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Abstract
Background: White sweet potato (WSP; Ipomoea batatas L. Simon No. 1) has many potential beneficial effects
on metabolic control and diabetes-related insulin resistance. The improvement of insulin resistance by WSP tuber
extracts on glucose uptake were not investigated in C2C12 myoblast cells.
Results: WSP tuberous ethanol extract (WSP-E) was partitioned with ethyl-acetate and water to obtain ethyl-acetate
layer (WSP-EA) and water layer (WSP-EW). The WSP-EA shows the highest total phenolic contents and highest anti‑
oxidant activity by Folin-Ciocalteu and (2,2-diphenyl-1-picryl-hydrazyl-hydrate, DPPH) assay, respectively. After low
concentration horse serum on differentiation inducement of C2C12 myoblasts into mature myotubes, the cells were
treated with TNF-α to induce insulin resistance. WSP-EA and WSP-EW extracts increased the uptake of fluorescence
glucose analogue (2-[N-(7-nitrobenz-2-oxa-1, 3-diazol-4-yl) amino]-2-deoxy-d-glucose, 2-NBDG) in a dose-dependent
manner as examined by flow cytometry. The WSP-EA enhanced glucose uptake by activation of phosphorylation of IR
(pIR), IRS-1 (pIRS-1) and Akt (pAkt) involved in PI3K (phosphatidylinositol 3-kinase)/protein kinase B (Akt) pathway, also
upregulated glucose transporter 4 (GLUT4) expression in myotubes.
Conclusions: WSP-EA enhanced the glucose uptake in C2C12 myotubes through upregulating the PI3K/Akt
pathway. The in vitro data reveal that WSP tuber extracts has potential applications to improve insulin resistance in
diabetes.
Keyword: White sweet potato, C2C12 myotube, Insulin resistance, 2-NBDG, PI3K/Akt pathway
Background
Diabetes mellitus is a metabolic disorder characterized by chronic hyperglycemia resulting from defects in
insulin secretion, insulin action, or both. In type 2 diabetes (T2DM), the insulin action and/or insulin secretion is impaired, latter is called insulin resistance. In
adults, T2DM is the most common form of diabetes
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mellitus, which accounts for 90–95% of all diabetic
patients (American Diabetes 2009; Maleckas et al. 2015).
Therefore, the peripheral glucose uptake will be reduced,
resulted in hyperglycemia. In long term high blood glucose can cause microvasular and macrovascular complications, such as atherosclerosis, nephropathy, neuropathy
and retinopathy (Chawla et al. 2016).
Insulin resistance in obesity and T2DM is manifested
by decreased insulin-stimulated glucose transport and
metabolism in adipocytes and skeletal muscle and by
impaired suppression of hepatic glucose output (Kahn
and Flier 2000). Fatty acid metabolites, proinflammatory
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cytokines and cellular stress which destruct the insulin
signaling pathway and exacerbate insulin resistance and
hyperglycemia in T2DM (Boden 2011; Day and Bailey
2011). Glucose uptake via activation of the phosphatidylinositol 3‑kinase (PI3K)/protein kinase B (Akt) signaling cascade involving multiple enzymes is able to reduce
glucose levels in the extracellular milieu, which in turn
contributes to decrease hyperglycemia. When insulin
binds to the insulin receptor (IR) on the target cell surface, causing the IR a conformational change to form
phospho insulin receptor (pIR) and phosphorylation of
insulin receptor substrate-1 (pIRS-1). The activation of
PI3K/Akt pathway by insulin can cause GLUT4 translocated to the plasma membrane from storage vesicles and
transports glucose into skeletal muscle cells (MéndezGarcía et al. 2018).
Oxidative stress stimulates the generation of reactive oxygen species (ROS) is believed to play an important role in developing insulin resistance in T2DM. ROS
can be derived from multiple sources, such as generated during mitochondrial oxidative metabolism as well
as in cellular response to inflammatory cytokines and
chemokines. They contribute to induce multiple types of
insulin resistance, mitochondrial dysfunction, impaired
glucose tolerance, and β-cell dysfunction (Oguntibeju
2019).
Sweet potato (SP; Ipomoea batatas L.) belonged to
the Convolvulaceae family, originated in Central Americas, is ranked the world’s seventh most important crop.
Extracts of sweet potato compounds have pharmacological action, clinical effect, plausible medicinal applications, and demonstrates the potential of sweet potato as a
medicinal food. (Mohanraj and Sivasankar 2014). White
sweet potato (WSP) extracts have antidiabetic activity
in both insulin-deficient and insulin-resistant diabetic
animals (Bachri et al. 2010; Kusano and Abe 2000; Oki
et al. 2011). In patients with T2DM, WSP tuber extract
effectively reduced insulin resistance as well as fibrinogen, fasting plasma glucose, and low-density lipoproteincholesterol levels (Ludvik et al. 2008, 2003). The 30%
tubers of WSP had lower plasma glucose, insulin, glucose
area under the curve (AUC) in diabetic mice (Shih et al.
2020), improve nutrition status and glycemic control in
elderly diabetic patients (Chen et al. 2019), and reduce
energy and facilitate individual weight loss (Shih et al.
2019). However, the whole WSP roots introduced to diabetic mice, resulting in an insignificant PI3K/AKT signal
expression in skeletal muscle of diabetic mice.
The separation of substances that mediate or mimic the
action of insulin could lead to develop of novel structures
which may be of clinical use in the treatment of glucose
metabolism abnormalities associated with T2DM and
insulin resistance. Thus far, studies on the use of WSP

Page 2 of 11

tuber extracts as a functional ingredient for the management of insulin resistance cell have been scant. The aim
of this study was to determine the effect of extracts of
WSP on glucose uptake and explore relevant mechanism
in TNF-α treated C2C12 myotubes.

Methods
Materials

C2C12 murine myoblast cell line was purchased from
Bioresource Collection and Research Center (Hsinchu, Taiwan). Dulbecco’s modified Eagle’s medium,
fetal bovine serum (FBS), penicillin–streptomycinAmphotericin B (PSA), 0.5% trypsin–EDTA, and
2-[N-(7-nitrobenz-2-oxa-1, 3-diazol-4-yl) amino]-2-deoxy-d-glucose (2-NBDG) were obtained from GibcoInvitrogen (Carlsbad, CA, USA). Insulin, Tumor necrosis
factor-alpha, phosphatase inhibitor cocktail, 2,2-diphenyl-1-picryl-hydrazyl-hydrate (DPPH), 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
and other chemicals and reagents were purchased from
Sigma Chemical Co. (St. Louis, MO, USA). Protein concentrations in each sample were quantified using a BioRad DC Protein Assay kit (Hercules, CA, USA). The
prestained protein marker for SDS-PAGE was from
Bioman Sci. Co. LTD (New Taipei City, Taiwan). The
antibody of β-actin, anti-phosphorylated IR, anti-phosphorylated IRS-1, anti-phosphorylated Akt, and antiGLUT4 were purchased from cell signaling technology
(Beverly, MA, USA). The band density was quantified
using the analysis software Quantity One 1-D (Hercules,
CA, USA).
Preparation of sweet potato extracts and HPLC analysis
of bioactive WSP‑EA fraction

Fresh mature WSP (I. batatas L. Simon No. 1) was harvested from a farm in the Chiayi Agricultural Experiment
Station, Taiwan. About 50 kg WSP were extracted with
95% ethanol for at least 3 days to 1 week at room temperature, and repeated twice. The total WSP ethanolic
extracts (WSP-E) were collected and vacuum evaporated
to dry at room temperature. An amount of WSP-E was
thoroughly resuspended in water and partitioned by ethyl
acetate with a ratio of 1:1 to yield WSP-EA and WSP-EW
fractions. The dry forms of WSP-E, WSP-EA and WSPEW were storage at refrigerator until use. Flowchart for
the preparation of WSP tuber extracts was showed in
Fig. 1A. The recovery rate (%) of WSP-E, WSP-EA, and
WSP-EW from fresh raw materials of Simon No.1 tubers
were ~ 5.5%, 0.22% and 4.73%, respectively. We have
established the chromatogram obtained by HPLC analysis of the most bioactive WSP-EA fraction and showed in
Fig. 1B. The chromatogram of the sample WSP-EA was
analyzed on a RP-18 column [Phenomenex Luna 5 μ C18
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Fig. 1 Methods for the preparation of white sweet potato tuber extracts (A). HPLC analysis of the most bioactive WSP-EA fraction (B)

(2), 250 mm × 4.6 mm] using an acetonitrile (MeCN)/
H2O gradient as the solvent system with a flow rate of
1 mL/min and measured by a UV detector at 210 nm.
The HPLC gradient was MeCN (solvent B) in H2O (solvent A): 30% from 0 to 10 min, 70% from 10 to 20 min,
85% from 20 to 25 min, 95% from 25 to 30 min, and 100%
from 30 to 80 min. Compound glycerol monolinoleate
(1), with purity (> 97%) was purified from the WSPEA fraction and confirmed its proton and carbon NMR

spectral data with the same compound spectra published
elsewhere (Okuyama et al. 2001). Compound 1 can be
the index compound of the WSP-EA fraction.
Total phenolic content

Extracts of WSP-E, WSP-EA and WSP-EW were prepared as 2 mg/mL in methanol. The use of gallic acid as
a standard at a concentration from 5 to 100 mg/L according to methods of Truong et al. with some modification
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(Truong et al. 2007). For 0.5 mL sample plus 0.5 mL
Folin-Ciocalteu reagent and mixed with 50 µL of 10%
sodium-bicarbonate. After 1-h incubation at room temperature, OD values were measured at 735 nm in plate
reader. Results were expressed as milligrams of gallic acid
equivalent (GAE) per gram by dry weight (mg GAE/g
DW).
In vitro DPPH radical‑scavenging activity

DPPH is a radical-generating substance widely used to
monitor the free radical-scavenging abilities of various
antioxidants. The evaluation of free radical scavenging
ability was according to Yamaguchi et al. (1998). Various
WSP extracts were prepared and tested their antioxidant
activity at a range of concentrations from 5 to 250 μg/mL.
Ascorbic acid was used as a standard at a concentration
ranged from 0.078–10 mg/mL. 400 μL Tris–HCl buffer
(pH 7.4, 100 mM) and 500 μL of DPPH (500 μM) solution were added, samples were shaken vigorously and left
to stand for 20 min at room temperature in the dark. OD
values were measured at 517 nm using plate reader. The
radical scavenging activity was measured as a decrease
in the absorbance of DPPH and was calculated using the
following equation: scavenging effect (%) = (1 − ASample
(517 nm)/AControl (517 nm)) × 100.
Differentiation of C2C12 cells and MTT assay

C2C12 myoblasts were maintained in a humidified
atmosphere containing 5% C
 O2 at 37 °C using DMEMhigh glucose with 20% FBS supplemented with PSA
antibiotics to form postconfluence within 2–3 days. For
inducing differentiation, DMEM with high glucose plus
2% horse serum was added. Medium was changed every
1 day up to the three days’ time point and after that,
every 12 h medium supplement. As these cells differentiate, they begin to deplete and acidify the medium more
quickly. To determine the cytotoxic dosage of the WSP
extracts used in subsequent experiments, C2C12 myoblasts were plated using 96-well plate (200 μL medium
per well) and cell densities of 10,000 cells/mL. After differentiation, WSP extracts (ranged 12.5–200 µg/mL) will
be added to the new medium. Cells will be incubated for
24 h at 37 °C, 20 μL of MTT Solution (5 mg/mL) was
added per well and incubate for 3 h at 37 °C, then 100 μL
of the DMSO was added and product can be quantified
by spectrophotometry using a plate reader at 570 nm.
Evaluation of insulin resistance by glucose uptake assay

2-NBDG is a fluorescence glucose analogue used to
estimate the amount of glucose uptake by flow cytometry and thereby to explore the regulation of glucose
metabolism and mechanism of insulin resistance (Lee
et al. 2011). Briefly, myoblasts were differentiated and
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insulin resistance was induced by TNF-α (20 ng/mL)
induction for 24 h. Then the myotubes were incubated
with Krebs–Ringer bicarbonate (KRB) buffer containing
160 µM 2-NBDG and 500 nM insulin with or without SP
extract (12.5–200 µg/mL) and 50 µM thiazolidinediones
(TZD) as a control for insulin-sensitizing drugs (Reginato
and Lazar 1999) and incubation at 37 °C for 30 min in
the dark. The TZD is a diabetic drug that can improves
insulin signaling in human adipocytes, as evidenced by
increasing insulin-induced PI3 kinase and Akt activities
(Lin et al. 2005). The reaction was stopped by washing
cells with ice-cold phosphate buffered saline (PBS), then
transferred cells into glass tubes. Samples were analyzed
using a FACSCalibur flow cytometer (San Jose, CA, USA)
by 20,000 cells per sample. The excitation and emission
wavelengths of 488 and 542 nm, and analyzed using Cell
Quest Pro software. The intensity of fluorescence reflects
the uptake of 2-NBDG in the cells.
Western blotting

The TNF-α induced C2C12 myotubes were treated with
different WSP extracts and TZD were homogenized in a
modified RIPA buffer (0.5 M Tris–HCl at pH 7.4, 1.5 M
sodium chloride, 2.5% deoxycholic acid, 10% NP‐40,
and 10 mM EDTA) and 10% protease and phosphatase
inhibitor cocktail. The homogenates were centrifuged
at 10,000g at 4 °C for 15 min, and the supernatants were
taken as the cell extract. For demonstrating GLUT4
expression in the membrane, the cell lysate was prepared using a Mem-PER kit from Thermo Fisher Scientific (Waltham, MA, USA) to enrich the membrane and
cytosolic proteins. Protein concentrations in each sample were quantified using a commercial assay kit with
bovine serum albumin as a standard. Equal amounts of
proteins (40 μg) were mixed with 4X SDS-PAGE loading buffer, containing 200 mM Tris–Cl (pH 6.8), 400 mM
DTT, 8% SDS, 0.4% bromophenol blue and 40% glycerol,
and boiled for 10 min in water. The denature samples
were subjected to 10% sodium dodecyl sulfate–polyacrylamide gel electrophoresis and then transferred onto
a polyvinylidene difluoride transfer membrane. The
blots were blocked with Tris-buffered saline with 0.1%
Tween® 20 Detergent (TBST) containing 1% BSA for
1 h, then washed with TBST three times, and incubated
with 1:2000 diluted solutions of anti-pIR, anti-IR antipIRS-1, anti-pAkt, anti-Akt, and anti-GLUT4 antibodies
overnight at 4 °C. The β-actin antibodies as staining used
as a control to ensure equal protein loading in each lane
of the gel. The membrane was washed three times each
for 5 min in TBST, and then shaken in a solution of antimouse IgG or anti-rabbit IgG secondary antibodies. After
repeating the washing step, the binding of antibodies
was determined using FAST 5-bromo-4-chloro-3-indolyl
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phosphate/nitro blue tetrazolium as the substrate of the
secondary antibody-conjugated alkaline phosphatase.
The band density was quantified using the analysis software Quantity One 1-D by Bio-Rad Laboratories, Inc.
(Hercules, CA, USA).
Statistical analysis

Every experiment was performed in triplicate and the
mean and data are represented as mean ± standard deviation (SD). Statistical evaluation was performed using
one-way ANOVA, followed by Tukey’s post-hoc test. All
data analyses were performed using SPSS (version 19;
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SPSS Inc., Chicago, IL, USA). Differences were considered significant at P < 0.05.

Results
Total phenolics and antioxidant activity

The total phenolic content, measured by Folin-Ciocalteu assay is shown in Fig. 2A. WSP-EA extract is
the most abundant in total phenolics, with a value
of 52.6 ± 2.9 mg/g of GAE, followed by WSP-E
(26.1 ± 1.8 mg/g of GAE), and WSP-EW (12.6 ± 0.8 mg/g
of GAE), respectively. The polyphenol content of WSPEA was about 4 times that of WSP-EW. The free radical scavenging ability of the extracts by DPPH assay was

Fig. 2 Total phenolic content, DPPH radical-scavenging activity and relationship between antioxidant activity and total phenolic content in WSP. A
Total phenolics of sweet potato extracts. B Percentage scavenging activity of sweet potato extracts. C Correlation between % scavenging activity
and total phenolic contents. GAE gallic acid equivalent, WSP-E white sweet potato ethanol extract, WSP-EA white sweet potato ethyl-acetate
fraction, WSP-EW white sweet potato water fraction. Values were presented as mean ± SD of 3 independent experiments performed in triplicate,
and were analyzed using one-way ANOVA, followed by a post hoc Tukey’s test for multiple comparisons. Different letters above the error bars
indicate significant differences among treatments (P < 0.05)
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presented in Fig. 2B. The data showed that, at 50 μg/
mL, WSP-EA has the highest scavenging activity with
58.0 ± 4.3% followed by WSP-E with a value of 44.5 ± 3.8
then the lowest was WSP-EW (24.9 ± 1.4%). The total
phenolic contents and free radical scavenging activity
revealed a significant positive correlation (R2 = 0.9121,
p < 0.001) was shown in Fig. 2C. We have carried out
additional experiment at a concentration range from
5 to 250 μg/mL of the WSP extracts to determine their
anti-oxidant activities. The 
IC50 values for scavenging
DPPH radicals by WSP-E and WSP-EA were determined
at 175 and 39 μg/mL, respectively. WSP-EW only inhibited ~ 30% of DPPH radicals at 250 μg/mL.
Cell viability assay

The cell viability of C2C12 myoblasts by different
WSP extract treatments were accessed by MTT assay.
Cells were treated with different concentration ranged
between 25 and 400 µg/mL for 24 h. The result is shown
on Fig. 3. There was no significantly difference between
each group. In other words, these extracts did not cause
any toxicity any toxicity up to 400 µg/mL concentration
on C2C12 muscle cells.
Glucose uptake assay using flow cytometry

TNF-α could cause muscle cell inflammation and lead to
insulin resistance. Our data revealed treatment TNF-α
20 ng/mL for 24 h could significantly reduce 2-NBDG
uptake by C2C12 myotubes. Differentiated C2C12 cells
significantly increased glucose uptake under the action
of insulin. However, cells treated with TNF-α for 24 h
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significantly reduced fluorescence glucose uptake by
nearly 44–46% under the action of insulin (Fig. 4A, B). It
showed that myotubes have successfully induced insulin
resistance. Treat myotubes with different concentrations
of WSP-EA (12.5–200 µg/mL), we found the fluorescence intensity increased significantly with the increase
in concentration by a dose dependent manner (Fig. 4A).
In addition, the differentiated cells treated with WSPEW also increased their fluorescence intensity only in a
higher dosage, but not showed a dose dependent manner
(Fig. 4B). Further evaluation of insulin resistance in myotubes, both highest concentration of WSP-EA and WSPEW significantly increase the glucose uptake by 54% and
59%, individually.
Western blotting findings of WSP‑EA

We analyzed the protein expression to determine
whether WSP-EA extracts increased glucose uptake by
activating the PI3K/Akt pathway. Our data revealed that
protein expression of phosphorylation of IR (pIR), IRS-1
(pIRS-1) and Akt (pAkt) significantly decreased after
treated with TNF-α for 24 h. When C2C12 myotubes
were treated with different concentrations of WSP-EA
(12.5–200 µg/mL), the expression of pIR, pIRS-1 and
pAkt increased significantly in a dose-dependent manner
(Fig. 5B–D). We did not see effect on the protein levels
of IR, IRS-1 and Akt in the cells after treating WSP-EA
extracts by western blotting (data not shown), we therefore only show the result of phosphorylated IR, IRS-1
and AKT proteins in Fig. 5. In addition, to separate of
cytosolic and membrane proteins from whole cells and

Fig. 3 C2C12 myotubes viability evaluated by MTT assay in different WSP extracts and concentration from 25 µg/mL to 400 µg/mL for 24 h at 37 °C.
WSP-E white sweet potato ethanol extract, WSP-EA white sweet potato ethyl-acetate fraction, WSP-EW white sweet potato water fraction. Values
were presented as mean ± SD of 3 independent experiments performed in triplicate, and were analyzed using one-way ANOVA, followed by a post
hoc Tukey’s test for multiple comparisons
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upregulated with increasing concentration. It demonstrated that increased membrane GLUT4 expression by
insulin action and decreased by TNF-α treatment. WSPEA extract could successfully recover this decrease even
in low concentration (Fig. 5E).

Fig. 4 Glucose uptake evaluation of different concentration of
WSP extracts on C2C12 myotubes. C2C12 cells were differentiated
to myotubes in DMEM-high glucose plus 2% horse serum, further
insulin resistance was induced by TNF-α (20 ng/mL) for 24 h. The
different concentration of WSP-EA fraction (12.5 µg/mL to 200 µg/
mL) (A) and WSP-EW fraction (B) were used to quntified the uptake
of glucose analog 2-NBDG by flow cytometry. TNF-α tumor necrosis
factor alpha, WSP-EA white sweet potato ethyl-acetate fraction,
WSP-EW white sweet potato water fraction. TZD thiazolidinedione.
Values were presented as mean ± SD of 3 independent experiments
performed in triplicate, and were analyzed using one-way ANOVA,
followed by a post hoc Tukey’s test for multiple comparisons.
Different letters above the error bars indicate significant differences
among treatments (P < 0.05)

measure the GLUT4 expression in different concentrations of WSP-EA (12.5–200 µg/mL), we also found that
GLUT4 translocation to membrane was significantly

Discussion
WSP have claimed to have antidiabetic properties
according to the traditional medicine in Taiwan. They
contain a lot of fibers, minerals, β-carotene and polyphenols. Polyphenols had shown in many studies to exert
positive effects for the prevention of metabolic disorders
such as diabetes. Thus, the antidiabetic effect of WSPEA may be related to their phenolic composition, which
comprises several major compounds, including flavonols,
anthocyanins, caffeic acids, chlorogenic acids, quercetins, myricetins, apigenins and luteolins (Ishiguro et al.
2007; Truong et al. 2007). As polyphenols in general are
moderately water-soluble, the antidiabetic effect of the
water fractions can be due to other compounds. Ayeleso et al. demonstrated extract of orange sweet potato
showed the presence of polyphenols which ameliorate
oxidative stress and modulate T2DM associated genes in
insulin resistant C2C12 cells (Ayeleso et al. 2018). In the
present study, we found WSP-E, WSP-EA and WSP-EW
have high total polyphenol content and scavenging effect
of DPPH. The result confirmed that WSP extracts exerts
its anti-diabetic properties in TNF-α treated C2C12 myotubes by glucose uptake assay, both high dosage of WSPEA and WSP-EW increased the uptake of 2-NDBG than
TNF-α along significantly.
The total phenolic content of sweet potatoes depends
on the geographic area, weather, storage conditions,
preparation methods and genotype (Ishiguro et al. 2007).
Latest is the most widely described, and there are some
articles comparing different genotypes with different root
color. For example Makori et al. also compared flesh of
white (Simon No. 1 and Shangshu 19), purple (Yuzi No.
7) and orange (Pushu 32) sweet potatoes, and found
that purple sweet potatoes (9.8 mg/g of GAE) contained
approximately 2 times more polyphenols thane orange
(5.7 mg/g of GAE) and white (5 mg/g of GAE) phenotypes on a dry weight basis (Makori et al. 2020). Compare
to our results, the WSP-EA extract had very high level of
total phenolics with 52.6 ± 2.9 mg/g of GAE. The scavenging activity of the samples showed a strong correlation with the total phenolic content, which is consistent
with previous studies (Truong et al. 2007). In the present studies, WSP-EA had the highest scavenging activity with 58.0 ± 4.3%, showed that the scavenging activity
is mainly due to aboudant polyphenols in WSP-EA. In
addition, the WSP-E crude extract also had higher scavenging activity than WSP-EW due to the solubility of
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Fig. 5 Effect of WSP-EA extracts on insulin-stimulated phosphorylation of the PI3K/Akt pathway. A–F Western blotting of insulin-stimulated
phosphorylation of pIR, pIRS-1, pAkt and M-GLUT4 expression. TNF-α tumor necrosis factor alpha, ins insulin, WSP-EA white sweet potato
ethyl-acetate fraction. TZD thiazolidinedione, pIR phosphorylation of insulin receptor, pIRS-1 phosphorylation of insulin receptor substrate 1,
pAkt phosphorylation of protein kinase B, describe the scale of y-axis of each quantification: membrance glucose tranporter 4, T-GLUT4 total
glucose transporter 4. Values were presented as mean ± SD as independent experiments performed in triplicate, and were analyzed using
one-way ANOVA, followed by a post hoc Tukey’s test for multiple comparisons. The scale of y-axis of each quantification means ratio of candidate
phosphorylated-protein expression to house keeping protein (B–D) or ratio of M-GLUT4 to total GLUT4. Different letters above the error bars
indicate significant differences among treatments (P < 0.05)

polyphenol. The reactive oxygen species can disrupt
intracellular signalling pathways, thereby dysregulating
the expression of genes associated with insulin secretion and signalling. However, the various polyphenols

and phenolic compounds exhibit remedial benefits
involved in the T2DM by modulate insulin resistant process have not yet been properly elucidated (Kang et al.
2019). Therefore, our result points out that WSP-EA in
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a dose dependent manner exerted fluorence glucose
uptake. The protein expression levels of pIR, pIRS1 and
pAkt upregulated with the increase of WSP-ER intervention, suggesting that phenolic compounds of WSP-EA
has an antidiabetic effect via activation of the PI3K/Akt
pathway and increase GLU4 translocation to the plasma
membrane.
There are numerous animal studies evaluating the side
effects of different sweet potato treatments, but there are
only a few papers evaluating their toxicity in cell culture.
These papers are mostly cancer studies, where cytotoxicity by apoptotic pathway is beneficial. For example the
extract from baked sweet potato showed cytotoxicity
against human myelocytic leukemia HL-60 cells (Rabah
et al. 2004). The anthocyanins from purple sweet potatoes have the strongest antioxidant ability among polyphenols, therefore they are widely studied. In in vitro they
showed to exert protective effect in chemically induced
toxicity according to the study of Hwang et al. (2011).
In other study purple sweet potato fermented milk prevented the cell death of macrophage-like RAW264.7 cells
(Wu et al. 2012).There was no literature regarding cytotoxicity of white and orange sweet potatoes on healthy
cells, such as C2C12 cells. As a very important crop root
it is consumed in high amount in some regions (Champagne et al. 2009), so it is not surprising that the safety of
this food and for the extracts is also very high. According
to our unpublished data in FL83B hepatocytes, 400 µg/
mL concentration was also the upper limit for the WSP
extracts without significant toxicity.
Measuring the uptake of 2-NBDG glucose analogue
is a very sensitive and trustable method for the first-line
evaluation of the antidiabetic drugs and agents. This is a
good method for measuring glucose uptake by different
treatments; and already described in some studies using
skeletal muscle cells. For example the effect of tangeretin (Kim et al. 2012) and citrus junos Tanaka peel extract
(Kim et al. 2013) and Monascus sp. (Lee et al. 2011)
were also tested in the same model system and found
increased glucose uptake in C2C12 myotubes. However,
the first two papers were focusing on AMPK pathway,
while monascus showed the effect on the PI3K pathway
by using 2-NBDG uptake with insulin-dependent glucose uptake in muscle cells. Following its methodology,
we also found increased glucose uptake by WSP treatments. In addition, the L6 rat skeletal muscle cells were
used to test the effect of guanidinium derivatives (Yang
et al. 2013) and p-Coumaric acid (Yoon et al. 2013) on
glucose uptake, and they both found the involvement of
the AMPK pathway. AMPK can be activated by exercise
to induce glucose uptake to cover the elevated energy
demand of the muscles. In C2C12 cells electrically stimulated contraction can increase 2-NBDG uptake, which
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is independent of insulin and can mimic the effect of
exercise (Kaji et al. 2010). Other authors also introduced
2-NBDG to analyze the contraction-mediated signals,
calcium and AMPK, on glucose uptake under acute and
chronic conditions (Park et al. 2009).
GLUT4 is the insulin-regulated glucose transporter
found primarily in adipose tissues and skeletal muscle.
The glucose uptake by GLUT4 involves the translocation of the GLUT4 containing vesicles to the plasma
membrane. This trafficking was shown by separating the
membrane proteins from the cytosolic proteins, which
showed elevated GLUT4 levels by the WSP-EA extracts.
It had been proposed that the phosphorylation of AS160
(Akt substrate, 160 kDa), a Rab GTPase-activating protein play an important role in the regulation of GLUT4
translocation (Randhawa et al. 2008). AS160 seems to
be the common effector of AMPK and Akt, which is a
downstream effector of PI3K. To investigate, which pathway play major role in WSP-EA induced glucose uptake,
we also performed western blot using anti-Akt and antiAMPK antibodies. Unfortunally, AMPK have not differed significantly in any of the groups (data not shown),
while Akt showed dose dependent activation by WSP-EA
treatments. So, we speculated that the glucose uptake
is activating the PI3K/Akt pathway, but not the AMPK
pathway. Akt is involved in multiple cellular processes
such as glucose metabolism, apoptosis, cell proliferation,
transcription and cell migration. As a member of the
insulin signaling pathway, it is required to induce glucose transport. This protein kinase is activated by insulin
involving PI3 kinase activation. Akt can be activated by at
Thr308 by PDK1 and by phosphorylation within the carboxy terminus at Ser473. Phosphorylation on both sites is
required for full activation of Akt (Hill et al. 2001).
To further dissect the role of PI3K pathway in the effect
of sweet potato, we analyzed the expression levels of p-IR
and p-IRS-1. TNF-α plays a central role in the state of
insulin resistance associated with obesity. Paz et al. had
showed that one important mechanism by which TNF-α
interferes with insulin signaling is through the serine
phosphorylation of IRS-1, which can then function as
an inhibitor of the tyrosine kinase activity of the IR (Paz
et al. 1997). Therefore, agents which can increase insulininduced Tyr phosphorylation, or block Ser/Thr—phosphorylation caused by TNF-α, can increase the ability of
IRS-1 to interact with the juxtramembrane region of IR.
We could observe the elevation of the Tyr phosphorylation in the effect of WSP-EA and TZDs, giving additional
evidence for the involvement of the PI3K pathway.
In T2DM, overweight patients are not only high serum
free fatty acids and hyperinsulinemia, but also increased
leptin, MCP-1, IL-6, and TNF-α production by adipocytes. Oxidative stress cause by NADPH oxidase and
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possibly adipocyte mitochondria can alternate intracellular signaling that leads to the formation of insulin
resistance (Maslov et al. 2018). Plant phytochemicals,
like polyphenols, β-carotene and anthocyanins are extensively studied for their ability to scavenge the free radicals and therefore attenuate the effect of ROS-inducing
agents. Therefore, we cannot exclude several possible
mechanisms, including the inflammatory process involving on nuclear factor-kappa B (NF-κB) and c-jun terminal NH2-kinase (JNK) signaling pathways. For example,
astaxanthin increased IRS-1 tyrosine and Akt phosphorylation and a decrease JNK and IRS-1 serine 307 phosphorylation in L6 cells (Ishiki et al. 2013), or resveratrol
upregulated Nrf2 expression to attenuate methylglyoxalinduced insulin resistance in Hep G2 cells through the
extracellular signal-regulated kinase (ERK) pathway but
not the p38 or c-Jun N-terminal kinase (JNK) pathways
(Cheng et al. 2012). β-carotene, the major pigment of
orange sweet potatoes, could reverse the ROS inducing
effect of TNF-α in 3T3-L1 adipocytes during differentiation by enhancing gene expressions of adiponectin, adipocyte lipid-binding protein, GLUT4 and peroxisome
proliferator-activated receptor-gamma2 (Kameji et al.
2010). In addition, many phenolic compounds have been
described in sweet potatoes, but their exact mechanism
and interactions with other compounds are different
influence in diabetic conditions. For this reason, there
are further studies should be done to evaluate the antiinflammatory and antidiabetic actions of each sweet
potato compounds.

Conclusion
Sweet potatoes contain a lot of active compounds, especially high in polyphenols, which can have good antioxidative properties and potential applications to improve
insulin resistance in diabetes. WSP extracts helped
the glucose uptake in TNF-α treated C2C12 cells. The
improvement of WSP-EA against TNF-α-induced insulin resistance was mainly mediated by PI3K/Akt pathway.
This was demonstrated by the IR, IRS-1 and Akt activation by phosphorylation, that might further upregulate
GLUT4 expression. Although the PI3K inhibitor assay
were not employed in this study, the WSP-EA intervention showed a dose-dependent upregulation in good
agreement with the positive control drug TZD. This
could explain that the up-regulation of GLUT4 expression in C2C12 myotubes is activated by insulin signaling
pathways and could be regulated by WSP-EA. Overall,
we can conclude that sweet potato extract can exert beneficial effect in diabetic conditions in vitro. The pharmacokinetics and bioavailability studies in animals that are
essential in the design of safe dosage regimens of the
extracts and/or its active ingredients.

Page 10 of 11

Acknowledgements
The authors thank the NMR facility installed at the Institute of Biological
Chemistry, Academia Sinica for acquiring the NMR spectra for the compound
identified in this study.
Authors’ contributions
LFS, SCM, and SCL participated the discussion and concepts of experimental
designs, manuscript writing and revision; VV, CMC and JC performed the
experiments. All authors read and approved the final manuscript.
Funding
This research was funded by grants from the Council of Agriculture [105-Agri‑
cultural Science-13.3.1-Science-a6], [106-Agricultural Science-12.3.1-Sciencea7], the Ministry of Science and Technology, Taiwan [NSC 101-2313-B-038004-MY3], and DPIAB Project, Academis Sinica (101S0030062) for financial
supports.
Availability of data and materials
All data generated during the study are interpreted in the manuscript.

Declarations
Ethics approval and consent to participate
Not applicable.
Consent for publication
Not applicable.
Competing interests
The authors declare that they have no competing interests.
Author details
1
Agricultural Biotechnology Research Center, Academia Sinica, Taipei 11529,
Taiwan. 2 School of Nutrition and Health Sciences, College of Nutrition, Taipei
Medical University, 250 Wu‑Hsing Street, Taipei 11031, Taiwan. 3 Institute
of Translational Medicine, Semmelweis University, 1094 Budapest, Hungary.
4
Department of Food Science, Nutrition, and Nutraceutical Biotechnology,
Shih Chien University, Taipei 10462, Taiwan. 5 School of Medicine, Fu-Jen
Catholic University, New Taipei City 24205, Taiwan. 6 Agricultural Biotechnology
Research Center, Academia Sinica, Taipei 115, Taiwan.
Received: 23 October 2020 Accepted: 11 May 2021

References
American DA (2009) Diagnosis and classification of diabetes mellitus. Diabetes
Care 32(Suppl 1):S62–S67
Ayeleso TB, Ramachela K, Mukwevho E (2018) Aqueous-methanol extracts
of orange-fleshed sweet potato (Ipomoea batatas) ameliorate oxidative
stress and modulate type 2 diabetes associated genes in insulin resistant
C2C12 cells. Molecules 23:2058
Bachri MS, Jang HW, Choi J, Park JO (2010) Protective effect of white-skinned
sweet potato (Ipomoea batatas L.) from Indonesia on streptozotocininduced oxidative stress in rats. J Life Sci 20:1569–1576
Boden G (2011) Obesity, insulin resistance and free fatty acids. Curr Opin
Endocrinol Diabetes Obes 18:139–143
Champagne A, Legendre L, Lebot V (2009) Chemotype profiling to guide
breeders and explore traditional selection of tropical root crops in
vanuatu, south pacific. J Agric Food Chem 57:10363–10370
Chawla A, Chawla R, Jaggi S (2016) Microvasular and macrovascular complica‑
tions in diabetes mellitus: distinct or continuum? Indian J Endocrinol
Metab 20:546–551
Chen CM, Shih CK, Su YJ, Cheang KU, Lo SF, Li SC (2019) Evaluation of white
sweet potato tube-feeding formula in elderly diabetic patients: a rand‑
omized controlled trial. Nutr Metab 16:70
Cheng AS, Cheng YH, Chiou CH, Chang TL (2012) Resveratrol upregulates Nrf2
expression yo attenuate methylglyoxal-induced insulin resistance in Hep
G2 cells. J Agric Food Chem 60:9180–9187

Shyur et al. Bot Stud

(2021) 62:7

Day C, Bailey CJ (2011) Obesity in the pathogenesis of type 2 diabetes. Br J
Diabetes Vasc Dis 11:55–61
Hill MM, Andjelkovic M, Brazil DP, Ferrari S, Fabbro D, Hemmings BA (2001)
Insulin-stimulated protein kinase B phosphorylation on ser-473 Is inde‑
pendent of its activity and occurs through a staurosporine-insensitive
kinase. J Biol Chem 276:25643–25646
Hwang YP, Choi JH, Choi JM, ChungYC JHG (2011) Protective mechanisms of
anthocyanins from purple sweet potato against tert-butyl hydroperoxideinduced hepatotoxicity. Food Chem Toxicol 49:2081–2089
Ishiguro K, Yahara S, Yoshimoto M (2007) Changes in polyphenolic content
and radical-scavenging activity of sweetpotato (Ipomoea batatas L.)
during storage at optimal and low temperatures. J Agric Food Chem
55:10773–10778
Ishiki M, Nishida Y, Ishibashi H, Wada T, Fujisaka S, Takikawa A, Urakaze M,
Sasaoka T, Usui I, Tobe K (2013) Impact of divergent effects of astaxanthin
on insulin signaling in L6 cells. Endocrinology 154:2600–2612
Kahn BB, Flier JS (2000) Obesity and insulin resistance. J Clin Invest
106:473–481
Kaji H, Ishibashi T, Nagamine K, Kanzaki M, Nishizawa M (2010) Electri‑
cally induced contraction of C2C12 myotubes cultured on a porous
membrane-based substrate with muscle tissue-like stiffness. Biomaterials
31:6981–6986
Kameji H, Mochizuki K, Miyoshi N, Goda T (2010) β-Carotene accumulation in
3T3-L1 adipocytes inhibits the elevation of reactive oxygen species and
the suppression of genes related to insulin sensitivity induced by tumor
necrosis factor-α. Nutrition 26:1151–1156
Kang GG, Francis N, Hill R, Waters D, Blanchard C, Santhakumar AB (2019)
Dietary polyphenols and gene expression in molecular pathways associ‑
ated with type 2 diabetes mellitus: a review. Int J Mol Sci 21:140
Kim MS, Hur HJ, Kwon DY, Hwang JT (2012) Tangeretin stimulates glucose
uptake via regulation of AMPK signaling pathways in C2C12 myotubes
and improves glucose tolerance in high-fat diet-induced obese mice. Mol
Cell Endocrinol 358:127–134
Kim SH, Hur HJ, Yang HJ, Kim HJ, Kim MJ, Park JH, Sung MJ, Kim MS, Kwon DY,
Hwang JT (2013) Citrus junos tanaka peel extract exerts antidiabetic
effects via AMPK and PPAR-γ both in vitro and in vivo in mice fed a highfat diet. Evid Based Complement Alternat Med 2013:921012–921012
Kusano S, Abe H (2000) Antidiabetic activity of white skinned sweet potato
(Ipomoea batatas L.) in obese zucker fatty rats. Biol Pharm Bull 23:23–26
Lee BH, Hsu WH, Liao TH, Pan TM (2011) The monascus metabolite monascin
against TNF-α-induced insulin resistance via suppressing PPAR-γ phos‑
phorylation in C2C12 myotubes. Food Chem Toxicol 49:2609–2617
Lin CY, Gurlo T, Haataja L, Hsueh WA, Butler PC (2005) Activation of peroxisome
proliferator-activated receptor-γ by rosiglitazone protects human islet
cells against human islet amyloid polypeptide toxicity by a phosphati‑
dylinositol 3′-kinase-dependent pathway. J Clin Endocrinol Metab
90:6678–6686
Ludvik B, Waldhäusl W, Prager R, Kautzky-Willer A, Pacini G (2003) Mode of
action of Ipomoea batatas (caiapo) in type 2 diabetic patients. Metabo‑
lism 52:875–880
Ludvik B, Hanefeld M, Pacini G (2008) Improved metabolic control by Ipomoea
batatas (Caiapo) is associated with increased adiponectin and decreased
fibrinogen levels in type 2 diabetic subjects. Diabetes Obes Metab
10:586–592
Makori SI, Mu TH, Sun HN (2020) Total polyphenol content, antioxidant activity,
and individual phenolic composition of different edible parts of 4 sweet
potato cultivars. Nat Prod Commun 15(7):1–12
Maleckas A, Venclauskas L, Wallenius V, Lönroth H, Fändriks L (2015) Surgery in
the treatment of type 2 diabetes mellitus. Scand J Surg 104:40–47
Maslov LN, Naryzhnaya NV, Boshchenko AA, Popov SV, Ivanov VV, Oeltgen PR
(2018) Is oxidative stress of adipocytes a cause or a consequence of the
metabolic syndrome? J Clin Transl Endocrinol 15:1–5

Page 11 of 11

Méndez-García LA, Trejo-Millán F, Martínez-Reyes CP, Manjarrez-Reyna AN,
Esquivel-Velázquez M, Melendez-Mier G, Islas-Andrade S, Rojas-Bernabé
A, Kzhyshkowska J, Escobedo G (2018) Infliximab ameliorates tumor
necrosis factor-alpha-induced insulin resistance by attenuating PTP1B
activation in 3T3L1 adipocytes in vitro. Scand J Immunol 88:12716
Mohanraj R, Sivasankar S (2014) Sweet potato (Ipomoea batatas [L.] Lam)—a
valuable medicinal food: a review. J Med Food 17:733–741
Oguntibeju OO (2019) Type 2 diabetes mellitus, oxidative stress and inflam‑
mation: examining the links. Int J Physiol Pathophysiol Pharmacol
11(3):45–63
Oki N, Nonaka S, Ozaki S (2011) The effects of an arabinogalactan-protein from
the white-skinned sweet potato (Ipomoea batatas L.) on blood glucose in
spontaneous diabetic mice. Biosci Biotechnol Biochem 75:596–598
Okuyama E, Hasegawa T, Matsushita T, Fujimoto H, Ishibashi M, Yamazaki M
(2001) Analgesic components of Saposhnikovia root (Saposhnikovia
divaricata). Chem Pharm Bull 49:154–160
Park S, Scheffler TL, Gunawan AM, Shi H, Zeng C, Hannon KM, Grant AL, Ger‑
rard DE (2009) Chronic elevated calcium blocks AMPK-induced GLUT-4
expression in skeletal muscle. Am J Physiol Cell Physiol 296:C106–C115
Paz K, Hemi R, LeRoith D, Karasik A, Elhanany E, Kanety H, Zick Y (1997) A
molecular basis for insulin resistance: elevated serine/threonine phos‑
phorylation of irs-1 and irs-2 inhibits their binding to the juxtamembrane
region of the insulin receptor and impairs their ability to undergo insulininduced tyrosine phosphorylation. J Biol Chem 272:29911–29918
Rabah IO, Hou DX, Komine SI, Fujii M (2004) Potential chemopreventive
properties of extract from baked sweet potato (Ipomoea batatas Lam. Cv.
Koganesengan). J Agric Food Chem 52:7152–7157
Randhawa VK, Ishikura S, Talior-Volodarsky I, Cheng AWP, Patel N, Hartwig
JH, Klip A (2008) GLUT4 vesicle recruitment and fusion are differen‑
tially regulated by Rac, AS160, and Rab8A in muscle cells. J Biol Chem
283:27208–27219
Reginato MJ, Lazar MA (1999) Mechanisms by which thiazolidinediones
enhance insulin action. Trends Endocrinol Metab 10:9–13
Shih CK, Chen CM, Hsiao TJ, Liu CW, Li SC (2019) White sweet potato as meal
replacement for overweight white-collar workers: a randomized con‑
trolled trial. Nutrients 11:165
Shih CK, Chen CM, Varga V, Shih LC, Chen PR, Lo SF, Shyur LF, Li SC (2020) White
sweet potato ameliorates hyperglycemia and regenerates pancreatic
islets in diabetic mice. Food Nutr Res 64:3609
Truong VD, McFeeters RF, Thompson RT, Dean LL, Shofran B (2007) Phenolic
acid content and composition in leaves and roots of common commer‑
cial sweetpotato (Ipomea batatas L.) cultivars in the United States. J Food
Sci 72:C343–C349
Wu TY, Tsai CC, Hwang YT, Chiu TH (2012) Effect of antioxidant activity and
functional properties of chingshey purple sweet potato fermented milk
by L. acidophilus, L. delbrueckii subsp. lactis, and L. gasseri strains. J Food
Sci 77:M2–M8
Yamaguchi T, Takamura H, MatobaT TJ (1998) HPLC method for evaluation
of the free radical-scavenging activity of foods by using 1, 1-diphenyl2-picrylhydrazyl. Biosci Biotechnol Biochem 62:1201–1204
Yang TT, Ku PM, Hsu CT, Chung HH, Lee WJ, Cheng JT (2013) Mediation of AMP
kinase in the increase of glucose uptake in L6 cells induced by activation
of imidazoline I-2 receptors. Horm Metab Res 45:359–363
Yoon SA, Kang SI, Shin HS, Kang SW, Kim JH, Ko HC, Kim SJ (2013) p-Coumaric
acid modulates glucose and lipid metabolism via AMP-activated protein
kinase in L6 skeletal muscle cells. Biochem Biophys Res Commun
432:553–557

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in pub‑
lished maps and institutional affiliations.

