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Abstract

Purpose Hypertension is one of the main factors causing
cardiovascular diseases. The aim of the study is to investi-
gate the effects of Chlorella pyrenoidosa on blood pressure
and cardiorenal remodeling in rats with N,,-nitro-L-arginine
methyl ester hydrochloride (L-NAME)-induced endothelial
dysfunction.

Methods Rats were fed a diet containing L-NAME
(40 mg/kg) with or without chlorella (4 or 8 %) for
5 weeks. We found that chlorella retarded the development
of hypertension and cardiorenal remodeling during the
5-week experimental period.

Results  Although there was no difference in NO, levels
or plasma arginine concentrations, plasma and tissues ACE
activities were significantly lower in the chlorella groups
than in the L-NAME group. Moreover, tissue tumor
necrosis factor-o concentrations and renal CYP4A
expression were also lower in the chlorella group.
Conclusion These results suggest that chlorella might
ameliorate the elevation of blood pressure and show
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cardiorenal-protective effects in nitric oxide-deficient rats,
and one possible mechanism might be mediated by its ACE
inhibitory activity.

Keywords Chlorella - Hypertension - Nitric oxide -
Angiotensin-converting enzyme

Introduction

Hundreds of millions of people suffer from hypertension.
According to the World Health Report 2002, seven million
people died of hypertension worldwide. Complications of
hypertension, such as coronary heart disease, stroke,
arrhythmia, heart failure and abnormal renal dynamics,
may damage the cardiovascular system.

Endothelial dysfunction can be observed in early stages
of hypertension [1]. Endothelial function is modulated by
vasodilators and vasoconstrictors in vivo. The imbalance
between the main vasodilator (nitric oxide, NO) and
vasoconstrictor (angiotensin II) impairs endothelial func-
tion. Treating rats with N,,-nitro-L-arginine methyl ester
hydrochloride (L-NAME) causes injuries to the vascular
endothelium, and this model is widely used to the study of
hypertension, and cardiovascular and kidney diseases [2].
Endothelial dysfunction exhibits a reduction in NO bio-
availability and also results in cardiovascular remodeling
through the activation of the renin-angiotensin system
(RAS) to produce angiotensin II. Therapy of hypertension
with angiotensin-converting enzyme (ACE) inhibitors may
inhibit the formation of angiotensin II and thus, suppress
vasoconstriction, inflammation, and oxidative stress and
lower blood pressure [3].

Recently, chlorella was reported to be beneficial to
health because it is rich in plant proteins and other nutrients
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such as ascorbic acid, tocopherol and L-arginine. Previous
studies indicated that Chlorella vulgaris may have anti-
oxidative and antihypertensive effects [4]. In a study of
SHR-SP, 20 % of chlorella in the diet was needed to lower
blood pressure and increase survival rates of rats [5].
However, daily supplementation with 10 g Chlorella pyr-
enoidosa for 2 months in mildly to moderately hyperten-
sive subjects did not affect the systolic blood pressure [6].
Reports about the effects of chlorella on hypertension are
very few and still remain inconsistent. Therefore, the aim
of the present study was to investigate the effects of dif-
ferent dosages of chlorella supplementation on blood
pressure and cardiorenal remodeling in an endothelial
dysfunction model.

Materials and methods
Experiment design

Forty male Wistar rats (8 weeks old) were purchased from
the Laboratory Animal Center of National Taiwan Uni-
versity (Taipei, Taiwan). Rats were housed in individual
cages under a 12-h light—dark cycle at 23 £ 2 °C and a
relative humidity of 55 £ 10 %. Rats were divided into
four groups (10 rats for each group) and fed a diet based on
AIN-93 M (Table 1) for 5 weeks containing different
amounts of C. pyrenoidosa (Taiwan Chlorella Co., Taipei,
Taiwan): a control group (C); an L-NAME group (L); rats

Table 1 Diet composition (%)

Ingredients* C L Gl G2
Cornstarch 46.57 46.57 45.97 45.37
Dextrin 15.5 15.5 15.5 15.5
Casein 14 14 11.6 9.2
Sucrose 10 10 10 10
Soy oil 4 4 3.68 3.36
Mineral mix 3.5 3.5 35 35
Cellulose 5 5 4.8 4.6
Vitamin mix 1 1 1 1
Cystine 0.18 0.18 0.18 0.18
Choline 0.25 0.25 0.25 0.25
Chlorella - - 4 8

* Cornstarch was from the Samyang Genex (Seoul, Korea). Dextrin,
casein (high-N), cellulose (non-nutritive bulk), mineral mix (AIN-
93 M), vitamin mix (AIN-93 M), cystine were from the ICN Bio-
chemicals (Aurora, OH, USA). Choline and cholic acid were from the
Acros (NJ, USA). Sucrose and soy oil were from the Taiwan Sugar
Co. (Taipei, Taiwan). Chlorella pyrenoidosa was from the Taiwan
Chlorella Co. (Taipei, Taiwan) containing 60 % protein, 15 % car-
bohydrate, 8 % lipids and 5 % fiber. C: control group, L: L-NAME
group; G1: 4 % chlorella group; G2: 8 % chlorella group
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fed 4 % chlorella (G1); and rats fed 8 % chlorella (G2).
Rats in the L, Gl and G2 groups were orally given
40 mg/kg per day of L-NAME in drinking water (Fluka,
Buchs, Switzerland) during the experiment period. Food
and water were provided with free access. The body weight
and food intake were recorded every week. This animal
experiment was approved by the University Committee for
Animal Care and Use and following the guidelines of the
National Animal Research Center (Taipei, Taiwan).

Measurement of blood pressure

Blood pressure was measured at 0, 2 and 4 weeks intervals
during the experimental period by the tail-cuff method with
an electrosphygomanometer (MK-2000ST, Muromachi,
Tokyo, Japan). Rats were put into restrainers and at least
five readings were recorded. The maximum and minimum
values were discarded, and the blood pressure was calcu-
lated as the average of the remaining three values.

Blood and tissue sampling

At the end of 5 weeks, rats were killed after being anes-
thetized with sodium pentobarbital. Blood samples were
collected from the interior vena cava into tubes containing
anticoagulant. Blood samples were immediately centri-
fuged, and the plasma was stored at —80 °C until being
analyzed. Plasma alanine aminotransferase (ALT), aspar-
tate aminotransferase (AST), albumin, uric acid, creatinine,
urea nitrogen, sodium, potassium, calcium and phosphorus
were determined using a Hitachi 7170 autoanalyzer
(Tokyo, Japan). Hearts and kidneys were collected,
weighed and divided into several parts for various analyses.
Heart and kidney samples were homogenized in 400 mM
phosphate buffer (pH 7.2) containing 340 mM sucrose,
900 mM NaCl and protease inhibitors. After centrifuga-
tion, the supernatants were stored at —80 °C. Urine sam-
ples (24 h) were collected using metabolic cages before
killing the animals. Urinary protein and urea nitrogen
excretion were also analyzed with an autoanalyzer. The
creatinine clearance rate (CCr) was calculated as follows:

CCr = urine creatinine (mg/dL)

X 24-h urine volume (mL)/plasma creatinine (mg/dL)
x 1,440 (min)

Malonaldehyde (MDA) levels, tumor necrosis factor
(TNF)-a, and plasminogen activator inhibitor (PAI)-1
concentrations

MDA in plasma was measured by the thiobarbituric acid-
reactive substance method [7]. TNF-« and PAI-1 were
measured with enzyme-linked immunosorbent assay
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(ELISA) kits (rat TNF-o/TNFSF1A, R&D, USA; Zymutest
rat-PAI-1 (antigen/activity), Hyphen BioMed, France).

Nitrite and nitrate (NO,)

Due to the short half-life and low concentration of NO in
vivo, we evaluated plasma and tissue NO levels by mea-
suring its stable metabolites, nitrite (NO, ) and nitrate
(NO;37), by a modified Griess reaction method [8]. The
principle of the assay is reduction of nitrate by vanadium
(IIT) in combination with the detection by the acidic Griess
reaction.

Free amino acid analysis

After a precolumn derivatization of the free amino acids,
dabsyl derivatives were separated on a high-performance
liquid chromatographic (HPLC) column (HYPERSIL
Amino acid, Thermo, 4.5 x 150 mm). Fifty microliters of
the derivatized standard or samples was injected. The
mobile phase was composed of two eluents: buffer
(A) 24 mM Na-acetate (pH 6.6): acetonitrate at 80:20 and
buffer (B) acetonitrate: 2-propanol at 40:60. Elution was
performed at a flow rate of 1 mL/min at 45 °C. Starting
with 5 % B until 4 min and installing a gradient to obtain
20 % B at 8 min, 25 % B at 15 min, 60 % B at 27 min, and
100 % B at 28 min, and then maintaining 100 % B until
32 min. Detection was achieved with a ultraviolet—visible
detector at 436 nm. Free amino acid quantification was
accomplished by the absorbance recorded in the chro-
matograms relative to external standards (AAS18, Sigma,
USA).

Plasma and tissue ACE activity

This assay was performed essentially according to a pre-
viously described spectrophotometric method performed in
microtiter plate [9]. Samples or freshly prepared standard
solutions were added into 1.75 mM furanacryloyl-prolyl-
glycylglycine (FA-PGG) in 50 mM tris—-HC] buffer
(pH7.5). ACE activity was calculated as the rate of
decrease in the absorbance at 340 nm during the first
20 min of catalyzed hydrolysis of FAPGG at 37 °C com-
pared with standard solutions.

Pathohistological analysis

Dissected hearts and kidneys of the rats were fixed in 10 %
formaldehyde solution. Samples were stained with hema-
toxylin and eosin (H&E). The biopsies were examined by a
pathologist on a blinded basis. To evaluate inflammation,
fibrosis and intimal thickening of the small arteries, the
heart and kidneys were observed at 200x magnification.

Kidney cytochrome P450 4A expression

Kidneys were homogenized in 10 mmol/L potassium buffer
with 250 mmol/L sucrose, 1 mmol/L EDTA, and
0.1 mmol/LL phenylmethylsulfonyl fluoride. After centrifu-
gation, microsomal pellets were resuspended in 100 mmol/LL
potassium buffer (pH 7.3). Protein concentrations of the
samples were measured with the Bradford method. Twenty
micrograms of microsomal protein was separated by elec-
trophoresis on 10 % sodium dodecylsulfate (SDS)-poly-
acrylamide gels for 2 h at 100 V. The proteins were
transferred to a nitrocellulose membrane, and the membrane
was blocked overnight in TBST-20 buffer containing 5 %
nonfat dry milk at4 °C. The membrane was incubated for2 h
with a polyclonal antibody againstrat CYP4A (ABR, Golden,
USA) at a 1:2,000 dilution in TBST buffer containing 1 %
bovine serum albumin (BSA). The membrane was then
washed with TBST buffer three times and incubated with goat
anti-rabbit immunoglobulin G (IgG) conjugated with horse-
radish peroxidase (Jackson, West Grove, USA) at 1:10,000
dilution in TBST buffer containing 1 % BSA. Blots were then
washed several times with TBST and developed using an
enhanced chemiluminescence kit (ECL; Amersham Biosci-
ences, Buckinghamshire, UK).

Statistical analysis

Data were analyzed by one-way analysis of variance
(ANOVA) and Fisher’s least significant difference test
using the Statistical Analysis System (SAS Institute, Cary,
NC, USA). Results are expressed as the mean = SEM.
Values of p < 0.05 were considered to indicate statistical
significance.

Results

Body weight, nutritional status, plasma and urine
analyses, nitrite and nitrate concentrations

At the end of the study, we found no differences in body
weight (387.7 &+ 13.3 g,386.2 + 9.3 g,390.3 &+ 8.4 g, and
388.8 & 8.4 g)orfood intake among all groups, respectively.

In the analysis of plasma ALT, uric acid, creatinine,
sodium, potassium and calcium concentrations, no differ-
ences were found among all groups. But we found that
AST was significantly higher in the L. group compared with
the C group, and the concentration ion the G2 group was
significantly lower than that of the L group. We also found
that the G1 and G2 groups fed the diet containing 4 and
8 % chlorella had higher albumin concentrations than the L
group (Table 2). In the plasma, the G2 group had a sig-
nificantly lower PAI-1 level compared to the L. group. We
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Table 2 Body weight, food
intake, plasma and urine
analysis, and nitrite and nitrate
concentrations in rats with
L-NAME-induced hypertension

C, control group; L, L-NAME
group; Gl, rats fed 4 %
chlorella; G2, rats fed 8 %
chlorella. Values are presented
as mean £ SEM. (n = 8).
Different superscript letters in a
row indicate a significant

C L Gl G2
Body weight (g) 388.7 £ 13.3 386.2 £ 9.3 390.3 + 8.4 388.8 + 8.4
Food intake (g/day) 23.1 + 0.5 21.7 £ 06 219 + 0.6 21.6 £ 05
Fluid intake (mL/day) 375+ 1.3 374 + 0.7 365+ 1.0 357+ 13
Plasma
AST (IU/L) 68.4 + 3.6° 99.9 + 11.6° 87.2 &+ 6.4 77.6 £ 2.2°
ALT (IU/L) 22.14+0.8 22,6 + 3.1 231+ 1.0 21+13
ALB (g/dL) 3.8 £+ 0.0 3.6 £0.1° 3.8 £0.1° 3.8 £0.1°
Uric acid (mg/dl) 0.9 £ 0.1 1.0 £ 0.1 0.9 + 0.1 0.8+ 0.3
Creatinine (mg/dL) 0.5 £+ 0.0 0.5 £+ 0.0 0.6 + 0.0 0.5+ 0.0
Urea nitrogen (mg/dL) 115 £ 0.2° 14.5 + 1.6® 16.9 4+ 2.2* 113 £ 0.7°
Sodium (meq/L) 141.8 + 0.4 140.9 + 1.0 141.8 £ 0.8 1415 £ 0.5
Potassium (megq/L) 6.3 +£0.2 6.1 £0.2 6.0 £ 0.1 59+03
Calcium (mg/dL) 10.5 + 0.1 10.2 + 0.1 10.5 £ 0.1 10.5 + 0.1
Phosphorus (mg/dL) 6.1 +0.4° 8.4 + 0.4° 7.9 4+ 0.3° 8.2 +0.2°
PAIL-1 (ng/mL) 0.8 + 0.1° 1.8 + 0.4° 1.1 + 0.2 09 +0.1°
Urine
Protein (mg/day) 46+ 04° 8.3 £ 0.4° 7.0 £ 0.8 4.8 + 0.5
Urea nitrogen (mg/day) 75.6 £ 4.4 847+ 7.0 772 £33 71.6 £7.3
CCr (mL/min) 12 £0.1 1.1 £ 0.1 1.1 £ 0.1 1.1 £0.1
NO,
Plasma (uM/mL) 4.05 + 0.52 3.92 + 0.40 373 +0.35 3.94 4+ 0.36
Aorta (mg protein) 38.39 + 5.71° 14.83 + 1.65° 17.65 + 1.53° 22.33 + 5.60°
Heart (mg protein) 1.85 + 0.05 1.78 + 0.06 1.76 + 0.09 1.73 + 0.05
Kidney (mg protein) 1.11 + 0.14° 0.74 £ 0.09° 0.69 £ 0.07° 0.68 + 0.11°

difference (p < 0.05)

found that the chlorella group showed no significant effects
on MDA levels in the plasma, aorta, heart, or kidneys (data
not shown).

In the urine analysis, urinary protein of the G2 group
was significantly lower than that of the L-NAME group.
There were also lower average values of urinary nitrogen
concentrations in the chlorella groups, but no significant
difference was found (Table 2).

In the free amino acid analysis, arginine levels in the
plasma did not significantly differ among all groups. At the
end of the study, the aorta and kidney NO, levels were
significantly lower in the L, G1 and G2 group than in the C
group. NO, levels in the plasma and heart did not signifi-
cantly differ among all groups (Table 2).

Blood pressure

Rats treated with L-NAME for 2 weeks had significantly
higher systolic (SBP) and diastolic blood pressure (DBP)
compared to the baseline, and values continued to rise
through the end of the study. The SBP and DBP of the G1
and G2 groups were significantly lower than those of the L
group after 4 weeks. We also found that the SBP and DBP
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of the G2 group were significantly lower than those of the
Gl group (Fig. 1a).

ACE activity

In Fig. 1b, plasma ACE activity of the L group was sig-
nificantly higher than that of the C group from the second
week. At the end of the study, ACE activities in the G1 and
G2 groups were lower than that of the L group, and the
effect was dose-dependent. ACE activity in the peripheral
tissues was also important in cardiorenal remodeling and
modulation of blood pressure. L-NAME led to elevation of
ACE activity in the aorta, heart and kidneys. Rats con-
suming 4 and 8 % chlorella had significantly lower ACE
activity in the aorta and kidneys (Fig. 2a).

TNF-o concentrations

Inhibition of NO synthesis by L-NAME significantly ele-
vated TNF-o concentrations, a marker of inflammation, in
the aorta, heart and kidneys. Chlorella supplementation
decreased TNF-o concentrations in the aorta and heart and
normalized TNF-o concentrations in the kidneys (Fig. 2b).
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Kidney cytochrome P450 4A expression
and pathohistological analysis

To investigate the effects of chlorella on CYP4A expres-
sion, we used a Western blot analysis, and results are
presented in Fig. 3a. We found significantly lower CYP4A
expression in the G1 and G2 than in the L group.

Pathohistological analytical results of the heart are shown
in Fig. 3. We found intimal thickening and fibrosis around the
arterioles in the L group. Less vascular remodeling was found
in the G1 and G2 groups. We defined an injury scale of
inflammation and fibrosis with O as normal, 1 as mild, 2 as
moderate, and 3 as severe. In Fig. 3b, chlorella consumption
significantly reduced the injury scale of coronary arteries,
ventricles, and septum of the heart.

In the analysis of the kidneys, we found reductions in
Bowman’s space, glomerular congestion, interstitial
inflammation and hyperplastic changes in the small arteries
(Fig. 3c). Chlorella consumption also ameliorated the
inflammation and fibrosis in kidney tissues.

Discussion

In the present study, we found that L-NAME in drinking
water induced hypertension in rats and both 4 and 8 %
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Fig. 3 CYP4A protein expression in microsomes from kidneys (a),
and pathohistological analysis of hearts (b) and small arteries and
glomerulus in kidneys (¢). HE stain x200. L, L-NAME group; GlI,

chlorella in the diet retarded the elevation of blood pressure
and ameliorated inflammation and tissue damage in the
heart and kidney. Rats consuming a diet containing 8 %
chlorella had significantly lower DBP from the second
week of the experiment. In addition, adding chlorella to the
diet did not affect the growth or food intake of rats.
Hypertension may be related to an increase in oxidative
stress in vivo [10, 11]. In rats with naphthalene-induced
oxidative stress, treatment with 70 mg/kg of a chlorella
extract lowered plasma, liver, and kidney MDA concen-
trations, and elevated plasma and tissue vitamin C and E
levels [12]. Supplementation of the diet with 5 % chlorella
also elevated liver antioxidative enzyme activities and
reduced MDA concentrations [13]. However, we found that
chlorella ameliorated L-NAME-induced hypertension,
while no differences in either plasma or tissue MDA levels
were found among the groups. Effects of antioxidant sup-
plementation on hypertension remain controversial, and the
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rats fed 4 % chlorella; G2, rats fed 8 % chlorella. Values are
presented as mean £+ SEM. (n = 8). Different superscript letters in a
row indicate a significant difference (P < 0.05)

outcomes may vary due to many factors such as the type,
dosage, and duration of supplementation. Antioxidant
therapy may also fail to show the expected effect due to
individual differences [14]. In addition, reactions between
superoxides and antioxidative vitamins were 5,000—
10,000-fold slower than those between superoxides and NO
[15]. Chronic inhibition of NO synthesis activates angio-
tensin II and increases production of superoxides and
oxidative stress [16]. Therefore, we suggested that the
antioxidants contained in chlorella might not be sufficient
to improve the elevation in oxidative stress in rats with
NO-deficiency induced hypertension.

L-Arginine is the precursor of NO, a vasodilator. Sup-
plementation of arginine may improve endothelial dys-
function and lower blood pressure. Consumption of a diet
rich in arginine was also reported to reduce blood pressure
and increase the CCr in humans [17]. Studies also indicated
that arginine intake may boost NO production in vivo [18].
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Arginine is the most abundant amino acid in chlorella. In
our study, daily arginine intake levels of each rat in the G1
and G2 groups were 76.2 and 152.4 mg, which equals to
1.27 and 2.54 g for healthy human adults. A study of
hypertensive subjects showed that arginine supplementa-
tion of at least 12 g/day was needed to lower SBP and DBP
[19]. Thus, the amount of arginine intake might not be
sufficient to reduce blood pressure. In addition, we found
no change in plasma arginine or NO, concentrations in
either chlorella group, while the elevation of blood pressure
was retarded.

ACE inhibitors have been widely used to treat hyper-
tension and were demonstrated to decrease the morbidity
and mortality of cardiovascular and kidney diseases. ACE
inhibition with perindopril improved endothelial dysfunc-
tion, decreased the von Willebrand factor, and increased
endothelial NO synthase (eNOS) activity in patients with
coronary heart disease [3]. In our study, chlorella dose-
dependently inhibited ACE activity, and this was consistent
with its effects on blood pressure. Other studies on
L-NAME-induced hypertension also reported that the ACE
inhibitors significantly reduced blood pressure [20]. In
addition to the effect on blood pressure, ACE inhibitors are
also tissue-protective. Treatment of NO-deficient rats with
Enalapril produced improvements in renal vascular damage
and reductions in urine proteins [21]. Guidelines of the
American College of Cardiology (ACC)/American Heart
Association (AHA) also suggested that ACE inhibitors
should be used in the therapy of patients with high car-
diovascular risks [22]. We found that chlorella may sup-
press the elevation of ACE activity induced by NOS
inhibition, especially in the aorta and heart. Rats consum-
ing chlorella also had lower urine protein levels and
improved in cardiorenal remodeling. Various effects of
ACE inhibition in the plasma and tissues may be related to
the different affinities of ACE inhibitors with target organs.
A previous study also showed that peptides composed of
three to five amino acids derived from chlorella hydroly-
sates had ACE-inhibitory activity [23]. These results sug-
gested that chlorella may be protective in cardiorenal
remodeling through tissue ACE inhibition.

Chronic inhibition of NO may elevate plasma and tissue
TNF-a and PAI-1 concentrations [24]. PAI-1 is related to
the deposition of extracellular matrix and fibrotic proteins,
which may result in thrombosis and fibrosis of vascular
tissues. TNF-a impairs endothelial functions through
stimulating the production of reactive oxygen species and
reduction of NO bioavailability [25]. Chlorella is thought
to exhibit anti-inflammatory activity. In rats fed on an
atherogenic diet, 5 % of chlorella in the diet may cause
repressed inflammatory factor activation [13]. In addition,
ACE inhibitors were reported to suppress inflammation in
NO-deficient rats. In clinical studies, ACE inhibitors also

reduced TNF-« and angiotensin II levels in patients with
cardiovascular disease [3 [26], and PAI-1 levels in hyper-
tensive subjects [27]. These results suggested that chlorella
may inhibit the activation of ACE and reduce PAI-1 and
TNF-a concentrations.

Chronic inhibition of NO synthesis also promoted
CYP4A expression and 20-HETE formation [28].
20-HETE, the metabolite derived from actions of CYP4A,
is vasoconstrictive and is important in the modulating of
renal hemodynamics. In our study, we found that CYP4A
protein expressions were lower in the 4 and 8 % chlorella
groups compared to the L-NAME group. Consistently, we
also observed that chlorella ameliorated L-NAME-induced
inflammation, fibrosis and intimal thickening in the heart
and kidneys. PAI-1 and TNF-o levels in the heart and
kidneys were also lower in the chlorella groups. A study in
NO-deficient rats demonstrated that inhibition of CYP4A
expression may reduce mean arterial pressure and renal
vascular resistance and increase the glomerular filtration
rate [29]. Therefore, the renoprotective effects of chlorella
may also be related to the modulation of CYP4A
expression.

In conclusion, chlorella may inhibit the elevation of
ACE activity, retard the development of hypertension and
protect the cardiorenal system from injuries induced by
chronic NO inhibition. Our findings of the beneficial
effects of chlorella consumption in an endothelial dys-
function model might be important in modifying the diet to
prevent early organ damage in people with high cardio-
vascular disease risks.
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