PEER-REVIEWED ARTICLE b | oresources.com

Sea Buckthorn Leaf L-quebrachitol Extract for Improved
Glucose and Lipid Metabolism in Insulin Resistant
HepG2 Cells
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L-quebrachitol is a natural monomethyl ether derivative of inositol, and it is
abundant in sea buckthorn leaves. In this study, the potential efficacy on
hepatic glucose, lipid metabolism disorder, and damaged pathway in vitro of
sea buckthorn leaf L-quebrachitol extract (SQE) and L-quebrachitol standard
(QS) was evaluated. The SQE and QS exhibited good inhibitory activity on a-
amylase, and the kinetic study revealed that their type of enzyme inhibition
was competitive inhibition in each case. Both QS and SQE increased the
glucose consumption and decreased the contents of total triglyceride (TG) and
non-esterified fatty acid (NEFA) in HepG2 cells displaying insulin resistance
(IR). In addition, QS and SQE attenuated the expression levels of G6Pase and
enhanced the expression of PPARa. These findings suggested that QS and
SQE contributed to the modulation of glucose and lipid metabolism, and they
might be a promising functional food additives and pharmaceuticals against
Type 2 diabetes mellitus (T2DM).
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INTRODUCTION

Diabetes mellitus, a metabolic disorder involving the disturbance of carbohydrate,
protein, and fat metabolism, is a serious threat to the current and future health of people on
Earth (Cao et al. 2019). Type 2 diabetes mellitus accounts for around 90% of all cases of
diabetes and is characterized with hyperglycemia caused by insulin resistance (IR) (Hu et
al. 2019a). Insulin resistance is a common pathophysiological basis in patients with several
abnormalities, such as T2DM, hyperlipidemia, and obesity (Jing et al. 2018), which
exhibits the manifestations of impairment of glucose utilization and decrease of insulin
sensitivity (Hu et al. 2019b). The liver plays a key role in the metabolism of carbohydrates
and fats, so hepatic insulin resistance is vital for the development of T2DM (Bechmann et
al. 2012). Therefore, potential regulation of glucose and lipid metabolism in the liver may
be an important pathway for the prevention and treatment of T2DM (Jing et al. 2018).
Various drugs are used to treat diabetes, including insulin, a-glycosidase inhibitors,
sulfonylurea, and biguanide, which might have several obvious side effects and defects.
The bioactive constituents from natural plants are widely favored and have been used to
treat diabetes and its complications due to their efficacy and safety.

Sea buckthorn (Hippophae rhamnoides L.) is a spiny nitrogen-fixing deciduous
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shrub and is naturally distributed in Asia and Europe and cultivated in Asia, Europe, and
the North America. It has the characteristics of cold resistance, drought resistance, and
strong germination (Zielinska and Nowak 2017). Plants growing in harsh environments
tend to accumulate more metabolites that are implicated in activation and reinforcement of
defense mechanisms to cope with environmental stress (Yang et al. 2018). Therefore, sea
buckthorn is not only widely employed for soil and water conservation and ecological
restoration, but it also contains abundant nutrients and a variety of physiologically
important active substances such as flavonoids, phenolic compounds, tocopherols (Khan
et al. 2010). Compared with the berries, the sea buckthorn leaves have not been fully
studied. The leaves are neglected and wasted due to the lack of application. It is worth
noting that a recent study by the author’s research team found that sea buckthorn leaves
are rich in a derivative of inositol, L-quebrachitol (59.73 mg/100g dry leaves) (Tao et al.
2019).

L-quebrachitol (1L-2-O-methyl-chiro-inositol) is a natural monomethyl ether
derivative of inositol. It was first isolated from quebracho bark in 1887 and purified from
the same plant in 1906 (McCance and Lawrence 1933). Inositols are synthesized from
glucose-6-phosphate and consist of nine isomeric forms, many of which can form methyl
ether inositol derivatives (Michell 2008). These inositols and inositol derivatives are
essential components of membrane phospholipids in animals and humans, wherein they
play an important role in mediating cell signaling (Michell 2008). Inositols participate in
insulin metabolic action, and the chiro-inositol levels are decreased in T2DM (Sleight et
al. 2002; Larner et al. 2010). Previous research found that D-pinitol (3-O-methylchiro-
inositol), D-Chiro-inositol, and sequoyitol (5-O-methyl-myo-inositol) have effects on
improving hyperglycemia (Shen et al. 2012; Gao et al. 2015). Therefore, it is necessary to
identify additional inositol derivatives and to evaluate their therapeutic potentials. L-
quebrachitol was illustrated to play an important role in the process of cell growth and
intracellular signaling, and it can also effectively maintain osmotic pressure and treat
gastric injury (De Olinda et al. 2008). Xue et al. (2015) found that sea buckthorn juice
significantly improved glucose tolerance and the integrity of pancreatic tissue in type 2
diabetic db/db mice, and they speculated that L-quebrachitol might have contributed to the
effects observed. However, studies about L-quebrachitol comprehensive efficacy on
hepatic glucose, lipid metabolism disorder, and damaged pathway in vitro have not been
reported. Based on this situation, this context was aimed at evaluating the antidiabetic
properties of L-quebrachitol and the effect of L-quebrachitol extract of sea buckthorn
leaves on IR HepG2 cells.

EXPERIMENTAL

Materials and Chemicals

Dried sea buckthorn (Hippophae rhamnoides L. subsp. mongolica) leaves were
supplied by Inner Mongolia Yuhangren High-Technology Industrial Co., Ltd. (Hohhot,
China). The leaves were ground to a 20-mesh powder and stored at -20 °C in darkness
before use. The sea buckthorn leaf L-quebrachitol extract (SQE) was prepared in two steps.
First, it was extracted from sea buckthorn leaves through an aqueous solution, and then it
was purified through a silica gel column.

Porcine pancreatic a-amylase, acarbose, insulin, and rosiglitazone (RSG) were
purchased from Sigma-Aldrich Chemical Co., Ltd. (St. Louis, MO, USA). Dimethyl
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sulfoxide (DMSO), 3,5-dinitrosalicylic acid (DNS), sodium potassium tartrate
tetrahydrate, NaH2PO4-12H20, Na:HPO4-2H:0, thiazolyl blue tetrazolium bromide
(MTT), NaCl, and NaOH were purchased from Shanghai Macklin Biochemical Co., Ltd.
(Shanghai, China). L-quebrachitol standard (> 98% purity) (QS) was purchased from
Shanghai Anpel Scientific instrument Co., Ltd. (Shanghai, China). Glucose oxidase-
peroxidase method kit, triglyceride (TG), nonesterified fatty acid (NEFA), assay Kkit, and
total protein extraction kit were provided by Beijing Applygen Technologies Co., Ltd.
(Beijing, China). All chemicals and solvents were analytical reagent grade or better.

Dulbecco’s Modified Eagle’s Medium (DMEM) and fetal bovine serum (FBS)
were purchased from Gibico (Thermo Fisher Scientific, Grand Island, USA). Peroxisome
proliferator activated receptor-alpha (PPARa, Abcam, Cambridge, UK, 1:500), glucose 6
phosphatase (G6Pase), and B-actin (ab8227) antibodies were purchased from Abcam Inc.
(Cambridge, UK).

GCxGC-TOF/MS

The SQE sample was dissolved in pyridine. Then 0.4 mL of hexamethyl disilizane
(HMDS) and 0.2 mL of trimethylchlorosilane (TMCS) were added and silylated at 20 °C
for 30 min. Target compounds were collected by centrifugation for 10 min at 8000 x g, the
supernatant was analyzed by GCxGC-TOF/MS. The GCxGC-TOF/MS was carried out
using an Agilent 7980B-5977AMSD gas chromatography-mass spectrometer (GC/MS)
(Palo Alto, CA, USA) incorporating a Hexin 0610 time-of-flight mass spectrometer
(Guangzhou, China). The first dimension was a SR-5MS capillary column (30 m x 0.25
mm % 0.25 um; Agilent, America) and the second dimension was a DB-17MS capillary
column (1.295 m x 0.18 mm x 0.18 um; Agilent, America). The GC was held at 180 °C
for 3 min and then raised at 5 °C / min to 280 °C and held at this temperature for a further
8 min. The carrier gas was He supplied at 1 mL/min. Solid-State Modulator (SSM 1800)
(JandX Technologies, Shenzhen, China) enabled the comprehensive two-dimensional
separations. The TOF interface and ion source temperatures were set at 260 and 200 °C,
with an electron energy of 70 eV. The mass spectra were analyzed in the range of 50 to
400 atom mass units (amu). The target was identified by comparing the retention times of
the sample peaks with quebrachitol standard and the results of mass spectral library
searches (NIST14 library, Shimadzu, Kyoto, Japan). The target contents were expressed as
mg/100g dry leaves based on the standard curve line of the quebrachitol standard.

a-Amylase Inhibitory Activity of L-Quebrachitol
a-Amylase inhibitory activity study

The inhibition assay with the a-amylase was performed with slight modifications
of a previously reported method (Kwon et al. 2008). Ca. 250 uL of a-enzyme solution (5
U/mL in 20 mM phosphate buffer containing 6.7 mM NaCl, pH 6.9) was incubated at 37
°C for 5 min with different concentrations (0.25, 0.5, 1, 1.5, 2, 3, and 4 mg/mL, 0.25 mL)
of the tested compounds. Ca. 0.25 mL of the buffer was used as the blank control. Then,
0.5 mL of the starch solution (the starch solution was stirred at 90 °C for 20 min before
use, 10 mg/mL) was added to the mixture. After the mixture reacted for additional 5 min,
1 mL of DNS reagent (96 mM DNS with 30% sodium potassium tartrate in 2N NaOH) was
added and the mixture system was incubated at 100 °C for 8 min. Each reaction mixture
was diluted by adding 8 mL of distilled water and the absorbance was measured at 765 nm
(UV-1800, UV Spectrophotometer, Shimadzu, Japan). Acarbose was used as a positive
reference equivalent, and the enzyme inhibition activity was calculated as follows:
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Inhibition (%) = (ODcontroI - ODsampIe) / ODcontrol X 100% (1)

The concentration required to inhibit 50% activity of the enzyme (ICso) was
calculated by regression analysis.

Detailed kinetics analysis of a-amylase inhibition by quebrachitol

To determine the inhibition mechanism, a-amylase inhibition by QS and SQE was
evaluated by monitoring the effects of two starch concentrations (10, 25 mg/mL) via Dixon
plot. The test concentrations of QS were 0.002, 0.004, 0.008, 0.02, and 0.04 mg/mL, and
the test concentration of SQE were 0.1, 0.5, 1.0, 5.0, and 10.0 mg/mL. Inhibition constants
(Ki) were determined by interpretation of Dixon plots, where the value on the x-axis
represents Ki (Dixon 1953).

Lineweaver-Burk (LB) and Dixon plots were used to determine the Kinetic
mechanisms of a-amylase inhibition by QS and SQE, and the results were complementarily
obtained by the two plots. The a-amylase inhibitions due to QS (0.04 and 0.004 mg/mL)
and SQE (0.1 and 1 mg/mL) were evaluated by monitoring the changes of different
concentrations of the starch solutions (5, 10, 15, 20, 25 mg/mL), and the test method was
the same as above. The Michaelis constant (Km) and the maximum reaction velocity (Vmax)
at different concentration of the inhibitor can be obtained by following double reciprocal
method (LB equation), and the type of enzyme inhibition was determined by interpretation
of the LB plots (Lineweaver and Burk 1934). The Dixon equation was applied to calculate
inhibition constant (Ki):

IN = 1N max + Km/Vmax x 1/s 2

where v is initial reaction velocity, Vmax is the maximum initial reaction velocity, Km is
Michaelis constant, s is the concentration of the starch.

Regulation of Glucose and Lipid Metabolism Based on Insulin-Resistant (IR)
Liver Cancer HepG2 Cells Model
Cell culture

Human liver hepatocellular carcinoma cells (HepG2) were obtained from China
Three Gorges University (Chongging, China) and cultured in DMEM supplemented with
10% FBS, penicillin (100 U/mL), and streptomycin (0.1 mg/mL) at 37 °C in a humidified
atmosphere of 5% CO2. The normally cultured HepG2 cell lines in log phase were used for
subsequent experiments.

Cell viability assay

The HepG2 cell viability activity was evaluated using an MTT assay according to
(Hu et al. 2019a). The HepG2 cells were seeded in 96-well plates at 5 x 10* cells/well (100
ulL) and cultured overnight. Then different concentrations of samples (0.5, 1.0, 2.0, 4.0
mg/mL, diluted in DMEM) were added to the cells to a total volume 200 pL/well, and the
cells were cultured at 37 °C for 12h and 24 h, respectively. The control cells were treated
with DMEM. After incubation, 20 uL MTT (5 mg/mL) was added to each well and the
cells were incubated at 37 °C for 3 h. Then, MTT solution was discarded and 150 puL of
DMSO was added to dissolve the MTT-formazan crystals. The absorbance of each well
was measured at 490 nm by Multiskan Spectrum (DNM-9602, Perlong Scientific, China).
The relative cell viability was calculated as follows:
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Viability(%) = (ODsampIe-ODbIank) / (ODcomroI-ODbIank) x 100% (3)

Establishment of IR-HepG2 cells model

The establishment of an IR HepG2 cells model was introduced according to the
reported method (Chen et al. 2019) with slight modifications. The HepG2 cells were firstly
seeded in 96-well plates at 5 x 10* cells/well (100 pL/well) concentration and cultured for
24 h. After complete adherence of cells, HepG2 cells were cultured in serum-free high-
glucose DMEM for 12 h. Then 200 uL of insulin solution (10~® mol/L) was introduced and
cultured at 37 °C for 24 h. Then the IR-HepG2 cells model had already been established.
The HepG2 cells were incubated in high-glucose DMEM with 10% FBS at 37 °C as a
negative control.

Glucose consumption assay

Glucose consumption assay was performed following by establishing the IR-
HepG2 cells model. Samples at different concentrations (0.25, 0.5, 1.0, and 1.5 mg/mL)
were used to treat the IR-induced HepG2 cell models, and the RSG (0.1 mg/mL) was used
as a positive control. After 12 and 24 h of incubation, glucose assay kit (glucose oxidase
method) was employed to assay glucose content in culture supernatant.

Intracellular TG and FFA quantification

The IR-HepG2 cells was treated with 1.0 mg/mL of samples, and the RSG (0.1
mg/mL) was employed as a positive control. After incubating 24 h, cells were washed with
PBS twice and lysed with 1% of Triton X-100 for 30 min on ice. The protein contents were
measured by a BCA protein assay kit. The content of TG was tested using a TG test Kit,
and the levels of NEFA in cells were determined by the NEFA quantitation kit according
to the manufacturer’s instructions.

Western Blotting

After 24 h incubation of the IR-HepG cells treated with 1.0 mg/mL samples, the
cells were washed three times with ice-cold PBS and recollected, then lysed with sample
buffer (containing 1 mM PMSF) on ice. After being homogenized on ice for 30 min, the
samples were centrifuged at 12,000 r/min for 5 min at 4 °C, and the supernatants were
collected for Western blot analysis. The protein concentration was determined by the BCA
method. Equal amounts of total proteins were separated by sodium dodecyl sulfate (10%
or 12%) and polyacrylamide gel electrophoresis (SDS-PAGE), then transferred to a
polyvinylidene difluoride (PVDF) membrane. Membranes were blocked by being
completely immersed in 3% BSA-TBST (Tris-Buffered Saline with Tween 20) for 30 min
at room temperature. Then the PVDF membranes was incubated and shaken overnight with
primary antibodies at 4 °C. After washing with 1xTBST three times, the membrane was
incubated with the corresponding secondary antibodies for another 1 h at room
temperature. Then the membrane was washed with 1xTBST three times, and the bands
were revealed using ECL reagent and detected by the ChemiDoc MP Imaging System (Bio-
Rad, California, USA). The levels of protein were normalized to f-actin expression.

Statistical Analysis

The experimental data were reported as means * standard deviations (SD). All the
data were submitted to analysis of variance by ANOVA at a significance level of P < 0.05
using SPSS 20.0 (IBM, Armonk, NY, USA).
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RESULTS AND DISCUSSION

Chemical Composition of SQE

In order to identify the actual content of L-quebrachitol and all chemical
composition in SQE, the GCxGC-TOF/MS measurement was used in this study. The
results are exhibited in Table 1 and Fig. 1. Previous research reported that the
comprehensive two-dimensional GCxGC technology is prominent in the achievement of a
near-complete characterization of the sample due to its high sensitivity and high resolution
(Wu et al. 2020). The actual content of L-quebrachitol in SQE was 5.18 mg/g, which
showed that the leaves of sea buckthorn were rich in L-quebrachitol. Tao et al. (2019)
found that the content of L-quebrachitol in sea buckthorn leaves (59.73 mg/g dry leaves)
was higher than that of sea buckthorn pulp (2.19 mg/g fresh pulp) and seeds (0.39 mg/g
fresh seeds). These all indicated that sea buckthorn leaf resources could be used as a
sufficient source of L-quebrachitol. In addition to L-quebrachitol, seven monosaccharides
in SQE were identified. The reason for the monosaccharides’ residues in SQE as impurities
might be due to the similar properties between L-quebrachitol and monosaccharides, both
L-quebrachitol and monosaccharides are highly polar compounds. In the separation
process of the silica gel column, the monosaccharide and the quebrachitol were difficult to
separate completely, and the elution process was overlapped. The monosaccharides were
eluted together to cause impurity interference.

Table 1. The Composition of Compounds in SQE

Positive Negative Chemical Content
NO. Compounds Match M%tch R Formula (mg/q)
1 D-Ribofuranose 694 682 1641 CsH100s 0.17
2 D-Tagatofuranose 756 797 1813 CsH1206 0.32
3 D-Lyxose 758 769 1651 CsH100s 0.23
4 L-Quebrachitol 855 855 1814 C7H1406 5.18
5 D-Glucose 859 895 2037 CeH1206 0.74
6 D-Galactose 692 692 1876 CeH1206 0.05
7 D-Mannose 862 892 1844 CeH1206 0.89
8 L-Rhamnose 649 649 1657 CeH120s5 0.05
RI: Retention index of monosaccharide silanated derivatives
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a-Amylase Inhibitory Activity
Inhibitory effect of L-quebrachitol against a-amylase

a-Amylase is an enzyme that affects the utilization of carbohydrate as an energy
source, and it plays important roles in the hydrolysis of starch. Therefore, inhibiting the
activity of a-amylase can effectively delay the absorption of glucose and control the
postprandial glucose levels of T2DM (Ayyash et al. 2018). The a-amylase inhibitory
activities of QS and SQE are shown in Table 2. The 1Cso and Kj of QS (1Cs0=0.604 mg/mL,
Ki = 0.014 mg/mL) were lower than SQE (ICso = 2.407 mg/mL, Ki = 5.524 mg/mL).
Parameter Ki is the inhibitor constant of the inhibitor, which indicates the degree of affinity
of the inhibitor with the enzyme, and reflects the inhibitory ability of the inhibitor to the
target enzyme. The smaller the Kj value, the more favorable is the inhibitor's inhibitory
effect on the enzyme.

The results showed that the inhibitory ability of QS on a-amylase was stronger than
that of SQE, but weaker than the positive control RSG with an 1Cso value of 0.058 mg/mL.
Lo Piparo et al. (2008) reported that the inhibitory effect of biologically active substances
on a-amylase partially depends on the formation of hydrogen bonds between the hydroxyl
groups of chemical compound and amino acid residues in the active site of a-amylase. It
can be inferred that the inhibitory activity of quebrachitol is related to the hydroxyl groups
contained in its structure.

Table 2. Detailed Kinetics of QS and SQE

Inhibitor
QS SQE Acarbose

Concentration
(mg/mL)
Km (mg/mL) |10.833 £0.035|17.462 +0.097 | 12.5 + 0.327 | 15.676 + 0.164 -

Vmax(MM/min) | 0.175 + 0.067 | 0.185 £+ 0.009 (0.202 + 0.006| 0.202 + 0.014 -

0.004 0.04 0.1 1 -

Inhibition Type Competitive Competitive -
Ki(mg/mL) 0.014 £ 0.003 5.524 + 0.048 -

b c 0.058 +

ICso (mg/mL) 0.604 + 0.054 2.407 £ 0.023 0.0082

Each value is a mean of duplicate analysis + standard deviation. Different letters in the same row
represent significantly different mean values (P < 0.05). —: Values not analysed

Kinetics of inhibition of a-amylase by quebrachitol

The double-reciprocal LB plots and Dixon plots of a-amylase inhibition in the
presence of QS and SQE are presented in Fig. 2A to D. The LB plots intersected very near
the y axis. The Km value increases, and the Vmax value remains constant as the inhibitor
concentration increases (Lineweaver and Burk 1934). These results were correlated with
the classical pattern of competitive inhibition. Therefore, it could be preliminarily inferred
that the inhibition of a-amylase by the QS and SQE were all competitive inhibition with Ki
values of 0.014, 5.524, respectively. These findings indicated that the structure of the
inhibitor was similar to that of the enzyme substrate, and the inhibitor could compete with
the substrate for the enzyme active site, reducing the affinity between the enzyme and the
substrate, thereby showing a decrease in enzyme activity.
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Fig. 2. (A) Lineweaver-Burk plot for a-amylase inhibition by QS; (B) Dixon plots of a-amylase
inhibition by QS; (C) Lineweaver-Burk plot for a-amylase inhibition by SQE; (D) Dixon plots of a-
amylase inhibition by SQE

Influence of L-Quebrachitol on Cell Viability in HepG2 Cells and IR-HepG2
Cells

The HepG2 cells are a hepatic embryonic tumor cell line derived from human liver
cancer tissues (Cordero-Herrera et al. 2014). They show many characteristics of genotypes
of normal human liver hepatocytes, and their biological activities are very similar to those
of normal hepatocytes (Wang et al. 2020). In addition, hepatocytes play an important role
in regulating glucose concentration (Aravinthan et al. 2015). Therefore, HepG2 cells are
considered as the ideal model system for exploring human liver metabolism in vitro. In this
study, the authors evaluated the cytotoxicity effects of QS and SQE on HepG2 cells firstly
after 12 and 24 h treatment by MTT assay. The drug could be regarded as having no
significant cytotoxicity on cell growth when the cell viability is above 80% (Yao et al.
2018). As shown in Fig. 3A, different concentrations of the drug had no significant
cytotoxicity in the HepG2 cells after 12 h of treatment (P > 0.05). After 24 h of drug
treatment (Fig. 3B), the cell viability in HepG2 cells significantly decreased when HepG2
cells were treated with QS at a concentration of 4 mg/mL and SQE at a concentration of 2,
4 mg/mL (P <0.01). However, QS with a concentration of 0.5 mg/mL increased the number
of viable cells by more than 5%, indicating that the low concentration of the QS was
beneficial to the survival of HepG2 cells. At higher concentrations, the drug could decrease
cell viability of normal HepG2 cells in a dose-dependent manner after 24 h treatment.
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Insulin resistance is a cardinal feature of T2DM, and therefore, an important
therapeutic goal is to ameliorate insulin sensitivity (Ali et al. 2019). The HepG2 cells were
preferentially considered for the establishment of the IR model due to the reduced glucose
consumption in cells (Huang et al. 2015). The IR-HepG2 cells model was established in
this study and the cytotoxicity of QS and SQE with concentrations of less than 2 mg/mL
(0.25 to 1.5 mg/mL) on IR-HepG2 cells was evaluated based on the above experimental
results. As shown in Fig. 3C, the IR HepG2 cells treated with QS and SQE at different
concentration had no significant difference on cell viability after 12 h incubation (P > 0.05).
After continuing to incubate for 12 h (Fig. 3D), the SQ concentration of 1 and 1.5 mg/mL
significantly reduced the cell viability (P < 0.05), while the 0.25 and 0.5 mg/mL
concentration increased the cell viability by more than 2%. Different concentrations of
SQE had no significant difference on the viability of IR HepG2 cells after 24 h treatment.
The results shown that the SQ (0.25 to 0.5 mg/mL) and SQE (0.25 to 1.5 mg/mL) could be
used to treat IR HepG2 cells without cytotoxicity.
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Fig. 3. Influence of samples on cell viability in HepG2 cells: (A) Cell viability of normal HepG2 cells
for 12 h; (B) Cell viability of normal HepG2 cells for 24 h; (C) Cell viability of IR HepG2 cells for 12
h; (D) Cell viability of IR HepG2 cells for 24 h; Values were expressed as the mean + S.D; n = 3 for
each group, * P < 0.05, ** P < 0.01 compared with the normal HepG2 cells

Effect of L-Quebrachitol on Glucose Consumption in IR HepG2 Cells

The concentrations between 0.25 and 1.5 mg/mL of QS and SQE were used to
investigate whether L-quebrachitol might regulate glucose transport in IR HepG2 cells. As
shown in Fig. 4, the glucose content in IR cells was the highest, indicating the glucose
consumption in IR cells was decreased compared with the control cells and the success of
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the model. After treatment with drugs for 12 h (Fig. 4A), glucose consumption was
remarkably increased after treating with 0.25, 0.5 mg/mL of QS and 1.5 mg/mL of SQE
compared with the IR cells (P < 0.01). After 24 h of treatment (Fig. 4B), the QS and SQE
in different concentration significantly enhanced insulin-stimulated glucose consumption
by IR HepG2 cells comparing to that of the IR cells (P < 0.05, P < 0.01). Over time, the
effects of different concentrations of the drugs on promoting glucose consumption were
enhanced, and the results also indicated that SQ was better than SQE at the same
concentration and the same treatment time. In addition, after a sufficient period of time, a
dose-effect relationship was expressed for SQE in promoting glucose consumption by IR
HepG2 cells without affecting cell viability, while this phenomenon wasn’t observed for
QS. The 0.1 mg/mL RSG was also able to increase glucose uptake compared with the IR
cells.
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Fig. 4. Effect of samples on glucose consumption in IR HepG2 cells: (A) Effect of samples on
glucose consumption for 12 h; (B) Effect of baicalein on glucose consumption for 24 h; Values
were expressed as the mean £ S.D. n = 3 for each group; * P < 0.05, ** P < 0.01 compared with
the IR model group
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Insulin resistance can decrease glucose consumption due to the decreased
sensitivity and reactivity of target tissues to insulin in maintaining the balance and stability
of body’s glucose level (Andersson et al. 2019). Sustained hyperglycemia is a major
contributor to insulin resistance, which is one kind of prototypical properties of T2DM
(Cordero-Herrera et al. 2014). Previous publications have documented that monomethyl
ether derivatives of inositol exhibited physiological activity in improving hyperglycemia.
Gao et al. (2015) for example, had reported that D-pinitol plays a positive role in regulating
insulin mediated glucose uptake in in type 2 diabetes mellitus rats’ liver. Shen et al. (2012)
found that sequoyitol increases the ability of insulin to suppress glucose production in
primary hepatocytes and to stimulate glucose uptake into primary adipocytes. In this
experiment the authors firstly determined L-quebrachitol and the L-quebrachitol extract of
sea buckthorn leaf exhibited hypoglycemic activity in vitro in their safe concentration. The
results expanded the research scope of the biological activity of inositol derivatives.

Effects of L-Quebrachitol on Lipid Metabolism in IR HepG2 Cells

Type 2 diabetes mellitus is often accompanied by lipid metabolism disorders, and
abnormal lipid metabolism further exacerbates the glucose metabolism disorder, which is
a causal relationship (Jing et al. 2018).
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Fig. 5. Effect of samples on inhibitory effects of (A) triglycerides and (B) non-esterified fatty acid
in IR HepG2 cells. Values were expressed as the mean + S.D. n = 3 for each group. ** P < 0.01
compared with the IR model group.
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Hepatocytes also play an important role in regulating lipid metabolic homeostasis
and IR is also a common pathophysiological basis in patients with hyperlipidemia (Jing et
al. 2018). Therefore, this study further investigated the effects of L-quebrachitol on lipid
metabolism in IR HepG2 cells by evaluating the levels of TG and NEFA. As shown in Fig.
5, the QS treatment markedly decreased the TG and NEFA levels (P < 0.01), and the SQE
treatment significantly decreased the NEFA level (P < 0.01). The TG in SQE group were
decreased a little compared with the control group. The efficacy of QS in decreasing TG
levels was a little weaker than that of RSG, while the efficacy of QS in decreasing NEFA
levels was better than that of RSG and SQE. The results indicated that QS and SQE could
inhibit TG and NEFA levels in IR-HepG2 cells.

Effect of L-Quebrachitol on the Expression of G6Pase and PPAR in IR HepG2
Cells

Glucose-6-phosphatase (G6Pase) is a key enzyme in regulation of hepatic
gluconeogenesis. It is activated in glucose 6-phosphate metabolism as a rate limiting
enzyme to produce glucose (Zhao et al. 2018), so it plays an important role in regulating
the increased blood glucose levels. As shown in Fig. 6A-B, compared with the control
group, QS and SQE effectively inhibited the expression levels of G6Pase in IR-HepG2
cells.
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Fig. 6. Effect of samples on the expression of G6pase and PPARa in IR HepG2 cells:

(A) Expression strips of G6pase protein; (B) Level of G6pase protein; (C) Expression strips of
PPARa protein; (D) Level of PPARa protein; Values were expressed as the mean + S.D. n = 3 for
each group; * P < 0.05, ** P < 0.01 compared with the IR model group
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The intervention of QS (1 mg/mL) resulted in 79.9% (p < 0.01) decline of G6pase
expression, and the intervention of SQE (1 mg/mL) led to 78.4% (p < 0.01) fall of G6pase
expression as compared to IR model group. The AKT and AMPK are known to suppress
gluconeogenesis in the liver (Mihaylova and Shaw 2011), and both AKT and AMPK phos-
phorylate GSK3b modulate gluconeogenesis, in which the expression G6Pase is
suppressed (Cordero-Herrera et al. 2014). In this study, the expression of G6Pase was
significantly increased in the IR cells but could be significantly reduced after QS and SQE
treatments.

The PPARa is one of the fatty acid regulated nuclear hormone receptors that control
lipid oxidation and expression of fatty acid transport proteins (Cao et al. 2019). As shown
in Fig. 6C-D, QS and SQE significantly increased expression of PPARa (P < 0.05) and QS
(6.5% increment with 1 mg/mL QS) was superior to SQE (15.1% increment with 1 mg/mL
SQE). Activated AMPK affects the expression of the PPARa and then inhibits the synthesis
of fatty acids, TG and promotes fatty acids uptake (Kahn et al. 2005; Kim et al. 2009). This
may be an important part in improving the liver fat metabolism of L-quebrachitol.

CONCLUSIONS

1. The study investigated the chemical composition of sea buckthorn leaf L-quebrachitol
extract (SQE) through two-dimensional gas chromatography in series with time-of-
flight mass spectrometry (GCxGC-TOF/MS). Seven compounds were identified in
SQE besides L-quebrachitol.

2. The L-quebrachitol standard (QS) and SQE exhibited good inhibitory activity on a-
amylase; and their type of enzyme inhibition was competitive inhibition in each case.
Both QS and SQE could promote glucose consumption and regulate lipid metabolic on
IR HepG2 cells in vitro within the appropriate dosage range.

3. The QS and SQE effectively inhibited the expressions levels of G6Pase and up
regulation the expression of PPARa. These findings indicated that the prevention and
treatment of diabetes may involve the regulation of related links and signaling
pathways in liver glucose and lipid metabolism.
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