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ABSTRACT: American ginseng (Panax quinquefolius L.) is

PQ-MGR
popularly consumed as traditional herbal medicine and health Insulin _——" _. l \
food for the treatment of type 2 diabetes mellitus (T2DM). Insulin receptor Glucose e
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Malonyl ginsenosides (MGR) are the main natural ginsenosides in <><><><><><><><>1”( 333333° S \ <><><><><><><><><><><> it
American ginseng. However, whether the malonyl ginsenosides in L Glucose uptake 3 *

P. quinquefolius (PQ-MGR) possess antidiabetic effects has not w @
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been explored yet. In this study, the antidiabetic effects and the CACC
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underlying mechanism of PQ-MGR in high-fat diet/streptozotocin
(HFD/STZ)-induced T2DM mice were investigated. The
chemical composition was analyzed by high-performance liquid
chromatography-electrospray ionization tandem mass spectrometry (HPLC-ESI-MS/MS). Our results showed that 14 malonyl
ginsenosides were identified in the PQ-MGR. Among them, the content of m-Rb; represented about 77.4% of the total malonyl
ginsenosides. After a S-week experiment, the PQ-MGR significantly reduced the fasting blood glucose (FBG), triglyceride (TG),
total cholesterol (TC), low-density lipoprotein cholesterol (LDL-C), nonesterified fatty acid (NEFA), alanine transaminase (ALT),
and aspartate transaminase (AST) levels and improved glucose tolerance and insulin resistance. Furthermore, Western blot analysis
demonstrated that the protein expressions of p-PI3K, p-AKT, p-AMPK, p-ACC, PPAR,, and GLUT4 in the liver and skeletal muscle
were significantly upregulated after PQ-MGR treatment. In contrast, the protein expressions of p-IRS1 and p-JNK were significantly
downregulated. Our results revealed that PQ-MGR could ameliorate glucose and lipid metabolism and insulin resistance in T2DM
via regulation of the insulin receptor substrate-1/phosphoinositide3-kinase/protein-kinase B (IRS1/PI3K/Akt) and AMP-activated
protein kinase/acetyl-CoA carboxylase (AMPK/ACC) pathways. These findings suggest that PQ-MGR may be used as an
antidiabetic candidate drug for T2DM treatment.
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B INTRODUCTION

effective natural substances with antidiabetic activities for

Diabetes mellitus (DM) is a prevalent chronic metabolic
disease and a global public health concern classified into
insulin-dependent diabetes mellitus (type 1 diabetes mellitus,
T1DM) and non-insulin-dependent diabetes mellitus (type 2
diabetes mellitus, TZDM).1 Among them, T2DM has become
a major threat to public health since 90—95% of diabetic
patients are suffering from this type of disease. It is mostly
characterized by deficiency of insulin secretion and/or
progressive insulin resistance.”” According to the International
Diabetes Federation (IDF), the number of people with
diabetes was 463 million worldwide in 2019 and projected to
increase to 700 million by 2045.* As for T2DM therapy, there
have been a series of antidiabetic drugs, including metformin
hydrochloride, sulfongflureas, glucosidase inhibitors, thiazolidi-
nedione, and so on.” However, the long-term use of these
chemical synthetic drugs could lead to several unfavorable side
effects, such as edema, weight gain, nausea, and potentially
diarrhea.®” Therefore, it is vital to find out safe, affordable, and
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T2DM patients.

Insulin resistance (IR) is the driving factor that leads to the
development of type 2 diabetes.” IR is defined as the state
when the body does not respond well to insulin in its insulin
target tissues, such as the liver, skeletal muscle, and adipose
tissue.” The insulin receptor substrate-1/phosphoinositide3-
kinase/protein-kinase B (IRS1/PI3K/Akt) signal pathway, by
which insulin maintains normal physiological function for
glucose uptake and metabolism, plays an important role in

. . . . . 10 . . . .
insulin signaling transduction. Insulin signal transduction is
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Table 1. Ginsenosides Identified in PQ-MGR Extract by HPLC-ESI-MS/MS*

Ty
no. identification  (min)

1 malonyl-Rg, 25.52

formula M-H
CyHrOp 8855

MS? fragment ions (1m/z)

885[M — H], 841[M — H — CO,], 799[M — H — Mal]~, 781[M — H — Mal — H,0], 637[M — H

— Mal — Glc]7, 475[M — H — Mal — 2Glc]~

2 malonyl-Re 25.96 Cs,Hg, O, 1031.5

1031[M — H]~, 987[M — H — CO,] ", 945[M — H — Mal]~, 783[M — H — Mal — Glc], 637[M — H

— Mal — Glc — Rha], 475[M — H — Mal — 2Glc — Rha]”~

3 Rb, 4014  CgHy,0, 11079

4Glc]™

4 malonyl-Rb, 4096  Cs;Hy,O4 1193.8

1107[M — H]~, 945[M — H — Glc]~, 783[M — H — 2Glc]~, 621[M — H — 3Glc], 459[M — H —

1193[M — H]7,1149[M — H — CO,] ", 1107[M — H — Mal]~, 945[M — H — Mal — Glc]~, 783[M —

H — Mal — 2Glc]™, 621[M — H — Mal — 3Glc]7, 459[M — H — Mal — 4Glc]™

S Ro 42.05
6 malonyl-Re 42.44

CyHgOs 9558
CiHyy0,s  1163.6

955[M — HJ], 793[M — H — Glc]~
1163[M — H]~, 1119[M — H — CO,]", 1077[M — H — Mal]~, 945[M — H — Mal — Ara(f)]~, 783[M

— H — Mal — Ara(f) — Glc]~, 621[M — H — Mal — Ara(f) — 2Glc] ™, 459[M — H — Mal — Ara(f) —

3Glc]™

7 malonyl-Rb, 43.26 Cs;Ho,O,6 1193.9

1193[M — H]~, 1149[M — H — CO,]7, 1107[M — H — Mal]", 945[M — H — Mal — Glc]~, 783[M —

isomer H — Mal — 2GIc]7, 621[M — H — Mal — 3Glc] ™, 459[M — H — Mal — 4Glc]~

8 malonyl-Rb, 4419  CysHy,O,5 1163.5

1163[M — H]7, 1119[M — H — CO,]", 1077[M — H — Mal]", 945[M — H — Mal — Ara(p)]", 783[M

— H — Mal — Ara(p) — Glc]7, 621[M — H — Mal — Ara(p) — 2Glc]~, 459[M — H — Mal — Ara(p)

— 3Glc]™

9 malonyl-Rb; 4490  CiHy0,5  1163.5

1163[M — H]7,1119[M — H — CO,]7, 1077[M — H — Mal]", 945[M — H — Mal — Xyl]", 783[M —

H — Mal — Xyl — Glc]7, 621[M — H — Mal — Xyl — 2Glc]~, 459[M — H — Mal — Xyl — 3Glc]™

10  malonyl-Re 45.11 CssHg, 055 1163.5

1163[M — H]~, 1119[M — H — CO,]~, 1077[M — H — Mal]~, 945[M — H — Mal — Ara(f)]~, 783[M

isomer — H — Mal — Ara(f) — Glc]~, 621[M — H — Mal — Ara(f) — 2Glc] ™, 459[M — H — Mal — Ara(f) —
3Glc]™
11 malonylRb, 4529  CyHyOp 11635  1163[M — H]-, 1119[M — H — CO,]", 1077[M — H — Mal]~, 945[M — H — Mal — Ara(p)]", 783[M
isomer — H — Mal — Ara(p) — Glc]™, 621[M — H — Mal — Ara(p) — 2Glc]~, 459[M — H — Mal — Ara(p)
— 3Glc]™

12 malonyl-Rbs 46.16 CssHg, 0,5 1163.5

1163[M — H]~, 1119[M — H — CO,]~, 1077[M — H — Mal]~, 945[M — H — Mal — Xyl]~, 783[M —

isomer H — Mal — Xyl — Glc]7, 621[M — H — Mal — Xyl — 2Glc]", 459 [M — H — Mal — Xyl — 3Glc]~

13 malonyl-Rd 4677  CgHg,O, 10317

1031[M — H]~, 987[M — H — CO,], 945[M — H — Mal]~, 783[M — H — Mal — Glc]™, 621[M — H

— Mal — 2Glc]7, 459[M — H — Mal — 3Glc]~

14  malonyl-Rd 4792 CsHgO, 1031.7

1031[M — H]", 987[M — H — CO,]", 945[M — H —Mal]~, 783[M — H — Mal — Glc]~, 621[M — H

isomer — Mal — 2Glc]7, 459[M — H — Mal — 3Glc]™

15 malonyl-Rd 49.88 CsHg Oy 1031.7

1031[M — H]~, 987[M — H — CO,], 945[M — H — Mal]~, 783[M — H — Mal — Glc]~, 621[M — H

isomer — Mal — 2Glc]7, 459[M — H — Mal — 3Glc]~

16  malonyl-Rd 50.43 C;s,Hg, O, 1031.7

1031[M — H]~, 987[M — H — CO,], 945[M — H — Mal]~, 783[M — H — Mal — Glc]~, 621[M — H

isomer — Mal — 2GIc] 7, 459[M — H — Mal — 3Glc]™

“Ara(p), a-L-arabinose (pyranose); Ara(f), a-L-arabinose (furanose); Glc, f-D-glucose; Mal, malonyl; Rha, a-L-thamnose; Xyl, -D-xylose.

initiated when insulin binds to the insulin receptor such that
the phosphorylated insulin receptor can stimulate the tyrosine
phosphorylation of IRS1 to transmit insulin signals, which then
phosphorylate its downstream protein PI3K and Akt."'
Moreover, C-Jun N-terminal kinases (JNKs) play an essential
role as the mediator of insulin resistance.'” Previous studies
have reported that JNKs mediate serine phosphorylation of
IRS1, while Ser307 phosphorylation of IRS1 leads to defective
IRS1 tyrosine phosphorylation and decreased phosphatidyli-
nositol 3-kinase (PI3K)/protein kinase B (Akt) signaling in
response to insulin receptor activation, thereby causing insulin
resistance.' >

AMP-activated protein kinase (AMPK) is one of the crucial
targets for metabolic disorders that have been associated with
the regulation of lipid metabolism and systemic glucose
homeostasis.'”> AMPK is a heterotrimer consisting of an «
catalytic subunit and two regulatory f and y subunits, and the
activation of AMPK depends on a subunit phosphorylation.'®
Acetyl-CoA carboxylase (ACC) is the rate-limiting enzyme
participating in the synthesis of fatty acids and acts as the
essential downstream effector of the AMPK signaling path-
way.'” The activation of AMPK could stimulate the increase of
ACC phosphorylation.'® Thus, regulating the IRS-1/PI3K/Akt
and AMPK/ACC signal pathways could be considered as an
effective therapeutic strategy to treat T2DM.

American ginseng (Panax quinquefolius L.) is a perennial
herb of the Araliaceae family, cultivated in the United States

and China as well as in Canada and France."” Pharmacological
investigations have shown that American ginseng possesses a
large variety of pharmacological properties, such as antidia-
betes, antioxidant, anti-inflammatory, and antitumor ef-
fects.”*™* It has been widely used for herbal medicine and
health foods. As one of the best-selling herbs in the world, the
root of American ginseng is well documented in internationally
recognized pharmacopeia such as the China Pharmacopeia, the
US Pharmacopeia, and the European Pharmacopoeia. The
major bioactive ingredients of American ginseng are ginseno-
sides, a group of steroidal saponins, which includes neutral
ginsenosides (e.g, Rb;, Rb,, Rc, Rd, Rg;, Rhy, and C-K) and
malonyl ginsenosides (e.g,, m-Rb;, m-Rb,, m-Rc, m-Rd, m-Rg;,
and m-Re).”* To date, more than 150 ginsenosides have been
identified from several plants of the genus Panax.”®

More recently, a series of experimental studies indicated that
neutral ginsenosides from American ginseng possessed
significant antidiabetic effects.”” They are believed to be the
major chemical components responsible for antidiabetic
activities of American ginseng. For example, ginsenoside Rb,
has been reported to reduce fasting blood glucose (FBG) levels
and triglyceride accumulation and ameliorate insulin and leptin
sensitivities.”®>” Ginsenoside Rb, could obviously improve
glucose metabolism and inhibit gluconeogenesis and hepatic
lipid accumulation.”®** Ginsenoside Re could also decrease
FBG levels, food intake, and fasting serum insulin levels and
improve glucose tolerance and insulin resistance.’””" However,
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Figure 1. Chemical structures of the malonyl ginsenosides in American ginseng (A); HPLC chromatograms of mixed malonyl ginsenoside
standards (B) and PQ-MGR extract purified by macroreticular resin D-101 and cation exchange resin SP20ss (C). Peaks: 1—4, malonyl-Rb,,

malonyl-Re, malonyl-Rb,, and malonyl-Rd, respectively.

the pharmacological and clinical researches on the antidiabetic
effect of ginsenosides in American ginseng are primarily
focused on neutral ginsenosides. Whether the malonyl
ginsenosides in P. quinquefolius (PQ-MGR) possess anti-
diabetic effects has not been explored yet.

Malonyl ginsenosides (MGR) are natural ginsenosides that
exist in both fresh and air-dried American ginseng. Previous
published studies have shown that the content of PQ-MGR
accounted for more than 50% of the total saponins.”
However, malonyl ginsenosides are not easily separated,
identified, or detected, unlike the neutral ginsenosides.
Therefore, the chemical and pharmacological studies of
malonyl ginsenosides are lacking. The true ginsenosides of
American ginseng and pharmacological studies of ginsenosides
were underestimated by ignoring PQ-MGR. Moreover, the
different species of ginseng contain distinct malonyl ginseno-
side profiles. Previous studies have reported that malonyl
ginsenosides were effective chemical markers to differentiate
Panax species. P. quinquefolius had a level of m-Rb,, m-Rb;, and
m-Rc relative to m-Rb,; lower than Panax ginseng.33 Therefore,
malonyl ginsenosides from different species may exhibit
different biological and pharmacological activities. Our
previous study revealed that malonyl ginsenosides from the
P. ginseng root (PG-MGR) possessed a strong hypoglycemic
effect on the streptozotocin-induced type 2 diabetic rat.
However, the underlying mechanism is not yet clear. In the
present study, we reported the hypoglycemic and hypolipi-
demic effects of PQ-MGR and explored the underlying

mechanism in diabetic conditions induced by high-fat diet/
streptozotocin (HFD/STZ) in mice for the first time.

B RESULTS

Identification of Ginsenosides in the PQ-MGR Extract
by High-Performance Liquid Chromatography-Electro-
spray lonization Tandem Mass Spectrometry (HPLC-
ESI-MS/MS). Under the optimal chromatographic and MS
conditions, the malonyl ginsenosides in the PQ-MGR extract
were analyzed by HPLC-ESI-MS. A total of 14 major malonyl
ginsenosides were identified, five of which (m-Rb;, m-Rb,, m-
Rb;, m-Rc, and m-Rd) were confirmed by comparison of
retention times as well as MS data of these reference
compounds, whereas the others were tentatively assigned by
matching the retention behavior and characteristic fragment
ions with those of the published known malonyl ginsenosides
in American ginseng. The details of identified malonyl
ginsenosides are summarized in Table 1. Compound 4 (RT
40.96 min) was used as an example to illustrate the structural
characterization of ginsenosides. In MS full scan under
negative-ion mode, compound 4 displayed a deprotonated
ion [M — H]™ (m/z 1193) and a product ion [M — CO, —
H]~ (m/z 1149) with high abundance. When suffering from a
higher collision energy, a neutral loss of 86 Da (C;H,0;) was
observed to produce product ion [M — H — C;H,0;]” (m/z
1107). The neutral eliminations of CO, and C;H,0; were
found typical for the characterization of malonyl ginsenosides.
Moreover, the rest of the characteristic fragment ions at m/z
945, 783, 621, and 459 were assigned due to the eliminations
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Figure 2. Effects of PQ-MGR on body weight (A); fasting blood glucose levels (B); oral glucose tolerance (OGTT) (C); area under curve (AUC)
(D); serum insulin content (E); and homeostatic model assessment-insulin resistance (HOMA-IR) (F) in HFD- and STZ-induced diabetic mice.
Data are described as mean =+ standard deviation (SD) (n = 10). *p < 0.001, ™p < 0.01, *p < 0.05 compared with normal control group. ***p <

0.001, **p < 0.01, *p < 0.05 compared with diabetic control group.

of Glg, 2 X Gl¢, 3 X Glc, and 4 X Glc, respectively. Therefore,
the structure of compound 4 was unambiguously identified as
malonyl ginsenoside Rb; by comparison of retention times as
well as MS data of its authentic standard. In the same way, the
chemical structures of the other ginsenosides were identified as
depicted in Table 1.

HPLC Analysis of PQ-MGR Extract. As shown in Figure
1, the contents of malonyl ginsenosides from PQ-MGR extract
were examined by high-performance liquid chromatography
(HPLC). The results showed that PQ-MGR extract was
82.77% pure with 63.4% recovery. There were 64.08 + 0.35
mg/100 mg of m-Rb;, 15.89 + 0.13 mg/100 mg of m-Rc, 1.02
+ 0.09 mg/100 mg of m-Rb,, and 1.78 + 0.15 mg/100 mg of
m-Rd in the final extract. Among them, the content of m-Rb,
represented about 77.4% of the total malonyl ginsenosides.
Therefore, m-Rb; was the most abundant malonyl ginsenoside
in PQ-MGR extract. However, the contents of neutral
ginsenosides were relatively low, and they were not detected
by HPLC at all.

33655

Effects of PQ-MGR on Body Weight, FBG, OGTT, and
Serum Insulin Levels. As shown in Figure 2A, the body
weight in diabetic control group mice significantly decreased
than that in the normal control group (p < 0.05). Compared
with the diabetic control group, the body weights of mice in
the PQ-MGR treatment groups were increased. According to
monitoring changes in body weight and daily behavior during
treatment, no toxicity was observed in any treatment group.

The eftect of PQ-MGR on glucose metabolism was
evaluated by FBG levels, which were measured every week
after 12 h of food removal. As shown in Figure 2B, diabetic
mice presented significant hyperglycemia compared with the
normal control mice at week 0 (p < 0.001). After treatment
with PQ-MGR at 300 and 100 mg/kg, the FBG levels in the
300 mg/kg PQ-MGR-treated group were significantly lower
than the diabetic control group from weeks 1 to 4, and at week
S, the levels were further reduced by 45.74% (p < 0.001). In
the group treated with PQ-MGR 100 mg/kg, the FBG levels
decreased significantly (p < 0.05) only at week S. The
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ACS Omega 2021, 6, 33652—-33664


https://pubs.acs.org/doi/10.1021/acsomega.1c04656?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04656?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04656?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04656?fig=fig2&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c04656?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega http://pubs.acs.org/journal/acsodf
A B
6 1 4 -
5 1
~ 3 A
2! S
° S
£, . E, |
‘g/ \5 *k
Yy 0
=2 [
1 -
1 o
0 ! 0 T \
MGR300 MGR100 NC MGR300 MGR100
C 3 - D3
5] 3
-E 2 A =2
= I g
g g
3 <
211 E 1
= =
(1} ' III|
NC MGR300  MGR100 0 ;
NC MGR300 MGR100
E 6
5 -
2, 1
°
£
g
<
52
Z
1 E \
0 \
MGR300 MGR100

Figure 3. Effects of PQ-MGR on serum lipids in HFD- and STZ-induced diabetic mice. TC (A); TG (B); HDL-C (C); LDL-C (D); NEFA (E).
Data are described as mean + SD (n = 10). #p < 0.01, *p < 0.05 compared with normal control group; **p < 0.01, *p < 0.05 compared with

diabetic control group.

experimental results showed that PQ-MGR has a hypoglycemic
effect on T2DM mice.

The results of the oral glucose tolerance test (OGTT) and
the areas under the curve of OGTT (OGTT-AUC) are shown
in Figure 2C,D. The initial blood glucose levels in the HFD/
STZ-induced diabetic control group were significantly higher
than those in the normal control group and the PQ-MGR-
treated groups (p < 0.001). At 30 min following glucose
administration, blood glucose levels spiked in all mice.
Compared to 30 min, the 100 and 300 mg/kg PQ-MGR-
treated mice showed 36.74% (p < 0.05) and 42.76% (p < 0.01)
reduction in blood glucose levels after 120 min post-
administration. Furthermore, we calculated the area under
the concentration curve (AUC). PQ-MGR treatment showed
significant lower values of AUC than that of the diabetic
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control group. The results from the present study indicated
that the treatment with PQ-MGR improved glucose tolerance
and blood glucose homeostasis in the HFD/STZ-induced
T2DM mice.

Data for changes in serum insulin levels and HOMA-IR
indexes are observed in Figure 2E,F. The diabetic control
group showed a significant decrease (p < 0.01) in insulin levels
and an increase (p < 0.01) in HOMA-IR indexes compared
with the normal control group. After S weeks of treatment, the
PQ-MGR-treated group showed significant improvement in
the fasting insulin levels at all selected doses (p < 0.05). The
PQ-MGR-treated group also showed significant reduction in
HOMA-IR indexes. These results indicated that the admin-
istration of PQ-MGR could ameliorate insulin resistance.
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Effects of PQ-MGR on Blood Lipid Levels. As shown in
Figure 3, the serum levels of total cholesterol (TC),
triglyceride (TG), LDL-C, and nonesterified fatty acid
(NEFA) in mice from the diabetic model group increased
significantly compared with that of mice from the normal
control group. The TG, TC, LDL-C, and NEFA levels were
significantly lower in the PQ-MGR-treated groups, particularly
in the high-dose PQ-MGR-treated group, than in the diabetic
control group. But, there were no changes in HDL-C levels
between the PQ-MGR treatment group and the diabetic
control group. Therefore, these results suggested that PQ-
MGR might regulate lipid metabolism in T2DM mice.

Effects of PQ-MGR on Liver Injury. As seen in Figure
4A,B, HFD/STZ-induced diabetic mice produced severe liver
injury, characterized by significant increases in serum aspartate
transaminase (AST) and alanine transaminase (ALT) levels.
After 5 weeks of continuous treatment, PQ-MGR-treated
groups exhibited significant decreases in ALT and AST levels
compared to the diabetic control group. These results showed
that PQ-MGR administration effectively repaired liver injury in
T2DM mice.

SOD is a crucial antioxidant that scavenges free radicals. As
depicted in Figure 4C, compared to the normal control group,
the serum SOD activity significantly decreased (p < 0.01) in
diabetic control mice, indicating serious liver injury caused by
lipid peroxidation. With PQ-MGR (300 mg/kg) treatment, the
serum SOD activity significantly increased (p < 0.0S)
compared with that of the diabetic control group. However,
PQ-MGR (100 mg/kg) treatment improved SOD activity with
no significant difference.

Effects of PQ-MGR on the Histopathology in T2DM
Mice. The hematoxylin and eosin (H&E) staining in the liver
is shown in Figure SA. The livers of normal control mice
showed an orderly hepatic lobular architecture and substantial
hepatocytes with clear nuclei, while the livers of diabetic
control mice had hepatic steatosis and macrovesicular cells.
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After oral administration of PQ-MGR, these severe liver
injuries showed a marked improvement. As shown in Figure
5B, the islets of the normal control group were round or oval
cell clusters with clear boundaries. In contrast, the islet cells of
the diabetic control group were damaged and shrunken with
atypical cellular changes, such as irregular profile, vacuole, and
inflammatory infiltration. After 5 weeks of treatment, the
administration of PQ-MGR at high doses in HFD/STZ-
induced diabetic mice prevented atrophy, structural damage,
and the loss of islets. HE staining of adipose tissue is shown in
Figure SC. The size of adipose tissue in the T2DM mice
drastically increased, and the structure was not clear compared
to the normal control group. In contrast, the cell volume and
structure of the PQ-MGR-treated groups were markedly
alleviated. Moreover, Oil red O staining revealed that PQ-
MGR significantly reduced size and accumulation of lipid
droplets in the liver (Figure SD).

Effects of PQ-MGR on IRS1/PI3K/AKT and C-Jun N-
Terminal Kinases (JNK) Signaling Pathways. To further
explore mechanisms of PQ-MGR on antidiabetic effects, the
protein expression levels of IRS1/PI3K/AKT and JNK
signaling pathways in the liver were evaluated using western
blotting. As shown in Figure 6, the expressions of
phosphorylation of PI3K Thr458 and AKT ser473 proteins
in the PQ-MGR-treated group significantly increased com-
pared with those in the diabetic control group, while p-IRS1
Ser307 and p-JNK Thr183/185 significantly decreased. The
above results of western blot analysis revealed that PQ-MGR
ameliorated insulin resistance by inhibition of JNK activity and
activation of the IRS1/PI3K/AKT signaling pathway.

Effects of PQ-MGR on AMPK/ACC Pathway in the
Liver and Skeletal Muscle. AMPK is a key regulator of
preadipocyte differentiation and adipogenesis. To investigate
whether the regulation of the AMPK/ACC pathway was
involved in the hypolipemia effects of PQ-MGR, the protein
expression levels of the AMPK/ACC signaling pathway in the
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liver and skeletal muscle were examined by western blot
analyses. As a result, the level of phosphorylated AMPK in the
diabetic control mice significantly decreased, while it was
remarkably enhanced in the PQ-MGR-treated group. More-
over, PQ-MGR increased the level of phosphorylated ACC, a
downstream substrate of AMPK in the diabetic control group
(Figure 7).

Effect of PQ-MGR on GLUT4 and PPAR, in the
Skeletal Muscle and Liver. The expression levels of
GLUT4 and PPAR, protein in the skeletal muscle and liver
were detected by western blotting, as shown in Figure 8.
Compared with the normal control group, the expression levels
of GLUT4 and PPAR, in the diabetic control group were
dramatically decreased. However, following treatment with
PQ-MGR, GLUT4, and PPAR, protein expression in the
skeletal muscle and liver of the diabetic-treated group
significantly increased.

B DISCUSSION

T2DM is a complex endocrine and metabolic disorder
characterized by chronic hyperglycemia and impaired insulin
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action.”* Although there have been a number of antidiabetic
synthetic drugs for the treatment of T2DM, long-term use of
these chemical synthetic drugs may cause some adverse effects.
Therefore, it is of great significance to develop new natural
antidiabetic agents. American ginseng is traditionally used to
prevent or alleviate several human diseases. Recent studies
have demonstrated that American ginseng contains various
saponins, which include neutral ginsenosides and malonyl
ginsenosides. Some neutral ginsenosides, such as Rbl,27 Re,’!
Rb,,** and compound K,* have been shown to process
antidiabetic activities. Compared to neutral ginsenosides,
malonyl ginsenosides show difficulty in separation, identi-
fication, and detection. Therefore, pharmacological effects and
chemical constituent studies of PQ-MGR are lacking. In this
study, we successfully established an HFD/STZ-induced
C57BL/6] mouse model with hyperglycemia, hyperlipidemia,
and insulin resistance. Our current results showed that PQ-
MGR decreased FBG levels, increased serum insulin levels, and
improved insulin resistance in T2DM. To the best of our
knowledge, this is the first report demonstrating that PQ-MGR
could be used to treat type 2 diabetes.
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Insulin resistance plays a pivotal role in the development of
dyslipidemia in type 2 diabetic patients because long-term
insulin resistance in the adipocytes results in elevated
production of free fatty acids and further causes improved
formation of triglyceride.”® Hyperinsulinemia also causes
reduction in HDL-C levels and increases LDL-C levels.”” In
our study, T2DM showed significant increases in TG, TC,
NEFA, and LDL-C levels and decreased levels of HDL-C,
while PQ-MGR-treated groups obviously decreased TC, TG,
LDL-C, and NEFA levels in diabetic mice by ameliorating
insulin resistance. The results demonstrated that the
administration of PQ-MGR has beneficial effects on diabetic
hyperlipidemia.

The liver is a key organ in the metabolism of protein, fat, and
carbohydrates and also plays an important role in insulin action
and catabolism. Diabetes produces hepatic damage, which is
related to increased plasmatic levels of AST and ALT.**
Therefore, their measurements are commonly used as
biomarkers for liver injury.*” In our present study, the results
revealed that treatment with PQ-MGR significantly decreased
the serum levels of AST and ALT and increased the level of
SOD in diabetic mice. It suggested that PQ-MGR could
ameliorate pathological damage of the liver and oxidative
stress.

Several signaling pathways have been identified as involved
in the process of glucose metabolism. The IRS1/PI3K/AKT
signaling pathway is one of the vital pathways in regulating
insulin signaling and glucose metabolism.”” IRS-1 is
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phosphorylated by insulin receptors to transmit insulin signals,
which then activates PI3K and Akt/PKB in succession. These
steps ultimately lead to GLUT4 translocation to the cell
surface, reinforcing glucose transport.*’ C-Jun N-terminal
kinases (JNK) play an important role in insulin target organs
during the development of insulin resistance.'” Activation of
the JNK can result in insulin resistance through inhibition of
IRSI. In the current study, the protein expressions of IRSI,
PI3K, AKT, and JNK were detected by western blotting. The
results of our study showed that the hypoglycemic activity of
PQ-MGR could be mediated by increasing glucose uptake and
ameliorating insulin resistance, which might be associated with
the IRS1/PI3K/AKT and JNK signaling pathway.

PPAR, is a member of nuclear hormone receptors, which is
distributed mainly in fat, skeletal muscle, and the liver. It plays
a critical role in regulating glucose and lipid metabolism.*”
GLUT4 is an insulin-regulated glucose transporter that plays
an important role in the regulation of glucose homeostasis.''
Previous studies have found that PPAR, could improve glucose
metabolism, reduce hyperglycemia, and ameliorate insulin
resistance by enhancing the expression of GLUT4."*** In our
study, PQ-MGR treatment increased protein expression of
GLUT4 and PPAR, in the skeletal muscle and liver of diabetic
mice. The results suggested that PQ-MGR increases insulin
sensitivity by upregulating GLUT4 and PPAR, protein
expression.

AMPK is a critical regulator of glucose and fatty acid
catabolism and plays an important role in diabetes through the
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regulation of cellular energy balance and maintenance of lipid
homeostasis.*” Activation of AMPK stimulates fatty acid
oxidation, reduces hepatic steatosis, and improves insulin
action.'"® AMPK is activated by phosphorylation of threonine
172 (Thrl172) on the a catalytic subunit.” Acetyl-CoA
carboxylase (ACC), an important downstream effector in the
AMPK signaling pathway, has plajed a key role in hepatic lipid
synthesis, storage, and oxidation. ° Recent studies have shown
that AMPK inhibits fatty acid synthesis and improves fatty acid
oxidation by phosphorylation of ACC at serine residue
(Ser79).* In this study, PQ-MGR treatment increased the
phosphorylation expression of AMPK and downstream
substrate ACC. These results demonstrated that the
antihypolipidemic effect of PQ-MGR might be related to the
activation of the AMPK/ACC pathway.

In summary, our findings showed that treatment with PQ-
MGR could remarkably reduce fasting blood glucose and
serum lipid levels and ameliorate insulin resistance in HFD/
STZ-induced T2DM mice. Further mechanism studies indicate
that the hypoglycemic effect of PQ-MGR may be related to the
IRS1/PI3K/AKT and PPAR,/GLUT4 signaling pathways. The
activation of the AMPK/ACC signaling pathway might be
associated with the hypolipidemia activity of PQ-MGR.
Therefore, we suggest that PQ-MGR could be used as a
potential functional food for T2DM treatment.

B EXPERIMENTAL SECTION

Chemicals and Reagents. The root of P. quinquefolius L.
samples was obtained from the Fusong County (Jilin Province,
China) and identified by Professor Yi-Nan Zheng, from the
College of Chinese Material Medicine, Jilin Agricultural
University. Streptozotocin (STZ) was purchased from Sigma-
Aldrich (St Louis, MO). All other chemicals and reagents were
of analytical grade and purchased from Sinopharm (Shanghai,
China). ELISA kit for fasting serum insulin (FINS) was
purchased from Linco Research, Inc. (St. Charles, MO).
Reagent kits for the determination of low-density lipoprotein
cholesterol (LDL-C), high-density lipoprotein cholesterol
(HDL-C), total cholesterol (TC), triglyceride (TG), serum
alanine aminotransferase (ALT), aspartate transferase (AST),
and superoxide dismutase (SOD) were obtained from Nanjing
Jiancheng Bioengineering Institute (Nanjing, China). The
primary anti-IRS1, anti-p-IRS1 (Ser307), anti-PI3K, anti-p-
PI3K p8S (Tyr4s8), anti-Akt, anti-p-Akt (Ser473), anti-JNK,
anti-p-JNK (Thr183/Tyr18S), anti-AMPK, anti-p-AMPK
(Thr172), anti-ACC, anti-p-ACC (Ser79), anti-GLUT4, anti-
PPAR, and anti-f-Actin antibodies were purchased from
Abcam (Abcam Cambridge, U.K.).

Method of PQ-MGR Extraction. The crushed roots of
American ginseng (3 kg) were extracted three times by
ultrasonic-assisted extraction with 75% (v/v) methanol
(MeOH)—water at room temperature (25 °C) for 45 min.
The methanolic extract was concentrated in a vacuum rotary
evaporator under reduced pressure at 45 °C. The distilled
water was then added in concentrated methanolic extract. After
defatted with petroleum ether (PE) to remove the fatty
material, the water layer was further extracted with aqueous
saturated n-BuOH to obtain #n-BuOH and aqueous fractions,
respectively. The aqueous fraction was suspended in water and
loaded onto a D-101 macroporous resin column eluting with
different MeOH-H,O gradients to afford a crude PQ-MGR
fraction (collecting 50% MeOH-H,O fractions); then, the PQ-
MGR fraction was further purified with cation exchange resin

(SP20ss, H+ form) to obtain PQ-MGR extract (42 g). The
purified PQ-MGR extract was analyzed by HPLC-UV and
HPLC-MS/MS and identified by comparison of retention
times with those of the authentic compounds.

HPLC Analysis. Chromatography was conducted on a
Shimadzu LC 20A HPLC system (Shimadzu Corp, Japan)
equipped with a binary pump and a UV detector. The liquid
chromatographic separation was achieved using a Cosmosil 5
C,s analytical column (5 gm, 4.6 mm X 250 cm). The column
temperature was kept at 30 °C, and the wavelength was
detected at 203 nm. The mobile phase consisting of 50 mmol/
L KH,PO, (A) and acetonitrile (B) was applied with the
optimized gradient elution as follows: 21.5% B at 0—21 min,
21.5—28% B at 21—26 min, 28% B at 26—44 min, 28—36% B
at 44—54 min, 36—50% B at 54—60 min, 50—60% B at 60—70
min. The flow rate was set at 1.0 mL/min. The 20 uL sample
solutions were directly injected into the chromatographic
column manually.

HPLC/ESI-MS Analysis. HPLC-ESI-MS analyses were
performed with an Agilent 1200 series HPLC system (Agilent,
Waldron, Germany) coupled to an Agilent 6310 ion-trap mass
spectrometer with electrospray ionization (ESI) source,
operated under negative-ion mode. The conditions of the
ESI source were as follows: capillary voltage, 3500 V; drying
gas (N,), 9 L/min; drying gas temperature, 350 °C; nebulizer
pressure, 35 psig; source temperature, 120 °C; mass range, m/z
150—2000. The chromatography separation was also achieved
using a Cosmosil 5 Cyg analytical column. The mobile phase
consisted of solvent A (0.1% formic acid in ultrapure water, v/
v) and solvent B (0.1% formic acid in acetonitrile, v/v) with
gradient elution (0—60 min, 15—50% B).

Animals. C57BL/6] male mice (body weight: 20 + 2 g)
were obtained from Beijing Vital River Laboratory Animal
Technology Co. Ltd (Beijing, China). The animals were
housed in a specific pathogen-free animal laboratory of the
Experimental Animal Center of Jilin Agricultural University.
The animals were kept at 22—26 °C and 50—60% relative
humidity with 12 h light and dark cycles and allowed ad
libitum access to feed and water. They were acclimated to the
above environment for at least 7 days before the start of
experimentation. The methods used in this experiment were
performed in accordance with the guidelines for the care and
use of animals approved by the Animal Ethics Committee of
Jilin Agricultural University (No. 2019 04 09 002).

Induction of T2DM. After acclimatization, 10 mice were
randomly separated as the normal control group (NC group)
and given a normal chow diet (13% kcal from fat). In contrast,
the other mice were fed on a high-fat diet (60% kcal from fat)
with sufficient food and water for 4 weeks. The mice then
fasted for 12 h and received a single intraperitoneal (ip)
injection of freshly prepared streptozotocin (STZ) (Sigma-
Aldrich), dissolved in cold citrate buffer (0.1 M, pH 4.5) at 100
mg/kg BW. After STZ injection, diabetic mice were
maintained on an HFD for an additional 4 weeks. Mice with
FBG >11.1 mmol/L were considered as diabetic mice and used
in pharmacological studies.

Experimental Design. In this experiment, a total of 40
mice (10 normal; 30 STZ-induced diabetic mice) were used
and were divided into four groups of 10 mice each: group I:
normal control mice administered saline (NC); group II:
diabetic control mice administered saline (DC); group III:
diabetic mice administered PQ-MGR (300 mg/kg, body
weight) (PQ-MGR300); group IV: diabetic mice administered
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PQ-MGR (100 mg/kg, body weight) (PQ-MGR 100). The
PQ-MGR group was administrated by oral gavage with PQ-
MGR 100 and 300 mg/kg/day for S weeks. Body weight in
each cage was monitored every day. At the end of the
experiment, blood samples were obtained after overnight
fasting (12—16 h). Then, all of the mice were sacrificed by
cervical dislocation. Plasma was separated by centrifugation at
3500 rpm for 15 min at 4 °C. After centrifugation, plasma was
collected and immediately stored at —80 °C. The liver,
pancreas, adipose, and skeletal muscle were removed and
frozen at —80 °C until analyzed or stored in formalin solution
for histopathological study.

Measurement of Fasting Blood Glucose and Oral
Glucose Tolerance Test. FBG levels were monitored once a
week during the S-week experimental period using a One-
touch Ultra Glucometer (Johnson & Johnson) after fasting for
12 h. At the 5th week of the experiment, the mice in all groups
were subjected to an oral glucose tolerance test (OGTT).
Overnight-fasted mice were orally administered with glucose
(2 g/kg, body weight). Blood samples were obtained from the
tail vein at 0, 30, 60, and 120 min after glucose administration,
and the glucose levels were evaluated using a glucometer. The
area under the curve of the OGTT (AUC ) was calculated
using the trapezoidal rule.

Biochemical Analysis. The FINS was measured by
commercial ELISA kits. The homeostatic model assessment
of insulin resistance (HOMA-IR) was calculated as follows:
HOMA-IR = FBG (mmol/L) X FINS (mIU/mL)/22.5.
Serum levels of LDL-C, HDL-C, TC, TG, ALT, AST, and
SOD were evaluated using kits according to the manufacturer’s
instructions.

Histopathology Analysis. The liver, pancreas, and
adipose were removed from mice killed after 5 weeks of
administration, immediately stored in 4% formaldehyde, then
embedded in paraffin, and cut into S pm thick sections. The
sections were stained with hematoxylin—eosin (H&E) to study
the histopathological changes. In addition, the frozen sections
of 8 um thickness were stained with Oil Red O for lipid droplet
analysis. Thereafter, the samples were imaged using a light
microscope at 400X magnification.

Western Blot Analysis. Using the proteasome inhibitor
tissue lysate RIPA, skeletal muscle and liver tissue were
crushed by homogenate on the ice. The homogenization buffer
was moved to a centrifuge tube, cooled on ice for 30 min, and
centrifuged at 12000 rpm for 10 min at 4 °C to get the
supernatant. The protein concentrations were determined
using the bicinchoninic acid (BCA) protein assay. The tissue
protein (30 pg) was separated by 10% of sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and
electrotransferred onto poly(vinylidene difluoride) (PVDF);
the membranes were blocked with 5% skim milk for 2 h and
incubated with primary antibodies (diluted 1:1000) at 4 °C
overnight. After washing with TBST for 4 times, 8 min each
time, the membranes were incubated with horseradish
peroxidase (HRP)-conjugated secondary antibodies (diluted
1:4000) for 1.5 h at room temperature. Finally, electro-
generated chemiluminescence (ECL) was used to visualize the
bands.

Statistical Analysis. The data of all experiments were
expressed as mean + standard deviation (SD). Statistical

glucose

analyses were performed using SPSS 18.0 (SPSS, Chicago, IL).
The statistical significance of differences between experimental
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groups was determined by one-way analysis of variance
(ANOVA). A value of p < 0.0S was considered significant.
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SOD, superoxide dismutase
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