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Non-alcoholic steatohepatitis is the chronic liver disease leading
to cirrhosis and cancer and its prevalence is increasing. Some
agents are under clinical trials for non-alcoholic steatohepatitis
treatment. We previously reported Spirulina (Arthrospira) platensis
effectively prevented non-alcoholic steatohepatitis progression in
our model rats. The contribution of phycocyanin, an ingredient of
Spirulina (Arthrospira) platensis, was limited. We, therefore, have
looked for more active components of Spirulina (Arthrospira)
platensis. In this study, we pursued the effect of biopterin
glucoside, another bioactive ingredient of Spirulina (Arthrospira)
platensis. We found Spirulina (Arthrospira) platensis and
biopterin glucoside oral administrations effectively alleviated
oxidative stress, inflammation and insulin signal failure, and
prevented fibroblast growth factor 21 gene overexpression in
non-alcoholic steatohepatitis rat livers. We concluded biopterin
glucoside is a major component of Spirulina (Arthrospira)
platensis action.
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Non-alcoholic steatohepatitis (NASH) is the hepatic mani‐
festation of metabolic syndrome and an unfavourable

chronic liver disease potentially leading to liver cirrhosis,
hepatocellular carcinoma, and liver transplantation. The NASH
global prevalence is estimated to be 3–5%. And mathematical
modelling analyses indicated 15–56% increases of the NASH
prevalence in 2030 compared to 2016.(1) In addition, the fact that
some agents are now under the clinical trials for NASH
treatment(2) indicates the necessity of NASH treatment and
prevention. Because NASH onset and progression are closely
related to the daily lifestyle, lifestyle modulation is
recommended. The regular consumption of the functional food
possessing the antioxidant or anti-inflammatory ability is also an
approach for NASH management.
We previously revealed that the blue green algae Spirulina

(Arthrospira) platensis (SP) prominently prevented the
exacerbation of our NASH model.(3) We also investigated the
effect of a SP ingredient phycocyanin but the contribution of
phycocyanin to SP effect was limited.(3) This result suggested that
other component(s) also contributed to the SP effect. Further
pursuit of the active ingredient could improve SP utility and
leads to find a new medical agent and supplement.
Biopterin glucoside (BPG) was isolated and identified from

SP in 1999.(4) Because BPG is hydrolysed by α-glucosidase to

give glucose and 2-amino-4-hydroxy-6-(1',2'-dihydroxypropyl)
pteridine (biopterin),(5) oral administrated BPG is considered to
be split by intestinal α-glucosidase and then absorbed as
biopterin. Biopterin is completely oxidized form of
tetrahydrobiopterin (BH4) and the biological activity of biopterin
itself has not been reported. Although it was not clear how
biopterin was converted to BH4 in vivo, it was reported that
biopterin administration elevated BH4 level in mice body.(6)

About BH4, it is the essential cofactor for aromatic amino acid
hydroxylases(7–9) and endothelial nitric oxide synthase(10) and its
deficiency disturbs folic acid metabolism involved with purine
metabolism.(11) And further beneficial BH4 effects were reported.
For examples, BH4 precursor sepiapterin supplementation
decreased superoxide radicals in BH4 depleted endothelial cell
mitochondria.(12) And BH4 administration lowered the fasting
blood glucose level in streptozotocin (STZ)-induced diabetic
model mice and obesity mice.(13) In spite of these beneficial
effects, BH4 is easy to be oxidized(14) and its bioavailability is
low. Specifically, 87% of the apparent renal BH4 elimination
within 270 min took place in the first 120 min in rats(15) and the
sum of BH4 and its oxidized form dihydrobiopterin (BH2)
decreased in 2 h in rat liver, brain and kidney to the same level as
before administration.(16) Moreover, the BH4 synthetic formula‐
tion sapropterin dihydrochloride used for hyperphenylalaninemia
and phenylketonuria is the expensive agent because it is unstable
against oxidation. For example, sapropterin dihydrochloride costs
68 kg body patient from $48,180 to 168,630 a year.(17) These
facts suggest that using BH4 in other applications is difficult. In
contrast to BH4, biopterin is more stable against oxidation than
BH4 and gradually increases BH4 level in mice blood for
150 min after biopterin oral administration.(6) And the BH4 level
was still higher in mice liver and kidney 3 h after biopterin oral
administration than untreated.(6) Because of these biopterin
advantages, revealing biopterin effects on health may contribute
to the development of new agent which is easy to handle.

In this study, we pursued the mechanism of SP action on
NASH progression and tried to make clear whether BPG
contribute to the SP effect. Both oxidative stress and inflam‐
mation promote NASH progression. This crosstalk between
oxidative stress and inflammation was stopped by SP in our
previous study.(3) Inflammatory cytokines such as tumor necrosis
factor-α (TNF-α) are triggers of insulin resistance.(18) Insulin
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resistance aggravates the NASH state. Indeed, we previously
observed insulin resistance in our NASH model rats by
homeostasis model assessment-estimated insulin resistance
(HOMA-IR) elevation (data not shown). And, it was reported
that SP lowered the fasting blood glucose level in alloxan-
induced diabetic model rats(19) and improved glucose tolerance in
high-fat diet fed rats.(20) Although these reports suggested that
SP affected the insulin signal pathway in NASH livers, such SP
effects and which ingredient contributed to the SP effect have
not been elucidated. Therefore, we investigated SP and BPG
effects on oxidative stress, inflammation and insulin resistance
in NASH model rats in this study.

Materials and Methods

Reagents. All chemicals we used in this study were
guaranteed reagents except for particular descriptions.

Rats and housing. Six-week-old male Wistar rats, weighing
140–150 g, were purchased from SHIMIZU Laboratory Supplies
Co., Ltd. (Kyoto, Japan). All rats were housed in the Animal
Research Center of Okayama University under constant
temperature (20–25°C) and humidity condition (40–50%) on a
12-h light/dark cycle (the dark cycle going from 8:00 pm until
8:00 am).

Animal study. In this study, SP and BPG effects on NASH
were compared with the effect of insulin sensitizer pioglitazone
(PGZ; Tokyo Chemical Industry Co., Ltd., Tokyo, Japan) as the
standard agent. We had 8 groups; Control, choline-deficient
high-fructose high-fat (CDHF), NASH, NASH + 2SP, NASH +
6SP, NASH + 4.6BPG, NASH + 13.7BPG, and NASH + 3PGZ.
Rats were fed and treated as our previous study.(3) NASH + 2SP
or NASH + 6SP group rats were 2 g/kg/day or 6 g/kg/day SP
administrated. NASH + 4.6BPG or NASH + 13.7BPG group rats
were 4.6 mg/kg/day or 13.7 mg/kg/day BPG, corresponding to
the BPG amount included in 2 g/kg/day or 6 g/kg/day SP
respectively, administrated. NASH + 3PGZ group rats were
3 mg/kg/day PGZ administrated. SP and BPG were offered by
Spirulina Bio-Lab Co., Ltd. (Osaka, Japan). This animal
experiment was based on the rules of Okayama University
animal experiments and approved by the Animal Care and
Use Committee, Okayama University (approval number:
OKU-2018536). Every effort was performed to minimize the
number of animals used and their distress.

Blood and liver tissue collection and preparation. At the
end of the 10 weeks animal experiment, rats were sacrificed
under anesthesia to collect blood and liver. Rat livers and plasma
obtained from blood were kept at −80°C until sample preparation
and proceeded for each analysis as previously described.(3)

Histopathological examination. Liver tissue was fixed
with 10% formalin phosphate buffer, pH 7.4 was embedded in
paraffin and sectioned at 4 μm thickness. After deparaffinization,
sections were stained using Mayer’s Hematoxylin Solution and
Eosin.

Plasma assay for liver enzymes. Hepatobiliary injury was
assessed by the activities of alanine aminotransferase (ALT),
aspartate aminotransferase (AST) and alkaline phosphatase
(ALP) in plasma. ALT and AST activities in plasma were
measured by Transaminase CII-test Wako with the manu‐
facturer’s instructions. ALP activity was measured by Bessey,
Lowry, and Brock method(21) with minor modifications.

Leukocyte priming status assessment. Reactive oxygen
species (ROS) was detected by the chemiluminescence caused by
the reaction with luminol after PMA stimulation as mentioned in
the previous study(3) and used for the evaluation of leukocytes
priming status.

Liver myeloperoxidase (MPO) activity assay. Liver MPO
activity was measured by Schneider and Issekutz method(22) with
minor modifications.

Protein quantifications by western blot analysis.
Analysis of protein expression by western blot was performed by
modifying our previous method.(3) Nuclear factor-κB (NF-κB)
content in liver nuclei was assessed by using the primary
antibody against NF-κB (sc-8008, mouse mAb; Santa Cruz
Biotechnology, Dallas, TX). For insulin signal pathway,
phospho-insulin receptor β, phospho-protein kinase B (Akt/PKB)
and sterol regulatory element-binding protein-1c (SREBP-1c)
expressions were quantified by using the primary antibodies
against these proteins respectively; sc-81500 (mouse mAb; Santa
Cruz Biotechnology, Inc.), #4060S (rabbit mAb; Cell Signaling
Technology, Inc., Danvers, MA) and ab3259 (mouse mAb;
Abcam plc., Cambridge, UK). As corresponding secondary
antibody, goat anti-mouse IgG-HRP (sc-2031; Santa Cruz
Biotechnology, Inc.) or goat anti-rabbit IgG H&L (HRP)
(ab205718; Abcam plc.) was used. Generally, as housekeeping
proteins, glyceraldehyde 3-phosphate dehydrogenase, β-actin,
and Histone H1 are used. But, in our NASH model, these protein
expressions were altered from control rat livers (data not shown)
because of the change of nutrient energy metabolism, fibrosis,
and oxidative stress. Therefore, we did not express housekeeping
protein expressions. We made samples for western blot analysis
with the same amount of total proteins with each other. Then, we
loaded the same volume samples to equalize the loading dose.

Quantification of TNF-α. Plasma TNF-α level was
quantified by Rat TNF-alpha Quantikine ELISA Kit (RTA00;
R&D System, Minneapolis, MN) according to the manufacturer’s
instruction.

Fibroblast growth factor 21 (Fgf21) mRNA quantification
by real time polymerase chain reaction (PCR). Total RNA in
liver tissue was extracted from liver 25% homogenate using
Quick Gene RNA tissue kit S II (Kurabo Industries Ltd.,
Osaka, Japan) as manufacture’s instruction. Complementary
DNA in liver tissue was synthesized from total RNA using High
Capacity cDNA Reverse Transcription kits (4368814; Applied
Biosystem, Thermo Fisher Scientific Inc., Waltham, MA) as
manufacture’s instruction. Then, real time PCR was performed
using TaqMan Gene Expression Master Mix (4369016; Thermo
Fisher Scientific Inc.) and Custom TaqMan Gene Expression
Assay (4331348; Thermo Fisher Scientific Inc.) [Fgf21
(Rn00590706) and an endogenous control 18S rRNA (4310893E)]
as manufacture’s instruction. The PCR condition was as follows;
2 min at 50°C, 10 min at 95°C, followed by 40 cycles of 15 s at
95°C for denaturing and 1 min at 60°C for annealing. Amplifi‐
cation data were analyzed by comparative Ct method and
normalized to a housekeeping 18S rRNA gene expression.

Statistical analysis. Each quantitative result is expressed as
the mean ± SEM. Statistical analysis was performed by one-way
analysis of variance followed by Tukey’s test using J-STAT. A
value of p<0.05 was considered statistically significant.

Results

SP, BPG, and PGZ effects on NASH progression. Hepato‐
biliary enzyme activities in plasma reflect these enzymes leakage
into blood. CDHF and NASH rats showed hepatic injury by
hepatobiliary enzyme activities in plasma (Table 1). Histopatho‐
logical views showed hepatosteatosis in CDHF and NASH rats.
Moreover, inflammation, hepatocellular ballooning and severe
fibrosis were also observed in NASH livers (Fig. 1). These
changes consistent with the diagnostic criteria for NASH(23) were
ameliorated by the oral administrations of SP, BPG, and PGZ
(Fig. 1). The SP effect was the same as or larger than PGZ and
reversed fatty liver.

Effects of SP, BPG, and PGZ on the oxidative stress and the
inflammation in NASH livers. Luminol induced chemi‐
luminescence reflects the amount of ROS by the primed
peripheral leucocytes. The result showed that chemiluminescence

152 doi: 10.3164/jcbn.20-201
©2021 JCBN



from peripheral blood leukocytes increased in NASH by 4 fold
compared to control (Fig. 2A). We determined the MPO activity
to see the effective neutrophil infiltration to liver tissue. The
MPO activity was elevated in CDHF and NASH livers by 5–6
fold compared to control (Fig. 2B). And SP, BPG, and PGZ
administrations significantly (p<0.05) cancelled these changes in
NASH rats (Fig. 2A and B). The NF-κB content in liver nuclei
significantly (p<0.01) increased in NASH compared to control
(Fig. 2C). The plasma TNF-α, one of the cytokines induced by
NF-κB, increased in CDHF and NASH rat by 2–3 fold compared
to control (Fig. 2D). And SP, BPG, and PGZ administrations
significantly (p<0.01) decreased liver nuclear NF-κB and plasma
TNF-α increases in NASH rats (Fig. 2C and D).

The liver insulin signal pathway alternation with NASH
progression and SP, BPG, and PGZ effects on the insulin
signal pathway in NASH livers. An inflammatory cytokine
TNF-α is also a trigger of insulin resistance.(18) Actually, TNF-α
was increased in NASH rat plasma (Fig. 2D). Therefore, we
assessed the insulin signal activation in liver by the
phosphorylated insulin receptor-β content. The phosphorylated
insulin receptor-β significantly (p<0.01) increased in CDHF and
NASH livers (Fig. 3A). Furthermore, we assessed Akt activation
as the downstream of insulin signal by the phosphorylated Akt
content in liver tissue. In spite of the phosphorylated insulin
receptor-β increase, the phosphorylated Akt content decreased in

CDHF and NASH livers to about half level of control (Fig. 3B).
These changes indicated the insulin signal failure between insulin
receptor and Akt in NASH livers, which was recalled by SP,
BPG, and PGZ administrations (Fig. 3A and B). Then,
SREBP-1c, the lipogenetic transcription factor partly regulated
by insulin, expression was assessed. SREBP-1c expression
significantly (p<0.01) increased in NASH livers. And SP, BPG,
and PGZ administrations significantly (p<0.01) decreased
SREBP-1c expression increase in NASH livers (Fig. 3C). In
relation to the discrepancy between the phosphorylated insulin
receptor-β and the phosphorylated Akt content alternations in
NASH livers, we investigated the endocrine factor FGF21
which is reported to improve insulin sensitivity through Akt
activation.(24) Real time PCR assay exhibited the Fgf21 mRNA
expression increases in CDHF and NASH livers by 60–100 fold
compared to Control. And SP, BPG, and PGZ administrations
significantly (p<0.05) decreased the increase of the Fgf21 mRNA
expression in NASH livers (Fig. 3D).

Discussion

In our previous study, we showed that SP effectively prevented
NASH progression and improved fatty liver. However, a SP
ingredient phycocyanin did not fully cover the SP effect.(3)

Therefore, we pursued the active ingredient of SP in the present

Table 1. Effects of SP, BPG, and PGZ on hepatobiliary damage with NASH progression

ALT§ (IU/L) AST‡ (IU/L) ALP† (IU/L)

Control 16.2 ± 2.1 33.3 ± 4.8 212.4 ± 42.17

CDHF 18.9 ± 3.1 44.8 ± 1.0 717.0 ± 82.07##

NASH 25.5 ± 0.6# 57.0 ± 3.8# 831.9 ± 32.24##

NASH + 2SP 19.5 ± 0.7 37.0 ± 1.7* 195.0 ± 21.95**

NASH + 6SP 15.8 ± 0.5* 31.6 ± 2.9** 121.2 ± 18.39**

NASH + 4.6BPG 23.5 ± 0.8 41.4 ± 3.1* 385.8 ± 103.76**

NASH + 13.7BPG 20.0 ± 0.9 37.4 ± 2.6* 274.5 ± 64.75**

NASH + 3PGZ 19.2 ± 3.5 38.1 ± 0.8* 220.6 ± 51.86**

Liver index (%), liver wet weight/body weight ×100. Each value denotes the mean ± SEM of
5–7 rats. #p<0.05, ##p<0.01 vs control group, *p<0.05, **p<0.01 vs NASH group. †Alkaline
phosphatase. ‡Aspartate aminotransferase. §Alanine aminotransferase.

A B C D

E F G H

Fig. 1. SP, BPG, and PGZ effects on NASH progression. Histopathological views of experimental rat livers stained with masson trichrome. Scale
bar = 200 μm. Following groups data were shown; (A) Control, (B) CDHF, (C) NASH, (D) NASH + 2SP, (E) NASH + 6SP, (F) NASH + 4.6BPG, (G)
NASH + 13.7BPG, and (H) NASH + 3PGZ. See color figure in the on-line version.
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study. In this study, we assessed the SP and its ingredient BPG
effects on our NASH model rats by comparing with the insulin
sensitizer PGZ. In this paper, we report that SP and BPG
prevented NASH progression. Whole SP improved fatty liver and
the effect was greater than PGZ.

In our previous study, SP interfered with the link between
oxidative stress and inflammation in NASH rats. An

inflammatory cytokine TNF-α causes insulin resistance(18) which
is the major factor of NASH progression. Additionally, there was
the HOMA-IR elevation in NASH model in our previous study
(data not shown). Therefore, we focused on the insulin signal
pathway in NASH livers in this study. And we assessed SP and
BPG effects on the oxidative stress, the inflammation, and the
insulin signal pathway in NASH rats.
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The oxidative stress and the inflammation are closely related
with each other. For example, sustained ROS generation by
leukocytes is a factor of the chronic inflammation.(25) Indeed, in
this study, ROS generation by peripheral blood leukocytes with
priming and neutrophil infiltration into liver tissue were
enhanced in NASH rats, which were mitigated by SP and BPG
administrations. Moreover, the oxidative stress and the
inflammation were linked by NF-κB with a loop. Specifically,
various stimulations such as ROS and inflammatory cytokines
including TNF-α activate NF-κB.(26) Then, activated NF-κB
upregulates cytokines such as TNF-α and ROS generating
enzymes.(27) In the present study, to assess the crosstalk between
the oxidative stress and the inflammation, we analysed NF-κB
activation. In NASH livers, NF-κB activation was promoted and
formed the link between the oxidative stress and the
inflammation, which was broken off by SP and BPG
administrations. TNF-α is one of the most abundant mediators
in inflamed tissue. TNF-α enhances inflammation through
inflammatory cytokine induction(28) and also causes insulin
resistance.(18)

Because of the plasma TNF-α level elevation in NASH rats,
we investigated the insulin signal pathway in NASH livers and
SP and BPG effects. Although the increase in phosphorylated

insulin receptor-β content indicates the excessive insulin signal
activation in NASH livers, its downstream activation by Akt
phosphorylation was impaired in NASH livers. These results
demonstrated the signal failure between insulin receptor and Akt
in NASH livers. Normally, insulin prevents glucogenesis through
PI3K/Akt/FOXO1 pathway.(29) Therefore, impaired Akt
activation showed in this study may have promoted glucogenesis
followed by the blood glucose elevation in NASH rats.(30)

Glucose is used for the energy generation and surplus glucose is
restored as glycogen. And glucose beyond the glycogen storage
capacity is used as the substrate of fatty acid synthesis.(31)

SREBP-1c is also induced by insulin stimulation(32) and plays a
vital role in fatty acid and triglyceride synthesis through
regulating lipogenetic genes.(33) The increased glucose on NASH
rats(30) provided more acetyl CoA, a substrate of lipogenesis, by
glycolysis. Then, lipogenetic regulator SREBP-1c expression
increased in CDHF and NASH livers, contrary to decreased
phosphorylated Akt. This dissociation of insulin signal
downstream alternations in NASH livers suggested the “selective
insulin resistance”. Excessive insulin stimulation causes
unquenchable fatty acid generation, which damages the insulin
signal and cause further selective insulin resistance.(34) In this
study, SP and BPG impaired excessive insulin signal activation,
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promoted Akt activation, and decreased SREBP-1c expression in
NASH livers. By these results, we assumed that SP and BPG
cancelled selective insulin resistance and reversed steatosis in
NASH livers. Except insulin signal, lipid metabolism is regulated
by many factors such as AMP-activated protein kinase α.(35)

Therefore, further investigation about other pathways is required
for pursuing the mechanism of SP and BPG effects on lipid
metabolism in future.

In relation to the selective insulin resistance, we focused on
FGF21. FGF21 is an endocrine factor induced by glucose(36) and
fructose.(37) It was reported that FGF21 improved insulin
sensitivity through Akt activation in rat livers fed with high-fat
high-sucrose diets(24) and downregulated lipogenetic genes in
high-fat diets-induced obesity mice.(38) Excessive fructose intake
by CDHF diets and the blood glucose level elevation(30) caused
by insulin receptor-Akt signal failure induced Fgf21 mRNA
expression in NASH livers. It was reported that lipogenetic
regulation by FGF21 was impaired by free fatty acid in HepG2
cells.(39) In this study, selective insulin resistance causing
excessive fatty acid synthesis may have impaired FGF21 effect,
which lead to the further insulin resistance. Selective insulin
resistance may make a loop with the failure of FGF21 effect. SP
and BPG administrations may have reduced Fgf21 mRNA
inducer glucose through Akt activation in NASH livers.
Therefore, Fgf21 mRNA expression decreased in SP and BPG
administrated rat livers to less than half level of NASH. It was
possible that less Fgf21 mRNA was sufficient to regulate insulin
sensitivity and lipogenesis because SP and BPG administrations
improved fatty lives. It was suggested that SP and BPG broke off
the loop between selective insulin resistance and the failure of
FGF21 effect.

In this paper, we showed SP and BPG ameliorated NASH
by interfering with insulin signal pathway, oxidative stress,
and inflammation. BPG is thought to be hydrolysed by α-
glucosidase(5) and absorbed as biopterin in intestine. Absorbed
biopterin in this study may have exerted the effect through
the conversion to BH4 by unrevealed pathway.(6) It was reported
that exogenous BH4 supplementation was inefficient to elevate
cellular BH4 level compared to another BH4 precursor
sepiapterin.(40) In vivo, sepiapterin more efficiently elevated BH4
level than supplemented BH4 itself in liver, kidney, and blood.(41)

The reason may be that exogenous BH4 is needed to be oxidized
to BH2 to pass across plasma membranes because BH4 itself
is hydrophilic,(40) and BH2 is then reduced back to BH4 by

dihydrofolate reductase. Indeed, the small BH4 level elevation in
liver and kidney by BH4 supplementation was disturbed by
methotrexate, a dihydrofolate reductase inhibitor.(41) These
reports suggest that BH4 precursors contribute for the mainte‐
nance of BH4 level in the body. Taking these consideration into
account, there may be the efficient pathway converting from
BPG of SP to BH4 to work efficiently to prevent our NASH
model.
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