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ARTICLE INFO ABSTRACT

Keywords: Globally, aging and diabetes are considered prevalent threats to human health. Chlorella pyrenoidosa poly-
Chlorella pyrenoidosa polysaccharide saccharide (CPP) is a natural active ingredient with multiple health benefits including antioxidant and hypo-
Metab"lo_mics lipidemic activities. In this study, the aging-related diabetic (AD) mice model was established to investigate the
zﬁ]t)izfi;;i]t)ems underlying hypoglycemic and antioxidant mechanisms of CPP. It improved superoxide dismutase, catalase

(CAT), glutathione peroxidase (GSH-px), and malondialdehyde activities in liver and insulin secretion. CAT and
GSH-px activity in the brain increased after CPP administration. In addition, through histopathological exami-
nations, it was evident that injuries in the liver, brain, jejunum, and pancreas were restored by CPP. This
restoration was likely mediated via the activation of glucagon-like peptide-1 receptor/FOXO-1 (forkhead box O1)
pathway concurrent with the inhibition of interleukin-6 receptor/FOXO-1 pathway. Furthermore, metabolomics
and correlation analysis revealed that CPP possibly relived AD through changes in insulin levels and declined
oxidative stress as regulated by phenylpyruvic acid. These findings suggested that CPP exerted antioxidant and
hypoglycemic roles in an AD mice model, thereby providing a sound scientific foundation for further develop-
ment and utilization of CPP.

Phenylpyruvic acid

Introduction

Type II diabetes (T2D) is a common chronic disease. It accounts for
90%-95% cases of diabetes mellitus, a relatively common metabolic
syndrome which is accompanied by certain complex complications
including generalized brain atrophy, greater high-intensity lesion vol-
umes, hippocampal, and amygdala atrophy (Kazeem et al., 2021; Lee
et al., 2012; Zhao et al., 2020). Typically, this disease is known to occur
in older adults, and the number of aging-related diabetic (AD) patients
progressively increases owing to aging of the islet p-cells (Atella et al.,
2019; Fuster et al., 2020). One of the most common causes of mortality
in older adults is diabetes (Longo et al., 2019). However, aging and T2D
have a complementary relationship, in which T2D could accelerate
aging. High blood sugar causes the mitochondrial electron transport

chain to produce large amounts of superoxide and nitric oxide, which
subsequently further accelerates aging (Giacco and Brownlee, 2010).
Therefore, it is imperative to establish AD model and examine the effects
of AD on the brain.

D-(4)-Galactose (p-gal) is a common inducer for aging and is
detected at high levels in the brain of older adults (Wei et al., 2005).
Streptozotocin (STZ), a nitrosourea with DNA alkylating properties, is
widely used in diabetes models and is known to damage f-cells. p-gal
and STZ administration results in oxidative stress by increasing the
production of reactive oxygen species (ROS) and prolonging the injury
recovery owing to high brain glucose levels (Aydin et al., 2016; Met-
wally et al., 2018). Therefore, a combination of both reagents could be
used to induce AD. Forkhead box O1 (FOXO-1) plays an important role
in mediating the effect of insulin on hepatic metabolism, and increased
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FOXO-1 activity was found to be associated with a reduction in the of
insulin to regulate hepatic glucose level (Benchoula et al., 2021). FOXO-
1 shows decreased levels with aging and thereby leads to the develop-
ment of diabetes owing to the fact that FOXO-1 represses the production
of glucokinase to suppress the glucose production (Benchoula et al.,
2021). FOXO-1 is associated with the regulation of zona occludens-1
(ZO-1) and matrix metallopeptidase-2 (MMP-2) that play an important
role in the protection of blood-brain barrier and B-cell lymphoma-6
(BCL-6) inhibition, a process that inhibits cell apoptosis (Glauser and
Schlegel, 2009; Huang and Li, 2014). Typically, aging is accompanied by
inflammation, which may lead to the activation of interleukin-6 receptor
(IL-6R) and the inactivation of glucagon-like peptide-1 receptor (GLP-
1R), thereby decreasing FOXO-1 levels to induce cell death (Wang et al.,
2009; Kim et al., 2015). Assessing changes in the blood-brain barrier,
oxidative stress, and inflammation in the brain and examining the
associated molecular mechanism is of paramount importance to identify
the target substance to prevent AD.

Chlorella pyrenoidosa is a unicellular green alga that is rich in mac-
ronutrients such as proteins, polysaccharides, lipids, and micronutrients
(vitamins). The polysaccharides derived from C. pyrenoidosa account for
several of its pharmacological activities, such as antioxidant, antitumor,
antihypertensive, anti-inflammatory, and anti-diabetes (Wan et al.,
2019). C. pyrenoidosa polysaccharides (CPP) with a molecular weight of
> 3000 Da reportedly improved antioxidant activities in Caenorhabditis
elegans and exerted hypolipidemic effects in rats (Wan et al., 2019; Wan
et al, 2021). The detailed characterization of green microalga
C. pyrenoidosa polysaccharide included in the present study has been
previously published (Wan et al., 2021). However, the effects of CPP on
AD rat models remain unknown and the underlying mechanism requires
further elucidation. In the present study, AD mice model was used to
assess the functions of CPP and action mechanisms using metabolomics
and molecular biology techniques to monitor changes in endogenous
metabolites in the brain and changes in gene expression levels. This
study aimed to provide novel evidence for the regulation of AD using
CPP and to improve the current understanding of AD progression at the
metabolite level.

2. Material and methods
2.1. Preparation of CPP

C. pyrenoidosa powder (100 g), purchased from Fuging King Dnarmsa
Spirulina Co., Ltd (Fuzhou, China), was dissolved in distilled water
(4000 mL) using supersonic extraction with 45 kHz at 60 °C for 2 h. After
filtration, the solution was centrifuged at 5000 rpm for 10 min,
following which the supernatant was concentrated and mixed with 4 x
ethanol at 4 °C overnight. The ethanol was removed and the precipitate
was collected for deproteinization. Neutral protease with 50,000 units/
mL enzyme activity was then used to remove the protein before boiling
the mixture for 10 min to inactivate the enzyme. Subsequently, 8-14
kDa Cutoff dialysis membranes were employed to collect CPP. In the
next stage, 0.1 mol/L sulfuric acid was used to degrade CPP, which was
then neutralized using NaOH. This solution was condensed and mixed
with an equal volume of ethanol before centrifugation of 5000 rpm for
10 min. The supernatant was then collected for freeze drying. CPP
(molecular weight > 3 kDa) was collected using 3 kDa cutoff dialysis
membranes for further analysis and freeze drying for animal
experiments.

2.2. Animals experiment & study design

Fifty male Kunming mice (SPF grade; age, 6 weeks; body weight,
20-27 g) were purchased from Wu’s Animal Laboratory Center Co., Ltd.
(Fuzhou, China). The mice were raised under standard conditions
(25-27 °C, 55% related humidity, and 12 h daylight cycle) with the
rodent chow diet. After a week of adaptation, mice were randomly
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categorized into five groups as follows: 10 mice were selected into
normal group fed with normal diet (Normal), and the remaining mice
were fed with high-glucose-high-fat diet (15% lard, 15% sucrose, 1%
cholesterol, 10% yolk, 0.2% sodium deoxycholate, and 58.8% standard
chow) until the end for consistency conditions in the whole experiment.
The mice fed with high-glucose-high-fat diet were administered 45 mg/
kg of p-gal prepared with saline every day for 1 month. After a month,
diabetes was induced via STZ (50 mg/kg) administration twice a week
(Ouyang et al., 2022). The blood sample of overnight fasted mice were
then collected from the tail vein. The HGM-114 glucometer (Omron,
China) was used to determine blood glucose level. Mice with glucose
levels above 11.1 mmol/L were regarded as diabetic mice (Sivaraman
et al., 2013). Mice fed with p-gal and STZ were randomly divided into
four groups as follows: A. mice were administered saline (AD); B. mice
were treated with 90 mg/kg metformin dissolved in saline (DMBG) C &
D. mice received 150 mg/kg of CPP and 300 mg/kg of CPP dissolved in
saline (CPPL and CPPH). At the end of the animal experiments, the mice
were anaesthetized with 1% pentobarbital sodium and then sacrificed
using cervical dislocation after fasting for 12 h. The pancreas, brain
tissue, jejunum, epididymis fat, and liver were harvested and stored at
—80 °C for biochemical and histopathological analyses as well as
metabolomics analysis. The body weight of all animals was recorded
before the treatment and at the end of experiment. All animal experi-
ments and protocols were in accordance with the most humane care and
use of animals and Institutional Animal Ethics of College of Food Sci-
ence, Fujian Agriculture and Forestry University (FS-2019-006).

2.3. Assessment of enzymatic capacity and MDA

We mixed 100 mg lyophilized liver and brain with 0.9% saline to
prepare the tissue homogenate. After centrifugation at 5000 rpm for 10
min at 4 °C, the supernatant was collected for the analysis of superoxide
dismutase (SOD), catalase (CAT), and glutathione peroxidase (GSH-px)
as well as malondialdehyde (MDA) according to assay kits by vendor
(Jiancheng Biotechnology, Nanjing, China).

2.4. Glucose tolerance test and insulin assay

After fasting for 12 h, the oral glucose tolerance test (OGTT) was
performed at 0, 0.5, 1, and 2 h. The formula of oral glucose tolerance
area (AUC) is as follows:

AUC = 0.25 x (Gon+Gosn) + 0.25 x (Gosh + Gin) + 0.5 X (G + Gy p).

The serum samples were separated after being centrifuged at 3000
rpm/min for 10 min at 4 °C and stored at — 80 °C. The level of serum
insulin was measured using an ELISA technique kit (Shengkeboyuan
Biotechnology, Beijing, China).

2.5. Histopathological and immunohistochemical (IHC) examination

The tissue samples including, brain, jejunum, liver, and pancreas,
were cleaned with saline and fixed in 10% buffered formalin, embedded
in paraffin wax, and then cut into 5-pm thick slices. The hematoxylin
and eosin were used to evaluate the histopathological changes in the
tissues. For IHC analysis, the slices were deparaffinized in xylol and
rehydrated using ethyl alcohol. After antigen retrieval in citrate buffer
(pH 6.0), the sections were treated with 0.03% hydrogen peroxide to
block the endogenous peroxidase. The samples were then incubated
with primary antibodies, including GLP-1R, FOXO-1, BLC-6, IL-6R, and
MMP-2, at 4 °C overnight. All antibodies were purchased from Sangon
Biotechn (Sangon Biotechn, Shanghai, China). After incubation with the
associated secondary antibody, the sections were stained with dia-
minobenzidine and re-stained with hematoxylin. The histopathological
changes and protein expression of these samples were observed using a
fluorescent microscope (Scope.Al, Zeiss, Oberkochen, Germany).
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2.6. Real-time quantitative PCR (RT-qPCR) analysis

To investigate the relative mRNA expression, TRIzol® was used to
isolate total RNA from mouse brain (100 mg). TAKARA cDNA synthesis
kit (TAKARA, Japan) was employed for reverse transcription according
to manufacturer protocol. After reverse transcription, mRNA expression
was detected using SYBR Premix Ex Tagq II kit (TAKARA, Japan) by
ABI7300 (Applied Biosystem, CA, US). The program was used according
to the manufacturer’s instructions (TAKARA, Japan). The g-aact
method was used to calculate relative mRNA expression. Primers are
listed in Table S1 and p-actin is regarded as the reference gene.

2.7. LC/MS analysis

Brain tissue (5 mg) of mice in CPPH group was homogenized with
MeOH: Hy0 (4:1, v/v) and 10 pL 100 pg/mL specific marker CA-d4
added as an internal standard. After centrifugation for 5 min at
13000 rpm, 400 pL supernatant was mixed with the MeOH:H30. The
dried extract was obtained using a nitrogen evaporator and then dis-
solved in 100 pL ultrapure water. After centrifugation for 5 min, the
supernatant was used for metabolite profiling using liquid chromatog-
raphy (Ultimate 3000, Thermo Fisher Scientific, USA) coupled with
negative electrospray ionization (NDK200-2 N, Miou, China).
Quadrupole-time-of-flight (Q Exactive, Thermo Fisher Scientific, USA).
SIMCA-P 14.1 (Umetrics, Umea, Sweden) was used to visualize inter-
group changes in metabolites. Principal component analysis (PCA),
projection to latent structure discriminant analysis (OPLS-DA), and
variable importance in the projection (VIP) plot were employed to
observe the intergroup differences and detect differential metabolite
markers, with VIP values above 1.5 regarded as key tools to identify
potential biomarkers. These biomarkers were identified by KEGG
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databases. The metaboAnalyst 4.0 (https://www.metaboanalyst.ca/)
was used to analyze the key metabolic pathway treated by CPP.

2.8. Statistical analysis

All study outcomes were expressed as mean + standard deviation
involving at least three independent experiments. Statistical analyses
were conducted with one-way ANOVA and Student’s t-test using Origin
2020 software (OriginLab, Massachusetts, USA). P value of < 0.05
indicated statistical significance.

3. Results and discussion
3.1. Effect of CPP on body and tissue weight of AD mice

To investigate the potential effect of CPP on AD mice, body-weight
changes were examined (Fig. la). The average weight of normal
mouse and drug-induced mice before treatment appeared to show sig-
nificant differences (p < 0.05). This could be attributable to the effects of
STZ and p-gal; furthermore, mice weight loss has been considered as one
of the most common indicators associated with aging and diabetes
(Suthagar et al., 2009; Yuan et al., 2020). After treatment with CPP and
DMBG, mice body weight appeared to recover significantly (p < 0.05).
Additionally, the p-gal and STZ groups showed increments in kidney
weight (p < 0.05). However, this increase in weight recovered in the CPP
and DMBG groups (p < 0.05) (Fig. 1b). STZ caused renal hypertrophy,
increased glomerular volume, mesengial proliferation and accumulation
of glomerular extracellular matrix, which may result in increased kidney
weight (Zafar and Hassan Naqvi, 2010). In addition, mice in AD group
gained more liver weight after drug induction, whereas CPPL, CPPH,
and DMBG mice showed significant decrease in liver weight (Fig. 1¢) (p

(https://www.kegg.jp/) and  HMDB  (https://www.hmdb.ca/) < 0.01). Fromenty et al. reported that increased liver weight and fat
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Fig. 1. Effects of CPP on the weight and viscera index of AD mice. (a) Bodyweight, (b) kidney weight, (c) liver weight, (d) pancreas weight, and (e) the weight of
epididymis fat. Data are the mean + SD (n = 10). *p < 0.05, “p < 0.01 vs. AD mice; “p < 0.05, **p < 0.01 vs. normal mice.
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accumulation occur in diabetic mice (Fromenty et al., 2009). Mice in the
AD group showed a significant decrease in pancreas weight (p < 0.05),
which could be attributable to the oxidative alterations induced by p-gal
and STZ through the destruction of and the decline in the number of
pancreatic islets (Samaha et al,, 2019). Notably, 200 mg/mL CPP
reduced the weight of pancreas (p < 0.05), whereas DMBG had no sig-
nificant effect (Fig. 1d). Epididymal fat weight significantly decreased
following STZ administration (Agunloye and Oboh, 2022; Huang et al.,
2020) (p < 0.01). Weight of the epididymis fat in the normal group was
significantly higher than that in the other four groups (p < 0.01). CPP
and DMBG did not reverse the condition, indicating the CPP and DMBG
barely inhibited the alleviation of epididymal fat (Fig. 1e). These results
demonstrated that CPP administration helped in the recovery of kidney,
liver, and pancreas injuries and improved body weight; however, it did
not have any significant impact on epididymal fat.

3.2. Effect of CPP on glucose uptake in AD mice using OGTT

We examined the potential hypoglycemic effect of CPP on hyper-
glycemic activity by using OGTT to evaluate glycemic regulation and
insulin tolerance (Fig. 2¢ & 2b). After glucose administration, the high
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level of fasting blood glucose was detected in CPPL. This was owing to
the fact that CPPL is insufficient to effectively control postprandial blood
glucose at normal levels, or lead to nocturnal hypoglycemia and then
lead to increase in hyperglycemic hormones in the morning (Bolli et al.,
1984; Lin et al., 2021). Blood glucose peaked at 30 min in the AD group,
reaching 30.6 + 5.4 mmol/L, and then decreased to 29.72 + 2.50
mmol/L at 120 min. However, the maximum glucose level in the CPP
(200 mg/kg)-treated mice was 30.38 + 4.27 mmol/L at 30 min, which
was nearly identical to that in the AD group, and decreased to 20.06 +
3.27 mmol/L at 120 min, thereby indicating a significant increase in
glucose uptake (p < 0.01). Additionally, AD group showed an increase in
AUC (p < 0.01), whereas DMBG and CPP significantly reduced the area
under the curve (p < 0.05). STZ could damage pancreatic p cells and
induce pancreatic 3 cells apoptosis, which leads to the decrease in in-
sulin level and systemic immune system disorders (Metwally et al.,
2018). In contrast, DMBG, CPPL, and CPPH supplementations signifi-
cantly reversed the decreased amounts of insulin, compared with AD
group (Fig. 2a) (p < 0.01). These results indicated that CPP and DMBG
could improve the metabolism of glucose and protect islet p cells,
thereby maintaining the production of insulin. Similar to the present
study, previous studies reported that CPP could improve the regulation
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Fig. 2. Effect of CPP on the regulation of blood level and oxidative stress in AD mice. (a) CPP promoted insulin content after the induction of p-gal and STZ. (b & c)
An oral glucose tolerance test was performed with fasted mice. The level of oxidative stress was evaluated by (d) SOD level in liver, (e¢) MDA content in liver, (f) CAT
level in liver, and (g) GSH-px level in liver, as well as (h) CAT level in brain and (i) GSH-pxlevel in brain. Values represent the mean + SD (n = 7). *p < 0.05, Hp <

0.01 vs. AD mice. p < 0.05, **p < 0.01 vs. normal mice.
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of glucose metabolism in mice induced by STZ (Kim, 2018).

3.3. Effect of CPP on antioxidative enzyme levels and MDA in liver and
brain

STZ accompanied with high-glucose-high-fat diet and p-gal both led
to increased production of reactive oxygen species and oxidative stress
(Aydn et al., 2016; Metwally et al., 2018). The levels of MDA, SOD,
CAT, and GSH-px in liver were measured to investigate the therapeutic
function of CPP in AD mice (Fig. 2d-g). Compared with normal animal
group, p-gal and STZ both induced an increase in SOD activity in liver.
CPP treatment led to a significant increase in SOD activity compared
with AD group (p < 0.01). After induction, MDA level in AD group
increased remarkably compared with normal group (p < 0.05), whereas
CPPH animal group showed a significant reduction (p < 0.01). Liver CAT
activity in AD group was obviously lower than normal group (p < 0.01).
The CAT activity of CPPL and CPPH group as well as DMBG group
increased significantly, compared with AD group (p < 0.01). Changes in
liver GSH-px activity showed the same trend. CPP treatment signifi-
cantly increased liver GSH-px level in comparison with AD group (p <
0.01). Interestingly, DMBG significantly increased GSH-px in the liver
but not in the brain (p < 0.01). Other reports demonstrated that oral
DMBG administration for 6 weeks did not significantly increase GSH
level in the brain until 10 weeks (Oboh et al., 2018). These results
suggested that CPP improved oxidative stress, thereby modulating organ
aging. Similarly, other studies have demonstrated that pretreatment
with CPP considerably diminished SOD and MDA levels in Caeno-
rhabditis elegans (Wan et al., 2021).

Furthermore, the effects of CPP on brain oxidative stress markers
were assessed (Fig. 2h & 2i). The brain GSH-px activity significantly
decreased in the AD group (p < 0.05), whereas CPPL treatment conse-
quently increased GSH-px production (p < 0.01). The AD group showed
decreased CAT activity in comparison with the normal group (p < 0.05).
The CAT activity of both CPP and DMBG groups significantly increased
compared with AD group (p < 0.05). GSH-px is assumed to be primarily
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identified in the glial cytoplasm and to play a significant role in main-
taining the blood-brain barrier and protecting the brain from oxidative
stress (Price et al., 2006). The increased CAT helped remove Hy05 and
reduce the metabolic burden on the brain (Rosemberg et al., 2010).
Therefore, CPP appeared to effectively attenuate oxidative stress
induced by STZ and p-gal.

3.4. Effect of CPP on the injury of tissues observed by histopathological
examination

To further confirm a potential role of CPP in AD management, his-
topathological examination staining was employed to investigate his-
topathological changes in the liver, brain, jejunum, and pancreas. The
cell architecture of the liver in normal group demonstrated the presence
of a normal number of hepatocytes without shrinkage and collapse,
normal intercellular space and nuclear, clear cell boundaries; however,
in the AD group, cell degeneration and hypertrophy (black arrow),
disordered arrangement, and vacuolization (black circle) were observed
(Fig. 3al-5) (Chen et al., 2019). Little to no significant changes were
detected in the liver’s physiological morphology between the CPPH and
normal groups could be detected indicating that CPP reverted the he-
patic damage induced from STZ. The brain tissues of normal mouse
indicated that there were a range of neurons in a dense and neat pattern
with round or oval nuclei, and the nucleoli in the cerebral microvessel
were abundant and arranged in a clear and orderly manner without
abnormalities (Fig. 3b1). However, some pathological features were
often observed in injured brain, such as decrease in number of neurons,
cellular arrangement disorders, and vacuolization (black circle), which
could be observed in the AD group (Fig. 3b2) (Aydin et al., 2016; Met-
wally et al., 2018). After 4 weeks of intervention with DMBG and CPPH,
the brain histopathological damages of the mice were mitigated with
normal appearance and increasing number of neurons (Fig. 3b3-5). The
jejunum affected the digestion and absorption of glucose, and jejunum
abnormalities are observed among diabetic patients (Bikhazi et al.,
2004). The jejunum tissue from normal group showed that the jejunum

Fig. 3. CPP treatment improved histological appearance of (a) liver, (b) brain, (c) jejunum, and (d) pancreas of experimental mice (200x), including (1) normal, (2)

AD, (3) DMBG, (4) CPPL, and (5) CPPH, respectively.
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villi were neatly arranged with a complete and clear structure (Fig. 3c1).
In contrast, jejunum tissues in AD group showed no integrity of the
jejunum colon wall (black arrow) and the disordered arrangement of
jejunum villi (red arrow) and vacuolization (black circle) could be
observed (Fig. 3¢2). The extent of these injuries was consistent with
previous reports (Bikhazi et al., 2004). DMBG, CPPL, and CPPH
administration restored this phenomenon and increased the length of
jejunum villi (Fig. 3¢3-5). The pancreatic tissue also showed significant
improvement after CPP administration. The section of tissue in normal
mice showed a normal histological structure with integral islet cells;
however, a disorderly contraction of islet cells and gap increases (black
circle) was observed in the AD group, and in accordance with reported
negative effect of STZ (Fig. 3d1 & 3d2) (Rathinam et al., 2014).
Compared with AD group, the islet cells of mice in both CPPL and CPPH
groups were arranged in a tight and orderly manner and were similar to
those in the normal group, which indicated that CPP had a certain repair
effect on the pancreas after gavage (Fig. 3d3-5). Therefore, CPP had
protective and repair effect on liver, brain, jejunum, and pancreas
following STZ and p-gal induction.
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3.5. Effects of CPP on glucose metabolism and aging-related gene
expression of brain tissue in AD mice

To investigate whether CPP regulated the aging and glycol-
metabolism in AD mice, RT-qPCR assay was performed to measure
mRNA expression levels of pro-inflammatory cytokines and key meta-
bolic enzymes in brain tissue. The aging factor P16 was determined,
although there was no significant difference between the AD and normal
groups, CPP reduced P16 expression despite no significant difference,
whereas DMBG significantly decreased it compared with AD group (p <
0.05) (Fig. S1a). Therefore, a 45-mg/kg p-gal dose possibly induced
aging, albeit not considerably severe (Liang et al., 2020; de Almeida-
Rezende et al., 2021). FOXO-1 is regarded as potential target for aging
and diabetes (Benchoula et al., 2021). The increased mRNA expression
of FOXO-1 after induction appeared to decrease significantly after CPPL
administration compared with that of AD group (Fig. 4c6) (p < 0.05). To
determine the potential molecular targets, GLP-1R and IL-6R were
investigated as therapeutic target for diabetes and aging, respectively,
and were highly related to FOXO-1 (Wang et al., 2009; Kim et al., 2015).
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Fig. 5. CPPH treatment affected metabolites level in the brain tissue of diabetic mice. (a) PCA analysis, (b) OPLS-DA analysis, (c) VIP analysis, (d) S-plot and (e) bar-
plots of the changes of crucial metabolites in mice brain as well as (f & g) enrichment analysis and pathway analysis of key metabolites. Data are the mean + SD (n =

6). *p < 0.05, "p < 0.01 vs. AD mice *#p < 0.01 vs. normal mice.

The mRNA expression level of GLP-1R increased whereas that of IL-6R
significantly decreased in the brain of AD group compared with that
of normal group (Fig. 4a6 & 4b6) (p < 0.05). CPPL significantly
improved these parameters when compared with the AD group (p <
0.05). The influence on MMP-2 and BCL-6 were further explored owing
to the fact that they were downstream genes of FOXO-1 and to elucidate
their effects on brain functions and role in preventing disease progres-
sion (Glauser and Schlegel, 2009; Huang and Li, 2014). Genes related to
the blood-brain barrier, MMP-2, were measured and their expressions
increased in the CPPL group compared with the AD group (Fig. 4e6) (p
< 0.05). Similarly, a significant increase in BCL-6 level in the CPP group
was observed compared with the AD group (Fig. 4d6) (p < 0.05).

The brain plays a major role in the regulation of normally developing
organisms. Brain damage leads to the activation of the hypothalamic
glucose-regulating neural circuits, leading to an overall rise in blood
glucose level (Metwally et al., 2018). Therefore, it is crucial to explore
the therapeutic mechanism of natural substances for AD through
monitoring changes in the expression levels of the brain genes.
Impairment of the blood-brain barrier often occurs in older people with
diabetes and blood-brain barrier-promoted glucose transportation
(Prasad et al., 2014). The present study reported that CPP improved
MMP-2, which showed that CPP maintained the number of neurons and
normal glucose transport by repairing the blood-brain barrier. Changes
in GLP-1R and IL-6R, two major receptors on the cell surface, can affect
BCL-6 through FOXO-1 regulation, leading to the occurrence or inhibi-
tion of cell apoptosis and aging (Glauser and Schlegel, 2009). However,
GLP-1R can phosphorylate FOXO-1, which in turn enhances the di-
versity and number of neurons thereby regulating glucose balance (Kim
et al., 2015). CPPL treatment led to increase in GLP-1R in AD mice,
activation of BCL-6, and decrease in IL-6R (Fig. 4a6 & 4b6 & 4d6) (p <
0.01). These results indicated that CPP might alleviate AD-associated

apoptosis and inflammation and promote glucose homeostasis.

3.6. Effects of CPP on glucose metabolism and aging-related protein
expression in brain tissue of AD mice

To confirm results inferred from the mRNA expression levels, which
suggested the protective effects of CPP in brain tissue, changes in aging
and diabetes related protein was measured via IHC. The trends in pro-
tein expression were the same as that in mRNA. The expression of GLP-
1R in AD mice was significantly lower than that in normal mice (p <
0.01) and CPPL, but not CPPH, restored the condition (Fig. 4al-5) (p <
0.05). IL-6R expression level appears to elevate after AD induction (p <
0.05), whereas it reduces in CPPL and CPPH animal groups (Fig. 4b1-5)
(p < 0.05). FOXO-1 was highly expressed in AD group (Fig. 4¢2). CPPL
significantly decreased the expression of FOXO-1 and increased BCL-6
(p < 0.05), compared with AD group (Figs. 4c1-5 & 4d1-5). BCL-6
expression also increased after treatment with CPPL (p < 0.05) and
CPPH (p < 0.01). Furthermore, there was a decrease in the expression of
MMP-2 in the brain of AD animal group, this was consequently restored
after CPPL administration (p < 0.05) (Fig. 4el-5). Altogether, the above
results corroborated the results of mRNA expression analysis and
elucidated that the co-modulation of IL-6R/FOXO-1 and GLP-1R/FOXO-
1 might be the possible mechanisms underlying the protective effects of
CPP. However, this situation was opposite to biochemical indices likely
attributed to different dose regimens (Li et al., 2021).

3.7. Effects of CPP on brain metabolites identified using liquid
chromatography-mass spectrometry (LC-MS)

LC-MS analysis was used to deeply understand the difference of
metabolites between the AD and the CPPH groups. LC-MS derived 88
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peaks abundance among different groups were visualized using bioin-
formatics tools such as principal component analysis as unsupervised
modelling of LC-MS dataset. Furthermore, OPLS-DA, as a supervised
multivariate data analysis model, and its associated VIP and S-plots were
used to identify the difference between the model and treatment groups
as well as to identify potential biomarkers. PCA, in which each dot
represents a simple sample, showed overlap among all samples, except
for the distant clustering of the normal group along PC2 in the negative
side. However, it had a relatively low total variance coverage of 32% of
PC1 and PC2 (Fig. 5a). Consequently, supervised OPLS-DA was used
showing improved separation between AD and CPPH group (Fig. 5b).
The important metabolite whose correlation was > 0.5 and VIP of > 1.5
included citric acid, phenylpyruvic acid, 3-hydroxy-3-methylglutaric
acid, gluconic acid, aspartyl-4-phosphate, cis-acopitic acid, galactose-
1-phosphate ribose 5-phosphate, and 2-hydroxyvaleric acid in the
CPPH group was significantly lower than those in AD group. In contrast,
3-hydroxy-3-methylglutaric acid, tryptophan, inosine, succinic acid,
aspartate, phenylalanine, and 4-thiocyanatophenol appeared to increase
(Fig. 5¢). The corresponding S-plot was used to identify the variables
that were responsible for differentiating AD group from CPPH group;
this was further verified using VIP results (Fig. 5d). To further explore
the therapeutic effect of CPP, 15 potential biomarkers were selected for
detailed ANOVA analysis. After normalization processing, despite the
presence of a significant difference in the selected biomarkers between
the AD and CPPH groups, only phenylpyruvic acid and galactose-1-
phosphate significantly affected aging and glucose metabolism after
CPP treatment (Fig. 5e) (p < 0.01). Phenylpyruvic acid is a metabolite of
phenylalanine, which inhibited glucose-6-phosphate dehydrogenase
and leads to neurological disease, whereas galactose-1-phosphate
resulted in permanent nervous system dysfunction (Rosa et al., 2012).
Phenylpyruvic acid is also regarded as neurotransmitter and
epinephrine-like substance with antidepressant effect (Shen et al, 2021).
Our results revealed that CPP could regulate the injury induced by STZ
and p-gal through changes in phenylpyruvic acid and galactose-1-
phosphate levels. Therefore, CPP may improve glucose homeostasis
and aging by regulating phenylpyruvic acid and galactose-1-phosphate.

To explore the effect of CPP on the metabolic pathways in AD mice,
Metaboanalyst 4.0 software was used. The size of the shape represents
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the degree of enrichment using hypergeometric test method, whereas
depth of the color represents the significance. Pathways and enrichment
with a p-value of < 0.05 were regarded as the closest pathways (Fig. 5f &
5 g) to include purine metabolism, p-glutamine/p-glutamate meta-
bolism, nitrogen metabolism, arginine biosynthesis, sphingolipid
metabolism, pyruvate metabolism, galactose metabolism, alanine/
aspartate metabolism, with p-glutamine/p-glutamate metabolism re-
ported to play an important role in the regulation of aging and diabetes
(Andersen et al., 2017). Previous studies reported disorder of purine
metabolism after STZ induction such dysregulation to affect lifespan
(Liu et al., 2015; Lennicke et al., 2020). Among the potential metabolites
mentioned above (Fig. 5e), p-ribose 5-phosphate and inosine appeared
to be enriched in purine metabolism according to KEGG database.
Furthermore, CPP non-significantly regulated the levels of these me-
tabolites. These results indicate that purine metabolism played the most
important role in the regulation of AD (Fig. 5g), and was targeted by CPP
in improving aging and glucose metabolism in that model.

3.8. Correlation between aging-related diabetes index and metabolomics

In order to determine the potential connection between metab-
olomics and AD indicators, Spearman correlation analysis was per-
formed on these indicators and metabolite markers that showed VIP
scores above 1.5. The AD indicators in liver related to oxidation resis-
tance were significantly positively correlated with cis-aconitic acid,
citric acid, tryptophan, 3-hydroxy-3-methylglutaric acid, whereas phe-
nylpyruvic acid was significantly negatively correlated with antioxidant
enzymes in the liver and brain (Fig. 6) (p < 0.05). The important indi-
cator of regulation of diabetes, OGTT showed a strong positive corre-
lation with phenylpyruvic acid, succinic acid, and aspartyl-4-phosphate
and negative correlation with 3-hydroxy-3-methylglutaric acid and cit-
ric acid (p < 0.01), whereas insulin content was negatively correlated
with phenylpyruvic acid and galactose-1-phosphate (p < 0.05). In the
brain, CAT and GSH-px were both negatively associated with phenyl-
pyruvic acid (p < 0.05). Increase in phenylpyruvic acid level could lead
to nerve injury nerve and DNA damage in glial cells, as previously
observed in Alzheimer’s patients (Liu et al., 2021). In diabetic patients,
the high level of phenylpyruvic acid was also observed owing to the
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impairment of phenylalanine metabolism (Men et al., 2017). Regarding
weight change, body weight showed a negative correlation with phe-
nylpyruvic acid, whereas the kidney weight was positively correlated
with aspartyl-4-phosphate, phenylpyruvic acid, galactose-1-phosphate,
and ribose 5-phosphate (p < 0.05) suggestive that brain metabolites
play a potential role in weight regulation. Serotonin and metformin
improved body and tissue weight by influencing appetite regulation
(Lam et al., 2010; Malin and Kashyap, 2014). This result is consistent
with changes in the aforementioned key metabolites in the brain of AD
mice; in particular, it is likely that changes in phenylpyruvic acid level
are related to AD regulation. Therefore, CPP could reduce oxidative
stress and regulate insulin by decreasing the phenylpyruvic acid levels.

4. Conclusion

In summary, our findings suggested that CPP extracted from
C. pyrenoidosa exerted a hypoglycemic activity and oxidation resistance
in AD mice model. CPP inhibited high glucose-induced and aging-
induced oxidative stress as well as inflammation through the upregu-
lation of GLP-1R and downregulation of IL-6R, while maintaining
blood-brain barrier homeostasis via the regulation of ZO-1 and MMP-2.
CPP activated BCL-6 to promote cell survival in brain. Moreover, our
metabolites profiling revealed that CPP has a positive effect by reducing
phenylpyruvic acid and galactose-1-phosphate levels and by further
influencing purine metabolism. Moreover, phenylpyruvic acid was the
only metabolite that significantly regulated glucose metabolism and
aging-related indices. Together, CPP might regulate AD by affecting
phenylpyruvic acid levels to prevent oxidative stress and stimulate in-
sulin. These findings highlight the potential of CPP in the prevention and
intervention of aging T2D, a concept that has yet to be examined in other
animal models or in humans in clinical settings.
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