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Introduction

Type 2 diabetes mellitus (T2DM) is characterized by glucose

Serum untargeted metabolomics analysis of the
mechanisms of evodiamine on type 2 diabetes
mellitus model rats
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Jiabao Liao, Hongwu Wang*® and Fengjuan Chen*®

Evodiamine (EVO) is an alkaloid extracted from Evodia rutaecarpa and has various pharmacological activi-
ties, including hypolipidemic, anti-inflammatory, anti-infective, and antitumor effects. However, the thera-
peutic effects of EVO on type 2 diabetes mellitus (T2DM) and the possible mechanisms remain unknown.
In this study, we used a T2DM rat model using a high-fat diet (HFD) combined with streptozotocin (STZ)
injections followed by treatment with EVO. First, we evaluated the therapeutic effects of EVO on T2DM
rats, following which we evaluated the anti-inflammatory and anti-oxidative effects of EVO on T2DM rats.
Finally, we analyzed the metabolic regulatory mechanism of EVO in T2DM rats using an untargeted meta-
bolomics approach. The results showed that EVO treatment alleviated the hyperglycemia, hyperlipidemia,
insulin resistance (IR), and pathological changes of the liver, pancreas and kidneys in T2DM rats. Moreover,
EVO treatment ameliorated the oxidative stress and decreased the serum levels of pro-inflammatory cyto-
kines in T2DM model rats. Serum untargeted metabolomics analysis indicated that the EVO treatment
affected the levels of 26 metabolites, such as methionine, citric acid, cholesterol, taurocholic acid, pilo-
carpine, adrenic acid, and other metabolites. These metabolites were mainly related to the amino sugar
and nucleotide sugar metabolism, arginine biosynthesis, arginine and proline metabolism, glutathione
metabolism, and tryptophan metabolism pathways. In conclusion, EVO can reduce blood glucose and
improve oxidative stress and inflammatory response in T2DM rats. These functions are related to the regu-
lation of amino sugar and nucleotide sugar metabolism, arginine biosynthesis, arginine and proline
metabolism, glutathione metabolism, and tryptophan metabolism pathways.

insulin.* However, these treatments do not completely stop
the progression of diabetes and can produce many adverse
effects, such as hypoglycemia and gastrointestinal

metabolism disorder and is mainly caused by the inability to
produce sufficient insulin in pancreatic f cells or the
inability to use insulin effectively." Nowadays, the incidence
of T2DM has been gradually increasing, and there are more
than 400 million patients with T2DM worldwide.” An epide-
miology study showed that the global prevalence of diabetes
has increased rapidly (from 4.7% to 8.5% population since
1980), which poses a major threat to the well-being of all
humans.® However, the etiology of T2DM is still not fully
understood. The currently used clinical hypoglycemic agents
include sulfonylureas, metformin, sitagliptin phosphate, and
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discomfort.>®

Natural plants and their active ingredients have more sig-
nificant advantages in controlling blood glucose and inhibit-
ing inflammatory responses in patients with T2DM.”®
Curcumin significantly inhibits the apoptosis of islet § cells
and improves their function in rats with T2DM, while reducing
insulin resistance.’ Dioscin improves the disorder of glucose
and lipid metabolism in T2DM model rats by promoting
STAT3 phosphorylation in hepatocytes.'® Furthermore, clinical
randomized controlled trials have shown that Momordica char-
antia improves overweight and insulin resistance (IR) in
patients with T2DM."" A meta-analysis found that cinnamon
could reduce fasting glucose and improve anthropometric
indices in T2DM patients.'” Therefore, exploring the mecha-
nism of action of natural plants in treating T2DM is proposed
to provide an experimental basis for developing novel drugs
against T2DM.
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Evodiamine (EVO) is an alkaloid extracted from Evodia
rutaecarpa and has various pharmacological activities, includ-
ing hypolipidemic, anti-inflammatory, anti-infective, and anti-
tumor effects.*™*° It was previously reported that EVO reduced
blood glucose and IR in rats with T2DM."® EVO also inhibits
adipocyte differentiation in vitro and obesity in vivo, along with
ameliorative effects on IR."” However, the specific mechanism
by which EVO improves T2DM and insulin resistance has not
been studied.

Metabolomics is an effective approach for studying changes
in endogenous metabolites, and elucidates the pathogenesis of
diseases from metabolic aspect, thereby directly reflecting the
current metabolic state of organs or cells.'® Metabolomics can
also identify abnormal metabolic pathways and characteristic
biomarkers that are closely associated with diseases, thus provid-
ing a basis for further elucidation of disease pathogenesis."*°
Nevertheless, many natural plant components can be used to
treat T2DM through metabolite regulation. To this end, Sophora
flavescens extracts were used to treat rats with T2DM through the
regulation of lipid metabolism, carbohydrate metabolism and
amino acid metabolism.>" Berberine has also been found to play
a role in T2DM treatment by regulating glyoxylate and dicarboxy-
late metabolism, pentose and glucuronate interconversions and
sphingolipid metabolism.*?

In this study, we used a T2DM rat model using a high-fat
diet (HFD) combined with streptozotocin (STZ) injections fol-
lowed by treatment with EVO. First, we evaluated the thera-
peutic effects of EVO on T2DM rats, following which we evalu-
ated the anti-inflammatory and anti-oxidative effects of EVO
on T2DM rats. Finally, we analyzed the metabolic regulatory
mechanism of EVO in T2DM rats using an untargeted metabo-
lomics approach.

Materials and methods

Reagents

EVO (C;9H;7,N30; molecular weight, 303.36 Da; purity >98%;
CAS no. 518-17-2) was purchased from Sichuan Weikeqi
Biological Technology Co., Ltd (Sichuan, China). HFD, com-
posed of 65.75% of basal chow, 20% of sucrose, 10% of lard,
3% of egg yolk powder, 1% of cholesterol and 0.25% of pig
bile salt, was purchased from Beijing Sibeifu Bioscience Co.,
Ltd (Beijing, China). Streptozotocin (STZ) and metformin were
purchased from Solarbio Biotechnology Co., Ltd (Beijing,
China). All biochemical test kits (triglyceride (TG), high
density lipoprotein (HDL), low density lipoprotein (LDL), total
cholesterol (TC), alanine aminotransferase (ALT), aspartate
aminotransferase (AST), blood urea nitrogen (BUN), creatinine
(Cr), superoxide dismutase (SOD), methane dicarboxylic alde-
hyde (MDA), and glutathione peroxidase (GSH-Px)) were
obtained from Nanjing Jiancheng Biological Engineering
Institute (Nanjing, China). Enzyme-linked immunosorbent
assay (ELISA) kits of rat insulin, tumor necrosis factor alpha
(TNF-a), interleukin (IL)-1f, and IL-6 were purchased from
Multi Science Biotechnology Co., Ltd (Hangzhou, China).
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Grouping and drug administration method

Fifty specific pathogen free (SPF)-grade male Sprague-Dawley
(SD) rats were purchased from Beijing Sibeifu Biotechnology
Co, Ltd. The body weights of the rats ranged from180 to 220 g.
The housing environment was maintained at 25 °C + 2 °C,
with a 12 h light-dark cycle. All animal experiments were
approved by the Animal Ethics Committee at Jiaxing Hospital
of Traditional Chinese Medicine.

All rats received adaptive feeding for 1 week. Then, 10 rats
were selected randomly as the control group and fed a stan-
dard chow, whereas the remaining 40 rats were fed HFD for 8
weeks. After HFD feeding, all rats were fasted for 12 h, followed
by receiving intraperitoneal injection of STZ (30 mg kg™"). STZ
was dissolved in 0.1 mol L' citrate buffer (pH = 4.5).
Meanwhile, the rats in the control group received intraperito-
neal injection of the same volume of citrate buffer. Blood was
subsequently collected from their tail veins 72 h after STZ
injections to measure their random blood glucose levels, and
the model was successfully replicated with blood glucose
>16.7 mmol L~'. Subsequently, the groups were divided into
T2DM, metformin, EVO low-dose, and EVO high-dose groups
randomly (7 = 10 per group). Animals in the control and T2DM
groups were administered 2 mL of saline, those in the metfor-
min group were administered 0.2 g (kg d)™" of metformin, and
rats in the EVO low-dose and EVO high-dose groups were
treated with 20 mg (kg d)™" and 40 mg (kg d)™" of EVO, respect-
ively. All drugs were treated orally for 4 weeks. The body weight
and fasting blood glucose (FBG) levels were subsequently
measured weekly (Fig. 1).

Oral glucose tolerance test (OGTT)

Four weeks after EVO intervention, all rats were fasted without
water for 8 h. Their FBG levels were detected and then used as
blood glucose levels at 0 min, after which each rat was immedi-
ately administered 50% glucose solution (2 g kg™') through
gavage. Subsequent levels of blood glucose were investigated at
30 min, 60 min, 90 min and 120 min after administration of
the glucose solution. Then, the blood glucose-time curve was
plotted to calculate the area under the curve (AUC) of OGTT.

Serum biochemical indicator test

Four weeks after EVO intervention, the rats were anesthetized
after receiving intraperitoneal injection of nembutal (50 mg
kg™"). Subsequently, blood was collected and centrifuged at
3000 rpm for 15 min to collect the serum. The serum levels of
lipid-related indicators (TG, TC, HDL and LDL), liver function-
related indicators (ALT and AST), kidney function-related indi-
cators (Cr and BUN), and oxidative stress-related indicators
(SOD, GSH-Px and MDA) were measured in each rat group, fol-
lowing the protocol described in the kit.

ELISA

Four weeks after EVO intervention, serum insulin, IL-1f, IL-6,
and TNF-a levels were measured in each group by ELISA,
which was performed according to the protocol described in

This journal is © The Royal Society of Chemistry 2022
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Fig. 1 Overview of the experimental design for all groups.

the kit. Homeostatic model assessment of insulin resistance
(HOMA-IR) was then calculated based on the following
formula:

HOMA-IR = [FBG (mmol L)
x fasting insulin (FINS,p IU mL1)]/22.5

Pathology staining

Four weeks after EVO intervention, the liver, pancreas, and
kidney tissue samples of rats were fixed in formalin solution,
embedded, cut into 3 pm sections, followed by staining with
HE. The pathological changes in the liver, pancreas, and
kidneys were observed using a light microscope.

Untargeted metabolomics analysis

Serum sample preparation. Briefly, 100 pL of serum sample
was added to 400 pL of 80% methanol, vortexed and shaken,
placed in an ice bath for 5 min, and then centrifuged for
20 min (15000g, 4 °C). After centrifugation, the supernatant
was diluted with ultrapure water to obtain a 53% methanol
concentration, followed by centrifugation at 15 000g for 20 min
at 4 °C. The supernatant was then collected and used as the
sample to be tested. All samples were subsequently mixed in
equal amounts to be used as the quality control sample (QC).
Periodic analysis was performed throughout the analysis
process to monitor the stability of the instrument.

Chromatographic and mass spectrometric conditions.
Chromatography was performed using a Vanquish UHPLC

This journal is © The Royal Society of Chemistry 2022

system (ThermoFisher, Germany) coupled with an Orbitrap Q
Exactive™ HF mass spectrometer (Thermo Fisher, Germany).
Briefly, the prepared serum samples were injected onto a
Hypersil Gold (Cjg) column (2.1 mm x 100 mm, 1.9 pm,
Thermo Fisher, USA) with a mobile phase comprising (A) 0.1%
formic acid and (B) methanol, employing the gradient elution
method: 0 min, 2% B; 1.5 min, 2% B; 12 min, 100% B; 14 min,
100% B; 14.1 min, 2% B; and 17 min, 2% B. The column temp-
erature was set to 40 °C, the flow rate was 0.2 mL min~', and
the injection volume was 2 pL.

Mass spectrometry was performed with simultaneous detec-
tion in positive and negative ion modes using electrospray
ionization (ESI), where the settings of the ESI were as follows:
aux gas flow rate, 10 arb; sheath gas flow rate, 40 arb; spray
voltage, 3.2 kV; and capillary temperature, 320 °C. Throughout
the experiment, a QC was added after every six samples to
assess the stability of the experiment.

Data processing and analysis

Molecular characteristic peaks of the samples were detected
based on the high-resolution mass spectrometry detection
technique. The molecular characteristic peaks were matched
and identified by combining high-quality mzCloud, mzVault,
and MassList databases constructed from the standards.
Subsequently, raw files generated from mass spectrometry
were analyzed using Compound Discoverer 3.1 (CD 3.1,
Thermo Fisher) software for data preprocessing. First, the data
were briefly screened based on the retention time and mass-to-
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charge ratio, and then the peaks were aligned to enhance the
accuracy of identification (retention time deviation of 0.2 min
and mass deviation (part per million, ppm) of 5 ppm for
different samples). Subsequently, peak extraction and peak
area quantification were performed based on the minimum
signal intensity of 100 000, settings of 5 ppm, signal-to-noise
ratio (S/N) of 3, signal intensity deviation of 30%, and adduct
ions. Then, the molecular formula was predicted using mole-
cular ion peaks and fragment ions and compared with
mzCloud, mzVault, and MassList databases, from which the
metabolites were identified. Metabolites with a coefficient of
variance less than 30% (ref. 22) in the QC were retained as the
final identification results for subsequent analysis. The peaks
detected in the samples were integrated using the CD 3.1 soft-
ware, wherein the peak area of each characteristic peak rep-
resented the relative quantitative value of each metabolite.
Furthermore, the quantitative results were normalized using
the total peak area. Finally, the quantitative results of the
metabolites were obtained. After this, multivariate statistical
analysis, including principal component analysis (PCA) and
partial least squares discriminant analysis (PLS-DA), was per-
formed to identify the differential metabolites among the
different groups. In this, differential biomarkers were screened
based on P < 0.05 and variable importance of projection (VIP)
> 1. Metabolic pathway enrichment analysis was conducted for
differential metabolites with fold change (FC) > 1.25 or FC <
0.80 based on MetaboAnalyst software and the data obtained
from Kyoto Encyclopedia of Genes and Genomes (KEGG).

mzCloud: https:/www.mzcloud.org/

MetaboAnalyst: https:/www.metaboanalyst.ca/

Encyclopedia of Genes and Genomes (KEGG): https://www.

kegg.jp/

Statistical analysis

Statistical analysis was performed using the SPSS 20.0 statisti-
cal software. Data were presented as the mean + standard devi-
ation (SD). One-way analysis of variance was used for compari-
sons between groups, and differences were considered statisti-
cally significant at P < 0.05.

Results

Effects of EVO on blood glucose levels, liver and kidney
functions, IR, and pathological manifestations in T2DM rats

The body weight was decreased continuously in the T2DM
group compared with the control group after STZ injection (P <
0.01). In addition, EVO and metformin treatment did not
reduce the body weight loss in T2DM model rats (Fig. 2a). FBG
levels were >16.7 in rats 72 h after STZ injection, suggesting
that the T2DM model was successfully induced. After 4 weeks
of EVO intervention, compared with the T2DM group, FBG
levels were significantly lower in the metformin, EVO low-dose,
and EVO high-dose groups (P < 0.01, respectively, Fig. 2b).

In terms of lipid levels, serum TC, TG, and LDL levels were
significantly higher and serum HDL levels were significantly
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Fig. 2 EVO treatment alleviated the hyperglycemia, hyperlipidemia, IR,
and pathological changes in T2DM rats. (a) EVO treatment did not
reduce the body weight loss in T2DM model rats. (b) EVO treatment
decreased the FBG level in T2DM model rats. (c and d) The AUC of
OGTT was decreased in T2DM model rats after EVO treatment. (e) EVO
treatment significantly improved the pathological changes of liver, pan-
creas and kidneys in T2DM model rats (200x). Control, T2DM, metfor-
min, EVO low-dose and EVO high-dose (n = 10 per group) groups. *#: P
< 0.01 compared with the control group; **: P < 0.01 compared with the
T2DM group.

lower in the T2DM group than those in the control group (P <
0.01, respectively). The levels of TG (P < 0.01, respectively) and
LDL (P < 0.01, respectively) were decreased and the level of
HDL (P < 0.01, P < 0.05 and P < 0.01, respectively) was
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increased in metformin, EVO low-dose and EVO high-dose
groups compared with the T2DM group. The level of TC was
decreased in metformin (P < 0.01) and EVO high-dose (P <
0.05) groups compared with the T2DM group (Table 1). Liver
and kidney function tests showed that the serum levels of ALT,
AST, Cr, and BUN were significantly increased in the T2DM
group than those in the control group (P < 0.01, respectively).
Moreover, the interventions of metformin and high-dose EVO
significantly decreased the serum activities of AST (P < 0.01
and P < 0.05, respectively), ALT (P < 0.01 and P < 0.05, respect-

Table 1 Changes in blood lipid levels after EVO treatment

Metformin EVO low-dose EVO high-dose

Metformin EVO high-dose

EVO low-dose
. —

ively) and serum levels of Cr (P < 0.01 and P < 0.05, respect-
ively) and BUN (P < 0.01, respectively) in T2DM rats (Table 2).
The OGTT results showed that the OGTT-AUC of rats in the
T2DM group was significantly increased compared with that of
rats in the control group (P < 0.01), whereas it was significantly
decreased following the interventions of metformin and high-
dose EVO (P < 0.01, respectively, Fig. 2c and d). Furthermore,
compared with the control group, the FINS level (P < 0.01) and
HOMA-IR (P < 0.01) in T2DM rats were significantly increased,
whereas treatment of metformin and high-dose EVO signifi-

Group TC (mmol L) TG (mmol L) HDL (mmol L") LDL (mmol L™
Control 13.01 + 4.65 2.07 +0.61 11.46 + 4.14 2.79 +0.26
T2DM 31.74 + 7.59" 5.98 + 0.22"% 4.92 + 2.00" 4.93 +0.42"
Metformin 20.03 + 4.13%* 2.12 + 0.20%* 8.61 + 1.79%* 3.39 + 0.82%*
EVO low-dose 26.17 + 6.10 4.87 + 0.89%* 6.66 + 1.38* 3.90 + 0.46**
EVO high-dose 24.20 + 5.48* 3.25 + 0.51%* 9.18 + 1.52%* 3.72 + 0.48**

Control, T2DM, metformin, EVO low-dose and EVO high-dose (1 = 10 per group) groups. *: P < 0.01 compared with the control group; *: P < 0.05
compared with the T2DM group; **: P < 0.01 compared with the T2DM group.

This journal is © The Royal Society of Chemistry 2022
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Table 2 Changes in serum AST and ALT activities and serum Cr and BUN levels after EVO treatment

Group AST (UL ALT (UL Cr (pmol L) BUN (mmol L)
Control 94.3 +20.71 34.54 + 18.84 59.54 + 11.79 3.68 + 0.58
T2DM 206.21 + 80.00%* 80.57 + 25.68" 110.60 + 23.16"* 9.60 + 1.21%#
Metformin 102.74 + 34.01%* 44.76 + 22.88%* 78.85 + 15.69** 5.41 + 0.86**
EVO low-dose 162.85 + 70.67 64.73 +14.71 98.38 + 11.89 8.79 + 0.57

EVO high-dose 134.91 + 62.81* 53.97 + 29.35* 83.17 + 24.19* 5.77 + 0.70%*

Control, T2DM, metformin, EVO low-dose and EVO high-dose (1 = 10 per group) groups. **: P < 0.01 compared with the control group; *: P < 0.05
compared with the T2DM group; **: P < 0.01 compared with the T2DM group.

Table 3 Levels of FINS and HOMA-IR after EVO treatment

Group FINS (1 IU m1™") HOMA-IR
Control 6.33 + 1.60 1.68 + 0.53
T2DM 10.72 + 2.48" 14.12 + 4.02""
Metformin 6.95 + 1.73** 5.85 + 1.65*%*
EVO low-dose 9.19 + 6.54 10.42 + 2.46*
EVO high-dose 8.44 + 1.99* 6.67 + 0.91**

Control, T2DM, metformin, EVO low-dose and EVO high-dose (n = 10
per group) groups. “*: P < 0.01 compared with the control group; *: P <
0.05 compared with the T2DM group; **: P < 0.01 compared with the
T2DM group.

cantly decreased the FINS level in T2DM rats (P < 0.01 and P <
0.05, respectively). The HOMA-IR was lower in metformin, EVO
low-dose and EVO high-dose groups compared with the T2DM
group (P < 0.01, P < 0.05 and P < 0.01, respectively, Table 3).

The results of HE staining of the liver showed that the liver
of T2DM rats demonstrated evident hepatocyte steatosis, with
some hepatocytes showing necrosis and inflammatory cell
infiltration. Moreover, the pancreas showed pancreatic islet
atrophy and islet cell damage, whereas the kidneys showed glo-
merular basement membrane hyperplasia, renal tubular
atrophy, and extensive inflammatory cell infiltration.
Metformin and high-dose EVO interventions significantly
improved these pathological changes in the liver, pancreatic
islets, and kidneys of T2DM rats (Fig. 2e).

Effects of EVO on oxidative stress levels and inflammatory
factors in T2DM rats

We evaluated the effects of EVO bases on oxidative stress in
T2DM rats by further measuring SOD and GSH-Px activities
and MDA levels in the serum of rats from each group.
Compared to the control group, SOD and GSH-Px activities in
the serum were significantly lower, whereas the MDA levels
were significantly higher in T2DM rats (P < 0.01, respectively).
The interventions of metformin, and high-dose EVO signifi-
cantly increased SOD (P < 0.05 and P < 0.01, respectively) and
GSH-Px (P < 0.01, respectively) activities and decreased MDA (P
< 0.05, respectively) levels in the serum of T2DM rats (Table 4).

Additionally, this study used ELISA to detect the levels of
proinflammatory factors (IL-6, IL-1f, and TNF-a) in the serum
of rats from each group to assess the effects of EVO on inflam-
matory responses in T2DM rats. The results showed that the
serum levels of IL-6, IL-1p, and TNF-a were significantly higher

6628 | Food Funct, 2022, 13, 6623-6635

Table 4 Changes in serum SOD and GSH-Px activities and the serum
MDA level after EVO treatment

MDA GSH-Px
Group SOD (U mL™) (nmol mL™) (pmol L7Y)

Control 174.29 + 34.57 4.51+0.86 104.65 + 21.05
T2DM 98.14 + 30.56" 20.18 +3.19"  66.22 + 19.36"
Metformin 131.43 £21.41%  14.27 £2.75**  90.32 + 21.04%

EVO low-dose
EVO high-dose

105.62 + 21.78
129.70 + 32.09**

18.28 £ 1.85
14.34 +1.58**

71.08 = 25.55
84.97 + 14.21*

Control, T2DM, metformin, EVO low-dose and EVO high-dose (7 = 10
per group) groups. “*: P < 0.01 compared with the control group; *: P <
0.05 compared with the T2DM group; **: P < 0.01 compared with the
T2DM group.

Levels of pro-inflammatory cytokines in serum
OControl
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Fig. 3 EVO treatment decreased the serum levels of pro-inflammatory
cytokines (IL-6, IL-1p, and TNF-a) in T2DM model rats. Control, T2DM,
metformin, EVO low-dose and EVO high-dose (n = 10 per group)
groups. ##: P < 0.01 compared with the control group; **: P < 0.01 com-
pared with the T2DM group.

in T2DM rats than those in the control group (P < 0.01, respect-
ively). Moreover, the interventions of metformin, low-dose
EVO, and high-dose EVO significantly reduced the serum level
of IL-6 in T2DM rats (P < 0.01, respectively). The levels of IL-1p
and TNF-a were lower in metformin and EVO low-dose groups
compared with those in the T2DM group (P < 0.01, respect-
ively, Fig. 3). The above results indicated that high-dose EVO
showed significant efficacy in treating T2DM. As a result, the
EVO high-dose group was selected for subsequent untargeted
metabolomic tests.

This journal is © The Royal Society of Chemistry 2022
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Effects of EVO on serum metabolite levels in T2DM rats

The PCA plots showed that the control group was well distin-
guished from the T2DM group and the T2DM group was well
distinguished from the EVO high-dose group (Fig. 4a). To
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Fig. 4 Multivariate statistical analysis and pathway analysis of serum
untargeted metabolomics. (a) Score plots of PCA among the control,
T2DM and EVO high-dose groups. (b—e) Score plots of PLS-DA (b and d)
and the coefficient of loading plots (c and e). (f and g) Summary of
pathway analysis of serum samples between control and T2DM groups
(f) and between T2DM and EVO high-dose groups (g). a: Amino sugar
and nucleotide sugar metabolism; b: arginine biosynthesis; c: arginine
and proline metabolism; d: glutathione metabolism; e: starch and
sucrose metabolism; f: tryptophan metabolism; g: citrate cycle (TCA
cycle); and h: primary bile acid biosynthesis. Control, T2DM, EVO high-
dose (n = 6 per group) groups.

This journal is © The Royal Society of Chemistry 2022

View Article Online

Paper

identify the differential metabolites, the PLS-DA model was
used, and the coefficient of determination (R*) and predictive
power (Q*) of the model were evaluated. These values were as
follows when the T2DM group was compared with the control
group: R> = 0.86 and Q* = —0.84. Similarly, the values were as
follows when the EVO high-dose group was compared with the
T2DM group: R> = 0.88 and Q* = —0.86 (Fig. 4b-e). These
results indicated that the model was stable and had good pre-
dictive ability.

The following two criteria were used to screen differential
metabolites: P < 0.05 and VIP > 1.0. As a result, 26 differential
metabolites were identified (Table 5). Compared with the
control group, in the serum of rats in the T2DM group, the
levels of methionine, fumaric acid, N-acetyl-p-glucosamine,
citric acid, cholesterol, p-(+)-maltose, L-kynurenine, glycocholic
acid, 13-HPODE, taurocholic acid, taurochenodeoxycholic acid,
and erucic acid were significantly elevated, whereas the levels
of glutathione, ornithine, shikimic acid, 3-hydroxyanthranilic
acid, i-fucose, melatonin, acetylcholine, nervonic acid,
kahweol, docosapentaenoic acid, and cholesteryl sulfate were
significantly decreased. Furthermore, compared with the
T2DM group, the levels of glutathione, ornithine, shikimic
acid, 3-hydroxyanthranilic acid, i-fucose, melatonin, acetyl-
choline, genistein, nervonic acid, and kahweol were signifi-
cantly higher, whereas the levels of methionine, fumaric acid,
N-acetyl-p-glucosamine, citric acid, cholesterol, i-kynurenine,
glycocholic acid, taurocholic acid, taurochenodeoxycholic acid,
pilocarpine, and adrenic acid were significantly reduced in
EVO high-dose group.

Analysis of differential metabolic pathways in the serum after
EVO intervention in T2DM rats

MetaboAnalyst was used to perform the enrichment analysis of
metabolic pathways for differential metabolites in T2DM rats,
and KEGG was selected as the database to screen differential
metabolic pathways based on the conditions of pathway
impact >0.1 and P < 0.05. The differential metabolic pathways
between the control and T2DM groups included amino sugar
and nucleotide sugar metabolism, arginine biosynthesis, argi-
nine and proline metabolism, glutathione metabolism, starch
and sucrose metabolism, tryptophan metabolism, and the
citrate cycle (TCA cycle) (Fig. 4f). The differential metabolic
pathways between the T2DM and EVO high-dose groups
included amino sugar and nucleotide sugar metabolism, argi-
nine biosynthesis, arginine and proline metabolism, gluta-
thione metabolism, tryptophan metabolism, and primary bile
acid biosynthesis (Fig. 4g). Among them, amino sugar and
nucleotide sugar metabolism, arginine biosynthesis, arginine
and proline metabolism, glutathione metabolism, and trypto-
phan metabolism pathways were the common pathways
between the normal and T2DM groups and between the T2DM
and EVO high-dose groups. These pathways were therefore
selected as the metabolic pathways for EVO intervention in
treating T2DM. Hence, these pathways were discussed in
detail.
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Table 5 The differential metabolites in serum after EVO treatment
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VIP FC Trend
Formula RT [min]  m/z Metabolites Tvs.C Evs.T Tvs.C Evs.T Tvs.C Evs.T  Pathway
C10H7N3;06S  10.76 308.09  Glutathione 1.49 1.04 0.61 1.31 1 Pxx d
CsH,;,NO,S 1.43 150.06  Methionine 1.33 1.96 1.47 0.74 1 1
C;H,,N,0, 1.14 133.10  Ornithine 1.62 1.32 0.30 3.03 I** Prx b,d
C,H,0, 1.20 115.00  Fumaric acid 1.11 1.60 1.64 0.67 1xx 1xx b,c,g
CgH15NOg 12.68 220.08 N-Acetyl-p-glucosamine 1.35 2.04 1.60 0.65 xx* ** a
CeHO, 6.00 191.02  Citric acid 1.34 1.73 1.78 0.64 1xx 1 g
C,,H,s0 15.23 387.36  Cholesterol 1.70 1.98 1.39 0.65 1* 1** h
Cy,H,,011 1.34 365.11  p-(+)-Maltose 1.31 2.26 1.78 0.71 rx ! e
C1oH1,N, O3 8.39 209.09 1-Kynurenine 1.32 1.61 1.64 0.68 1* 1** f
C,H;,05 9.33 233.07  Shikimic acid 1.39 1.05 0.13 3.97 1x* Prx
C,H;NO; 3.31 154.05 3-Hydroxyanthranilic acid 1.97 1.28 0.32 1.72 ¥ 1 f
C¢H;,05 1.35 163.06  1-Fucose 1.28 1.13 0.50 1.80 1x* Prx a
C13H,6N,0, 8.77 231.11  Melatonin 1.92 1.06 0.59 1.52 I** Prx £
CpeH43NOg 11.15 464.30  Glycocholic acid 1.88 1.38 1.67 0.54 1xx 1xx h
C,H5NO, 1.36 146.12 Acetylcholine 1.34 1.99 0.63 1.34 1** ™
Cy4H3,0, 13.06 313.24  13-HPODE 1.23 1.69 1.69 0.81 1xx 1
C,6H,45NO,S 12.46 514.28 Taurocholic acid 1.56 1.26 1.90 0.69 1* * h
C,6H45NOGS 12.73 498.29 Taurochenodeoxycholic acid 1.62 1.97 1.82 0.53 TH* 1** h
Cy5H,,05 10.71 269.05  Genistein 1.24 2.02 0.79 1.42 1 1*
Cy1H,N,O, 9.04 209.13  Pilocarpine 1.92 2.33 1.27 0.55 1 1*
C,,Hy,0, 15.20 337.31  Erucic acid 1.98 2.08 1.67 0.79 ™ !
CpHy60, 15.58 365.34  Nervonic acid 2.16 1.97 0.57 1.79 1x* 1
CyoH,6053 13.07 315.20  Kahweol 2.08 1.45 0.31 2.46 I** 1*
C,,H3,0, 15.21 331.26 Docosapentaenoic acid 1.25 1.09 0.49 2.94 1** 1
Cy,H360, 14.55 331.26 Adrenic acid 1.66 1.11 1.68 0.61 1 *
Cy7H,4604S 12.13 465.30 Cholesteryl sulfate 2.09 1.14 0.57 1.20 * 1

Control, T2DM, EVO high-dose (n = 6 per group) groups. *, p < 0.05; **, p < 0.01; 1, increased; |, decreased; vs., versus; C, control group; T, T2DM;
E, EVO high-dose group. a: Amino sugar and nucleotide sugar metabolism; b: arginine biosynthesis; c: arginine and proline metabolism; d:
glutathione metabolism; e: starch and sucrose metabolism; f: tryptophan metabolism; g: citrate cycle (TCA cycle); and h: primary bile acid

biosynthesis.

Discussion

In this study, T2DM was induced in rats using a HFD com-
bined with STZ injections, which is consistent with our pre-
vious study.>® Our results showed that compared to the control
group, rats in the T2DM group had significantly higher FBG
levels. However, the results of serum biochemical indicators
suggested that the rats in the T2DM group exhibited dyslipide-
mia. The elevation observed in ALT, AST, Cr, and BUN levels
also suggested that the rats in the T2DM group had abnormal
liver and kidney functions. Moreover, the AUC and HOMA-IR
of OGTT in the rats of the T2DM group were elevated,
suggesting IR. Furthermore, pathological results showed
evident hepatic steatosis in the rats of the T2DM group, as
hepatocytes showed vacuolated and ballooned changes and
were enlarged and disorganized. Moreover, the pancreatic
tissue showed evident atrophy of pancreatic islets, with islet
cell damage, and an evident reduction in the number of islet
cells, which were sparsely distributed. Vacuolated changes
were also observed, with the renal tissue showing swollen glo-
meruli, enlarged volume, swollen or detached tubular epi-
thelial cells, hyperplasia of some mesangial matrices, and
interstitial fibrosis. The above results are consistent with the
expected pathological 2425 The
administration of EVO reduced blood glucose levels and

manifestations of T2DM.

6630 | Food Funct, 2022, 13, 6623-6635

improved dyslipidemia, IR, and pathological changes in the
liver, pancreas, and kidney tissues of T2DM rats, with more
significant effects being observed in the high-dose group,
suggesting that EVO has a therapeutic effect on T2DM.
Additionally, metformin was selected as a positive control for
treating T2DM in this study.>® Metformin is a clinical drug
used for the treatment of T2DM.>” The results showed no sig-
nificant differences in the improvement of blood glucose
levels, IR, and liver and kidney functions between the rats in
the EVO high-dose and metformin groups, which suggested
that EVO has the potential to be an alternative therapy to met-
formin for the treatment of T2DM.

Oxidative stress is closely related to the development of
T2DM.*® T2DM presents with glucose and lipid metabolism
disorder, where hyperglycemia and hyperlipidemia lead to the
production of large amounts of reactive oxygen species (ROS)
in the mitochondria, thereby disrupting mitochondrial func-
tion and causing oxidative stress.>® Oxidative stress then leads
to IR and induces the development of T2DM by inhibiting
insulin secretion, promoting f-cell apoptosis, decreasing
insulin gene expression, and blocking insulin action
pathways.’*> Our results revealed that EVO increased the
activities of antioxidant enzymes SOD and GSH-Px and
decreased the levels of MDA in the serum of T2DM rats. It has
been reported that SOD and GSH-Px are antioxidant enzymes

This journal is © The Royal Society of Chemistry 2022
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that respond to the strength of antioxidant capacity.”® SOD
acts as an intracellular oxygen radical scavenger, catalyzing the
conversion of O,” to O, and H,0,, thereby protecting the
organism from superoxide anions.** GSH-Px is an important
peroxide-degrading enzyme that is widely present in the body.
It catalyzes the conversion of reduced glutathione
(t-glutathione, GSH) to its oxidized form (glutathione di-
sulfide, GSSG) and protects cells from peroxide-induced dis-
ruption and damage.> Oxidative stress leads to the production
of large amounts of free radicals, which cause lipid peroxi-
dation and consequently cellular damage.*® MDA is a product
of lipid peroxidation caused by free radicals or ROS in cells
under oxidative stress, and MDA levels can indirectly reflect
the degree of oxidative damage in cells.?”

Local and systemic proinflammatory cytokines, such as
IL-6, IL-1P, and TNF-a, are key triggers of the inflammatory
microenvironment of pancreatic islets. The production of
proinflammatory factors exacerbates the induction of IR,
whereas metabolic stress during T2DM stimulates islet cells to
produce more inflammatory factors, leading to a vicious cycle
of T2DM.?® Our experimental results showed that EVO reduced
the levels of serum proinflammatory factors IL-6, IL-1f, and
TNF-a in T2DM rats. IL-6 is a multifunctional cytokine that
reduces insulin activity by interfering with insulin receptor sig-
naling and impairing p-cell functions, leading to the develop-
ment of IR. In the process, it inhibits the synthesis of glycogen
and promotes the development of T2DM by inhibiting the
activity of components in the downstream parts of the insulin
receptor signaling pathway.*® IL-1f is the main proinflamma-
tory factor that mediates islet f-cell damage and leads to
abnormal insulin secretion in T2DM. Intercellular adhesion
molecule-1 (ICAM-1) is responsible for islet f-cell damage and
death, and IL-1p contributes to increased ICAM-1 secretion,
further exacerbating the severity of diabetes.*’ Moreover, TNF-
a increases p-cell apoptosis and reduces glucose-stimulated
insulin secretion (GSIS),"* thereby affecting normal glucose
metabolism.

We investigated the effect of EVO on the serum metabolites
of T2DM rats using untargeted metabolomics. PCA and
PLS-DA analysis results revealed significant changes in serum
metabolism in T2DM rats. Furthermore, EVO administration
significantly affected serum metabolism levels in T2DM rats.
The results of differential metabolite analysis showed that EVO
affected the levels of 26 metabolites, including methionine,
citric acid, cholesterol, and p-(+)-maltose. EVO administration
reduced the levels of methionine, citric acid, cholesterol, tauro-
cholic acid, pilocarpine, adrenic acid, and other metabolites.
An abnormal methionine metabolic cycle was closely associ-
ated with the development of diabetic vasculopathy. A previous
study reported that compared to normal rats, the conversion of
S-adenosyl-.--homocysteine to methionine was increased in
Zucker diabetic fatty rats, whereas the catabolism of methion-
ine was decreased in these rats. This accumulation of methion-
ine in the serum was involved in the pathogenesis of T2DM,
and the addition of methionine to the food of rats exacerbated
the metabolic disorder in Zucker diabetic fatty rats.** Citric
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acid is an important intermediate in the TCA cycle and an
important substrate for cellular energy metabolism. Citric acid
levels are significantly elevated in patients with T2DM and are
closely associated with pathological processes, such as T2DM,
inflammation, insulin resistance, and metabolic disorders.*?
Excessive intake of nutrients in patients with T2DM can there-
fore lead to hyperlipidemia, glucose and lipid metabolism dis-
orders, and elevated cholesterol levels, which in turn aggravate
several pathological processes, such as IR. Taurocholic acid is
an endogenous bile acid, and some studies claim that it has
certain antidiabetic effects. In T2DM rats, taurocholic acid
levels were significantly increased, and the administration of
taurocholic acid did not exert any hypoglycemic effect.**
Therefore, the relationship between taurocholic acid and
T2DM requires further investigation. Additionally, the specific
mechanism by which EVO reduces taurocholic acid levels and
improves T2DM also requires further elucidation. The relation-
ship between pilocarpine and T2DM has not been reported
yet. However, pilocarpine can induce oxidative stress in the
nervous system.”> Docosapentaenoic acid is a metabolite of
arachidonic acid, which is significantly increased in patients
with nonalcoholic fatty liver diseases (NAFLD). It is a long-
chain ®-3 polyunsaturated fatty acid that has anti-inflamma-
tory, hypolipidemic, and immunomodulatory effects.*>*
Studies have also shown that the administration of docosapen-
taenoic acid increases ROS levels and induces oxidative stress
injury in hepatocytes. Hence, the EVO-dependent inhibition
oxidative stress is proposed to be related to the reduction of
pilocarpine and docosapentaenoic acid. Our results also found
that EVO can increase the levels of nervonic acid, docosapen-
taenoic acid, and cholesteryl sulfate in the serum of rats with
T2DM. The addition of nervonic acid to food can significantly
reduce the body weight and lipid metabolism disorders in
obese mice and promote the p-oxidation of fatty acids.””
Cholesteryl sulfate can inhibit ROS production, thereby
improving oxidative stress in neuronal cells through the AKT
pathway.’® However, the relationship between cholesteryl
sulfate and T2DM has not been reported yet. Therefore, the
possibility that EVO can exert antioxidant effects through an
increase in cholesteryl sulfate is proposed to be a direction for
future research.

Metabolic pathway analysis of the differential metabolites
using MetaboAnalyst showed that amino sugar and nucleotide
sugar metabolism, arginine biosynthesis, arginine and proline
metabolism, glutathione metabolism, and tryptophan metab-
olism pathways were altered in the control, T2DM, and EVO
high-dose groups, suggesting that EVO exerts its therapeutic
effect on T2DM by regulating the abovementioned pathways.

Amino sugar and nucleotide sugar metabolism

Amino sugar and nucleotide sugar metabolism is closely
related to T2DM.*® In our study, we observed that although the
level of N-acetyl-p-glucosamine was elevated in T2DM rats, it
was significantly decreased after EVO administration. The
results also showed that the decreased levels of r-fucose were
significantly increased after EVO administration. As reported
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previously, N-acetyl-n-glucosamine is a form of glycosylation,>
by which oligosaccharides are covalently bound to specific
amino acid residues on proteins in the form of glycosides.’®
Abnormalities in glycosylation are therefore closely associated
with T2DM, where excessive glycosylation of some proteins in
the insulin signaling pathway results in decreased phosphoryl-
ation, ultimately increasing the flow through the gluconeo-
genic pathway and decreasing the synthesis of glycogen. All
these processes consequently result in glucose tolerance.’?
L-Fucose is a six-carbon sugar and one of the eight essential
sugars in the body. It has various pharmacological effects,
including anti-inflammatory, anti-infective immune-enhancing
effects, and helps in maintaining the balance of beneficial gut
microbiota.”*™® 1-Fucose can also reduce colitis by inhibiting
the polarization of macrophage M1, inhibiting NLRP3 inflam-
masomes and NF-kB activation, and downregulating proin-
flammatory cytokines.>® Moreover, i-fucose is closely associ-
ated with metabolic diseases as it activates the AMPK signaling
pathway to enhance insulin sensitivity and stimulate fatty acid
oxidation.*® 1-Fucose could also enhance glucose metabolism
and lipid metabolism and improve HFD-induced obesity.””

Arginine biosynthesis and arginine and proline metabolism

Amino acid metabolism is closely related to the metabolic dis-
orders of diabetes. In our study, we found that fumaric acid
levels were elevated in T2DM rats. These levels were signifi-
cantly reduced after EVO administration. Conversely, the
reduced levels of ornithine were significantly increased after
EVO administration. Arginine metabolism is closely related to
T2DM, and the ratio of arginine to ornithine is also positively
associated with the risk of T2DM.>® Arginine is the largest
nitrogen-donating amino acid in the body and is a precursor
of proline and creatine.>® Therefore, arginine metabolism
plays a key role in various metabolic processes, including the
urea cycle, amino acid and creatine synthesis, immune func-
tion regulation, and NO synthesis.®>®" Fumaric acid is a dicar-
boxylic acid involved in the TCA cycle. Succinate dehydrogen-
ase catalyzes the production of fumaric acid from its precur-
sor, adenosine, after which fumarase hydratase catalyzes its
conversion to malic acid.®? Disorders of fumaric acid metab-
olism are proposed to be associated with renal function
impairment in diabetes, and the accumulation of fumaric acid
leads to oxidative stress.®> Moreover, ongoing oxidative stress
leads to renal injury in diabetes. One study found that the
accumulation of fumaric acid was positively correlated with
progression toward diabetic nephropathy in patients with
T2DM.®* Furthermore, elevated levels of fumaric acid in
patients with diabetes can stimulate endoplasmic reticulum
stress and HIF-1la expression, thereby driving the metabolic
flow to the glycolytic pathway, which leads to renal pathologi-
cal injury.®®"®” Ornithine is synthesized from r-arginine in the
liver and is produced as an intermediate molecule in the urea
cycle. It participates in the regulation of several metabolic pro-
cesses.®® It has been reported that the level of serum ornithine
is negatively correlated with inflammation.®® The levels of
plasma ornithine were previously observed to be significantly
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lower in patients with T2DM than in healthy subjects.”® In the
urea cycle, ornithine reduces excess nitrogen by converting
ammonia to urea, thereby avoiding the development of
hyperammonemia.”*

Glutathione metabolism

The pathogenesis of T2DM is complex, and studies have
shown that oxidative stress plays an important role in its occur-
rence and development.”>”* In our study, we found that the
levels of GSH were reduced in T2DM rats, which significantly
increased after EVO administration. GSH is an important
member of the antioxidant defense system of the body and
contributes to the scavenging of free radicals, thereby reducing
oxidative damage. Some studies have found that the levels of
GSH were reduced in patients with T2DM, which is consistent
with our experimental results.”*”” High blood glucose levels
can increase the production of ROS through various pathways,
and the autoxidation of glucose can lead to the formation of
reduced oxidation products, which can damage lipids and pro-
teins and accelerate the formation of glycosylation end-pro-
ducts (AGEs), consequently contributing to the production of
more free radicals and leading to tissue injury.”® High blood
glucose levels also increase NADH/NAD' levels in the cyto-
plasm, which decreases GSH levels by interfering with NADH/
NAD' homeostasis through glycolysis. This increases the sus-
ceptibility of endothelial cells to H,0,-induced damage.”
Furthermore, it has been shown that glutathione is involved in
glucose-induced insulin secretion, and the ratio of GSH to glu-
tathione disulfide (GSSG) reflects cellular redox homeostasis.
In a diabetic rat model, the GSH/GSSG ratio was reduced, indi-
cating an impaired renal glutathione defense system.®® The
GSH/GSSG ratio in the plasma affects cellular responsiveness
to glucose, and an increase in the ratio improves the action of
peripheral insulin, reduces the extent of oxidative damage,
and increases insulin sensitivity in patients with diabetes.®"

Tryptophan metabolism

Tryptophan metabolism is closely related to chronic inflamma-
tory responses,®” including oxidative damage®® and glycolipid
metabolism.®* Our study showed that EVO reduced the level of
t-kynurenine, a product related to tryptophan metabolism, in
the serum of T2DM rats. Indoleamine-2,3-dioxygenase 1
(IDO1) catalyzes the conversion of tryptophan to r-kynurenine.
In the STZ-induced diabetic rat model, the tryptophan metab-
olism-related products, t-kynurenine, r-kynurenic acid, quino-
linic acid, and picolinic acid, were significantly elevated, and
the accumulation of these metabolites was involved in the pro-
cesses of insulin resistance and chronic inflammatory
response in diabetes.*> EVO can also increase the levels of
3-hydroxyanthranilic acid and melatonin, which are also
tryptophan metabolism-related products. Many studies have
shown that 3-hydroxyanthranilic acid has anti-inflammatory
effects and alleviates asthma by inhibiting PDK1 activation
and thus inhibiting T-cell activation in an asthma model.?® In
addition, 3-hydroxyanthranilic acid inhibits LPS-induced
microglial activation through the upregulation of HO-1
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expression, which in turn suppresses neuroinflammatory
responses.’” The antioxidant effects of melatonin have been
reported in many studies, where it was reported to inhibit free
radical production in the body by regulating electron transfer
and hydrogen transfer.®® Melatonin can also inhibit ROS pro-
duction in the mitochondria by regulating the exchange of Na"
and Ca®*" in mitochondrial membranes, thereby protecting
cells from oxidative damage.®® Recently, numerous studies
have shown that gut microbiota can influence glucose and
lipid metabolism and participate in the progression of meta-
bolic diseases, such as obesity, T2DM, and NAFLD, through
tryptophan metabolism.®® Therefore, future research should
investigate whether EVO can influence tryptophan metabolism
by regulating gut microbiota for treating T2DM.

Conclusion

In conclusion, EVO can reduce blood glucose and improve oxi-
dative stress and inflammatory response in T2DM rats. These
functions are related to the regulation of amino sugar and
nucleotide sugar metabolism, arginine biosynthesis, arginine
and proline metabolism, glutathione metabolism, and trypto-
phan metabolism pathways.
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