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Abstract

Dyslipidemia is a primary risk factor for cardiovascular disease. In this study, we investigated the 

effect of long-term supplementation of two blue-green algae (BGA) species, i.e., Nostoc commune 

var. sphaeroides Kützing (NO) and Spirulina platensis (SP), on lipid metabolism in vivo. Male 

C57BL/6J mice were fed an AIN-93G/M diet supplemented with 2.5 or 5% (wt/wt) NO or SP for 

6 months. Mice fed NO and SP showed lower plasma total cholesterol (TC) and triglyceride (TG) 

concentrations than control at certain months during 6 month experimental period. Both BGA 

supplementation for 6 months significantly increased hepatic TC contents whereas SP-fed groups 

had significantly less TG levels in the liver compared with control and NO groups. None of BGA-

fed animals showed significantly different mRNA levels of sterol regulatory element binding 

protein 2, while 3-hydroxy-3-methylglutaryl coenzyme A reductase and low-density lipoprotein 

receptor (LDLR) expression was higher in NO groups than the other groups in the liver. 

Furthermore, NO supplementation increased the hepatic expression of acetyl-CoA carboxylase 1, 

stearoyl CoA desaturase 1, carnitine palmitoyltransferase 1α, and acyl-CoA oxidase 1 but SP did 

not elicit any significant changes in mRNA levels of the genes compared with control. LDLR 

protein level was significantly higher in NO 2.5% and SP 5%, as compared to the control and NO 

5% groups; while the level of fatty acid synthase protein in the liver was significantly higher in 

NO 5% and SP 5%, than that in the control group. In conclusion, our results suggest that long-

term supplementation of NO and SP decreased plasma TC and TG concentrations. Therefore, 

supplementation of NO and SP may be potentially beneficial for preventing dyslipidemia-

associated chronic diseases.
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Introduction

Cardiovascular disease (CVD) is the leading cause of death in the developed countries [1]. 

Atherosclerosis, a hallmark of CVD, is a chronic process characterized by accumulation of 
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fatty plaques in aorta and coronary arteries [1]. The progression of atherosclerosis is 

accelerated by dyslipidemia, inflammation, hypertension, obesity and smoking [2]. Statins, 

the mostly prescribed cholesterol-lowering drugs, have been successfully used to lower 

plasma total and low-density lipoprotein (LDL) cholesterol concentrations for the prevention 

of CVD. However, due to known side effects of statins such as myopathy [3,4], natural 

products that have hypocholesterolemic effects with no adverse side effects may serve as a 

good alternative for lowering CVD risk.

Blue-green algae (BGA) are one of the most primitive life forms on earth and are thought to 

contribute significantly to the global ecology [5]. BGA are rich in essential amino acids, 

minerals, fibers, carotenoids and other bioactive components [6-9]. Edible BGA have been 

utilized as food and herbal medicine in Asian, African and South American countries for 

many centuries [10,11]. Studies have shown hypolipidemic and anti-inflammatory effects of 

several BGA species [12]. In both mice and humans, Spirulina plantensis (SP) has been 

shown to lower plasma total cholesterol (TC) and LDL cholesterol (LDL-C), and 

triglyceride (TG) concentrations [13,14]. Nostoc commune var. sphaeroides Kützing (NO), 

another BGA species has also been used in indigenous countries to treat inflammation, night 

blindness, indigestion, and chronic fatigue [15-17]. Furthermore, in male Wistar rats that 

were fed a high cholesterol diet, 5% NO supplementation elicited a hypolipidemic effect 

[18]. Our previous study also found that male C57BL/6J mice fed a 5% NO-supplemented 

diet for 4 weeks showed significantly lower plasma TC and TG levels [19]. We also 

demonstrated that lipid extract from NO inhibited the maturation of sterol regulatory 

element binding protein 1c (SREBP-lc) and SREBP-2, consequently repressing the 

expression of lipogenic genes and cholesterol biosynthetic and uptake genes, respectively, in 

HepG2 cells [20].

Although we and others have suggested NO and SP may have an athero-protective property 

by improving healthy plasma lipid profiles, the effects of long-term consumption of BGA on 

cholesterol and lipid metabolism have not been studied. The objective of this study was to 

investigate whether long-term consumption of NO and SP can lower plasma lipid levels in 

mice. Male C57BL/6J mice were fed an experimental diet supplemented with 2.5% or 5% of 

NO or SP for 6 months from the age of 4 weeks and plasma and liver lipid profiles and 

hepatic gene expression related to lipid metabolism were studied.

Materials and Methods

Diet and animal study

Male C57BL/6J mice at 4 weeks of age were purchased from Jackson Laboratory (Bar 

Harbor, ME) and randomly assigned to one of five groups, i.e., control, 2.5% or 5% of NO 

or SP. Mice were housed in a polycarbonate cage under a 12-h light/dark cycle. Powdered 

NO and SP were generously provided by Algaen Corp (Winston-Salem, NC) and Earthrise 

Nutritionals (Irvine, CA), respectively. Mice were fed AIN-93G/M diets supplemented with 

BGA for 6 months and detailed diet composition can be found elsewhere [21]. Blood 

samples were obtained into tubes containing EDTA (BD Vacutainer) monthly by tail 

bleeding and terminal blood samples were drawn by cardiac puncture after 4 h-fasting under 

anesthesia with ketamine HCl (50 mg/Kg)/ xylazine (10 mg/Kg). Liver samples were snap 
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frozen in liquid nitrogen and stored at −80°C until use. All animal experiments were 

approved by the Institutional Animal Care and Use Committee at the University of 

Nebraska-Lincoln.

Plasma chemistry

Blood samples were centrifuged for 10 min at 1,500 × g at 4°C to remove red blood cells 

and plasma TC and TG concentrations were measured using Cholestech LDX Lipid Profile 

Glucose cassettes by the Cholestech LDX System (Cholestech Corporation, Hayward, CA).

Gene expression analysis by quantitative realtime PCR (qRT-PCR)

qRT-PCR analysis for gene expression was conducted as previously described using the 

SYBR Green procedure and CFX96™ realtime PCR detection system (BioRad, Hercules, 

CA) [20,22]. Primer sequences were designed according to GenBank database using the 

Beacon Designer software (Premier Biosoft, Palo Alto, CA) and the list of primer sequences 

is provided in Table 1. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as 

an internal control to normalize data.

Western blot analysis

Protein from liver samples was extracted and Western blot analysis was performed as 

previously described [15] using antibodies against fatty acid synthase (FAS; Santa Cruz 

Biotechnology, Santa Cruz, CA), LDL receptor (LDLR; Abcam, Cambridge, MA), 

SREBP-2 (Santa Cruz Biotechnology, Santa Cruz, CA) and (β-actin (Sigma, St. Louis, MO). 

(β-Actin was used as a loading control.

Statistical analysis

One-way analysis of variance and Newman-Keuls post hoc test were performed to identify 

significant differences between groups using Graph Pad Prism 5 (GraphPad Software, Inc., 

La Jolla, CA). P values of < 0.05 were considered statistically significant. Data are 

expressed as means ± standard error mean.

Results

Effect of BGA supplementation on plasma lipids

The effect of NO and SP supplementation on plasma TC and TG concentrations were 

measured monthly throughout 6 months. Due to insufficient amount of plasma samples, we 

were not able to measure TC levels at 2 month and TG levels at 5 month of experimental 

period. NO supplementation at either 2.5% or 5% significantly lowered plasma TC levels 

from the first to the fifth month whereas 2.5% SP significantly decreased TC levels at 3 and 

5 months compared with control (Figure 1A). Plasma TG concentrations were significantly 

lower in 5% NO group at 2 month and in 2.5% NO group at 6 month, than in the control 

group (Figure 1B). We also observed decreased plasma TG levels in 2.5% SP-fed mice at 4 

and 6 month after the BGA feeding.
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Effect of BGA supplementation on hepatic lipids

Liver lipid content largely affects plasma TC and TG concentrations. Therefore, mice on the 

experimental diet containing BGA for 6 months were analyzed for their hepatic TC and TG 

content. Compared with control, all BGA-fed animals showed significantly higher TC levels 

in the liver (Figure 2A). Hepatic TG contents in NO 2.5% and 5%-fed mice were not 

significantly different either from control or from SP-fed mice (Figure 2B). However, both 

2.5% and 5% SP supplementation significantly decreased TG levels in the liver as compared 

to the control.

Alteration in hepatic expression of genes in cholesterol and lipid metabolism by BGA 
supplementation

To elucidate the mechanism underlying the lipid-lowering effect of BGA, the expression of 

the genes involved in the hepatic cholesterol and lipid metabolism was determined by qRT-

PCR. There was no significant difference in SREBP-lc and SREBP-2 mRNA levels between 

groups (Table 2). NO supplementation showed higher 3-hydroxy-3-methylglutaryl 

coenzyme A reductase (HMGR) and LDLR mRNA levels than control and SP-fed animals. 

Furthermore, lipogenic genes, e.g., acetyl-coA carboxylase 1 (ACC-1) and stearoyl-coA 

desaturase 1 (SCD-1) were expressed higher in the livers of NO-fed mice than the other 

groups. Expression of carnitine palmitoyltransferase 1α (CPT-1α) and acyl-CoA oxidase 1 

(ACOX-1), which are rate-limiting enzymes for mitochondrial and peroxisomal fatty acid β-

oxidation, respectively, was significantly increased by both 2.5% and 5% NO 

supplementation as compared to the control.

Protein levels of mature SREBP-2 were not significantly different between groups (Table 3). 

LDLR protein levels in 2.5% NO and 5% SP-fed animals were significantly higher than 

control and 5% NO groups. Both BGA at 2.5% did not significantly alter FAS protein levels 

whereas 5% NO and SP elicited a significant increase in FAS than control.

Discussion

Various health benefits of BGA have been suggested including antioxidant, anti-

inflammatory, as well as plasma cholesterol and TG-lowering properties [12]. However, 

concerns over safety and lack of scientific evidence for their health benefits have 

counteracted their use for human consumption. Previously we reported that two BGA 

species, i.e., NO and SP, did not contain detectable levels of microcystins, major algal 

toxins, and 5% supplementation of the BGA did not induce evident side-effects in mice 

during 6 months of supplementation [21]. In the current study, we aimed to evaluate effects 

of long-term supplementation of NO and SP on lipid metabolism in mice. This is the first 

study, to our knowledge, which demonstrates that BGA provide hypolipidemic effects as 

early as 1 month during 6 month feeding depending on type and supplemental level of BGA.

Dyslipidemia is a major risk factor for CVD [23] and the primary cause of death in the 

developed countries [24]. The TC- and TG-lowering effects of BGA have been previously 

demonstrated in animal studies as well as human clinical trials [14,25-27]. We also reported 

that C57BL/6J mice fed a 5% NO-supplemented diet for 4 weeks showed decreased plasma 
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TC and TG levels with concomitant increases in HMGR and LDLR expression, which was 

attributed to a decrease in intestinal cholesterol absorption [19]. In the present study, we also 

found that NO treatment lowered plasma TC concentrations throughout the intervention 

period, with the exception of 6 months. SP supplementation at 2.5%, but not 5%, also 

decreased plasma TC levels although the reduction was less evident and took longer to be 

effective than NO. Reason for the different efficacy in lowering plasma TC levels between 

NO and SP is unknown but it is likely due to their compositional difference. Compositional 

analysis and identification of bioactive compounds are necessary to understand the 

difference. Identification of bioactive compounds is currently underway in our laboratory.

After 6 month BGA supplementation, hepatic levels of TC, predominantly free cholesterol 

was significantly increased in both BGA-fed mice. In general, SREBP-2 induces the 

transcription of the genes encoding cholesterol biosynthetic enzymes and LDL uptake, such 

as HMGR and LDLR, when cellular cholesterol is low [28-32]. Transcriptional activity of 

SREBP-2 is primarily regulated at the posttranscriptional level involving insulin-induced 

genes (INSIGs) and SREBP cleavage-activating protein (SCAP). SCAP/SREBP precursor 

complex retains in the endoplasmic reticulum via sterol-induced interaction of SCAP with 

INSIGs [33,34]. When cellular cholesterol is low, disassociation of SCAP from INSIGs 

frees SCAP/SREBP-2 to the Golgi where mature SREBP-2 is released by site-l-protease and 

site-2-protease-mediated two step proteolytic cleavages [35,36]. The mature SREBP-2 then 

enters the nucleus to induce transcription of its target genes. Despite significant increases in 

hepatic TC levels in mice, which were fed NO and SP, mature SREBP-2 protein and LDLR 

mRNA levels were not significantly different between control and the BGA-fed groups. It is 

likely that the increased level of TC in the liver by BGA supplementation may not reach 

threshold to inhibit maturation of SREBP-2. In our previous study, we observed increased 

expression of hepatic HMGR and LDLR by 5% NO feeding in mice after 4 weeks [19]. As 

there was significant decrease in plasma TC by 5% NO at 3 month of feeding in the present 

study, there might be an increase in hepatic LDLR expression at the early months. It is 

important to note that mice used in this study were not challenged by diet to induce 

hyperlipidemic conditions. Future study needs to be warranted to address if BGA can 

prevent hyperlipidemia induced by high fat and high cholesterol.

High circulating levels of TG level are a predictor of atherosclerosis [37]. In this study, we 

observed decreases in plasma TG concentrations in 5% and 2.5% NO group at 2 and 6 

month of feeding while SP 2.5% significantly decreased TG levels at 4 and 6 months. The 

decreased plasma TG value at 2 months by 5% NO was consistent with our previous short-

term in vivo study [19]. SREBP-lc is a transcription factor that regulates the expression of 

lipogenic genes including FAS and SCD-1 [38]. After 6 months of BGA supplementation, 

NO both at 2.5% and 5% significantly increased two lipogenic genes such as ACC-1 and 

SCD-1 compared with control and SP groups. This may explain no significant difference in 

hepatic TG levels between control and NO groups. In contrast, SP did not increase the 

expression of lipogenic genes whereas there was a trend toward increase in genes for fatty 

acid β-oxidation. Therefore, marked reduction in hepatic TG levels by both 2.5% and 5% SP 

supplementation is likely due to elevated fatty acid β-oxidation. Studies have suggested that 

SP may protect against the development of nonalcoholic fatty liver disease (NAFLD) [12]. 
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Future study should be warranted to evaluate a potential role of SP in the prevention of age-

related liver diseases.

In summary, long-term supplementation of NO and SP provide lipid-lowering effects via the 

modulation of genes involved in cholesterol and lipid metabolism in the livers of mice. As 

we also previously reported that the algae did not exert adverse side-effect, NO and SP may 

be potentially used for preventing dyslipidemia-associated chronic diseases.

Conclusions

In conclusion, our current study suggests that long-term consumption of NO and SP 

supplementation improved lipid profile in the liver and plasma of mice that were fed a 

regular chow diet for 6 months. Although more studies are necessary, together with our 

previous report on the safety of NO and SP consumption [21], this study supports that the 

BGA species may be developed as a natural product for the prevention of CVD and 

NAFLD.
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Abbreviations

ACOX-1 Acyl-CoA Oxidase 1

BGA Blue Green Algae

CPT-1α Carnitine palmitoyltransferase 1α

CVD Cardiovascular Disease

FAS Fatty Acid Synthase

GAPDH Glyceraldehyde 3-phosphate dehydrogenase

HMGR 3-hydroxy-3-methylglutaryl coenzyme A reductase

INSIGs Insulin-Induced Genes

LDL Low-Density Lipoprotein

LDL-C LDL Cholesterol

LDLR LDL Receptor

NAFLD Non-Alcoholic Fatty Liver Disease

NO Nostoc commune var. sphaeroides Kützing

qRT-PCR Quantitative Real Time PCR

SCAP SREBP Cleavage Activating Protein

SCD-1 Stearoyl Co-A desaturase 1
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SREBP Sterol Regulatory Element Binding Protein

SP Spirulina platensis

TC Total Cholesterol

TG Triglyceride
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Figure 1. 
Plasma TCand TG concentrations of male C57BL/6Jmice, which were fed an AIN-93G/M 

control or a BGA supplemented diet (2.5% and 5% for NO and SP, by weight). TC (A) and 

TG (B) concentrations were measured at intervals during 6 months. Data are shown as 

means ± SEM. n = 7-8. Bars with a different letter are significantly different (P <0.05) 

within the same month.
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Figure 2. 
Lipid contents of the livers of male C57BL/6J mice, which were fed an AIN-93G/M control 

or a BGA supplemented diet (2.5% and 5% for NO and SP, by weight) for 6 months. 

Hepatic TC (A) and TG (B) levels were measured and expressed mg/g of wet weight. Data 

are shown as means ± SEM. n = 7-8. Bars with a different letter are significantly different (P 

< 0.05).
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Table 1

Primer sequences for qPCR analysis.

Gene Forward Primer Reverse Primer

HMGR 5′-GGGCCCCACATTCACTCTT-3′ 5′-TGGTGCCAACTCCAATCACA-3′

LDLR 5′-GGGTTGATTCCAAACTCCATTC-3′ 5′-TCCGATTGCCCCCATTG-3′

SREBP-2 5′-GTGTGCGGAGGAGAAAATCC-3′ 5′-CCCATGGCCGCTGTCA-3′

SREBP-lc 5′-GGAGCCATGGATTGCACATT-3′ 5′-GGCCCGGGAAGTCACTGT-3′

FAS 5′-TCCTGGAACGAGAACACGATCT-3′ 5′-GAGACGTGTCACTCCTGGACTTG-3′

ACC 5′-CGCTCAGGTCACCAAAAAGAAT-3′ 5′-GTCCCGGCCACATAACTGAT-3′

SCD-1 5′-CAGTGCCGCGCATCTCT-3′ 5′-CCCGGGATTGAATGTTCTTG-3′

CPT1 5′-GAACCCCAACATCCCCAAAC-3′ 5′-TCCTGGCATTCTCCTGGAAT-3′

ACOX 5′-CCCAAGACCCAAGAGTTCATTC-3′ 5′-CAGGCCACCACTTGATGGA-3′

GAPDH 5′-TGTGTCCGTCGTGGATCTGA-3′ 5′-CCTGCTTCACCACCTTCTTGAT-3′

J Nutrit Health Food Sci. Author manuscript; available in PMC 2015 January 20.



N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript

Yang et al. Page 13

Table 2

Hepatic mRNA Abundance of Mice Fed an AIN93G/M Diet Supplemented with BGA for 6 Months.

Control NO 2.5% NO 5% SP 2.5% SP 5%

SREBP-2 1.2 ± 0.1 1.5 ± 0.2 1.5 ± 0.2 1.1 ± 0.2 0.9 ± 0.1

LDLR 1.5 ± 0.2ab 2.1 ± 0.3a 2.1 ± 0.3a 1.4 ± 0.2ab 1.2 ± 0.2b

HMGR 1.3 ± 0.2b 2.7 ± 0.5a 1.9 ± 0.3ab 1.3 ± 0.2b 1.0 ± 0.2b

SREBP-lc 1.5 ± 0.2 1.6 ± 0.2 1.4 ± 0.2 1.3 ± 0.3 1.1 ± 0.1

FAS 0.8 ± 0.1 1.1 ± 0.2 0.6 ± 0.1 0.7 ± 0.1 0.7 ± 0.1

ACC-1 0.9 ± 0.1b 1.6 ± 0.3a 1.4 ± 0.1a 1.0 ± 0.1b 0.7 ± 0.1b

SCD-1 1.1 ± 0.2b 2.6 ± 0.4a 2.8 ± 0.2a 1.8 ± 0.2b 1.4 ± 0.1b

ACOX-1 1.2 ± 0.1b 2.8 ± 0.6a 2.5 ± 0.2a 1.8 ± 0.3ab 1.6 ± 0.2ab

CPT-lα 1.6 ± 0.2b 3.0 ± 0.4a 2.9 ± 0.3a 2.2 ± 0.2ab 2.1 ± 0.3ab

Notes. Values are mRNA levels relative to control. Mean ± SEM. n=8 per group.

Values with a different superscript for each gene are significantly different (P < 0.05).
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Table 3

Hepatic Protein Levels of Mice Fed AIN93G/M Diet Supplemented with BGA for 6 Months.

Control NO 2.5% NO 5% SP 2.5% SP 5%

mSREBP-2 1.0 ± 0.1 1.3 ± 0.1 0.9 ± 0.1 1.4 ± 0.2 1.4 ± 0.1

LDLR 1.0 ± 0.1b 1.5 ± 0.2a 1.0 ± 0.1b 1.3 ± 0.1ab 1.7 ± 0.1a

FAS 0.8 ± 0.2b 1.6 ± 0.2ab 2.2 ± 0.5a 1.5 ± 0.3ab 2.2 ± 0.2a

Notes: Values are arbitrary unit. Mean ± SEM. n = 8 per group.

Values with a different superscript for each protein are significantly different (P<0.05).
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