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Antidiabetic potential of phycocyanin: Effects on KKAy mice

Yu Ou, Lin Lin, Xuegan Yang, Qin Pan, and Xiaodong Cheng

School of Life Science and Technology, China Pharmaceutical University, Nanjing, China

Abstract

Context: Phycocyanin (PC) has been proven to have many therapeutic properties, but its effects
on diabetes have not been investigated.
Objective: Antidiabetic activity of PC isolated from Spirulina platensis was evaluated in this study.
Materials and methods: Oral administration of PC (100 mg/kg, once per day for 3 weeks) on
KKAy mice were investigated by monitoring the changes in body weight, food intake, fasting
plasma glucose level, 24 h random blood glucose levels, oral glucose tolerance tests (OGTTs),
glycosylated serum protein (GSP), fasting serum insulin (FINS), glycogen, triglyceride (TG),
total cholesterol (TC), total antioxidative capability (T-AOC) and malondialdehyde (MDA).
Histopathological changes in the pancreas were also examined with hematoxylin-eosin
staining.
Results: Administration of PC significantly decreased the body weight, fasting plasma glucose,
24 h random blood glucose levels, FINS and GSP levels, TG and TC content in serum and livers,
MDA content in livers (p50.05 or p50.01). On the other hand, glucose tolerance to glucose
administration, T-AOC, and the content of glycogen in liver and muscle were enhanced
following PC treatment (p50.05 or p50.01). Histopathological results showed that PC
administration suppressed the abnormal enlargement of islets observed in the pancreas of
KKAy mice.
Discussion and conclusion: The antidiabetic effect of PC on KKAy mice is most likely due to its
ability to enhance insulin sensitivity, amelioration of insulin resistance of peripheral target
tissues and regulation of glucolipide metabolism. Therefore, PC may have a potential clinical
utility in combating type-2 diabetes.
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Introduction

Diabetes mellitus (DM) is a metabolic disorder characterized

by hyperglycemia and alterations in carbohydrate, fat and

protein metabolism. DM is often accompanied with several

complications such as atherosclerosis, neuropathy and cata-

ract formation (Qia et al., 2008). Type-2 diabetes (T2DM),

also known as noninsulin-dependent DM, accounts for nearly

90% of all DM cases. A rapidly growing prevalence of

T2DM is a major cause of morbidity and mortality worldwide

and poses a severe challenge to medical community and

the society (Gannon et al., 2001; Mu et al., 2012). T2DM

is characterized by a late onset (usually after age 45), an

elevated fasting plasma insulin level, and a weakened

response of peripheral tissues to insulin action (insulin

resistance) (Kahn, 1998). The ultimate goal of treating

patients with T2DM is to maintain appropriate blood glucose

control and to avoid late complications. In addition to

rigorous lifestyle changes, oral antidiabetic drugs are com-

monly used to manage the symptoms in the majority of

patients with T2DM. Sulfonylureas and biguanides have been

used for a long time in daily clinical practice. New treatment

options are also available in the last couple of years. For

example, thiazolidinediones (TZDs), a new class of oral

antidiabetic agents, have been used to enhance peripheral

insulin sensitivity and to ameliorate insulin resistance

(Jermendy, 2007). While effective in glycaemic control,

TZDs may have potential adverse side effects, such as

hepatotoxicity, lactic acidosis, cardiomegaly and haemotoxi-

city (Chakrabarti & Reeba, 2002; Kwong & Brubacher,

1998). Therefore, the search for more effective and safer oral

hypoglycemic agents remains a challenge to the medical

system.

Natural products are gaining increased importance in drug

discovery and development. Spirulina platensis has drawn

attention as a nutritious food for humans due to its rich protein

content (Oliveira et al., 2009). Phycocyanin (PC), a blue

photosynthetic pigment, accounts for around 15% of the total

dry weight of Spirulina platensis and has been used as a food

colorant for chewing gum, ice sherbets, soft drinks, candies

and cosmetics, including lipstick and eyeliners. Small quan-

tities are also used as biochemical tracers in immunoassays
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due to its fluorescent properties (Padyana et al., 2001).

Furthermore, PC has proven therapeutic properties including

antioxidant, anti-inflammatory, neuroprotective, hepatopro-

tective and anti-cancer activities (Chaiklahan et al., 2011;

Eriksen, 2008; Ou et al., 2010; Pentón-Rol et al., 2011;

Romay et al., 2003). However, there is little information

regarding the antidiabetic activity of PC.

KKAy mouse (also called the yellow KK mouse) was

originally developed by Nishimura (1969) by crossing the KK

mouse with the yellow obese mouse (Ay mouse). The KKAy

mice (the yellow offspring obtained from a cross of black KK

females with obese yellow Ay males) are obese, hyperglyce-

mic, hyperinsulinemic, insulin resistant severely hypertrigly-

ceridemic and mildly hypercholesterolemic (Fujita et al.,

1983; Iwatsuka, et al., 1970), and serve as an excellent

animal model for studying diabetes. In this study, KKAy mice

were used to investigate the effects of PC on antidiabetic

potential in vivo. The results obtained from this study may

provide scientific evidence for the development of PC as a

potential natural oral hypoglycemic agent.

Materials and methods

Preparation of PC from Spirulina platensis

PC was extracted and purified from Spirulina platensis

(obtained from Danhe Bioengineering Co. Ltd, Jiangsu,

China). The process of extraction and purification of PC

mainly included homogenization, centrifugation, precipita-

tion using ammonium sulfate, DEAE-Sepharose Fast

Flow chromatography and hydroxylatite chromatography

(Ou et al., 2004).

Animals and treatments

Female KKAy mice (11-weeks-old) were obtained from

Beijing Huafukang Biology Technology Co. Ltd (Beijing,

China) and maintained under standard conditions (12-h light–

dark cycle; 23–25 �C; 35–60% r.h.). Procedures are in

compliance with the National Institutes of Health Guide for

Care and Use of Laboratory Animals. The mice were

provided with a special diet (purchased from Beijing

Huafukang Biology Technology Co. Ltd) and free access to

drinking water. They were allowed 1 week to be acclimated

prior to experimentation. The mice were divided into three

groups (8–10 mice/group): control group, PC group and

pioglitazone group. Mice in the control group took vehicle

orally once per day for 3 weeks. Mice in the PC group took

orally 100 mg/kg PC, while mice in the pioglitazone group

took orally 2 mg/kg pioglitazone hydrochloride (obtained

from Jiangsu Hengrui Medicine Co. Ltd, Lianyungang,

Jiangsu Province, China) once a day for 3 weeks. After 3

weeks of treatment, the mice were fasted overnight (12 h),

anaesthetized with 0.1 mL i.p. of 3% sodium pentobarbital

and sacrificed by decapitation. Blood was placed into a

centrifuge tube and allowed to clot to obtain serum. The

serum was separated by centrifugation at 1400g for 10 min

and stored at �20 �C until assayed as described below. The

liver and muscle were excised from the mice and stored in

liquid nitrogen until use. The pancreas was excised and fixed

in 10% formalin solution for histopathologic analysis.

Data collection

The body weight, food intake and blood glucose levels

were measured at day 0, day 7, day 14 and day 21 of the

3-week time period. Random blood glucose levels during

24 h were determined at day 20. Blood samples were obtained

from the tail vein of the mice. The glucose levels were

measured using blood glucose test strips (supplied by Beijing

Yicheng Biology Electronic Technology Co. Ltd, Beijing,

China).

Oral glucose tolerance test

Oral glucose tolerance tests (OGTTs) were performed at day

18. Following a 3 h fast, animals were administered an oral

dose of 20% glucose solution (2 g/kg). Blood samples were

collected from the tail vein before and 30, 60 and 120 min

after the glucose administration. The glucose levels were

measured as described above.

Biochemical determinations

Separated sera were used for the estimation of fasting serum

insulin (FINS), glycosylated serum protein (GSP), triglycer-

ide (TG) and total cholesterol (TC). Samples of 200 mg liver

or muscle were homogenized in 5 mL of a cold 0.1 M

phosphate buffer with pH 7.4. Tissue homogenates were

prepared in a glass tissue homogenizer. The homogenate was

centrifuged at 10 000g for 15 min and the supernatant was

used for total protein, total antioxidative capability (T-AOC),

malondialdehyde (MDA), TG, TC and glycogen. FINS was

determined using an [125I] insulin radioimmunoassay kit

(supplied by Beijing Puerweiye Biology Technology Co. Ltd,

Beijing, China) according to the guidelines indicated. Other

biochemical parameters were determined using commercial

kits (obtained from Nanjing Jiangcheng Bioengineering

Institute, Nanjing, China) according to the enclosed

guidelines.

Histological analyses

Conventional procedure was used for histology. After fixation

in Bouin solution, pieces of fixed pancreas were embedded

into paraffin, cut into slices and stained with hematoxyline-

eosine.

Statistical analysis

Animal experimental data was analyzed by one-way ANOVA

followed by the Student–Newman–Keuls test for multiple

comparisons, which was used to evaluate the difference

between two chosen groups. The data were expressed in

the format of ‘‘mean value� standard deviation (SD)’’,

and differences were considered statistically significant at

p50.05 or 0.01.

Results

Purity of PC

The purity of PC is generally evaluated based on the

absorbance ratio of A620/A280. PC of purity 0.7 is considered

as food grade, 3.9 as reactive grade and greater than 4.0 as

analytical grade (Rito-Palomares et al., 2001). The absorption
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spectrum of PC shows that the absorbance ratio of A620/A280

is 3.94, a reactive grade PC.

Body weight and food intake of KKAy mice

As shown in Figure 1(A), PC markedly decreased the body

weight of KKAy mice (p50.05 after 2 weeks of treatment,

p50.01 after 3 weeks of treatment), while rosiglitazone

treatment had no significant difference (p40.05). The

amount of food intake decreased after treatment with PC,

obviously after 3 weeks of treatment (Figure 1B).

Oral glucose tolerance test

Figure 2 depicts the effects of 3-week administration of PC on

OGTT of KKAy mice. PC at a dose of 100 mg/kg (PC group)

produced a 51% maximum drop of blood glucose level,

30 min after glucose administration, compared to that of the

control group.

Blood glucose levels

Figure 3(A) compares blood glucose levels of the mice in the

three groups. The blood glucose level in the mice of the

control group remained high, while those in both the PC

group and the pioglitazone group were significantly lower.

PC was more effective (p50.01) in lowering the blood

glucose level than pioglitazone. Figure 3(B) compares 24 h

random blood glucose levels measured on day 20. Again,

the random glucose levels of both the PC and pioglitazone

treatment groups were significantly lower than that of the

control group.

GSP, FINS, serum TG and TC levels of KKAy mice

As shown in Table 1, administration of PC to KKAy mice

decreased GSP, FINS, TG and TC levels markedly (p50.05

or 0.01) as compared to untreated KKAy mice. Pioglitazone

had similar effect on GSP and serum insulin levels (p50.05

or 0.01), but did not have a significant effect on TG and

cholesterol levels in this model (p40.05).

Figure 1. Effect of PC on the body weight
and food intake of KKAy mice. Results are
expressed as means� SD for 8–10 animals
in each group (*p50.05, **p50.01 versus
KKAy group).

Figure 2. Effects of PC on OGTT of KKAy mice. OGTT was carried out
at the end of 3-week PC administration. After a 3-h fasting, mice were
administered an oral dose of a 20% glucose solution (2 g/kg). Blood
samples were collected from the tail vein before and 30, 60 and 120 min
after glucose challenge. Results are expressed as means� SD for 8–10
mice in each group (*p50.05, **p50.01 versus KKAy group).
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Levels of liver MDA, T-AOC,TG and TC in KKAy mice

As shown in Table 2, treatment with PC markedly increased

the levels of T-AOC (p50.05) and decreased MDA content

(p50.01) in KKAy mice compared with that of untreated

KKAy mice. Treatment with PC also lowered TG and

cholesterol markedly, but pioglitazone did not have significant

effects on lipid parameters.

Levels of liver and muscle glycogen in KKAy mice

As shown in Table 3, treatment with PC and pioglita-

zone increased significantly the content of glycogen in

liver and muscle as compared to untreated KKAy mice

(p50.05).

Histopathological changes

Accompanied with hyperinsulinemia, increased size of islets

was seen in the pancreas of KKAy mice, an overt sign

of insulin resistance. Treatment with PC and pioglitazone

Figure 3. Effects of PC on blood glucose
levels (A) and 24-h random blood glucose
levels (B) of KKAy mice. Blood samples
were obtained from the tail vein of the mice
and their glucose levels were tested by blood
glucose test strips. Results are expressed as
means� SD for 8–10 mice in each group
(*p50.05, **p50.01 versus KKAy group).

Table 2. Effects of PC on the levels of liver MDA, T-AOC, TG and TC in KKAy mice.

Group Dose (mg/kg) MDA (nmol/mg prot) T-AOC (U/mg prot) TG (mg/g tissue) TC (mg/g tissue)

Control – 2.25� 0.27 0.34� 0.13 27.34� 6.28 3.85� 0.74
PC 100 1.65� 0.19** 0.61� 0.14* 17.83� 4.75* 2.78� 0.73*
Pioglitazone 2 1.79� 0.06* 0.57� 0.17 26.02� 7.09 3.42� 1.70

*p50.05, **p50.01 versus control group.

Table 1. Effects of PC on GSP, FINS, serum TG and TC levels of KKAy mice.

Group Dose (mg/kg) GSP (mmol/L) FINS (mIU/mL) TG (mmol/L) TC (mmol/L)

Control – 4.84� 0.35 22.50� 5.83 4.87� 0.60 3.39� 0.33
PC 100 3.95� 0.27* 12.20� 4.88** 2.36� 0.67** 2.19� 0.39**
Pioglitazone 2 3.66� 0.16* 14.52� 5.19** 3.66� 0.91 2.54� 1.10

*p50.05, **p50.01 versus control group.

Table 3. Effects of PC on the levels of hepatic and muscle glycogen in
KKAy mice.

Group
Dose

(mg/kg)
Hepatic glycogen

(mg/g tissue)
Muscle glycogen

(mg/g tissue)

Control – 12.00� 1.04 3.15� 0.53
PC 100 15.69� 2.33* 4.34� 0.54*
Pioglitazone 2 14.89� 0.71* 4.53� 0.34*

*p50.01 versus control group.
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reduced the size of the islets as compared to that of untreated

KKAy mice (Figure 4). This suggested that obvious

insulin resistance was seen in KKAy mice, while PC

ameliorates insulin resistance significantly seen in control

KKAy mice.

Discussion

The KKAy mouse is a spontaneously diabetic animal, which

exhibit obesity, hyperglycaemia and hyperinsulinaemia. It is

an ideal animal model for studying insulin resistance and

T2DM (Ojamaa et al., 1998). In this study, we employed

KKAy mice as a T2DM animal model to assess the

antidiabetic effect of PC. The present study is the preliminary

assessment of the antidiabetic activity of PC.

Treatment with PC reduced body weight (significantly

after 2 and 3 weeks) of KKAy mice, accompanied with lower

food and water intake. PC treatment significantly lowered

circulating glucose and insulin concentrations of KKAy

mice. Because hyperinsulinemia is a characteristic of insulin

resistance and a precursor to T2DM, our results suggest that

the antidiabetic effect of PC is closely associated with its

ability to restore peripheral insulin sensitivity. GSP is elevated

in patients with DM and the amount of increase was found

to be directly proportional to the fasting plasma glucose level

(Jackson et al., 1979). Administration of PC decreased GSP

content in KKAy mice. This could be due to the improved

blood glucose control produced by PC. The OGTT is helpful

in screening for postprandial hyperinsulinemia, prediabetes

and diabetes. Measurement at each time point after an OGTT

should be performed for a better assessment of the postpran-

dial phenomenon (Nakatsuji et al., 2010). We found that the

blood glucose level was significantly reduced by PC admin-

istration in KKAy mice during the OGTT. This suggested that

PC can improve the glucose response to an oral glucose

challenge in diabetic animals. The improved blood glucose

control observed via OGTT is consistent with the decreased

random blood glucose level during a 24-h period in the PC

administrated KKAy mice.

One of the factors for elevating blood glucose may be

the reduction of glycogen synthesis and the acceleration

of glycogen disassimilation. Our results showed that admin-

istration with PC could increase hepatic glycogen and muscle

glycogen synthesis significantly. These results suggest that

PC promotes the synthesis of glycogen, and consequently

inhibited elevation of blood glucose. Further work needs to be

done to investigate its molecular mechanism.

Hyperlipidemia during diabetes is one of the leading

causes of cardiovascular disease. Insulin deficiency leads to a

variety of disruptions in metabolic and regulatory processes,

which in turn leads to accumulation of lipids such as TC and

TG in diabetic patients (Fumelli et al., 1996; Goldberg, 1981).

Our study shows that PC is more effective than pioglitazone

in reducing TG and TC levels in the serum and the liver of

KKAy mice.

Under physiological conditions, insulin secretion is

directly related to insulin sensitivity through a hyperbolic

relation (Kahn, 2003). When the workload on the b-cell

increases (by factors such as obesity, ageing, insulin resis-

tance or low-grade inflammation), healthy b-cells can adapt

by augmenting insulin secretion to meet this increased

demand. In order to be able to increase b-cell function, the

number of islets, or b-cell mass, is expanded (de Koning et al.,

2008). In this study, treatment with PC reduced the size

of islet, suggesting that PC is able to ameliorate insulin

resistance significantly.

Oxidative stress has been shown to play a role in the

causation of T2DM and, as such, antioxidants may have a

role in preventing diabetes (Baynes, 1991). Treatment with

PC increases T-AOC level and decreases MDA content

in the serum and liver in the KKAy mice. Therefore, PC’s

anti-diabetic effects may be related in part with its

antioxidative activity (Romay et al., 2003).

Conclusion

Our study provides evidence that administration of PC to

KKAy mice significantly reduces fasting plasma glucose level

and FINS, and ameliorates insulin sensitivity and secretion

in KKAy mice. Moreover, PC reduces TC and TG levels

in the serum and the liver, increases hepatic glycogen and

muscle glycogen synthesis, and thereby regulates glucolipide

metabolism. Taken together, our results suggest that PC

may have a potential clinical utility in T2DM. Further studies

are necessary to investigate the possible underlying cellu-

lar and molecular mechanisms for the hypoglycemic effect

of PC.
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