3C,D). In
addition, Western blotting revealed that KCa3.1 was significantly
knocked down by three different siRNAs (siRNA-1,−2, and−3),
respectively (Figure 3G). A similar result showed that the
silencing of KCa3.1 could not alter NOX2 and SOD1 expression,

as shown in Figures 3H,I. Additionally, KCa3.1 deficiency
could suppress the production of 4HNE originating from
redox reactions under hyperglycemia (Figure 3J). These data
suggested that KCa3.1 could principally target mitochondria
rather than the NOX2 and SOD1 systems to modulate ROS
generation and subsequent peroxidation products. Moreover,
GPx1 expression was significantly increased by the blockade of
KCa3.1 (Figures 3E,F), suggesting that GPx1might be a potential
regulator in this process.
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FIGURE 3 | Effect of KCa3.1 on ROS production, SOD1, NOX2, GPx1, and 4HNE in HG-cultured endothelial cells. (A,B) Immunofluorescence staining identified that

both blockade and knockdown of KCa3.1 significantly reduced the overproduction of ROS compared to the HG and negative control groups. (C,D) For KCa3.1, the

blockade by TRAM-34 (10 µmol/L) and activation by 1-EBIO (10 µmol/L) had no alteration on NOX2 and SOD1 expressions. Moreover, Rosup enhanced NOX2

expression and reduced SOD1 expression, respectively. (E,F) GPx1 expression was slightly enhanced by HG compared to the control group, and the blockade of

KCa3.1 dramatically increased GPx1 expression compared with HG. Rosup prominently suppressed GPx1 expression compared to the control group. (G) Western

blotting showed that KCa3.1 was knocked down by three siRNAs of KCa3.1 (siRNA-1,−2, and−3). (H–J) The silencing of KCa3.1 could not alter the NOX2 and

SOD1 expression, but it suppressed the 4HNE production (arrow). Ctrl, control (mannitol 33 mmol/L); HG, high glucose; Cro, crocin; TRAM, TRAM-34

{1-[(2-chlorophenyl)diphenylmethyl]-1H-pyrazole}; EBIO, 1- EBIO; NC, negative control; siKCa3.1, siRNA of KCa3.1; SOD1, superoxide dismutase 1; NOX2, NADPH

oxidase 2; GPx1, glutathione peroxidase 1; 4HNE, 4-hydroxynonenal. Results are presented as means ± SEM of at least three independent experiments. *p < 0.05,

**p < 0.01. One-way ANOVA followed by Tukey’s multiple comparisons test.

Crocin Suppresses the Upregulation of
Endothelial KCa3.1 Induced by
Hyperglycemia in vitro and in vivo
In the present study, KCa3.1 expression profiles were explored
in the artery endothelium of diabetic rats and HG-cultured
HUVECs. Our data demonstrated that the expression of
KCa3.1 was significantly elevated by hyperglycemia in the
arterial endothelium and/or by HG in HUVECs (Figure 4).
Specifically, KCa3.1 expression was significantly increased in
vascular endothelial and smooth muscle cells of the diabetic

artery compared with those of the normal artery (Figure 4A).
Further results showed that Rosup (25–150µg/ml) prominently

enhanced KCa3.1 expression, with a peak at 125µg/ml

(data not shown). Hence, the dosage of 125µg/ml was

used optimally in the following studies. Furthermore, NAC

inhibited this upregulation of KCa3.1 expression induced by

HG (Figures 4B,C). These data revealed that hyperglycemia-

induced ROS was a key cause of elevated KCa3.1 expression in
diabetes mellitus. Furthermore, the effect of crocin on KCa3.1
expression upregulation induced by hyperglycemia and/or HG
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FIGURE 4 | Crocin suppresses the upregulation of endothelial KCa3.1 induced by hyperglycemia. KCa3.1 expression profiles were explored in an aortic artery of

diabetic mice and HG-cultured HUVECs to evaluate the regulatory role of crocin. (A) Immunofluorescence staining revealed KCa3.1 expression was significantly

elevated in endothelial cells (arrow head) and vascular smooth muscle cells (arrow) in diabetes mellitus group (DM) compared to the control group (Ctrl), whereas its

expression decreased in both crocin treatment groups. (B,C) Confocal images indicated that KCa3.1 was upregulated by HG in HUVECs, which was reduced by

crocin (10 µmol/L) and NAC (10 µmol/L), respectively. Rosup (125µg/ml), a positive control generating exogenous ROS, prominently enhanced the KCa3.1 expression

in HUVECs. (D,E) Western blotting showed that crocin decreased the increased KCa3.1 induced by HG in HUVECs. DM, diabetes mellitus; Cro-20,−60, crocin 20,

60 mg/kg; Ctrl, control; Cro, crocin; HG, high glucose; NAC, N-acetyl-L-cysteine; HUVECs, human umbilical vein endothelial cells; ROS, reactive oxygen species.

Results are shown as means ± SEM of three independent experiments. *p < 0.05, **p < 0.01. One-way ANOVA followed by Tukey’s multiple comparisons test.

was detected in this study. Interestingly, 20, 40 (data not shown),
and 60 mg/kg crocin significantly counteracted the upregulation
of KCa3.1 expression in vivo (Figure 4A). Additionally, the same
results were supported after the application of crocin (10µmol/L)
during in vitro studies (Figures 4B–D).

Effect of Crocin on Reactive Oxygen
Species Production, Superoxide Dismutase
1, NADPH Oxidase 2, Glutathione
Peroxidase 1, and Intracellular Ca2+ in
High Glucose-Cultured Endothelial Cells
Furthermore, the effects of crocin on ROS generation and
SOD1, NOX2, GPx1, and Ca2+ were analyzed in HG-
cultured endothelial cells. Immunofluorescence assays revealed
that crocin (0.1–100 µmol/L) could significantly counteract

the increase in ROS induced by HG, which reached a
maximum effect at 10 µmol/L (Figures 5A,B). In contrast to
the control, Rosup induced excessive ROS generation, similar
to HG (Figures 5C,D). Additionally, in parallel with crocin
(10 µmol/L), NAC suppressed the excessive ROS generation
induced by HG (Figures 5C,D). Further findings indicated that
crocin enhanced the activation of GPx1 in a dose-dependent
manner (Figure 5I). For NOX2 and SOD1, crocin did not
significantly affect their expression in the low dose range of
0.1–10 µmol/L but enhanced NOX2 expression and reduced
SOD1 expression at the high concentration of 100 µmol/L
(Figures 5E,F). These data strongly implied that the GPx1
enzyme, but not NOX2 and SOD1, might be another modulatory
target of crocin (10 µmol/L) to reduce excessive ROS generation
in HG-cultured endothelial cells. As shown in previous studies,
KCa3.1-controlled membrane hyperpolarization could provide
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FIGURE 5 | Effect of crocin on ROS production, SOD1, NOX2, and GPx1 in HG-cultured endothelial cells. (A,B) ROS fluorescent probe DCFH-DA revealed that HG

induced excessive ROS production, whereas crocin significantly counteracted this increase in the dose range of 1–10 µmol/L. i: control (mannitol 33 mmol/L), ii–vi:

HG (33 mmol/L) + crocin (0, 0.1, 1, 10, and 100 µmol/L). (C,D) Both crocin (10 µmol/L) and NAC (10 µmol/L) reduced the HG-induced increase of ROS in HUVECs.

Rosup (125µg/ml) was used as a positive control to generate excessive ROS in this experiment. (E,F) Western blotting showed that HG has an enhanced effect on

NOX2 expression rather than SOD1. Crocin (0.1–10 µmol/L) did not alter the expression of NOX2 and SOD1 in HG-cultured endothelial cells; however, crocin at 100

µmol/L reduced SOD1 expression and enhanced NOX2 expression, respectively. (G,H) The confocal microscope showed that HG elevated intracellular Ca2+ probed

by Fluo-3 AM compared to the control and normal groups, but crocin (10 µmol/L) reversed the increased intracellular Ca2+ concentration that is close to normal

levels. (I) GPx activity assay revealed that HG increased GPx1 activation compared to the control group, and GPx1 is also promoted by crocin in the gradient dose

(0.1, 1, 10, and 100 µmol/L). Ctrl, control (mannitol 33 mmol/L); HG, high glucose; Cro, crocin; NAC, N-acetyl-L-cysteine; Norm, normal glucose level; HUVECs,

human umbilical vein endothelial cells; ROS, reactive oxygen species; SOD1, superoxide dismutase 1; NOX2, NADPH oxidase 2; GPx1, glutathione peroxidase 1.

Results are presented as means ± SEM of at least three independent experiments. *p < 0.05, **p < 0.01, *** p < 0.001. One-way ANOVA followed by Tukey’s

multiple comparisons test.

a driving force for Ca2+ influx (Yang et al., 2014, 2018). Based
on our prior data on hyperglycemia-elevated KCa3.1 expression,
it appears reasonable to assume that HG might enhance the
intracellular Ca2+ in endothelial cells. Our subsequent study
confirmed that intracellular Ca2+ increased in HG-cultured
HUVECs compared with the control and/or normal group and
was significantly repressed by crocin (Figures 5G,H).

Crocin Improves Hyperglycemia-Induced
Endothelial Dysfunction in vitro and in vivo
Crocin (10 µmol/L) was used to test the changes in t-
/p-eNOS expression and NO production in HG-cultured
HUVECs in vitro. Our data showed that crocin could
significantly counteract the decrease in t-eNOS and p-eNOS
expression induced by HG (Figures 6A,B) and in turn enhance
NO generation (Figures 6C,D). In addition, Western blotting
analysis revealed that crocin could prevent CD31 and TM

from being downregulated by HG (Figures 6E,F). Further
myograph experiments were performed to explore the effect
of crocin on the vascular tone of artery rings in diabetic rats.
The results showed that hyperglycemia damaged the vascular
vessels, leading to a weakened response of aortic rings to
ACh and poor vascular relaxation (Figure 6G). As shown in
Figure 6H, the maximum vasodilation of the diabetic arterial
ring was noticeably restored to 88% of the physiological
level after crocin treatment (10−5 mol/L). We then confirmed
that hyperglycemia elevated the contractive effect of PE on
artery rings, resulting in an enhancement of vascular tone
(Figure 6I). Interestingly, our data illustrated that when the
diabetic artery rings were pretreated with crocin for 30min,
the contractive responses of artery rings to PE decreased
remarkably close to normal levels (Figure 6I). These findings
reveal that crocin could significantly improve hyperglycemia-
induced endothelial dysfunction.
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FIGURE 6 | Crocin improves the hyperglycemia-induced endothelial dysfunction. Crocin was used to detect the alterations in the expression of t-eNOS, p-eNOS,

CD31, and TM, as well as NO generation in HG-cultured HUVECs. Further, a myograph study was executed to analyze vascular tone after crocin application in

diabetic rats. Western blotting showed that crocin suppressed the HG-induced decreases of t-eNOS and p-eNOS (A,B), as well as CD31 and TM (E,F). (C,D)

Fluorescence staining determined that crocin reversed the reduction of NO generation by HG. (G) Hyperglycemia reduced the ACh-induced relaxation of artery rings.

(H) The maximum vasodilation of diabetic arterial ring was noticeably restored to 88% (relaxation ratio: 54.44/62.12) of the physiological level after crocin treatment. (I)

Hyperglycemia elevated the contractive effect of PE on artery rings, while this alteration was remarkably suppressed after pretreatment with crocin for 30min. Ctrl,

control; HG, high glucose; Cro, crocin; Norm, normal glucose; DM, diabetes mellitus; PE, phenylephrine; HUVECs, human umbilical vein endothelial cells; NO, nitric

oxide; TM, thrombomodulin; eNOS, endothelial nitric oxide synthase; ACh, acetylcholine; PE, phenylephrine. Myograph data are means ± SEM from five to six

different animals and analyzed using unpaired two-tailed Student’s t-test and one-way ANOVA followed by Tukey’s multiple comparisons test. *p < 0.05, **p < 0.01.

DISCUSSION

Diabetes-induced endothelial dysfunction is a crucial event that

initiates the biological processes associated with diabetic vascular

complications (Kaur et al., 2018; Maamoun et al., 2019). Previous
studies have shown that crocin protects against endothelial
damage through inhibiting apoptosis of endothelial cells (Xu

et al., 2007; Razavi et al., 2016). Furthermore, our prior research

has also indicated that crocin dramatically improves endothelial
function, in which KCa3.1-modulated NO production and
intracellular Ca2+ dynamics appear to be central mechanisms
(Yang et al., 2018). In this study, we explored the potential
protective effect of crocin against endothelial dysfunction
through its mitochondrial protective effect in diabetes mellitus.

Generally, some events, such as excessive ROS generation,
increased oxidative stress and enhanced the production of
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inflammatory factors, contributing to endothelial dysfunction
(Sena et al., 2013; Shi and Vanhoutte, 2017). Mitochondria are
a dominant source of cellular ROS in tissue (Dan Dunn et al.,
2015), and hyperglycemia-induced mitochondrial dysfunction
is a dominant cause of excessive ROS production in diabetes
(Widlansky and Hill, 2018). Our data showed that crocin could
significantly repress the HG-induced increase in ROS in a
slightly dose-dependent manner, so it is justifiably hypothesized
that mitochondria are an additional possible target of crocin
in antioxidant effects. Hence, mitochondrial function was
analyzed to evaluate the antioxidant mechanism of crocin
through the MMP, mitochondrial mass, and mitochondrial
morphology tests in this study. Our evidence indicated
that high levels of glucose (33 mmol/L) to a great extent
dissipated the MMP and mitochondrial mass and induced
serious apoptosis and mitochondrial damage characterized by
fragmented cristae, swelling, and vacuole formation. Intriguingly,
our data showed that crocin could significantly reverse these
pathological alterations and even promote mitochondrial fusion
(Figure 1G). Mitochondrial mass (related to the number of
mitochondria to some extent) is also a surrogate metabolic
biomarker of mitochondrial biogenesis (Lamb et al., 2015). In
addition, mitochondrial fusion and fission are two crucial events
of mitochondrial dynamics driving mitochondrial metabolism
(Wada and Nakatsuka, 2016). Among them, mitochondrial
fusion, as the process by which two mitochondria merge in
structure, is beneficial to the repair of damaged mitochondria
via the exchange of material between damaged and non-
damaged mitochondria (Wada and Nakatsuka, 2016). However,
some disorders, such as diabetes mellitus, generally impair
mitochondrial fusion (Wada and Nakatsuka, 2016; Rovira-
Llopis et al., 2017). Therefore, our findings indicated that
crocin could significantly prevent theHG-inducedmitochondrial
dysfunction. In particular, the mitochondrial fusion in TEM
images strongly indicates the protective effect of crocin on
mitochondrial function. Moreover, a previous paper confirmed
that dysfunctional mitochondria could generate excessive ROS,
which was closely connected to endothelial dysfunction in
diabetes (Widlansky and Hill, 2018). Hence, the improvement
of mitochondrial function might be a mechanism by which
crocin effectively attenuates excessive ROS production in HG-
cultured HUVECs. In other words, crocin may function as a
mitochondria-targeted antioxidant in diabetes to a great extent.

In mitochondria, the K+ cycle maintains volume homeostasis
via K+ channels by preventing excessive mitochondrial matrix
swelling and contraction, whichmediatesmitochondrial function
and ROS production (Garlid and Paucek, 2003). We first used
confocal microscopy to identify the location of KCa3.1 channels
in mitochondria. As a kind of K+ channel, mitochondrial KCa3.1
exerts K+ influx resulting in an increase in mitochondrial
volume and depolarization (Garlid and Paucek, 2003). These
data make it tempting to hypothesize the possible relevance
of KCa3.1 to mitochondrial function. As expected, blockade of
KCa3.1 by TRAM-34 could significantly reverse the HG-reduced
MMP and mitochondrial mass and further repress excessive
ROS production. Furthermore, KCa3.1 deficiency induced by
siRNA also significantly reduced the overproduction of ROS

and 4HNE (a kind of end product of lipid peroxidation), which
is similar to the effect of crocin. Further study confirmed
that the blockade and/or activation as well as deficiency
of KCa3.1 could not affect the expression of NOX2 and
SOD1, suggesting that mitochondria might be a dominant
system by which KCa3.1 regulates ROS generation in diabetes.
Concerning these present observations, we propose that long-
term and/or severe hyperglycemic diabetes dramatically induces
a compensatory increase in mitochondrial KCa3.1 expression
levels, and in turn, this alteration results in pernicious K+

influx into the mitochondrial matrix, which leads subsequently
to mitochondrial swelling and MMP dissipation. Therefore,
KCa3.1-modulated mitochondrial volume homeostasis and the
MMP are strongly proposed as additional central pathways that
maintain mitochondrial function.

Notably, KCa3.1 has already been considered a vital
target in a variety of cardiovascular diseases correlated with
endothelial dysfunction (Feletou, 2009; Mathew John et al.,
2018). In diabetes, KCa3.1-modulated endothelium-dependent
hyperpolarization functions as a primary compensation
mechanism for endothelial dysfunction (Shi and Vanhoutte,
2017). Given this mechanism, the alteration of KCa3.1
expression was investigated in diabetic mice and HG-cultured
HUVECs in this job. As expected, our findings revealed that
hyperglycemia and/or HG dramatically increased KCa3.1
expression in endothelial cells and even smooth muscle cells in
vessels. However, different studies have demonstrated several
controversies about the expressions of KCa3.1, indicating that
it decreased (Weston et al., 2008; Zhao et al., 2014), remained
unchanged (Ding et al., 2005), or even increased (Leo et al.,
2011; Huang et al., 2014) in diabetes. Among them, some
reports indicated that the elevated expression of KCa3.1 was a
compensatory response due to the partial loss of KCa3.1 channel
function induced by severe diabetes (duration of diabetes >15
weeks and/or hyperglycemia >10 mmol/L) (Goto and Kitazono,
2019). This statement is consistent with our result showing that
endothelial KCa3.1 expression was enhanced by high levels of
glucose (33mmol/L) in cultured cells and/or hyperglycemia (16.7
mmol/L) in diabetic mice. We assume that ROS overproduction
might be the cause of elevated KCa3.1 expression in diabetes. As
expected, our subsequent study strongly proved this hypothesis
that ROS from Rosup induced a significant increase in KCa3.1
expression, which was counteracted by NAC, a ROS scavenger
(Figures 4B,C). These data suggest that KCa3.1 might be a key
regulatory target of ROS in diabetes, which is also supported
by a previous report that H2O2 increased KCa3.1 expression
(Choi et al., 2013). Moreover, crocin significantly suppressed
excessive ROS generation and KCa3.1 expression elevation
induced by hyperglycemia in vitro and in vivo. Hence, it is
possible that crocin attenuates excessive ROS production to
restore or maintain the normal stage of KCa3.1 (expression
and/or activity), which contributes to protecting mitochondrial
function and subsequently reducing ROS production. In
addition to NOX and SOD, GPx is another central member of
the enzyme system that generally maintains the homeostasis of
ROS under physiological conditions. GPx1, which is localized in
the cytosol and mitochondria, reduces ROS levels by principally

Frontiers in Cell and Developmental Biology | www.frontiersin.org 11 March 2021 | Volume 9 | Article 651434

https://www.frontiersin.org/journals/cell-and-Developmental-biology
https://www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-Developmental-biology#articles


Li et al. Crocin Improves Mitochondrial Dysfunction

transforming hydrogen peroxide (H2O2) into water (H2O) in the
body (He et al., 2017). Interestingly, crocin could significantly
promote GPx1 expression and activation, suggesting that
elimination of H2O2 is a crucial event in the process by which
crocin reduces excessive ROS in diabetes. Hence, the GPx1/ROS
(H2O2)/KCa3.1/mitochondrion pathway may be a regulatory
axis of crocin in its antioxidant effect.

Several pieces of evidence have previously demonstrated that
extracellular ROS can trigger rapid Ca2+ mobilization, which in
turn enhances mitochondrial ROS production in endothelial cells
(Hool and Corry, 2007; Feissner et al., 2009). Indeed, coupled
with its known energy metabolism, mitochondria also serve as
a very efficient Ca2+ buffer to take up substantial amounts of
cytosolic Ca2+ (Feissner et al., 2009). Under the driving force
derived from the MMP, moderate Ca2+ generally enters the
mitochondrial matrix via the mitochondrial calcium uniporter
(MCU) to modulate mitochondrial metabolism (Nicholls, 2005;
Bravo-Sagua et al., 2017). However, excessive Ca2+ entry
into mitochondria leads to Ca2+ overload, which results in
mitochondrial dysfunction and even severe structural damage,
including dissipation of the MMP, enhanced ROS formation,
and increased mitochondrial fragmentation (Ohshima et al.,
2017). Meanwhile, increased Ca2+ in turn adequately activates
mitochondrial KCa3.1 channels, leading to drastic K+ influx
into the mitochondrial matrix (Kang et al., 2007). Intriguingly,
crocin significantly restrained the intracellular Ca2+ increase in
this study. Therefore, Ca2+ may be a crucial modulator when
crocin protects against mitochondrial dysfunction. In addition,
crocin significantly reversed these HG-decreased factors, such
as t-eNOS, p-eNOS, CD31, and TM, as well as NO production

in endothelial cells. Crocin also noticeably prevented diabetes-
damaged vascular tone in the artery in a myograph study. These
abnormal alterations of NO release, CD31 and TM expression,
and vascular tone, to some extent, are central responses to
endothelial dysfunction (Hasibuzzaman et al., 2017; Manetti
et al., 2017; Shi and Vanhoutte, 2017). Therefore, these data
indicate that crocin can effectively improve the endothelial
dysfunction induced by hyperglycemia. However, crocin did
not improve elevated fasting blood glucose levels or body
weight alterations in diabetic mice (data not shown), suggesting
that crocin could not effectively control blood glucose levels
in diabetes.

Conclusively, as presented in Figure 7A, HG and/or
hyperglycemia in diabetes mellitus promotes ROS
overproduction by enhancing NOX2 in endothelial cells,
which leads to a dramatic rise in KCa3.1 expression in the
endothelium. (1) In the plasma membrane, KCa3.1 expression
elevation increases intracellular Ca2+ levels, which forms a
high transmembrane electrochemical gradient of Ca2+ in
mitochondria. Additionally, excessive ROS promotes rapid
entry of Ca2+ in the cytoplasm into mitochondria via MCU
carriers, leading to severe Ca2+ overload. (2) In mitochondria,
increased KCa3.1 expression promotes dramatic K+ influx
into the mitochondrial matrix, resulting in subsequent
mitochondrial swelling. These two events, namely, Ca2+

overload and mitochondrial swelling due to the elevation of
KCa3.1 expression, could ultimately lead to mitochondrial
dysfunction and subsequent ROS overproduction, and in
turn, excessive ROS would enhance the expression of KCa3.1.
Hence, a vicious cycle seems to be formed between excessive

FIGURE 7 | Crocin counteracts hyperglycemia-induced ROS by improving mitochondrial function regulated by KCa3.1. (A) Hyperglycemia/NOX2-induced excessive

ROS enhances KCa3.1 expression, which is triggered by abundant mitochondrial Ca2+, leading to dramatic K+ influx into the mitochondria. This process

subsequently induces severe mitochondrial swelling, fragmented cristae, and dysfunction, secondarily resulting in more ROS generation. This vicious cycle forms an

underlying mechanism that leads to excessive ROS production in diabetes, in which KCa3.1 plays a pivotal role. (B) Crocin reverses the vicious cycle to prevent the

mitochondrial dysfunction by inhibiting the ROS-induced KCa3.1 expression elevation, which implies that crocin is a potential mitochondria-targeted antioxidant. Here,

KCa3.1-modulated mitochondrial volume homeostasis might play a central role in ROS generation. ROS, reactive oxygen species; NOX2, NADPH oxidase 2.
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ROS generation and mitochondrial dysfunction, wherein
KCa3.1 serves as a pivotal player by modulating K+ and Ca2+

mobilization. This is a novel possible mechanism illuminated
by our study in which NOX2-originated ROS in turn induces
more ROS generation. Intriguingly, as shown in Figure 7B,
crocin possibly counteracts ROS-enhanced KCa3.1 expression
by elevating GPx1. Subsequently, inhibition of KCa3.1 could
prevent mitochondrial dysfunction by decreasing excessive
K+ influx into the mitochondrion, which in turn leads to a
decrease in ROS generation. These results reveal a virtuous
cycle of ROS generation due to crocin treatment. In summary,
crocin improved diabetes-induced endothelial dysfunction by
protecting mitochondrial function and decreasing subsequent
ROS overproduction, in which KCa3.1 is a central modulator to
maintain mitochondrial volume homeostasis.
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