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Abstract

Human bioavailability data on chlorophyll (Chl) is very limited. The distribution of Chl-related compounds (CRCs)
derived from dietary spinach was investigated in human blood. Eight healthy adults, aged from 21 to 61 year-old, consumed 1.2
kg of just-boiled fresh spinach after an 8-h overnight fast. Before and then 3 h after consuming the spinach, blood samples were
taken from each participant. Freeze-dried blood samples were prepared, and 80% acetone was added for grinding. Eight peaks
were found in the blood using high-performance liquid chromatography (HPLC), and the main CRCs in the samples were
pheophytin (Phe) and pheophorbide (Pho) derivates. Compared to a fasted state, markedly higher levels of blood CRCs were
detected in all subjects, except that Pho metabolites were not found in two subjects. No significant differences were seen in
most of the peaks between males and females; however, relatively higher CRCs levels were observed in females, particular of
Pho derivates. In addition, the blood contained significantly higher levels of Phe in the 36~61-year-old group than in the
21~35-year-old group. These results suggest that the conversion of Chls to CRC:s is a rapid process, and Chls obtained by
ingestion can be absorbed by the human body.
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Introduction

Chlorophylls (Chls), the most abundant green pigments
found in plants, are important in photosynthesis. Chls are
constituents of the diet, and are naturally catabolized into
two related chemicals, chlorophyllide (Chlide) and
pheophorbide (Pho) (Hsu ¢ al., 2014). The Chls found in
green vegetables contain a porphyrin ring to which is
attached a long-chain phytol tail, and in which an Mg ion is
chelated. Removal of the phytol tail from Chl forms Chlide,
and the removal of both the phytol tail and the chelated Mg
atom forms Pho (Hsu ez 4., 2013). The chemical structures
of the porphyrin ring of the Chls, Chl 2 and Chl 4, vary
slightly, and they are respectively converted into pheophytin
4 (Phe a), Chlide 4, and Pho 4, and Phe 4, Chlide 4, and Pho

b by chlorophyllase (chlorophyll-chlide hydrolase, Chlase,
EC 3.1.1.14) (Lin et al., 2013). All of these photosynthesis-
related pigments (Chlide # and 4, Phe 4 and b, and Pho «
and b) are called Chl-related compounds (CRCs) (Hsu ez
al.,2014).

These naturally occurring Chl derivatives are abundant
in green vegetables and are known to have
chemopreventative properties. Antimutagenic effects and
antioxidative capacities of CRCs in tissue culture models
were documented. For example, Subramoniam ez 4/. (2012)
demonstrated that Chl 2 has antioxidant and anti-
inflammatory activities in human embryonic kidney 293
cells through inhibiting expression of the tumor necrosis
factor-o gene. Chls are digested to Phe and then absorbed
within the micelle fraction according to a caco-2 human-cell
model (Ferruzzi ez al., 2001). Chls that are taken up by
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myeloma cells are converted into Pho (Chernomorsky ez al.,
1999). Furthermore, application of Pho exhibited both
effective antitumor and anti-inflammation activities in ICR
mouse skin (Nakamura ez 4f, 1996), and it acted as a
photodynamic sensitizer against tumors in mice (Pandey et
al., 1992). Previously, we reported that the antioxidative
capacities of CRCs can protect human lymphocyte DNA
from hydrogen peroxide-induced DNA damage (Hsu ez al.,
2005). CRCs reduce oxidative stress and play roles in
quenching 1,1-diphenyl-2-picrylhydrazyl (DPPH),
chelating  Fe(II), and preventing the formation of
thiobarbituric acid-reactive substances (TBARSs) during
Cu-mediated peroxidation of low-density lipoprotein
(LDL) in a dose-dependent manner (Hsu e 4l., 2013).
Moreover, CRCs were also found to inhibit aflatoxin
(AF)B1-DNA adduct formation and to suppress AFBI-
induced liver cancer in human murine hepatoma cells (Hsu
et al., 2008). Recently, we showed that CRCs exert anti-
inflammatory activities through inhibiting expressions of
the nuclear factor-xB and signal transducer and activator of
transcription 3 (STAT?3) genes in human aortic endothelial
cells (Lin ez al., 2013).

The biodistribution and catabolism of CRCs have been
assessed in animals and humans. In a study on the
biodistribution of the palladium-bacteriochlorophyll
derivative, WST11, hepatic clearance was demonstrated as
the major pathway in mice with a melanoma (Mazor et 4L,
2005). Using rats, Bellnier ez a/. (1993) demonstrated the
presence of the photosensitizer, 2-[1-hexyloxyethyl]-2-
devinyl pyropheophorbide-a (HPPH), in the plasma, skin,
liver, spleen, kidneys, feces, and urine. In the rabbit, CRCs
derived from dietary spinach were found to be distributed in
different organs, and Chlide and Pho were the principal Chl
metabolites (Hsu ez al., 2014). The main CRCs in the liver
were found to be Chl, Chlide, Phe, and Pho at 8 h post-
feeding. The gallbladder contained mainly Chlide and Pho
at 2 h post-feeding. Pho was consistently observed in the
blood and peaked at 12 h post-feeding in the rabbit.
However, CRC distributions in humans are not completely
understood. Dandler e 4/ (2010) characterized the
distribution of Chl- and bacterio-Chl-derived photosensi-
tizers in human plasma and found low levels of cell-bound
CRCs; additionally, LDLs, high-density lipoproteins
(HDLs), and high-density proteins (HDPs) exhibit
different levels of binding to CRCs. Another study showed
nearly 100% binding of HPPH to plasma proteins in cancer
patients (Bellnier ez 4., 2006). Gandul-Rojas ez al. (2009)
stated that Chl pigments are transferred from ingested food
to micelles, with Pho 4 being the most micellarized
derivative in caco-2 cells. All leafy green vegetables contain
thylakoids. Erlanson-Albertsson and Albertsson (2015)
reported that spinach is satiating and has been described for
the Chl bearing parts, the thylakoids, both in animals and in
human. Five grams of extracted thylakoids is equivalent to
100 g of spinach, and 100 g of thylakoids contain 185 kcal,
26.1 g protein, 7.24 g fat, 48.7 g carbohydrate, 27.9 mg
lutein, 730 pg zeaxanthin, 3.45 mg beta carotene, 21 pg
vitamin A, 1330 pg vitamin K1, 6.07 mg vitamin E, and 166
ug folic acid (Eva-Lena et al., 2015). Human bioavailability
data on Chls is very limited. The purpose of this research

was to study whether short-term treatment with spinach
through its satiating affected the appearance of any Chl
derivative and distribution of CRCs derived from dietary
spinach in human blood. Our assumption was that
metabolism and absorption in peripheral blood could be
achieved by ingestion of Chl during its passage through the

gastrointestinal tract.

Materials and Methods

Study subjects

Study subjects included eight non-smoking adults who
had no history of any symptoms or chronic diseases, regular
use of medication, or drug or alcohol abuse. Subjects ranged
in age from 21 to 61 years, and were recruited for the study
through advertisements placed at Academia Sinica, Taipei,
Taiwan. None of the participants was vegetarian, and all
were apparently healthy as indicated by a medical and
lifestyle questionnaire. Written instructions were given on
the front page of the questionnaire, and each subject was
individually instructed on how to fill out the questionnaire
to avoid misinterpretation. They all agreed to refrain from
taking any dietary supplements during the study, and from
taking any medication or consuming any green vegetables
that might interfere with the study measurements. All
subjects were instructed to maintain the same level of
habitual physical activity throughout the study. Subjects
completed a 3-day dietary record before the intervention in
order to provide information about their dietary intake
during the intervention. After they had delivered their
dietary record, participants were asked to refrain from
eating and drinking for 8 h prior to blood collection. The
protocol and aims of the study were fully explained orally
and in writing to participants, who subsequently provided
written informed consent. The study was performed
according to a protocol approved by the Ethics Committee
of the Institute of Biomedical Sciences, Academia Sinica,
and written informed consent was obtained from all
subjects.

Diet preparation and blood sampling

The Savoy type of spinach (Spinacia oleracea) has dark-
green, crinkly, curly leaves, and was purchased from three
local suppliers in Taipei, Taiwan, for the human study.
Fresh bunches were washed with deionized water, the lower
part of the stalk was removed, and the leaves were stored in a
refrigerator. The fresh leaves (1.2 kg wet weight) were put in
a pot and cooked with 2 L of boiling water for 3~4 min.
Participants arrived at the laboratory the next morning at 8
oclock for anthropometric measurements and blood
sampling after an 8-h overnight fast. At this time, they were
asked to consume the cooked spinach in one hour. Three
hours after eating the spinach, blood samples were again
taken from each participant. In order to measure the
maximum level of blood CRCs, a single time point blood
levels was collected following the meal. Blood was collected
in ethylenediaminetetraacetic disodium salt (EDTA-2Na)
tubes and plasma obtained by centrifugation at 15,000 ¢ for
10 min, prior to storage at —20 °C until analysis. Blood
samples were taken in duplicate, and values from each
sample set were averaged.
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Preparation of CRC standards, Phe, Pho, Chlide, and
Chlase, and an activity analysis

The CRC analysis of fresh spinach leaves was primarily
performed according to our previous procedures (Hsu ez 4.,
2005). Briefly, Chl 4 and & were purified by
chromatography using a CM-Sepharose CL-6B (Firsttec
Scientific, New Taipei City, Taiwan). Phe was obtained by
adding several drops of acetic acid to Chl # and 4. Chlide «
and 4, and Pho # and & were prepared by adding Chlase-
containing extraction fluid to Chl 2 and 4, and Phe # and 4,
respectively. Purified Chlide and Pho were obtained after 30
min of reaction. Purified Chl 2 and & were purchased from
Sigma Chemical (St. Louis, MO, USA) and used as a
standard control for high-performance liquid chromato-
graphy (HPLC). Chl z and & were dissolved in ether, after
which a few drops of acetic acid were added for
pheophytinization. The solution was dried in a stream of
nitrogen gas for 2 min and then stored at -80 °C for later
use. The total chlorophyll (Chl 2 + Chl ) in freeze-dried
spinach was calculated from the prepared calibration curves
of the respective standards.

Nine milliliters of reaction reagent was added to the
aforementioned enzyme-containing powder, and the sample
was mixed well. The supernatant was collected, and 10 mg
of Chl 4 was added. After sonication, the sample was
filtered, and acetone was used to rinse the residue left on the
filter paper. The filtrate was collected, and NaCl was added
to saturate the filtrate. Ether was added for extraction, and
the extract was dried with nitrogen gas and re-dissolved in
acetone for CM-Sepharose column chromatography.
Unreacted substances were eluted using acetone at the
beginning, followed by washing with 5% methanol in
acetone for Pho, and with 25% methanol in acetone for
Chlide.

Fresh milky spot Ficus leaves were quickly frozen in
liquid nitrogen and ground up; 350 ml of -20 °C acetone
was added for the extraction. Extracts were filtered, dried
with nitrogen gas, and stored at -20 °C. A sample of 160 mg
of dry powder was collected, and 5 mL of extraction reagent
was added. A polytron homogenizer was used to
homogenize the sample, which was cultured at 37 °C for 2
h, followed by centrifugation at 15,000 g for 10 min. The
enzyme-containing supernatant was collected. A sample of
0.5 mL of the supernatant was collected, and 2 mL of the
reaction reagent and 0.2 mL of ether were added and mixed
well at 37 °C. A mixture of acetone/z-hexane/10 mM
aqueous KOH (4:6:1; v/v) was added and shaken well. The
sample was separated into two layers: an upper layer
containing hydrophilic Chlide in the acetone phase and a
lower layer containing hydrophobic Pho in the hexane
phase. The two layers were analyzed wusing a
spectrophotometer.

Extraction of CRCs in blood samples and HPLC

Freeze-dried blood samples were prepared, and 80%
acetone was added in a ratio of 1:20 (w/v) for grinding.
Filter paper (150 mm, TOYO Advante, Japan) was used to
filter out impurities, and then a crude extract of CRCs was
obtained. The crude extract was placed in a separatin
funnel, and ethyl ether (1:20 v/v) and 10% KCI (1:10, V/V%
were added. The sample was mixed and then left to stand
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for a few minutes until it had separated. The upper-layer
fluid was collected. Distilled-deionized water (d.d. H>O,
1:20, v/v) and 10% KCI (1:10, v/v) were added and mixed,
and then sample was allowed to sit for several minutes. After
separation, the lower layer was removed, and the upper layer
was collected. This experimental procedure was repeated
twice. The upper-layer extracts were mixed, and the ethyl
ether was removed by rotary evaporation (Buchi Rotavapor
R-124, Firsttec Scientific B401L, New Taipei City,
Taiwan). The dried sample was then dissolved in ether to
make 1 mL of a pure pigment solution. The solution was
filtered with an Anylon filter membrane (0.22 pm aperture;
Nylon acrodisk, Gelman, Sigma-Aldrich), and a sample of
25 uL of the filtrate was collected for HPLC at Adsonm.

Analytical separation was performed on a 5-um
Spherisorb ODS-2 250 x 40-mm column (C18) using a
Waters Model 510 high-pressure pump (Millipore-Waters,
Milford, MA, USA). The flow rate was controlled with a
Waters Model 680 automated gradient controller. A
Waters U6K injector and Waters Dual A Absorbance
Detector (model 2487) were used. Solvent A was
acetonitrile/methanol (3/1, v/v), and solvent B was d.d.
H,O. Pigments were identified at 660 nm using the
retention time and visible absorption characteristics. SISC
2.01 HPLC analysis system software developed by Yehua
Technical Institution (Taipei, Taiwan) was used. The
absorbance of the pigment solution was measured using a
Hitachi U-2000 UV-visible spectrophotometer (Hitachi,
Tokyo, Japan) at 350~750 nm.

Spectroscopic characteristics of CRCs

Chl 2 and b were purified from fresh spinach. The other
six derivatives, including Chlide 4 and 4, Phe 4 and 4, and
Pho 4 and & were obtained using the above methods. Each
CRC had a major absorption peak in the blue and red light
regions. Chl  and its derivatives had significantly different
absorption peaks than those of Chl & and its derivatives.
Absorption peaks of Chl 4 and its derivatives ranged
660~665 nm, while those of Chl & and its derivatives
ranged 640~645 nm (Hsu ez al., 2014). Thus, 660 nm was
used to record changes in CRCs during the component
analysis.

Statistical analysis

Contents of CRCs in the blood are expressed as the
mean * standard deviation (SD) of triplicate
determinations, and statistical analyses were performed
using a paired t-test at a 0.05 significant level to compare
differences between before and after spinach consumption
using SAS statistical software (vers. 9.2; SAS Institute, Cary,
NC, USA).

Results

CRCs in spinach

The fresh spinach leaf extract yielded nine peaks,
including violaxanthin, taraxanthin (T), antheraxanthin
(A), lutein (L), zeaxanthi (Z), Chl 4, Chl 4, a-carotene, and
(-carotene (Fig 1). Among them, the principle CRCs were
T, L, Chl 4, and Chl 4. Chls were quantified as described
previously (Simonich ez al., 2008). By cating 1.2 kg of the
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spinach-supplemented diet, the Chl intake of each subject
was calculated to be 1286 mg Chl in the study. This amount
corresponds to approximately 1.55 mg total Chls per kg of
body weight, which would be equivalent to 110 mg Chl for
a 70-kg human (Fernandes ez a/., 2007). The present study
shows that absorption of CRCs equivalents apparently
occurred, and that variations among the eight subjects were
minimal. It was reported that the ratio of Chl 2 to & is a
minimum of three to one in green leafy tissues (Ferruzzi ez
al., 2007). In our study, the tested sample contained a Chl 2
content that was 4 times higher than the Chl & content,
while Chl z is a universal pigment and its counterpart Chl &
is found in the higher plants. Chls and other pigments are
photosynthetic compounds synthesized and stored in
plastidic membranes of plants, and Chl degradation
pathways in plants are as different as dietary Chl
metabolism pathways in humans. Pho a is concentrated in
mitochondria. Both Chl 2 and Chl & contain a phytol tail
and an Mg ion, which impede entry into cells or even
binding to the outer membrane of mitochondria.

CRCs in blood

Eight peaks were detected in blood at 3 h after
consuming the spinach, where Phe derivatives (nos. 4~6)
and Pho derivatives (nos. 7 and 8) had longer retention
times (26~57 min) in the column, and the other three peaks
were lutein (peak 1), zeaxathin (peak 2), and an unknown
(peak 3) (Table 1). CRCs with high polarity, including Phe
4 and b and Chl 2 and &, were eluted at an earlier time
(26~33 min). CRCs with low polarity, including Pho 2 and
b and Chlide 2 and & were cluted at 38~57 min. Significant
changes in blood CRCs were observed before and after the
intervention period. Table 2 shows that all Chl derivates in
subject no. 3 were significantly higher after consuming the
spinach compared to before being fed the spinach. Blood
CRCs and pigments in subject no. 3 were mainly lutein,
zeaxathin, and an unknown (peaks 1~3) and two Phe
derivates (peaks 4 and S), but did not contain one Phe
derivative F cak 6) or any Pho derivates (peaks 7 and 8)

before bemg fed the spmach (Fig. 2). However, there were
significant increases in concentrations of all CRCs,
especially peaks 6 (13,474+984), 7 (52,988+1894), and 8
(68,683+1326) after ingestion of spinach (Table 2),
indicating that Chls were taken up by the subjects, and Pho
might be more easily absorbed. Since Pho and Phe derivates
are not endogenously produced in humans, their presence in
the human body is of exogenous origin, and they are almost
exclusively ingested in the diet as preformed Chls. The
exogenous origin of Chls in humans makes it reasonable to
assume that increased concentrations of Pho and Phe
derivates found after the intervention were due to increased
intake in this period. In addition, Chl 2 and & may be
converted to Chlide, Pho, and Phe by enzymes or the
microflora in the intestines. These data also suggest that
CRCs might have transformed into Phe and Pho, and been
absorbed as those two forms in the intestines. Aprahamian
et al. (1993) reported that rats injected with Pho 2 showed a
dramatic peak of Pho # in the ileum at the 6~8-h time
point, suggesting that Pho might be concurrently found
within the enterohepatic circulation. Previously, we also
showed that only Pho 4 and & were consistently found in
rabbit blood (Hsu ez 4/., 2014), and Chls could enhance the
ability of human lymphocytes to resist H.Ox-induced
oxidative damage, especially by Pho 4 and & (Hsu ez 4L,
2005). Pho acts by way of an ion-chelation effect to reduce
metal-induced hydroxyl radical generation, thus protecting
DNA from oxidative damage (Lanfer-Marquez et 4/., 2005).
Both Pho 2 and & may exert their antioxidative capacities by
the porphyrinization of reactive oxygen species (ROS), and
also by their inherent ion-chelating capacity. The
hydrophobic characteristics of CRCs differ, which could
influence their uptake and cellular distributions (Ferruzzi et
al., 2007; Sakdarat ez al., 2009). In general, it appears that
passive diffusion of Pho # into cells is counteracted by the
active transport of Pho 2 out of cells by ATP-binding
cassette (ABC) transporters, such as the breast cancer
resistance protein (ABCG2) (Jonker ez al., 2002).
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Fig. 1. Representative HPLC chromatograms of chlorophyll
(Chl) components in fresh spinach. V, violaxanthin; T,
taraxanthin; A, antheraxanthin; L, lutein; Z, zeaxanthin; Chl
b, chlorophyll &; Chl 4, chlorophyll 4; a, a-carotene; b, B-
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Fig. 2. Changes in blood chlorophyll (Chl)-related compounds
(CRCs) and pigments from dietary spinach in subject number
3. Note that the Chl peaks identified and numbered 1~ 8 are

also shown in Table 2
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Table 1. Retention time and absorbance of pigments at 3 h after consuming spinach
Retention time Absorbance
Peak
(min) (nm)
1 20.247 667,469, 441, 419
Lutein
2 21.617 667,392,371
Zeaxanthin
3 23.348 668, 400
4 26.320 667,409
Pheophytin (Phe)
S 31.187 667,408
derivatives

6 33415 667,399

7 38.934 667,399 Pheophorbide (Pho)

8 57.260 666,407 derivatives

Table 2. Changes in blood chlorophyll-related compounds (CRCs) and pigments from dietary spinach in subject number 3

Dictary Peak 1 Peak 2 Peak 3 Phe derivatives Pho derivatives
spinach (lutein) (zeaxanthin) (unknown) Peak 4 Peak 5 Peak 6 Peak 7 Peak 8
Before 95420+296 7749456 4211+44 19900+317 6876+85 0 0 0
After 656004412836 51971+2007  36257+1378 18893445239 7832143752 13474+984 134744984 6868341326

Peak arca calculated by SISC 2.01 chromatography darta system software (Ychua Technical Institute, Taipei, Taiwan) is expressed as mean + standard deviation. Dara

were analyzcd by t-test, and asterisk indicates statistical signiﬂcancc atp < 0.05.

Table 3. Blood chlorophyll-related compounds (CRCs) and pigments at 3 h after consuming spinach in all participants

Peak 2 Peak 3 Phe derivatives Pho derivatives
Subject Peak 1 (lutein) )
(zeaxanthin) (unknown) Peak 4 Peak 5 Peak 6 Peak 7 Peak 8
1 56 48 34 20 18 7 0 0
2 34 16 13 25 17 17 0 0
3 59 44 56 69 29 92 40 23
4 65 74 35 62 23 46 16 23
5 95 100 43 100 76 68 66 100
6 92 72 100 61 39 100 100 46
7 54 35 26 60 63 34 20 23
8 100 74 53 42 100 67 20 18

Relative peak high (%) is calculated as relative value to its highest level of 100 in cach peak.

Mean plasma CRC levels of eight peaks calculated as the
relative peak height (%) from all subjects are shown in Table
3. Major CRC distributions in subject number 5 were
observed in peaks 2, 4, and 8, which reached their highest
levels of 100. Relative values of peaks 3, 6, and 7 also reached
100 in subject number 6. Peaks 1 and S with the highest
level of 100 were also found in subject number 8. Values of
all peaks were relatively steadily distributed in blood samples
of subjects 3, 4, and 7. Chls are lipophilic, which may result
in singular interactions of each compound with the
hydrophobic interior of enterocyte membranes and would
affect the uptake and distribution to peripheral tissues. The
amount and type of compounds found in the peripheral
blood can be significantly lower than the amount absorbed
by the portal vein. Surprisingly, Pho derivatives were not
found in subjects 1 or 2 who had extremely low levels,
suggesting that the amounts of CRCs in the enterohepatic
circulation had a very low concentration, even though they
rapidly appeared in the blood. Instead, Chl 2 might have

cen converted to Pho prior to absorption, and Phe was
degraded to Pho by removal of the phytyl group in the
intestines by microbacteria. Further studies are necessary to
confirm this. Chl 2 and & are respectively converted to Phe a
and b during the digestive process (Ferruzzi et al., 2006).

Although Chl 4 is thought to be more stable against being
digested than Chl 2 (Gallardo-Guerrero ¢t al., 2008), Chl 2
and & are less stable against the digestive process than Mg-
free Chl derivatives (Gandul-Rojas ez /., 2009). In our
study, Phe, Pho, and other metabolites were found in the
blood throughout the study period and peaked at 3 h post-
feeding, suggesting that the conversion of Chl to CRCs is a
rapid process. Compared to other nutrients in humans, the
polarity of Chls is low. Therefore, Chls in mammals may be
converted into Phe and Pho derivatives. Chls may be
directly transformed to Phe derivatives in the human
stomach because of the acidic environment. Phe derivatives
are further converted into Pho derivatives in the intestines,
then absorbed similarly to the lipid metabolic pathway and
released into the bloodstream.

Spinach has high nutritional value, especially when fresh
or quickly boiled. It is a rich source of vitamins and minerals,
and provides both anti-inflammatory and antioxidant
benefits (Edenharder ez al., 2001; Song ez 4l., 2010). Many
biological functions, including antioxidation, antitumor,
and anti-aging, have recently been attributed to CRCs. De
Vogel et al. (2005) demonstrated for the first time that
spinach and Chl inhibit the cytotoxicity and proliferation of
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colonic cells in rats. Simonich ez 4/. (2008) suggested that
the antitumor activities of certain Chl derivatives are
mediated via inhibition of absorption of specific
carcinogens. Diets rich in Chls may prevent the
development of hepatocellular carcinoma (Hsu ez al., 2008).
McQuistan ez al. (2012) determined that a diet containing
10% spinach substantially suppressed tumor development
in multiple target organs (small intestines, colon, skin,
spleen, liver, and lungs) in rats, when this diet was fed for 34
weeks following carcinogen treatment. The mechanisms
and intensities of the protective effects may depend on the
particular Chl derivative used. Do CRCs have specific
biological functions # vive? The therapeutic potential of
CRCs as anti-inflammatory agents for use in certain
disorders and a full framework of CRC metabolic pathways
in the human body are worthy of further investigation. To
our knowledge, this is the first study to provide evidence of
the distribution of CRCs derived from dietary spinach in
human blood. Thus, some of the beneficial effects of CRCs
might be mediated through their effects on metabolic
pathways. Binding of CRCs to other nutrients or trace
metal ions in the body to mediate their biological functions
may be a potential future target for possible clinical
applications.

Effects of sex and age on blood CRCs at 3 b after
consuming spinach

In the current study, we investigated the extent to which
spinach affected concentrations of CRCs and pigments in
the blood of healthy men and women. To explore the
possibility that sex and age influence Chl derivatives in the
blood, the effects of sex and age on blood CRCs and
pigments were studied. We found that there tended to be
slight differences in digested Chls throughout the 3-h
period of blood collection in terms of sex and age, which
shows that there were no significant differences in most of
the peaks between the male and female groups (Table 4) or
the <35- and >35-year-old groups (Table 5). It is

noteworthy that relatively high CRC levels were observed in
females; in particular, signifgicantly higher Pho derivatives
(peaks 7 and 8) were detected in females (83+16% and
73+19%) than males (16+7% and 154+4%). The blood
contained a significantly higher level of Phe (peak 5) in the
36~61-year-old group (64+16%) than that of the 21~35-
year-old group (35+8%). This could have been due to
different compliance and/or random differences in Chl
metabolism between the groups. The variation possibly
illustrates that high dietary intake of vegetables determines
CRC concentrations. Women have higher levels of Chl
antioxidant may be due to consuming more vegetables in
general and leading to higher levels of Chls. It is unlikely
that the age and sex differences in this study affected the
distributions of CRCs derived from dietary spinach in the
human blood. Because the test diet only substituted a part
of the habitual diet, the CRC contents in the test diet
cannot be regarded as being the sole source of dietary CRCs.
The control of additional dietary spinach intake could
potentially also have influenced plasma CRC
concentrations in these groups.

No adverse events or effects of spinach intake or CRCs
concentrations were reported in any subject. In fact, there
are no data in the literature indicating that changes in
CRC:s that were induced in the present study would have
any negative impacts on human health. Chls are normal
constituents of the human diet, especially from green
vegetables. Moreover, Chls and their derivatives have also
been used as additives for food-coloration purposes. Chls
are available as over-the-counter drugs, and such drug types
are widely used to control body, fecal, and urinary odors
among geriatric patients (McQuistan e¢# al., 2012). Pho
compounds were found to be more effective than Phe or
Chlide, and might act as free-radical scavengers and
chelating agents to protect humans from oxidative damage
(De Vogel et al., 2005). Although a small number of
participants were investigated in this study, we have shown
that the intake of usual dietary portions of green vegetables,

Table 4. Effects of sex on blood chlorophyll-related compounds (CRCs) and pigments at 3 h after consuming spinach

s Peak 1 Peak 2 Peak 3 Phe derivatives Pho derivatives
ex
(lutein) (zeaxanthin) (unknown) Peak 4 Peak 5 Peak 6 Peak 7 Peak 8

Male

(n=3) 6115 48+16* 369" 46£12° 42+13 4420 167" 1544
n=

Female

(n=9) 94+20° 86+13° 72424* 80+23* 58+14° 84+21° 83+16° 73£19°
n=

Relative pcak high (%) is calculated as relative value to its highcst level of 100 in cach pcal{. Changcs of CRCs from dictary spinach were tested by t-test, and different

superscripts indicate statistical significance at p < 0.05.

Table 5. Effects of age on blood chlorophyll-related compounds (CRCs) and pigments at 3 h after consuming spinach

Peak 1 Peak 2 Peak 3 Phe derivatives Pho derivatives
Age (letein) (zeaxanthin) (unknown) Peak 4 Peak 5 Peak 6 Peak 7 Peak 8
21-35 year-
old 68+19* 62+23° 45+18* 53+16" 35+8" 48+15° 36£9* 34+10°
(n=4)
36-61 year-
old 71+21° 51+18* 45+11° 57+12° 64+16 64+20° 278" 214"
(n=4)

Relative peak high (%) is calculated as relative value to its highest level of 100 in cach peak. Changes of CRCs from dictary spinach were tested by t-test, and different

superscripts indicate statistical significance at p < 0.05.
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such as spinach, is likely to provide systemic exposure to
Chls and their derivatives in the blood. However, questions
regarding the recovery and biodistribution of the digested
Chl derivatives in other organs or tissues of human deserve
further investigation.

Conclusions

This study confirms that Chls obtained by ingestion can
be absorbed by the human body, and Phe and Pho are two
major CRCs in human blood. These compounds occur in
relatively major amounts in green vegetables and have been
shown to have large bioavailability, which is likely to have
impacts on human health. Our data also expand our
understanding of the metabolism and biodistribution of
CRCs in the human body, and some of the beneficial effects
of Chl derivates might be mediated through their effects on

metabolic pathways.
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