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Type 2 diabetes mellitus (T2DM) is a common chronic metabolic disease. Accumulating evidence has demonstrated that
nonalcoholic fatty liver disease (NAFLD) shares common typical features with T2DM, and they aﬀect each other extensively.
Thus, NAFLD has emerged as a novel target for T2DM prevention and care. Although Corni Fructus (CF) and its extracts have
a therapeutic eﬀect on T2DM, its eﬀects and mechanisms on T2DM with NAFLD are far from elucidated. In this study, a
mouse model of T2DM with NAFLD complication was established in ICR mice by feeding a high-fat, high-sugar (HFHS) diet
and intraperitoneally injecting with a low dose of streptozotocin (STZ). Then, the eﬀects of iridoid glycosides (IG) extracted
from CF on this mouse model were investigated. We found that 4-week IG administration remarkably alleviated hyperglycemia
and insulin resistance and signiﬁcantly reduced inﬂammation, oxidative stress, and fat accumulation in the liver of T2DM with
NAFLD mice. Further studies showed that IG inhibited the NF-κB but enhanced the PI3K-AKT signaling pathway. In
summary, these results indicated that the IG from CF has potential therapeutic eﬀects on T2DM with NAFLD.

1. Introduction
Type 2 diabetes mellitus (T2DM) is a chronic metabolic disease, and the increasing global T2DM mortality rate makes it
a vital topic of medical research [1]. Most of the prevailing
T2DM are caused by unhealthy lifestyles, which ultimately
lead to abnormal glucose and lipid metabolism caused by
insulin deﬁciency and subsequent insulin resistance [2]. As
one of the most common liver disorders worldwide, nonalcoholic fatty liver disease (NAFLD) has been indicated to be
closely related to T2DM [3]. Mounting evidence supports a
direct causal relationship between NAFLD and insulin resistance, and one of the most compelling evidences is that insulin
resistance can be induced in several modiﬁed NAFLD mice
including SREBP-1c transgenic mice [4], ob/ob, and db/db
mice [5]. In addition, although the prevalence of T2DM is

20% in the general population [6], the incidence is 65%–87%
in NAFLD [7]. Additionally, while NAFLD is present in
20%–30% of the general population [3], it reaches an impressive prevalence of 50%–75% of patients suﬀering from T2DM
[8]. Not surprisingly, it has been reported that improving
NAFLD could reduce the incidence of T2DM, and antidiabetic
drugs could potentially treat both of these disease states simultaneously [9, 10]. Therefore, taking into account NAFLD may
accelerate progress in developing eﬀective T2DM therapy
strategies.
As of 2017, there were 7.29 million people with diabetes
in China, ranking second in the world [1]. Nowadays,
increasing herbs and traditional drugs are being used in the
treatment of T2DM [11], and among them, Corni Fructus
(CF) is one of the most used. In China, CF often appears in
cooking and winemaking, and it has also been listed as a
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famous health functional food in China. In addition, some
components like morroniside, loganin, and morroniside
extracted from CF have been reported to eﬀectively lower
blood glucose levels and alleviate insulin resistance in
T2DM mice [12]. Earlier studies revealed that the alcohol
extract of CF and its active ingredients including morroniside, loganin, and ursolic acid possess hypoglycemic eﬀects
with the ability to apparently alleviate kidney damage caused
by diabetes [13]. CF may also reduce the impact of oxidative
stress [14]. However, the eﬀect of iridoid glycoside (IG)
extracted from CF that alleviate the T2DM with NAFLD
has not been illustrated previously.
The Phosphatidylinositide 3-kinases-AKT (PI3K-AKT)
signaling pathway is a conventional signaling pathway that
plays important roles in glucose uptake [15]. For example,
glucose transporter type 4 (GLUT4) is an insulin-sensitive
transporter which distributed mainly in muscle and adipose
tissue. In the case of glucose uptake, binding of agonistic
ligands like insulin triggers autophosphorylation of the tyrosine residues on the insulin receptor, which then activates the
insulin receptor substrate (IRS-1). The activated IRS-1 binds
to PI3K and promotes its activation. Then, PI3K accelerated
Phosphatidylinositol 3,4,5-trisphosphate (PIP3) generation
and AKT activation [16]. Finally, AKT triggers the translocation of GLUT4 to the plasma membrane and diﬀusion of
glucose into the cell [17]. Thus, enhancing the PI3K-AKT
signaling pathway or GLUT4 translocation represents a
promising strategy for counteracting insulin resistance in
diabetes and keeping glucose level homeostasis. Zhu and
colleagues reported that apelin apparently improved glucose
uptake in insulin-resistant 3T3-L1 adipocytes in a PI3K/Akt
pathway-dependent manner and can be a potential insulinsensitizing agent. Metformin and rosiglitazone, two antidiabetic drugs, have been reported to potently decrease blood
glucose levels in the clinical treatment of diabetes via
activating the AMPK pathway and enhancing GLUT4 translocation [18]. It is well known that the nuclear factor-kappa
B (NF-κB) signaling pathway participates in the development of hepatic steatosis, insulin resistance, ﬁbrosis, and
inﬂammation during NAFLD [19], but the eﬀects are
complex. For example, deletion of NF-κB essential modiﬁer
(NEMO, also known as IKBKG) in liver parenchymal cells
in mice impaired liver regeneration and spontaneously
developed progressive NAFLD (that is, steatosis, NASH,
and cirrhosis) [20]. Additionally, accumulating evidence
demonstrated that crosstalk between NF-κB and other
signal transduction pathways including PI3K-AKT plays
pivotal roles in NAFLD development [21]. Despite our previous data showing that the IG of CF has the potential to
decrease blood glucose through the PI3K-AKT signaling
pathway [22], whether IG can protect mice from NAFLD
is still far from elucidated.
In this current study, we hypothesized that IG of CF can
treat T2DM combined with NAFLD by improving T2DM
through activating the PI3K-AKT pathway on one hand
and ameliorating NAFLD via inhibiting the NF-κB pathway
on the other. To conﬁrm this, ICR mice were fed with HFHS
diet for 4 weeks, fasted for 12 h, and intraperitoneally injected
with STZ (40 mg/kg) once every three days, ﬁve times in total
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to induce T2DM with NAFLD model. Then, the mice were
treated with IG for 4 weeks. Finally, the protective eﬀects of
IG on T2DM with NAFLD and the detailed mechanism were
investigated.

2. Materials and Methods
2.1. Ethics Statements. The animal studies were performed in
strict accordance with the Rules for the Administration of
Animal Experiments for Medical Research Purposes issued
by the Ministry of Health of China and were approved by
the Animal Experiment Administration Committee of The
Shaanxi Normal University. Mice were raised in a dedicated
SPF facility at the Laboratory Animal Center of the Shaanxi
Normal University, and all eﬀorts were made to keep pain
and suﬀering to a minimum.
2.2. Reagents. CF was picked in Foping County, Shaanxi
Province in October 2018. The appearance and growing
environment of CF used in this study is shown in Figure 1.
A blood glucose meter was purchased from Houmei De
Biotechnology Co., Ltd. (Taiwan, China). The mouse total
cholesterol (TC), triglyceride (TG), high-density lipoprotein
cholesterol (HDL-C), low-density lipoprotein cholesterol
(LDL-C), alanine aminotransferase (ALT), aspartate aminotransferase (AST), BCA, free fatty acids (FFA), malondialdehyde (MDA), total superoxide dismutase (T-SOD), total
antioxidant capacity (T-AOC), and glutathione peroxidase
(GSH-PX) kits were purchased from Nanjing Jiancheng
Bioengineering Institute (Nanjing, China). The enzymelinked immunosorbent assay (ELISA) kits for mouse Creactive protein (CRP), interleukin 6 (IL-6), tumor necrosis
factor-alpha (TNF-α), and insulin were from Shanghai Elisa
Biotechnology Co., Ltd. (Shanghai, China). The antibodies
against phospho-GSK3β (ab131097), GSK3β (ab131356),
p65 (ab16502), PEPCK (ab181170), iNOS (1b178945),
COX-2 (ab179800), phospho-TAK1 (ab192443), TAK1
(ab111096), phospho-AKT (ab38449), AKT (ab8805), phospho-IKKβ (ab59195), phospho-JNK (ab124956), and JNK
(ab179461) were obtained from Abcam (Cambridge, UK).
The secondary antibodies for Western blotting analysis were
from ZSGB-BIO (Beijing, China).
2.3. Corni Fructus Extract Preparation. The IG was extracted
from CF as described previously [23]. In brief, the pitted CF
was ground to ﬁne powder after drying at 35°C. Then, 1 g of
the powder was mixed with 21 ml of 80% methanol solution
in a 50 ml Erlenmeyer placed in XO-200 Microwave Ultrasonic Combined Reaction System. After extraction with
641 W microwave power and 360 W ultrasonic power for
9 min, followed by three further repetitions, the extracts were
combined and concentrated by vacuum distillation. Then,
the extracts were resuspended in distilled water to a concentration of 0.1 g/ml and loaded into a D101 macroporous resin
column preequilibrated with 50% (v/v) ethanol at a ﬂow rate
of 2 BV (bed volume)/h. IG in CF was eluted with equilibration buﬀer at a ﬂow rate of 1.5 ml/min. Finally, the eluted
extracts were combined and vacuum freeze-dried, and the
IG products were stored at -20°C for later use.
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Figure 1: Appearance and growing environment of Corni Fructus used in this study: (a) Complete plant appearance. (b) Leaf. (c) Ripe fruits.
(d) Mature leaves. (e) Growing environment. (f) Branches. (g) Picked fresh fruit. (h) Dry fruit.

2.4. Animal Treatment. Seven-week-old SPF male ICR mice
weighing 18 ± 3 g were purchased from the Animal Center
of Xi’an Jiaotong University (Xi’an, China) and were housed
in a temperature- and humidity-controlled room with free
access to standard chow and water under a 12/12 h light/dark
cycle. After adaptive feeding for 7 days, the mice were
randomly divided into blank group (NC) and model group
(DM), in which the NC mice were given a standard chow,
and the DM mice were fed with a high-fat, high-sugar
(HFHS) diet (66.98% standard chow, 3% cholesterol, 10% lard,
20% sucrose and 0.02% pig bile salt) (Slac Laboratory Animal,
Shanghai, China). Four weeks later, the mice were fasted for
12 h. Then, DM mice were intraperitoneally injected with
STZ (40 mg/kg) once every three days, ﬁve times in total. An
equal volume of sodium citrate buﬀer (0.1 mol/L, pH 4.2-4.5)
was given to the NC mice. One week after the last injection,
the mice were fasted for another 12 h, and tail vein blood
was collected for fasting blood glucose (FBG) detection. The
mice with FBG levels of 7.8 mmol/L or higher were considered
diabetic and were used in later experiments.
The T2DM with NAFLD mice were randomly divided
into ﬁve groups (n = 10 for each): [1] normal diet supplemented with 0.9% saline (DM group), [2] normal diet
supplemented with 100 mg/kg metformin hydrochloride
(PC group), (3– [5)] normal diet containing 200, 300, and
400 mg/kg of IG, designated as the IG-L, IG-M, and IG-H
group, respectively. As the control, the NC group was given
a normal diet. Body weights of the mice were monitored
and recorded every week. After 4 weeks, the mice were fasted
for 12 h, and fasting blood was collected from ophthalmic
veins under anesthesia by sodium pentobarbital. Then, the
mice were perfused with ice-cold saline, and the pancreas
and kidneys were dissected out and ﬁxed in 4% paraformaldehyde solution. Finally, 0.5 g of liver tissue was homogenized in 5 ml ice-cold normal saline, and the rest tissue was
also ﬁxed in paraformaldehyde solution. The serum and
tissues were stored at -80°C for further analysis.

2.5. Measurements of Blood Glucose and Insulin-Related Indices.
Fasting blood glucose (FBG) was measured using a blood
glucose meter. An oral glucose tolerance test (OGTT) was performed after 12 h fasting. Brieﬂy, the mice were orally administered with glucose solution (2 g/kg), and blood glucose levels
were detected immediately prior (0 min), 30, 60, 120, and
180 min after administration. The area under the blood sugar
concentration-time curve from time zero to the last measured
time was calculated by the formula: AUC = ðFBG + BG30 min Þ
× 1/4 + ðBG30 min + BG60 min Þ × 1/4 + ðBG60 min + BG120min Þ
× 1/2. Serum insulin was measured at 0 min by ELISA kit
(KeYingMei Technology Co. Ltd., Beijing, China) according
to the manufacturer’s instructions, and the insulin sensitivity
index (ISI), insulin resistance index (HOMA-IR), and insulin
secretion index (HOME-β) were calculated from these data.
2.6. Measurement of Blood Lipid-Related Indices. Serum total
cholesterol (TC), triglycerides (TG), high-density lipoprotein
cholesterol (HDL-C), and low-density lipoprotein cholesterol (LDL-C) were measured with speciﬁc commercial kits
(Beihua Kangtai Clinical Reagent Co., Ltd., Beijing, China)
according to the manufacturer’s recommendations. Serum
free fatty acids (FFA) were measured by ELISA kits (R&D
Systems, USA).
2.7. Liver Function Test. To detect the protective eﬀects of IG
on the liver, mouse serum was collected to determine the
ALT and AST activities, which were used as biochemical
indicators of hepatic injury and were measured by ALT and
AST kits (Jiancheng Biotech Co., Nanjing, China) according
to the manufacturer’s instructions.
2.8. Histology Observation. Tissues were ﬁxed in 4% neutral
paraformaldehyde for 48 h and dehydrated with gradient ethanol solution, followed by embedding in paraﬃn. The
embedded tissues were then sectioned at a thickness of
5 μm with a microtome (Leica CM1950, Germany) and
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Figure 2: Eﬀects of IG on body weight, FBG (fasting blood glucose), OGTT (oral glucose tolerance test), and blood glucose AUC (areas under
the curve) in T2DM with NAFLD mice. (a, b) The body weight (a) and FBG (b) of the mice were measured over a four-week observation
period. (c) The mice were orally administered with glucose solution at 2 g/kg BW after an overnight fasting, and blood glucose level in
tail-vein sample was measured immediately prior (0 min), 30, 60, 120, and 180 min later. (d) The areas under the curve (AUC) from time
zero to the last measured time were calculated, and values were expressed as mean ± SEM (n = 10 for each group). One-way or two-way
ANOVA was carried out followed by post hoc Tukey multiple comparison test. #P < 0:05, ##P < 0:01, ###P < 0:001 compared with the NC
group; ∗ P < 0:05, ∗∗ P < 0:01, ∗∗∗ P < 0:001 compared with the DM group. The data are representative of three experiments.

subjected to H&E staining. Brieﬂy, sections were deparaﬃnized with xylene, hydrated with an ethanol gradient, and
washed distilled H2O. Then, sections were stained with
hematoxylin for 2 min, washed with H2O for 3 min, counterstained with Eosin Y solution for 30 s, and dehydrated with
serial ethanol gradients. Finally, the sections were cleaned
with xylene, air dried, and mounted on a slide for observation. Oil red O staining was used to detect lipid droplets. In
brief, frozen livers were cut into sections of 5 μm thickness
and balanced at room temperature for 10 min. Then, the sections were ﬁxed in 4% neutral paraformaldehyde for 30 min
and washed with distilled water for 30 s. After transferring
and maintaining in oil red O staining solution for 20 min
and washed sequentially with 60% isopropanol and distilled
water, the sections were mounted on glass slides and the
nuclei were stained with hematoxylin. Finally, the sections
were sealed with glycerin gelatin, and pathological changes
and liver lipid distribution were observed with an inverted
ﬂuorescence microscope (Olympus IX71, Japan).

2.9. Measurement of TNF-α, IL-1β, and IL-6. The liver tissue
was thoroughly homogenized in an ice bath. After centrifugation at 4000 rpm/min for 10 min, the supernatants were
collected, and CRP, IL-6, TNF-α, MDA, and T-SOD were
determined with speciﬁc ELISA kits according to the manufacturer’s protocols.
2.10. Western Blot. The liver tissues were lysed in ice-cold
RIPA buﬀer (Thermo Fisher Scientiﬁc, Waltham, MA,
USA). Equal amounts of protein (40 μg) were then subjected
to SDS-PAGE and transferred onto a polyvinylidene diﬂuoride membrane (Millipore, USA). After blocking with TBST
containing 5% nonfat milk for 1 h at room temperature,
the membranes were subsequently incubated with COX-2,
iNOS, TAK1, p-TAK1, AKT, p-AKT, p-IKKβ, JNK, and pJNK primary antibodies and HRP-conjugated secondary
antibodies (1 : 1500). Speciﬁc bands were visualized by an
ECL detection system, and all the data were quantiﬁed using
Image J.
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Table 1: Eﬀects of IG on the FINS, ISI, HOMA-IR, and HOME-β in T2DM with NAFLD mice.
FINS

ISI

HOMA-IR

HOMA-β

NC

8:93 ± 1:27

−3:87 ± 0:14

2:14 ± 0:3

94 ± 13:35

DM
PC

16:24 ± 2:03##
13:2 ± 0:51∗∗

−5:85 ± 0:12##
−4:97 ± 0:04∗∗

15:47 ± 2:03##
6:37 ± 0:24∗∗

18:12 ± 2:27##
35:88 ± 1:37∗∗

IG-L

13:53 ± 0:45∗∗

−4:99 ± 0:03∗∗

6:53 ± 0:22∗∗

36:83 ± 1:23∗∗

∗∗

∗∗

∗∗

IG-M

12:66 ± 2:56

−4:89 ± 0:2

5:98 ± 1:21

38:52 ± 7:19∗∗

IG-H

12:4 ± 1:93∗∗

−4:75 ± 0:16∗∗

5:19 ± 0:8∗∗

42:1 ± 6:53∗∗

Fasting insulin (FINS), insulin sensitivity index (ISI), insulin resistance index (HOMA-IR), and insulin secretion index (HOMA-β) were calculated as
previously described. Values are expressed as mean ± SEM (n = 10). One-way ANOVA was carried out followed by post hoc Tukey multiple comparison
test. Values are represented statistically when #P < 0:05, ##P < 0:01, in comparison with the NC group; ∗ P < 0:05, ∗∗ P < 0:01, in comparison with the DM
group. Data are representative of three experiments.

3. Results and Discussion
3.1. IG Improves Body Weight Loss, Hyperglycemia, and
Insulin Resistance in T2DM with NAFLD Mice. We reported
previously that CF is a potential nutrient-rich candidate for
T2DM treatment via regulating gut microbiota [24]. Among
the four extracts from CF, IG apparently increased the body
weight, decreased the blood glucose levels, elevated the
glucose tolerance, and improved insulin sensitivity and lipid
metabolism in T2DM mice induced by HFHS diet and STZ.
We thus speculated that IG might play a beneﬁcial role in
T2DM with NAFLD mice. Considering body weight control
is critical for diabetes, we ﬁrstly measured the body weight of
the mice treated with IG weekly. As shown in Figure 2(a), the
T2DM mice showed apparent weight loss as compared to
stable weight gain in the normal control mice, which may
be due to STZ-induced severe hyperglycaemia and nausea.
However, IG treatment (especially the high dose group)
gradually slowed down this eﬀect, and animals began to
regain weight. Simultaneously, IG reversed the signiﬁcant
increases of OGTT, FBG (P < 0:05), AUC (P < 0:05), FINS
(P < 0:01), and HOMA-IR (P < 0:01) and decrease of ISI
(P < 0:01) levels in T2DM mice, and HOMA-β (P < 0:01)
was potently increased to 2.0 to 2.3-fold of the DM group after
the administration of diﬀerent doses of IG (Figures 2(b)–2(d),
Table 1). Not surprisingly, metformin hydrochloride signiﬁcantly improved the hyperglycemia of the T2DM mice, and
all of them recuperated some of the weight lost as a result of
STZ severity. These data collectively demonstrated that IG
has a slow but stable hypoglycemic eﬀect.
3.2. IG Reversed the Aberrant Lipid Metabolism in T2DM
with NAFLD Mice. Derangements in both glucose and lipid
metabolic pathways exist in T2DM with NAFLD. When
blood lipid levels were measured in T2DM mice, we found
that IG had a similar hypolipidemic eﬀect as metformin.
Interestingly, no obvious quantitative dependence was found,
and the mice treated with diﬀerent IG doses obtained similar
data. Compared with the NC group, the levels of TG, TC,

6.0
Concentration (mmol/L)

2.11. Statistical Analysis. Experimental data and pharmacokinetic parameters are given as mean ± SEM. Statistical analysis was performed using SPSS 22.0 software and P < 0:05
was considered statistically signiﬁcant.
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Figure 3: Eﬀects of IG on TC, TG, LDL-C, HDL-C, and FFA in
T2DM with NAFLD mice. Values are expressed as mean ± SEM
(n = 10). One-way ANOVA was carried out followed by post hoc
Tukey multiple comparison test. #P < 0:01, compared with the NC
group; ∗ P < 0:01, compared with the DM group. Data are
representative of three experiments.

LDL, and FFA in the DM group were signiﬁcantly increased
(P < 0:05), whereas the HDL level was signiﬁcantly decreased
(P < 0:05). After oral administration of IG, all of these indices
reverted closer to the normal levels. The TC, TG, LDL-C, and
FFA decreased by 29.3~33.3% (P < 0:05), 26.3~31.4%
(P < 0:05), 28~39% (P < 0:05), and 21.8~24.4% (P < 0:05),
respectively, and HDL level was 51.7 to 59.8% (P < 0:05)
higher than those in the DM group (Figure 3). These data
indicated that IG ameliorated the aberrant lipid metabolism
in T2DM mice with NAFLD.
Consistent with our data, a few studies have uncovered
the eﬀect and mechanism of IG on aberrant lipid metabolism. For example, loganin, a major IG of CF, has been
reported to exert a potent lipid-regulatory eﬀect in the liver
of type 2 diabetic mice by adjusting lipid metabolismassociated genes [25]. Swertiamarin, a bitter secoiridoid
glycoside, displayed hypolipidemic activity to ameliorate
NAFLD caused by hepatic lipid accumulation, inﬂammation,
and insulin resistance via targeting potential metabolic
regulators PPAR-α and AMPK [26]. Collectively, all these
ﬁndings emphasize IG as a potentially powerful and suitable
candidate for NAFLD treatment.
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Figure 4: IG improves liver histological and function damage in T2DM with NAFLD mice. (a) Liver sections were prepared, and H&E and oil
red staining were performed. Magniﬁcation: ×400. (b) The area fraction of positive cells was quantiﬁed by image J. (c) ALT and (d) AST
activity in the liver of T2DM with NAFLD mice were detected, and values are expressed in mean ± SEM (n = 10 animals for each group).
One-way ANOVA was carried out followed by post hoc Tukey multiple comparison test. #P < 0:05, ##P < 0:01, compared with the NC
group; ∗ P < 0:05, ∗∗ P < 0:01, compared with the DM group. Data are representative of three experiments.

3.3. IG Treatment Improved Liver Morphology and Function
in T2DM with NAFLD Mice. As being a critical organ for
glucose and lipid metabolism regulation, the liver with
abnormal glucose uptake or lipid accumulation can trigger
a wide spectrum of diseases such as insulin resistance and
diabetes. Fatty liver is an important determinant in the
progress of T2DM in susceptible individuals [27]. To detect
the morphology changes in our study, liver sections were
prepared, and H&E and Oil-red-O staining were performed.
As shown in Figure 4, the liver cells were arranged uniformly,
and the boundaries were clear in the NC group. In contrast,
obvious hepatic lesions were observed in the liver tissues of
the DM group. The lesions include an enlarged liver volume,

indistinct cell boundaries, irregular lobules of liver cells,
deposited ﬁbrous tissue, and hypertrophy, vacuolization,
and fatty degeneration of hepatocytes. The oil red O staining
further conﬁrmed the presence of extreme lipid accumulation. This hepatic steatosis, however, was greatly ameliorated
in the IG and PC groups (P < 0:01), especially in the highdose IG group as compared with the DM mice (P < 0:01,
Figures 4(a) and 4(b)).
As to liver function, ALT and AST activities were measured, and both of them apparently increased in the DM
group, which indicated that the liver function was severely
damaged. Consistent with the above morphological observation, the ALT and AST activities were signiﬁcantly reduced
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Figure 5: IG suppressed inﬂammation and oxidative stress in T2DM with NAFLD mice. (a) CRP, (b) TNF-α, and (c) IL-6 levels were detected
by ELISA, and values are expressed in mean ± SEM (n = 10 animals for each group). (d) MDA, (e) T-SOD, (f) T-AOC, and (g) GSH-PX values
are expressed in mean ± SEM (n = 10 animals for each group). One-way ANOVA was carried out followed by post hoc Tukey multiple
comparison test. #P < 0:05, ##P < 0:01, compared with the NC group; ∗ P < 0:05, ∗∗ P < 0:01, compared with the DM group. Data are
representative of three experiments.

after oral administration of IG or metformin (Figures 4(c)
and 4(d)).
3.4. IG Inhibits Inﬂammation in the Liver of T2DM with
NAFLD Mice. It is well known that T2DM is usually closely
associated with low-grade chronic inﬂammation. In this
study, inﬂammatory markers including CRP, TNF-α, and

IL-6 were signiﬁcantly elevated, and we found that several
canonical inﬂammatory markers including CRP, TNF-α,
and IL-6 were signiﬁcantly elevated in the DM group as
compared with the NC group. While both IG and metformin
apparently reversed this phenomenon. Notably, the levels of
CPR, TNF-α, and IL-6 suppressed by IG treatment were
comparable to, if not more potent than, those inhibited by
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Figure 6: IG regulates NF-κB and PI3K-AKT signal pathways. (a, b) Protein levels of p-TAK1 (phospho-T187), TAK1, p-JNK (phosphoT183 + T183 + T221), JNK, p-IKKβ (phospho-Y199), NFκBp65, COX2, and iNOS were detected by Western blot and quantitatively
analyzed. (c, d) Protein levels of p-AKT (phospho-T308), AKT, p-GSK3β (phospho-S9), GS3Kβ, and PEPCK were detected by Western
blot and quantitatively analyzed. Values are expressed in mean ± SEM (n = 10). One-way ANOVA was carried out followed by post hoc
Tukey multiple comparison test. ##P < 0:01 compared with the NC group; ∗ P < 0:05, ∗∗ P < 0:01, compared with the DM group. Data are
representative of three experiments.

PC administration. These data suggested that IG eﬀectively
inhibited inﬂammation in T2DM with NAFLD mice
(Figures 5(a)–5(c)).
3.5. IG Suppresses Oxidative Stress in T2DM with NAFLD
Mice. Accumulating evidence has suggested that oxidative
stress plays a critical role in the pathogenesis of diabetes
[28, 29]. Therefore, T-AOC and MDA, which reﬂects the
activities of antioxidant enzymes, were measured to
indirectly evaluate the oxidative stress in mouse liver. As
shown in Figures 5(d)–5(g), the MDA level was signiﬁcantly
increased (P < 0:01), whereas the levels of T-SOD (P < 0:05),
GSH-Px (P < 0:01), and T-AOC (P < 0:05) were decreased
in the T2DM with NAFLD model mice as compared to
the NC group, which indicated excess hepatic oxidative
stress was induced in T2DM with NAFLD mice. After oral
administration of IG for 4 weeks, all these four indices
tested were recovered to the normal level like the NC group.
These data suggested that IG could make the T2DM with
NAFLD mice regain antioxidant capacity and improve their
liver injury.
3.6. IG Regulated NF-κB and PI3K/Akt Signaling Pathways in
T2DM with NAFLD Mice. To uncover the mechanism that
IG alleviates T2DM with NAFLD, several classical signaling

pathways were detected. It is well known that TNF-α and
IL-6 were upregulated in mice as mentioned above, which
can trigger insulin resistance via activating JNK and IKKβ/NF-κB pathways. When measured by quantitative Western
blot, p-TAK1/TAK1, p-JNK/JNK, NF-κBp65, and p-IKKβ
were greatly upregulated in T2DM with NAFLD mice when
compared with the NC mice. To conﬁrm this, we detected
the expression of COX-2 and iNOS, two NF-κB-downstream
genes extensively involved in impaired vascular function and
reactive superoxide release in diabetes [30, 31]. Consistently,
COX-2 (P < 0:01) and iNOS (P < 0:01) were potently
induced in DM mice. IG administration signiﬁcantly reduced
the levels of p-JNK (P < 0:01), p-IKKβ (P < 0:01), and NFκBp65 (P < 0:01). In addition, the inhibition of p-IKKβ
expression by IG was dose-dependent. These data suggested
that IG may ameliorate the inﬂammation of T2DM with
NAFLD mice via the NF-κB signaling pathway. Interestingly,
no apparent eﬀect of IG on p-TAK1/TAK1 was found in our
results, which meant that the regulation of NF-κB signaling
pathway by IG is a TAK1 downstream event (Figures 6(a)
and 6(b)).
It is reported that reduced PI3K/Akt signaling contributes to insulin resistance and T2DM [32]. In our study, pAKT/AKT was extremely signiﬁcantly decreased in the DM
group as compared with the normal mice (P < 0:01), and
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both high dose IG and metformin reversed this eﬀect. As an
enzyme of the lyase family, phosphoenolpyruvate carboxykinase (PEPCK) is essential for gluconeogenesis, and the disregulation of PEPCK has been strongly suggested to be an
etiologic factor in T2DM [33]. Considerable evidence suggests that the constitutively active glycogen synthase kinase
3 beta (GSK3β) is extensively involved in the common
pathology of T2DM and could be a target for T2DM treatment [34]. As shown in Figures 6(c) and 6(d), the expression
of PEPCK (P < 0:01) and p-GSK3β/GSK3β (P < 0:01) was
signiﬁcantly increased in DM mice, and oral administration
of IG and metformin restored their levels.
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[3]

[4]

4. Conclusions
Corni Fructus is a common health food in Asia, but also CF
or its bioactive ingredients play critical pharmacological roles
in some herbal prescriptions to treat various age-related diseases via its antihyperglycemic [35], memory improving [36],
immune regulatory, and neuroprotective eﬀects [35, 37]. In
the present study, we demonstrated that IG extracted from
CF apparently ameliorated the T2DM model with NAFLD
through regulating lipid and glucose metabolism, reducing
oxidative stress, inﬂammation, and fat accumulation in the
liver. Further studies revealed that IG achieved this eﬀect by
inhibiting the NF-κB signaling pathway and enhancing the
activation of the PI3K/AKT signaling pathway. In short, CF
or its IG extracts could be leveraged as candidates for the
treatment of T2DM combined with NAFLD.

Data Availability

[5]

[6]

[7]

[8]

[9]

The data supporting the ﬁndings of this study are available
from the corresponding authors upon request.
[10]

Conflicts of Interest
The authors have no conﬂicts of interest.

[11]

Authors’ Contributions
DN, XC, and JFK conceived and designed the experiments.
DN, XC, TW, FXW, and QSZ carried out the experiments.
XCX, XC, and DN analyzed the data and wrote the manuscript. JFK and XCX supervised the study and revised the
paper. All authors read and approved the ﬁnal manuscript.

[12]

[13]

Acknowledgments
This work was supported by the National Key Technologies
R & D Program for Modernization of Traditional Chinese
Medicine (Grant No. 2017YFC1701302), Central University
Innovation Team Project (GK202001006) and Major Project
of Shaanxi Province, China (Grant No. 2020ZDLSF05-10).

[14]

[15]

References
[1] N. H. Cho, J. E. Shaw, S. Karuranga et al., “IDF Diabetes Atlas:
global estimates of diabetes prevalence for 2017 and projec-

[16]

tions for 2045,” Diabetes Research and Clinical Practice,
vol. 138, pp. 271–281, 2018.
M. P. Bertoglia, J. G. Gormaz, M. Libuy et al., “The population
impact of obesity, sedentary lifestyle, and tobacco and alcohol
consumption on the prevalence of type 2 diabetes: analysis of a
health population survey in Chile, 2010,” PLoS One, vol. 12,
no. 5, article e0178092, 2017.
B. Fruci, S. Giuliano, A. Mazza, R. Malaguarnera, and
A. Belﬁore, “Nonalcoholic fatty liver: a possible new target
for type 2 diabetes prevention and treatment,” International
Journal of Molecular Sciences, vol. 14, no. 11, pp. 22933–
22966, 2013.
M. Kohjima, N. Higuchi, M. Kato et al., “SREBP-1c, regulated
by the insulin and AMPK signaling pathways, plays a role in
nonalcoholic fatty liver disease,” International Journal of
Molecular Medicine, vol. 21, no. 4, pp. 507–511, 2008.
R. Dentin, F. Benhamed, I. Hainault et al., “Liver-speciﬁc inhibition of ChREBP improves hepatic steatosis and insulin resistance in ob/ob mice,” Diabetes, vol. 55, no. 8, pp. 2159–2170,
2006.
N. M. de Alwis and C. P. Day, “Non-alcoholic fatty liver disease: the mist gradually clears,” Journal of Hepatology,
vol. 48, pp. S104–S112, 2008.
I. Doycheva, J. Cui, P. Nguyen et al., “Non-invasive screening
of diabetics in primary care for NAFLD and advanced ﬁbrosis
by MRI and MRE,” Alimentary Pharmacology & Therapeutics,
vol. 43, no. 1, pp. 83–95, 2016.
D. H. Akbar and A. H. Kawther, “Nonalcoholic fatty liver disease in Saudi type 2 diabetic subjects attending a medical outpatient clinic: prevalence and general characteristics,” Diabetes
Care, vol. 26, no. 12, pp. 3351-3352, 2003.
F. Nascimbeni, J. Aron-Wisnewsky, R. Pais et al., “Statins,
antidiabetic medications and liver histology in patients with
diabetes with non-alcoholic fatty liver disease,” BMJ Open Gastroenterology, vol. 3, no. 1, article e000075, 2016.
A. Mazza, B. Fruci, G. A. Garinis, S. Giuliano,
R. Malaguarnera, and A. Belﬁore, “The role of metformin in
the management of NAFLD,” Experimental Diabetes Research,
vol. 2012, Article ID 716404, 13 pages, 2012.
Y. Jiang, J. Shui, B. Zhang, J. Chin, and R. Yue, “The potential
roles of artemisinin and its derivatives in the treatment of type
2 diabetes mellitus,” Frontier in Pharmacology, vol. 11, article
585487, 2020.
K. He, S. Song, Z. Zou et al., “The hypoglycemic and synergistic eﬀect of loganin, morroniside, and ursolic acid isolated
from the fruits of Cornus oﬃcinalis,” Phytotherapy Research,
vol. 30, no. 2, pp. 283–291, 2016.
T. Yokozawa, N. Yamabe, H. Y. Kim et al., “Protective eﬀects
of morroniside isolated from Corni Fructus against renal damage in streptozotocin-induced diabetic rats,” Biological &
Pharmaceutical Bulletin, vol. 31, no. 7, pp. 1422–1428, 2008.
S. H. Lim, S. H. Choi, Y. I. Oh, and S. J. Kim, “Anti-oxidative
eﬀects of ﬂavonoids enriched Corni fructus extract and the
mechanism,” African Journal of Pharmacy and Pharmacology,
vol. 5, no. 4, pp. 506–514, 2011.
D. K. Finlay, E. Rosenzweig, L. V. Sinclair et al., “PDK1 regulation of mTOR and hypoxia-inducible factor 1 integrate
metabolism and migration of CD8+ T cells,” The Journal of
Experimental Medicine, vol. 209, no. 13, pp. 2441–2453, 2012.
D. J. Pillion, S. J. Kim, H. Kim, and E. Meezan, “Insulin signal
transduction: the role of protein phosphorylation,” The

10

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

BioMed Research International
American Journal of the Medical Sciences, vol. 303, no. 1,
pp. 40–52, 1992.
J. R. Jaldin-Fincati, M. Pavarotti, S. Frendo-Cumbo, P. J. Bilan,
and A. Klip, “Update on GLUT4 vesicle traﬃc: a cornerstone
of insulin action,” Trends in Endocrinology and Metabolism,
vol. 28, no. 8, pp. 597–611, 2017.
L. G. Fryer, A. Parbu-Patel, and D. Carling, “The anti-diabetic
drugs rosiglitazone and metformin stimulate AMP-activated
protein kinase through distinct signaling pathways,” The Journal of Biological Chemistry, vol. 277, no. 28, pp. 25226–25232,
2002.
J. Xiao, C. T. Ho, E. C. Liong et al., “Epigallocatechin gallate
attenuates ﬁbrosis, oxidative stress, and inﬂammation in
non-alcoholic fatty liver disease rat model through
TGF/SMAD, PI3 K/Akt/FoxO1, and NF-kappa B pathways,”
European Journal of Nutrition., vol. 53, no. 1, pp. 187–199,
2014.
G. A. Michelotti, M. V. Machado, and A. M. Diehl, “NAFLD,
NASH and liver cancer,” Nature Reviews. Gastroenterology &
Hepatology, vol. 10, no. 11, pp. 656–665, 2013.
C. C. Lin, J. P. Zhou, Y. P. Liu et al., “The silencing of Pokemon
attenuates the proliferation of hepatocellular carcinoma cells
in vitro and in vivo by inhibiting the PI3K/Akt pathway,” PLoS
One, vol. 7, no. 12, article e51916, 2012.
J. F. Kang, C. Guo, R. Thome et al., “Hypoglycemic, hypolipidemic and antioxidant eﬀects of iridoid glycosides extracted
from Corni fructus: possible involvement of the PI3KAkt/PKB signaling pathway,” RSC Advances, vol. 8, no. 53,
pp. 30539–30549, 2018.
X. Y. Cao and Z. Z. Wang, “Simultaneous determination of
four iridoid and secoiridoid glycosides and comparative analysis of Radix Gentianae Macrophyllae and their related substitutes by HPLC,” Phytochemical Analysis, vol. 21, no. 4,
pp. 348–354, 2010.
D. Niu, S. J. An, X. Chen et al., “Corni Fructus as a natural
resource can treat type 2 diabetes by regulating gut microbiota,” The American Journal of Chinese Medicine, vol. 48,
no. 6, pp. 1385–1407, 2020.
N. Yamabe, J. S. Noh, C. H. Park et al., “Evaluation of loganin,
iridoid glycoside from Corni Fructus, on hepatic and renal glucolipotoxicity and inﬂammation in type 2 diabetic db/db
mice,” European Journal of Pharmacology, vol. 648, no. 1-3,
pp. 179–187, 2010.
T. P. Patel, K. Rawal, S. Soni, and S. Gupta, “Swertiamarin
ameliorates oleic acid induced lipid accumulation and oxidative stress by attenuating gluconeogenesis and lipogenesis in
hepatic steatosis,” Biomedicine & Pharmacotherapy, vol. 83,
pp. 785–791, 2016.
R. J. Perry, V. T. Samuel, K. F. Petersen, and G. I. Shulman,
“The role of hepatic lipids in hepatic insulin resistance and
type 2 diabetes,” Nature, vol. 510, no. 7503, pp. 84–91, 2014.
A. C. Maritim, R. A. Sanders, and J. B. Watkins 3rd, “Diabetes,
oxidative stress, and antioxidants: a review,” Journal of Biochemical and Molecular Toxicology, vol. 17, no. 1, pp. 24–38,
2003.
U. Karunakaran and K. G. Park, “A systematic review of oxidative stress and safety of antioxidants in diabetes: focus on islets
and their defense,” Diabetes and Metabolism Journal, vol. 37,
no. 2, pp. 106–112, 2013.
M. Kassan, S. K. Choi, M. Galan et al., “Enhanced NF- B activity impairs vascular function through PARP-1-, SP-1-, and

[31]

[32]

[33]

[34]

[35]

[36]

[37]

COX-2-dependent mechanisms in type 2 diabetes,” Diabetes,
vol. 62, no. 6, pp. 2078–2087, 2013.
M. P. Charalambous, T. Lightfoot, V. Speirs, K. Horgan, and
N. J. Gooderham, “Expression of COX-2, NF-kappaB-p65,
NF-kappaB-p50 and IKKalpha in malignant and adjacent normal human colorectal tissue,” British Journal of Cancer,
vol. 101, no. 1, pp. 106–115, 2009.
Q. Yang, T. E. Graham, N. Mody et al., “Serum retinol binding
protein 4 contributes to insulin resistance in obesity and type 2
diabetes,” Nature, vol. 436, no. 7049, pp. 356–362, 2005.
J. Tordjman, W. Khazen, B. Antoine et al., “Regulation of glyceroneogenesis and phosphoenolpyruvate carboxykinase by
fatty acids, retinoic acids and thiazolidinediones: potential relevance to type 2 diabetes,” Biochimie, vol. 85, no. 12, pp. 1213–
1218, 2003.
C. Gao, C. Holscher, Y. Liu, and L. Li, “GSK3: a key target for
the development of novel treatments for type 2 diabetes mellitus and Alzheimer disease,” Reviews in the Neurosciences,
vol. 23, no. 1, pp. 1–11, 2011.
K. A. Hwang, Y. J. Hwang, and J. Song, “Antioxidant activities
and oxidative stress inhibitory eﬀects of ethanol extracts from
Cornus oﬃcinalis on raw 264.7 cells,” BMC Complementary
and Alternative Medicine, vol. 16, no. 1, p. 196, 2016.
L. H. Zhao, Y. X. Ding, L. Zhang, and L. Li, “Cornel iridoid glycoside improves memory ability and promotes neuronal survival in ﬁmbria-fornix transected rats,” European Journal of
Pharmacology, vol. 647, no. 1-3, pp. 68–74, 2010.
Y. Dai, B. Hang, and Z. Huang, “Inhibition of fructus Corni on
experimental inﬂammation,” Zhongguo Zhong Yao Za Zhi,
vol. 17, no. 5, pp. 307–309, 1992.

