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Abstract

Plumbagin, a bioactive phytoconstituent, is isolated from the root of Plumbago zeylanica L. Plumbagin pos-
sesses antidiabetic effect to mediate glucose homeostasis, wound healing and diabetic nephropathy. However, the 
involvement of plumbagin in gestational diabetes mellitus (GDM) has not been reported yet. Trophoblast cell line 
(HTR8/SVneo) was incubated with high glucose to establish cell model of GDM. Cell viability and proliferation 
were detected by MTT and EdU staining. Flow cytometry was used to investigate cell apoptosis. Cell viability of 
HTR8/SVneo was reduced by high glucose or incubation of plumbagin. Plumbagin restored reduced cell viabil-
ity and proliferation of HTR8/SVneo induced by high glucose. Plumbagin attenuated high glucose-induced cell 
apoptosis in HTR8/SVneo cells through upregulation of Bcl-2 and down-regulation of Bax, cleaved caspase-3 
and cleaved caspase-9. Protein expression of glucose transporter type 4 (GLUT-4), insulin receptor (INSR)-B and 
INSR substrate (IRS1) was decreased in high glucose-induced HTR8/SVneo but increased by plumbagin. The sup-
pressive effects of high glucose on phosphorylation of AKT and mTOR in HTR8/SVneo were reversed by plum-
bagin. Plumbagin improved high glucose-induced cell apoptosis and insulin resistance of HTR8/SVneo through 
activation of AKT/mTOR pathway, suggesting that plumbagin might be used as a potential strategy for the pre-
vention of GDM.
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Introduction

Gestational diabetes mellitus (GDM) is a disease that 
occurs during pregnancy, usually accompanied by hyper-
glycemia and insulin resistance, which seriously affects 
the health of mother and baby (Agarwal, 2016). The inci-
dence of GDM in China increased rapidly and reached 
about 15% (Yan et al., 2019). GDM usually causes a series 
of serious metabolic diseases, such as type 2 diabetes 
mellitus, abnormal fetal development, abortion and fetal 
asphyxia (Malaeb et al., 2020; Vince et al., 2020). Dietary 
or pharmacological interventions have been used for the 
prevention of GDM (Tanase-Nakao et al., 2017). Early 

diagnosis and effective prevention are still urgent for 
patients with GDM.

The placenta functions as an organ for blood circula-
tion, nutrition and exchange of gases between mother 
and fetus during pregnancy, and ensures a healthy 
pregnancy and embryonic development (Kaiser, 2014). 
Abnormal functioning of the placenta is associated with 
adverse pregnancy outcomes caused by GDM (Ilekis 
et al., 2016). During development of GDM, the placenta 
secrets hormones to enhance insulin resistance and 
antagonize insulin, thus promoting GDM (Tang et al., 
2020). In addition, GDM also leads to placenta dysplasia 
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glucose (Zhou, Xiang, & Zheng, 2019), HTR8/SVneo 
cells were treated with 25-mM glucose in the presence of 
5-, 10- and 20-μM plumbagin for 24 h. 

Cell viability and proliferation assays

HTR8/SVneo cells with indicated treatment were plated 
in a 96-well plate for 48 h. The MTT solution (Sigma-
Aldrich) was added to the well. Cells were cultured 
for 4 h, and incubated with 100-μL dimethyl sulfox-
ide (DMSO) for 10 min. Optical density at 490 nm was 
measured on microplate reader (Bioteck, Winooski, VT, 
USA). For incorporation of 5-ethynyl-2′-deoxyuridine 
(EdU), HTR8/SVneo cells with indicated treatment were 
plated in a 96-well plate and incubated with 50-μM EdU 
(RiboBio, Guangzhou, China) for 12 h. Cells were fixed 
with 4% paraformaldehyde, incubated with 2-mg/mL gly-
cine followed by 0.5% Triton X-100. EdU antibody from 
EdU Cell Proliferation Detection (RiboBio) was added 
and immunostaining was performed with Apollo staining 
reaction buffer. Cells were measured under fluorescence 
microscopy (Nikon, Tokyo, Japan) followed by staining 
with DAPI (4′,6-diamidino-2-phenylindole fluorescent 
stain).

Cell apoptosis assay

HTR8/SVneo cells with indicated treatment were har-
vested and resuspended with 1× buffer from FITC 
Annexin V Apoptosis Detection Kit (BD Biosciences, 
Franklin Lakes, NJ, USA). The cell suspension was then 
incubated with Annexin V-fluorescein isothiocyanate 
and propidium iodide before analyzed by FACSCanto 
IITM flow cytometry system (BD Biosciences, Franklin 
Lakes, NJ, USA).

Western blot

Proteins were isolated from cultured HTR8/SVneo cells 
through RIPA lysis buffer (Beyotime, Beijing, China), and 
electrophoresed on sodium dodecyl sulfate–polyacryl-
amide gel electrophoresis. The membranes were blocked 
with 5% skim milk after transferred to polyvinylidene flu-
oride membranes (Millipore, Billerica, MA, USA). The 
membranes were incubated with the following specific 
primary antibodies: anti-cleaved caspase-3 and anti-
cleaved caspase-9 (1:2,000; Cell Signaling, Boston, MA, 
USA), anti-Bax and anti-Bcl2 (1:2,500; Abcam, Shanghai, 
China), anti-GLUT4 and anti-INSR-B (1:3,000; Cell 
Signaling), anti-IRS1 and anti-β-actin (1:3,500; Abcam), 
anti-AKT and anti-p-AKT (1:4,000; Cell Signaling), 
anti-mTOR and anti-p-mTOR (1:4,500; Abcam). The 
immunoreactive signals were measured by enhanced 

and vascular abnormalities to aggravate progression of 
GDM (Madazlı et al., 2008). Therefore, regulation of pla-
cental function is important for amelioration of GDM. 
Trophoblastic cells are vital for the development of the 
placenta through differentiation, invasion and migration 
to vascular tissue (Chang and Vivian Yang, 2013). A study 
has demonstrated that high glucose induces impaired the 
proliferation, invasion and migration activities of tropho-
blast cells, leading to dysplasia of the placental tissue, and 
resulting in abortion, spontaneous abortion and prema-
ture birth (Chang and Vivian Yang, 2013). Strategy to 
mediate high glucose-induced trophoblast cell dysfunc-
tion was established as an effective treatment for GDM.

Plumbagin, isolated from the root of Plumbago zeylan-
ica L., is a naphthoquinone derivative, and exerts anti-
oxidant, anti-inflammatory, antiviral, anti-tumor and 
neuroprotective effects. For example, plumbagin pro-
motes reactive oxygen species, apoptosis and autophagy 
of cancer cells while suppressing cell proliferation and 
survival (Yin et al., 2020). Plumbagin modulates neu-
ro-inflammatory and apoptotic pathways to attenuate 
cerebral ischemia (Chen et al., 2018). Plumbagin also 
regulates oxidative stress, lipid inflammation and metab-
olism to reduce nonalcoholic fatty liver disease and obe-
sity (Pai et al., 2019). In addition, plumbagin promoted 
expression of glucose transporter-4 to contribute to glu-
cose homeostasis of streptozotocin-induced diabetic rats 
(Sunil et al., 2012), and ameliorated diabetic nephropathy 
(Yong et al., 2013) and wound healing (Shao et al., 2019) 
in diabetic rats. However, the role and mechanism of 
plumbagin in GDM are rarely reported.

In this study, high glucose-induced trophoblast cell line 
(HTR8/SVneo) was established, and the effects of plum-
bagin on cell proliferation, apoptosis and insulin resis-
tance of HTR8/SVneo were investigated. Therefore, 
meaningful results could provide potential strategy for 
the prevention of GDM.

Materials and methods

Cell culture and treatment

HTR8/SVneo cells were purchased from Jining Cell 
Culture Center (Shanghai, China) and cultured in RPMI 
1640 medium containing 1% streptomycin–penicillin 
and 10% fetal bovine serum (Thermo Fisher Scientific, 
Waltham, CA, USA) in a humidified incubator at 37°C. 
Cells were treated with 5-, 10-, 20-, 40- or 80-μM plum-
bagin (Sigma-Aldrich, St Louis, LA, USA) for 24 h before 
MTT colorimetric assay. Cells were also treated with 
5.5-, 12.5-, 25- or 50-mM glucose for 24 h before MTT 
assay. In line with previous study that in vitro cell model 
of GDM was established through incubation with 25-mM 
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in high glucose-induced HTR8/SVneo were restored 
by plumbagin (Figure 3), indicating that plumbagin 
improved the insulin response of trophoblast cells during 
the development of GDM.

Plumbagin promoted activation of AKT/mTOR in high 
glucose-induced HTR8/SVneo

High glucose or plumbagin incubation had no significant 
effects on the protein expression of AKT and mTOR in 
HTR8/SVneo (Figure 4). High glucose reduced pro-
tein expression of AKT and mTOR phosphorylation in 
HTR8/SVneo (Figure 4). Plumbagin attenuated high glu-
cose-induced decrease of AKT and mTOR phosphoryla-
tion in HTR8/SVneo (Figure 4), revealing that plumbagin 
promoted activation of AKT/mTOR to ameliorate GDM.

Discussion

Naphthoquinones are phytochemicals isolated from 
medicinal plants that possess pharmacological potential 
of antidiabetic activity through increasing glucose uptake 
and inhibition of protein tyrosine phosphatase 1B and 
α-glucosidase (Shah et al., 2018). Naphthoquinone-based 
hybrids exert antagonistic activity against type-2 diabe-
tes (Paul et al., 2019). Plumbagin has been depicted as a 
naphthoquinone derivative that can reduce blood glucose 
to attenuate streptozotocin-induced diabetes (Sunil et al., 
2012). The antidiabetic effect of plumbagin on GDM has 
been investigated in this study.

The placenta is considered a target organ of GDM with 
ability to maintain immunologic, endocrine and nutri-
tional functions between mother and fetus (Carrasco-
Wong et al., 2020). Hyperglycemia in mother alters 
structure of the placenta and facilitates fetus malfor-
mation and abortion during the development of GDM 
(Carrasco-Wong et al., 2020). Functions of trophoblast 
cells are key regulator of placenta development, and the 
abnormal growth, migration and invasion are implicated 
in placenta maldevelopment (Zhang et al., 2021). High 
glucose, with ability to induce impairment in the prolif-
eration, invasion and migration activities of trophoblast 
cells, has been widely used for the establishment of in 
vitro cell model of GDM (Zhang et al., 2021). Results in 
this study demonstrated that high glucose reduced cell 
viability of HTR8/SVneo, suppressed cell proliferation 
and promoted cell apoptosis. Moreover, suppression of 
high glucose-induced biological dysfunction of tropho-
blast cells facilitated for the amelioration of GDM (Zhang 
et al., 2021). Plumbagin incubation restored the cell via-
bility of high glucose-induced HTR8/SVneo, promoted 
cell proliferation and suppressed cell apoptosis, suggest-
ing anti-apoptotic and proliferative effects against GDM. 

chemiluminescence reagent kit (Millipore) followed by 
incubation with the corresponding secondary antibodies.

Statistical analysis

All experimental data at least in triplicate were mani-
fested as mean ± standard deviation. Differences between 
groups were analyzed by Student’s t-test or one-way anal-
ysis of variance under the Graphpad Prism 7 software 
(GraphPad Inc., La Jolla, CA, USA). P < 0.05 was estab-
lished as statistically significant.

Results

Plumbagin promoted cell proliferation of high glucose 
induced HTR8/SVneo

In vitro cell model of GDM was established through 
incubation of HTR8/SVneo cells with high glucose. 
High glucose reduced cell viability of HTR8/SVneo in 
a dose-dependent manner (Figure 1A). Plumbagin also 
reduced the cell viability of HTR8/SVneo in a dosage-
dependent manner (Figure 1B). Less than 20-μM plum-
bagin had no significant effect on the cell viability of 
HTR8/SVneo (Figure 1B). Therefore, high glucose-
induced HTR8/SVneo cells were incubated with 5-, 10- or 
20-μM plumbagin to investigate the effects of plumbagin 
on GDM. Plumbagin enhanced the cell viability of high 
glucose-induced HTR8/SVneo (Figure 1C), and pro-
moted cell proliferation (Figure 1D) with increased EdU-
positive cells (Figure 1E). These results demonstrated the 
proliferative effect of plumbagin on GDM.

Plumbagin repressed cell apoptosis of high  
glucose-induced HTR8/SVneo

High glucose-induced cell apoptosis of HTR8/SVneo 
cells (Figure 2A), and plumbagin incubation repressed 
the apoptosis of high glucose-induced HTR8/SVneo 
(Figure 2A). Moreover, reduced Bcl-2 and enhanced 
Bax, and cleaved caspase-3 and cleaved caspase-9, in 
high glucose-induced HTR8/SVneo cells were restored 
by plumbagin incubation (Figure 2B), suggesting the 
anti-apoptotic role of plumbagin in GDM.

Plumbagin improved insulin resistance of high  
glucose-induced HTR8/SVneo

High glucose decreased protein expression of GLUT-
4, INSR-B and IRS1 in HTR8/SVneo cells (Figure 3). 
However, the levels of insulin-signaling and glucose uti-
lization-associated factors, GLUT-4, INSR-B and IRS1, 
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Figure 1.  Plumbagin promoted cell proliferation of high glucose-induced HTR8/SVneo. (A) High glucose reduced cell viability 
of HTR8/SVneo in a dose-dependent manner. (B) Plumbagin reduced HTR8/SVneo cell viability in a dose-dependent manner. (C) 
Plumbagin enhanced cell viability of high glucose-induced HTR8/SVneo. (D) Plumbagin promoted the cell proliferation of high 
glucose-induced HTR8/SVneo. (E) Plumbagin promoted EdU-positive cells of high glucose-induced HTR8/SVneo. @P < 0.05; **, 

@@P < 0.01; ***, @@@P < 0.001.

In addition, migration and invasion of trophoblasts were 
also implicated in the pathogenesis of GDM (Sun et al., 
2020), and plumbagin exerted anti-invasive effect against 
breast cancer cells (Lee et al., 2012). The effects of plum-
bagin on cell migration and invasion of high glucose-in-
duced HTR8/SVneo cells must be investigated in the 
future research.

During the development of GDM, insulin signal trans-
duction and glucose metabolism in the placenta were 
disturbed, leading to pathological changes in the pla-
centa tissue (Peng et al., 2020). Increase in insulin sen-
sitivity is established as strategy to improve GDM (Peng 
et al., 2020). Plumbagin has been reported to regulate 
GLUT4 translocation to reduce blood glucose, and 
attenuate streptozotocin-induced diabetes (Sunil et al., 
2012). Results of this study demonstrated that plumbagin 

increased protein expression of GLUT4 and insulin sig-
naling molecules, including IRS1 and INSR-B, in high 
glucose-induced HTR8/SVneo, thus promoting insulin 
sensitivity and suppressing insulin resistance to pro-
tect against GDM. Imbalance of inflammation in the 
placenta with increase in pro-inflammatory cytokines 
and decrease in anti-inflammatory cytokines mediated 
proliferation and invasion of trophoblasts and activi-
ties of insulin and glucose receptors, thus contributing 
to the pathogenesis of GDM (Li et al., 2021). Therefore, 
the anti-inflammatory effect of plumbagin on high glu-
cose-induced HTR8/SVneo must also be investigated in 
the future studies.

A previous study has demonstrated that AKT/mTOR 
pathway was involved in the development of GDM 
through regulation of insulin resistance and trophoblastic 
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Figure 2.  Plumbagin repressed cell apoptosis of high glucose-induced HTR8/SVneo. (A) Plumbagin suppressed the cell apop-
tosis of high glucose-induced HTR8/SVneo. (B) Plumbagin attenuated high glucose-induced decrease of Bcl-2, increase of Bax, 
cleaved caspase-3, and cleaved caspase-9 in HTR8/SVneo. @@P < 0.01; ***, @@@P < 0.001.
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Chen, X.-J., Zhang, J.-G. and Wu, L., 2018. Plumbagin inhibits neu-
ronal apoptosis, intimal hyperplasia and also suppresses TNF-α/
NF-κB pathway-induced inflammation and matrix metallopro-
teinase-2/9 expression in rat cerebral ischemia. Saudi Journal 
of Biological Sciences 25: 1033–1039. https://doi.org/10.1016/j.
sjbs.2017.03.006

Han, N., Fang, H.-Y., Jiang, J.-X. and Xu, Q., 2020. Downregulation 
of microRNA-873 attenuates insulin resistance and myocardial 
injury in rats with gestational diabetes mellitus by upregulat-
ing IGFBP2. American Journal of Physiology-Endocrinology 
and Metabolism 318: E723–E735. https://doi.org/10.1152/
ajpendo.00555.2018

Ilekis, J.V., Tsilou, E., Fisher, S., Abrahams, V.M., Soares, M.J., 
Cross,  J.C., Zamudio, S., Illsley, N.P., Myatt, L., Colvis, C., 
Costantine, M.M., Haas, D.M., Sadovsky, Y., Weiner, C., 
Rytting,  E. and Bidwell, G., 2016. Placental origins of adverse 
pregnancy outcomes: potential molecular targets: an Executive 
Workshop Summary of the Eunice Kennedy Shriver National 
Institute of Child Health and Human Development. American 
Journal of Obstetrics and Gynecology 215: S1–S46. https://doi.
org/10.1016/j.ajog.2016.03.001

Kaiser, J., 2014. Gearing up for a closer look at the human 
placenta. Science 344: 1073. https://doi.org/10.1126/
science.344.6188.1073

Lee, J.-H., Yeon, J.-H., Kim, H., Roh, W., Chae, J., Park, H.-O. and 
Kim, D.-M., 2012. The natural anticancer agent plumbagin 
induces potent cytotoxicity in MCF-7 human breast cancer 
cells by inhibiting a PI-5 kinase for ROS generation. PloS One 7: 
e45023. https://doi.org/10.1371/journal.pone.0045023

Li, J., Li, Y., Zhou, X., Wei, L., Zhang, J., Zhu, S., Zhang, H., Gao, X., 
Sharifu, L.M., Wang, S., Xi, L. and Feng, L., 2021. Upregulation 
of IL-15 in the placenta alters trophoblasts behavior contribut-
ing to gestational diabetes mellitus. Cell & Bioscience 11: 33. 
https://doi.org/10.1186/s13578-021-00533-4

Madazlı, R., Tuten, A., Calay, Z., Uzun, H., Uludag, S. and Ocak, V., 
2008. The incidence of placental abnormalities, maternal and 
cord plasma malondialdehyde and vascular endothelial growth 
factor levels in women with gestational diabetes mellitus and 
nondiabetic controls. Gynecologic and Obstetric Investigation 
65: 227–232. https://doi.org/10.1159/000113045

function (Tsai et al., 2021). High glucose induced 
down-regulation of mTOR phosphorylation in tropho-
blasts (Tsai et al., 2021), and activation of AKT/mTOR 
impeded the progression of GDM (Han et al., 2020). 
Therefore, regulation of AKT/mTOR pathway provided 
avenues to alleviate GDM. PI3K/Akt/mTOR was impli-
cated in the plumbagin-mediated cancer cell prolifera-
tion and survival (Cai et al., 2020) and neuroprotection 
(Yuan et al., 2017). Here, the protein expression of AKT 
and mTOR phosphorylation was reduced in high glu-
cose-induced HTR8/SVneo but enhanced by plumbagin 
incubation, indicating that plumbagin promoted activa-
tion of AKT/mTOR pathway to attenuate GDM.

Conclusion

Plumbagin promoted cell proliferation of high glu-
cose-induced HTR8/SVneo cells, suppressed cell apop-
tosis and promoted insulin resistance through activation 
of AKT/mTOR pathway. These results could provide a 
novel therapeutic strategy for treating GDM.
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