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Advantages of the polysaccharides from Gracilaria
lemaneiformis over metformin in antidiabetic
effects on streptozotocin-induced diabetic mice

Lingrong Wen,3° Yunlin Zhang,+*® Dongxiao Sun-Waterhouse,®® Lijun You*2?
and Xiong Fu@

In the present study, polysaccharides from Gracilaria lemaneiformis (GLP) were obtained by citric acid
extraction, and had a low molecular weight (21.2 kDa) with a high amount of galactose. GLP showed
effective inhibitory effects on a-amylase activity. After a six-week animal trial, GLP was found to combat
streptozotocin (STZ)-induced diabetes and associated with oxidative stress, via its regulation of glucose
and lipid metabolism, repair of pancreatic B-cells, protection of liver and kidney function, promotion of
the activities of endogenous antioxidant enzymes, and suppression of lipid peroxidation. A dose-
dependent manner was found in these examinations except for the glucokinase level, superoxide
dismutase activity, and malondialdehyde content. GLP treatments were also more effective at regulating
the insulin level, lipidemic parameters and blood urea nitrogen level than metformin treatment. Thus,
GLP is more advantageous than metformin not only in the naturalness of GLP but also in the action of
combating STZ-induced diabetes. Accordingly, GLP may be utilized as a potential functional food
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Introduction

Diabetes mellitus (DM) is one of the rapidly growing chronic
metabolic diseases worldwide with high rates of morbidity and
mortality. The number of diabetic patients was 171 million in
2000 but will reach 366 million in 2030." DM is one of the major
causes of renal disease, blindness and nontraumatic limb
amputation.? The risk of heart disease and stroke would be 2-4
times higher for the patients with diabetes. Diabetes is pre-
dicted to be the 7" leading cause of death in 2030.*

Diabetes was defined as a state with carbohydrate and lipid
metabolism disorders. It has been closely linked to elevated
reactive oxygen species (ROS) and/or impaired antioxidant
defense systems.* The detrimental effects of diabetes were found
largely mediated and complicated through oxidative stress.®
Insulin was once commonly used for DM, but repeated admin-
istration of insulin was then proven to have many adverse effects.
Although various synthetic anti-diabetic drugs including hypo-
glycemic agents (e.g biguanides and sulfonylureas) and
biochemical drugs (e.g. insulin-like growth factor, aldose
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supplement for diabetes prevention in the future.

reductase inhibitor and protein glycation inhibitor), have been
developed to combat diabetes. While their effectiveness is
unsatisfactory, they also present undesired toxicity and side
effects like hypoglycemia and lactic acid intoxication upon
continuous uses. Thereby, the therapeutical strategies of diabetes
were proposed to focus on the so-called “medicinal foods”.
Nowadays, consumers are becoming more health-conscious and
well engaged in the concept of “a healthy diet plus balanced
lifestyle” thus increasingly driven to natural products with
a standardized edible composition and pleasant attributes for
consumption. This demand stimulates R&D professionals to seek
alternative natural foods for counteracting diabetes. Plant-based
materials or products enriched with various phytochemical
constituents such as polysaccharides, phenolics and other anti-
oxidants are highly desirable in this regard.®”

Among the relevant bioactivities, polysaccharides have
attracted high attention for diabetic control and clinical
syndromes amelioration purposes.® Marine-derived poly-
saccharides have already been found to possess health benefits
such as cancer incidence-lowering, decrease of blood pressure
and blood glucose, anti-inflammatory, immunomodulatory,
neuroprotective and healthy gut-promoting effects.” Gracilaria
lemaneiformis, a red seaweed belonging to the family Gracilar-
iaceae (Rhodophyta).'® Agarose and agaropectin were the major
component of G. lemaneiformis, and their proportion varies with
origin." Further, polysaccharides from Gracilaria lemaneiformis
(GLP) have been found to possess various biological activities
such as antioxidant, antimutagenic, anti-food allergic,
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antitumor and hypoglycemic effects.’**> However, the effect of
GLP on diabetes induced by streptozotocin (STZ) (a naturally
occurring chemical to induce toxicity in the insulin-producing
pancreatic B cells of mammals), have not been investigated
and the underlying mechanisms remained unknown. Further,
polysaccharides with good water solubility and relatively low
molecular weight (MW) likely possess greater bioactivities."* But
the MW of GLP is very high. Liao et al.** used ascorbic acid and
hydrogen peroxide to degrade GLP after ethanolic precipitation.
In this study, citric acid extraction, which had a positive influ-
ence on the polysaccharide degradation and antioxidant
capacities,'* was employed to generate low MW GLP. The anti-
diabetes effect was assessed using STZ-induced mouse model,
based on hypoglycemic activity, biomarkers of carbohydrate
and lipid metabolism, and activities of antioxidant enzymes.

Experimental
Chemicals and reagent kits

Ethanol, hydrochloric acid, citric acid, phenol and sulfuric acid
were purchased from Guangzhou Reagent Co. (Guangzhou,
China). Standards of xylose (Xyl), arabinose (Ara), glucose (Glc),
galactose (Gal), fructose (Fru), mannose (Man), fucose (Fuc),
galacturonic acid (GalA), inositol, metformin, a-amylase (from
porcine pancreas, =10 units per mg solid) and dextrans (MW of
5.2,11.6,23.8, 48.6, 148, 273, 410, 668, 1400 kDa) were purchased
from Sigma Chemical Company (St. Louis, MO, USA). Strepto-
zotocin (STZ) was purchased from Shanghai Aladdin Biological
Technology Co., LTD (Shanghai, China). Commercial test kits
used for measuring total cholesterol (TC), triglyceride (TG), low-
density lipoprotein cholesterol (LDL-C), high-density lipopro-
tein cholesterol (HDL-C), blood urea nitrogen (BUN), glucokinase
(GCK), glucose-6-phosphatase (G-6-Pase), glucose-6-phosphate
dehydrogenase (G-6-PD), aspartate aminotransferase (AST),
alanine aminotransferase (ALT), superoxide dismutase (SOD),
glutathione peroxidase (GSH-Px), and catalase (CAT), were
purchased from Jiancheng Inst. of Biotechnology (Nanjing,
China). All the other chemicals used were of analytical grade.

Preparation of polysaccharides GLP

Dried G. lemaneiformis powder was first mixed with 95% ethanol
(1:30, m/v) at 70 °C for 2 h (maintained in a water bath) to
separate the ethanol-soluble and ethanol-insoluble substances.
Then the dried residue was extracted with 50-fold volumes (v/w)
of citric acid solution (235.6 mM, pH = 2) at 100 °C for 2 h. The
resultant mixture was centrifuged at 3500g for 15 min at 4 °C
(Allegra X-15R, Beckman Coulter Co., Ltd., Brea, California,
USA). The supernatant was collected and its pH was then
adjusted to neutral using NaOH (2 M), before being concen-
trated in a rotary evaporator (Hei-VAP, Heidolph, Germany)
under reduced pressure at 50 °C. The preliminarily concen-
trated extract was dialyzed against distilled water at 4 °C for 3
days in a dialysis tube (MW 1000 cut off) before the dialyzed
residue was further concentrated to a proper volume. Then four
volumes of anhydrous alcohol were added to the concentrated
dialyzed residue to give a final concentration of 80% (v/v), and
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such a mixture was kept overnight at 4 °C. The resultant
precipitate (crude GLP) was recovered through centrifugation
(3500g, 4 °C, 20 min), then lyophilized (ALPHA, 1-2 LD plus,
Marin Christ Co., Osterode, Germany) to yield the target GLP
sample. Duplicate GPL samples were prepared in parallel
following the same procedures.

Chemical composition and molecular weight of GLP

Total sugar content of GLP was determined following the phenolic-
sulfuric acid method with p-glucose as the standard compound.*
The uronic acid content of GLP was measured according to
a previously published method with galacturonic acid as the
standard compound.’® The sulfate content was determined after
acid hydrolysis of the polysaccharides, according to the gelatin-
barium/barium chloride-gelatin method, using potassium sulfate
as the standard.” The neutral monosaccharide composition and
molecular weight were determined as described previously.*®

Fourier transform infrared (FT-IR) analysis of GLP was per-
formed using a IR spectrophotometer (Bruker Co., Ettlingen,
Germany). The polysaccharides were ground with spectroscopic
grade potassium bromide (KBr) power and then pressed into
pellets (1 mm) for FTIR measurement in the wavenumber range
of 400-4000 cm™'.*

Inhibitory effects of GLP on a-amylase activity

The a-amylase activity was determined as reported by Aposto-
lidis et al.,* and acarbose was used as positive control. The
inhibitory effect was expressed as half maximal inhibitory
concentration (ICs).

Animal treatment and diabetes induction

Normal Kunming mice (male, weighing 25-28 g, aged 4-5 weeks)
were obtained from Experimental Animal Center, Guangdong
Pharmaceutical University, Guangdong, China. All experimental
procedures were approved by the Animal Management
Committee and the Animal Ethics Committee of Experimental
Animal Center, Guangdong Pharmaceutical University, and
carried out in accordance with “Principles of Laboratory Animal
Care and Use in Research” (State Council of China, 1988). The
breeding of mice and induction of diabetes using STZ were per-
formed as described by Liu et al.>* The mice were divided into 6
groups (12 mice per group): NC (the normal mice as control); DC
(the STZ-induced diabetic control group without any GLP or
metformin drug treatment, negative control); PC (the STZ-
induced diabetic control group with a metformin drug treat-
ment (300 mg per kg body weight per day), positive control); GLP-
L (the STZ-induced diabetic mice with a low dose GLP treatment
only: at a dose of 60 mg per kg body weight per day via oral
administration using a lavage needle); GLP-M (the STZ-induced
diabetic mice with a medium dose GLP treatment only: 120 mg
per kg body weight per day); GLP-H (the STZ-induced diabetic
mice with a high dose GLP treatment only: 225 mg per kg body
weight per day). The animals with a GLP treatment received the
same volume of GLP solution at the above-mentioned concen-
tration, while the mice in the NC and DC groups received the
same volume of vehicle solution (distilled water). The GLP or

This journal is © The Royal Society of Chemistry 2017
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metformin drug treatment, and the equivalent vehicle solution
supply was provided separately on the basis of “once a day” at
noon. During the experimental period, the body weight, diet
consumption, water intake, animal behaviors and urine
production were recorded on a daily basis.

Upon the completion of the 6 week treatment, all the mice were
fasted for 12 h at staggered times although free access to water was
still allowed. Mice were anesthetized with chloral hydrate (400 mg
kg~ body weight), and the blood samples were collected from the
orbital sinus, and centrifuged immediately for 5 min at 14 000g at
4 °C to obtain serum for biochemical analysis. Additionally, the
whole blood samples were collected using sodium citrate as the
anticoagulant. Mice were then sacrificed by cervical dislocation,
and the liver and kidney were then sampled after necropsy and
then stored at —80 °C, as well as the obtained serum.

Determination of fasting blood glucose level and oral glucose
tolerance

The FBG level of all the animal groups was determined weekly
from the 2nd week after the GLP treatment and expressed as
millimole per liter of blood (mmol L™"). Tail vein blood was
collected and its glucose level was measured using blood
glucose test strips.

Oral glucose tolerance test (OGTT) was carried out on the last
day of the diabetic trial. The mice were fasted for 12 h and then
orally administered with glucose (2.0 g kg™' body weight). The
glucose level of the blood drops obtained through clipping the
mouse tail was measured upon (time zero) and after glucose
administration for 30, 60 and 120 min, respectively using a glucose
assay kit (Jiancheng Inst. of Biotechnology, Nanjing, China).

Measurement of liver and kidney indexes

Upon the end of animal trial, the livers and kidneys samples
were collected under anaesthetized conditions to calculated the
liver and kidney indexes (liver or kidney weight as a percentage
of body weight), respectively.

Biochemical analyses of the serum samples

The content of TC, TGs, HDL-c, LDL-c, BUN, and C-peptide, as
well as the activities of aspartate aminotransferase (AST) and
alanine aminotransferase (ALT) in serum were measured using
commercially available assay kits.

Determination of liver glycogen and carbohydrate-
metabolizing enzymes activities

The liver samples, which had removed visible fat and connec-
tive tissue previously, were cut into small pieces with a pair of
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stainless steel scissors and homogenized (1 : 10, w/v) immedi-
ately in cold physiological saline (4 °C). The supernatants were
collected for biochemical analyses after centrifugation (14 000g,
4 °C, 10 min). The glycogen levels were measured using the
anthracenone method. The GCK and G-6-Pase activities of the
liver tissue, as well as the G-6-PD activity of the whole blood,
were determined using corresponding commercial kits. The G-
6-PD activity was expressed as the percentage of methemo-
globin reduction.

Determination of antioxidant enzymes activities and the MDA
content

The SOD activity and the MDA content of the serum, and the
activities of GSH-Px and CAT in the liver were determined using
the corresponding commercial diagnostic kits according to the
instructions.

Statistical analysis

Statistical analyses were performed using SPSS software 21.0
(IBM Corporation, New York, USA). Data were subjected to one-
way analysis of variance (ANOVA), and differences between
means were assessed using the Tukey's multiple comparison
test and p < 0.05 was regarded as “significant”.

Results and discussion

Characteristics of the polysaccharides from Gracilaria
lemaneiformis (GLP)

The recovery of GLP prepared by citric acid extraction was 17.81
=+ 0.34% of the starting Gracilaria lemaneiformis raw material on
a dry mass basis, significantly higher than that of GLP from hot
water extraction (100 °C, 2 h, 14.87 + 0.18%). The contents of
total sugar, uronic acid and sulfate content were 66.68, 33.92
and 19.64%, respectively, of the crude polysaccharides (Table 1).
The neutral monosaccharides in GLP likely included rhamnose,
arabinose, xylose, mannose, glucose and galactose with a molar
ratio was 1.66 : 0.50 : 1.00 : 0.20 : 1.50 : 3.80 (Table 1). The MW
of the GLP obtained in the present study was 21.2 kDa.

The FT-IR spectrum of GLP exhibited a typical spectrum of
polysaccharides with the peaks around 3470 and 2950 cm™*
corresponding to stretching vibrations of O-H and C-H,
respectively (Fig. 1). The signal at 1655 cm ™' corresponds to
bending vibration of N-H-C-O, while this broad band may also
result from the bound water.”” The signals at 1080, 1050 and 934
cm " were likely associated with the glycosidic linkage C-O-H
and C-O-C stretching vibration, in particular, the signal at 934
em ' was assigned to the C-O vibration of 3,6-anhydro-i-
galactose.'®** The characteristic absorption peak around 1270

Table 1 Structural characteristics of polysaccharides from G. lemaneiformis (on a dry basis)

Total sugar (%) Uronic acids (%) Sulfate (%)

MW (x10* Da)

Neutral sugar (mole ratio)

Rha Ara Xyl Man Gle Gal

66.68 £ 1.78 33.92 £ 0.22 19.64 £+ 1.0 2.12

This journal is © The Royal Society of Chemistry 2017
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Fig. 1 FT-IR spectra in KBr pellets of G. lemaneiformis
polysaccharides.

cm ™' corresponds to asymmetric stretching vibration of S=0 in
the sulfate groups. The signals around 800-850 cm ™" assigned
to C-O-S bond stretching can infer the position of sulfate group
in the polysaccharides.?* The peak at 850 cm ™" was attributed to
the sulfate substitution at C-4 of galactose residues.”® The
absence of the absorption signal around 820 cm™" suggests the
absence of 6-sulfate of p-galactose units. The low intensity of the
signal at 807 cm ™" indicated that the weak presence of 2-sulfate
galactose and the sulfate on the C-2 of 3,6-anhydro-1-galactose.>*

The molecular weight and viscosity of algae polysaccharides
plays an important role in their physiological activity.* Citric
acid extraction was an effective way to produce polysaccharides
with lower MW and viscosity.** In this study, the MW of GLP was
only 21.2 kDa, which was significantly (p < 0.05) lower than that
of the polysaccharides produced via hot water extraction (e.g.
1571 kDa). The viscosity of the GLP produced in this study (0.89
mPa s) was more than 40 times lower than that of the GLP
produced via hot water extraction (38.67 mPa s). A low MW of
polysaccharide was found to be associated positively with their
biological functions, e.g. laminarin with a low MW led to
enhanced antioxidant activity.>” A previous study reported that
a GLP degradation product with a lower MW (57.02 kDa)
(termed as GLP1 and obtained through ascorbic acid and
hydrogen peroxide (H,0,) treatments on GLP) had a greater
hypoglycemic effect than the initial GLP (M, 121.89 kDa)."
Thus, citric acid extraction could be an appropriate method to
generate functional polysaccharides from plants.

In this study, the monosaccharide that had the highest
amount in the GLP was galactose. Previous studies already
indicated an acid polysaccharides from Gracilaria lemaneiformis
with a 6.13% of sulfate content, the major monosaccharide
galactose as well as a small amount of rhamnose, arabinose,
xylose and mannose expect for glucose.* Moreover, a sulfated
polysaccharide isolated from Gracilaria lemaneiformis showed
significantly higher MW (152.5 kDa) and galactose content
(87.49%), but lower sulfate content (11.26%), compared to our
results.”> These differences might be due to various factors,
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including the different extraction methods and/or different
geographical origins of the materials used in the experiment.

Inhibitory effect of GLP on the activity of a-amylase

The results showed that GLP possessed effective inhibitory
effect on the activity of a-amylase with ICs, value of 3.94 + 0.3
pg mL~", which was significantly lower than that of acarbose
(22.94 £ 0.0.89 ug mL™ "), a common drug for diabetes patients.
Present study indicated that GLP was a potent amylase inhib-
itor, which was known as starch blockers due to its ability that
prevent dietary starch from being absorbed by the body.>* GLP
also showed comparable or greater inhibitory effect to the a-
glucosidase than acarbose.'® Both a-glucosidase and a-amylase
inhibitors, whose activity was centered in helping to keep blood
sugar levels within a controlling range, were effectively
contribute to type 2 diabetes management.***® All these results
indicated that GLP showed potential to help managing
diabetes.

Effect of GLP on the fasting blood glucose levels and oral
glucose tolerance

The FBG levels of all the mice subjected to STZ injection
including DC, PC and all the GLP-treated groups were remark-
ably higher than that of the normal mice (NC group, p < 0.05)
throughout the diabetic trial (including the last day, day 42,
Table 2). There was no significant difference in the FBG level
among these STZ-treated groups on day 0 (at the start of the
diabetic trial). The FBG level of the NC group appeared to be
almost the same throughout the trial. A significant increase (p <
0.05) in the FBG level of the DC group, compared to that of day
0, was detected on any analysis day (day 14, day 21, day 28, day
35 or day 42), suggesting that the absence of metformin drug or
GLP treatment following STZ injection would result in elevation
of blood glucose. However, the administration of metformin
drug or GLP would combat the elevation of FBG caused by STZ
injection to different extent. The FBG-lowering effect of met-
formin treatment as compared to day 0 (either the DC or PC
group) started to take place around day 28, and became more
obvious and significant after 6 weeks (on day 42). The FBG-
lowering effect of GLP administration increased with an
elevated dose of GLP, while the current low dose of GLP was
proven to have no FBG-lowering effect compared with the DC
group. Thus, GLP-supplementation at the current medium or
high dose could slightly ameliorate the increase of FBG induced
by STZ injection, although the current GLP treatments didn't
show advantage over the present metformin treatment.

After 6 weeks of metformin or GLP treatment, glucose
tolerance was evaluated and the mice subject to STZ injection
(including DC, PC and all the GLP-diabetic treated groups)
exhibited apparently different hyperglycemic response to oral
glucose administration compared to the NC group (Fig. 2). All
the blood glucose-time plots for the 6 groups of mice exhibited
a peak value a peak value at the 30™ min after glucose loading,
although only the NC group showed an obvious turning point at
the 60™ min due to a sharp change in the decreasing rate of
blood glucose before reaching the normal level at the 120 min.

This journal is © The Royal Society of Chemistry 2017
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Table 2 Levels of fasting blood glucose in different groups of experimental mice over the 42 day trial”

Fasting blood glucose level (mmol L)
Group 0 day 14 day 21 day 28 day 35 day 42 day
NC 6.36 + 0.98° 6.05 & 1.09¢ 5.98 & 0.97° 6.21 & 0.98° 6.13 4 1.21°¢ 5.96 & 0.99¢
DC 23.90 + 6.36% 27.99 + 5.687 31.62 + 3.697 31.75 + 3.59% 30.57 + 5.12° 29.59 + 4.17°
PC 23.97 + 6.22° 27.97 + 7.19° 25.75 + 6.33° 23.55 + 5.71° 23.62 + 5.35" 21.48 + 4.23°
GLP-L 24.42 + 5.44° 28.91 + 3.91° 30.45 £ 3.03° 27.95 + 2.62% 29.68 + 3.79° 29.83 + 4.34°
GLP-M 24.40 + 5.42° 27.51 + 5.38° 29.32 + 3.98% 27.63 & 4.19% 26.39 + 5.14° 23.15 + 6.88%°
GLP-H 24.28 + 5.45% 24.29 + 5.99° 32.49 + 2.45% 27.65 + 2.51% 24.46 + 3.98° 22.31 + 4.44°

4 NC, DC, PC, GLP-L, GLP-M and GLP-H refer to normal control, negative control, positive control, low dose GLP treatment, medium dose GLP
treatment, and high dose GLP treatment, respectively. Different superscript letters indicate that values in the same column are significantly

different (p < 0.05).

A suppression effect on the blood glucose level persisted until
the blood glucose level reached the initial level. The blood
glucose level in response to the GLP or metformin treatment
decreased in the order of GLP-L > GLP-M and metformin > GLP-
H treated groups, indicating that the higher dose GLP-treated
mice had more potent glucose tolerance than that of the
lower dose-treated mice. The current high dose of GLP led to
a greater fall of blood glucose in comparison with metformin
treatment, thus the GLP-H was the best treatment in this study
considering glucose response.

Higher fasting blood glucose levels were found in diabetes
due to dysfunction of B-cells. Streptozotocin (STZ), one of the
most common substances to induce diabetes in animal model,
could be taken up by pancreatic B-cells and then induce the
death of B-cells through alkylating DNA damage and production
of NO, exhibiting diabetes symptoms such as hyperglycemia
and glucose intolerance.* In the present study, the FBG levels of
the STZ-induced diabetic mice significantly increased by 375%
as compared to the normal mice (p < 0.05). The blood glucose

40
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Fig. 2 Effect of polysaccharides from G. lemaneiformis on oral
glucose tolerance in STZ-induced diabetic mice using OGTT. NC, DC,
PC, GLP-L, GLP-M and GLP-H refer to normal control, negative
control, positive control, low dose GLP treatment, medium dose GLP
treatment, and high dose GLP treatment, respectively.

This journal is © The Royal Society of Chemistry 2017

level was reduced by 5.57-29.37% upon a GLP treatment, in
comparison with the untreated diabetic group (DC group) after
6 weeks of treatment. A previously published study reported
a more remarkable hypoglycemic effect (compared to this
study), where the GLP prepared using different procedure had
a more potent anti-diabetes effect and could reduce FBG from
18.85 to 10.12 mmol L™ " within 21 days in an alloxan-induced
diabetic mice model.* The differences in the FBG-lowering
effect between the previous and current studies resulted from
the differences in the animal model used and the GLP prepa-
ration method. The major mechanism of the action of alloxan
and streptozotocin in B-cells of pancreas was different.*
Moreover, glucose can inhibit the diabetogenic effect of alloxan
through the interaction of sugar and GLUT2, but exerts little
impact on STZ-induced diabetic actions. Apparently, the
differences between the two studies in the GLP preparation
methods directly caused differences in characteristics such as
MW, sugar composition and sulfate group etc. So the difference
might due to the distinction of GLP structure as well. The
previous study employed ethanolic precipitation followed by
polysaccharide degradation using ascorbic acid and hydrogen
peroxide, whilst the present study used ethanolic precipitation
followed by citric acid extraction.

Polysaccharides were potential functional food supplement
for diabetes prevention. A heteropolysaccharide with a molec-
ular weight of 15 kDa was found to have hypoglycemic, and
hypolipidemic activities on the streptozotocin-induced diabetic
mouse, and the FBG level was reduced by 48.58% after poly-
saccharides treatment (100 mg per kg per day), in comparison
with the diabetic control.** Polysaccharide fraction from
Opuntia dillenii Haw. fruits (200 mg per kg per day) could
significantly decrease FBG level by 34.4% using streptozotocin-
induced diabetic mouse model, compared with diabetic control
rats.*> These results might imply that the hypoglycemic effect of
GLP was weaker than that of these polysaccharides. However,
GLP showed comparable antidiabetic effect than a poly-
saccharide from Ganoderma atrum, which showed significantly
antidiabetic effect on high fat diet- and streptozotocin-induced
type 2 diabetic rats as oral administration of this polysaccharide
at 200 mg kg~ body weight significantly reduced FBG level by
about 30.37%.%
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Effect of GLP on glycometabolism

As described earlier, STZ could induce glucose metabolism
disorder in the experimental mice. GLP treatment could likely
combat this dysfunction, as the administration of GLP sup-
pressed the STZ-induced decrease of the levels of blood C-
peptide, GCK, G-6-PD and liver glycogen and lowered the STZ-
induced increase of the G-6-Pase level (Table 3). Such effects
of GLP administration generally became more potent when the
dose of GLP was increased, with the GLP-H exerting comparable
or greater desirable effects than the metformin treatment. The
activity of G-6-PD of DC group mice were significantly reduced
by 73.19% due to the STZ injection, in comparison with the NC
group mice (p < 0.05). However, the metformin treatment
resulted in a large increase (191.55%) in the activity of G-6-PD
when the PC group mice are compared to the DC group mice.
Similarly, a significant increase (p < 0.05; from 132.4 to 186.0%)
in the activity of G-6-PD was observed in the mice with a GLP
supplement. The balance of glucose utilization and production
are monitored by insulin and glucagon hormones. Insulin
stimulates glucose uptake, utilization and storage while sup-
pressing hepatic glucose production and consequently reducing
the plasma glucose level. Glucagon promotes the release of the
stored glucose and facilitates the newly synthesized glucose into
the bloodstream.? The level of C-peptide corresponds to insulin
secretion (at a 1:1 molar ratio) thus represents a direct
measure of endogenous insulin secretion.* In this study, the
level of C-peptide of the DC was significantly lower than that of
the NC mice, suggesting that the STZ-induced diabetic mice
suffered insulin dysfunction due to the destruction of pancre-
atic B-cells caused by STZ. The increase (26.41-35.15%) of the C-
peptide level upon GLP treatments, compared to 13.27%
increase for metformin supplement, suggests that the FBG-
lowering effect of GLP might take place through ameliorating
insulin secretion deficiency. Such a finding further supports the
notion that insulin play an important role in monitoring the
level of blood glucose.

For the type 2 diabetic patients, glycogen storage is typically
diminished due to decreased glucose uptake, insulin secretion
deficiency and insulin resistance. In this study, the level of
glycogen in the DC group (untreated diabetic mice) was signif-
icantly lower than (about 1/3 as much as) that in the normal
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mice, indicating unbalance between glycogen synthesis and
glycogenolysis due to insulin secretion deficiency induced by
STZ. However, the GLP treatment combat the decline of
glycogen storage in a dose-dependent manner (GLP-M and GLP-
H enabled the level of hepatic glycogen to recover to the same
level or slightly higher level, respectively, compared to the
normal group). G-6-PD and G-6-Pase are well known to be
involved in the process of sugar metabolism, and GCK is also
closely associated with blood glucose homeostasis (i.e. the rates
of glucose uptake and glycogen synthesis and storage).*>*® The
decrease of the GCK and G-6-PD activities with an increase of
the G-6-Pase activity in the DC mice, as well as the reversed
changes upon the GLP treatment for 6 weeks, further demon-
strated the impact of GLP administration on the process of
sugar metabolism. An increase in gluconeogenesis was possible
for the STZ-induced diabetic mice of this study, as a remarkably
increased G-6-Pase activity was observed. Previous studies
already reported the same findings because of the roles of G-6-
Pase in gluconeogenesis.®” A significant increase in GCK and
a significant decrease in G-6-Pase in the GLP treatment groups
were observed, suggesting that GLP could transfer more blood
glucose into the liver by activating the glycolytic pathway and
suppressing the gluconeogenic pathway.*® All these results
suggested that the insulin-like activity of GLP, which might be
able to regulate the expression of the enzymes involved in the
carbohydrate metabolism, was the plausible explanation for its
antidiabetic effect.

Hypolipidemic effect of GLP in STZ-induced diabetic mice

The STZ injection and subsequent metformin or GLP treat-
ments influenced the levels of TC, TG, HDL-c and LDL-c (Table
4). The DC group exhibited significantly (p < 0.05) higher levels
of TC, TG and LDL-c but a lower HDL-c level, indicating the
undesired effects brought by the STZ injection. Both metformin
and GLP treatments were able to ameliorate such undesired an
impact. For the GLP treated groups, the levels of TC, TG and
LDL-c were reduced by 17-32%, 47-59% and 20-44%, respec-
tively, while the HDL-c level was increased by 44-47%. GLP
treatments were generally more effective at monitoring these
parameters than metformin, except for LDL-c upon GLP-L or
GLP-M administration.

Table 3 Effect of polysaccharides from G. lemaneiformis on the levels of C-peptide and hepatic glycogen and the activities of carbohydrate
metabolism related enzymes in STZ-induced diabetic mice at the end of the diabetic trial®

Group C-Peptide (pg mL ™) GCK (ng g™ G-6-Pase (g g ") G-6-PD (%) LHG (mg g ")
NC 39.05 + 4.822 3.41 + 0.19°¢ 1.22 + 0.12° 75.90 =+ 2.26% 34.60 =+ 2.93°
DC 30.44 + 3.89° 2.96 =+ 0.134 1.46 + 0.1 20.35 + 3.159 12.98 + 2.13°
PC 33.83 + 5.88° 3.28 + 0.13¢ 1.28 + 0.08" 59.33 + 2.61° 42.47 + 3.68%
GLP-L 38.62 =+ 5.64% 3.52 + 0.22%P 1.30 & 0.15° 47.30 + 3.16° 27.65 =+ 3.759
GLP-M 38.48 + 5.08% 3.36 + 0.19°° 1.31 4+ 0.13° 48.39 + 2.05¢ 34.13 + 2.67°
GLP-H 41.14 + 4.542 3.51 + 0.09° 1.23 + 0.11° 58.20 =+ 2.93° 37.29 + 3.7°

“ NC, DC, PC, GLP-L, GLP-M, GLP-H, GCK, G-6-Pase, G-6-PD, and LHG refer to normal control, negative control, positive control, low dose GLP
treatment, medium dose GLP treatment, high dose GLP treatment, glucokinase, glucose-6-phosphatase, glucose-6-phosphate dehydrogenase,
and the levels of hepatic glycogen, respectively. Different superscript letters indicate that values in the same column are significantly different

(v < 0.05).
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Table 4 Effect of polysaccharides from G. lemaneiformis on the levels of serum lipids (mmol L™} in STZ-induced diabetic mice at the end of the

diabetic trial®

Group TG TC LDL-c HDL-c HDL-¢/TC
NC 0.62 + 0.09° 3.16 + 0.51° 0.27 + 0.05% 8.89 + 2.26° 2.81
DC 1.29 £ 0.42% 4.01 &+ 0.73% 0.43 &+ 0.15% 5.89 &+ 1.15% 1.47
PC 1.19 + 0.51° 3.38 + 0.64° 0.26 + 0.08¢ 5.26 + 1.422 1.56
GLP-L 0.68 % 0.33° 3.10 + 0.46° 0.32 + 0.08> 8.70 + 1.86° 2.81
GLP-M 0.52 + 0.18¢ 3.29 + 0.49° 0.34 + 0.09° 8.49 + 2.0° 2.58
GLP-H 0.53 & 0.19¢ 2.70 + 0.45¢ 0.24 + 0.08¢ 8.55 + 1.81° 3.17

“ NC, DC, PC, GLP-L, GLP-M, GLP-H, TC, TG, LDL-c, HDL-c, HDL-¢/TC and BUN refer to normal control, negative control, positive control, low dose
GLP treatment, medium dose GLP treatment, high dose GLP treatment, total cholesterol, triglyceride, low-density lipoprotein cholesterol, high-
density lipoprotein cholesterol, the rate of high-density lipoprotein cholesterol to total cholesterol, and blood urea nitrogen, respectively.
Different superscript letters indicate that values in the same column are significantly different (p < 0.05).

Lipids play a critical role in the pathogenesis of DM, and
hypertriglyceridemia and hypercholesterolemia were the most
common lipid abnormalities found in diabetes.* The undesired
elevation of the serum lipids observed in the DC group of this
study indicated the lipid abnormalities induced by STZ. The
protect effect of phytochemicals on type 2 diabetes were related
to its hypolipidemic effect.* The cholesterol-lowering effect of
GLP was possibly due to the ability of GLP to bind to bile acids
within the intestine thus increasing bile acid excretion and
decreasing the cholesterol absorption from the intestine.** The
HDL-c/TC value is one of the most useful independent factors
for assessing the risk of coronary artery disease.*’ In the present
study, the HDL-c/TC values of the six groups of mice varied from
1.47 to 3.17 with the lowest occurring in the DC group, sug-
gesting that the STZ-induced diabetes could trigger coronary
artery disease. GLP treatments seemed to reduce the athero-
genic risk as the HDL-¢/TC values were higher than that of the
DC group. Thus, GLP might be used for suppressing hyper-
triglyceridemia and hypercholesterolemia as part of the anti-
diabetic treatment.

Effects of GLP on liver index and liver function

Previous study indicated that DM induced liver damage or
impaired liver function including nonalcoholic fatty liver
disease, steatohepatitis, and liver cirrhosis.**> As showed in
Fig. 3A, liver index showed a significant increase in the DC
group compared to the NC group (p < 0.05), suggesting liver
steatosis and/or nonalcoholic fatty liver disease was present in
the diabetes mice, in agreement with previous report.*
However, in GLP and metformin treatment groups, the liver
index significantly decreased as compared to the DC group (p <
0.05). These results indicated that liver steatosis and/or nonal-
coholic fatty liver disease was alleviated by GLP. Moreover, the
activities of AST and ALT are two reliable biomarkers to evaluate
the liver function. Liver was found be necrotized in STZ-induced
diabetic rats, and an increase in the activities of AST and ALT
were observed.** Mice in the DC group showed significantly
increased activities of AST (about 3-fold, Fig. 3B) and ALT (about
7-fold, Fig. 3C). However, treatment with metformin resulted in
a significant decrease in the activities of AST and ALT compared
to the DC group (p < 0.05). Similarly, GLP treatment (all dose)

This journal is © The Royal Society of Chemistry 2017

caused reduction in the activities of AST and ALT, in a dose-
dependent manner. These results suggesting that treatment
with GLP may improve liver function in diabetic mice, which
was concordant with previous study that polysaccharide could
effectively protect liver against necrosis induced by STZ.*

Effects of GLP on kidney index and the blood urea nitrogen
(BUN) in serum

A significantly increased level of kidney index was observed in
the DC group compared to the NC group (Fig. 4A, p < 0.05),
suggesting kidney steatosis was induced by STZ injection.
However, this increase was reversed after metformin and GLP
treatment, suggesting the protective effect of GLP on kidney.
Moreover, an increased BUN in blood results from a high
protein diet, reduced glomerular filtration rate (renal failure),
congestive heart failure, gastrointestinal hemorrhage, or even
fever.* In this study, the serum BUN levels of the DC group were
significantly higher (»p < 0.05) than that of the normal mice
(Fig. 4B), indicating a higher level of blood urea (55.90% higher)
induced by STZ injection. However, the level of BUN remarkably
decreased by 21.25, 27.28 and 35.29%, respectively, after the
GLP-L, GLP-M or GLP-H administration. The metformin treat-
ment could significantly lower the BUN level as well (more
effective than GLP-L and GLKP-M but slightly less potent than
GLP-H). An elevation of the urea level was believed to associated
with renal dysfunction, a symptom caused by diabetic hyper-
glycemia.*® Thus, the GLP or metformin treatment on the dia-
betic mice might combat the impaired kidney function as well
as other diabetic symptoms.*®

Effect of GLP on the antioxidant enzymes and MDA content

As described above, GLP was a potential source of antioxidant,
which might contribute to the protective effect of oxidative
stress caused by type 2 diabetes. The activity of serum antioxi-
dant enzyme SOD of the DC mice was significantly (p < 0.05)
lower than that of the other mice (i.e. the NC, PC and GLP-
treated groups, which had essentially the same SOD activity)
(Fig. 5A). For the activities of GSH-Px and CAT in the liver,
although the values for the DC group were still the lowest
among the trialed groups, some differences were detected
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Fig. 3 Effect of GLP polysaccharides from G. lemaneiformis on the liver index and liver function in STZ-induced diabetes mice at the end of the
administration period. (A) Effect of GLP on the liver index; (B) effect of GLP on the activity of AST in serum; (C) effect of GLP on the activity of ALT
in serum. NC, DC, PC, GLP-L, GLP-M and GLP-H refer to normal control, negative control, positive control, low dose GLP treatment, medium
dose GLP treatment, and high dose GLP treatment, respectively (values with no letter in common indicate significant differences (p < 0.05)).

among the NC, PC and GLP-treated mice. GLP or metformin
treatment following the STZ injection made the GSH-Px activity
higher compared to the normal mice. GLP treatments led to the
GSH-Px activity to be increased by 9.71% to 12.56% in a dose-
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dependent manner with almost the same effect detected for
GLP-L and GLP-M as well as for GLP-H and metformin treat-
ments (Fig. 5B). A similar changing pattern in CAT activity was
found in comparison with the GSH-Px activity, although the

Fig. 4 Effect of GLP polysaccharides from G. lemaneiformis on the kidney index and BUN content in STZ-induced diabetes mice at the end of
the administration period. (A) Effect of GLP on the kidney index; (B) effect of GLP on the content of BUN in serum. NC, DC, PC, GLP-L, GLP-M and
GLP-H refer to normal control, negative control, positive control, low dose GLP treatment, medium dose GLP treatment, and high dose GLP
treatment, respectively. Values with no letter in common indicate significant differences (p < 0.05).
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difference between the GLP-L/GLP-M and GLP-H/PC groups
became more remarkable while the difference between the GLP-
L/GLP-M and DC group was smaller (Fig. 5C). A GLP treatment
after STZ injection could increase the CAT activity by 5.74-
23.65%. Thus, GLP, as well as the metformin, could protect the
antioxidant enzymes against STZ-induced oxidative stress.

MDA, a major aldehydic decomposition product of lipid
oxidation, is widely used as an index of lipid peroxidation. A
remarkable increase in MDA content was found in the DC group
(Fig. 5D), indicating that the STZ injection could induce lipid
peroxidation GLP at all the test doses had exerted the same
lowering effect on lipid peroxidation and enabled the MDA
content down to the initial MDA level of the normal mice.
Interestingly, the metformin treatment following STZ injection
did not reduce lipid peroxidation. Thus, GLP could inhibit
diabetes-associated lipid peroxidation, whilst metformin treat-
ment couldn't. GLP could be more advantageous than metfor-
min in combating STZ-induced diabetes.

STZ is a nitric oxide (NO) donor and could damage mito-
chondria causing increased xanthine oxidase activity, and
generation of superoxide anions hydrogen peroxide and
hydroxyl radicals.®® These radicals in excess and over time
would induce chronic oxidative stress, and as a result, defective
insulin gene expression, decreased insulin sensitivity and

secretion, damaged pancreatic B-cells, and ultimately
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diabetes.”” Further, chronic exposure of pancreatic B-cells to
high glucose concentration would result in defective insulin
gene expression because of the loss of two critical proteins,
PDX-1 and MafA (which activate the insulin promoter). Activi-
ties of the antioxidant enzymes in endogenous antioxidant
systems including SOD, GSH-Px, and CAT, are commonly used
to evaluate the antioxidant level of an organism.*® Previous
studies already indicated the close association between
increasing oxidative stress and diabetes.*** Some other studies
reported that antioxidant supplementation could prevent from
decreased insulin mRNA and insulin gene promoter activity,
thereby increasing insulin content and secretion.”””** In this
study, GLP administration was found to promote the activities
of the endogenous antioxidant enzymes. SOD significantly
contribute to oxygen defense metabolism through intercepting
and decreasing superoxide to water and molecular oxygen.”> A
decrease in SOD activity in the DC group was possible, because
the enzyme could be inactivated by hydrogen peroxide or gly-
cosylated due to diabetes.*® CAT involves in the reduction of
hydrogen peroxide especially at high concentrations, thus
a decrease in CAT activity was likely due to its glycation and/or
inactivation by superoxide radical. GSH represents a major
endogenous antioxidant through its sulthydryl group. The GSH
in the liver and kidney is directly related to oxidative stress.
Biological role is to protect the organism from oxidative
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Fig.5 Effect of GLP polysaccharides from G. lemaneiformis on the activities of antioxidant enzymes and MDA content in STZ-induced diabetes
mice at the end of the administration period. (A) Effect of GLP on the activity of SOD in serum; (B) effect of GLP on the activity of GSH-Px in liver,
(C) effect of GLP on the activity of CAT in liver; (D) effect of GLP on the content of MDA in serum. NC, DC, PC, GLP-L, GLP-M and GLP-H refer to
normal control, negative control, positive control, low dose GLP treatment, medium dose GLP treatment, and high dose GLP treatment,
respectively. Values with no letter in common indicate significant differences (p < 0.05).
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damage. GSH-Px can reduce both lipid hydroperoxides (to
alcohols) and free hydrogen peroxide (to water). The MDA
content indicated the degree of organic lipid peroxides and
relevant cell damage.*® Thus, the concomitant changes in the
MDA level were anticipated to be associated with the activities
of SOD, GSH and GSH-Px towards the toxic radicals. Liao et al.*
also found that GLP could increase the SOD and GSH-Px activ-
ities and the total antioxidant capacity, and decrease the MDA
level in the blood, liver and kidney of diabetic animals. There-
fore, the antidiabetic and hypoglycemic effects of GLP including
lowering FBG and serum lipids as well as increasing insulin
secretion and glycogen storage, may due to its protective effects
on antioxidant enzymes and inhibition of lipid peroxidation.

Conclusions

Polysaccharide preparation from G. lemaneiformis (GLP) with
a lower MW (21.2 kDa) could be produced at a higher yield of
~17.81% dry weight via citric acid extraction. Present work
showed that GLP possessed in vitro inhibitory effect on a-amylase
and offered in vivo antidiabetic and hypoglycemic effects in
streptozotocin-induced diabetic mouse model. The obtained GLP
had a total sugar of 66.68%, uronic acid of 33.92% and sulfate
content 19.64%, with monosaccharides rhamnose, arabinose,
xylose, mannose, glucose and galactose presented at a molar
ratio of 1.66:0.50:1.00:0.20:1.50 : 3.80. Moreover, GLP
showed effective effect on lowering fasting blood glucose,
improving glucose tolerance, increasing the levels of C-peptide,
liver glycogen and HDL-c, decreasing the levels of serum TC,
TG, LDL-c, and BUN. Moreover, GLP supplement significantly
elevated GCK level, reduced G-6-Pase level, and increased G-6-PD
activity. After treating with GLP, an increase in the activities of
SOD, GSH-Px, and CAT, a decrease of the activities of AST and
ALT, and the MDA content were observed, in comparison with
the untreated diabetic mice. Moreover, a dose-dependent
manner was found in most of the antidiabetic effects of GLP
analyzed in this study, except for the GCK level and SOD activity.
For most of the biochemical parameters/biomarkers, GLP and
metformin treatments were both found to exert desirable effects
on the STZ-induced diabetic mice. GLP treatments were generally
more effective at monitoring insulin level, the lipidemic param-
eters and BUN level than metformin treatment. Thus, GLP is
more advantageous than metformin not only in the naturalness
of GLP but also in the action of combating STZ-induced diabetes.
Accordingly, GLP could be used as a potential health food to
combat STZ-induced diabetes and associated oxidative stress, via
its regulation of glucose and lipid metabolism, repair of
pancreatic B-cells, protection of liver and kidney function, and
promotion of the activities of endogenous antioxidant enzymes.
GLP-H appeared to be the best treatment in these aspects. Future
work should include the study on the antidiabetic effects of the
present GLP at a higher dose than GLP-H.
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