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Abstract: Phycocyanin is a type of marine natural product and functional food additive. Studies
have demonstrated that phycocyanin has potential regulatory effects on glycometabolism, while its
function and mechanism, especially in type 2 diabetes mellitus (T2DM), is still unclear. The aim of
this study was to investigate the antidiabetic roles and underlying mechanism of phycocyanin in a
high glucose high fat diet induced model of T2MD in C57BL/6N mice and a high-insulin-induced
insulin-resistant model of SMMC-7721 cells. The results indicated that phycocyanin reduced high
glucose high fat diet induced hyperglycemia as well as ameliorated glucose tolerance and histolog-
ical changes in the liver and pancreas. Meanwhile, phycocyanin also significantly decreased the
diabetes-induced abnormal serum biomarker variations, including triglyceride (TG), total cholesterol
(TC), aspartate transaminase (AST), and glutamic-pyruvic transaminase (ALT), and increased the
superoxide dismutase (SOD) content. Furthermore, the antidiabetic function of phycocyanin was
exerted through activating the AKT and AMPK signaling pathway in the mouse liver, which was also
verified in the insulin-resistant SMMC-7721 cells due to increased glucose uptake and activated AKT
and AMPKα expression. Thus, the present study is the first to indicate that phycocyanin mediates
antidiabetic function via activating the AKT and AMPK pathway in high glucose high fat diet induced
T2DM mice and insulin-resistant SMMC-7721 cells, which lays a scientific theoretical basis for the
potential treatment of diabetes and the utilization of marine natural products.

Keywords: phycocyanin; diabetes mellitus; SMMC-7721 cells; AKT and AMPK signaling; antidiabetic
function

1. Introduction

Type 2 diabetes mellitus (T2DM), a chronic metabolic disorder characterized by de-
creased insulin secretion and insulin resistance, is becoming a major health issue world-
wide [1]. T2DM is the most common form of diabetes, which accounts for 90% to 95% of all
diabetic patients [2] and is expected to affect 439 million patients by 2030 [3].

Generally, T2DM results from the environmental interaction among genetic and other
risk factors. Moreover, a loss of the first-phase of insulin release and increased glucagon
secretion also accelerates the development of T2DM [4,5]. Multiple chemical drugs, includ-
ing troglitazone, glyburide, miglitol, and metformin, are reported as therapeutic drugs for
T2DM. However, their potential side effects cannot be ignored, such as the liver damage
caused by long-term use [6]. Therefore, the search for safer and better antidiabetic agents
has become an important area of active research.

Marine natural products with physiological activities have become novel functional
materials for disease intervention. Phycocyanin, a blue photosynthetic pigment deriving
from Spirulina and Cyanobacteria cells, has been used as a food additive in many products
such as soft drinks, candies, chewing gum, and ice cream [7]. Meanwhile, phycocyanin is a
type of functional factor that has been proven to possess therapeutic properties, including
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anti-inflammatory [8], antioxidant [9], antineoplastic [10], neuroprotective [11], and hepato-
protective [12] activities. Unlike most chemical drugs, phycocyanin is verified to have few
or no toxic side effects [13,14]. So far, several studies have reported that phycocyanin could
ameliorate glycometabolism levels in cell and animal models [15–17]. In particular, Ou
et al. found the preventive effect of phycocyanin from Spirulina platensis on alloxan-injured
mice [18], which revealed its beneficial effect in type 1 diabetes mellitus (T1DM). However,
there is little information regarding the antidiabetic activity and regulatory mechanism of
phycocyanin in T2DM [19–21].

In this work, we investigated the potential antidiabetic therapeutic functions of phyco-
cyanin in a high glucose high fat diet induced diabetes mellitus mouse model as well as an
insulin-resistant SMMC-7721 hepatoma carcinoma cell model. Moreover, the present work
demonstrates that phycocyanin could attenuate T2DM via regulating the AKT and AMPK
signaling pathway. This study lays the foundation for the application of phycocyanin in
the field of T2DM and provides a scientific theoretical basis for the amelioration of T2DM.

2. Materials and Methods
2.1. Cell Line and Phycocyanin

An SMMC-7721 hepatoma carcinoma cell line [22] was preserved in the lab. Cells were
cultured in DMEM (Invitrogen, Long Island, NY, USA) media supplemented with penicillin
(100 units/mL), streptomycin (100 µg/mL), and 10% fetal bovine serum (FBS, HyClone,
Logan, UT, USA). A phycocyanin sample was purchased from BinMei Biotechnology
(Taizhou, China).

2.2. Establishment of Diabetes Mouse Model

All animal experiments were conducted strictly in accordance with the Guide for
the Care and Use of Laboratory Animals approved by Pony Testing International Group
(approval No. PONY-2021-FL-17). Male C57BL/6N mice (20–25 g, 4–6 weeks old) were
obtained from Vital River Laboratory Animal Technology Co., Ltd. (Beijing, China) for
one week of adaptive feeding (12 h light–dark cycle; 23 ± 2 ◦C; 45–60% relative humidity).
The T2DM mouse model was established with a high-glucose high-fat diet combined with
streptozocin (STZ) treatment. Briefly, after five weeks of high-glucose high-fat feeding
and overnight fasting, mice were treated with 0.5% STZ (dissolved in citrate buffer) via
intraperitoneal injection for four days, followed by high-glucose high-fat feeding for one
week. The fasting blood glucose (FBG) content was analyzed using a blood glucose test kit.
An FBG level above 11.1 mmol/L was considered to be diabetic and was used for further
experiments. The negative control mice were treated with an equal dose of citrate buffer.

2.3. Experimental Design and Phycocyanin Intervention

The in vivo experimental design was performed as follows. The diabetic and control
mice were randomly assigned to six groups with 12 mice per group:

NC group: normal mice received a normal diet only;
NCPC group: normal mice received normal diet and phycocyanin (200 mg/kg body weight);
T2DM model group: diabetic mice received a high-glucose high-fat diet;
TLPC intervention group: diabetic mice received a high-glucose high-fat diet and 100 mg/kg
body weight phycocyanin;
THPC intervention group: diabetic mice received a high-glucose high-fat diet and 200 mg/kg
body weight phycocyanin [18,23];
T group (positive control): diabetic mice received a high-glucose high-fat diet and 200 mg/kg
body weight metformin.

The levels of fasting blood glucose, food intake, body weight, and sugar tolerance
indexes were examined. After 10 weeks of intervention, the mice fasted overnight and
were anaesthetized with 3% sodium pentobarbital. The liver and the pancreas tissues were
excised and stored in liquid nitrogen. The serum was obtained by centrifugation at 1400× g
for 10 min and stored at −80 ◦C.
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2.4. Homeostasis Model Assessment-β (HOME-β) Detection

The HOME-β level reflects the function of pancreatic β cells. The HOME-β level
was calculated based on the fasting serum insulin (FIN) and FBG levels according to the
following formula:

HOME-β = 20 × (FIN)/(FBG − 3.5)

2.5. Biochemical Analysis

The fasting blood glucose level was detected using a blood glucose test kit (No. A154-
1-1, Nanjing Jiancheng, Nanjing, China). The FIN level was detected using an insulin
detection kit according to the indicated guidelines (No. JL11459, Jianglaibio, Shanghai,
China). The levels of triglyceride (No. A110-1-1, TG), total cholesterol (No. A111-1-1,
TC), aspartate transaminase (No. C010-2-1, AST), glutamic-pyruvic transaminase (No.
C009-2-1, ALT), high-density lipoprotein (No. A112-1-1, HDL), low-density lipoprotein
(No. A113-1-1, LDL), and superoxide dismutase (No. S0109, SOD) were detected using a
biochemical detection kit (Beyotime, Shanghai, China). The histological observations of the
liver and pancreas were carried out with HE staining.

2.6. Western Blot

SMMC-7721 cells and mouse liver tissues were collected and treated by RIPA. Cell
lysates were separated by 12% SDS-PAGE at 120 V and were electrotransferred onto
nitrocellulose membranes (Millipore, Burlington, MA, USA). The membranes were blocked
with 5% nonfat dry milk in PBS, followed by incubation with the primary antibodies (1:1000)
at 4 ◦C overnight and with horseradish peroxidase (HRP)-conjugated secondary antibodies
(1:5000) for 30 min at 37 ◦C. β-actin was used as a control. The protein expression levels
were analyzed using Image Lab™ Software on a ChemiDoc XRS+ (Bio-Rad, Hercules, CA,
USA). The antibodies are purchased from Cell Signaling Technology (Boston, MA, USA).
The product numbers of the antibodies were as follows: phospho-Akt pathway antibody
(#9916), IRS antibody (#12879), phospho-AMPKα antibody (#50081), and phosphor-mTOR
antibody (#5536).

2.7. Establishment of Insulin-Resistant SMMC-7721 Cell Model

SMMC-7721 cells were treated with different doses of insulin (10−9, 10−8, 10−7, 10−6,
and 10−5 mol/L) for different treatment times (0, 12, 24, 36, 48, and 72 h). The level of the
medium glucose content was examined by a glucose test kit. The glucose consumption
of cells was calculated from the difference in the glucose content between the normal and
treated groups.

2.8. Cell Viability Assay

SMMC-7721 cells were seeded at an appropriate density into 96-well plates. 3-(4,5-
Dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) was used for viability
detection. Briefly, MTT was added into each well for 4 h. Then, the DMSO was added for
dissolution. The cell viability is presented as the ratio of the absorbance reading and the
control cells. The absorbance was measured at 630 and 460 nm.

2.9. Statistical Analysis

The data were analyzed using Microsoft Excel. A two-tailed Student’s t-test was used
to calculate the significant p-values. The results are presented as the means ± SD from
three or more independent experiments. * or # p < 0.05 was considered significant; ** or ##
p < 0.01 was considered extremely significant.
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3. Results
3.1. Effects of Phycocyanin on Blood Glucose, Food Intake Levels, and Body Weight in
Diabetic Mice

The FBG levels in mice were monitored each week (1–10 weeks). As shown in
Figure 1A, the blood glucose in the NC and NCPC groups was maintained at the nor-
mal level throughout the determining period, indicating phycocyanin did not influence
the FBG contents of mice. The FBG levels in phycocyanin-administrated diabetic mice
(TLPC and THPC) were significantly decreased from the fourth week compared with the
model group (T2DM), suggesting that the phycocyanin treatment could ameliorate the
high glucose high fat diet induced diabetes of mice in a time-dependent manner. Although
the hypoglycemic effect in the TLPC and THPC groups was not as obvious as metformin (T
group), the FBG levels showed a gradually declining trend. In addition, the body weight
and food intake analyses showed that phycocyanin and metformin treatments both had
effects on the body weight and food intake levels in diabetic mice (Figure 1B,C), which was
probably due to the inadaptability of the mice to external treatment. Taken together, these
results indicate the protective function of phycocyanin against high glucose high fat diet
induced diabetes mellitus in mice.

Figure 1. Effects of phycocyanin on blood glucose, body weight, and food intake levels in diabetic
mice. (A) Detection of fasting blood glucose (nmol/L) of diabetic and phycocyanin-treated mice.
(B) Detection of mouse body weight (g) under different treatments. (C) Detection of food intake
(g/cage) of mice under different treatments. Data are expressed as means ± SD for 12 mice. * p < 0.05.

3.2. Effects of Phycocyanin on Glucose Tolerance, FIN, and HOME-β Levels in Diabetic Mice

Blood glucose tolerance reflects the body’s ability to regulate the blood glucose con-
centration. In this study, the blood glucose content was examined within 2 h (0, 0.5, 1, and
2 h) after a fasting gavage of glucose in mice at week 0 and week 10. The areas under the
curve are present in a histogram. As shown in Figure 2A, at week 0 the blood glucose
tolerance levels in the T2DM, TLPC, THPC, and T groups were significantly higher than
those in the NC and NCPC groups, and the four treatment groups showed similar glucose
tolerances. At the 10th week, the blood glucose tolerance levels of the TLPC, THPC, and
T groups were significantly lower than those in T2DM mice, indicating that phycocyanin
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could enhance the body’s tolerance to glucose. Figure 2B showed that the FIN level was
obviously decreased in the T2DM mice compared with the NC group, revealing the im-
paired function of the pancreas. After phycocyanin intervention for 4 and 10 weeks, the
FIN levels were significantly recovered compared to T2DM group. To further investigate
whether phycocyanin exerted a protective function on pancreatic β cells, the HOME-β lev-
els were analyzed. As shown in Figure 2C, the HOME-β levels were significantly decreased
in the T2DM groups, suggesting the impaired function of pancreatic β cells in diabetic
mice. However, phycocyanin (TLPC and THPC) could significantly recover the decreased
HOME-β levels compared with the T2DM groups. These results indicate that phycocyanin
exerts the function of maintaining the body’s glucose tolerance, recovering the decreased
FIN levels and impaired pancreatic β cell function caused by a high-glucose high-fat diet
in diabetic mice.

Figure 2. Effects of phycocyanin on glucose tolerance, FIN, and HOME-β levels in diabetic mice.
(A) The glucose tolerance levels of diabetic mice under different treatments at week 0 and week
10. (B) The FIN levels of diabetic mice under different treatments at weeks 0, 4, and 10. (C) The
HOME-β levels of diabetic mice under different treatments at weeks 0, 4, and 10. Data are expressed
as means ± SD for 12 mice. ** (p < 0.01) represent groups with significant differences compared
with the NC group. ## (p < 0.01) represent groups with significant differences compared with the
T2DM group.
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3.3. Phycocyanin Ameliorates the Biochemical Indicators of Serum in Diabetic Mice

The blood biochemical index is a vital indicator to evaluate physical fitness. To
investigate whether phycocyanin could recover the abnormal blood parameters in diabetic
mice, multiple indicators were examined. Figure 3 shows that the levels of TG, TC, AST,
LDL, and ALT in T2DM mice were extraordinary upregulated compared with the NC and
NCPC groups, indicating that the aberrant blood biochemical index in diabetic mice was
caused by liver metabolism failure. After phycocyanin administration, the contents of TG,
TC, AST, and ALT in the TLPC and THPC groups were significantly decreased compared
with the T2DM mice. Although there was no obvious difference in LDL between the
phycocyanin treatment and T2DM groups, its content in the THPC and TLPC groups was
slightly reduced, as shown in Figure 3. Meanwhile, the phycocyanin treatment promoted
the levels of HDL, a type of healthy cholesterol in the blood, in TLPC mice compared
with the T2DM group. In addition, phycocyanin (TLPC) could also reverse the decreased
SOD expression in the blood of diabetic mice. Taken together, these results reveal that
phycocyanin ameliorates the abnormal biochemical indicators of serum in diabetic mice.

Figure 3. Phycocyanin ameliorates the biochemical indicators of serum in diabetic mice. The levels of
triglyceride (TG), total cholesterol (TC), aspartate transaminase (AST), glutamic-pyruvic transaminase
(ALT), high-density lipoprotein (HDL), low-density lipoprotein (LDL), and superoxide dismutase
(SOD) were detected in the NC, NCPC, T2DM, TLPC, THPC, and T groups. Data are expressed as
means ± SD for 12 mice. * (p < 0.05) and ** (p < 0.01) represent groups with significant differences
compared with the NC group. # (p < 0.05) and ## (p < 0.01) represent group with significant differences
compared with the T2DM group.

3.4. Phycocyanin Restores the Organizational Integrity of the Liver and Pancreas in Diabetic Mice

The tissue morphological results are shown in Figure 4. Liver tissues in the NC and
NCPC groups showed typical hepatic lobule structures, including sinusoids, plates of
hepatocytes, and central veins (Figure 4A). By contrast, the liver tissue in the T2DM group
showed impaired hepatocytes and blocked veins. After phycocyanin administration, the
impaired hepatic lobule structure was restored compared with the T2DM group. Likewise,
the control pancreatic tissues showed septal and intralobular duct distribution as well
as conjunctive tissue lobules (Figure 4B). In the T2DM group, pancreatic tissues showed
depauperate pancreatic islets, few traces of endocrine tissue, and an obscure demarcation
between islets and the surrounding acini. However, phycocyanin could improve the
morphology of pancreatic islets and restored the number of pancreatic cells. These results
indicate that phycocyanin could restore the organizational integrity of the liver and pancreas
in diabetic mice.
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Figure 4. Phycocyanin restores the organizational integrity of the liver and pancreas in diabetic mice.
(A) Morphological features of mouse liver in different treatment groups. (B) Morphological features
of mouse pancreas in different treatment groups.

3.5. Phycocyanin Promotes the Activity of the AKT and AMPK Pathway in Diabetic Mice

To further explore the underlying regulatory mechanism of phycocyanin in diabetic
mice, the activities of the corresponding pathways involved in cellular metabolism were
examined. The expressions of AKT signaling pathway proteins in mouse liver are shown
in Figure 5A. PTEN is an AKT inhibitor protein located upstream of AKT signaling, which
is activated through phosphorylation [24], while GSK-3β is a downstream protein of the
AKT pathway, which is regulated by AKT [25]. In the T2DM diabetic mouse group, the
phosphorylated PTEN was upregulated, while the phosphorylation levels of c-Raf, AKT,
and GSK-3β were significantly decreased compared with the control group, revealing that
the AKT pathway activity in the diabetic mouse liver was attenuated. By contrast, the
phycocyanin treatment obviously reversed the phosphorylation levels of these proteins, as
shown in the THPC and T groups. The above results indicate that phycocyanin is likely to
activate AKT signaling in diabetic mice, promote the availability of glucose, and alleviate
the diabetic symptoms of mice.
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Figure 5. Phycocyanin promotes the activity of the AKT and AMPK pathway in diabetic mice.
(A) Western blot analysis of the AKT signaling pathway in the NC, T2DM, THPC, and T groups.
(B) Western blot analysis of the expressions of the AMPKα and IRS proteins in the NC, T2DM, THPC,
and T groups. Data are expressed as means ± SD for random three mice. * (p < 0.05) and ** (p < 0.01)
represent groups with significant differences compared with the NC group. # (p < 0.05) and ##
(p < 0.01) represent groups with significant differences compared with the T2DM group. The dots in
the histogram represent the three different grey values of the Western blot samples.

Besides the AKT pathway, the expressions of the AMPKα, mTOR, and IRS proteins
were also analyzed in this work. IRS1 is the receptor substrate of insulin, which plays
important roles in glucose utilization [26]. As shown in Figure 5B, the phosphorylation
levels of IRS1 (ser612, ser307, and ser318) were decreased in T2DM mice, while phycocyanin
treatment could restore their expressions. In addition, phosphorylated AMPKα expression
was significantly upregulated, while phosphorylated mTOR was suppressed in the THPC
group compared with the T2DM group. It was reported that AMPK is activated by a falling
cellular energy status but suppressed upon overnutrition [27]. In this case, phycocyanin
is most likely to enhance the sensibility of AMPK on blood glucose and promote the
utilization of glucose in mice.
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3.6. Phycocyanin Accelerates the Glucose Uptake of Normal and Insulin-Resistant SMMC-7721
Cells

SMMC-7721 cells were selected to further verify the results of the mouse model. First,
the insulin-resistant SMMC-7721 cell line was constructed via exposure to insulin. As
shown in Figure 6A, insulin treatment (0, 10−4, 10−5, 10−6, 10−7, 10−8, and 10−9) did not
affect the viability, while it significantly inhibited the glucose consumption of SMMC-7721
cells, indicating that insulin-resistant SMMC-7721 cell lines were constructed. According
to Figure 6A, an insulin treatment dose of 10−5 was selected for the following study. To
investigate whether phycocyanin could reverse the insulin-induced decreased glucose
uptake of cells, the glucose consumption was measured after phycocyanin treatment in
normal and insulin-resistant SMMC-7721 cells. As shown in Figure 6B, phycocyanin
exposure significantly promoted the glucose consumption of normal SMMC-7721 cells in
a dose-dependent manner. Strikingly, in insulin-resistant SMMC-7721 cells, the glucose
uptake was also increased due to the treatment of phycocyanin. Taken together, these results
reveal that phycocyanin accelerates the glucose uptake of both normal and insulin-resistant
SMMC-7721 cells, which supports the results of the mouse model.

Figure 6. Phycocyanin accelerates the glucose uptake of insulin−resistant SMMC-7721 cells. (A) Cell
viability and glucose consumption assays of SMMC-7721 cells after different doses of insulin treat-
ment. (B) Glucose consumption assay of SMMC-7721 cells after different doses of phycocyanin
treatment. (C) Glucose consumption assay of insulin-resistant SMMC-7721 cells after different doses
of phycocyanin treatment. Data are expressed as means ± SD. ** (p < 0.01) represent groups with
significant differences compared with the NC group.

3.7. Phycocyanin Increases the Activity of the AKT and AMPK Pathway in Insulin-Resistant
SMMC-7721 Cells

The AKT and AMPK pathway activities were also analyzed in the insulin-resistant
SMMC-7721 cell model. As shown in Figure 7A, the AKT signaling levels were analyzed in
normal (N1), phycocyanin-treated normal (N2), insulin-resistant (Y1), and phycocyanin-
treated insulin-resistant (Y2) SMMC-7721 cells. In accord with the mouse results, the
phosphorylation levels of c-Raf, PDK1, AKT, and GSK-3β were significantly upregulated
in the Y2 group compared with the Y1 group. Meanwhile, the phosphorylated PTEN
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levels were decreased after phycocyanin treatment in the Y2 group. In addition to the AKT
pathway, the phosphorylation levels of IRS1 (ser612 and ser307) were promoted in the
Y2 group compared with the Y1 group (Figure 7B). In addition, phosphorylated AMPKα

expression was significantly upregulated, while phosphorylated mTOR was suppressed in
the Y2 group compared with the Y1 group. These results indicate that phycocyanin could
increase the activity of the AKT and AMPK pathway in insulin-resistant SMMC-7721 cells,
which further confirms the mouse model results.

Figure 7. Phycocyanin increases the activity of the AKT and AMPK pathway in insulin-resistant
SMMC-7721 cells. (A) Western blot analysis of the AKT signaling pathway in the N1, N2, Y1, and Y2
groups. (B) Western blot analysis of the expressions of the AMPKα and IRS proteins in the N1, N2, Y1,
and Y2 groups. * (p < 0.05) represent groups with significant differences compared with the N1 group.
# (p < 0.05) and ## (p < 0.01) represent groups with significant differences compared with the Y1 group.
N1 represents control cells, N2 represents control cells with phycocyanin treatment, Y1 represents
insulin-resistant cells, and Y2 represents insulin-resistant cells with phycocyanin treatment.

4. Discussion

Many studies have reported that phytochemicals can ameliorate obesity-induced
diabetes mellitus in vivo and in vitro [28,29]. In this study, we have demonstrated that
phycocyanin can protect against high glucose high fat diet induced diabetes mellitus in
mice and can also ameliorate the insulin-resistant effect of SMMC-7721 cells. Furthermore,
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phycocyanin can significantly reverse the decreased AKT signaling of diabetes mellitus
mice and insulin-resistant SMMC-7721 cells. In addition, the AMPK activity was also
promoted after phycocyanin exposure in vivo and in vitro.

STZ is considered the most potent diabetogenic chemical used in research and can be
used for establishing both T1DM and T2DM models. It is reported that the administration
of multiple low doses of STZ to mice for several days is more likely to induce a T1DM
model due to the partial damage to pancreatic islets and the inflammatory process [30].
However, a high-fat diet combined with STZ administration is a good way to establish a
T2DM model, which was employed in our work. Besides STZ, alloxan is another potent
diabetogenic chemical in most studies. In this study, we employed a high-glucose high-fat
diet combined with STZ treatment to establish the diabetic mouse model. Zucker diabetic
fatty (ZDF) and Goto-Kakizaki rats are better T2DM animal models in studies, which
could exhibit symptoms including diabetes, insulin resistance, hyperlipidemia, and various
complications [31]. Nevertheless, the present results indicate a preventive and protective
function of phycocyanin in the T2DM mice.

Phycocyanin, ubiquitous in cyanobacteria, is widely utilized in food, cosmetics, and
biochemical pharmaceuticals. It is also a potent antioxidant with great biological activ-
ities [32]. Although phycocyanin has been reported to be effective in diabetic animals,
little has been demonstrated in terms of its function in high glucose high fat diet induced
mice and insulin-induced SMMC-7721 cells. It was reported that Spirulina maxima extract
could reduce obesity through the suppression of adipogenesis and the activity of brown-
ing in 3T3-L1 cells and high fat diet induced obese mice [15], which was partially in line
with our present results. It is worth noting that phycocyanin could recover the alloxan-
induced decreased fasting serum insulin levels in mice [23]. In this case, our present study
has completed the theory that phycocyanin improves diabetes mellitus, including T1DM
and T2DM.

AMPKα plays a pivotal role in metabolic regulation such as glycometabolism, au-
tophagy, cell movement, and protein synthesis [33]. It has been proven that the activation of
AMPKα can decrease the body weights of HFD-induced obesity mice [34], which indicates
the metabolism-promoting function of AMPKα. Generally, AMPK signaling is activated
upon the state of malnutrition and hunger then promotes protein hydrolysis and glycolysis
and maintains the blood glucose balance [35]. Thus, the prometabolic activity of AMPK
is one of the important regulatory mechanisms for cell survival. In particular, the present
work displayed that the phosphorylation levels of AMPKα were increased in both the
diabetes mellitus mouse and insulin-resistant SMMC-7721 cell models, indicating that phy-
cocyanin could enhance the sensibility of insulin and promote the uptake and utilization of
glucose by activating AMPKα. Meanwhile, activated AMPK promotes autophagy directly
by phosphorylating multiple autophagy-related proteins [36]. Coincidentally, our previ-
ous study demonstrated that phycocyanin diminished the viability of non-small-cell lung
cancer cells via the induction of autophagy by downregulating p-mTOR expression [37],
which was in line with the present results.

AKT is a serine/threonine kinase, which participates in the key role of the PI3K signal-
ing pathway. AKT can be activated by multiple growth signals and then modulates the
function of downstream proteins involved in proliferation, cellular survival, metabolism,
migration, and angiogenesis [38]. It has been reported that hyperglycemia, dyslipidemia,
inflammation, and insulin resistance in T2DM were ameliorated after the oral admin-
istration of Scutellariae Radix and Coptidis Rhizoma, two types of traditional Chinese
medicines, via regulating the PI3K/AKT signaling pathway [39], indicating that AKT
activation was involved in glycometabolism regulation. Similar results were verified in a
T2DM KKAy mouse model [40]. In particular, Gao et al. investigated the protective effects
of phycocyanin on insulinoma β cells against MG-induced cell dysfunction and discovered
that phycocyanin could protect INS-1 pancreatic β cells by modulating the PI3K/AKT
pathway [41]. In this work, AKT was significantly activated after phycocyanin treatment in
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T2DM mice and insulin-resistant SMMC-7721 cell models, which provided the underlying
mechanism of phycocyanin in the process of ameliorating diabetes.

In summary, our study shows that phycocyanin ameliorates high glucose high fat
diet induced diabetes mellitus mice by downregulating fasting blood glucose and serum
biochemical indicators, including TG, TC, AST, and ALT, as well as promoting the glucose
tolerance and fasting serum insulin levels of diabetic mice. Meanwhile, phycocyanin
can restore the organizational integrity of the liver and pancreas in diabetic mice. In
addition, a molecular analysis revealed that phycocyanin protects against diabetes mellitus
by activating the AKT and AMPK signaling pathway in both the high glucose high fat diet
induced mouse and insulin-resistant SMMC-7721 cell models. To the best of our knowledge,
this work is the first to show the roles phycocyanin in T2DM and to illustrate the underlying
mechanisms, which involved activating the AKT and AMPK pathway in vivo and in vitro.
As phycocyanin is a type of natural functional food with few side effects on cells, it could
be used as a dietary nutrient material with a blood-glucose-regulating function. The results
would lay a scientific theoretical basis for the treatment of diabetes and the utilization of
marine natural products.

Author Contributions: Conceptualization, S.H.; Data curation, F.L.; Funding acquisition, S.H.; In-
vestigation, F.L. and Q.L.; Methodology, S.H.; Resources, S.H.; Validation, F.L., Q.L., Q.Y. and W.Z.;
Writing—original draft, S.H. and F.L.; Writing—review and editing, S.H. and F.L. All authors have
read and agreed to the published version of the manuscript.

Funding: This work was financially supported by the National Natural Science Foundation of China
(32072231 and 32272321) and the General Project of Science and Technology Plan of the Beijing
Municipal Education Commission (KM202110011006).

Institutional Review Board Statement: The animal study protocol was approved by Pony Testing
International Group (approval No. PONY-2021-FL-17).

Informed Consent Statement: Not applicable.

Data Availability Statement: Data presented in this article are available at request from the corre-
sponding author.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Cai, W.; Ramdas, M.; Zhu, L.; Chen, X.; Striker, G.E.; Vlassara, H. Oral advanced glycation endproducts (AGEs) promote insulin

resistance and diabetes by depleting the antioxidant defenses AGE receptor-1 and sirtuin 1. Proc. Natl. Acad. Sci. USA 2012,
109, 15888–15893. [CrossRef] [PubMed]

2. Tripathi, B.K.; Srivastava, A.K. Diabetes mellitus: Complications and therapeutics. Med. Sci. Monit. 2006, 12, RA130–RA147.
[PubMed]

3. Chen, L.; Magliano, D.J.; Zimmet, P.Z. The worldwide epidemiology of type 2 diabetes mellitus-present and future perspectives.
Nat. Rev. Endocrinol. 2012, 8, 228–236. [CrossRef]

4. Gastaldelli, A. Role of beta-cell dysfunction, ectopic fat accumulation and insulin resistance in the pathogenesis of type 2 diabetes
mellitus. Diabetes Res. Clin. Pract. 2011, 93, S60–S65. [CrossRef]

5. Ismail-Beigi, F. Pathogenesis and Glycemic Management of Type 2 Diabetes Mellitus: A Physiological Approach. Arch. Iran. Med.
2012, 15, 239–246. [PubMed]

6. Wu, Y.; Ding, Y.; Tanaka, Y.; Zhang, W. Risk Factors Contributing to Type 2 Diabetes and Recent Advances in the Treatment and
Prevention. Int. J. Med. Sci. 2014, 11, 1185–1200. [CrossRef]

7. Lafarga, T.; Maria Fernandez-Sevilla, J.; Gonzalez-Lopez, C.; Gabriel Acien-Fernandez, F. Spirulina for the food and functional
food industries. Food Res. Int. 2020, 137, 109356. [CrossRef]

8. Wei, G.; Mingyong, Z.; Suqin, Z.; Shiyang, L.; Yilin, Q.; Haohao, W. Phycocyanin ameliorates mouse colitis via phycocyanobilin-
dependent antioxidant and anti-inflammatory protection of the intestinal epithelial barrier. Food Funct. 2022, 13, 3294–3307.
[CrossRef]

9. Assumpcao de Amarante, M.C.; Cavalcante Braga, A.R.; Sala, L.; Kalil, S.J. Colour stability and antioxidant activity of C-
phycocyanin-added ice creams after in vitro digestion. Food Res. Int. 2020, 137, 109602. [CrossRef]

10. Hao, S.; Li, S.; Wang, J.; Zhao, L.; Zhang, C.; Huang, W.; Wang, C. Phycocyanin Reduces Proliferation of Melanoma Cells through
Downregulating GRB2/ERK Signaling. J. Agric. Food Chem. 2018, 66, 10921–10929. [CrossRef] [PubMed]

http://doi.org/10.1073/pnas.1205847109
http://www.ncbi.nlm.nih.gov/pubmed/22908267
http://www.ncbi.nlm.nih.gov/pubmed/16810145
http://doi.org/10.1038/nrendo.2011.183
http://doi.org/10.1016/S0168-8227(11)70015-8
http://www.ncbi.nlm.nih.gov/pubmed/22424044
http://doi.org/10.7150/ijms.10001
http://doi.org/10.1016/j.foodres.2020.109356
http://doi.org/10.1039/d1fo02970c
http://doi.org/10.1016/j.foodres.2020.109602
http://doi.org/10.1021/acs.jafc.8b03495
http://www.ncbi.nlm.nih.gov/pubmed/30253646


Foods 2022, 11, 3183 13 of 14

11. Chung, G.Y.; Shim, K.H.; Kim, H.J.; Min, S.K.; Shin, H.S. Chitosan-coated C-phycocyanin Liposome for Extending the Neuropro-
tective Time Window Against Ischemic Brain Stroke. Curr. Pharm. Des. 2018, 24, 1859–1864. [CrossRef]

12. Vadiraja, B.B.; Gaikwad, N.W.; Madyastha, K.M. Hepatoprotective effect of C-phycocyanin: Protection for carbon tetrachloride
and R-(+)-pulegone-mediated hepatotoxicty in rats. Biochem. Biophys. Res. Commun. 1998, 249, 428–431. [CrossRef] [PubMed]

13. Amin, A.R.M.R.; Kucuk, O.; Khuri, F.R.; Shin, D.M. Perspectives for Cancer Prevention With Natural Compounds. J. Clin. Oncol.
2009, 27, 2712–2725. [CrossRef] [PubMed]

14. Jung, I.L. Soluble Extract from Moringa oleifera Leaves with a New Anticancer Activity. PLoS ONE 2014, 9, e95492. [CrossRef]
[PubMed]

15. Young-Jin, S.; Kui-Jin, K.; Jia, C.; Eun-Jeong, K.; Boo-Yong, L. Spirulina maxima extract reduces obesity through suppression of
adipogenesis and activation of browning in 3T3-L1 cells and high-fat diet-induced obese mice. Nutrients 2018, 10, 712. [CrossRef]

16. Gao, Y.; Liu, C.; Wan, G.; Wang, X.; Cheng, X.; Ou, Y. Phycocyanin prevents methylglyoxal-induced mitochondrial-dependent
apoptosis in INS-1 cells by Nrf2. Food Funct. 2016, 7, 1129–1137. [CrossRef] [PubMed]

17. Zheng, J.; Inoguchi, T.; Sasaki, S.; Maeda, Y.; McCarty, M.F.; Fujii, M.; Ikeda, N.; Kobayashi, K.; Sonoda, N.; Takayanagi, R.
Phycocyanin and phycocyanobilin from Spirulina platensis protect against diabetic nephropathy by inhibiting oxidative stress.
Am. J. Physiol. Regul. Integr. Comp. Physiol. 2013, 304, R110–R120. [CrossRef] [PubMed]

18. Ou, Y.; Lin, L.; Pan, Q.; Yang, X.; Cheng, X. Preventive effect of phycocyanin from Spirulina platensis on alloxan-injured mice.
Environ. Toxicol. Pharmacol. 2012, 34, 721–726. [CrossRef]

19. Ou, Y.; Lin, L.; Yang, X.G.; Pan, Q.; Cheng, X.D. Antidiabetic potential of phycocyanin: Effects on KKAy mice. Pharm. Biol. 2013,
51, 539–544. [CrossRef]

20. Munawaroh, H.S.H.; Gumilar, G.G.; Nurjanah, F.; Yuliani, G.; Aisyah, S.; Kurnia, D.; Wulandari, A.P.; Kurniawan, I.; Ningrum, A.;
Koyande, A.K.; et al. In-vitro molecular docking analysis of microalgae extracted phycocyanin as an anti-diabetic candidate.
Biochem. Eng. J. 2020, 161, 107666. [CrossRef]

21. Ren, Z.; Xie, Z.; Cao, D.; Gong, M.; Yang, L.; Zhou, Z.; Ou, Y. C-Phycocyanin inhibits hepatic gluconeogenesis and increases
glycogen synthesis via activating Akt and AMPK in insulin resistance hepatocytes. Food Funct. 2018, 9, 2829–2839. [CrossRef]
[PubMed]

22. Liu, Y.; Deng, J.J.; Fan, D.D. Ginsenoside Rk3 ameliorates high-fat-diet/streptozocin induced type 2 diabetes mellitus in mice via
the AMPK/Akt signaling pathway. Food Funct. 2019, 10, 2538–2551. [CrossRef] [PubMed]

23. Ou, Y.; Ren, Z.; Wang, J.; Yang, X. Phycocyanin ameliorates alloxan-induced diabetes mellitus in mice: Involved in insulin
signaling pathway and GK expression. Chem. Biol. Interact. 2016, 247, 49–54. [CrossRef] [PubMed]

24. Chen, C.-Y.; Chen, J.; He, L.; Stiles, B.L. PTEN: Tumor Suppressor and Metabolic Regulator. Front. Endocrinol. 2018, 9, 338.
[CrossRef]

25. Lin, J.; Song, T.; Li, C.; Mao, W. GSK-3 beta in DNA repair, apoptosis, and resistance of chemotherapy, radiotherapy of cancer.
Biochim. Et Biophys. Acta Mol. Cell Res. 2020, 1867, 118659. [CrossRef] [PubMed]

26. Copps, K.D.; White, M.F. Regulation of insulin sensitivity by serine/threonine phosphorylation of insulin receptor substrate
proteins IRS1 and IRS2. Diabetologia 2012, 55, 2565–2582. [CrossRef]

27. Lin, S.-C.; Hardie, D.G. AMPK: Sensing Glucose as well as Cellular Energy Status. Cell Metab. 2018, 27, 299–313. [CrossRef]
[PubMed]

28. Shah, M.A.; Haris, M.; Faheem, H.I.; Hamid, A.; Yousaf, R.; Rasul, A.; Shah, G.M.; Khalil, A.A.K.; Wahab, A.; Khan, H.; et al. Cross
talk between obesity and diabetes: Introducing polyphenols as an effective phytomedicine to combat the dual sword diabesity.
Curr. Pharm. Des. 2022, 28, 1523–1542. [CrossRef] [PubMed]

29. Hanalp, H.C.; Dogan, A.; Saygi, T.K.; Donmez, F.; Battal, A. Exploring phytochemical constituents of Achillea arabica Kotschy.
ethanolic flower extract by LC-MS/MS and its possible antioxidant and antidiabetic effects in diabetic rats. J. Z. Für. Nat. C 2022.
[CrossRef] [PubMed]

30. Furman, B.L. Streptozotocin-Induced Diabetic Models in Mice and Rats. Curr. Protoc. Pharmacol. 2015, 70, 5–47. [CrossRef]
[PubMed]

31. Al-awar, A.; Kupai, K.; Veszelka, M.; Szucs, G.; Attieh, Z.; Murlasits, Z.; Torok, S.; Posa, A.; Varga, C. Experimental Diabetes
Mellitus in Different Animal Models. J. Diabetes Res. 2016, 2016, 9051426. [CrossRef]

32. Romay, C.; Gonzalez, R.; Ledon, N.; Remirez, D.; Rimbau, V. C-phycocyanin: A biliprotein with antioxidant, anti-inflammatory
and neuroprotective effects. Curr. Protein Pept. Sci. 2003, 4, 207–216. [CrossRef]

33. Kahn, B.B.; Alquier, T.; Carling, D.; Hardie, D.G. AMP-activated protein kinase: Ancient energy gauge provides clues to modern
understanding of metabolism. Cell Metab. 2005, 1, 15–25. [CrossRef]

34. Lindholm, C.R.; Ertel, R.L.; Bauwens, J.D.; Schmuck, E.G.; Mulligan, J.D.; Saupe, K.W. A high-fat diet decreases AMPK activity
in multiple tissues in the absence of hyperglycemia or systemic inflammation in rats. J. Physiol. Biochem. 2013, 69, 165–175.
[CrossRef] [PubMed]

35. Carling, D. AMPK signalling in health and disease. Curr. Opin. Cell Biol. 2017, 45, 31–37. [CrossRef] [PubMed]
36. Kim, J.; Kundu, M.; Viollet, B.; Guan, K.-L. AMPK and mTOR regulate autophagy through direct phosphorylation of Ulk1. Nat.

Cell Biol. 2011, 13, U132–U171. [CrossRef] [PubMed]
37. Hao, S.; Li, F.; Liu, Y.; Yang, Q.; Li, Q.; Zhang, W.; Wang, C. Phycocyanin diminishes the viability of non-small cell lung cancer

cells via induction of autophagy. J. Funct. Foods 2022, 94, 105145. [CrossRef]

http://doi.org/10.2174/1381612824666180515123543
http://doi.org/10.1006/bbrc.1998.9149
http://www.ncbi.nlm.nih.gov/pubmed/9712713
http://doi.org/10.1200/JCO.2008.20.6235
http://www.ncbi.nlm.nih.gov/pubmed/19414669
http://doi.org/10.1371/journal.pone.0095492
http://www.ncbi.nlm.nih.gov/pubmed/24748376
http://doi.org/10.3390/nu10060712
http://doi.org/10.1039/C5FO01548K
http://www.ncbi.nlm.nih.gov/pubmed/26805012
http://doi.org/10.1152/ajpregu.00648.2011
http://www.ncbi.nlm.nih.gov/pubmed/23115122
http://doi.org/10.1016/j.etap.2012.09.016
http://doi.org/10.3109/13880209.2012.747545
http://doi.org/10.1016/j.bej.2020.107666
http://doi.org/10.1039/C8FO00257F
http://www.ncbi.nlm.nih.gov/pubmed/29693104
http://doi.org/10.1039/C9FO00095J
http://www.ncbi.nlm.nih.gov/pubmed/30993294
http://doi.org/10.1016/j.cbi.2016.01.018
http://www.ncbi.nlm.nih.gov/pubmed/26827782
http://doi.org/10.3389/fendo.2018.00338
http://doi.org/10.1016/j.bbamcr.2020.118659
http://www.ncbi.nlm.nih.gov/pubmed/31978503
http://doi.org/10.1007/s00125-012-2644-8
http://doi.org/10.1016/j.cmet.2017.10.009
http://www.ncbi.nlm.nih.gov/pubmed/29153408
http://doi.org/10.2174/1381612828666220628123224
http://www.ncbi.nlm.nih.gov/pubmed/35762558
http://doi.org/10.1515/znc-2022-0082
http://www.ncbi.nlm.nih.gov/pubmed/35767849
http://doi.org/10.1002/0471141755.ph0547s70
http://www.ncbi.nlm.nih.gov/pubmed/26331889
http://doi.org/10.1155/2016/9051426
http://doi.org/10.2174/1389203033487216
http://doi.org/10.1016/j.cmet.2004.12.003
http://doi.org/10.1007/s13105-012-0199-2
http://www.ncbi.nlm.nih.gov/pubmed/22941749
http://doi.org/10.1016/j.ceb.2017.01.005
http://www.ncbi.nlm.nih.gov/pubmed/28232179
http://doi.org/10.1038/ncb2152
http://www.ncbi.nlm.nih.gov/pubmed/21258367
http://doi.org/10.1016/j.jff.2022.105145


Foods 2022, 11, 3183 14 of 14

38. Revathidevi, S.; Munirajan, A.K. Akt in cancer: Mediator and more. Semin. Cancer Biol. 2019, 59, 80–91. [CrossRef] [PubMed]
39. Cui, X.; Qian, D.-W.; Jiang, S.; Shang, E.-X.; Zhu, Z.-H.; Duan, J.-A. Scutellariae Radix and Coptidis Rhizoma Improve Glucose

and Lipid Metabolism in T2DM Rats via Regulation of the Metabolic Profiling and MAPK/PI3K/Akt Signaling Pathway. Int. J.
Mol. Sci. 2018, 19, 3634. [CrossRef]

40. Li, X.; Li, X.; Wang, G.; Xu, Y.; Wang, Y.; Hao, R.; Ma, X. Xiao Ke Qing improves glycometabolism and ameliorates insulin
resistance by regulating the PI3K/Akt pathway in KKAy mice. Front. Med. 2018, 12, 688–696. [CrossRef] [PubMed]

41. Gao, Y.; Liao, G.; Xiang, C.; Yang, X.; Cheng, X.; Ou, Y. Effects of phycocyanin on INS-1 pancreatic beta-cell mediated by
PI3K/Akt/FoxO1 signaling pathway. Int. J. Biol. Macromol. 2016, 83, 185–194. [CrossRef] [PubMed]

http://doi.org/10.1016/j.semcancer.2019.06.002
http://www.ncbi.nlm.nih.gov/pubmed/31173856
http://doi.org/10.3390/ijms19113634
http://doi.org/10.1007/s11684-018-0662-8
http://www.ncbi.nlm.nih.gov/pubmed/30421394
http://doi.org/10.1016/j.ijbiomac.2015.11.054
http://www.ncbi.nlm.nih.gov/pubmed/26616456

	Introduction 
	Materials and Methods 
	Cell Line and Phycocyanin 
	Establishment of Diabetes Mouse Model 
	Experimental Design and Phycocyanin Intervention 
	Homeostasis Model Assessment- (HOME-) Detection 
	Biochemical Analysis 
	Western Blot 
	Establishment of Insulin-Resistant SMMC-7721 Cell Model 
	Cell Viability Assay 
	Statistical Analysis 

	Results 
	Effects of Phycocyanin on Blood Glucose, Food Intake Levels, and Body Weight in Diabetic Mice 
	Effects of Phycocyanin on Glucose Tolerance, FIN, and HOME- Levels in Diabetic Mice 
	Phycocyanin Ameliorates the Biochemical Indicators of Serum in Diabetic Mice 
	Phycocyanin Restores the Organizational Integrity of the Liver and Pancreas in Diabetic Mice 
	Phycocyanin Promotes the Activity of the AKT and AMPK Pathway in Diabetic Mice 
	Phycocyanin Accelerates the Glucose Uptake of Normal and Insulin-Resistant SMMC-7721 Cells 
	Phycocyanin Increases the Activity of the AKT and AMPK Pathway in Insulin-Resistant SMMC-7721 Cells 

	Discussion 
	References

