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ABSTRACT: The present study is to investigate the polyphenolic
composition and in vivo antidiabetic effect of white-fleshed Chinese
bayberry cultivar “Shui Jing”. By liquid chromatography quadru-
pole time-of-flight mass spectrometry (LC-Q-TOF-MS), 38
polyphenols were identified in the Shui Jing fruit extract (SJE),
where proanthocyanidins (PAs), including epigallocatechin gallate
(EGCG), as well as flavonols, including myricitrin and quercetrin,
were the predominant ingredients. After a 5-week experiment, the
SJE (200 mg/kg bodyweight) significantly reduced fasting blood
glucose, elevated glucose tolerance, and insulin sensitivity in
diabetic KK-Ay mice. It markedly attenuated bodyweight gain and
decreased glycolipid metabolism-related markers including insulin,
leptin, glucagon, triglyceride (TG), total cholesterol (TC), low-
density lipoprotein cholesterol (LDL-c) and alanine aminotransferase (ALT) levels in mice. Liver weight and hepatic lipid
accumulation were also significantly reduced by the SJE. Gene expressions of insulin 1 (INS1) and glycogen synthase kinase 3 β
(GSK3b) were markedly inhibited while the hepatic phosphorylation of AMPKα was significantly increased in the liver of SJE-
treated mice, indicating that the SJE may exert an antidiabetic effect through an AMPK-dependent pathway. In conclusion, white
bayberry rich in PAs and flavonols may have great potential in the regulation of diabetes mellitus.

■ INTRODUCTION

Diabetes mellitus (DM) is a chronic disease resulting from the
deficiency of insulin secretion (type-1 diabetes, T1D) or
impairment of insulin action (type-2 diabetes, T2D), both of
which result in hyperglycemia in the human body.1 According
to the World Health Organization (WHO), the global
incidence of DM among adults over 18 years old have been
steadily increasing over the past few decades.2 In 2017, more
than 451 million adults (age 18−99) were diagnosed with DM
worldwide, and such a figure was estimated to reach 693
million by 2045.3 T2D is the most prevalent diabetes
accounting for more than 90% of all DM, and it is commonly
associated with overweight and obesity,2 and it could lead to
severe life-threatening health complications, such as blindness,
nephropathy, and cardiovascular disease.4 Therefore, preven-
tion and control programs are urgently needed to inhibit the
dramatic rising incidence of T2D and its complications.
Plenty of epidemiological studies and meta-analysis showed

that higher fresh fruit intake was associated with a significantly
lower risk of T2D.5,6 Moreover, substantial investigations
indicated that fruit extracts from various dark-colored berries
such as blueberry, mulberry, and blackberry possessed
significant antidiabetic effects.7,8 For example, in high fat
diet-induced obese mice, blueberry supplement significantly

elevated insulin sensitivity and glucose tolerance and showed
protective effects on pancreatic β-cells.9 Anthocyanin-rich
blueberry consumption showed beneficial effects on glycemic
control in T2D patients.10 The mulberry anthocyanin extract
regulated glucose metabolism through promoting glycogen
synthesis and reducing gluconeogenesis in human HepG2 cells
and markedly ameliorated insulin resistance (IR) in diabetic
ob/ob mice.11,12 As to blackberry, it showed a strong inhibitory
effect on α-glucosidase that is linked to T2D and alleviated
glycemia and IR in rats, demonstrating its potential benefit on
the control or management of T2D.13,14 All of these berries are
rich in anthocyanins, which were known as the major
functional ingredients due to their great antidiabetic potential.
Chinese bayberry (Morella rubra Sieb. et Zucc.), a dark-red

colored berry native to China, is also a rich source of natural
anthocyanins with cyanidin-3-O-glucoside (C3G) as the main
component.15,16 A series of research studies conducted by our

Received: June 11, 2020
Accepted: June 24, 2020
Published: July 8, 2020

Articlehttp://pubs.acs.org/journal/acsodf

© 2020 American Chemical Society
17839

https://dx.doi.org/10.1021/acsomega.0c02759
ACS Omega 2020, 5, 17839−17849

This is an open access article published under an ACS AuthorChoice License, which permits
copying and redistribution of the article or any adaptations for non-commercial purposes.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yilong+Liu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xianan+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Liuhuan+Zhan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Chang+Xu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Linxiao+Sun"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Huamin+Jiang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Chongde+Sun"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xian+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xian+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsomega.0c02759&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c02759?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c02759?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c02759?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c02759?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c02759?fig=abs1&ref=pdf
https://pubs.acs.org/toc/acsodf/5/28?ref=pdf
https://pubs.acs.org/toc/acsodf/5/28?ref=pdf
https://pubs.acs.org/toc/acsodf/5/28?ref=pdf
https://pubs.acs.org/toc/acsodf/5/28?ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://dx.doi.org/10.1021/acsomega.0c02759?ref=pdf
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://http://pubs.acs.org/journal/acsodf?ref=pdf
http://pubs.acs.org/page/policy/authorchoice/index.html
http://pubs.acs.org/page/policy/authorchoice_termsofuse.html


group have shown that the C3G-rich bayberry extract had
significant anti-hyperglycemic effects in vivo and in vitro.17−21

The bayberry fruit extract achieved remarkable enhancement
of glucose consumption in a concentration-dependent manner
in HepG2 cells.17 Furthermore, the C3G-rich components
showed protective effects on isolated islets from mice or
neonatal pigs and enhanced their function after trans-
plantation.18,19 the C3G-rich bayberry pulp extract ameliorated
hyperglycemia in streptozotocin (STZ)-induced diabetic
mice,20 markedly lowered the fasting blood glucose levels,
and improved the glucose tolerance and insulin sensitivity in
diabetic KK-Ay mice.21 These results demonstrated that red
Chinese bayberry showed excellent antidiabetic properties in
which C3G plays an important role. Interestingly, there is a
special white bayberry cultivar, namely “Shui Jing” (Figure
1A), which differs from the common red or dark-red cultivars,
with a low content of anthocyanins.16 So far, no study was
performed on the antidiabetic activity of white bayberry fruits,
which attracted our great interest.
Hence, the present study was designed to characterize and

quantify polyphenolic compounds of the Shui Jing fruit extract
(SJE) by liquid chromatography quadrupole time-of-flight
mass spectrometry (LC-Q-TOF-MS) and evaluate its anti-
diabetic effect in vivo using KK-Ay mice as an experimental
model. Possible mechanisms of its anti-hyperglycemic effects
were also investigated and discussed.

■ RESULTS
Qualitative and Quantitative Analysis of Polyphenols

in the SJE. The SJE was characterized by LC-Q-TOF-MS for
polyphenolic profiles. Compound identification was performed
according to mass spectrometry data under negative ESI mode,
published literature data, and comparison with an authentic
standard, wherever available. Eventually, a total of fifteen
phenolic acids and derivatives, nine flavonoid glycosides, and
14 proanthocyanidins (PAs) and derivatives were identified.
Combined with the quantitative analysis of polyphenols in the
SJE, the main ingredients accounting for 90.80% of total
polyphenols are listed in Table 1 and other polyphenolic
compounds at a relatively lower level are listed in Table S1.
In the SJE, PAs and derivatives (48.05%) were the most

representative class (Figure 1C). Particularly, compound 1
showed the largest amount of 1706.09 ± 16.87 mg/100 g DW
(Table 1) that accounted for 36.03% of the total polyphenolic
content. It showed a deprotonated molecular ion [M − H]− at
m/z 457. The base peak at m/z 169 (relative abundance (RA)
100%) corresponds to gallic acid and that at m/z 305
corresponds to the (E)GC unit. Fragment ion at m/z 125
could be attributed to the loss of −COO (44 Da) from m/z
169, which confirmed that it contained the gallic acid group.
Based on the comparison with literature data and authentic
standard confirmation, compound 1 was identified as
epigallocatechin gallate (EGCG). Compound 3 produced a
parent ion at 305, and the major fragment ion at m/z 125 (RA
100%) corresponds to a trihydroxybenzene moiety. It was
confirmed by matching retention time and MSn spectral data
with a chemical standard of EGC. In addition, some polymers
related to (E)GC or (E)GCG such as (E)GC-(E)GCG
(compounds 2) and (E)GCG-(E)GCG (compound 4) were
also identified as the major PAs in the SJE (Table 1).
Flavonoid glycosides (45.46%) were another major class

found in the SJE (Figure 1C), with myricitrin (compound 5,
834.18 ± 4.51 mg/100 g DW) as the principal component

followed by quercetrin (779.95 ± 4.31 mg/100 g DW) (Table
1). Myricitrin and compound 9 were identified based on
literature information and further confirmation by matching
retention time and MSn spectral data with authentic standards.
Compound 6 showed an [M − H]− ion at 447. Base peaks at
m/z 300 [M − 2H − 146]− (RA 100%) and 301 [M − H −
146]− (RA 61%) confirmed the quercetin aglycon after
cleavage of a rhamnosyl residue (146 Da). Hence, it was
identified as quercetrin. Compound 7 showed a deprotonated
molecular ion at m/z 431 corresponding to the molecular
formula, C21H20O10, of sugar-substituted flavonols. Further
fragmentation by collision-induced dissociation of this parent
ion (m/z 431) gave aglycon fragments (kaempferol) at m/z
285 [M − H − 146]− (RA 100%) and 284 [M − 2H − 146]−

(RA 81%) after the loss of a rhamnosyl residue. Combined
with the literature data, compound 7 was identified as

Figure 1. (A) Shui Jing cultivar of the Chinese bayberry fruit. (B)
Schematic diagram for the preparation of the Shui Jing fruit extract
(SJE). (C) Pi chart representation of the polyphenolic composition in
the SJE. (D) Aglycons of the proanthocyanidins (PAs) and
derivatives, flavonoid glycosides, and phenolic acid and derivatives.
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kaempferol-3-O-rhamnoside. Compound 8 gave precursor ion
[M − H]− at m/z 615 (C28H24O16). It generated a product ion
at m/z 463 [M − H − 152]− by loss of a galloyl moiety.
Another ion at m/z 317 [M − H − 152 − 146]− (RA 100%)
was corresponding to cleavage of galloyl and a deoxyhexose
moiety. Based on a comparison with a reported compound,
this compound was confirmed as myricetin-3-O-(2″-O-
galloyl)-α-L-rhamnopyranoside.
Phenolic acid and derivatives were also identified but at a

relatively lower percentage (Figure 1C), where compound 10
was the predominant ingredient. It showed the parent ion at
m/z 447 (C20H16O12). The base peaks at m/z 315 [M − H −
132 Da (xylopyranose unit)]− (100% RA) and 300 (96% RA)
were predominant. Such characterization was the same as a
previous report. Thus, this peak was identified as 3′-O-methyl-
4-O-(β-D-xylopyranosyl) ellagic acid. Chemical structures of
aglycons in each class are presented in Figure 1D.
Bodyweight, Food Intake, and Tissue Index. As shown

in Table 2, compared with nondiabetic C57BL/6 mice,
diabetic KK-Ay mice showed obesity and bodyweight (BW)
was steadily increasing during the 5 week experiment.
However, such an increasing trend was attenuated in the SJE
group. From week 2 to 5, the bodyweight (BW) of KK-Ay mice
supplemented with the SJE was markedly lower than that of
the KK-Ay control group (p < 0.05 or p < 0.01) (Table 2).
With regard to food intake, no remarkable difference was
observed between two groups of KK-Ay mice. The weight of
adipose tissues, i.e., epididymal and perirenal white adipose
tissue (WAT) and dorsal brown adipose tissue (BAT), in heart
and kidneys showed no difference between the SJE and its
control group (Table 2). While the liver index of the SJE group
(3.88 ± 0.18%) was significantly lower than the KK-Ay control
group (5.11 ± 0.29%) (p < 0.05) and even close to that of the
nondiabetic C57BL/6 group (3.79 ± 0.24%) (Table 2).
Fasting Blood Glucose (FBG), Oral Glucose Tolerance

Test (OGTT), and Insulin Tolerance Test (ITT). As for

FBG, C57BL/6 mice showed normal levels, while diabetic KK-
Ay mice showed hyperglycemic symptoms during the experi-
ment (Figure 2A). At the beginning of the study, there was no
significant difference in the initial FBG levels between two
groups of diabetic mice. The FBG concentration of the KK-Ay

control group increasingly rose up during the 5 week
experiment and eventually reached a maximum of 23.58 ±
2.70 mmol/L (Figure 2A). Notably, the SJE supplement
significantly inhibited such an increase in the FBG level since
week 2 (p < 0.01 or p < 0.001) (Figure 2A). Finally, the blood
glucose level of the SJE group (9.96 ± 1.16 mmol/L) achieved
a nearly 50% decrease compared with that of the KK-Ay

control group (23.58 ± 2.70 mmol/L) (p < 0.001) (Figure
2A).
OGTT was performed on week 4. In the KK-Ay control

group, blood glucose levels were still high with a concentration
of 22.52 ± 2.90 mmol/L at 1 h and 20.33 ± 2.75 mmol/L at 2
h after gavage with glucose, indicating an apparently impaired
glucose tolerance (Figure 2B). Supplement of the SJE elevated
the glucose tolerance in KK-Ay mice, where blood glucose
concentrations reduced to 13.34 ± 2.01 mmol/L at 1 h and
10.24 ± 1.62 mmol/L at 2 h after oral glucose (Figure 2B). In
addition, diabetic mice administered with the SJE showed
markedly lower blood glucose levels compared to the
corresponding control mice at each time point in the OGTT
(p < 0.01 or p < 0.001) (Figure 2B). Such results indicated that
the SJE had a high regulation activity on glucose tolerance in
diabetic mice.
ITT was conducted on week 5 to test the effect of SJE

supplement on insulin sensitivity. Insulin exerted a stronger
glucose-lowering effect in the SJE group mice than that in the
water-treated control group (Figure 2C). Moreover, blood
glucose levels in SJE-treated mice showed significant differ-
ences at each time point in ITT (p < 0.001), compared with
water-treated KK-Ay mice (Figure 2C). These results

Table 1. Main Polyphenols Identified by Liquid Chromatography Quadrupole Time-of-Flight Tandem Mass Spectrometry
(LC-Q-TOF-MS) and Their Contents in the Shui Jing Fruit Extract (SJE)

no. compound
RTa

(min)
[M − H]−
(m/z)

molecular
formula fragment ions (relative abundance) refs

content
(mg/100 g DW)

Proanthocyanidins and Derivatives
1 bEGCGd 32.891 457.0775 C22H18O11 305.0671(14), 169.0143(100), 125.0247(37.5) 22 1706.09 ± 16.87
2 (E)GC-(E)GCG 23.483 761.1366 C37H30O18 609.1294(19), 591.1182(18), 423.0739(100),

305.0675(29)
23 185.37 ± 2.74

3 cEGCd 21.168 305.0669 C15H14O7 125.0243(100), 219.0654(30), 221.0451(15),
165.0197(25)

24 127.44 ± 0.67

4 (E)GCG-(E)GCG 30.964 913.1485 C44H34O22 761.144(36), 743.133(33), 591.1191(42),
573.1077(23), 423.0738(100), 285.0407(23)

25 98.58 ± 1.00

Flavonoid Glycosides
5 myricetin-3-O-α-L-rhamnoside

(myricitrin)d
44.885 463.0876 C21H20O12 317.0309(29), 316.0221(100), 287.0193(26),

271.0243(35), 259.0244(7)
17 834.18 ± 4.51

6 quercetin-3-O-rhamnoside
(quercetrin)

53.954 447.093 C21H20O11 301.0349(61), 300.0271(100), 271.0247(48),
255.03(30), 243.0298(11), 151.0033(7)

26 779.95 ± 4.31

7 kaempferol-3-O-rhamnoside 62.243 431.0981 C21H20O10 285.0409(100), 284.033(81), 255.0304(75),
227.0352(40), 229.0508(13)

27 279.14 ± 1.79

8 myricetin-3-O-(2″-O-galloyl)-α-
L-rhamnopyranoside

61.781 615.0991 C28H24O16 463.0918(9), 317.0309(100), 178.9984(9) 28 118.41 ± 1.35

9 cyanidin-3-O-glucosided 18.304 449.1078 C21H20O11 284.0324(100), 447.0954(74) 17 78.52 ± 0.16
Phenolic Acid and Derivatives

10 3′-O-methyl-4-O-(β-D-
xylopyranosyl) ellagic acid

52.823 447.0576 C20H16O12 315.0153(100), 299.9921(96), 285.0401(7),
284.0329(21), 255.0293(12), 227.034(12)

29 92.31 ± 0.04

aRT: Retention time. bEGCG: Epigallocatechin gallate. cEGC: Epigallocatechin. dFurther confirmed in comparison with authentic standard and its
quantitative analysis was absolute. Others were relatively quantified.
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demonstrated that the SJE might improve IR and increase the
efficiency of insulin action.
Serum Analysis. After the 5 week experiment, serum

triglyceride (TG), total cholesterol (TC), low-density lip-
oprotein cholesterol (LDL-c), and alanine aminotransferase
(ALT) concentrations were significantly decreased, and the
high-density lipoprotein cholesterol (HDL-c) level was
markedly increased in the SJE group mice, compared to that
in KK-Ay control mice (p < 0.05) (Table 2). The SJE-treated
mice also showed remarkably lower levels in serum insulin
(29.73 ± 1.56 vs 17.3 ± 3.38 mU/L, p < 0.05), glucagon
(168.71 ± 7.55 vs 138.36 ± 7.88 pg/mL, p < 0.05), and leptin
(4.35 ± 0.19 vs 3.09 ± 0.15 ng/mL, p < 0.001) than that in
control group (Figure 3). Serum resistin and adiponectin levels
tended to be decreased in the SJE group mice compared with
the control group (Figure 3).
Hepatic Lipid Parameters and Histological Observa-

tion. To study the effects of the SJE on hepatic lipid
abnormalities, TC and TG concentrations in mice liver were
detected and histological analysis was conducted (Figure 4).
The results showed that the liver weight of SJE-treated KK-Ay

mice was significantly decreased compared to the control

group (p < 0.05). Both hepatic TC and TG levels in diabetic
mice were markedly reduced by the SJE (p < 0.01) (Figure
4A). According to the histological observation by either
hematoxylin and eosin (H&E) staining or Oil Red O staining
on the liver of diabetic KK-Ay control mice, the shapes of
hepatocytes become irregular, as severe fatty infiltration was
shown in liver tissues and lipid droplets were intensely
accumulated in hepatocytes (Figure 4B). As expected, SJE
administration significantly inhibited lipid droplet accumu-
lation in hepatocytes and alleviated hepatic steatosis (Figure
4B).

Table 2. Effects of the SJEa (200 mg/kg Bodyweight (BW))
on Growth Parameters, Tissue Index, and Serum
Parameters in Diabetic KK-Ay Mice

parameters C57BL/6 + waterb KK-Ay + waterc KK-Ay + SJEc

Bodyweight (g)
0 week 22.24 ± 0.72 36.89 ± 0.68 37.05 ± 0.61
1 week 25.04 ± 0.86 39.57 ± 0.75 38.75 ± 0.47
2 week 25.78 ± 0.81 41.76 ± 1.05 38.77 ± 0.53*
3 week 26.24 ± 1.05 43.57 ± 1.05 39.41 ± 0.77**
4 week 26.88 ± 1.04 45.75 ± 1.19 40.73 ± 0.53**
5 week 24.32 ± 0.77 46.76 ± 1.56 41.82 ± 0.65*
food intake (g
per day)

2.99 ± 0.09 5.29 ± 0.05 5.01 ± 0.08

Tissue Index (%)d

liver 3.79 ± 0.24 5.11 ± 0.29 3.88 ± 0.18*
epididymal
WATe

1.00 ± 0.19 2.63 ± 0.13 2.44 ± 0.09

perirenal WAT 0.19 ± 0.07 1.29 ± 0.11 1.08 ± 0.07
BATf 0.31 ± 0.05 0.63 ± 0.07 0.87 ± 0.15
heart 0.53 ± 0.06 0.34 ± 0.01 0.37 ± 0.01
kidney 1.13 ± 0.09 0.99 ± 0.03 1.00 ± 0.02

Serum Lipids
TCg (mmol/L) 2.13 ± 0.24 3.77 ± 0.32 2.70 ± 0.13*
TGh (mmol/L) 0.64 ± 0.06 0.74 ± 0.02 0.60 ± 0.02*
HDL-ci

(mmol/L)
2.18 ± 0.16 1.72 ± 0.19 2.34 ± 0.11*

LDL-cj

(mmol/L)
0.05 ± 0.02 0.53 ± 0.11 0.19 ± 0.04*

Liver Function
ALTk (U/L) 27.5 ± 1.06 66.71 ± 10.79 38.25 ± 3.75*
ASTl (U/L) 112.5 ± 7.85 138.86 ± 9.96 122.75 ± 8.34
AST/ALT 4.11 ± 0.31 2.28 ± 0.16 3.36 ± 0.28**
aSJE: Shui Jing fruit extract. bC57BL/6 mice as nondiabetic control
(n = 10). cKK-Ay mice as a diabetic model (n = 10 for each group).
dTissue index (%) = tissue weight (g)/bodyweight (g) × 100. eWAT:
White adipose tissue. fBAT: Brown adipose tissue. gTC: Total
cholesterol. hTG: Triglycerides. iHDL-c: High-density lipoprotein
cholesterol. jLDL-c: Low-density lipoprotein cholesterol. kALT:
Alanine aminotransferase. lAST: Aspartate transaminase. Values are
expressed as the mean ± standard error (SE). *p < 0.05, **p < 0.01,
compared to the KK-Ay + water group.

Figure 2. Effects of the SJE at a dose of 200 mg/kg BW on fasting
blood glucose (A), oral glucose tolerance (B), and insulin resistance
(C) in diabetic KK-Ay mice during the 5 week experiment, with an
oral glucose tolerance test (OGTT) in week 4 and the insulin
tolerance test (ITT) in week 5. Values are mean ± SE of 7−10 mice.
*p < 0.05, **p < 0.01, and ***p < 0.001; the KK-Ay + SJE group
compared to the KK-Ay + water group.

Figure 3. Effects of the SJE at a dose of 200 mg/kg BW on levels of
serum insulin, glucagon, leptin, resistin, and adiponectin in diabetic
KK-Ay mice at the end of the experiment. Values are expressed as
mean ± SE (n = 7−10). *p < 0.05 and ***p < 0.001; the KK-Ay +
SJE group compared to the KK-Ay + water group.
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Gene and Protein Expression Analysis. To explore the
possible mechanism of hepatic glucose and lipid homeostasis
regulation by the SJE, the mRNA levels of fifteen genes (Table
3) were analyzed by real-time polymerase chain reaction
(PCR) in the liver of KK-Ay diabetic mice (Figure 5A).
The results showed that gene expressions of glycogen

synthase kinase 3 β (Gsk3b), the mammalian target of
rapamycin (mTOR), the cluster of differentiation 36 (Cd36),
insulin 1 (INS1), CRE-binding protein (CREB)-regulated
transcription coactivator 2 (Crtc2), and the insulin-like growth
factor 1 receptor (IGF1R) were significantly decreased by the

SJE treatment (Figure 5A). Additionally, gene expressions of
cholesterol 7alpha-monooxygenase (Cyp7a1) and insulin-like
growth factor 1 (IGF1) were markedly upregulated in the liver
of the SJE-treated group compared to the control group
(Figure 5A). These glycolipid metabolism-related genes that
are markedly regulated by the SJE were all involved in the
AMPK pathway.
Phosphorylation of AMPKα, which is required for AMPK

activation, was also examined by western blot (Figure 5B). The
results showed that the SJE treatment significantly elevated the
phosphorylation of AMPKα and the ratio of phosphorylated to
total AMPKα in mice liver compared to that in the KK-Ay

Figure 4. (A) Liver weight, hepatic cholesterol (TC) level, and
hepatic triglyceride level (TG) in diabetic KK-Ay mice (n = 5); (B)
Hematoxylin and eosin staining and Oil Red O staining of transverse
liver section (200× magnification) (n = 5). Values are expressed as
mean ± SE. *p < 0.05 and **p < 0.01; the KK-Ay + SJE group
compared to the KK-Ay + water group.

Table 3. Primer Sequences Used for qPCR in This Studya

genes forward (5′ to 3′) reverse (5′ to 3′)
Ppara AGAGCCCCATCTGTCCTCTC ACTGGTAGTCTGCAAAACCAAA
Cpt2 CAGCACAGCATCGTACCCA TCCCAATGCCGTTCTCAAAAT
Pik3ca TTATTGAACCAGTAGGCAACCG GCTATGAGGCGAGTTGAGATCC
Gsk3b TGGCAGCAAGGTAACCACAG CGGTTCTTAAATCGCTTGTCCTG
mTOR ACCGGCACACATTTGAAGAAG CTCGTTGAGGATCAGCAAGG
Cyp2e1 GGACCTTTCCCAATTCCTTTCTT TCTTGTGGTTCAGTAGCACCT
Cyp7a1 GGGATTGCTGTGGTAGTGAGC GGTATGGAATCAACCCGTTGTC
Hnf4a AAGGTGCCAACCTCAATTCATC CACATTGTCGGCTAAACCTGC
Cd36 ATGGGCTGTGATCGGAACTG TTTGCCACGTCATCTGGGTTT
INS1 CACTTCCTACCCCTGCTGG ACCACAAAGATGCTGTTTGACA
Pdpk1 CTGTATGACGCTGTGCCCATT AAGGGGTTGGTGCTTGGTC
Crtc2 ACAGCCTCAGCGTCCAATC GTGGAGCCGATGTCCATCAT
HSL CCAGCCTGAGGGCTTACTG CTCCATTGACTGTGACATCTCG
IGF1R CATGTGCTGGCAGTATAACCC TCGGGAGGCTTGTTCTCCT
IGF1 CTGGACCAGAGACCCTTTGC GGACGGGGACTTCTGAGTCTT
β-actin GGCTGTATTCCCCTCCATCG CCAGTTGGTAACAATGCCATGT

aPpara, peroxisome proliferator-activated receptor α. Cpt2, carnitine O-palmitoyltransferase 2. Pik3ca, phosphatidylinositol-4,5-bisphosphate 3-
kinase catalytic subunit α. Gsk3b, glycogen synthase kinase 3 β. mTOR, mammalian target of rapamycin. Cyp2e1, cytochrome P450, family 2,
subfamily E, polypeptide 1. Cyp7a1, cholesterol 7alpha-monooxygenase. Hnf4a, hepatocyte nuclear factor 4-α. CD36, cluster of differentiation 36.
INS1, insulin 1. Pdpk1, 3-phosphoinositide dependent protein kinase-1. Crtc2, CRE-binding protein (CREB)-regulated transcription coactivator 2.
HSL, hormone-sensitive lipase. IGF1, insulin-like growth factor 1. IGF1R, insulin-like growth factor 1 receptor.

Figure 5. (A) Gene expressions of hepatic glucose and lipid
metabolism markers related to the AMPK pathway in the liver of
diabetic KK-Ay mice (n = 3). (B) Effects of the SJE (200 mg/kg BW)
on p-AMPKα protein expression in the liver of diabetic KK-Ay mice
(n = 3). Values are expressed as mean ± SE. *p < 0.05 and **p <
0.01; the KK-Ay + SJE group compared to the KK-Ay + water group.
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control group (Figure 5B). Overall, the SJE may exert the
antidiabetic effect through an AMPK-dependent pathway.

■ DISCUSSION
Anthocyanin in colored berries is known as the most abundant
polyphenol possessing significant anti-hyperglycemic poten-
tial.8 However, the antidiabetic effect of non-anthocyanin
components in berry fruits draws much less attention. In the
present study, KK-Ay mouse, which phenotypically resembles
human T2D, was selected as an animal model for the in vivo
antidiabetic study on the SJE. The results showed that the
hyperglycemia symptom of diabetic KK-Ay mice was
significantly attenuated in the SJE-treated group, where it
markedly reduced fasting glucose during the 5 week experi-
ment. At the end of the experiment, the FBG level of the SJE
group was greatly reduced compared with that of the KK-Ay

control mice (9.96 ± 1.16 vs 23.58 ± 2.70 mmol/L). In our
previous study, the FBG level was also significantly reduced in
KK-Ay mice treated with the red Chinese bayberry extract that
is rich in anthocyanins.21 These results proved that white berry
fruits accumulating low amounts of anthocyanins also had
excellent glucose-lowering properties. It was reported that
white grape extracts had potent inhibitory activity on α-
amylase and α-glucosidase,30 and white grape wine significantly
ameliorated oxidative stress in STZ-induced diabetic rats.31

To identify the main ingredients contributing to its
antidiabetic activity, the phytochemical characterization of
SJE was performed. PAs were the main phenolic compounds in
the SJE, and EGCG was identified as the most abundant
component. EGCG is known as a predominantly active
compound in green tea that has been found to possess a
number of biological activities for the prevention or treatment
of DM, obesity, etc.32,33 PAs such as EGCG are strong
antioxidants, and the antioxidant activity plays an important
role in reducing the insulin insensitivity or protecting the β
cells from oxidative stress caused by various factors.34,35 Our
previous reports showed that the litchi fruit extract rich in PAs
significantly increased the glucose consumption in HepG2
cells, and such bioactivity was highly linked to the antioxidant
capacity and total PA content of different cultivars.36,37

As far as the flavonoid glycosides in the SJE, flavonols
including myricitrin and quercetrin were the main compo-
nents, and both of which were reported to show significant
inhibitory effects on α-glucosidase, an important target for the
treatment of T2D with impaired glucose tolerance.38 Our
previous report showed that quercetrin remarkably increased
the glucose consumption in HepG2 cells.17 As to myricitrin, it
markedly relieved oxidative damage induced by the hyper-
glycemic condition in C2C12 cells and exhibited the in vivo
antidiabetic effect by recovering body and tissue weight,
improving antioxidant stress and hyperglycemia on STZ-
nicotinamide-induced diabetic mice.39,40 Here, the SJE rich in
myricitrin and quercitrin improved the glucose tolerance in
KK-Ay mice. C3G was also identified in the SJE with a content
of 78.52 ± 0.16 mg/100 g DW, which was much lower than
that of the red-fleshed bayberry extract ranging from 7623 to
42 093 mg/100 g DW.17

IR is an important hallmark in the occurrence and
development of T2D, and insulin secretion is promoted to
maintain glucose homeostasis.41 Leptin is also important for
glucose homeostasis regulation, which can reduce serum
glucose and insulin concentrations in ob/ob mice.42 In this
study, KK-Ay mice showed phenotypes of hyperinsulinemia

and hyperleptinemia, indicating that it developed IR and leptin
resistance. Interestingly, the SJE administration improved such
symptoms in diabetic KK-Ay mice as shown in significantly
reduced serum insulin and leptin and elevated insulin
sensitivity in ITT. Glucagon is a hormone stimulating
gluconeogenesis and glycogenolysis, leading to increased
production of hepatic glucose, which was mobilized to
maintain normoglycemia in the fasting state.43 It exhibits an
antagonist effect against insulin and shows abnormally elevated
levels in the blood circulation of T2D patients.44 In our study,
the hyperglucagonemia symptom in KK-Ay mice was alleviated
by SJE treatment accompanied by a significantly lowered
serum glucagon concentration.
Increased hepatic glucose output via elevated gluconeo-

genesis is the main cause of fasting hyperglycemia in
individuals with T2D.45,46 In the present study, GSK3b and
Crtc2 mRNA levels were markedly decreased in SJE-treated
KK-Ay mice liver compared with that in control mice (p <
0.05). GSK3b is a crucial enzyme of glycogen synthesis, which
is involved in blood glucose regulation, insulin deficiency, and
IR.47 It acts as a negatively regulated substrate of the insulin
signaling pathway that, when genetically reduced, improves
glucose homeostasis in an insulin-resistant mouse.48 Hence,
modulation of hepatic GSK3b activity may be of benefit for
systemic glucose homeostasis. EGCG was capable of
enhancing glycogen synthesis by promotion of GSK3b
phosphorylation and inhibiting lipogenesis in hepatocytes,
which was associated with elevated expression of phosphory-
lated AMPK.49 Phenolic acids, which were also observed in the
SJE at relatively lower levels, were reported to have significant
antidiabetic activities by increasing glucose uptake and
glycogen synthesis, thus improving glucose profiles in DM.50

Crtc2 plays a pivotal role in the gluconeogenic program as a
critical downstream target of AMPK.46,51 As reported, AMPK
is a key player in maintaining glucose homeostasis, which is
placed at the center stage in the study of DM.52 In our study,
SJE significantly activated AMPK in diabetic KK-Ay mice liver,
indicating that the SJE may inhibit the hepatic glucose output
through activating AMPK, blocking Crct2 in liver gluconeo-
genesis to relief fasting hyperglycemia. Similarly, metformin, a
widely used oral drug for the treatment of T2D, also works by
activating AMPK and blocking hepatic gluconeogenesis.53,54

mTOR that functions as serine/threonine protein kinase is
dysregulated in many human diseases including T2D and
obesity.55 The mTOR pathway is activated during multiple
cellular processes such as IR and adipogenesis55 and is one of
the major downstream signaling pathways regulated by
AMPK.56 It integrates the input from upstream pathways,
including insulin and growth factors (e.g., IGF1).57 IGF1 is a
hormone that shared a similar molecular structure to insulin
and is produced primarily by the liver.58 It exerts glucose-
regulation actions by binding to IGF1R.59 Marked down-
regulation on gene expressions of mTOR, IGF1, and IGF1R
was observed in SJE-treated mice compared with the control
group, indicating that the SJE might attenuate IR in the
diabetic mice by at least partly modulation on the mTOR
pathway. Additionally, a downstream gene in the mTOR
pathway, CD36, which is involved in lipogenesis,60 was
markedly downregulated in the liver of SJE-treated mice
compared to that of water-treated control mice. Meanwhile,
the mRNA levels of Cyp7a1 involved in cholesterol
metabolism were markedly increased by the SJE, exhibiting
the same function as C3G.61 Combined with the significantly
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reduced TG and TC levels, as well as the number and size of
hepatic lipid droplets, it seems that the coordinated action of
improvement in hepatic adipogenesis and cholesterol regu-
lation contributed to the alleviation effect of the SJE on hepatic
steatosis in diabetic KK-Ay mice. In accord with our results,
EGCG supplements exerted significant anti-hyperglycemic and
anti-dyslipidemia activities in STZ-nicotinamide-induced T2D
diabetic rats as shown in the remarkably reduced plasma
glucose levels and lipid profiles such as TG, TC, and LDL-c.62

In conclusion, the present study characterized and quantified
polyphenolic profiles in the SJE, where PAs and derivatives
such as EGCG, as well as flavonols such as quercetrin and
myricitrin were the main ingredients. The SJE rich in such
polyphenols exerted significantly anti-hyperglycemic properties
through an AMPK-dependent pathway. Therefore, white
bayberry is also an excellent natural antidiabetic food, which
may suggest its potential application as a functional food
ingredient or for further drug discovery in the prevention and
control of DM and its complications.

■ MATERIALS AND METHODS
Chemicals. Standards of ellagic acid (≥96%), p-coumaric

acid (≥99%), quercetin-3-O-glucoside (isoquercetrin)
(≥98%), C3G (≥98%), myricetin-3-O-α-L-rhamnoside (myr-
icitrin) (≥98%), EGCG, and EGC (≥98%) were purchased
from Aladdin (Shanghai, China). Methanol and acetonitrile for
liquid chromatography were of chromatographic grade, and all
of the other solvents used in the experiment were of analytical
grade from Sinopharm Chemical Reagent Co., Ltd. (Shanghai,
China).
Preparation of the SJE. Shui Jing fruits were harvested at

commercial maturity from Xianju county, Zhejiang province,
China. The pulp was lyophilized and ground into powder in a
laboratory mill. The SJE was prepared according to our
previous publication with minor modifications,17 and the
schematic diagram of its preparation is shown in Figure 1B.
Lyophilized bayberry pulp powder was extracted twice with
95% aqueous ethanol containing 1% formic acid, as the solid-
to-liquid ratio of 1:40. It was stirred well and sonicated for 30
min. The ultrasonic power and frequency were 30 W and 60
kHz, respectively. Then, the extract was centrifuged at 10 000
rpm for 10 min to obtain the supernatants. Combined
supernatants were evaporated under reduced pressure with a
rotary evaporator to remove ethanol. The remaining aqueous
extract solution was then loaded on a C18 Sep-Pak cartridge
(12 cc/2 g, waters) after activating the cartridge with 20 mL of
methanol and conditioning with 20 mL of ddH2O. The
cartridge was then washed with ddH2O to remove impurities
such as sugars and eluted with methanol to get the eluents,
which were vacuum-dried (Concentrator Plus, Eppendorf,
Germany) to obtain the SJE for further analysis.
Characterization and Quantification of Polyphenols

in the SJE. Identification of Polyphenols by LC-Q-TOF-MS.
Phytochemical characterization of the SJE was conducted using
a quadrupole time-of-flight mass spectrometer (AB Triple
TOF 5600plus System, AB SCIEX, Framingham, MA), which
was coupled with an ultraperformance liquid chromatography
system (ACQUITY UPLC, Waters Corp., Milford, MA).16

Chromatographic separation was achieved using an ODS C18
analytical column (4.6 mm × 250 mm, Waters Corp.). The
column was kept at 25 °C, and the flow rate was 1 mL/min.
The mobile phase solutions were water with 0.1% formic acid
(eluent A) and acetonitrile: 0.1% formic acid (1:1, v/v) (eluent

B) and were implemented in the following gradient: 0−40 min,
10−38% B; 40−60 min, 38−48% B; 60−70 min, 48−100% B;
70−75 min, 100−10% B; and 75−80 min, 10% B. All samples
were kept at 4 °C during the analysis. The injection volume
was 5 μL.
MS conditions were as follows: the scan range was set at m/z

100−2000. The source voltage was −4.5 kV in negative mode,
and the temperature was 550 °C. The pressure of gases 1 and 2
was set to 60 psi. Curtain gas (N2) was set to 35 psi. The MS/
MS fragmentation process was accomplished at collision
energies of −20, −40, and −60 eV in IDA data acquisition
mode. The maximum allowed error was set to ±5 ppm. AB
Sciex Analyst Software Package Version 1.6 was applied to
control the entire system and data acquisition. Peakview2.2
Software was used for data processing.
The identification of phytochemicals was performed based

on the accurate mass and mass spectrometric fragmentation
patterns guided by the Massbank of North America database
(MoNA, https://mona.fiehnlab.ucdavis.edu), the ChemSpider
database (http://www.chemspider.com/), the published liter-
ature, and commercial standards and theoretical MS/MS tags.

Quantification of Polyphenols in Multiple Reaction
Monitoring (MRM) Mode by LC-MS. For quantification of
phytochemicals, chromatographic separations were performed
as described for characterization analysis. Triple quadrupole
scans were acquired in MRM mode on an AB SCIEX QTRAP
5500 LC-MS/MS system, equipped with an electrospray
ionization (ESI) Turbo Ion-Spray interface, operating in the
negative ionization mode and controlled by Analyst 1.6
software (AB SCIEX, Framingham, MA). The ESI source
operation parameters were as follows: source temperature, 550
°C; ion-spray voltage, −4.5 kV; and ion source gas I, gas II,
and curtain gas, 55, 55, and 35 psi, respectively. Optimization
of MS parameters for each selected mass transition was carried
out through direct infusion of a mixed standard solution. The
peak areas of all analytes were acquired in MRM mode for
quantification. Calibration curves were determined experimen-
tally for available standards. Because of the lack of standards
for some tentatively identified compounds, their Q1 and Q3
were set as quasi-molecular ions and the most abundant MS/
MS fragment, respectively, the DP values were optimized at
−80, −120, and −150 V, and the CE values were optimized at
−20, −35, and −50 eV. Their calibration curves were
determined with some other available standards. Among
phenolic acid and derivatives, ellagic acid derivatives were
relatively quantified based on ellagic acid content and others
were relatively quantified according to the content of p-
coumaric acid. Flavonoids and derivatives were relatively
quantified based on the isoquercetrin content, except for
myricitrin. Among proanthocyanidins and derivatives, EGCG−
EGCG was relatively quantified based on the EGCG content,
and others were relatively quantified based on the (E)GC
content. All determinations were performed in triplicate.
MultiQuant version 3.0.2 (AB SCIEX, Framingham, MA)
was used for data processing.

Animals and Diets. Male KK-Ay mice of 5 week age were
bought from Beijing HFK Bioscience Co., Ltd. (Beijing,
China) and kept in a special facility without specific pathogens.
Each cage housed three or four mice under 12 h light/dark
cycles. During the overall experiment, mice were fed water and
a diabetic diet (1K65, Beijing HFK Bioscience Co., Ltd.,
Beijing, China) ad libitum. Diet composition was as follows:21

protein 180 g/kg; water, 80 g/kg; crude ash, 70 g/kg; fat, 60 g/
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kg; crude fiber, 50 g/kg; P, 12 g/kg; Ca, 11 g/kg; K, 5 g/kg;
Mg, 2 g/kg; Na, 2 g/kg; Cu, 10 mg/kg; Fe, 100 mg/kg; I, 0.5
mg/kg; Mn, 75 mg/kg; Se, 0.1 mg/kg; Zn, 30 mg/kg. After
adaptation for 2 weeks, mice were randomly separated into two
groups (n = 10). One was supplemented with the SJE
dissolved in distilled water by gavage and the other was given
water as a control, once a day for 5 weeks. The dosage of the
SJE was 200 mg per kg BW, which was mainly based on a
preliminary in vivo experiment. In addition, a group of C57BL/
6 mice (n = 10) was chosen as a nondiabetic control.
Measurement of food intake and BW started from the first

week and continued weekly for each mouse during the whole
study. At the end of the experiment, mice were sacrificed by
decapitation after diets withdrawn for 12 h and blood samples
were immediately collected. Perirenal and epididymal WAT,
and BAT, as well as the liver, kidneys, and the heart were
weighed, frozen in liquid nitrogen instantly and stored at −80
°C until use. The tissue index (%) was calculated as follows:
tissue weight (g)/BW (g) × 100. Such animal procedures were
established according to the National Institutes of Health
Guide for Care and Use of Laboratory and approved by the
Committee on the Ethics of Animal Experiments of Zhejiang
University. Our experiment’s ethics approval code is
ZJU20160443. Animal experiments were performed in
compliance with all regulatory institutional guidelines for
animal welfare (National Institutes of Health Publications,
NIH Publications No. 80-23).
FBG, OGTT, and ITT. The FBG level was measured weekly

using a One-Touch Ultra ZSJ 843ETT Glucometer (Johnson
& Johnson). The OGTT and the ITT were performed during
week 4 and week 5, respectively. All mice were fasted for 6 h
before tests and then supplemented with water or the SJE by
gavage. Mice were gavage with 2 g/kg BW glucose for the
OGTT or injected with 1 IU/kg BW insulin for the ITT. Basal
blood glucose levels were measured before oral glucose
administration or insulin injection (0 min) by collection of
blood samples from the tail vein. Later, additional blood
glucose levels were detected every 30 min for 2 h in total.
Serum and Liver Analysis. Serum TG, TC, HDL-c, LDL-

c, ALT, and aspartate transaminase (AST) were measured by a
Cobas 8000 modular analyzer series (Roche, Switzerland).
Serum adiponectin, resistin, leptin, glucagon, and insulin levels
were detected by immunoassay using an ELISA kit (Shanghai
Lengton Biological Technology Co., Ltd., Shanghai, China).
Hepatic TG and TC were analyzed by kits (Nanjing

Jiancheng Bioengineering Institute, Nanjing, China) according
to the manufacturer’s instructions. Liver samples for
histological analysis were fixed with 4% of paraformalde-
hyde/phosphate-buffered saline (PBS) (v/v), embedded in
paraffin, and then stained with H&E or Oil red O. The stained
section was visualized under a microscope (Olympus DP20,
Japan) through the DP2-BSW image analysis software system
with a magnification of 200×.
Quantitative Real-Time PCR. Total RNA from mice liver

was extracted with Trizol reagent (Invitrogen) according to the
manufacturer’s protocols. In total RNA, trace contaminating
genomic DNA was removed with TURBO DNase (Ambion,
Austin). cDNA synthesis was started from 1 μg DNA-free
RNA using the iScriptTM cDNA Synthesis Kit (Bio-Rad,
Hercules, CA). Real-time PCR was conducted using a
LightCycler480 real-time system (Roche, Switzerland). The
reaction mixture (20 μL) consisted of 10 μL of SYBR Green
Master I kit (Roche, Switzerland), 5 μL of cDNA, 1 μL of

forward primer (10 μmol/L), and 1 μL of reverse primer (10
μmol/L). The housekeeping gene, i.e., β-actin, was used as
internal control. The primers used in this study are given in
Table 3. Values of Ct were normalized to β-actin, and the
2−ΔΔCt method was used to calculate the relative gene
expression. The fold change of the SJE-supplemented group
vs control group was determined to evaluate the treatment
effect of the SJE on the relative gene expression level for every
target gene.

Western Blot Analysis. Liver samples were lysed in RIPA
buffer on ice for 5 min and then centrifuged at 4 °C, 12 000g
for 15 min to obtain a protein-containing supernatant. The
protein concentration was measured by the BCA method. Each
protein (60 μg) was denatured and separated by a 10% sodium
dodecyl sulfate (SDS)-polyacrylamide gel and then transferred
onto a PVDF membrane (0.45 μm). Abundance of protein was
detected with antibodies against phosphor-AMPKα (Thr172),
AMPKα, and β-actin (1:1000 dilutions for each) and then
incubated with peroxide-conjugated anti-rabbit immunoglobu-
lin. Proteins were visualized by ECL (Pierce) and exposed by
an X-ray film (Kodak). Each protein was normalized by β-
actin, and normalization of specific protein phosphorylation
was based on the corresponding protein.

Statistical Analysis. All data were analyzed using SPSS
19.0 statistical software (IBM, Armonk, NY) and expressed as
mean ± standard error (SE). Differences shown in figures and
tables were the comparison of the SJE-treated group and the
KK-Ay control group treated with water by Student’s t-test.
The level at p < 0.05 was considered as a significant difference.
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SJE, “Shui Jing” fruit extract; EGCG, epigallocatechin gallate;
T1D, type-1 diabetes; T2D, type-2 diabetes; IR, insulin
resistance; C3G, cyanidin-3-O-glucoside; STZ, streptozotocin;
LC-Q-TOF-MS, liquid chromatography quadrupole time-of-
flight mass spectrometry; MRM, multiple reaction monitoring;
BW, bodyweight; WAT, white adipose tissue; BAT, brown
adipose tissue; FBG, fasting blood glucose; OGTT, oral
glucose tolerance test; ITT, insulin tolerance test; TG,
triglyceride; TC, total cholesterol; HDL-c, high-density
lipoprotein cholesterol; LDL-c, low-density lipoprotein choles-
terol; ALT, alanine aminotransferase; AST, aspartate trans-
aminase; PAs, proanthocyanidins; RA, relative abundance; RT,
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