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Abstract

and Chlorella groups (R°X and R?Y > 0.5; Q° > 0.4).

are high in cholesterol.

Background: Previous animal studies suggested that Chlorella, a unicellular green alga, has a preventive role in
maintaining serum cholesterol levels against excess dietary cholesterol intake. This study aimed to conduct a
pioneering investigation to clarify this issue in healthy subjects by adopting a dietary cholesterol challenge, which
has not been used previously in similar studies of Chlorella in hypercholesterolemia.

Methods: In this double blind, randomized, placebo-controlled study, 34 participants ingested 510 mg of dietary
cholesterol from three eggs concomitantly with a usual dose of Chlorella (5 g/d) or a matched placebo for 4 weeks.

Results: The dietary cholesterol challenge induced consistently higher concentrations of serum total cholesterol
(TC, P<0.001), LDL-C (P=0.004), and HDL-C (P=0.010) compared with baseline values, suggesting that the challenge
was reliable. Thus, we observed a preventive action of Chlorella in maintaining serum TC versus placebo levels
(3.5 % versus 9.8 %, respectively; P=0.037) and LDL-C versus placebo levels (1.7 % versus 14.3 %, respectively;
P=0.012) against excessive dietary cholesterol intake and in augmenting HDL-C versus placebo levels (8.3 %
versus 3.8 %, respectively). Furthermore, serum a-carotene showed the best separation between the placebo

Conclusion: The results suggest that a fully replicated dietary cholesterol challenge may be useful in assessing
the effectiveness of dietary supplements in maintaining the serum lipid profiles of adults whose habitual diets

Trial registration: WHO International Clinical Trials Registry Platform (KCT0000258)

Keywords: Carotenoids, Chlorella, Dietary cholesterol challenge, Healthy adult

Background

Cardiovascular disease (CVD) is the leading cause of
mortality worldwide as a result of the aging population
and increased urbanization. A high serum cholesterol
level is thought to be a major risk factor for CVD [1].
Each 1 % increase in the serum cholesterol is predicted
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to increase the risk of coronary disease by approxi-
mately 2 % [2]. An impressive body of evidence has
accumulated regarding the hypocholesterolemic effects
associated with several plant-based foods compared
with the placebo group in at risk subjects such as those
with mild to severe hypercholesterolemia [3] or com-
pared before and after administration in healthy sub-
jects [4]. In animal models, a preventive effect of a food
or food ingredient against hypercholesterolemia could
be shown by the co-administration of excess dietary chol-
esterol in normal animals [5]. However, no successful
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placebo-controlled clinical trial has yet been explored to
validate this concept in human subjects.

Chlorella is a unicellular green alga that contains a wide
array of nutrients, including carotenoids, chlorophyll,
minerals, vitamins and long-chain polyunsaturated fatty
acids [5]. Animal experiments have shown that Chlorella
inhibited the intestinal absorption of excess cholesterol
from the diet and enhanced fecal steroid excretion,
thereby preventing hypercholesterolemia [6]. However,
several previous human clinical trials, including our own,
have attempted only to determine only whether Chlorella
supplementation is useful to reduce the high cholesterol
levels of hypercholesterolemic subjects [7].

Here, we performed a double-blinded, randomized,
placebo-controlled trial to investigate the hypothesis
that a dietary cholesterol challenge might be useful to
evaluate the effectiveness of Chlorella supplementation
in maintaining healthy serum cholesterol concentration
in adults consuming a high cholesterol meal. This ap-
proach is based on the previous findings of other inves-
tigations, which indicated that consuming three eggs
daily could increase serum cholesterol levels in healthy
subjects [8, 9]. Furthermore, we examined whether carot-
enoids derived from the eggs may have hampered the pre-
diction of the responses of serum lipids to Chlorella
carotenoids by using partial least squares (PLS) regression.

Methods

Test samples

Tablets containing 416 mg of dried Chlorella (Chlorella
vulgaris) or a color-matched placebo (lactose) were
kindly provided by Daesang Corp. (Seoul, Korea).
Chlorella is a unicellular green alga and listed as a
functional ingredient in the Korean Health/Functional
Food Code with the following specifications: total chloro-
phyll content>10 mg/g for identification; and lead <
3.0 mg/kg, cadmium < 1.0 mg/kg, total mercury < 0.5 mg/
kg, total pheophorbide < 1,000 mg/kg, and coliform bac-
teria negative for purity. Daily Chlorella supplementation
(12 tablets/d) provides 5 g of Chlorella containing the fol-
lowing nutrients: 3 g of protein, 180 mg of total carbo-
hydrates, 640 mg of total lipids, 650 mg of dietary fiber,
225 mg of ash, 2,945 IU of vitamin A, 3.7 mg of vita-
min C, and 1.1 mg of vitamin E [6]. The dietary source
of the cholesterol challenge were pasteurized whole
eggs were purchased from a retail market in Seoul,
Korea. Daily egg consumption (3 eggs/d) provides
540 pg of lutein, 330 pg of zeaxanthin, 10 pg of B-
carotene and trace amount of a-carotene, and 510 mg
cholesterol.

Study design
The double blind, randomized, and placebo-controlled
study was performed in two phases, a 4-week lead-in
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phase and a 4-week intervention phase. The length of
the intervention phase was determined based on a meta-
analysis of plant sterols as cholesterol lowering agents
[10]. To detect the postulated difference with 80 %
power using a two-sided 5 %, and a 20 % dropout rate,
the sample size was estimated to be 34 subjects. The
study protocol was approved by the Institutional Re-
view Boards of Ewha Womans University (Seoul, Korea)
and registered at the WHO International Clinical Trials
Registry Platform as KCT0000258. The study was con-
ducted in accordance with the Declaration of Helsinki,
and the results are reported according to the Consoli-
dated Standards of Reporting Trials guidelines [11].

Subjects

After the initial screening, 34 eligible subjects were en-
tered at baseline. For study inclusion, a serum total chol-
esterol (TC) levels of <5.18 mmol/L (desirable level)
[12] was required of the subjects at the screening visit.
The following exclusion criteria were applied: the regular
use of medications or dietary supplements; presence of
CVD, hypertension, type 2 diabetes, liver disease, renal
failure, thyroid disease, or malignant tumors; a family
history of hypercholesterolemia; known hypersensitivity
to the study products; and pregnancy or lactation. All of
the participants provided written informed consent be-
fore participation.

Study procedures

Following the 4-week lead-in period, the participants
were randomly assigned to either the placebo or Chlor-
ella group. At the beginning of the study, the partici-
pants received one bottle of the test sample and 21 eggs
(packaged in threes for a daily supply), enough for seven
days, thus allowing for weekly visits. They were asked to
take four tablets of the test sample and one egg with
each meal, for a total of 5 g of Chlorella powder and
510 mg of cholesterol daily. Cooking methods for the
eggs were provided to thereby minimize influences on
carotenoid absorption. To determine a compliance sta-
tus, the subjects were asked to answer whether they had
followed the dietary instruction and the remaining pills
were counted at each visit. The subjects were also re-
quired to report any possible adverse events. To assess
nutrient intake and monitor dietary compliance, three-day
dietary records were analyzed using a computer aided
nutritional analysis program (Can-Pro 3.0, the Korean
Nutrition Society, Seoul, Korea).

Outcome measurements

At the beginning of the study and 4 weeks after the
intervention, overnight fasting blood was collected in
serum separator tubes (Becton Dickinson, Franklin
Lakes, NJ, USA). The samples were then centrifuged,
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and the supernatants were stored at -80 °C before ana-
lysis. The serum TC, triglycerides (TG), and high-
density lipoprotein cholesterol (HDL-C) concentrations
were assessed using commercially available kits (Daiichi
Pure Chemicals, Tokyo, Japan). The low-density lipo-
protein cholesterol (LDL-C) level was calculated using
the Friedewald equation (LDL-C=TC-HDL-C-TG/
2.2). Serum carotenoid concentrations were measured
by HPLC (Shiseido SP 3023, Tokyo, Japan) with a
reverse-phase C18 column (Shiseido Capcell Pak, MG
type, 5 pm, 4.6 x 250 mm) and UV detector.

Statistical analysis

Data analyses were performed on the intention-to-treat
(ITT) population, which included all randomized sub-
jects. Additionally, per protocol (PP) analysis was per-
formed on participants who completed the study. The
results of the ITT and PP analyses were comparable,
thus only those of the ITT analysis are shown. Variables
were tested for normal distribution using the Shapiro-
Wilk W-test and log transformation was performed on
skewed variables. A Student’s t-test or Fisher’s exact
test was used to compare the baseline characteristics
between groups. An analysis of variance (ANOVA)
mixed-effects model was applied to compare changes in
nutrient intake, serum lipids, and serum carotenoids
with group and time as fixed effects factors and subject
as random effect factor. A two-tailed value of P <0.05
was considered to be significantly different. PLS regres-
sion was used to correlate measured values of serum
carotenoids for serum lipids and identify predictors for
responses to Chlorella during the dietary cholesterol
challenge. PLS regression with 5-fold cross-validation
leads to the calculation of the R*X, R*Y, and Q? factors,
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representing the explanation, fitness, and prediction
power, respectively. R* > 0.5 and Q> > 0.4 [13] were con-
sidered acceptable for PLS regression. The data were
analyzed using the SAS 9.3 statistical software (SAS
Institute, Cary, NC, USA) or TANAGRA (versionl1.4.50,
University of Lyon, France).

Results

Subject characteristics and dietary monitoring

The CONSORT flow chart of the study is shown in
Fig. 1. Following the 4-week lead-in period, 34 eligible
subjects were randomized into two groups. Five subjects
were withdrawn from the study due to lack of interest
(n =1) or loss of contact (n =4). The compliance was ex-
cellent (mean compliance ratio for all subjects =97.5 %)
with no subjects were excluded due to insufficient com-
pliance. No participant reported any significant subject-
ive symptoms or serious events.

The participant characteristics at baseline are shown
in Table 1. All subjects were in good health, as deter-
mined by physical examination and routine blood and
urine biochemical screening. Randomization was suc-
cessful, and no significant differences were observed in
the baseline findings between the groups. The daily in-
takes of calories and some selected nutrients at baseline
and week 4 are listed in Table 2. Within each group,
cholesterol intake increased by approximately 3-fold by
adding three eggs to the usual diet (P<0.001 for time
effect). No significant between-group differences were
observed for any nutrient, however, [B-carotene intake
was significantly increased in the Chlorella group com-
pared to the placebo group (P=0.010 for interaction).
Unexpectedly, carbohydrate intake was decreased in
both groups (P = 0.033 for time effect).

|

Assessed for eligibility (n=46) ‘

Excluded (n=12)

* Did not meet the inclusion criteria (#n=10)
¢ Declined to participate (n=2)

‘ Randomized (n=34) ‘

Allocated to placebo (n=17)

|

\l/ Allocation

Allocated to Chlorella (n=17)

| o P

l

| Follow-up |

Withdrawn (n=3)
* Loss of contact (n=2)
¢ Lack of interest (n=1)

Withdrawn (n=2)

* Loss of contact (n=2)

T \Li Analysis \L7
(n=17) L’—’—) ITT (n=17)
PP (n=14) PP (n=15)

Fig. 1 CONSORT diagram for the flow of subjects through the study. ITT, intention-to-treat; PP, per protocol
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Table 1 Characteristics of the participants at baseline

Placebo group Chlorella group P-value
(n=17) (n=17)
Age, y 23.7+08 232106 0639
Female/Male, n 15/2 15/2 1.000
BMI, kg/m2 19.7+05 20.7 £04 0.130
SBP, mmHg 1064 +24 1044 +23 0.557
DBP, mmHg 638+ 19 646+ 1.7 0.737
Fasting serum levels, mmol/L
TC 424+0.16 438+0.12 0495
TG 0.76 £ 0.07 0.83+0.08 0678
LDL-C 228 £0.11 249£0.11 0.186
HDL-C 1.58 +£0.08 1.55£0.06 0.737

Values are the means + SEMs (all such values). P-values are for Student’s t-test
or Fisher's exact test used to compare the between-group differences. BM/
body mass index, SBP systolic blood pressure, DBP diastolic blood pressure, TC
total cholesterol, TG triglycerides, LDL-C low-density lipoprotein cholesterol, HDL-C
high-density lipoprotein cholesterol

The role of Chlorella in maintaining health serum lipid
profiles following a dietary cholesterol challenge

No difference in baseline concentrations of serum
lipids was observed between the two groups. After
4 weeks, the 3-egg dietary cholesterol challenge in-
duced significant increases in serum TC (P < 0.001 for
time effect), LDL-C (P =0.004 for time effect), and
HDL-C (P =0.010 for time effect) in the placebo group.
In contrast, concomitant ingestion of 5 g Chlorella sig-
nificantly suppressed the increases of TC (9.8 % versus
3.5 %; P=0.037 for interaction) and LDL-C (14.3 %
versus 1.7 %; P =0.012 for interaction), but accelerated
the increase of HDL-C (3.8 % versus 8.3 %), a finding
that lacked statistical significance (Table 3, upper part).
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Serum carotenoids as a predictor of serum lipid
responses to Chlorella supplementation

The daily ingestion of three eggs resulted in significant
increases in the serum lutein, a-carotene and p-carotene
levels (P <0.001 for time effect for all) in the placebo
group. Concomitant intake of Chlorella supplementation
led to a significant enhancement of lutein (76 % versus
123 %; P =0.006 for interaction) and a-carotene (31.2 %
versus 228 %, P <0.001 for interaction) levels. However,
serum [-carotene concentration remained unchanged
between the two groups (Table 3, lower part).

PLS regressions for each combination of serum carot-
enoids and lipids showed that data points from f-
carotene (Fig. 2a) and lutein (Fig. 2b) were randomly
dispersed in the plane and did not show clear discrim-
ination between groups. In contrast, a-carotene showed
better separations between the placebo and Chlorella
groups (R*X and R%Y > 0.5; Q> 0.4) (Fig. 2c). The find-
ing suggests that a-carotene may serve an important
parameter for predicting the maintenance effect of
Chlorella on healthy cholesterol concentrations.

Discussion

The data obtained in this study validated the hypoth-
esis that a dietary cholesterol challenge permitted the
determination of a beneficial impact of Chlorella on
modifying serum cholesterol concentration in subjects
whose habitual diets are high in cholesterol. Early
changes in metabolic markers may not be easily identi-
fied due to the robustness of homeostatic vigor of
healthy subjects [14]. The administration of additional
dietary cholesterol from three eggs daily created a tem-
porary perturbation in serum cholesterol levels, thus
providing a unique opportunity to evaluate the inter-
vention effect of Chlorella on the earliest changes in

Table 2 Mean daily intakes of selected nutrients at baseline and during the 4-week intervention

Nutrients Placebo group (n=17) Chlorella group (n=17) P-value®
Week 0 Week 4 Week 0 Week 4 Group Time Group x time

Energy, kcal/d 1558 £ 124 1505 +92 15112111 1485 + 81 0.800 0.642 0.860
Carbohydrate, g/d 2040+ 166 1856+ 13.7 2147 +153 1860+ 11.7 0.734 0.033 0.680
Protein, g/d 63.0+£55 653+32 562+73 649+38 0.400 0.065 0.39%4
Fat, g/d 52.7£5.1 553+£33 46.2+35 505+25 0.189 0338 0.815
SFA, g/d 82£1.1 95+1.1 74+12 96+08 0.723 0.071 0.643
PUFA, g/d 58+0.7 65+08 64+09 64+05 0.664 0.194 0.810
Cholesterol, mg/d 3235+545 7259+175 2191 £322 7541 £257 0312 < 0.001 0.220
Dietary fibers, g/d 127+13 126+1.1 113£1. 119+06 0.665 0316 0.568
B-carotene, mg/d 22404 17+03 19+04 26402 0.266 0.302 0.010

Values are the means + SEMs. Intakes were estimated from 3-day dietary records using CAN-pro (Korean Nutrition Society, Seoul, Korea). Egg, Chlorella and placebo
intakes were included in the analysis. SFA saturated fatty acids, PUFA polyunsaturated fatty acids
“Mixed-effects ANOVA model, with group and time as fixed effects factors and subject as random effect factor
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Table 3 Serum lipid and carotenoid responses to the 4-week intervention with Chlorella supplementation with three eggs daily

Fasting serum Placebo group (n=17) Chlorella group (n=17) P-value®
levels (mmol/L) Week 0 Week 4 Week 0 Week 4 Group Time Group x Time
Serum lipids
TC 4.24+0.16 471+0.15 438+0.12 447+012 0.962 < 0.001 0.037
LDL-C 228+0.11 259+0.11 249+0.11 251+£0.12 0.619 0.004 0.012
HDL-C 1.58+0.08 167 +£0.10 1.55+0.06 1.62 £ 0.05 0917 0.010 0404
Serum carotenoids
Lutein 0.54+0.05 0.89 +0.08 0.65+0.03 1.39+0.12 0.001 <0.001 0.006
a-carotene 0.06 +0.01 0.07 +£0.01 0.08 +0.01 0.24+0.02 <0.001 <0.001 <0.001
[3-carotene 0.19+0.02 0.27 £0.05 0.22£0.02 0.29+£0.03 0292 < 0.001 0.753
Values are the means + SEMs. TC total cholesterol, LDL-C low-density lipoprotein cholesterol, HDL-C high-density lipoprotein cholesterol
“Mixed-effects ANOVA model with group and time as fixed effects factors and subject as random effect factor
P
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serum lipid profiles. To the best of our knowledge, this is
the first attempt to use a dietary cholesterol challenge to
investigate the modifying effect of a food or food compo-
nent on serum lipid profile in healthy subjects.

Notably, the serum lipid profile changes that ensued
from the three egg consumption were modest; (1) the al-
terations were quantitatively within the normal ranges
and the LDL particle subclass was identified as the larger
LDL particle [15], which is believed to have a reduced
susceptibility to oxidation and endothelial penetration
[16]. Furthermore, the 0.40 mmol/L increase in the
serum cholesterol we observed in this study in response
to the ingestion of 510 mg of additional cholesterol
from three eggs was in agreement with previous studies
that estimated a 0.05~0.12 mmol/L increase in the
serum TC for each additional 100 mg of dietary choles-
terol [17, 18]. Together, these results suggest that the
4-week dietary cholesterol challenge from three eggs
each day was fully replicated in magnitude the expected
changes in serum cholesterol.

Chlorella contains a wide range of bioactive sub-
stances that may act to optimize lipid metabolism. In
our previous study, we observed that Chlorella caroten-
oids are highly bioavailable [7, 19]. In this study, we
examined whether serum carotenoids derived from
Chlorella may be used to predict serum lipid responses
to Chlorella consumption during a dietary cholesterol
challenge. Because the eggs also contain high level of
carotenoids, we first compared the serum carotenoid
levels for each group. In the case of lutein, the daily lu-
tein consumption from three eggs (540 pg/d) increased
mean serum lutein levels by 58 % at 4 weeks compared
to the baseline value. When Chlorella lutein (7,450 pg/
d) was added, the mean serum lutein levels increased 2-
fold compared to egg consumption only. In regard to
a-carotene, Chlorella provided high levels (500 pg/d),
whereas eggs provided trace amounts. The mean serum
a-carotene level was increased 8-fold following Chlor-
ella supplementation compared to egg consumption
only. However, the additional -carotene consumption
from Chlorella (900 pg/d) was not associated with a
significant increase of serum [B-carotene level compared
to egg consumption only, likely because of the rapid
conversion of 3-carotene to vitamin A [20].

Then, PLS regression analysis was performed to iden-
tify the carotenoids that contributed to predicting the ef-
fectiveness of Chlorella on serum lipid profile during the
dietary cholesterol challenge. Consistent with our previ-
ous study in subjects with hypercholesterolemia, the
data points from o-carotene showed a better separation
by PLS regression analysis. Taken together, the cumula-
tive data suggested that serum o-carotene concentration
might be useful, at least in part, to predict Chlorella ef-
fects on serum lipid concentrations during the dietary
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cholesterol challenge. However, it is a limitation of this
study that we did not determine the underlying mechan-
ism that could explain how the results obtained may
have been due to the high concentration of serum «o-
carotene. Future studies will be needed to confirm the
concomitant effects of carotenoids on cholesterol ab-
sorption and to understand the pathways and responses
initiated by Chlorella supplementation following a high
dietary cholesterol challenge in laboratory animals and
human subjects.

Conclusions

Given the modest nature of the serum lipid response to
dietary cholesterol challenge from three eggs daily for
4 weeks, our findings provide an essential foundation for
applying a dietary cholesterol challenge can be applied to
evaluate candidate foods or food components with hypo-
cholesterolemic properties in healthy subjects. Thereby it
is plausible to implicate that Chlorella as playing a useful
role in maintaining healthy serum cholesterol levels in the
environment of free access to high-lipid foods, thus pre-
venting or delaying the risk for CVD.
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