
A polysaccharide extract from the medicinal plant Maidong
inhibits the IKK–NF-kB pathway and IL-1b–induced islet
inflammation and increases insulin secretion
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The herb dwarf lilyturf tuber (Maidong,Ophiopogonis Radix)
is widely used in Chinese traditional medicine to manage dia-
betes and its complications. However, the role of Maidong
polysaccharide extract (MPE) in pancreatic b-cell function is
unclear. Here, we investigated whether MPE protects b-cell
function and studied the underlying mechanisms. We treated
db/db and high-fat diet (HFD)-induced obese mice with 800 or
400 mg/kg MPE or water for 4 weeks, followed by an oral glu-
cose tolerance test. Pancreas and blood were collected for mo-
lecular analyses, and clonal MIN6 b-cells and primary islets
from HFD-induced obese mice and normal chow diet–fed mice
were used in additional analyses. In vivo, MPE both increased
insulin secretion and reduced blood glucose in the db/db mice
but increased only insulin secretion in the HFD-induced obese
mice. MPE substantially increased the b-cell area in both mod-
els (3-fold and 2-fold, p < 0.01, for db/db andHFDmice, respec-
tively). We observed reduced nuclear translocation of the p65
subunit of NF-kB in islets of MPE-treated db/db mice, coincid-
ing with enhanced glucose-stimulated insulin secretion (GSIS).
In vitro, MPE potentiated GSIS and decreased interleukin 1b
(IL-1b) secretion in MIN6 b-cells. Incubation of MIN6 cells
with tumor necrosis factor a (TNFa), interferon-g, and IL-1b
amplified IL-1b secretion and inhibited GSIS. These effects
were partially reversed with MPE or the IkB kinase b inhibitor
PS1145, coinciding with reduced activation of p65 and p-IkB in
the NF-kB pathway. We conclude that MPE may have potential
for therapeutic development forb-cell protection.

More than 450 million people are affected worldwide by dia-
betes, the majority having type 2 diabetes (T2D) (1, 2).
Although there are many classes of antidiabetic drugs, Chinese

medicines remain a popular remedy for diabetes in China (3).
Among these remedies, dwarf lilyturf tuber (Maidong, Ophio-
pogonis Radix) is widely used, with experimental data support-
ing its antidiabetic effects. In OLEFT T2D rat models, Maidong
improved glucose homeostasis, inhibited abdominal fat accu-
mulation, and enhanced hepatic glucose uptake (4). In diabetic
mice, Maidong fractions delayed carbohydrate digestion and
absorption with improvement of lipid metabolism (5, 6). One
of the Maidong (MDG-1) monosaccharide molecules attenu-
ated insulin resistance through the phosphatidylinositol 3-ki-
nase/protein kinase B pathway in diabetic mice (7, 8). In this
light, a-glucosidase inhibitors (such as acarbose), proven not
only to prevent but also cause remission of diabetes, also have a
complex polysaccharide structure (9). Maidong demonstrated
a cardioprotective effect by attenuating profibrotic signals,
including thrombospondin 1 and transforming growth factor b
(10). However, the effects of Maidong on pancreatic b-cell
function remain unknown. Insulin resistance, mainly mediated
through obesity and inflammation, as well as insulin insuffi-
ciency contribute to the development of T2D, with b-cell dys-
function being particularly relevant in Asians (11). Factors that
contribute to b-cell dysfunction include but are not limited to
glucolipotoxicity, inflammation, and endoplasmic reticulum
stress (12, 13), alongside genetic predisposition (14). In experi-
mental conditions, glucolipotoxicity activates inflammatory
signals such as nuclear factor-kB (NF-kB), interleukin-1b (IL-
1b), IL-6, interferon-g (IFN-g), and tumor necrosis factor a
(TNFa), which impair insulin secretion (13). IL-1b can activate
the NF-kB signaling cascade followed by Fas dysregulation and
DNA fragmentation, resulting in b-cell dysfunction (15). IFN-g
or TNFa can activate the c-Jun N-terminal kinase and protein
kinase C pathways to impair b-cell function (16). Of note,
b-cells are the main cells within the islets that release IL-1b in
response to elevated glucose. This effect can exacerbate hyper-
glycemia by causing further b-cell dysfunction (17). In support
of this view, treatment of diabetic animals and human
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pancreatic islets with IL-1b receptor antagonist has been
shown to improve insulin production and glycemic control
with preservation of b-cell mass and function (15, 18–20).
Polysaccharides frommany Chinese herbs, such as Curcuma

longa, Morinda citrifolia Linn, and Wedelia chinensis, are
found to have beneficial effects in a broad spectrum of diseases,
such as inflammatory bowel disease and extremity and ear
infections. These beneficial effects are mediated through vari-
ous mechanisms, including reduced production of inflamma-
tory cytokines and inhibition of leukocytes migration (21–23).
Against this background, we selected IL-1b as a possible target
to explore the antidiabetic effect of MPE.We hypothesized that
MPE might lower blood glucose by reducing inflammation in
b-cells and thus increasing insulin secretion. To test this hy-
pothesis, we used multiple, complementary in vivo and ex vivo
models. First, db/db mice and high-fat diet (HFD)-induced
obese mice were used to examine the antidiabetic effect ofMPE
in vivo. Next, we used clonal MIN6 b-cells (24) to explore

changes in gene expressions in vitro by microarray analysis.
MIN6 cells and primary islets from HFD-induced obese mice
and C57 BL6/J mice were also used to examine the expression
and release of inflammatorymarkers.

Results

MPE attenuated blood glucose in db/db mice and maintained
blood glucose in HFD-induced obese mice by increasing
insulin secretion

Treatment of db/dbmice for 4 weeks withMPE at 400 or 800
mg/kg or with water as a control reduced fasting blood glucose
levels in a dose-dependent manner. At week 4, fasting blood
glucose increased from a mean6 SEM of 106 0.49 mmol/litre
to 20.2 6 1.1 mmol/liter in the control group, compared with
17.36 0.5 mmol/liter in the MPE 400 mg/kg group (p , 0.05)
and 15.36 0.7 mmol/liter in the MPE 800 mg/kg group (p ,
0.01) (Fig. 1A). There was no further reduction in blood glucose

Figure 1. MPE reduces blood glucose in db/dbmice and maintains blood glucose in HFD-induced obese mice by increasing insulin secretion. A and
B, results from db/db mice; C–F, results from HFD-induced obese mice. A and B, weekly fasting blood glucose levels (A) and insulin levels (B) in db/db mice
treated with 400 mg/kg MPE, 800 mg/kg MPE, or control after 4 weeks of force-feeding. C, weekly fasting blood glucose levels in HFD-induced obese mice
treated with 400 mg/kg MPE, 800 mg/kg MPE, or control after 4 weeks of force-feeding. D, OGTT (glucose at 1 g/kg body weight) after 4 weeks of treatment
with MPE and control in HFD-induced obese mice. E and F, AUC of blood glucose during OGTT (E) and plasma insulin levels measured at different time points
during OGTT (F) in HFD-induced obese mice. Data are presented as mean 6 S.E. (error bars) with individual data points in the histogram (db/db mice: n = 7;
HFD-induced obesemice: n = 8). #, 800mg/kgMPE versus db/db control; *, 400mg/kgMPE versus db/db control. # or *, p, 0.05; ## or **, p, 0.01.
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during the oral glucose tolerance test (OGTT) (Fig. S2D) or in-
sulin tolerance test (ITT) in both treatment groups (Fig. S2C).
Peak insulin secretion was 5.066 0.36 ng/ml in the 400 mg/kg
group and 5.84 6 0.36 ng/ml in the 800 mg/kg group, both of
which were significantly higher than that in the control group
(3.936 0.29 ng/ml) (Fig. 1B). There was no effect of MPE on
body weight, food intake, lipid, or GLP-1 levels (Figs. S1–S4).
Area under the curve (AUC) of blood glucose were increased

during OGTT and ITT after 10 weeks of HFD feeding com-
pared with normal chow diet (NCD) mice (Fig. S3). After MPE
treatment, there was no difference in fasting blood glucose
levels between the two groups (Fig. 1B). Treatment with MPE
did not change blood glucose (Fig. 1, D and F) but enhanced
glucose-stimulated insulin secretion (GSIS) during OGTT in
HFD-induced obese mice compared with control mice (p ,
0.01) (Fig. 1H).

MPE treatment led to an increase in the percentage of
pancreatic area occupied by b-cells in both db/db mice and
HFD-induced obese mice

After treatment for 4 weeks, pancreata were isolated from
both mouse models for staining of glucagon and insulin. Fig. 2
(A and B) shows representative images of glucagon, insulin, and
DAPI in each group of db/db mice and HFD-induced obese
mice, respectively. In both db/dbmice and HFD-induced obese
mice, the b-cell areas, as a percentage of the overall pancreatic
section, increased substantially (3- and 2-fold, respectively) and
significantly after treatment with either dose of MPE (Fig. 2, C
and D) compared with the control group. There was no change
in a-cell areas withMPE in eithermodel (Fig. 2, E and F).

MPE increased GSIS and high glucose–impaired ATP/ADP
ratio in MIN6 cells and primary islets isolated from
HFD-induced obese mice

We used MIN6 cells as an in vitro cellular model with GSIS
and ATP/ADP ratio as indicators of b-cell function and viabil-
ity. We treated MIN6 cells with vehicle or MPE at concentra-
tions of 0.05, 0.5, 5, and 50 mg/ml for 24, 48, and 72 h, followed
by measurements of GSIS and high glucose–induced ATP/
ADP ratio. Insulin secretion did not change after MPE treat-
ment (0.5 mg/ml) for 24 and 48 h (Fig. 3, A and B) but increased
at 72 h (MPE versus control: 0.386 0.02 versus 0.286 0.02
ng/mg of protein, p , 0.05) (Fig. 3A). Treatment with MPE
(0.5 mg/ml) increased the ATP/ADP ratio in MIN6 cells
(MPE versus control: 6.306 0.94 versus 1.516 0.11, p, 0.01)
(Fig. 3B). In primary islets isolated from HFD-induced obese
mice, MPE (0.5 mg/ml) treatment for 72 h induced a robust
increase in both GSIS (MPE versus control: 247.26 35.80
versus 117.66 9.01 ng/mg of protein, p , 0.01) (Fig. 3C) and
ATP/ADP ratio (Fig. 3D) (MPE versus control: 0.726 0.07
versus 0.496 0.03, p, 0.05).

MPE decreased islet p65 nuclear translocation in db/db mice
but did not affect cellular proliferation in HFD-induced obese
mice

We applied microarray analysis to MIN6 cells to explore the
underlying mechanism with and without MPE treatment. The

RNA expressions of il1b and nfkb1 were reduced after treat-
ment with MPE (0.5 mg/ml) (Fig. 4). In vivo, MPE reduced p65
nuclear translocation in islets of db/dbmice (Fig. 5,A and B). In
addition, MPE also reduced the expression of IL-1b in islets
from both animal models (Fig. S4).
In vitro, expression of IL-1b in MIN6 cells and primary islets

was down-regulated by MPE treatment (0.5 mg/ml). After in-
flammatory cytokine challenge, IL-1b production induced by
IL-1b or a cytokine mixture (IL-1b 1 TNFa 1 IFNg) was atte-
nuated with MPE treatment (0.5 mg/ml) compared with cells
untreated with MPE (Fig. 5). We subtracted the amount of ex-
ogenous IL-1b (20 ng/ml in single challenge, 10 ng/ml in mix-
ture challenge) tomeasure the endogenous secretion.
To determine whether cytokine production was involved in

b-cell dysfunction and was modulated by MPE, we performed
GSIS in primary islets from NCDmice treated with the inflam-
matory cytokines above. As shown in Fig. 5G, MPE did not
exert any effect on islets from NCD mice under low-glucose
conditions. Both IL-1b and the cytokine mixture inhibited in-
sulin secretion, and these effects were attenuated by the addi-
tion of MPE (0.5 mg/ml). At the same time, MPE increased in-
sulin secretion treated with IL-1b and the cytokine mixture.
Furthermore, in primary islets from NCD mice in vitro, MPE
reduced levels of mRNA encoding il1b (Fig. 5H) induced by IL-
1b alone or the cytokine mixture. MPE also decreased the pro-
duction of IL-1b in MIN6 cells and primary islets from HFD-
induced obese mice. However, MPE did not increase cellular
proliferation in islets of HFD-induced obese mice (Fig. S5).

MPE inhibited pro-inflammatory IkB kinase (IKK) signaling
under hyperglycemia in b-cells

IL-1b, upon binding with its receptor, can activate the
MyD88–IKKb–NF-kB pathway to increase expression of il1b
to further impair b-cell function (20). To test the potential
effects of MPE on this pathway, we usedMIN6 cells cultured in
low-glucose (5.5 mmol/liter) or high-glucose (25 mmol/liter)
medium for 72 h and treated with or without MPE. Treatment
was followed by measurement of GSIS, ATP/ADP ratio, and
IL-1b production. As shown in Fig. 6, pretreatment with high
glucose impaired insulin secretion and reduced ATP/ADP
ratio, accompanied by up-regulation of IL-1b at both the
mRNA and protein levels. In Fig. 6 (A and B), treatment of
MIN6 cells with IKK inhibitor (PS1145, 5 mmol/liter) in high
glucose attenuated the apparent inflammatory response and
improved b-cell function. This was accompanied by increased
GSIS and high glucose–induced ATP/ADP ratio in MIN6
cells. When co-administered with MPE, PS1145 blocked the
improvements in insulin secretion and ATP/ADP ratio achieved
by MPE. In the control group treated with a high concentration
(20 ng/ml) of IL-1b, the addition of PS1145 tended to increase
insulin secretion and ATP/ADP ratio by blocking the intrinsic
production of IL-1b (Fig. 6,A and B). InMIN6 cells treated with
MPE, PS1145 reversed the reduction of IL-1b by MPE with
increased RNA expression and protein level of IL-1b (Fig. 6, C
andD).
Incubation of MIN6 or islet cells in high-glucose medium

increased phosphorylation of the NF-kB subunit p65 and IkB,
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Figure 2. MPE increases the percentage of pancreatic area occupied by b-cells in db/dbmice and HFD-induced obese mice. A and B, immunofluores-
cence staining of insulin and glucagon in the pancreas of db/dbmice (A) and HFD-induced obese mice (B) (green, insulin; red, glucagon; blue, DAPI). Images in
the first, third, and fifth columns represent the total pancreatic area in each slide of each group.White scale bar, 500 mm. The second, fourth, and sixth columns
represent zoom-out islets in the selected area of the total pancreatic area in the magnification of3100 and3400. The latter is presented in the top right corner.
White scale bar, 100 mm. C and E, relative quantification of glucagon-positive a-cells in db/db mice (C) and HFD-induced obese mice (E) by ImageJ software
(n = 5 in each group). Relative quantification of insulin-positive b-cells in db/dbmice (D) and HFD-induced obese mice (F) by ImageJ software (n = 5 in each
group). Data are presented as mean6 S.E. (error bars) with individual data points in histograms. *, p, 0.05; **, p, 0.01.
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indicating NF-kB activation. Treatment with MPE decreased
p65 and IkB phosphorylation in MIN6 cells compatible with
reduced activation of NF-kB (Fig. 7). Similarly, MPE reduced
p65 and IkB phosphorylation in primary islets from HFD-
induced obese mice (Fig. 7,D–F).
In primary islets fromNCDmice, IL-1b alone or the cytokine

mixture increased phospho-p65 (p-p65) and phospho-IkB (p-
IkB) levels, as shown in Fig. 7 (G–I). Pretreatment with MPE
inhibited the increase of phosphorylation of both p65 and IkB.
However, MPE did not totally eliminate the inhibitory effects of
multiple cytokines on islet function, suggesting possible roles
for other signaling pathways (e.g. protein kinase C, mitogen-
activated protein kinase, signal transducer and activator of
transcription 1, etc. (25)).

Discussion and conclusions

In this study, we used two in vivo models and two in vitro
models to evaluate the effects of MPE. MPE increased insulin
secretion in both mice models and reduced blood glucose in
db/dbmice. A summary of the major effects of MPE in the five
different systems is provided in Table 1 and is discussed in
more detail below.
Microarray analysis revealed that MPE treatment decreased

the levels of mRNAs encoding several genes, including pik3ca,
pik3cd (phosphatidylinositol-4,5-bisphosphate 3-kinase cata-
lytic subunit a/d), csf2 (colony-stimulating factor 2), nfkb1 (Fig.
4, G–J), and il1b (Fig. 5C) in MIN6 cells. pik3ca and pik3cd are
protein-coding genes in the family of phosphoinositide 3-ki-
nases. They play an essential role in the insulin signal transduc-
tion pathway via the activation of the Akt/protein kinase B to

regulate glucagon synthesis, glucose, and lipid metabolism (26).
As mentioned in the Introduction, MPE has been reported to
reduce insulin resistance in diabetic animal models. Another
gene, csf2, is a white blood cell growth factor that stimulates
stem cells to produce granulocyte and monocyte, although an
impact on glucose homeostasis is less clear in this case.
In the present study, we focused on il1b as an important tar-

get gene because IL-1b is an essential inflammatory cytokine
involved in b-cell dysfunction. Furthermore, in randomized
clinical trials, IL-1b antagonist has been shown to restore
b-cell dysfunction in patients with T2D (20). In support of
these human data, treatment with MPE reduced RNA expres-
sion of il1b and nfkb1 in MIN6 cells. The production of IL-1b
is induced by IKK–NF-kB–mediated transcription (27, 28)
through p65 nuclear translocation. MPE decreased p65 nuclear
translocation in islets of db/dbmice, indicative of reduced islet
inflammation induced by IL-1b. Consequently, it seems rea-
sonable to conclude that reduced inflammation contributes to
the increase of the percentage of pancreatic area occupied
by b-cells and hence enhanced insulin secretion after MPE
treatment.
We chose HFD-induced obese mice as a model to examine

cellular proliferation after MPE treatment rather than db/db
mice. Given the milder glycemic phenotype, we suspected that
the HFD-induced obese mouse model was more likely than
db/dbmice to have residual b-cells with a greater capacity for
regeneration in response to treatment with MPE (Fig. S3, A
and B). Nevertheless, we found that MPE did not affect islet
cellular proliferation detected by BrdU staining in HFD-
induced obese mice (Fig. S5). The expansion of b-cell area is

Figure 2—continuedĂ
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regulated by several mechanisms, including b-cell neogenesis
with differentiation from precursor cells, b-cell proliferation
with an increase in cell number, and b-cell hypertrophy with
an increase in cell size (12, 29). Because MPE does not affect
cell proliferation, the expansion of b-cell area might be due to
differentiation or cell hypertrophy, which will require explo-
ration in future studies. Apart from cell proliferation, we also
examined apoptosis in HFD-induced obese mice using a
TUNEL assay, but we did not find identifiable apoptosis-posi-
tive signals in the islets with or without MPE treatment (Fig.
S6). Taken together, our data suggest that MPE treatment
enhances insulin secretion largely by suppressing NF-kB–
mediated IL-1b transcription in pancreatic islets with the
expansion of b-cell area.
In MIN6 cells and primary islets from HFD-induced obese

mice and C57 mice, MPE treatment with or without inflamma-
tory cytokines reduced IL-1b secretion and improved GSIS and
ATP/ADP ratio (Fig. 5, C–H). Further molecular analysis con-
firmed thatMPE reduced the expression of phosphorylated IkB
and p65 in both islets and MIN6 cells. In MIN6 cells, this effect
was reversed by PS1145, an IKK inhibitor. MPE treatment with
IKK inhibitor did not improve insulin secretion and caused an
increase in IL-1b expression in MIN6 cells (Fig. 6). These find-
ings suggest that MPE might compete with IKK inhibitor in
this IKK–IkB–NF-kB pathway for a site of action. However,
there is no relevant literature on PS1145 to indicate whether it

is an irreversible or reversible inhibitor. More pharmacological
assays, including enzyme kinetics, velocity, and pharmacody-
namics, will be necessary in the future to fully understand the
pharmacological action(s) ofMPE.
We used HFD-induced obese mice as a model of insulin re-

sistance. In these euglycemic animals, we only demonstrated
the insulin-enhancing (Fig. 1F), and not the anti-hyperglyce-
mic, effect of MPE (Fig. 1C). On the other hand, in db/db dia-
betic mice, MPE exhibited significant anti-hyperglycemic
effects (Fig. 1A). Despite the insulin secretion–enhancing effect
of MPE, we did not observe hypoglycemia or weight gain in ei-
ther animal model.
In the present experiments, the anti-inflammatory effect of

MPE was dose- and time-dependent with 0.5 mg/ml for 72 h
having the most optimal effects in MIN6 cells and islets. MPE
with higher doses of 5 and 50mg/ml did not show any improve-
ment in GSIS. This is probably due to the high molecular
weight of MPE in high concentration, which may inhibit its
entry into the cytoplasm.
Given the close links between glucotoxicity and b-cell dys-

function, any measures that ameliorate glucotoxicity are ex-
pected to improve b-cell function and/or survival. Several Chi-
nese herbs can attenuate insulin resistance (30) with secondary
effects on b-cell function. As discussed previously, MPE has
been proven to delay carbohydrate absorption and improve
lipid metabolism, whereas a fraction ofMPE has been shown to

Figure 3. MPE increases ATP/ADP ratio and improves GSIS. A, GSIS was performed to evaluate the secretory function of MIN6 cells following treatment
with control or MPE (0.05, 0.5, 5, and 50mg/ml) for 72 h. HG control represents high-glucosemedium (25mmol/liter) without MPE. B, ATP/ADP ratio wasmeas-
ured during GSIS in MIN6 cells. C, GSIS was performed to evaluate the secretory function of primary islets from HFD-induced obese mice following treatment
with control or MPE (0.5 mg/ml) for 72 h. D, ATP/ADP ratio was measured during GSIS in primary islets of HFD-induced obese mice. Data are presented as
mean6 S.E. (error bars) with individual data points in histograms. *, p, 0.05; **, p, 0.01.
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improve insulin resistance (6). However, due to differences in
extraction methods and compositions of MPE, the MPE used
in our experiments did not demonstrate any effect on attenuat-
ing insulin resistance.
Using a reductionist approach to identify specific active mole-

cules in a Chinese medicine often fails to explain the benefits of
the original herb or its multicomponent extracts (31). In this con-
text, we have reported the effects ofmulticomponent herbalmed-
icine in altering multiple pathways to reverse fatty liver with
remission of diabetes in animal models (31) and accelerate the
healing of diabetic ulcers in human studies (32). Other research-
ers (33–35) have also demonstrated that some plant-based rem-
edies contain natural prodrugs that are chromatin modifiers,
such as resveratrol and harmine, which have been shown to
preserve islet structure and improve b-cell biology. Given the
complex nature of typical Chinese medicines, these multitar-
geted effects are not unexpected and may help restore home-

ostasis with potential for both prevention and treatment of
diabetes.
There are limitations in our study. In particular, more in-

depth investigations are needed to evaluate the causal nature of
the antidiabetic effects of MPE via amelioration of the IL-1b
signaling pathway. This will require molecular studies to con-
firm the role of IL-1b in insulin secretion and modulating
effects of MPE in such experimental models. Pending these
experiments, the antidiabetic effects of IL-1b receptor antago-
nist in human clinical trials (20) provide some corroborative
evidence in support of our experimental results.
We demonstrated that MPE did not improve the lipid profile

in HFD-induced obese mice (Fig. S7). Treatment with MPE
also did not improve b-cell function impaired by palmitate-
induced lipotoxicity (Fig. S8).We did not examine the effects of
MPE on oxidative stress, other inflammatory signals or cell
cycles, or cross-talk between macrophages and islet. It is likely

Figure 4. Gene expressionmicroarray and pathway analysis shows significant inhibition of IL-1b–IKK–NF-kB pathway byMPE treatment. A, k-means
clustering; B, principal component analysis. Gene expression profiles of MPE-treated MIN6 cells are grouped together. The x axis shows principal component 1
(PC1), the y axis shows PC2, and the z axis shows PC3. C, volcano plot. Differential up-regulated and down-regulated genes are identified. D, gene ontology
analysis. Chemokine, cytokine, inflammatory, TLR, and insulin pathways are major pathways in the differentially expressed genes. E, heat map. Differential
down-regulated genes cluster in MPE-treated MIN6 cells are shown. Relative gene expression levels and -fold changes of pik3cd, tlr6 (Toll-like receptor 6),
nfkb1, cd40, pik3ca, and il1b are shown. Red, up-regulations in control samples; blue, down-regulations in MPE-treated samples. F, MPE treatment attenuated
the inflammatory IL-1b–IKK–NF-kB pathway. Red labels indicate the significant down-regulated genes in the pathway. G–J, validation of expression of pik3ca,
pik3cd, nfkb1, and csf2 by RT-PCR. Error bars, S.E.
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that many monosaccharides and proteins in the MPE complex
may work in concert to exert a therapeutic effect. However, due
to the large molecular size of MPE, the mechanisms involved in
MPE entry into the b-cell and its effects on other intracellular
functions, such as mitochondrial metabolism and protein traf-
ficking, or mediators, such as circulating noncoding RNA,
require further elucidation (36).
Despite these limitations, our data allow us to conclude

that the ameliorating effects of MPE on hyperglycemia and
cytokine-induced loss of b-cells and their dysfunction are
likely mediated through inhibition of the IL-1b–IKK–NF-kB
pathways. Whereas future studies will be required to identify
the active component(s) within the MPE that mediates these
different effects, our results highlight the potential of devel-
oping Chinese medicines for prevention and early treatment
of diabetes.

Materials and methods

Maidong polysaccharide preparation

The fresh roots of Ophiopogonis Radix (Zhixin Medicine
Ltd., Hong Kong, sample 131101) were crushed and boiled in
water at 100 °C for 1 h. After collecting the water extract, we
added freshwater to the boiler for the second time and boiled
for 1 h. The water extract from the two boiling treatments
was mixed, filtered, and concentrated by a Rotavapor R-220
(BUCHI). The concentrated Maidong solution was added in a
ratio of 1:5 (v/v) to 95% ethanol for overnight precipitation. The
precipitates were dissolved in distilled water, followed by cen-
trifugation to improve purity following the aforementioned

water extraction processes repeated twice. The final precipitates
were dissolved in distilled water and underwent lyophilization
to form a white power for use in these experiments and was
referred to asMaidong polysaccharide extract (MPE).
Total carbohydrate percentage and molecular weight of

MPE were 91.96% and 3.72 kDa, respectively, measured by the
colorimetric method with phenol-sulfuric acid and gel permea-
tion chromatography, respectively. Amino acid and monosac-
charide composition are shown in Fig. S1. Of note, arginine,
glutamine, and asparagine are the top three amino acids whose
deficiencies are associated with impaired glucose metabolism
and increased risk of diabetes (37–39). In the present study, we
used the entire fraction of MPE because a single monosaccha-
ride, amino acid, or other constituent is unlikely to mediate all
of the complex biological effects of this extract.
The dosage of Maidong whole-water extract was 6-12 g/60

kg of body weight in the Chinese Pharmacopoeia. For mice, the
dosage of MPE was calculated using the equation, mouse dose
(mg/kg) = human dose (mg/kg) 3 Km ratio (9.01) based on a
previous report (40), which yielded a dose of 0.9 mg/kg. The
weight ratio of MPE was 23% of the whole extract, and we used
200 and 400 mg/kg MPE as equivalent to 1 and 2 clinical doses,
respectively.

Animal experiments, oral glucose tolerance test, insulin
tolerance test

All experimental procedures were approved by the Animal
Experimentation Ethics Committee of the Chinese University
of Hong Kong (CUHK). Female db/dbmice (Jackson Stock no.

Figure 4—continuedĂ
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000642, BKS.Cg-Dock7m1/1Leprdb/J), db/mmice, and female
C57BL/6Jmice were obtained from the CUHK Laboratory Ani-
mal Services Center and housed in a temperature-controlled
room (22 °C) on a 12-h light-dark cycle with free access to food
and water.
For the db/dbmouse studies, 12-week-old female mice were

used when their b-cell function started to decline (41), as
judged by increasing fasting glycemia, and treated with 200 or
400 mg/kg MPE or water by oral gavage once daily for 4 weeks.
Fasting blood glucose, food intake, and body weight were meas-
ured weekly.
For the HFD-induced obese mouse study, 4-week-old female

C57BL/6J mice were fed with either HFD (60% kcal% fat, cata-
log no. D12492, Research Diets) or NCD (LabDiet Select 50IF/

6F) for 10 weeks to induce insulin resistance and impaired islet
function (42, 43). These mice were treated with 200 mg/kg
MPE, 400 mg/kg MPE, or water as vehicle by oral gavage once
daily for 4 weeks. Fasting blood glucose, food intake, and body
weight weremeasured weekly.
After a 4-week treatment with MPE, an OGTT was per-

formed in both db/db and HFD-induced obese mice after
overnight fasting for 15 h. For OGTT, the mice were gav-
aged with 20% glucose (1 g/kg) after collection of blood at
baseline (0 min). All blood samples were collected from the
tail vein at 0, 15, 30, 60, and 120 min for glucose and insulin
measurements. For the ITT, mice were fasted for 6 h. Blood
glucose levels were measured at 0, 30, 60, and 120 min after
intraperitoneal injection of recombinant human regular

Figure 5. Impact of MPE on NF-kB p65 nuclear staining and IL-1b expression. A, immunohistochemistry staining of p65 in the nucleus of pancreas of db/
dbmice (magnification:3100 and3400; both the short and long black scale bars in the top panel in the bottom right corner represent 50mm, respectively). Red
arrow, positive signal in the islet. B, relative quantification of p65-stained positive signal in the pancreas of db/dbmice. C, real-time PCR analysis of relative il1b
mRNA expression levels in MIN6 cells with treatment of MPE or control in high-glucose (25mmol/liter) or low-glucose (5.5 mmol/liter) medium (LG control). D,
IL-1b protein levels in supernatant after treatment of MIN6 cells with IL-1b or IL-1b 1 TNFa 1 IFNg. E, real-time PCR analysis of relative il1bmRNA expression
levels in primary islets from HFD-induced obese mice with treatment of MPE or HG control. F, IL-1b protein levels in supernatant after treatment of primary
islets of HFD-induced obese mice with IL-1b or IL-1b 1TNFa1 IFNg. G, GSIS was performed to evaluate the primary islet function from C57 mice with normal
chow feeding after treatment with IL-1b or IL-1b 1TNFa 1 IFNg in LG control and MPE groups. H, real-time PCR analysis of relative il1b mRNA expression
levels were measured after treatment with IL-1b or IL-1b 1 TNFa 1 IFNg in primary islets of C57 mice in LG control and MPE groups. Data are presented as
mean6 S.E. (error bars) with individual data points in histograms. *, p, 0.05; **, p, 0.01.
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insulin (Novo Nordisk, Bagsvard, Denmark) at a dose of 0.5
IU/kg of body weight.

Histological staining

After 4 weeks of treatment with MPE or control vehicle, and
following OGTT, pancreata were isolated from both db/db
mice and HFD-induced obese mice for immunofluorescent
staining of glucagon expressed in a-cells and insulin expressed
in b-cells. Mouse pancreas were fixed in 4% (v/v) paraformalde-
hyde overnight and embedded in paraffin. Sections were cut to
4-mm thickness.
For insulin, glucagon, and IL-1b staining, after rehydration,

slides of mouse pancreas were placed in 0.5% (v/v) Triton X-
100 for 20 min for permeabilization, followed by 0.01 mol/liter
sodium citrate buffer (pH 6.0), and heated at ;100 °C for 10
min for antigen retrieval. After blocking nonspecific antigens,

guinea pig anti-insulin, rabbit anti-glucagon, or rabbit anti-IL-
1b antibodies were applied to the sections overnight at 4 °C.
The sections were then washed in PBST three times and
incubated with fluorescence-conjugated secondary antibodies,
Alexa Fluor® goat anti-guinea pig 568, and goat anti-rabbit 488
at room temperature (RT) for 1 h, followed by counterstaining
of the nucleus with DAPI.
For BrdU staining, we fed db/db mice with freshwater

daily, which contained BrdU at a concentration of 0.8 mg/
ml for 7 days before mice were sacrificed. For BrdU immu-
nohistochemistry staining, we performed the same rehydra-
tion and antigen retrieval procedures as above, followed by
DNA hydrolysis by using 2 M HCl for 30 min at RT. After
blocking nonspecific antigen, mouse anti-BrdU antibodies
were applied to the sections overnight at 4 °C. The sections
were washed by PBST three times and then incubated with

Figure 5—continuedĂ
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fluorescence-conjugated secondary antibodies, Alexa Fluor® goat
anti-mouse 568 at RT for 1 h, followed by counterstaining of the
nucleus withDAPI.
For TUNEL analysis (Millipore), after rehydration as above,

the tissue was permeabilized by protease (20 mg/ml) for 20min,
followed by inactivation of endogenous peroxidases by 3%
H2O2 for 20 min and equilibration by TdT equilibration buffer
for 30 min at RT. Afterward, the tissue was treated with TdT
labeling reaction mix for 2 h at 37 °C and terminated by stop
buffer. After nonspecific antigen blocking, the tissue was
detected by conjugate buffer for 30 min at 37 °C. Color staining
was developed by DAB for 20 min at RT, followed by counter-
staining with hematoxylin (Sigma–Aldrich), dehydration, and
DPXmounting.
For total p65 staining, after rehydration, slides were placed in

3% H2O2 for 20 min followed by 0.01 mol/liter sodium citrate
buffer (pH 6.0) and heated at;100 °C for 10 min for antigen
retrieval. After blocking in 5% rabbit serum for 1 h, p65 pri-
mary antibody was applied to the sections overnight at 4 °C.
The sections were washed in PBST three times and then
incubated with HRP-linked secondary antibody for 1 h at
RT. DAB solution (Dako) was then applied to the sections
for 10 min, followed by washing with H2O, counterstaining

with hematoxylin (Sigma–Aldrich), dehydration, and DPX
mounting.
For each of the five mice in the control and experimental

groups (i.e. 20mice in the db/dbmice model and 20mice in the
HFD mice model), we analyzed the full pancreatic section on
one slide per mouse. We used Leica Qwin image analysis soft-
ware (Leica, Germany) to scan the entire pancreatic area and
capture the images of individual islets within the section. We
used ImageJ to measure the total pancreatic and insulin- and
glucagon-positive areas (Fig. 2, A and B) and expressed the area
occupied by b- and a-cells as percentages of the total pancre-
atic area.We then compared the mean6 S.D. of these percent-
age areas between control and experimental groups (Fig. 2, C–
F). A description of the antibodies used is provided in Table S1.
Positive signals of IL-1b, p65, and BrdU and positive signal in
the TUNEL assay were quantified using ImageJ.

MIN6 cell culture, primary islet isolation, and treatment

The MIN6 cell line (24) (passages 20–30, courtesy of Profes-
sor Guang Ning, School of Medicine, Shanghai Jiao-Tong
University, Shanghai, China) was cultured in Dulbecco’s
modified Eagle’s medium (Invitrogen) with 15% FBS (Gibco),
1% penicillin-streptomycin (Gibco), and 50 mmol/liter 2-

Figure 6.MPE reduces glucotoxicity and improvesb-cell function by reducing inflammation inMIN6 cells.MPE attenuates IL-1b–induced inflammation
in high-glucose medium, which is inhibited by IKK inhibitor (PS1145) in MIN6 cells. A, GSIS was performed to evaluate the anti-inflammatory effect of MPE in
MIN6 cells with low-glucose or high-glucose incubation. In high-glucose incubation, MIN6 cells were divided into eight groups for treatment with control or
MPE, control 1 PS1145 or MPE 1 PS1145, control 1 IL-1b or MPE 1 IL-1b, and control 1 IL-1b 1 PS1145 or MPE 1 IL-1b 1 PS1145. B, ATP/ADP ratio was
measured in different cell groups using the same treatments as in A. C, relative RNA expression of il1b was measured in control or MPE, control 1 IL-1b or
MPE1 IL-1b, and control1 IL-1b 1 PS1145 or MPE1 IL-1b 1 PS1145. D, IL-1b protein levels from supernatant were measured in different cell groups using
same treatments as in C. Data are presented asmean6 S.E. (error bars) with individual data points in histograms. *, p, 0.05.
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mercaptoethanol (Gibco). The cells were treated with MPE
at concentrations of 0, 0.05, 0.5, 5, and 50 mg/ml for 24, 48,
and 72 h.
Primary pancreatic islets were isolated from HFD and NCD

mice as follows. Mice were anesthetized with a mixture of keta-
mine and xylazine (Alfasan, Holland). After clamping the duo-
denum ampulla, 3 ml of collagenase solution (solution G
supplemented with collagenase P) (Roche Applied Science)
was infused into the bile duct slowly. Solution G is com-
posed of modified Hanks’ balanced salt solution (Invitrogen)
with 0.25% (w/v) BSA (Sigma). The inflated pancreas was
removed and put into centrifuge tubes with 3 ml of collage-
nase solution before incubation at 37 °C for 10 min with gen-
tle shaking. The digested pancreases were washed with solu-
tion G three times and filtered through a 500-mm mesh
before gradient centrifugation with Histopaque 1119, 1083,
and 1077 (Sigma). The uppermost layer of islets was har-
vested and cultured with RPMI 1640 (Gibco, catalog no.
22400) with 10% FBS and 1% penicillin-streptomycin. The
islets were treated with MPE at concentrations of 0.5 mg/li-
ter for 72 h.

Microarray analysis

Microarray analysis was performed in the laboratory of
the CUHK Department of Obstetrics and Gynecology using
the Agilent platform. Control and unknown RNA samples
were labeled by different dyes, followed by the addition of
prehybridization and reaction solutions, prepared according
to the manufacturer’s instructions. Thereafter, a PCR purifi-
cation kit was used to combine the control and test reac-
tions, followed by washing and eluting labeled cDNA from
the column. Hybridization solution was applied to the microar-
ray slide for further incubation at 65 °C overnight. The slides
were then washed and read under an Agilent C microarray
scanner.

Real-time PCR and immunoblotting

We used TRIzol (Invitrogen) to extract total RNA in MIN6
cells and primary islets from the above mouse models, followed
by reverse transcription to cDNA (Takara, Japan). cDNA was
applied to a SYBR Green kit (Promega) and then an Applied
Biosystems 7900HT system for quantitative RT-PCR analysis.
Mouse primers are shown in Table S1.

Figure 7. MPE attenuates inflammation by decreasing the protein level of NF-kB p65 and increasing the protein level of IkB. A–C, Western blotting
analysis of respective markers in MIN6 cells. D–F, Western blotting analysis of respective markers in primary pancreatic islets from HFD-induced obese mice.
G–I, Western blotting analysis of respective markers in primary pancreatic islets from C57 mice. Mix represents mixture of inflammatory cytokines (IL-1b 1
TNFa1 IFNg). Ctl, HG control. Data are presented asmean6 S.E. (error bars) with individual data points in histograms. *, p, 0.05; **, p, 0.01.
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Total protein fromMIN6 cells or primary pancreatic islets was
extracted by using ice-cold cell lysis buffer (catalog no. 9803, Cell
Signaling Technology) supplemented with protease inhibitor
(Roche Applied Science) and Na3VO4 and then adjusted to the
same concentration by loading buffer and denatured. After gel
electrophoresis, transfer, and blocking, membranes were incu-
bated in the primary antibodies at 4 °C overnight. The primary
antibodies included phospho-p65, p65, phospho-IkB, IkB, and
GAPDH. HRP-linked anti-rabbit and anti-mouse IgG were used
as secondary antibodies. Protein bands were developed
by Immobilon Western Chemiluminescent HRP substrate
(Millipore, Billerica, MA, USA). A description of the antibod-
ies used is included in Table S1.

Insulin, IL-1b ELISA, and ATP/ADP ratio measurement

For measurement of mouse serum insulin, collected blood
samples were put on ice for at least 30min for clotting, followed
by centrifugation at 2500 3 g for 20 min at 4 °C. The serum
was collected for measurement of insulin by ELISA (Milli-
pore, Germany).
For GSIS study of MIN6 cells or isolated mouse islets, cells

were first starved with low FBS and glucose in KRBH buffer
(129 mmol/liter NaCl, 4.8 mmol/liter KCl, 1.2 mmol/liter
KH2PO4, 1.2 mmol/liter MgSO4, 2 mmol/liter CaCl2, 20 mmol/
liter HEPES, 24mmol/liter NaHCO3, 0.2% BSA (w/v), 0.2% FBS
(w/v)) with low glucose of 5.5mmol/liter (forMIN6 cells) or 2.8
mmol/liter (for islets). After 1 h, the medium was replaced by
KRBH buffer with either low glucose (5.5 mmol/liter for MIN6
cells, 2.8 mmol/liter for islets) or high glucose (25 mmol/liter
for MIN6 cells, 16.7 mmol/liter for islets) for another 2 h. The
medium was collected for insulin measurement by ELISA
(Millipore, Germany) according to the manufacturer’s instruc-
tions, and cells were washed three times with PBS before being

harvested for protein quantification (Thermo Fisher Scientific,
Waltham,MA, USA).
For measurement of the IL-1b level in MIN6 cells and

primary pancreatic islets, cell supernatant was collected after
treatment and analyzed by IL-1b ELISA (R&D Systems)
according to the manufacturer’s instructions, and cells were
harvested for quantification of protein content (Thermo Fisher
Scientific).
For glucose-stimulated ATP/ADP ratio measurement, MIN6

cells or primary islets were starved in KRBH buffer with low
glucose of 5.5 mmol (MIN6 cells) or 2.8 mmol (islets) for 1 h,
followed by stimulation by KRBH buffer with high glucose of
25 mmol of glucose (MIN6 cells) or 16.7 mmol (islets) for
another 2 h. The supernatant was collected for ATP/ADP ratio
measurement by a bioluminescent assay kit (Abcam, UK)
according to the manufacturer’s instructions. Cells were har-
vested for measurement of protein content (Thermo Fisher
Scientific).
During OGTT, mouse serumwas collected for measurement

of insulin by ELISA (Millipore, Germany). GSIS study of MIN6
cells or isolated mouse islets was conducted as described
previously.
Cell supernatant was collected after treatment and analyzed

by IL-1b ELISA (R&D Systems) and a bioluminescent ATP/
ADP ratio assay kit (Abcam), respectively, according to the
manufacturer’s instructions, and cells were harvested for quan-
tification of protein content.

Triglyceride, high-density lipoprotein cholesterol, GLP-1,
glucagon, and caspase-3 activity measurement

After OGTT, mouse serum was collected for measurement
of triglyceride (Abcam), high-density lipoprotein cholesterol
(Abcam), GLP-1 (Abcam), and glucagon (Abcam) according to

Table 1
Effects of MPE on outcome measures in various experimental models
:, increase; ;, decrease; (2), no change; FBG, fasting blood glucose; BW, body weight; FI, food intake; GSIS, glucose-stimulated insulin secretion; HFD, high-fat diet; IS,
insulin secretion; ITT, insulin tolerance test; NCD, normal chow diet; OGTT, oral glucose tolerance test; PA, palmitate acid; WB, Western blotting.

db/dbmice HFD-induced obese mice MIN6 cells
Primary islets fromHFD-

induced obese mice
Primary islets from NCD

mice

; FBG (Fig. 1A); : IS per week
(Fig. 1B)

(2) FBG (Fig. 1C); (2) BG in
OGTT (Fig. 1, D and E); : IS
in OGTT (Fig. 1F)

:GSIS (Fig. 3A); : ATP/ADP
ratio (Fig. 3B)

:GSIS (Fig. 3C); : ATP/ADP
ratio (Fig. 3D)

: percentage of b-cell area (Fig.
2, A and C); (2) percentage
of a-cell area (Fig. 2B)

: percentage of b-cell area (Fig.
2, D and F); (2) percentage
of a-cell area (Fig. 2E)

; pi3kca, pi3ckcd, csf2, nfkb1 in
microarray analysis (Fig. 4,
A–J)

; p65 nuclear translocation
(Fig. 5, A and B)

; il1b RNA expression (Fig.
5C); ; IL-1b protein expres-
sion with inflammatory
cytokine treatment (Fig. 5D)

; IL-1b RNA expression (Fig.
5E); ; IL-1b protein expres-
sion (Fig. 5F)

:GSIS with inflammatory
cytokine treatment (Fig.
5G); ; il1b RNA expression
with inflammatory cytokine
treatment (Fig. 5H)

(2) BW, FI (Fig. S2, A and B);
(2) ITT (Fig. S2C); (2)
OGTT (Fig. S2, D and E)

(2) BW, FI (Fig. S3, C and D);
(2) ITT (Fig. S3E)

MPE with IKK inhibitor treat-
ment: ;GSIS (Fig. 6A);
; ATP/ADP ratio (Fig. 6B);

: il1b RNA expression (Fig.
6C); : IL-1b protein expres-
sion (Fig. 6D)

; IL-1b expression in pancreas
(Fig. S4, A and B)

; IL-1b expression in pancreas
(Fig. S4, C, and D)

; P-p65, ; P-IKB byWB (Fig.
7, A–C)

; P-p65, ; P-IKB byWB (Fig.
7,D–F)

; P-p65, ; P-IKB with inflam-
matory cytokine treatment
byWB (Fig. 7, G–I)

(2) cell proliferation in pan-
creas (Fig. S5); (2) apoptosis
by TUNEL in pancreas (Fig.
S6); (2) lipid profile, GLP-1,
caspase-3, glucagon, a-glu-
cosidase activity (Fig. S7)

MPE with PA treatment: (2)
GSIS (Fig. S8, A–E)
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the manufacturer’s instructions. Caspase-3 activity (Abcam)
was measured in the MIN6 cell supernatant after treatment
withMPE (0.5mg/liter) for 72 h.

Statistical analysis

In the animal experiments, all data are presented as mean 6
SEM with individual data points shown in histograms. Between-
group differences were compared using Student’s t test and
two-way analysis of variance with Tukey’s post hoc test as
appropriate. Statistical comparisons were made using Prism
(GraphPad Prism 7, San Diego, CA). A p value of ,0.05 was
considered as statistically significant.

Data availability

Microarray data have been deposited in the Gene Expression
Omnibus and are accessible through GEO accession number
GSE154478. All other data are contained within the article.
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