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ABSTRACT

The present study was designed to investigate the hypoglycemic activity and the potential mechanisms
of Misgurnus anguillicaudatus polysaccharide (MAP) in streptozotocin-induced diabetic mice. MAP oral
administration significantly decreased the blood levels of glucose, TC, TG, LDL-C, and increased the
blood levels of HDL-C and insulin in diabetic mice, concurrent with increases in body weights and
pancreatic insulin contents. Moreover, MAP reversed the increased mRNA expressions of PEPCK and
the reduced glycogen contents in the liver of diabetic mice. Concurrently, MAP exhibited potent anti-
inflammatory and anti-oxidative activities, as evidenced by the decreased blood levels of TNF-«, IL-6,
monocyte chemoattractant protein-1, MDA, and also the elevated SOD and GPx activities in the serum
of diabetic mice. Furthermore, MAP also significantly improved the blood markers of the impaired liver
function and renal function in diabetic mice. Altogether, these results suggest that MAP may be a potential
therapeutic option for type 1 diabetes.
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1. Introduction

The loach (Misgurnus anguillicaudatus) serves as a kind of
delicious nutritive food and also has long been employed as Chi-
nese traditional medicine in folk remedies for the treatment of

Abbreviations: ALT, alanine aminotransferase; ANOVA, analysis of variance; AST,
aspartate aminotransferase; BSA, bovine serum albumin; BUN, blood urea nitrogen;
BW, body weight; CHD, coronary heart disease; FBG, fasting blood glucose; FT-IR,
Fourier transform infrared; GC, gas chromatography; GPx, glutathione peroxidase;
HDL-C, high density lipoprotein-cholesterol; IL-6, interleukin-6; LDL-C, low density
lipoprotein-cholesterol; MAP, Misgurnus anguillicaudatus polysaccharide; MCP-1,
monocyte chemoattractant protein-1; MDA, malondialdehyde; M-MLV, molony
murine leukemia virus; PBS, phosphate buffered saline; PEPCK, phosphoenolpyru-
vate carboxyl kinase; RT-PCR, reverse transcription-polymerase chain reaction;
SEM, standard error of the mean; SOD, superoxide dismutase; STZ, streptozotocin;
TBARS, thiobarbituric acid reactive substances; TC, total cholesterol; TG, triglyceri-
des; TNF-a, tumor necrosis factor-alpha.
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hepatitises, carbuncles, osteomyelitis, inflammation and cancers,
as well as for the restoration of health disorders caused by aging
and various pathogeneses (Qin, Huang, & Xu, 2002d). Generally,
the mucus coat of fish skin contains a variety of secretions from
epithelial cells and epidermal goblet cells, which have been impli-
cated in many important biological functions (Whitear, 1984). In
line with this, some vertebrate lectins, purified from the skin mucus
or egg of the loach, were found to induce release of cytotoxin from
macrophages or fresh murine bone narrow cells and lyse tumor
cells but not normal spleen cells (Goto-Nance & Watanabe, 1995;
Okutumi, Nakajima, Sakakibara, Kawauchi, & Yamazaki, 1987).
A novel antimicrobial peptide named misgurin, consisting of 21
amino acid residues, was isolated from the loach and identified
(Park, Lee, Park, Kim, & Kim, 1997). Moreover, a deaminated neu-
raminic acid-containing glycoprotein from the skin mucus of the
loach, was isolated and characterized (Kimura et al., 1994).

The biological activities of the polysaccharides and
polysaccharide-protein complexes isolated from mushrooms,
fungi, algae, yeasts, plants, and animals have attracted more and
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more attention in the biochemical and medical areas (Hurtley,
Service, & Szuromi, 2001). In recent years, our group isolated and
identified a free neutral polysaccharide from the mucus of the loach
M. anguillicaudatus (Qin, Huang, & Xu, 2002c¢). M. anguillicaudatus
polysaccharide (MAP) was shown to possess a variety of pharma-
cological properties including anti-inflammatory, anti-oxidative,
anti-cancer and hypoglycemic activities, and enhancement of the
immune system in vivo and/or in vitro (Qin, Ding, Huang, & Xu,
2008; Qin, Huang, & Xu, 2002a, 2002b, 2002c, 2002d; Qin, Zhou,
Zhao, Huang, & Xu, 2001; Zhang & Huang, 20053, 2005b, 2006).

Diabetes mellitus is one of the most costly chronic diseases
with an estimated worldwide prevalence of 366 million in 2011.
In recent years, the anti-diabetic activity of polysaccharides have
attracted considerable attention (Chen et al., 2013; Fu et al., 2012;
Zhang, Zheng, Zhang, & Hai, 2012; Zhu et al., 2013). Our preliminary
study showed that MAP exhibited hypoglycemic effect in strepto-
zotocin (STZ)-induced diabetic mice (Qin et al., 2002a), however,
the molecular mechanisms underlying the hypoglycemic effect of
MAP remain unclear. Therefore, the present study aimed to inves-
tigate the hypoglycemic activity and potential mechanisms of MAP
in a STZ-induced diabetic mouse model.

2. Materials and methods
2.1. Materials and reagents

The loach (Misgurnus anguilliacaudatus, weight 8 + 1.5 g, length
8.5+ 3 cm) was purchased from market in Wuhan City, China.
STZ and bovine serum albumin (BSA) were purchased from Sigma
Chemical Co. (St. Louis, MO). Mouse TNF-a and IL-6 ELISA kits were
purchased from eBioscience (San Diego, CA). Mouse MCP-1 ELISA
kit was purchased from ALPCO Diagnostics (Windham, NH). TRIzol
reagent was obtained from Invitrogen. Molony murine leukemia
virus (M-MLV) reverse transcriptase (200U) and oligo (dT) were
purchased from Promega. 10 mM dNTP was from Roche. 2x SYBR
Green PCR Master Mix was obtained from Toyobo (Japan). All other
chemicals were of the highest commercial grade available.

2.2. Preparation of MAP

MAP was isolated and purified as described in our previous
report (Qin et al., 2002c). It was further identified that the average
molecular weight was 130 kDa by gel permeation chromatography;
the major structure monomers of MAP were composed of galactose,
fucose and mannose (5:4:1) by gas chromatography (GC) (Sup-
plemental Fig. 1A and B); the monomers link each other by «-1,3
bonds through periodate oxidation test, Smith degradation test and
Fourier transform infrared (FT-IR) spectrum (Supplemental Fig. 1C).
In the periodate oxidation test, no periodate was consumed and
no formic acid was produced. In the Smith degradation test, the
hydrolyzed product contained monoses only, but no glycerol and
erythritol. These data are same as our previous results (Qin et al.,
2002¢).

Supplemental Fig. 1 related to this article can be found, in the
online version, at http://dx.doi.org/10.1016/j.carbpol.2014.12.037.

2.3. Animals

Male Kunming mice (20+£2g) were obtained from Hubei
Research Center for Laboratory Animals (Wuhan, China) and
allowed one week for environmental acclimation. The mice were
housed in a temperature (22 + 2 °C)-controlled room with a 12-h
day/night cycle. Throughout the study period, the mice were
allowed free access to food and water ad libitum unless otherwise
noted. Animal procedures were approved by the Institutional Ani-
mal Care and Use Committee at Huazhong University of Science and

Technology, and were performed according to the NIH guidelines
(NIH publication #85-23, revised in 1996), as well as the guidelines
of the Animal Welfare Act.

2.4. Induction of diabetes in mice

For diabetes induction, mice were fasted overnight and then
intraperitoneally injected with 100 mg/kg STZ. STZ was dissolved
in freshly prepared sodium citrate buffer (pH 4.5) and immedi-
atelly injected within 20 min of preparation. Control mice were
intraperitoneally injected with citrate buffer alone. Five days after
STZ injection the diabetic state was assessed by measuring fasting
blood glucose (FBG) concentrations after fasting overnight. Mice
with FBG concentrations over 11 mmol/L in addition to polyuria
and other diabetic features were considered as diabetic.

2.5. Experimental design

All the mice were randomly divided into six groups with 10 mice
in each group. Group 1 served as normal controls and received vehi-
cle only (normal saline). Group 2 served as diabetic control and
received vehicle. Group 3 received the standard drug metformin
(150 mg/kg body weight). Groups 4, 5 and 6 received MAP at 50, 100
and 200 mg/kg body weight, respectively. The vehicle or test drugs
were administered via oral gavage (suspended in normal saline).
The treatment with MAP was started 5 days after STZ injection
and was lasted for 4 weeks. Body weights and FBG concentrations
were monitored weekly. At the end of experimental period the
mice were fasted overnight, and then sacrificed by exsanguination
under diethyl ether anesthesia. Serum was obtained from the blood
by centrifugation, and frozen at -80 °C until analysis. The pancreas
and liver from each animal were immediately excised and rinsed in
phosphate buffered saline (PBS, pH 7.4), and then stored at -80°C
until analysis.

2.6. Measurement of blood glucose and serum insulin levels

Blood samples for glucose assay were obtained from the tail
veins of mice after fasting overnight. Blood glucose was mea-
sured with an Accu-check Advantage glucometer and blood glucose
test strips (Roche Diagnostics GmbH, Mannheim, Germany). Serum
insulin levels were determined by using an insulin ELISA kit with
mouse insulin as a standard (ALPCO Diagnostics, Windham, NH)
according to the manufacturer’s instructions.

2.7. Blood lipid profile, liver function and renal function tests

Aspartate aminotransferase (AST), alanine aminotransferase
(ALT), blood urea nitrogen (BUN), creatinine, and blood lipid
profiles including triglycerides (TG), total cholesterol (TC),
low density lipoprotein-cholesterol (LDL-C), and high density
lipoprotein-cholesterol (HDL-C) were determined using com-
mercially available kits from Nanjing Jiancheng Bioengineering
Institute (Nanjing, Jiangsu, China) according to the manufacturer’s
instructions.

2.8. Measurement of pancreatic insulin contents

Pancreatic insulin was extracted by an acid/ethanol method
as previously described (Noh et al., 2013). The pancreatic insulin
contents were determined using an ELISA kit (ALPCO Diagnostics,
Windham, NH) and normalized by protein content.
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Table 1

Effect of MAP administration for 4 weeks on FBG levels, body weights and food intake in STZ-induced diabetic mice.
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Group FBG levels (mmol/L) Body weight (g) Food intake (g/mouse/day)
Initial Final Initial Final Initial Final

NC 49 + 0.6 52 +0.7 259+19 373 +28 46 £ 0.5 49 + 0.6
DC 21.9 +2.7° 23.1+28° 249 + 1.8 25.8 + 2.0 4.8 + 0.6 88+ 1.1°
Met 222 +2.9° 13.9 + 1.6"4 247 +19 31.5 + 2.7 4.7 +0.5 6.8 + 0.7°
ML 21.8 + 2.6° 17.8 + 2.6 251 +22 28.7 + 2.4° 48 +£ 0.5 7.7 £0.7°
MM 221+ 2.5 14.6 + 1.84 247 + 2.1 30.2 + 2.3°¢ 47+ 0.6 7.0 + 0.6°¢
MH 21.7 + 3.0 13.5 + 1.9%4 248 + 19 33.1 +2.9¢ 49 + 0.6 6.5 + 0.8Pd

Values are mean + SEM (n=10). NC, normal control group; DC, diabetic control group; Met, metformin-treated diabetic group; ML, diabetic group treated with 50 mg/kg
MAP; MM, diabetic group treated with 100 mg/kg MAP; MH, diabetic group treated with 200 mg/kg MAP.

4 p<0.05 versus NC.
b p<0.01 versus NC.
¢ p<0.05 versus DC.
d p<0.01 versus DC.

2.9. Cytokines assay

TNF-¢, IL-6, and MCP-1 levels in the serum were determined
by the sandwich ELISA method using commercially available kits.
All appropriate standards and controls as specified by the manu-
facturer’s kit were used. The data are expressed as picogram per
milliliter serum.

2.10. Lipid peroxidation, SOD and glutathione peroxidase (GPx)
activity detection

Lipid peroxidation was determined by measuring malondialde-
hyde (MDA) by its reaction with thiobarbituric acid. Thiobarbituric
acid reactive substances (TBARS) were measured by a commer-
cially available kit from Nanjing Jiancheng Bioengineering Institute
according to the manufacturer’s instructions, and expressed as
the content of MDA in nanomoles per milliliter serum (Placer,
Cushman, & Johnson, 1966). SOD and GPx activities were deter-
mined by using commercially available kits from Nanjing Jiancheng
Bioengineering Institute according to the manufacturer’s instruc-
tions.

2.11. Glycogen content analysis

Glycogen contents in the liver were measured using a glycogen
assay kit (Biovision) according to the manufacturer’s instructions.

2.12. Real-time reverse transcription-polymerase chain reaction
(RT-PCR) analysis

Total RNA was isolated from the liver using TRIzol reagent
and real-time quantitative RT-PCR was performed as described
previously (Zhou, He, & Huang, 2009). The primers used for
PCR were: GAPDH 5'-ttcaccaccatggagaaggc-3’ (forward) and
5'-ggcatggactgtggtcatga-3’ (reverse), phosphoenolpyruvate car-
boxyl kinase (PEPCK) 5'-tgcccaagatcttccatgtc-3’ (forward) and
5’-tccacctccttctcccaga-3’ (reverse) (Shin et al., 2011). All PCRs were
performed in triplicate, and the thermal cycle conditions were as
follows: 95°C for 1min followed by 40 cycles of 95°C for 15s
and 60 °C for 1 min. Expression levels of PEPCK were corrected by
normalization to the expression levels of the housekeeping gene
GAPDH, and relative expression levels were calculated with the
2-4AACt pyle (Livak & Schmittgen, 2001).

2.13. Immunohistochemistry

The thoracic aortas from the animals were dissected, fixed in
4% paraformaldehyde for 16 h, and embedded in paraffin. Sections
(4 wm thick) were deparaffinized, rehydrated, and microwaved in

citrate buffer for antigen retrieval. Sections were successively incu-
bated in endogenous peroxidase block buffer, protein block buffer,
and then with anti-CD68 antibody overnight at 4 °C. After rinsing
in wash buffer, sections were incubated with labeled polymer-
horseradish peroxidase anti-rabbit antibody and DAB chromogen.
After the final wash, the sections were counterstained with hema-
toxylin. Finally, the slides were observed under a light microscope
(Nikon Eclipse TE2000-U, NIKON, Japan). The images were exam-
ined (200x magnification) and evaluated for pathological changes.

2.14. Statistical analysis

Data are expressed as means + SEM. Statistical analysis was
performed by one-way analysis of variance (ANOVA) followed by
Tukey post hoc test, if appropriate. A value of p <0.05 was consid-
ered statistically significant.

3. Results and discussion

3.1. MAP decreased blood glucose levels, food intake, and
increased body weights in diabetic mice

We first investigated the effect of MAP on FBG levels in STZ-
induced diabetic mice. As shown in Table 1, compared with normal
control mice, STZ-induced diabetic mice exhibited significantly
increased FBG levels. However, MAP administration for 4 weeks
led to a significant and dose-dependent fall in FBG levels in dia-
betic mice. Moreover, the hypoglycemic activity of MAP at a
dose of 200 mg/kg seems to be comparable to that of metformin
(150 mg/kg).

Next, we further measured body weights and food intake of
mice. As shown in Table 1, compared with normal control mice,
STZ-induced diabetic mice exhibited significantly decreased body
weights and increased food intake, suggesting typical features
of type 1 diabetes. Intriguingly, MAP administration (100 and
200 mg/kg) can significantly improve the weight loss in diabetic
mice, which may be attributed to the ability of MAP to significantly
improve glucose homeostasis. Furthermore, MAP administration
(100 and 200 mg/kg) also reversed the elevated food intake in dia-
betic mice (p <0.05 or p<0.01), suggesting amelioration of diabetes.

3.2. Effect of MAP on blood TG, TC, LDL-C and HDL-C levels in
diabetic mice

Elevated TC, LDL-C, TC/HDL-C ratio, and low HDL-C are well
established risk factors for coronary heart disease (CHD) (Castelli
et al., 1986; Kinosian, Glick, & Garland, 1994; Wilson et al., 1998).
We next determined the serum lipid levels in control, diabetic,
and MAP-treated mice. As shown in Table 2, compared with
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Table 2
Effect of MAP administration for 4 weeks on serum lipid levels in STZ-induced
diabetic mice.

Group TG (mmol/L) TC(mmol/L) HDL-C(mmol/L) LDL-C(mmol/L)
NC 0.93 + 0.21 2.35 + 0.44 1.25 £ 0.27 0.66 + 0.18

DC 1.60 + 0.28"  5.10 +£ 0.89°  0.73 £ 0.20" 122 £0.17°
Met 1.05+0.18¢  3.04 +051¢ 1.19 +0.18¢ 0.75 £ 0.14¢
ML 135+ 0.23°  3.67 + 048" 0.88 + 0.12* 0.90 + 0.16°
MM 1.18 £ 0.15° 331 +0.45*¢ 1.02 + 0.16 0.83 £ 0.154
MH 1.09 £ 0.16 287 +0.52¢ 1.16 +0.21¢ 0.71 £ 0.19¢

Values are mean+SEM (n=10). NC, normal control group; DC, diabetic control
group; Met, metformin-treated diabetic group; ML, diabetic group treated with
50 mg/kg MAP; MM, diabetic group treated with 100 mg/kg MAP; MH, diabetic group
treated with 200 mg/kg MAP.

2 p<0.05 versus NC.

b p<0.01 versus NC.

¢ p<0.05 versus DC.

4 p<0.01 versus DC.

normal control mice, STZ-induced diabetic mice exhibited signif-
icantly increased TG, TC and LDL-C levels, as well as significantly
decreased HDL-C levels. However, MAP administration signifi-
cantly lowered TG, TC and LDL-C levels in diabetic mice in a
dose-dependent manner, and significantly increased HDL-C levels
in diabetic mice, suggesting improvement of dyslipidemia. After
treatment with 200 mg/kg MAP for 4 weeks, the serum lipid levels
in the diabetic mice restored to near normal levels, which were also
comparable to those in metformin-treated diabetic mice.

3.3. MAP elevated serum and pancreatic insulin levels in diabetic
mice

In type 1 diabetes, a high percentage of 8 cells are destroyed,
and thus, there is little endogenous insulin production, leading
to hyperglycemia and weight loss. To elucidate the mechanisms
underlying the hypoglycemic effect of MAP in diabetic mice, we fur-
ther determined the serum and pancreatic insulin levels in mice. As
shown in Fig. 1, STZ-induced diabetic mice exhibited significantly
lowered serum and pancreatic insulin levels compared with normal
control mice. However, MAP administration (100 and 200 mg/kg)
caused modest but significant elevation of serum insulin levels in
diabetic mice (Fig. 1A). Likewise, the diabetic mice treated with
MAP (100 and 200 mg/kg) also showed significant increases in pan-
creatic insulin contents compared with vehicle-treated diabetic
mice (Fig. 1B), suggesting MAP can moderately enhance insulin
synthesis and secretion in diabetic mice. This regulatory effect of
MAP may contribute, at least in part, to its hypoglycemic effect in
STZ-induced diabetic mice.

Table 3
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Fig. 1. Effect of MAP administration for 4 weeks on serum (A) and pan-
creatic insulin levels (B) in STZ-induced diabetic mice. NC, normal con-
trol group; DC, diabetic control group; Met, metformin-treated diabetic
group; ML, diabetic group treated with 50 mg/kg MAP; MM, diabetic group treated
with 100 mg/kg MAP; MH, diabetic group treated with 200 mg/kg MAP. Values are
presented as mean +SEM (n=10). °p<0.01, versus NC; °p<0.05, 9p<0.01, versus
DC.

3.4. Effect of MAP on MDA levels, SOD and GPx activities in serum
and/or pancreata of diabetic mice

As shown in Table 3, STZ-induced diabetic mice exhibited
significantly elevated serum MDA levels, and lowered SOD and
GPx activities compared with normal control mice, similar to
those observed in diabetic patients (Jain & McVie, 1999; Jay,
Hitomi, & Griendling, 2006). However, the enhanced oxidative
stress in diabetic mice was counteracted by MAP. MAP admin-
istration significantly decreased MDA levels, and elevated SOD
and GPx activities in a dose-dependent manner in the blood of
diabetic mice. Moreover, MAP administration also significantly
lowered lipid peroxidation levels in the pancreata of diabetic mice.

Effect of MAP administration for 4 weeks on serum MDA levels, SOD and GPx activities, and pancreatic MDA levels in STZ-induced diabetic mice.

Group Serum

Pancreas
MDA (nmol/mL) SOD (U/mL) GPx (U/mL) MDA (nmol/mg protein)
NC 6.06 + 0.69 180.6 + 22.7 867.6 + 93.3 0.94 £+ 0.10
DC 11.67 + 1.12° 85.3 + 10.7" 521.9 + 70.7° 4.14 + 0.45°
Met 5.78 + 0.71¢ 169.7 + 18.9¢ 792.4 + 95.3¢ 2.18 + 0.38%¢
ML 8.13 + 0.74°¢ 1204 + 23.9°¢ 677.4 +£91.8° 3.25 £ 0.47"¢
MM 6.96 + 0.82¢ 148.7 + 16.44 693.7 + 96.1¢ 2.31 £ 0.31%4
MH 5.58 + 0.76¢ 167.2 + 21.6¢ 765.4 + 87.5¢ 1.97 + 0.27"4

Values are mean =+ SEM (n=10). NC, normal control group; DC, diabetic control group; Met, metformin-treated diabetic group; ML, diabetic group treated with 50 mg/kg
MAP; MM, diabetic group treated with 100 mg/kg MAP; MH, diabetic group treated with 200 mg/kg MAP.

2 p<0.05 versus NC.
b p<0.01 versus NC.
¢ p<0.05 versus DC.
d p<0.01 versus DC.



60

>

50

40

30

Serum TNF-a (pg/ml)

4200

a

3600

3000

2400

1800

1200

Serum MCP-1 (pg/ml)

600

ad

Met

J. Zhou et al. / Carbohydrate Polymers 121 (2015) 199-206

200

b
160
be
bd 120
d
8
A
0
NC DC

=]

Serum IL-6 (pg/ml)
(=}

(=}

ML MM MH

be

ML MM MH

d

Met

be c
ML MM

Met

MH

203

Fig. 2. Effect of MAP administration for 4 weeks on serum TNF-a (A), IL-6 (B) and MCP-1 (C) levels, and immunohistochemical staining for CD68 in the thoracic aortas (D)
in STZ-induced diabetic mice. NC, normal control group; DC, diabetic control group; Met, metformin-treated diabetic group; ML, diabetic group treated with 50 mg/kg MAP;
MM, diabetic group treated with 100 mg/kg MAP; MH, diabetic group treated with 200 mg/kg MAP. Values are presented as mean +SEM (n=10). 2p<0.05, ’p<0.01, versus
NC; ¢p<0.05, 9p<0.01, versus DC.
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Given that pancreatic (3 cells are low in antioxidant defense and
susceptible to oxidative stress (Zhou, Huang, & Lei, 2013), inhibi-
tion of pancreatic MDA levels by MAP can at least in part explain the
observed elevation of pancreatic insulin contents in MAP-treated
diabetic mice.

3.5. MAP decreased blood TNF-a, IL-6 and MCP-1 levels, and
CD68-positive staining area in the thoracic aortas in diabetic mice

TNF-a, IL-6, and MCP-1 play an important role in diabetes
and the vascular inflammation process through their multiple
actions (Andreozzi et al., 2006; Kern, Ranganathan, Li, Wood, &
Ranganathan, 2001; Rader, 2000; Wellen & Hotamisligil, 2005).
As shown in Fig. 2, there was significant increases in TNF-a, IL-
6, and MCP-1 levels in blood of diabetic control mice compared
with those of normal control mice, similar to those observed in dia-
betic patients (Guha, Bai, Nadler, & Natarajan, 2000; Jain, Kannan,
Lim, McVie, & Bocchini, 2002). However, this was prevented in dia-
betic mice treated with MAP (Fig. 2A-C). This suggests that MAP
administration can effectively lower circulating levels of markers
of vascular inflammation in STZ-induced diabetic mice. To further
elucidate whether the hypoglycemic effect of MAP was associated
with decreased vascular inflammation, we performed immunohis-
tochemical staining using antibody against macrophages (CD68)
in the thoracic aortas. As anticipated, CD68-positive staining area
in the thoracic aortas was far more extensive in diabetic con-
trol mice than in normal control mice (Fig. 2D). However, MAP
administration markedly reduced CD68-positive staining area in
the thoracic aortas, similar to the effect of metformin treatment.
Taken together, these data suggest that MAP administration could
effectively improve vascular inflammation in STZ-induced diabetic
mice.

In type 1 diabetes, elevated levels of both glycemia and ketosis
can cause excessive oxygen radical production, and consequently
increased oxidative stress (Brownlee, 2005; Guha et al., 2000; Jain,
1989; Jain, Kannan, & Lim, 1998; Jain & McVie, 1999; Jain, McVie,
Jackson, Levine, & Lim, 1999; Jay et al., 2006; King & Loeken, 2004).
Furthermore, oxidative stress can also increase the secretion of
proinflammatory cytokines, and thus plays a key role in the reg-
ulatory pathways that progress from hyperglycemia to monocyte
and endothelial cell activation in the enhanced vascular inflamma-
tion of diabetes (Brownlee, 2005; Jain, Rains, & Croad, 2007; Jain,
Rains, Croad, Larson, & Jones, 2009). Our study demonstrates that
MAP administration results in a significant inhibition of oxidative
stress and proinflammatory cytokines in diabetic mice. The precise
mechanism by which MAP inhibits proinflammatory cytokines is
unknown and needs to be investigated. However, it is assumed that
the inhibitory effect of MAP on proinflammatory cytokines may be
mediated partly by inhibition of oxidative stress.

3.6. MAP inhibited PEPCK mRNA expression and increased
glycogen contents in liver of diabetic mice

Blood glucose homeostasis is maintained by the balance
between the rate of glucose entering the circulation (glucose
appearance) and the rate of glucose clearance from the circulation
(glucose disappearance). Gluconeogenesis is highly responsible for
hepatic glucose production, an essential mechanism for the main-
tenance of blood glucose concentrations (Agius, 2007; Newsholme
& Dimitriadis, 2001). PEPCK, a key gluconeogenic enzyme, has
been found to be elevated in diabetic individuals. In line with
this, excessive hepatic gluconeogenesis and glucose production
are important contributors to diabetic hyperglycemia. Moreover,
mammalian cells store glycogen in the liver for the production of
glucose 6-phosphate during glycolysis (Okamoto et al., 2009).

PEPCK mRNA expression

NC DC Met ML MM MH

=

Hepatic Glycogen (mg/g liver)
(9%}

NC DC Met ML MM MH

Fig. 3. Effect of MAP administration for 4 weeks on hepatic PEPCK mRNA expres-
sions (A) and glycogen contents (B) in STZ-induced diabetic mice. NC, normal control
group; DC, diabetic control group; Met, metformin-treated diabetic group; ML, dia-
betic group treated with 50 mg/kg MAP; MM, diabetic group treated with 100 mg/kg
MAP; MH, diabetic group treated with 200 mg/kg MAP. Values are presented as
mean + SEM (n=10). °p<0.01, versus NC; 4p <0.01, versus DC.

In the current study, we further tested whether hepatic glyco-
gen synthesis and gluconeogenesis-related signal molecule are
involved in the hypoglycemic effect of MAP. As shown in Fig. 3,
compared with normal control mice, the diabetic control mice
exhibited significantly elevated PEPCK mRNA expression and low-
ered glycogen contents in the liver, consistent with the findings
of other researchers (Hsu et al., 2013; Liu, Chang & Chiang, 2010).
However, MAP administration (100 and 200 mg/kg) significantly
reversed the increased PEPCK mRNA expression in the liver of dia-
betic mice (Fig. 3A). Furthermore, MAP administration (100 and
200 mg/kg) significantly enhanced the reduced glycogen contents
in the liver of diabetic mice (Fig. 3B). These results indicate that
MAP possesses the ability to reduce liver gluconeogenesis and pro-
mote hepatic glycogen synthesis, which may further contribute to
the decrease in diabetic hyperglycemia.

3.7. MAP improved liver function and renal function markers in
diabetic mice

Diabetes is known to be a metabolic disorder and is compli-
cated by multi-organ deterioration. Accumulating evidence has
suggested that oxidative stress and inflammation may play major
roles in diabetes complications (Huerta & Nadler, 2004). In the cur-
rent study, we tested the effects of MAP on liver function (AST, ALT)
and renal function markers (BUN, creatinine) in diabetic mice. The
data showed that MAP is capable of reversing the increased serum
levels of ALT, AST, BUN and creatinine in diabetic mice (Table 4),
indicating that MAP possesses potential hepatorenal protective
action during diabetes. This is due, at least in part, to the inhibitory
effects of MAP on vascular inflammation and oxidative stress in dia-
betic mice. However, whether MAP can ameliorate related diabetic
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Table 4
Effect of MAP administration for 4 weeks on liver function and renal function mark-
ers in STZ-induced diabetic mice.

Group  AST(IU/L) ALT (IU/L) BUN (mg/dL) creatinine (mg/dL)
NC 1324+ 178 65.4 + 7.7 235+19 0.25 + 0.03

DC 261.2 +32.6° 227.8+ 314" 456 +4.8" 0.38 + 0.04"

Met 154.6 + 24.2¢ 98.3 + 1534 28.8+3.0° 0.28 + 0.03¢

ML 2124 4+253%  171.0 + 23.4°¢ 375+ 3.1 032 + 0.04°

MM 187.3 + 26.8"¢ 133.8 +£ 15.6"¢ 324 +£36"¢ 030 + 0.04¢

MH 1659 +22.9¢ 116.8 + 16.7>¢ 29.6 £ 2.7°¢  0.26 + 0.04¢

Values are mean=+SEM (n=10). AST, aspartate aminotransferase; ALT, alanine
aminotransferase; BUN, blood urea nitrogen; NC, normal control group; DC, diabetic
control group; Met, metformin-treated diabetic group; ML, diabetic group treated
with 50 mg/kg MAP; MM, diabetic group treated with 100 mg/kg MAP; MH, diabetic
group treated with 200 mg/kg MAP.

2 p<0.05 versus NC.

b p<0.01 versus NC.

¢ p<0.05 versus DC.

d p<0.01 versus DC.

complications by protecting from oxidative stress and/or inflam-
mation needs to be clarified in the future.

4. Conclusions

In the present study, we demonstrate for the first time the
potential mechanisms responsible for the hypoglycemic activity
of MAP in STZ-induced type 1 diabetic mice. Mechanistically, on
the one hand MAP administration caused a significant elevation
of serum insulin levels and pancreatic insulin contents in dia-
betic mice. On the other hand, MAP reversed the increased PEPCK
mRNA expression and the reduced glycogen contents in the liver
of diabetic mice. Thus, the antidiabetic activity of MAP is asso-
ciated with elevated pancreatic insulin synthesis and secretion,
elevated liver glycogen synthesis, and diminished liver gluconeo-
genesis. Moreover, MAP also improved the circulating levels of
markers of vascular inflammation and oxidative stress in diabetic
mice, which may contribute to the anti-diabetic effect of MAP. In
addition, MAP also significantly improved the impaired liver func-
tion and renal function markers in the blood of diabetic mice.
Taken together, these findings provide important new insights
into the hypoglycemic activity and the underlying mechanisms
of MAP in type 1 diabetic mice, and indicate that MAP may be a
potential therapeutic option for type 1 diabetes. However, more
studies are needed to further assess the mechanisms of action,
structure-function relationship of MAP, and the efficacy of MAP
administration as an adjuvant therapy for diabetic patients.
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