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UPLC-QTOF-MS-Based Metabolomics Reveal the Effect of
Polysaccharides from Danggui-Shaoyao-San in Type 2
Diabetic Male and Female Rats
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Materials and Methods: In this study, metabolomics was used
to elucidate the therapeutic mechanism of DSS in T2DM. Urinary
samples were collected from male and female rats with T2DM,
induced by a high-sugar and high-fat diet combined with Strep-
tozotocin (STZ), to measure the levels of biochemical markers.
Urinary metabolomics-based analysis using ultra-performance lig-
uid chromatography coupled with quadrupole time-of-flight mass
spectrometry (UPLC-Q-TOF-MS) was conducted to evaluate the
differential metabolites from multiple metabolic pathways.

Results: After treatment with p-DSS for 4 weeks, biochemical
indicators, including Fasting Blood Glucose (FBG), Fasting Insulin
(FINS), Oral Glucose Tolerance Test (OGTT), Insulin Tolerance Test
(ITT) and Homeostasis Model Assessment of Insulin Resistance
(HOMA-IR), were significantly improved. Metabolomics results
revealed that p-DSS regulated the biomarkers, such as PC, 2-oxo-
glutarate, NAAG in TCA cycle and alanine, aspartate and glutamate
metabolism for male rats, on the contrary, leukotriene B4, cholic
acid in arachidonic acid metabolism and primary bile acid biosyn-
thesis for female rats.

Conclusions: Based on metabolomics, the mechanisms of p-
DSS in male and female rats are not identical.
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Introduction

According to the International Diabetes Federation (IDF) [1],
today, there are more than500 million cases of diabetes world-
wide, this number is expected to reach783 million by 2045.
About 541 million people are estimated to have IGT (impaired
glucose tolerance) globally and about 6.7 million people (20-79
years old) died of diabetes and its complications in 2021. Fur-
ther, globally the proportion of undiagnosed diabetes is high,
standing at 45%, and most of them are Type 2 Diabetes Mellitus
(T2DM). T2DM is characterized by chronic hyperglycemia due to
defective insulin secretion or action and disturbances in protein
and lipid metabolism. As a result of diabetes, dyslipidemia is
characterized by a high triglyceride concentration and low High-
Density Lipoprotein-Cholesterol (HDL-C) concentration as well
as elevated concentrations of Low-Density Lipoprotein-Choles-
terol (LDL-C) particles [2], and the main feature of T2DM is in-
sulin resistance [3]. Therefore, more studies are still required to
find an effective treatment for this disease.

Empty and out solid, empty of liver, spleen and kidney is
reason, phlegm turbidity and congestionis outer phenomenon,
which are the basic TCM pathogenesis of this condition. Dang-
gui-Shaoyao-San (DSS) is a famous prescription in the Synopsis
of the Golden Chamber written by Zhang Zhongjing, a famous
doctor in the Han Dynasty. DSS, has the advantages of activat-
ing blood, invigorating the spleen and eliminating dampness,
tonifying deficiency and removing reality, dispelling blood sta-
sis, and resolving phlegm, is composed of Angelica sinensis
(Oliv.) Diels (Chinese name: Danggui), Atractylodesmacroceph-
ala Koidz. (Chinese name: Baizhu), Paeonia lactiflora Pall. (Chi-
nese name: Baishao), Alisma plantago-aquatica Linn. (Chinese
name: Zexie), Poriacocos (Schw. ) Wolf (Chinese name: Fuling),
and Ligusticum chuanxiong Hort. (Chinese name: Chuanxiong).
In recently years, some studies based on DSS intervention indi-
cated good hypoglycemic effect for T2DM mice [4,5]. Modern
pharmacological studies have shown that many active ingredi-
ents in DSS, such as paeoniflorin, ferulic acid, pachymic acid,
polysaccharides and et al, have effects on evading oxidative
stress, ameliorating inflammation and regulating lipid metabo-
lism in diabetes [6-11]. However, multi-components and mul-
tiple targeting characteristics of Chinese herbal medicineplay a
common role in the curative effect, and thus, it is difficult to
clarify the underlying mechanism of DSS.

The purpose of metabolomics is to measure metabolite con-
centrations in cells, tissues, organs, and biological systems to
study the chemical processes involved in metabolism in a sys-
tematic fashion [12,13], which is consistent with the concept of
“wholism” in TCM [14]. Mass Spectrometry (MS) is a tool widely
used for metabolomics research, and Ultra-Performance Liquid
Chromatography and Mass Spectroscopy (UPLC-MS) can de-
tect a wide range of low-molecular-weight compounds, such as
secondary metabolites [15]. Untargeted metabolomics studies
using MS have been widely used in the identification and quan-
tification of endogenous small molecules in T2DMand have
revealed several metabolic pathways [16,17] It can construct
related networks from the perspective of biological systems to
explore the pathogenesis of diseases.

Materials and Methods
Chemicals and Reagents

Streptozotocin (STZ) (Sigma-Aldrich, Saint Louis, USA), Ace-
tonitrile (Fisher Chemical), high-speed centrifuge (Sigma), en-

zyme-labeled detector (Shanghai Spectrum Instrument Co., LTD
China), andglycated hemoglobin (GHb) and serum Fasting insu-
lin (FINS) were measured using the ELISA Kit (Mei mian, Jiangsu,
China).

Preparations of p-DSS

DSS, composed of Radix Angelicae sinensis (Dang Gui, 45g,
root of Angelica sinensis (Oliv) Diels.), Radix Paeoniae alba (Bai
Shao, 240g, root of Paeonia lactiflora Pall.), Poria Cocos (Fu Ling,
60g, sclerotium of Poriacocos (Schw.) Wolf.), Rhizoma Atractylo-
dis Macrocephalae (Bai Zhu, 60g, rhizome of Atractylodes Mac-
rocephala Koidz.), Rhizoma Alismatis (Ze Xie, 120g, rhizome of
Alisma orientalis (Sam.) Juzep.) and Rhizoma Chuanxiong (Ch-
uan Xiong, 120g, rhizome of Ligusticum chuanxiong Hort.) was
purchased from Local medicine wholesale market. Using 10, 8,
6 times the quality of water to decoct successively these drugs
for 3 times, each time for 1.5 hours. The filtrate was combined
three times and concentrated into an extract via decompres-
sion. Then four-fold volume of ethanol (95%, v/v) was added
into the extract and stored at 4°C. After 12 hours, the precipita-
tions were collected and washed by absolute ethanol. Finally,
the sample was dried to obtain crude polysaccharides of Dan-
ggui-Shaoyao-San (p-DSS). 1 g of p-DSS is equivalent to 7.5 g of
crude drug.

Animals

Healthy male (6 weeks of age, mass: 200 + 20 g) and fe-
male (6 weeks of age, mass: 150+20g) Sprague—Dawley (SD)
rats were purchased from Heilongjiang University of Chinese
Medicine, Heilongjiang, China. The controlled animal area was
maintained at 22 £ 2°C and 55 + 10% relative humidity under a
12-hour light/dark cycle (7:00 am—7:00 pm). All animal experi-
ments were performed in accordance with the Guidelines for
the Care and Use of Laboratory Animals of Heilongjiang Univer-
sity of Chinese Medicine.

Establishment and Administration of the T2DM Rat Model

T2DM rats were induced by the combination of high-fat diet
feeding and low-dose STZ injection according to the method
described previously with some modifications [18]. Briefly, Af-
ter adaptive feeding for one week, rats were randomly divided
into the control group and the T2DM group. The control group
was fed with standard Normal Diet (ND), while the T2DM group
was fed with high sugar and fat diet (HFD, powdered normal
pellet diet, 73.5%;lard, 10%; sucrose, 10 %; cholesterol, 5 %;
protein, 1%; sodium cholate, 0.5%) for 4 weeks. HFD—treated
rats were injected intraperitoneally (i.p.) with a single dose of
STZ (40mg/kg) dissolved in citrate buffer (pH 4.5). ND-treated
rats only received an equivalent volume of citrate buffer. On
the 2 weeks after injection, blood glucose concentrations were
monitored from the tail vein using blood glucose meter after a
12 hour fast. Rats with Fasting Blood Glucose (FBG) over 11.1
mmol/L were considered as successful T2DM models. Success-
ful T2DM model rats were randomly divided into model, met for
min(50mg/kg), low-dose of p-DSS(p-DSSL, 110mg/kg) and high-
dose of p-DSS(p-DSSH, 220mg/kg) groups, Each group includ-
ing 9 rats(female) or 6 rats(male). The body weight and fasting
blood glucose of rats were monitored every 7 days until the end
of the experiment.

Oral Glucose Tolerance Test (OGTT) and Insulin Tolerance
Test (ITT)

After four weeks of treatment, OGTT and ITT were carried
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out respectively. For OGTT, rats were fasted for 12h and blood
glucose values were determined (time = 0 min). Then rats were
orally administered glucose (2g/kg) and blood glucose levels
were measured at30, 60, 90 and 120 min.

For ITT, rats were fasted for 4h and blood glucose values
were determined (time = 0 min). Then rats were intraperito-
neally administered with insulin(0.75U/kg) and blood glucose
levels were measured at30, 60, 90 and 120 min.

Blood, Urine and Tissue Sample Collection

At the end of the experiment, urine was collected in meta-
bolic cages. Rats were anesthetized and decapitated after a 12h
fast. Blood was sampled from the abdominal aorta and centri-
fuged at 2500 x g for 15 min, the separated serum was stored
at —80°C for further assays. Liver, kidney and spleen were quick-
ly removed, rinsed, weighted and stored at —80°C or fixed in
10%paraformaldehyde solution.

Sample Preparation and Examination

The urine/serum sample (100 pL) was mixed with acetoni-
trile (300 pL), and then it was vortexed for 1 min and left stand-
ing undisturbed for 20 min at -20°C, then centrifuged at 14,000
rmp for 20 min. Eventually, each sample was equally mixed into
a Quality Control (QC) sample for metabolic analysis.

Chromatography and Mass Spectrometry Conditions

Intact-mass analysis was performed with a Waters SYNAPT
G2-Si High Definition Mass Spectrometer in conjunction with a
UPLC system (Waters). The samples were collected on an Acqui-
ty UPLC HSS T3 column (2.1x100mm, 1.8um) with a tempera-
ture of 40 °C, and a flow rate of 0.3 mL/ min. The mobile phase
consisted of solvent A (water+0.1% formic acid) and solvent B
(acetonitrile+0.1% formic acid).

For serum of male rats: In positive (POS) ion mode, the gradi-
ent elution conditions were set as follows: 0—1 min, 0% phase B;
1-2 min, 0%-20% phase B; 2—17 min, 20%—-100% phase B; 17—
18 min, 100% phase B, 18-20 min, 100%-0% phase B. In nega-
tive (NEG) ion mode, the gradient elution conditions were set
as follows: 0-2 min, 0%-20% phase B; 2-5 min, 20%—40% phase
B; 5-6 min, 40%—70% phase B; 6—12 min, 70%—-100% phase B,
12—14 min, 100%-0% phase B.

For serum of female rats: In POS ion mode, the gradient elu-
tion conditions were set as follows: 0—1 min, 0% phase B; 1-2
min, 0%—20% phase B; 2—15 min, 20%-100% phase B; 15-16
min, 100% phase B, 16—-17 min, 100%-0% phase B. In NEG ion
mode, the gradient elution conditions were set as follows: 0-2
min, 0%-20% phase B; 2—4 min, 20%—70% phase B; 4-12 min,
70%—-100% phase B; 12—13 min, 100% phase B, 13—14 min,
100%-0% phase B;

For urine of male and female rats: In POS ion mode, the gra-
dient elution conditions were set as follows: 0—2 min, 0%-40%
phase B; 2-9 min, 40%-100% phase B; 9-10 min, 100%-0%
phase B; 10—11 min, 0% phase B. In NEG ion mode, the gradient
elution conditions were set as follows: 0-2 min, 0%-40% phase
B; 2—7 min, 40%—60% phase B; 7-9 min, 60%—100% phase B;
9-10 min, 100%-0% phase B, 10-11 min, 0% phase B. To evalu-
ate the stability of the UPLC-MS during acquisition, a QC sample
was acquired after 10 samples.

Date Analysis

The raw data were imported into the software Progenesis

Ql v. 1.0 for peak detection and alignment. Then unsupervised
Principal Component Analysis (PCA) was used to obtain a gen-
eral overview of the variance of metabolic phenotypes and su-
pervised Partial Least Squares Discriminant Analysis (PLS-DA)
was used to calculate the corresponding Variable Importance
in Projection (VIP) in metabolites by EZ info software v. 3.0 (Wa-
ters). Next, the metabolites with VIP > 1 and P < 0.05 were used
as potential biomarkers. To check the exact molecular weight,
an online database was searched—HMDB (http://www.hmdb.
ca) to explain the mass spectra and identify the structure of the
compounds.

Statistical Analysis

All data was expressed as means * Standard Error of the
Mean (SEM). The statistical differences between groups were
evaluated by one-way or two-way analysis of variance (ANOVA)
using Graph Pad Prism 8.4 software (GraphPad, La Jolla, CA,
United States). Student’s t-test was applied to compare vari-
ables in metabolomics. Data were considered significant when
p < 0.05 (one symbol p < 0.05, two symbols, p < 0.01, three sym-
bols p <0.001, four symbols p < 0.0001).

Results
Body Weight

As shown in (Figure 1), in female and male rats, before ad-
ministration (week 0), body weight of rats in the model, met-
formin, p-DSSH and p-DSSL group, were higher than that of rats
in the control group. After treatment for four weeks, in female
rats, body weight of rats in the metformin groups were gradual-
ly increased, and slowly increased in p-DSSH and p-DSSL group
(Figure 1A). Additionally, it was also found that the weight gain
in the metformin group was observably higher than that in the
model group, a similar trend was noticed in the p-DSSH and p-
DSSL group, however, no statistical significance was observed
(Figure 1B). In male rats, the weight loss continued until two
weeks of treatment in the model, metformin, p-DSSH and p-
DSSL group, then body weight of rats in these groups were grad-
ually increased in the last two weeks of treatment (Figure 1C).
Furthermore, the weight gain in these three groups was higher
than that in the model group but no statistical significance was
observed (Figure 1D).

Organ Indices

Visceral indices of different organs in female and male rats
showed that liver and kidney indices of the model group were
increased significantly compared with the control group. Met-
formin and p-DSS treatment notably reduced the liver and kid-
ney indices of rats (Figure 2A,B,D & E). However, splenic index
was not significantly different in all groups (Figure 2C, F).

Blood Glucose Levels

(Figure 3 and Figure 6C, F) presents fasting blood glucose
levels in female and male rats. After STZ injection, the Model
group glucose and GHb levels increased dramatically compared
to Control group and glucose levels remained at this high level
until the end of the experiment. In contrast, glucose and GHb
levels in Metformin and p-DSSH group was significantly lower
than that in Model group at week 4.

Oral Glucose Tolerance Test

As shown in Figure 4, at the end of the experiment, glucose
tolerance was seriously impaired in Model group. The glucose
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Area Under the Curve (AUC) for the OGTT value in Model group
rats was significantly larger than that of Control group. The glu-
cose AUC was significantly lower following oral gavage of met-
formin and p-DSS to rats compared to Model group, and the
best effect was observed in the Metformin group followed by
the p-DSSH group, while the p-DSSL group showed the lowest
effects. In addition, results were similar regardless of gender.

Insulin Tolerance Test

Insulin sensitivity was evaluated by ITT at the end of the ex-
periment. The results revealed a higher blood glucose level at
each time point and AUC in group, while metformin and p-DSS
treatment effectively improved insulin sensitivity (Figure 5).
Additionally, fasting serum insulin levels and HOMA-IR indexes
increased significantly in Model group, while metformin and p-
DSS treatment attenuated IR of T2DM rats (Figure 6).

Metabolomics Results

The PCA score plot suggested that the inter-groups were
well separated, the p-DSSH and metformin groups were closer
to the control group than the p-DSSL and model groups, indi-
cating that metformin and p-DSSH had a better therapeutic
effect than p-DSSL group (Figure 7). In addition, we screened
the metabolites with VIP value > 1 and P < 0.05 (Figure 8), and
then searched for these metabolites in the Kyoto encyclopedia
of genes and genomes database (KEGG http://www.kegg.com)
and Human Metabolome Database (HMDB https://hmdb.ca/).
Finally, by comparing the relative content changes in these dif-
ferential metabolites, twelve urine potential metabolites were
identified in male and nineteen in female rats (Table 1 and
Table 2). Therefore, results suggested that p-DSS can upregu-
late the biomarkers, such as O-Sulfotyrosine, oxoglutaric acid,
norepinephrine sulfate, cervonoylethanolamide in male rats,
and gamma-CEHC, tetrahydrodeoxycortisol, indoxyl sulfate in
female rats, and down regulate the biomarkers such as isobu-
tyryl-L-carnitine, N-acetyl aspartyl glutamic acid, 3-Nitrotyro-
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Figure 1: General effects of metformin and p-DSS intragastric ad-
ministration on HFD/STZ-T2DM rats. BW (A), weight gain (B) in
female rats, BW (C), weight gain (D) in male rats. Data represent
mean + SEM (n = 6-9,, Control vs. Model, ##p < 0.001, ##p < 0.0001;
Model vs. Metformin, p-DSSH and p-DSSL, "“p < 0.001). (A) and (C)
were analyzed by two-way ANOVA, (B) and (D) were analyzed by
one-way ANOVA.

sine in male rats and12-HETE, Cer (d18:0/14:0), leukotriene B4
in female rats. Their main urine metabolic pathways including
alanine, aspartate and glutamate metabolism, glycerophospho-
lipid metabolism, citrate cyclein male rats and arachidonic acid
metabolism, tryptophan metabolism, steroid hormone biosyn-
thesis in female rats (Figure 9).
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Figure 2: Liver (A), kidney (B) and splenic index (C) in female and
male (D, E, F respectively) rats after four-week treatment. Data rep-
resent mean = SEM (n = 6-9, Control vs. Model, ##p < 0.0001; Mod-
el vs. p-DSSH and p-DSSL, *p <0.05, **p < 0.01, ****p <0.0001). All
data were analyzed by one-way ANOVA.
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Figure 3: p-DSS improved fasting blood glucose (FBG) in rats. FBG
in female rants (A) and male rats (D); FBG of week 0 (before intra-
gastric administration) in female rats (B) and male rats (E); FBG of
week 4 (4 weeks after intragastric administration) in female rats
(C) and male rats (F). Data represent mean + SEM (n = 6-9, Control
vs. Model, #p < 0.01, #p < 0.001, ###p < 0.0001; Model vs. Met-
formin p-DSSH and p-DSSL, “p < 0.05, “p < 0.01, ""p < 0.001, "'p
< 0.0001). (A) and (D) were analyzed by two-way ANOVA, the rest
were analyzed by one-way ANOVA.
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Figure 4: Effects of p-DSS on oral glucose tolerance in female and
male rats. Blood glucose levels during OGTT in female (A) and male
rats (C); AUC based on OGTT data in female (B) and male rats (D).
Data represent mean + SEM (n = 6-9, Control vs. Model, ##p <
0.0001; Model vs. Metformin p-DSSH and p-DSSL, "p < 0.05, “p <
0.01, ""p <0.001, """p < 0.0001). (A) and (C) were analyzed by two-
way ANOVA, the rest were analyzed by one-way ANOVA.
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Figure 6: The FINS in female (A) and male rats (D), HOMA-IR level
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rats after treatment. Data represent mean + SEM (n = 6-9, Control
vs. Model, #p < 0.001, ##p < 0.0001; Model vs. Metformin p-DSSH
and p-DSSL, **p < 0.01, ***p < 0.001, ****p < 0.0001). All data
were analyzed by one-way ANOVA.
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Figure 5: Effects of p-DSS on insulin tolerance test in female and
male rats. Blood glucose levels during ITT in female (A) and male
rats (C); AUC based on ITT data in female (B) and male rats (D). Data
represent mean = SEM (n = 6-9, Control vs. Model, ##p < 0.001, ###ip
< 0.0001; Model vs. Metformin p-DSSH and p-DSSL, “p < 0.05, ""p <
0.01, ""p <0.001, """p < 0.0001). (A) and (C) were analyzed by two-
way ANOVA, the rest were analyzed by one-way ANOVA.
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Table 1: The details of twelve urine potential metabolites in male rats.
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male rats, and green font represents biomarkers of female rats.

No. Tr(min) m/z Chemicial formula Metabolites lonization mode VIP
1 10.58 710.5137 C40H74NO8P PC(14:0/18:3(6Z,92,122)) M+H-H20 1.69
2 10.39 661.4877 C18H3405 9,12,13-TriHOME 2M+H 1.33
3 9.02 245.1589 C11H21NO4 Isobutyryl-L-carnitine 2M+3H20+2H 2.00
4 10.53 327.0812 C11H16N208 N-Acetylaspartylglutamic acid M+Na 1.02
5 10.2 559.5173 C18H33NO Linoleamide 2M+H 1.37
6 10.27 337.0245 C8H7NS Benzyl isothiocyanate 2M+K 1.21
7 9.09 372.2681 C24H3603 Cervonoylethanolamide 2M+3H20+2H 1.47
8 10.70 465.3067 C27H4604S Cholesterol sulfate M-H 1.61
9 2.90 242.0122 C9H11INO6S O-Sulfotyrosine M-H20-H 6.94
10 3.69 337.0408 C5H605 Oxoglutaric acid 2M+FA-H 2.02
11 491 271.0585 C9H10N205 3-Nitrotyrosine M+HCOO 1.23
12 3.17 230.0127 C8H11NO6S Norepinephrine sulfate M-H20-H 5.11

Table 2: The details of nineteen urine potential metabolites in female rats.

No. tr(min) m/z Chemicial formula Metabolites lonization mode VIP
1 9.96 663.4583 C20H3203 12-HETE 2M+Na 3.63
2 9.97 512.5049 C32H65N03 Cer(d18:0/14:0) M+H 2.03
3 10.69 439.3302 C25H45N05 (12Z,15Z)-10-Hydroxyoctadeca-12,15-dienoylcarnitine M+NH4 1.61
4 10.52 540.5366 C34H69NO3 Cer(d18:0/16:0) M+H 1.50
5 10.5 337.2377 C20H3204 Leukotriene B4 M+H 1.18
6 2.60 153.0431 C7H7NO3 3-Hydroxyanthranilic acid M+H 2.44
7 5.04 346.2148 C21H3004 Cortexolone M+H 5.78
8 3.94 288.2181 C15H29N0O4 Octanoylcarnitine M+H 1.23
9 6.14 350.2472 C21H3404 Tetrahydrodeoxycortisol 2M+H 1.53
10 0.86 137.0714 C7H8N20 N-Methylnicotinamide M+H 1.47
11 3.96 229.1446 C12H2204 Dodecanedioic acid M-H 1.33
12 6.65 408.2862 C24H4005 Cholic acid M-H 23.41
13 4.00 203.1285 C5H1002 Valeric acid 2M-H 1.66
14 3.13 309.1372 C15H2004 gamma-CEHC M+HCOO 2.79
15 7.47 345.208 C21H3004 Cortexolone M-H 1.97
16 1.18 263.0233 C9H1207S 3-Methoxy-4-Hydroxyphenylglycol sulfate M-H 1.44
17 3.5 201.1127 C10H1804 Sebacic acid M-H 1.22
18 7.09 349.2392 C21H3404 Tetrahydrodeoxycortisol M-H 1.41
19 3.39 212.002 C8H7NO4S Indoxyl sulfate M-H 14.17
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Discussion
Biochemical Analysis

A large number of studies have shown that some drugs in
DSS can regulate glucose levels. DSS can improve the impaired
glucose tolerance and insulin resistance [19]. Radix Angelicae
sinensis can improve diabetic renal damage [20], and reduce
inflammatory factors [21]. Ligusticum chuanxiong Hort. can
prevent STZ-induced increases of urine production, urinary
albumin excretion and urine albumin-to-creatinine ratio, and
markedly attenuate STZ-induced renal damages [22]. In our
study, for either male or female, biochemical results revealed
that after treatment with p-DSS, the level of HOMA-IR was de-
creased compared with those in the model group. Therefore,
the above results indicated that p-DSS has good effects on low-
ering the blood glucose level.

Metabolomics Analysis

As shown in Figure 10, for male rats, our results showed
that p-DSS can effectively regulate the differential metabolites
in multiple metabolic pathways related to T2DM. For some
differential metabolites, such as PC, Isobutyryl-L-carnitine, N-
Acetyl Aspartyl Glutamic acid (NAAG), Cervonoylethanolamide,
2-Oxoglutarate and Norepinephrine sulfate, p-DSS and metfor-
min showed the same regulatory trend, and thus, there may be
some similarities in their hypoglycemic mechanisms.

It has been shown that higher NAAG was observed in the
hippocampus of rats on a high-fat diet [23], and N-Acetylaspar-
tic Acid (NAA) in the hippocampus may be a predictive marker
of early diabetes [24]. NAA is the precursor of NAAG synthesis,
and NAA is converted to aspartic acid and acetic acid by aspar-
tate acylase. Abnormal levels of the enzyme lead to the accu-
mulation of NAA, and these changes have been observed in
Canavan disease and type 2 diabetes mellitus [25]. High levels
of the neurotransmitter, known as NAA, can lead to abnormal
nerve signaling, delayed or stalled mental development, and
difficulties with general motor skills. So many N-acetylamino
acids, including NAA, is classified as a uremic toxin if present
in high amounts in serum or plasma [26,27], and emerging evi-
dence suggests that more uremic retained solutes may contrib-
ute to an increased risk of diabetes [28].

Oxoglutaric acid, also known as 2-oxoglutarate oralpha-ke-
toglutarate (AKG). AKG is a key molecule in the TCA cycle and
plays an important role in determining the total rate of this
important metabolic process [29]. AKG dehydrogenase decar-
boxylates AKG to succinyl-CoA and carbon dioxide, and AKG
dehydrogenase is a critical control point in the TCA cycle. In ad-
dition, AKG can be generated by oxidative decarboxylation cat-
alyzed by Isocitrate Dehydrogenase (IDH). Studies have found
that Dimethyl-2-Oxoglutaric acid (DM-20G), a tricarboxylic acid
cycle metabolite with antioxidant properties, can improve cel-
lular REDOX balance and mitochondrial function [30], and AKG
supplementation can promote beige adipogenesis and reduce
HFD-induced obesity in middle-aged mice [31], similar results
were seen in transgenic mice [32]: SIRTS is required for brown
adipose gene activation in vitro, and SIRT5 knockdown reduced
intracellular AKG concentration. In our study, AKG was one of
its differential metabolites, indicating that its TCA cycle may be
abnormal.

In female rats, these differential metabolites were changed:
Leukotriene B4, Cholic acid, gamma-CEHC, Indoxyl sulfate, Tet-
rahydrodeoxycortisol, Cer (d18:0/16:0) and N-Methylnicotin-

amide. And it had the same trend as metformin group.

Choline is an essential nutrient for humans [33]. In diet, it ex-
ists as free choline and as choline esters, of which Phosphatidyl-
choline (PC) is the major dietary source of choline. However, ex-
cessive dietary phosphatidylcholine intake was associated with
a higher risk of T2DM [34]. Abnormally high levels of cellular PC
lipids are associated with insulin resistance [35], and High Fat
Diet (HFD) promotes PC overproduction and insulin resistance
[36]. In addition, the more dietary phosphatidylcholine intake,
the higher the risk of T2DM [37].

Leukotrienes are lipid mediators whose production is in-
creased during inflammation. Activated phospholipase A2
releases arachidonic acid from membrane phospholipids. Lib-
erated (soluble) arachidonic acid can be metabolized by 5-li-
poxygenase (5-LO) to produce leukotrienes including LTB4 and
cysteinyl leukotrienes, LTC4, LTD4, and LTEA4. It has been found
[38] that LTB4 is an important mediator of insulin resistance
development in T2D, and LTB4 can mediate B-cell destruction
by increasing reactive oxygen and nitrogen species. Moreover,
excessive local leukotriene B4 levels indicate poor skin host
defense in diabetic mice [39]. Some studies have shown that
the liver LTB4 level in STZ-induced T2DM rats is significantly in-
creased compared with the normal group [40]. In addition, LTB4
is significantly increased in obesity, and liver LTB4/LTB4 recep-
tor 1 (Ltb4rl) may be a potential therapeutic target for NAFLD
[41]. In our study, arachidonic acid metabolism was a metabolic
pathway shared by both sexes. p-DSS can significantly reduce
urinary PC in male rats and LTB4 in female rats, indicating that
p-DSS may have a certain regulatory effect on lipid metabolism
and arachidonic acid metabolism.

Conclusion

This study showed that p-DSS could affect glycometabolism
in T2DMrats by improving a series of biochemical indicators,
regulating disordered metabolites and their metabolic path-
ways to a normal state. However, the mechanisms of p-DSS in
male and female rats are not identical. It is worth noting that
p-DSS can effectively treat T2DM by regulating biomarkers, such
as PC, 2-oxoglutarate, NAAG in TCA cycle and alanine, aspar-
tate and glutamate metabolism for male rats, or leukotriene B4,
cholic acid in arachidonic acid metabolism and primary bile acid
biosynthesis for female rats. Thus, the results obtained in this
study indicated that p-DSS can be used as a potential drug to
treat T2DM through multiple links and targets.
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