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Chlorella is a unicellular green alga, which contains a variety of
nutrients including amino acids, dietary fibers, n-3 unsaturated
fatty acid, vitamins, and minerals. We previously demonstrated that
Chlorella-derived multicomponent supplementation decreases
arterial stiffness in young men. However, mechanisms underlying
the reduction in arterial stiffness by Chlorella-derived supple-
mentation and the effect in middle-aged and older individuals
have remained unexplored. This study tested our hypothesis that
Chlorella-derived supplementation improves arterial stiffness via
an increase in nitric oxide (NO, a endothelium-derived relaxing
factor) production in middle-aged and older individuals. Thirty-two
subjects between 45 and 75 years of age assigned to placebo and
Chlorella groups in a double-blinded manner and took respective
tablets for 4 weeks. Before and after the supplementations,
brachial-ankle pulse wave velocity (baPWV, an index of arterial
stiffness) and plasma nitrite/nitrate (NOx, end product of NO)
concentration were measured. There was no difference in baPWV
between before and after the placebo intake, but baPWV
decreased after the Chlorella supplementation. Changes in baPWV
with the Chlorella supplementation were correlated with those in
plasma NOx concentration. We concluded that Chlorella-derived
multicomponent supplementation decreases arterial stiffness in
middle-aged and older individuals. It may be associated with
increase in NO production by vascular endothelium.
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hlorella is a unicellular green alga and used in Asian and

European countries as a dietary supplement. It contains a
variety of nutrients including amino acids, dietary fibers, n-3
unsaturated fatty acid, vitamins, and minerals. These nutrients can
improve arterial stiffness, an independent risk factor for cardio-
vascular disease. Indeed, we previously reported that Chlorella-
derived multicomponent supplementation decreases arterial stiff-
ness in young individuals. However, mechanisms underlying
the effect of Chlorella-derived supplementation have remained
unexplored. Multicomponent analysis in the previous study
showed that Chlorella-derived tablet contains arginine and anti-
oxidants such as vitamin C and vitamin E. Arginine can be
converted to nitric oxide (NO), an endothelium-derived vaso-
dilatory factor, as supplementation with L-arginine increases NO
metabolites, nitrite/nitrate (NOx), in urine.? Combined intake of
vitamin C and vitamin E has been demonstrated to improve flow-
mediated dilation (FMD), an index of NO production by vascular
endothelium.®® NO production by vascular endothelium is an
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important determinant of arterial stiffness.®® Hence, we hypo-
thesized that Chlorella-derived supplementation improves arterial
stiffness via an increase in NO production by vascular endo-
thelium. To test this hypothesis, we investigated effects of
Chlorella-derived supplementation on brachial-ankle pulse wave
velocity (baPWV, an index of arterial stiffness) and plasma NOx
concentration using a double-blinded, placebo-controlled study
design. In addition, an effect of Chlorella-derived supplementa-
tion on arterial stiffness in middle-aged and older individuals has
remained unclear. Hence, we recruited middle-aged and older
study participants.

Materials and Methods

Subjects and experimental design. First, a pre-supplemen-
tation testing was performed (» = 34). The following day, the par-
ticipants were assigned into either placebo (age, 63.1 £ 2.3 years)
or Chlorella (62.2 £ 1.5 years) group in a double-blinded manner.
They took 30 tablets per day (15 tablets twice daily, after breakfast
and dinner) for four weeks. This dosage is in accordance with the
general recommended dosage for Japanese consumers. Compli-
ance with the prescription was good in both placebo (97.4 £ 2.1%)
and Chlorella (98.0 £0.5%) groups. A post-supplementation
testing was done one day after the final tablet intake.

A subject whose lifestyle drastically changed during the supple-
mentation period due to his family matter and a subject whose
blood sample volume was insufficient to perform all chemical
analyses were excluded from statistical analysis. The remaining
32 individuals between the age of 45 and 75 years (placebo group,
6 men and 9 women; Chlorella group, 7 men and 10 women) were
included in the analysis. Two subjects in each group were on
antihypertensive medication. A subject in the placebo group and
two subjects in the Chlorella group were untreated hypertension
[systolic blood pressure (SBP)/diastolic blood pressure (DBP)
>140/90 mmHg]. Two subjects in the placebo group and a subject
in the Chlorella group were premenopausal women. There were
no subjects on hormone replacement therapy and smokers. The
participants were asked not to modify their lifestyle during trial
period. Subjects refrained from alcohol consumption and intense
physical activity starting on the day before testing, and caffeine
consumption on the day of testing.

The present study was approved by the Ethical Committee of
the Institute of Health and Sport Sciences of the University of
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Tsukuba. This study conformed to the principles outlined in the
Helsinki Declaration. All participants gave their written informed
consent before their inclusion in this study.

Placebo and Chlorella tablets. The placebo and Chlorelia
(SunChlorella A; Sun Chlorella Corp., Kyoto, Japan) tablets used
in this study were the same as in our previous studies.!"”® The
mass of each tablet was 243 and 200 mg, respectively. The main
components of the placebo tablet were lactose and colorant. The
main ingredient of the Chlorella tablet was dried Chlorella
pyrenoidosa powder. The nutritional value per 100 g of the placebo
and Chlorella tablets were, respectively: energy, 406 and 399 kcal;
water, 3.2 and 5.3 g; protein, 2.0 and 60.8 g; lipid, 5.9 and 9.2 g;
sugar, 85.6 and 6.3 g; dietary fiber, 1.1 and 11.9 g; and ash, 2.2
and 6.5 g.

Blood biochemistry. Blood samples were collected from the
antecubital vein by venipuncture in the morning after an overnight
fast. Each blood sample was centrifuged at 2,235 g for 10 min at
18°C. The plasma was stored at —80°C until assay. Plasma concen-
tration of NOx was determined by Griess method as previously
described.® Serum concentrations of cholesterol, triglycerides,
and insulin and plasma levels of glucose and haemoglobin Alc
were determined by using the standard techniques.”

Forearm vascular conductance. Forearm blood flow (BF)
at supine position was measured by venous occlusion plethysmo-
graphy using a mercury-filled strain gauge (EC6; Hokanson,
Bellevue). A strain gauge was attached to the widest part of the
forearm which was slightly elevated above the level of the right
atrium. A wrist cuff was inflated to 50 mmHg above SBP to
exclude hand circulation from one minute before onset of forearm
BF measurement to end of the measurement. Upper-arm cuff
was rapidly inflated to 40-50 mmHg for 7 s during a 15 s cycle to
occlude venous outflow from the arm (E20, Hokanson). Forearm
BF was calculated as percent change in forearm volume during the
occlusion phase. Eight-cycle measurements were continuously
performed and the mean value was calculated. Mean blood
pressure (MBP) in contralateral arm was measured two times
during the BF measurements by oscillometry (DINAMAP Pro
Care 300; GE Healthcare, Buckinghamshire, UK). Forearm
vascular conductance (VC) was calculated as the BF divided
by the MBP. In our laboratory, the representative day-to-day
coefficient of variation for forearm VC was 10.5 £ 1.1%.

baPWV. baPWV was measured as in our previous study.
Briefly, brachial and post-tibial artery pressure waveforms
were obtained simultaneously by cuffs connected to an air-

(11,12)

plethysmographic sensor (formPWV/ABI; Omron Colin, Tokyo,
Japan). The distance traveled by the pulse wave from the heart
to the brachial recording site and that to the post-tibial recording
site were calculated based on each subject’s height. The time from
when the pulse waves reach the brachial recording site to when
they reach the post-tibial recording site was determined based
on the time delay between the brachial and post-tibial ‘foot” wave-
forms by the software of the device. baPWV was calculated as
the travel distance divided by the travel time. In our laboratory,
the representative day-to-day coefficient of variation for baPWV
was 2.2 + 1.3%.1? At the time of baPWV measurement, brachial
SBP, MBP and DBP were measured using oscillometry. Simulta-
neously, heart rate (HR) was calculated from an electrocardiogram
(formPWV/ABI, Omron Colin).

Statistical analysis. Results are given as means * standard
errors. P values <0.05 were considered statistically significant.
Intergroup differences in patient compliance and measures before
the supplementation were tested using an unpaired ¢ test. The
effects of placebo and Chlorella supplementation were assessed
by a repeated-measure two-way analysis of variance. If a signifi-
cant F' value was found, a post hoc Fisher’s protected least
significant differences test was performed.

Results

There were no differences between the placebo and Chlorella
groups in body weight, body mass index, and blood biochemistry
before the tablet intake (Table 1). There were no interactions
between group and supplementation period in these measures.

No intergroup differences were observed in blood pressure, HR
and forearm BF at the pre-intake testing (Table 2). There were no
interactions between group and supplementation period in blood
pressure and forearm BF. An interaction was identified in HR,
but difference between the pre- and post-intake testing was not
significant in HR of the placebo or Chlorella group. An intergroup
difference in forearm VC at the pre-intake testing was not
observed (Fig. 1). An interaction between group and supplementa-
tion period was identified in forearm VC. A change in forearm VC
was close to statistical significance with the Chlorella supple-
mentation, but not with the placebo supplementation.

baPWV before the intake period was similar between the
placebo and Chlorella groups (Fig.2). An interaction between
group and supplementation period was identified in baPWV.
baPWV decreased after the Chlorella supplementation than at

Table 1. Body weight, body mass index, and blood biochemistry before and after supplementation with placebo

and Chlorella tablets

Before After Interaction
Body weight (kg) Placebo 58.2+2.8 58.4+2.8 F=0.7
Chlorella 60.1+2.0 60.5+1.9 p =0.40
Body mass index (kg/m?) Placebo 22.8+0.8 22.9+0.8 F=0.6
Chlorella 23.6 +0.6 23.8+0.5 p=0.43
LDL cholesterol (mg/dl) Placebo 122+7 128 +8 F=3.4
Chlorella 124 +4 120+5 p =0.07
HDL cholesterol (mg/dl) Placebo 72+6 74+6 F=0.8
Chlorella 75+5 74 +5 p =0.36
Triglycerides (mg/dl) Placebo 85+ 11 95+ 14 F=0.3
Chlorella 90+ 10 106 + 13 p=0.61
Glucose (mg/dl) Placebo 94 +2 93+4 F=0.4
Chlorella 98 +2 99 +4 p=0.55
Hemoglobin A1c (%) Placebo 6.0+0.1 6.0+0.1 F=0.1
Chlorella 6.2+0.1 6.2+0.1 p=0.77
Insulin (nU/dI) Placebo 5.4+0.9 6.0+ 1.0 F=0.7
Chlorella 5.4+0.8 7.5+1.6 p =0.40

Values are means + SE.
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Table 2. Blood pressure, heart rate, and forearm blood flow before and after supplementation with placebo and Chlorella

tablets
Before After Interaction
Systolic blood pressure (mmHg) Placebo 119+4 121+4 F=29
Chlorella 125+4 122+4 p=0.10
Mean blood pressure (mmHg) Placebo 91+3 94 +3 F=3.6
Chlorella 98+4 95+3 p =0.06
Diastolic blood pressure (mmHg) Placebo 7112 74+3 F=3.9
Chlorella 76 +2 74+3 p =0.05
Heart rate (bpm) Placebo 63+2 60 +1 F=4.22
Chlorella 64 +2 65+2 p =0.04
Forearm blood flow (ml/dl/min) Placebo 3.7+0.6 3.2+0.4 F=3.6
Chlorella 34+0.4 42+0.6 p=0.06
Values are means + SE.
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Fig. 1. Forearm vascular conductance before and after supplementa-
tion with placebo or Chlorella tablets. Values are means + SE.

baseline, whereas the placebo tablets had no effects. There was
no difference between the groups in plasma NOx concentration in
the pre-supplementation testing (placebo, 43.1 £ 7.8 umol/L vs
Chlorella, 46.4 + 7.2 umol/L). An interaction was not detected in
plasma NOx concentration. Plasma NOx concentration increased
after the intake period compared to baseline both in the placebo
(after, 88.3 £ 10.8 umol/L, p=0.003 vs before) and Chlorella
(97.9 £20.4 umol/L, p=0.01) groups. However, changes in
plasma NOx concentration with the supplementation period were
correlated with changes in baPWV only in the Chlorella group

(Fig. 3).
Discussion

NO is a vasodilatory factor which is produced by vascular
endothelium. Local or systemic administrations of a NO synthesis
blocker to humans have suggested that NO-related signals partici-
pate in regulation of arterial stiffness.5® In this study, effects of
Chlorella-derived multicomponent supplementation on baPWV
and plasma NOx concentration were investigated by using a
double-blinded, placebo-controlled study design. We demon-
strated for the first time that Chlorella-derived supplementation
improves baPWYV in middle-aged and older individuals and that
the changes in this measure are correlated with elevations in
plasma NOx concentration. Results in subjects without treated
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Fig. 2. Brachial-ankle pulse wave velocity before and after supple-
mentation with placebo or Chlorella tablets. Values are means + SE.

and untreated hypertension or premenopausal women were similar
to results in all subjects (data are not shown). We concluded that
Chlorella-derived multicomponent supplementation decreases
arterial stiffness in middle-aged and older individuals. It may be
associated with increase in NO production by vascular endo-
thelium.

Interpretation of changes in plasma NOx level is not easy. First,
many foods in Japanese daily meal contain NOx.!® Diet before
blood sampling possibly affects plasma NOx concentration.!>!¥
Intake of NOx from diet might partly increase plasma NOx
concentration after the supplementation period. It may be a reason
that changes in plasma NOx concentration with the placebo
supplementation was not correlated with changes in baPWV. On
the other hand, elevations in plasma NOx concentration after the
Chlorella supplementation were correlated with decreases in
baPWYV. There are three subjects with marked elevation of plasma
NOx level after the Chlorella supplementation (>150 pmol/L).
However, correlation coefficient between changes in plasma
NOx concentration and changes in baPWV remained statistically
significant in the Chlorella group after these three subjects were
excluded (data is not shown). Second, NO is generated from not
only endothelial cells but also inflammatory cells. It is possible
that Chlorella-derived multicomponent tablet increased the pro-
duction of NO from inflammatory cells. However, inflammation is
positively correlated with arterial stiffness.(® It is reasonable that
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Relationships between changes in plasma nitrite/nitrate (NOx) concentration and brachial-ankle pulse wave velocity (baPWV) from before

to after supplementation with placebo (left panel) or Chlorella (right panel) tablets.

plasma NOx concentrations after the Chlorella supplementation
were elevated by vascular endothelium-derived NO rather than
inflammatory cell-related NO because the changes in plasma NOx
concentrations were inversely correlated with arterial stiffness.

The previous multicomponent analyses of the Chlorella
tablet detected arginine (3.16 g/100 g) and antioxidants (e.g., beta-
carotene, 4.3 mg/100 g; vitamin C, 4.0 mg/100 g; vitamin E,
2.7 mg/100 g).!® Bai et al.'® demonstrated in their meta-analysis
that 3-28 days oral supplementation with L-arginine increases
FMD, although there was a study which failed to find improve-
ment of FMD by supplementation with L-arginine.'” The
Chlorella-derived supplementation might activate NO production
by increasing in blood arginine concentration. Combined inges-
tion of vitamin C and vitamin E have reported to improve FMD
in hypertensive middle-aged men and children with hyper-
lipidemia.®* Additionally, Plantinga et al.® found that changes in
FMD with antioxidants supplementation were correlated with
changes in plasma malondialdehyde level, an index of oxidative
stress, although it did not reach statistical significance (p = 0.07).
It is also possible that the Chlorella-derived supplementation
increased NO production through reduction of oxidative stress on
vascular endothelium.

Beneficial effects of dietary supplements are more definitively
seen when nutrients are taken in combination than in isolation.
For example, combination treatment (1 g vitamin C and 400 [U
vitamin E per day) and the addition of antioxidants (120 mg
vitamin C, 30 mg vitamin E, 6 mg B-carotene, 100 pg selenium,
and 20 mg zinc per day) decreased aortic pulse wave velocity
(PWV),3® whereas supplementation with vitamin C alone
(500 mg daily) and vitamin E alone (400 IU daily) did not
decrease aortic PWV.*2% Strong point of the Chlorella-derived
tablet is including various nutrients, even though the dose of
each nutrient was small. In addition to arginine and antioxidants,
this tablet includes potassium (970 mg/100 g),!"¥ which can
affect forearm VC by decreasing contractility of vascular smooth
muscle cells via sodium excretion.?'23 Again, this tablet includes
calcium (330 mg/100 g), magnesium (370 mg/100 g), dietary
fiber (11.9 g/100 g) and protein (60.8 g/100 g);("® these nutrients
also have preventive or therapeutic effects on hypertension.®+29
In this study, an interaction between the groups and the supple-
mentation period in forearm VC was identified and those in MBP
and DBP were close to statistical significance. Reduction in
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peripheral VC decreases blood pressure. Indirect mechanisms
based on blood pressure changes might be associated with reduc-
tion in arterial stiffness after the Chlorella intake as well as a direct
mechanism based on NO production. Additionally, subjects in this
study possibly had heterogeneous nutritional status. Nutrients,
which were associated with changes in arterials stiffness, might
depend on nutritional status in each subject. The Chlorella-
derived tablet contains not only favorable but also unfavorable
nutrients such as phosphorus (unpublished data); high concentra-
tions of serum phosphorus impair endothelial function via
increasing oxidative stress and inflammatory response.?” How-
ever, effects of favorable nutrients on arterial stiffness are likely
to overcome effects of unfavorable nutrients. Taken together,
the wide spectrum of nutrients in the Chlorella-derived supple-
mentation may be associated with decrease in arterial stiffness.

One meta-analysis showed that the relative risk of a cardio-
vascular disease event increases 12% per 1.0 m/s increase in
baPWV.?® The observed reduction in baPWV between the pre- and
post-Chlorella-derived supplementation was 0.6 m/s. Chlorella-
derived multicomponent supplementation may be beneficial as a
primary cardiovascular disease prevention strategy.

This study has several limitations. First, plasma NOx concentra-
tion was used for index of vascular endothelial function. As pre-
viously mentioned, we recognize the difficulty of the estimation of
endothelium-derived NO using the plasma. Second, this is a small
placebo-controlled study. The results in this study do not conflict
with the previous cross over study in young men.(’ However, the
presented results warrant to be confirmed by using a more reliable
measure of vascular endothelial function such as FMD in larger
placebo-controlled study or cross over study.

In conclusion, Chlorella-derived multicomponent supplementa-
tion decreases arterial stiffness in middle-aged and older individ-
uals. It may be associated with increase in NO production by
vascular endothelium.
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Abbreviations

baPWV  brachial-ankle pulse wave velocity
BF blood flow

DBP diastolic blood pressure

FMD flow-mediated dilation

HR heart rate
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