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Chlorella Protects Against Hydrogen Peroxide-Induced Pancreatic b-Cell Damage
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ABSTRACT Oxidative stress has been implicated in the etiology of pancreatic b-cell dysfunction and diabetes. Studies have shown that chlorella could be important in health promotion or disease prevention through its antioxidant capacity. However, whether chlorella has a cytoprotective effect in pancreatic b-cells remains to be elucidated. We investigated the protective effects of chlorella on H2O2-induced oxidative damage in INS-1 (832/13) cells. Chlorella partially restored cell viability after H2O2 toxicity. To further investigate the effects of chlorella on mitochondria function and cellular oxidative stress, we analyzed mitochondria membrane potential, ATP concentrations, and cellular levels of reactive oxygen species (ROS). Chlorella prevented mitochondria disruption and maintained cellular ATP levels after H2O2 toxicity. It also normalized intracellular levels of ROS to that of control in the presence of H2O2. Chlorella protected cells from apoptosis as indicated by less p-Histone and caspase 3 activation. In addition, chlorella not only enhanced glucose-stimulated insulin secretion (GSIS), but also partially restored the reduced GSIS after H2O2 toxicity. Our results suggest that chlorella is effective in amelioration of cellular oxidative stress and destruction, and therefore protects INS-1 (832/13) cells from H2O2-induced apoptosis and increases insulin secretion. Chlorella should be studied for use in the prevention or treatment of diabetes.
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INTRODUCTION
 (
D
)iabetes is characterized by hyperglycemia and is associated with defects in insulin action and/or secre-

beneficial effects on overall health and disease prevention. Chlorella has been reported to possess antioxidative and anti-inflammatory properties both in in  vitro  and in   vivo
13,14

tion, and pancreatic b-cell failure.1,2  Studies have suggested

studies.

Moreover,   administration   of   chlorella  im-

that increased levels of reactive oxygen species (ROS) might

proves  glucose  tolerance,  insulin  sensitivity,  or    insulin
15,16

have  a  role  in  causing  b-cell  dysfunction.2–4  Although

secretion both in normal or diabetic animals.

However,

ROS are produced during normal cellular metabolism and have  physiological  roles  in  cellular  signaling  systems,

other studies indicate chlorella may have no  hypoglycemic
effect  in  diabetic  rats  but  could  reduce  oxidative  DNA
17

excessive ROS production may cause damage to cellular

damage and lipid  peroxidation.

Since there is an increase

components.2,5,6 Moreover, mitochondrial dysfunction has been observed in pancreatic b-cells and other tissues in diabetes.7,8 In fact, the mitochondrial ROS-mediated dys- function could disrupt glucose-induced insulin  secretion and modify cellular signal transductions, which influ- ence the pathogenesis of diabetes and its complications.9,10 It is possible that strategies for reducing cellular oxida- tive stress could prevent pancreatic b-cell damage and diabetes.
Chlorella has been used as dietary supplements in Japan and Taiwan, and it provides rich source of protein, poly- unsaturated fatty acids, many dietary antioxidants, vita- mins,  and  minerals.11,12    Many  studies13–16    have   shown
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in pancreatic b-cell damage and oxidative stress in    diabe-
tes and there have been few studies on the direct effects of chlorella on pancreatic b-cell, this study was aimed to investigate the protective effects of chlorella on pancreatic b-cell  after  H2O2 toxicity.
MATERIALS AND METHODS
Cell culture
INS-1 (832/13) cells18 were kindly provided by Dr. Christopher Newgard (Duke University Medical Center, Durham, NC, USA). Cells were cultured in RPMI 1640 culture medium, supplemented with 10% fetal calf   serum, 2 mM l-glutamine, 1 mM sodium pyruvate, 10 mM HEPES, 50 lM 2-mercaptoethanol, 100 U/mL penicillin, and 100 lg/ mL streptomycin (Gibco BRL Life Technologies, Grand Island, NY, USA) in a humidified atmosphere at 37°C and 5% CO2. Culture medium was changed the day after seeding and subsequently every other day.
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Chlorella preparation
Chlorella sp. DT, a desiccation-tolerant green alga iden- tified by Chen and Lai19 is routinely cultured at an initial concentration of 4 lg chlorophyll per milliliter in 100 mL Chlorella-medium with addition of 0.5% glucose in 250 mL flasks at 28°C in orbital incubator.20 The growth of algal culture was monitored by measuring chlorophyll content. Chlorella with at least 1 mg chlorophyll was collected and washed several times and harvested by centrifugation. Sample pellets were then mixed in 100 mL distilled water followed by homogenization. Final homogenized superna- tant was filtered and freeze-dried to obtain the lyophilized form of Chlorella. Chlorella stock solution was prepared in ethanol at 100 mg/mL.

MTT assay
INS-1 cells (3.5 · 104) were seeded in 100 lL culture me- dium in 96-well microplates and allowed to attach for a period of  24 h  before  treatment  with  chlorella  and/or  H2O2.  After 24 h  treatment  with  chlorella  (150  and  300 lg/mL)  and/or H2O2  (250 lM), the viability of the cells was determined us- ing a microtiter plate-based 3-(4,5-dimethylthiazol-2-yl)-2,5- diphenyl-terazolium bromide  (MTT) assay (Sigma-Aldrich, St. Louis, MO, USA). This assay assesses the integrity of mitochondrial function. Briefly, at the end of treatment, the culture medium was changed to medium containing 1 mg/mL MTT solution (5 mg/mL stock solution in phosphate-buffered saline  [PBS])  for  2 h  according  to  the  manufacturer’s  in- structions.21  Cells were incubated with 60 lL MTT for 3 h in a CO2  incubator, after which 100 lL of 0.4 N HCI in 99% isopropanol  was  added  to  dissolve  the  formed  formazan crystals. The absorbance was measured at a wavelength of 570 nm with a reference setting of 690 nm on a microplate reader (Synergy Mx; BioTek, Winooski, VT, USA). Percent viability was calculated by comparing with vehicle control. Percentage viability was calculated using the formula:

was used to estimate the proportion of cells in different phase of cell cycle. Cells that were sub-diploid ( < 2n) are apoptotic and quantified by Cell Lab Quanta SC Flow Cytometer (Beckman Coulter, Inc., Brea, CA,  USA).

Cell proliferation
To study  the  effect  of chlorella  on the  proliferation rate,
3.5 · 104 cells seeded in 96-well microplates were treated with chlorella 300 or 150 lg/mL for 24 h, and H2O2  300 lM was added to  cells  treating with chlorella  4 h  before  the  end of treatment. At the end of treatment, cells were quantified by the colorimetric 5-bromo-20-deoxyuridine (BrdU) cell prolifera- tion assay from Calbiochem (Billerica, MA, USA). BrdU is incorporated into newly synthesized DNA strands of prolif- erating cells; therefore, the extent of BrdU incorporation is reflected in the intensity of absorbance of the final reaction.23 Data are expressed in percent of ethanol treated control cells.

Assessments of mitochondrial membrane potential
8 · 100,000 cells were seeded in 12-well 1 day before treatment. On the day of treatment, culture medium was changed to medium containing 300 or 150 lg/mL of chlor- ella and kept for 24 h before collecting for flow cytometry analysis of mitochondrial membrane potential (MMP). H2O2 300 lM was added 2 h before the end of treatment. Cellular MMP was determined after chlorella and H2O2 treatment. Changes in the MMP were measured by flow cytometry using JC-1 10 lg/mL (Molecular Probes, Eugene, OR, USA). JC-1 forms aggregates in cells with a high FL-2 fluorescence during a normal MMP, while loss of membrane potential results in a reduction in FL-2 fluorescence and a shift to monomeric state in FL-1 fluorescence. Briefly, cells were trypsinized, washed in PBS, and resuspended in JC-1 for 15 min at 37°C.22 After which, cells were washed with PBS twice and resuspended in PBS. The 10,000 cells were analyzed  for  fluorescence  for  each  sample  in  a     FL-1



Mean absorbance of  sample — Mean absorbance of medium

 (
—
)Viability (%) ¼ Mean absorbance of  control

· 100
Mean absorbance of  medium





Measurement of DNA content
8 · 100,000 cells were seeded in 12-well 1 day before treatment. On the day of treatment, culture medium was changed to medium containing 300 or 150 lg/mL of chlor- ella and kept for 24 h before collecting for flow cytometry analysis of the DNA content. H2O2 300 lM was added 4 h before the end of treatment. Briefly, cells were collected by centrifugation at 162 · g for 10 min. Cells were then washed in PBS followed by resuspension and fixation in ice- cold 95% ethanol for at least 24 h. Following washes with PBS, cells were incubated in PI/RNAse solution (50 lg/mL propidium iodide, 0.05% Triton-X 100, and RNAse A
0.1 mg/mL) at 37°C for 30 min.22 Afterward, 10,000 cells were subjected to flow cytometry analysis. Propidium iodide

(525 nm, green) versus FL-2 (575 nm, red) on a Cell Lab Quanta SC Flow Cytometer (Beckman Coulter,  Inc.).

Measurements of ATP levels
About 4 · 100,000 cells were seeded in a 24-well plate 1 day before treatment. On the day of treatment, culture me- dium was changed to medium containing 300 or 150 lg/mL of chlorella and kept for 24 h before collecting for cellular ATP analysis. H2O2  300 lM was added 2 or 4 h before the end of treatment. Cells were exposed to chlorella and H2O2. Cellular  ATP  levels  were  then  quantified  using  a  fluoro- metric  assay  kit.  Briefly,  cells  were  rinsed  with  PBS  and lysed in ATP assay buffer. Cell lysate was then taken for ATP concentrations analysis according to the manufacturer’s
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instruction. A standard curve was generated using solutions of known ATP concentrations. Portions of lysates were used for protein determination. ATP levels were calculated and corrected for protein.24 Data are normalized to the levels in ethanol-treated control.
DPPH assay
The antioxidant activity of chlorella was determined using 2,2-diphenyl-1-picryl-hydrazyl-hydrate (DPPH) as a free radical. The test compound was diluted in a 1:1 ratio with the DPPH solution (0.5 mM in methanol).25 The decrease in ab- sorbance was determined at 517 nm after 30 min of reaction using a microplate reader (Synergy Mx). The ability to scavenge DPPH radical was measured by the discoloration of the solution. Ascorbic acid was used as positive control.
Measurement of intracellular ROS  production
Around 8 · 100,000 cells were seeded in 12-well 1 day before treatment. On the day of treatment, culture medium was  changed  to  media  containing  300  or  150 lg/mL  of chlorella and kept for 24 h before ROS measurement. H2O2 300 lM  was  added  2 h  before  the  end  of  treatment.  In- tracellular  ROS  generation  was  measured  by  5-(and-6-) chloromethyl-20,70-dichlorodihydrofluorescein diacetate (CM- H2DCFDA) (Invitrogen, Grand Island, NY, USA). Cells were incubated in the dark with 10 lM CM-H2DCFDA at 37°C for 45 min  and  then  washed  twice  with  PBS.  Oxidation  of H2DCFDA  by  ROS  finally  converts  the  molecule  to  fluo- rescent DCF. Cells were collected and absorbance was de- termined  at  480/520 nm  using  a  Synergy  Mx  microplate reader. Cells were lysed in RIPA buffer for protein analysis.24 Intracellular ROS are expressed as fold change of the fluo- rescence  intensity  normalized  to  protein  contents  against ethanol-treated control cells.
Insulin secretion
4 · 100,000  cells  were  seeded  in  24-well  1  day  before treatment.  On  the  day  of  treatment,  culture  medium  was changed to media containing 300 or 150 lg/mL of chlorella and  kept  for  24 h  before  insulin  secretion  analysis.  H2O2 300 lM was added 2 h before the end of treatment. At the end of the experiment, acute insulin release in response to glucose was performed. Cells were washed and preincubated (30 min) in Krebs–Ringer bicarbonate buffer (KRB) containing 2.8 mM glucose and 0.5% bovine serum albumin. KRB was then re- placed by KRB 2.8 mM glucose for 1 h (basal state), followed by an additional 1 h in KRB 16.7 mM glucose (glucose stim- ulated  state).26   Supernatants  from  both  basal  and  glucose stimulated states were collected for insulin secretion analysis using rat insulin ELISA kit (Millipore, Billerica, MA, USA).
Western blot
2.5 · 106 cells were seeded in six-well plates 1 day before treatment. On the day of treatment, culture medium was changed to media containing 300 or 150 lg/mL of chlorella and kept for 24 h. H2O2 300 lM was added 5 h before the end of treatment. At the end of the treatment, cells were washed in

PBS and collected in RIPA buffer (50 mM Tris-HCl, pH 8.0, 150 mM sodium chloride, 1.0% NP-40, 0.5% sodium deox- ycholate, and 0.1% sodium dodecyl sulfate [SDS]; Sigma- Aldrich) with protease and phosphatase inhibitor cocktail (Sigma-Aldrich). Whole cell lysates were then incubated on ice for 10 min and cleared by centrifugation at 8000 g for 10 min at 4°C to pellet cell debris. Protein concentrations of sample supernatants were determined by Bio-Rad protein assay. Samples (60 lg total protein) were then subjected to SDS–polyacrylamide gel electrophoresis and electrically trans- ferred to polyvinylidene fluoride membranes. After transfer, membranes were blocked with 5% nonfat dry milk in TBS with 0.1% Tween 20 (TBS-T) and incubated overnight at 4°C with anti-phospho-Histone H2A.X and anti-caspase 3 (1:1000; Cell Signaling Technology, Danvers, MA, USA), and anti-GAPDH (1:10,000; Millipore) antibodies. Membranes were then washed with TBS-T and incubated with horseradish peroxidase (HRP)- conjugated antibodies (1:5000; Jackson ImmunoResearch Laboratories, Inc., West Grove, PA, USA) for 1 h. Blots were developed using chemiluminescent HRP substrate (Millipore), and they were visualized by ImageQuant LAS 400mini (GE Healthcare, Buckinghamshire, United Kingdom).
Statistical analysis
Statistical analysis was performed using the nonpaired two-tailed t-test. Data are presented as mean – SEM. A P-value  < .05 is considered statistically significant.
RESULTS
Improved cell survival and replication by chlorella after H2O2   toxicity
H2O2 treatment decreased viable cells to 55% of controls, whereas chlorella at 150 and 300 lg/mL improved survival by more than 10% and 20%, respectively in the presence of H2O2 after 24 h (Fig. 1, P < .05). There was no significant difference between the two concentrations of chlorella. Chlorella at   both


FIG. 1. INS-1 (832/13) cells were treated with chlorella (150 lg/mL) and/or H2O2 (250 lM) for 24 h. 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl- terazolium bromide (MTT) assay was then performed to determine cell viability. Chlorella partially restored  cell viability after  H2O2  toxicity (P < .05). Data are shown as the mean – SEM of six individual experiments.
*indicates statistical significance.


mitochondrial activity by JC-1 and cellular ATP in cells exposed to H2O2. Short-term H2O2 treatment (2 and 4 h) decreased cellular ATP concentration to about one-third of that of control. Chlorella at both concentrations significantly increased ATP levels close to that of control after both 2 and 4h H2O2 treatment (Fig. 4A, P < .05). No differences were found between high and low concentrations of chlorella after either 2 or 4 h H2O2 treatment. This restored cellular ATP also reflects to the recovery of mitochondria membrane potential (Fig. 4B, P < .05) by chlorella at both concentra- tions. Chlorella alone appears to further enhance mito- chondrial function.





FIG. 2. Apoptotic sub-G1 cells were quantified after chlorella 300 lg/mL (high)/150 lg/mL (low) and H2O2 (300 lM, 4 h) treat- ment. Chlorella at both concentrations significantly blocked H2O2- induced cell death (P < .05). Data are shown as the mean – SEM of five to six individual experiments. *indicates statistical significance.

Antioxidative effect of chlorella
Chlorella exhibited the ability to scavenge DPPH radical dose dependently. This DPPH radical reduction effect of


concentrations also dramatically reduced short-term H2O2- induced apoptotic cells as indicated by the decreased sub-G1 cells (Fig. 2, P < .05). Furthermore, this increased number of viable cells by chlorella could therefore enhance BrdU incor- poration in the presence of H2O2 (Fig. 3). There were only about 29% of cells entering S phase of the cell cycle after H2O2 (300 lM, 4 h) treatment. Cell replications were dose dependently partially restored by chlorella in presence of H2O2, and there were about 44% and 59% of cells entering the cell cycle after 150 and 300 lg/mL chlorella treatment, respectively (Fig. 3, P < .05).
Maintenance of mitochondrial function by chlorella after H2O2   toxicity
To address the involvement of chlorella in the preserva- tion  of  mitochondrial  function  of  b-cells,  we  examined















FIG. 3. Cell proliferation was quantified after chlorella 300 lg/mL (high)/150 lg/mL (low) and H2O2 (300 lM, 4 h) treatment. The de- creased cell proliferation after H2O2 toxicity were significantly in- creased with chlorella treatment (P < .05). Data are shown as the mean – SEM. Individual experiments were repeated four times. *in- dicates statistical significance.

FIG. 4. (A) H2O2 (300 lM, 2 and 4 h) treatment lowered ATP con- centration. This lower cellular ATP after H2O2 toxicity was enhanced to the levels similar to that of control with chlorella (low—150 lg/mL and high—300 lg/mL for 24 h) treatment (P < .05). Individual experiments were repeated three to four times. (B) H2O2 (300 lM, 2 h) induced much more mitochondrial membrane potential reduction, which was recovered by the treatment of chlorella (low—150 lg/mL and high— 300 lg/mL for 24 h) (P < .05). Individual experiments were repeated four to six times. Data are shown as the mean – SEM. *indicates sta- tistical significance.




FIG. 5. (A) Chlorella (150–500 lg/mL) showed a dose-dependent 2,2-diphenyl-1-picryl-hydrazyl-hydrate (DPPH) radical bleaching ef- fect. The scavenging effect of chlorella at 500 lg/mL was similar to that of vitamin C (0.5 mM). Individual experiments were repeated four to five times. (B) Cells were exposed to chlorella (low—150 lg/mL and high—300 lg/mL, 24 h) and H2O2 (300 lM, 2 h). Treatment of chlorella significantly decreased intracellular reactive oxygen species (ROS) generation after H2O2 toxicity (P < .05). Individual experiments were repeated five times. Data are shown as the mean – SEM. *in- dicates statistical significance.

chlorella at 500 lg/mL is similar  to  that  of  vitamin  C (0.5 mM) (Fig. 5A). Since mitochondria represent not only the major source of ROS but also the main target for ROS damage, we also examined cellular ROS levels. Treatment of chlorella both at high or low concentrations dramatically normalized cellular ROS levels after H2O2 toxicity. There was a four-fold increase in ROS with H2O2 treatment alone (Fig. 5B, P < .05).

Improved insulin secretion after chlorella  treatment
Glucose at 16.7 mM stimulated insulin secretion in vehicle control cells. Chlorella treatment dose dependently enhanced glucose-stimulated insulin secretion (GSIS). There was a further increase in GSIS after chlorella (300 lg/mL) treat- ment compared  with  that  of  vehicle  (1.7-fold)  (Fig. 6A, P < .05). Chlorella at 150 lg/mL increased GSIS by 1.3-fold, but was not significantly different from the vehicle control. While H2O2 alone negatively affected  GSIS,  chlorella at 300 lg/mL  significantly  restored insulin secretion  close  to




FIG. 6. Cells were tested for glucose-stimulated insulin secretion by static incubation. (A) Chlorella at 300 lg/mL for 24 h induced a much higher level of insulin secretion than that of control (P < .05). Individual experiments were repeated four to six times. (B) H2O2 (300 lM, 2 h) blunted insulin secretion. Chlorella at 300 lg/mL sig- nificantly recovered the reduced insulin secretion due to H2O2 toxicity (P < .05). Individual experiments were repeated three to four times. Data are shown as the mean – SEM. *indicates statistical significance.

80% of vehicle control group (Fig. 6B, P < .05). Chlorella at 150 lg/mL showed a slight but not significant enhancement of insulin secretion.

Chlorella attenuates H2O2-induced  apoptosis
To delineate the mechanism of protective effect of chlorella in H2O2-induced cytotoxicity in INS-1 (832/13) cells and protein expressions related to cellular apoptosis were analyzed. H2O2 induction of INS-1 (832/13) cell ap- optosis, as indicated by the enhanced expressions of cleaved caspase 3 and p-Histone, was evaluated. Chlorella signifi- cantly blocked the activation of caspase 3 and p-Histone due to toxic effects of H2O2  (Fig.  7).

DISCUSSION
Diabetes represents one of the serious health burdens with the presence of insulin resistance and the progression of  b-





FIG. 7. Protein expressions were quantified after chlorella 300 lg/ mL (high)/150 lg/mL (low) and H2O2 (300 lM, 5 h) treatment. Chlorella significantly blocked H2O2-induced activation of caspase 3
(A) and p-Histone (B). Data are presented as mean – SEM of three independent experiments.

cell dysfunction.27,28 Moreover, oxidative stress is thought to be one of the causes of pancreatic b-cell dysfunction, which adversely affects insulin secretion2 and mediates the patho- genesis of diabetes.29,30 In fact, pancreatic b-cell damage is often related to mitochondrial dysfunction and enhanced ROS production. Several studies have reported that lowering ROS levels and treatment with antioxidants (such as NAC, vitamin C, and vitamin E) improves b-cell destruction and func- tion.31,32 In this study, we have indicated that chlorella inhibits cellular ROS and maintains mitochondrial function in the presence of H2O2. This could lead to a dramatic reduction in cells distributed in the sub-G1 phase, which would possibly be committed to apoptosis. We have observed less activation of caspase 3 and more survived cells. Finally, the b-cells are preserved and insulin secretion is  restored.
It has been shown that the impaired mitochondrial function belong to key dysfunctions in the progression of diabetes.33–35 Mitochondria usually play pivotal roles in controlling elec- tron transport, oxidative phosphorylation and ATP produc- tion, release of caspase-activating proteins, and cellular redox potential. When those roles or functions are disrupted, cell death could occur.36 To address the involvement of chlorella preservation of mitochondrial function, we examined mito- chondrial activity by JC-1 and ROS in b-cell exposed to H2O2. We have observed  that H2O2   treatment  induces    an

inhibition of mitochondria membrane potential and ATP production with the parallel detection of enhanced cellular ROS levels and therefore overall cell death occurs. As an early event in the apoptotic pathway,33,37 MMP reduction appears,36 leading to the drops in ATP levels. The mito- chondrial pathway is regulated by Bcl-2 families, which control the release of apoptogenic factors, such as cytochrome c, into cytosol.38 Cytosolic cytochrome c can therefore acti- vate caspase 9, caspase 3, and downstream poly(ADP-ribose) polymerase (PARP) cleavage.39 It has been shown that Bcl-2 can prevent ROS production and oppose the effect of Bax, which further inhibit caspase activation and cell apopto- sis.38,40 In this study, chlorella significantly increases ATP and inhibits ROS levels, which reflects mitochondrial function and therefore the recovered numbers of functional b-cell. There is an increase in cell viability with a decrease in apoptotic cells after chlorella treatment in the presence of H2O2 toxicity. In fact, mitochondria are not only central for b-cell function, but also an important mediator for b-cell apoptosis.33,37 We have observed that mitochondria-dependent apoptotic signals such as disruption of MMP and activation of caspase 3, followed by histone protein phosphorylation, resulting in cellular DNA fragmentation and apoptosis, are significantly increased by H2O2, and the activations of death signals are dramatically inhibited by chlorella treatment. More viable cells can enter the proliferation phase. It could be speculated that chlorella attenuates H2O2-induced pancreatic b-cell disruption possibly through the modulation of anti-apoptotic Bcl-2 and Bcl-xl proteins, cytochrome c release, or other mitochondria-mediated apoptotic pathways. Furthermore, pancreatic b-cells are par- ticularly sensitive to oxidative stress as they contain relatively low antioxidant capabilities, such as superoxide dismutase, catalase, and glutathione peroxidase, making them vulnerable to oxidative stress induced b-cell death.3,6 Chlorella could possibly alter cellular antioxidant status and decrease oxi- dative burdens on cells, and therefore protect  b-cell.
High concentrations of H2O2 negatively influence MMP and ATP generation, and Ca2 + influx,41 which play a critical role in regulating insulin secretion in pancreatic b-cell.41,42 Because the decreased ATP production could lead to the opening of K+ ATP channels and cell membrane hyperpo- larization, which will close voltage-dependent Ca2 + chan- nels, eventually insulin secretion will be inhibited.43 In this study, chlorella treated alone or in the presence of H2O2 could enhance or partially correct GSIS. It can be expected that Ca2 + influx might be modulated by chlorella treatment. Chlorella might play a role in supporting health or disease prevention according to the results of numerous studies. These include anticancer effect, enhancing hepatic choles- terol degradation and reducing serum cholesterol, and pre- venting dyslipidemia,44–47 besides improving glucose metabolism, insulin sensitivity, or oxidative stress.13–17 Al- though a previous in vivo study15 evaluated insulin sensi- tivity, the effects of chlorella on insulin secretion are not known. Despite the positive effects of chlorella on metabolic regulations from in vivo studies, it is not clear how chlorella acts directly in b-cell. It is possible that those being observed in in  vivo  studies  of  chlorella with diabetic  improvement



could be partially due to the direct effect of chlorella in b-cell. In conclusion, our data suggest that chlorella may protect pancreatic b-cell against H2O2 toxicity, which might be re- lated to its effects on mitochondria function recovery and decrease of oxidative stress, leading to the decreased apo- ptosis. Finally, more b-cells are preserved and insulin se- cretion is increased. Therefore, chlorella should be studied in animal models and humans for possible efficacy in the pre- vention or treatment of diabetes.
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