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Endothelial dysfunction is a critical factor during the initiation of atherosclerosis. Berberine has a beneficial effect on endothelial
function; however, the underlying mechanisms remain unclear. In this study, we investigated the effects of berberine on
lipopolysaccharide- (LPS-) induced apoptosis in human umbilical vein endothelial cells (HUVECs) and themolecularmechanisms
mediating the effect. The effects of berberine on LPS-induced cell apoptosis and viability were measured with 5-ethynyl-2-
deoxyuridine staining, flow cytometry, and Cell Counting Kit-8 assays. The expression and/or activation of proapoptotic and
antiapoptotic proteins or signaling pathways, including caspase-3, poly(ADP-ribose) polymerase, myeloid cell leukemia-1 (MCL-1),
p38 mitogen-activated protein kinase, C-Jun N-terminal kinase (JNK), and extracellular signal-regulated kinase, were determined
with western blotting. The malondialdehyde levels, superoxide dismutase (SOD) activity, and production of proinflammatory
cytokines were measured with enzyme-linked immunosorbent assays. The results demonstrated that berberine pretreatment
protected HUVECs from LPS-induced apoptosis, attenuated LPS-induced injury, inhibited LPS-induced JNK phosphorylation,
increased MCL-1 expression and SOD activity, and decreased proinflammatory cytokine production. The effects of berberine on
LPS-treated HUVECs were prevented by SP600125, a JNK-specific inhibitor. Thus, berberine might be a potential candidate in the
treatment of endothelial cell injury-related vascular diseases.

1. Introduction

Endothelial cells (ECs), which act as a selective barrier
between tissue and blood, play a potential role in the control
of inflammatory responses, immunity, and homeostasis [1–
3]. In order to maintain normal organ function and vascular
homeostasis, the integrity of the endothelial lining is critical
[4, 5]. EC dysfunction and/or injury can disrupt the integrity
of the endothelial lining and subsequently lead to vascular
disease. EC dysfunction and/or injury, which are commonly
mediated by lipopolysaccharide (LPS), are complications
of sepsis, which is considered the major cause of several
diseases, including diabetes mellitus [6, 7], atherosclerosis
[8], and thrombosis [9]. Therefore, agents that protect the
vascular endothelium from injury and/or dysfunction are
thought to reduce the incidence of cardiovascular disease.

Because LPS is an integral part of the outer membrane
of Gram-negative bacteria, it is considered a trigger of EC
injury and its associated syndromes. In vitro, LPS stimulation
alters multiple EC functions, including viability, apoptosis,
malondialdehyde (MDA) release, and tumor necrosis factor-
(TNF-)𝛼 and interleukin- (IL-) 6 synthesis [10, 11].

Increasing evidence suggests that oxidative stress that is
induced by LPS stimulation can lead to apoptosis or death
of ECs [12, 13]. In ECs, oxidative stress triggers various
signal transduction pathways that are related to cell survival
and apoptosis, induces damage to cell membranes [14] and
DNAstructure, and affectsmembers of themitogen-activated
protein (MAP) kinase (MAPK) family and the cell biological
processes that are regulated by MAP kinase, such as cell
apoptosis, differentiation, and growth. Previous studies have
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shown that threeMAPK subfamilies are activated in response
to LPS stimulation [15], including c-Jun N-terminal kinase
(JNK), p38 MAP kinase (p38), and extracellular signal-
regulated kinase 1/2 (Erk1/2). The activation of these MAPK
pathways induces proapoptotic or antiapoptotic reactions
[16], depending on the cell type [17–20].

Berberine, which is an isoquinoline alkaloid derivative
that is extracted from Rhizoma Coptidis (Huang Lian, a tra-
ditional Chinesemedicine), exhibits various pharmacological
activities, including antiproliferative [21], anti-inflammatory
[22], antihyperlipidemic, antidiabetic [23], antidiarrheal,
antimicrobial [24], and antioxidative [25] actions. Therefore,
we hypothesized that berberine treatment would protect
human umbilical vein endothelial cells (HUVECs) against
LPS-induced injury.

In the present study, an in vitro model of LPS-induced
HUVEC injury was used to evaluate the cytoprotective effects
of berberine on LPS-induced HUVEC injury. Our results
demonstrated that berberine protected HUVECs from LPS-
induced injury by blocking activation of the JNKpathway and
subsequently promoting the expression of the antiapoptotic
protein myeloid cell leukemia-1 (MCL-1).

2. Materials and Methods

2.1. Cell Culture and Treatment. HUVECs were isolated
from the vein of a normal human umbilical cord and
cultured inDMEM-F12medium supplementedwith 10% fetal
bovine serum, 2mMl-glutamine, 5U/mLheparin, 100U/mL
penicillin, 10 𝜇g/mL streptomycin, and 50 𝜇g/mL EC growth
supplement, as previously described [26]. The cells were
cultured and grown in 100mm dishes under humidified
5% CO

2
conditions. The medium was refreshed every 2-3

days at cell confluence. The cells were used in the following
experiments at passages 3 to 8. For all experiments, the cells
were seeded at a concentration of 1 × 105 cells/mL. The cells
were pretreated with culture medium containing different
concentrations of berberine (1.25, 2.5, or 5𝜇M) after the
cells reached subconfluence. After the 24 h pretreatment,
the cells were washed three times with phosphate-buffered
saline (PBS; pH 7.4) and exposed to LPS (5 𝜇g/mL) in culture
medium at 37∘C for 24 h.

2.2. Cell Viability Assay. To evaluate the viability of the
HUVECs subjected to different treatments, Cell Counting
Kit- (CCK-) 8 reduction assay kits (Beyotime Institute of
Biotechnology, Jiangsu, China) were employed according to
themanufacturer’s protocols. Briefly, the cells were incubated
with the indicated concentrations of berberine. After the 24 h
incubation, the cells were washed and cultured with 5 𝜇g/mL
of LPS for another 24 h in flat-bottom 96-well plates at a
density of 2.0 × 104 cells per well. Next, 20𝜇L of the CCK-
8 reagent was added after 24 h LPS stimulation, and the
cells were cultured for an additional 4 h. A M680 microplate
reader (Bio-Rad, Marnes-la-Coquette, France) was used to
determine the optical density at 450 nm.

2.3. 5-Ethynyl-2-deoxyuridine (EdU) Incorporation and
Fluorescent Staining of Cells with Hoechst 33258. The cells
were cultured on glass coverslips in medium, and the EdU
reagent (final concentration, 50𝜇M)was added to the culture
medium. After 24 h in culture, the cells were fixed with a
standard formaldehyde fixation protocol. The cells were then
stained with Hoechst 33442 (10𝜇g/mL) under dark condi-
tions at room temperature for 10min to determine the nuclear
morphology of the apoptotic cells.The cells were washedwith
PBS and observed with fluorescent microscopy (excitation,
340 nm; emission, 460 nm; AX80, Olympus Corporation,
Tokyo, Japan).

2.4. Detection of Cell Apoptosis with Flow Cytometry. The
apoptosis in the HUVECs that was induced by LPS was
measured quantitatively with Annexin V and propidium
iodide (PI) staining in a flow cytometric analysis [27]. Briefly,
the cells were pretreated with different concentrations of
berberine at 37∘C for 24 h and then stimulated with LPS
(5 𝜇g/mL) for an additional 24 h. After another 24 h, the
cells were collected and washed three times with cold PBS.
Next, the cells were incubated and stained with Annexin
V-fluorescein isothiocyanate (10 𝜇L 20𝜇g/mL) at 4∘C under
dark conditions for 30min. After three washes with binding
buffer, the cells were stained with 5 𝜇L of PI for 10min. The
cells were kept on icewithout exposure to light before the flow
cytometry analysis.

2.5. Detection of MDA and Superoxide Dismutase (SOD).
The HUVECs were pretreated with different concentrations
of berberine for 24 h and then stimulated with LPS for
another 24 h. The cells were lysed with cell lysis buffer
containing 1mM phenylmethylsulfonyl fluoride, 1 𝜇g/mL
leupeptin, 1mM Na

3
VO
4
, 1 mM glycerophosphate, 2.5mM

sodium pyrophosphate, 1% Triton X-100, 1mM ethylene
glycol tetraacetic acid, 1mMethylenediaminetetraacetic acid,
150mM NaCl, and 20mM Tris-HCl. Next, the cell lysates
were collected and used to determine the levels of MDA and
activity of SOD. The protein levels in the lysates were mea-
sured with a bicinchoninic acid protein assay kit (Bio-Rad
Laboratories, Inc., Hercules, CA, USA). The MDA levels and
SOD activity were determined with commercially available
kits. The MDA levels, which were based on the formation
of a stable chromophoric product from a reaction with
thiobarbituric acid, weremeasured at awavelength of 532 nm.
The MDA values were expressed as nM/mg protein. The
SOD activity was based on its ability to inhibit the oxidation
of hydroxylamine by the xanthine-xanthine oxidase system.
The SOD activity values were expressed as the amount that
reduced the absorbance at 550 nm by 50%.

2.6. Enzyme-Linked Immunosorbent Assays. The production
of inflammatory cytokines, including TNF-𝛼 and IL-6, in
the culture supernatants was determinedwith enzyme-linked
immunosorbent assay kits (R&D Systems, Inc., Minneapolis,
MN, USA, and eBioscience, Inc., San Diego, CA, USA, resp.)
according to the manufacturers’ instructions.
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2.7. Western Blotting. The cells were pretreated with different
concentrations of berberine for 24 h and then stimulated with
LPS for another 24 h. After the LPS stimulation, the cells
were collected and washed three times with cold PBS. The
cells were then lysed with a cell lysis buffer containing 1mM
phenylmethylsulfonyl fluoride, 1 𝜇g/mL leupeptin, 1mM
Na
3
VO
4
, 1 mM glycerophosphate, 2.5mM sodium pyrophos-

phate, 1% Triton X-100, 1mM ethylene glycol tetraacetic
acid, 1mM ethylenediaminetetraacetic acid, 150mM NaCl,
and 20mM Tris-HCl. The protein concentrations in the cell
lysates were determined with a bicinchoninic acid protein kit
(Bio-Rad Laboratories, Inc.). Equal amounts of protein were
then separated with sodium dodecyl sulfate-polyacrylamide
gel electrophoresis. The proteins were electrophoretically
transferred to polyvinylidene fluoride membranes at 300mA
for 90min at a low temperature. The membranes were
blocked with 5% skimmilk for 1 h at room temperature. After
three washes, the membranes were incubated with the indi-
cated primary antibodies at room temperature for 2 h or at
4∘C overnight.Themembranes were washed three times with
PBS containing Tween-20 and incubated with anti-mouse or
anti-rabbit IgG secondary antibodies at room temperature
for 1 h. After the 1 h incubation, the membranes were washed
three times with PBS containing Tween-20, and an enhanced
chemiluminescence kit (GE Healthcare Bio-Sciences, Pitts-
burgh, PA, USA) was used to visualize the protein bands on
the membranes. The following antibodies (all from Abcam
plc, Cambridge, UK) were used: rabbit anti-human caspase-
3 (ab4051), rabbit anti-human poly(ADP-ribose) polymerase
(PARP, ab6079),mouse anti-humanMCL-1 (ab114016), rabbit
anti-human p38 (ab170099), rabbit anti-human phospho-
p38 (ab178867), rabbit anti-human Erk1/2 (ab184699), rabbit
anti-human phospho-Erk1/2 (ab200807), rabbit anti-human
JNK (ab179461), rabbit anti-human phospho-JNK (ab4821),
mouse anti-human 𝛽-actin (ab8226), goat anti-mouse IgG
(horseradish peroxidase, ab6789), and goat anti-rabbit IgG
(horseradish peroxidase, ab6721).The ImageJV1.46r software
was used to analyze the results of Western blot assay.

2.8. Statistical Analysis. The statistical analyses were per-
formed with the SPSS 10.0 package (IBM Corporation,
Armonk, NY, USA). The statistical comparisons were per-
formed with analysis of variance (ANOVA) tests, which were
followed by Fisher’s protected least significance difference
(PLSD) tests. All of the values are expressed as mean ±
standard error of the mean from at least three independent
experiments. The differences between the groups with 𝑃
values less than 0.05 were considered significant.

3. Results

3.1. Berberine Increased the Viability of LPS-Treated HUVECs.
Because cell viability is the most direct indicator of cell state,
CCK-8 cell viability kits were used to evaluate the effects
of berberine on the viability of LPS-induced HUVECs. As
shown in Figure 1, LPS induction significantly decreased cell
viability in theHUVECs comparedwith the untreated control
group.However, the decrease in cell viability thatwas induced
by LPS was dose dependently attenuated by berberine. These
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Figure 1: Effects of berberine on cell viability in the human
umbilical vein endothelial cells (HUVECs). The HUVECs were
incubated with various concentrations of berberine for 24 h. The
cells were then washed with fresh medium three times and cultured
with lipopolysaccharide (LPS; 5 𝜇g/mL) for another 24 h. After
stimulation with LPS, cell viability was measured with the Cell
Counting Kit- (CCK-) 8 method. The values represent the mean ±
standard error of the mean (SEM; 𝑛 = 3 independent experiments).
∗∗

𝑃 < 0.01; ∗∗∗𝑃 < 0.001.

results indicated that berberine was potentially protective
against in vitro LPS-induced HUVEC injury.

3.2. Berberine Decreased the Levels of MDA and Increased
the Activity of SOD. In order to investigate the mechanisms
by which berberine protected HUVECs from LPS-induced
injury, the levels of oxidative stress in the HUVECs that were
stimulated by LPS were determined. As shown in Figure 2(a),
LPS induction significantly increased the levels ofMDA in the
HUVECs. However, this LPS-induced increase in the MDA
levels in the HUVECs was decreased by berberine treatment
(Figure 2(a)). In addition, we measured SOD activity in
the HUVECs that were subjected to different treatments, as
shown in Figure 2(b). Compared with the untreated control
group, SOD activity was inhibited by the LPS treatment, and
the LPS inhibition was significantly prevented by treatment
with different concentrations of berberine. These observa-
tions demonstrated that berberine protected the HUVECs
from LPS-induced oxidative injury.

3.3. Berberine Decreased the Levels of Inflammatory Cytokines
in LPS-Induced HUVEC Injury. In order to determine
whether berberine suppressed the inflammatory responses
in the HUVECs that were induced by LPS stimulation,
we pretreated the HUVECs with various concentrations
of berberine for 24 h. The cells were then cultured with
LPS (5 𝜇g/mL) for another 24 h. The levels of inflammatory
cytokines, including TNF-𝛼 and IL-6, were measured in the
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Figure 2: Effects of berberine on the release of malondialdehyde (MDA) and the activity of superoxide dismutase (SOD) in the LPS-treated
HUVECs. (a) The levels of MDA in the HUVECs subjected to different treatments. (b) The activity of SOD in the HUVECs subjected to
different treatments. The values represent the mean ± SEM (𝑛 = 3 independent experiments). ∗𝑃 < 0.05; ∗∗𝑃 < 0.01; ∗∗∗𝑃 < 0.001.
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Figure 3: Effects of berberine on the levels of LPS-induced proinflammatory cytokines in the HUVECs. (a) The levels of tumor necrosis
factor- (TNF-)𝛼 in the HUVECs subjected to different treatments. (b)The levels of interleukin- (IL-) 6 in the HUVECs subjected to different
treatments. The values represent the mean ± SEM (𝑛 = 3 independent experiments). ∗∗𝑃 < 0.01; ∗∗∗𝑃 < 0.001.

culture supernatants. As shown in Figure 3, LPS induction
significantly increased the levels of TNF-𝛼 (Figure 3(a)) and
IL-6 (Figure 3(b)) in the HUVEC culture supernatants. How-
ever, berberine administration inhibited the LPS stimulation-
induced increase in the levels of these two inflammatory
cytokines in the HUVECs. These results indicated that

berberine had potential anti-inflammatory properties in the
HUVEC model of LPS-induced injury.

3.4. Berberine Protected theHUVECs fromLPS-InducedApop-
tosis. The results described above suggested that berberine
treatment protected the cells from the LPS-induced loss of
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Figure 4: Effects of berberine on LPS-induced apoptosis in the HUVECs.The cells were pretreated with various concentrations of berberine
for 24 h and then exposed to LPS for another 24 h. Apoptosis was determined in the cells that were subjected to different treatments with
the DNA-binding 5-ethynyl-2-deoxyuridine (EdU)/Hoechst 33442 double staining and Annexin V/propidium iodide (PI) double staining.
(a) Fluorescent micrographs of nuclei in HUVECs subjected to different treatments. (b) The percentage of apoptotic cells in cells subjected
to different treatments. (c) Apoptosis was determined in the cells subjected to different treatments with Annexin V/PI double staining. The
values represent the mean ± SEM (𝑛 = 3 independent experiments). ∗𝑃 < 0.05; ∗∗𝑃 < 0.01; ∗∗∗𝑃 < 0.001.

cell viability (Figure 1). To further clarify the antiapoptotic
and cytoprotectivemechanisms of berberine on LPS-induced
HUVECs, the HUVECs were pretreated with various con-
centrations of berberine for 24 h and then stimulated with
LPS. After the LPS stimulation, cell apoptosis was analyzed
with Hoechst 33442/EdU staining and Annexin V/PI double
staining. According to a previous report [28], cells that
exhibit nuclear fragmentation, intense fluorescence, chro-
matin condensation, and reduced nuclear size are considered

apoptotic. As shown in Figures 4(a) and 4(b), significant
nuclear fragmentation was observed in the LPS-induced cells
compared with the control cells. These apoptotic changes in
the nucleus were dramatically rescued by pretreatment with
various concentrations of berberine.

To confirm the antiapoptotic effects of berberine on the
LPS-induced HUVECs, we assessed the levels of apoptosis in
cells that underwent different treatments with flow cytometry
and the Annexin V/PI double-staining system. As shown in
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Figure 4(c), an increase in the percentage of apoptotic cells
was observed in the LPS-treated group compared with the
control group. However, berberine pretreatment decreased
the percentage of apoptotic cells after LPS exposure. This
antiapoptotic effect was concentration-dependent.

3.5. Berberine Protected HUVECs from LPS-Induced Injury
by Blocking JNK Phosphorylation. To elucidate the detailed
mechanisms underlying the protective effects of berberine
on the LPS-induced HUVECs, several apoptosis-related
molecules were analyzed with western blotting and qPCR
methods. As shown in Figures 5(a)–5(e), berberine treat-
ment significantly increased the levels of MCL-1, which is
an antiapoptotic protein, and decreased the levels of the
proapoptotic protein PARP in LPS-treated HUVECs com-
pared with the levels in the untreated cells. However, the
levels of caspase-3 remained unchanged among the groups
(Figure 5(a)).These results indicated that berberine inhibited
the LPS-induced apoptosis in HUVECs by affecting the
expression of MCL-1 and PARP.

Activation of the JNK and MAPK pathways might be
involved in apoptosis [29–31]. In order to clarify whether
activation of the JNK and MAPK pathways was involved
in the berberine inhibition of the LPS-induced apopto-
sis of the HUVECs, we next examined the activation of
p38, Erk1/2, and JNK in the LPS-treated HUVECs. As
shown in Figure 5(f), no significant changes were observed
in p38 or Erk1/2 activation in the HUVECs that were
treated with different concentrations of berberine. However,
a dose-dependent decrease in JNK phosphorylation was
observed after berberine treatment. These results suggested
that berberine exerted its antiapoptotic effects by blocking
activation of the JNK signaling pathway.

In order to confirm the role of the JNK signaling pathway
in LPS-induced HUVEC injury, SP600125 was employed to
block the activation of JNK during the HUVEC injury that
was induced by LPS treatment. As shown in Figure 6(a), LPS
induction significantly increased the phosphorylation of JNK
compared with that in the control group, and this increase
was dramatically reduced by treatment with SP600125.
In accordance with the JNK phosphorylation results, the
decreased cell viability that was induced by LPS was signif-
icantly restored with SP600125 treatment (Figure 6(b)). In
addition, SP600125 administration protected the cells against
LPS-induced apoptosis (Figures 6(c) and 6(d)). These results
indicated that activation of the JNK pathway played a poten-
tially regulatory role during LPS-inducedHUVEC injury and
that the inhibition of JNK phosphorylation restored the cell
viability of the LPS-treated HUVECs.

These results clearly demonstrated that activation of the
JNK pathway was involved in LPS-induced HUVEC injury
and that blockade of the activation of the JNK pathway
with a JNK inhibitor effectively suppressed LPS-induced
injury in the HUVECs. Therefore, the effects of a JNK
inhibitor on the berberine regulation of cell viability and
the levels of MDA, SOD, and the proinflammatory cytokines
were examined in LPS-treated HUVECs. As shown in Fig-
ure 7, all of the berberine-exerted regulatory effects on the
LPS-treated HUVECs, including the cytoprotective effects

(Figures 7(a), 7(b), and 7(c)), MDA production (Figure 7(d)),
SOD activity (Figure 7(e)), and production of inflammatory
cytokines (Figures 7(f) and 7(g)), were prevented when
the JNK pathway was blocked by SP600125. These results
further confirmed that berberine protected the HUVECs
against LPS-induced injury by blocking the LPS-activated
JNK signaling pathway.

4. Discussion

A previous study showed that the apoptosis of ECs plays
an important role in various vascular endothelial diseases.
Similar to LPS stimulation, EC apoptosis could be induced
or increased in vitro in response to inflammation.The results
of the present study showed that berberine strongly inhibited
the apoptosis and increased levels of MDA and inflamma-
tory cytokines that were induced by in vitro LPS treat-
ment in HUVECs and concomitantly increased the activity
of SOD. Berberine treatment also significantly suppressed
the phosphorylation of JNK in the LPS-treated HUVECs.
Furthermore, JNK inhibition by SP600125 abrogated the
protective effects of berberine on the LPS-induced injury
of the HUVECs. Taken together, these results demonstrated
that berberine exerted its cytoprotective effects on the LPS-
induced injury of the HUVECs by blocking, at least in part,
activation of the JNK signaling pathway.

Oxidative stress is considered a critical pathogenic factor
in the process of EC injury under inflammatory conditions,
including LPS stimulation [32]. The levels of oxidative stress
in vivo or in vitro are associated with the severity of EC injury
[33].Therefore, several antioxidant agents, such as Vitamin C
[34], propofol [35], and sphingosine-1-phosphate [36], exhibit
protective effects onEC injury from excessive oxidative stress.
In injured ECs, the antioxidant enzyme SOD is considered an
effective antioxidant defense, and the levels of MDA reflect
the severity of the cell damage that is induced by oxidative
stress. The results of the present study showed that berberine
had strong antioxidative effects on LPS-induced HUVEC
injury. Berberine pretreatment inhibited the increases in the
levels of MDA and activity of SOD in LPS-treated HUVECs,
which suggested that the protective effects of berberinemight
be related to its antioxidative properties.

Excessive oxidative stress can directly or indirectly lead to
cell death, apoptosis, or mitochondrial dysfunction [37]. The
results of the present experiments showed that apoptosis was
significantly induced by LPS treatment in the HUVECs [38].
However, berberine treatment strongly inhibited the LPS-
induced apoptosis and increased cell viability. In addition,
berberine treatment enhanced the expression of the anti-
apoptotic protein MCL-1 and inhibited the expression of the
proapoptotic protein PARP. Many studies have indicated that
the activation of MAPKs, including p38, Erk1/2, and JNK, is
involved in the regulation of cell survival and apoptosis in
response to oxidative stress and inflammatory stimulation.
In order to elucidate the detailed mechanisms of the pro-
tective effects of berberine against LPS-induced apoptosis in
HUVECs, the activation of different MAPKs was examined
in HUVECs subjected to different treatments. Western blot
analyses showed that the phosphorylation of JNK that was
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Figure 5: Effects of berberine on the levels of expression of apoptotic markers, phospho-p38 mitogen-activated protein kinase (p38),
phosphoextracellular signal-regulated kinase 1/2 (Erk1/2), and phospho-C-Jun N-terminal kinase (JNK) in HUVECs in response to LPS.The
cells were pretreated with various concentrations of berberine for 24 h and then incubated with LPS (5𝜇g/mL) for another 24 h. After LPS
treatment, the cells were harvested, and the levels of caspase-3, poly(ADP-ribose) polymerase (PARP), and myeloid cell leukemia- (MCL-
) 1 and the phosphorylation of p38, Erk1/2, and JNK were measured with western blotting and qPCR methods. (a) Representative of the
protein levels of caspase-3, PARP, and MCL-1 in the cells subjected to different treatments; (b-c) representative of the quantification of the
protein levels of PARP (b) and MCL-1 (c) in the cells subjected to different treatments; (d-e) representative of the mRNA levels of PARP (d)
and MCL-1 (e) in the cells subjected to different treatments; (f) representative of the phosphorylation of p38, Erk1/2, and JNK in the cells
subjected to different treatments. One representative experiment of three is shown.The values represent the mean ± SEM (𝑛 = 3 independent
experiments). ∗𝑃 < 0.05; ∗∗𝑃 < 0.01; ∗∗∗𝑃 < 0.001.
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Figure 6: Role of the JNK pathway in LPS-induced HUVEC injury. (a) The expression and phosphorylation of JNK in HUVECs subjected
to different treatments. (b) The cell viability of HUVECs subjected to different treatments. (c), (d) The apoptosis of HUVECs subjected to
different treatments. The values represent the mean ± SEM (𝑛 = 3 independent experiments). ∗∗𝑃 < 0.01; ∗∗∗𝑃 < 0.001.
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Figure 7: Berberine protects the HUVECs against LPS-induced injury by blocking the JNK signaling pathway. (a) Cell viability in HUVECs
subjected to different treatments. (b) Micrographs of the fluorescence of nuclei in HUVECs subjected to different treatments. (c) The
percentage of apoptotic cells in the cells subjected to different treatments. (d)The levels ofMDA inHUVECs subjected to different treatments.
(e) The activity of SOD in HUVECs subjected to different treatments. (f) The levels of TNF-𝛼 in HUVECs subjected to different treatments.
(g) The levels of IL-6 in HUVECs subjected to different treatments. The values represent the mean ± SEM (𝑛 = 3 independent experiments).
∗

𝑃 < 0.05; ∗∗𝑃 < 0.01; ∗∗∗𝑃 < 0.001.
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induced by LPS treatment was dose dependently inhibited
by berberine and that this inhibitory effect of berberine on
JNK phosphorylation was abrogated when SP600125 was
added to the culture. Furthermore, no significant changes
in p38 or Erk1/2 activation were observed after berberine
treatment. These results suggested that berberine exerted
its antiapoptotic potency by blocking activation of the JNK
pathway.

Taken together, the results of the present study showed
that berberine protected the HUVECs from LPS-induced
injury through its antiapoptotic and antioxidative properties.
Berberine ameliorated the LPS-induced apoptosis in the
HUVECs by promoting the expression of the antiapoptotic
protein MCL-1 and inhibiting the expression of the proapop-
totic protein PARP and the phosphorylation of JNK. These
findings suggested that berberine is a potential candidate in
the treatment of EC injury-related vascular diseases.
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[18] Y.-J. Lee, I.-J. Kang, R. Bünger, and Y.-H. Kang, “Enhanced sur-
vival effect of pyruvate correlates MAPK and NF-𝜅B activation



Evidence-Based Complementary and Alternative Medicine 11

in hydrogen peroxide-treated human endothelial cells,” Journal
of Applied Physiology, vol. 96, no. 2, pp. 793–801, 2004.

[19] T. Murakami, H. Takagi, K. Suzuma et al., “Angiopoietin-1
attenuates H

2
O
2
-induced SEK1/JNK phosphorylation through

the phosphatidylinositol 3-kinase/Akt pathway in vascular
endothelial cells,” The Journal of Biological Chemistry, vol. 280,
no. 36, pp. 31841–31849, 2005.

[20] S. Grethe and M. I. Pörn-Ares, “p38 MAPK regulates phos-
phorylation of Bad via PP2A-dependent suppression of the
MEK1/2-ERK1/2 survival pathway in TNF-𝛼 induced endothe-
lial apoptosis,” Cellular Signalling, vol. 18, no. 4, pp. 531–540,
2006.

[21] C. M. Tsang, K. C. P. Cheung, Y. C. Cheung et al., “Berber-
ine suppresses Id-1 expression and inhibits the growth and
development of lung metastases in hepatocellular carcinoma,”
Biochimica et Biophysica Acta—Molecular Basis of Disease, vol.
1852, no. 3, pp. 541–551, 2015.

[22] C.-L. Kuo, C.-W. Chi, and T.-Y. Liu, “The anti-inflammatory
potential of berberine in vitro and in vivo,” Cancer Letters, vol.
203, no. 2, pp. 127–137, 2004.

[23] J. Yin, H. Xing, and J. Ye, “Efficacy of berberine in patients with
type 2 diabetes mellitus,” Metabolism: Clinical and Experimen-
tal, vol. 57, no. 5, pp. 712–717, 2008.

[24] H.-H. Yu, K.-J. Kim, J.-D. Cha et al., “Antimicrobial activity of
berberine alone and in combination with ampicillin or oxacillin
against methicillin-resistant Staphylococcus aureus,” Journal of
Medicinal Food, vol. 8, no. 4, pp. 454–461, 2005.

[25] A. Shirwaikar, A. Shirwaikar, K. Rajendran, and I. S. R. Punitha,
“In vitro antioxidant studies on the benzyl tetra isoquinoline
alkaloid berberine,” Biological and Pharmaceutical Bulletin, vol.
29, no. 9, pp. 1906–1910, 2006.

[26] E. A. Jaffe, R. L. Nachman, C. G. Becker, and C. R. Minick,
“Culture of human endothelial cells derived from umbilical
veins. Identification bymorphologic and immunologic criteria,”
The Journal of Clinical Investigation, vol. 52, no. 11, pp. 2745–
2756, 1973.

[27] S. Guo, E. Bezard, and B. Zhao, “Protective effect of green tea
polyphenols on the SH-SY5Y cells against 6-OHDA induced
apoptosis through ROS-NO pathway,” Free Radical Biology and
Medicine, vol. 39, no. 5, pp. 682–695, 2005.

[28] L. Zhai, P. Zhang, R.-Y. Sun, X.-Y. Liu,W.-G. Liu, and X.-L. Guo,
“Cytoprotective effects of CSTMP, a novel stilbene derivative,
against H

2
O
2
-induced oxidative stress in human endothelial

cells,” Pharmacological Reports, vol. 63, no. 6, pp. 1469–1480,
2011.

[29] D. N. Dhanasekaran and E. P. Reddy, “JNK signaling in
apoptosis,” Oncogene, vol. 27, no. 48, pp. 6245–6251, 2008.

[30] A. Lin, “Activation of the JNK signaling pathway: breaking the
brake on apoptosis,” BioEssays, vol. 25, no. 1, pp. 17–24, 2003.

[31] T. Wada and J. M. Penninger, “Mitogen-activated protein
kinases in apoptosis regulation,” Oncogene, vol. 23, no. 16, pp.
2838–2849, 2004.

[32] A. M. Malek and S. Izumo, “Molecular aspects of signal
transduction of shear stress in the endothelial cell,” Journal of
Hypertension, vol. 12, no. 9, pp. 989–999, 1994.

[33] C. Hermann, A. M. Zeiher, and S. Dimmeler, “Shear stress
inhibits H

2
O
2
-induced apoptosis of human endothelial cells

by modulation of the glutathione redox cycle and nitric oxide
synthase,” Arteriosclerosis, Thrombosis, and Vascular Biology,
vol. 17, no. 12, pp. 3588–3592, 1997.

[34] A. G. Bowie and L. A. J. O’Neill, “Vitamin C inhibits NF-𝜅B
activation by TNF via the activation of p38 mitogen-activated
protein kinase,”The Journal of Immunology, vol. 165, no. 12, pp.
7180–7188, 2000.

[35] T. Luo and Z. Xia, “A small dose of hydrogen peroxide enhances
tumor necrosis factor-alpha toxicity in inducing human vascu-
lar endothelial cell apoptosis: reversal with propofol,”Anesthesia
and Analgesia, vol. 103, no. 1, pp. 110–116, 2006.

[36] T. Moriue, J. Igarashi, K. Yoneda, K. Nakai, H. Kosaka, and
Y. Kubota, “Sphingosine 1-phosphate attenuates H

2
O
2
-induced

apoptosis in endothelial cells,” Biochemical and Biophysical
Research Communications, vol. 368, no. 4, pp. 852–857, 2008.

[37] T. Sugawara and P. H. Chan, “Reactive oxygen radicals and
pathogenesis of neuronal death after cerebral ischemia,”Antiox-
idants and Redox Signaling, vol. 5, no. 5, pp. 597–607, 2003.

[38] Z. Sun, X. Lan, A. Ahsan et al., “Phosphocreatine protects
against LPS-induced human umbilical vein endothelial cell
apoptosis by regulating mitochondrial oxidative phosphoryla-
tion,” Apoptosis, vol. 21, no. 3, pp. 283–297, 2016.


