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Abstract

Phytol, which is a product of chlorophyll degradation, is known to possess diverse biological functions, including anti-
obesity and anti-diabetes. Long-term intake of phytol has beneficial effects on insulin resistance, obesity, and diabetes via
improvement of lipid metabolism. However, the exact mechanisms involved and effects of immediate action such as single
intake of phytol on postprandial hyperglyceamia remain poorly understood. In present study, the effects of phytol on glucose
uptake and associated mechanisms were investigated both in vitro and in vivo. We found that phytol induced insulin
secretion by RIN-5Fand directly stimulated glucose uptake via the activation of 5° adenosine-monophosphate-activated
protein kinase (AMPK) and phospatidylinositol-3 kinase/AKTin L6 myo tubes. Phytol also significantly suppressed the
increase of postprandial blood glucose levels via AMPK activation, not AKT, of skeletal muscle and improved the abnormal
patterns of insulin secretion in obese mice. These findings confirm the glucose uptake mechanism, specifically in skeletal
muscle, by intake of dietary phytol and the immediate effects of phytol’s health promoting ability.
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Henseleit-Hepes; LFD: Low-fat Diet; NAD: Nicotineamide Adenine Dinucleotide; OGTT: Oral Glucose Tolerance Test;
PI3K: Phosphatidylinositol-3 Kinase; PPARs: Peroxisome Proliferator-activated Receptors; RPMI: Roswell Park Memorial
Institute; RXR: Retinoid-X-Receptor; SE: Standard Errors;T2D: Type 2 Diabetes

INTRODUCTION

Several lifestyle factors affect the incidence of type 2
diabetes (T2D), while obesity and weight gain dramatically
increase the risk of developing this disease. As an individual
becomes more obese, they enter a more insulin-resistant
state, leading to impaired glucose tolerance that can
potentially lead to the onset of T2D [1]. Humans with T2D
have normal or high insulin levels, but tissues, such as the
liver, skeletal muscle, and adipose tissue, become resistant to
this insulin. The pancreas compensate for this by producing
large amounts of insulin, which can result in impaired
glucose transport into these tissue [2,3].

The skeletal muscle tissue accounts for up to 80% of insulin-
mediated glucose uptake in the postprandial state. The
insulin signaling pathway that leads to increased glucose
uptake into muscle involves the binding of insulin to its
receptor, phosphorylation of downstream insulin receptor
substrates (IRS), and activation of phosphatidylinositol-3

kinase (PI3K) and protein kinase B (AKT), which promotes
the translocation of glucose transporter 4 (GLUT4) from an
intracellular pool to the plasma membrane [4]. In addition, 5’
adenosine-monophosphate-activated protein kinase (AMPK)
also contributes to enhanced glucose uptake.
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This heterotrimeric ser/thr kinase responds to an increase in
the cellular AMP/ATP ratio [5], and therefore, is activated
by exercise/contraction, metformin, and thiazolidinedione
[6,7]. Consequently, AMPK has become an attractive
pharmacological target for the treatment of insulin
resistance, obesity, and T2D.

Phytol  (3,7,11,15-tetramethylhexaded-2-en-1-0l), is a
plastidial isoprenoid that forms part of the chlorophyll
molecule [8,9]. It has previously been shown that phytol is a
precursor for vitamin E and vitamin K1 [10]. In addition,
phytol is a type of phytochemical-a bioactive, non-nutrient
compound that is found in plant foods such as fruits,
vegetables, and grains. Many phytochemicals are potent
effectors of biological processes and are able to influence
disease risk via several complementary, overlapping
mechanisms [11]. Because almost all phytosynthetic
organisms contain chlorophyll, phytol is abundant in various
plant foods, including green leafy vegetables, for example,
spinach is known to contain 62 mg phytol per 100 g wet
weight [12]. It has been suggested that chlorophyll is only
partially digested, with the phytol moiety being released into
the body. However, chlorophyllase, which catalyzes the
hydrolysis of chlorophyll to form chlorophyllide and phytol,
actually promotes chlorophyllide formation upon disruption
of leaf cells or when it is artificially mistargeted to the
chloroplast [13]. Therefore, it is possible that humans could
readily digest the phytol that is contained in green leafy
vegetables.

Previous animal studies have indicated that phytol may have
anticancer and antoxidative effects [14,15]. In addition,
long-term intake of phytol may help with the management of
insulin resistance and metabolic disorders, which accompany
diabetes and/or obesity, by activating the major regulators of
lipid metabolism, including retinoid-X-receptor (RXR) and
peroxisome  proliferator-activated receptors  (PPARs)
[16,17]. We previously reported that phytol increased the
level of human blood nicotineamide adenine dinucleotide
(NAD), strongly linked to diabetes, in the rat liver [18,19].
However, the effects of immediate action such as single
intake of phytol on postprandial hyperglyceamia via
enhancing glucose uptake and insulin secretion have not
previously been reported. Thus, the present study
investigated the promotional effects of phytol on glucose
uptake, its mechanisms in myotubes, insulin secretion in
pancreatic B-cells, and the effects of a single administration
of phytol on increases in postprandial blood glucose and
insulin levels in obese mice fed a high-fat diet.

MATERIALS AND METHODS

In vitro studies

In vitro cell culture of RIN-5F and L6 myotubes: RIN-5F
cells from the RIN-m rat islet cell line were purchased from
the American Type Culture Collection (VA, USA). The cells
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were maintained in Roswell Park Memorial Institute (RPMI)
1640 supplemented with 10% (v/v) heat-inactivated fetal
bovine serum (FBS) (Biowest, Nuaillé, France),
streptomycin (100 pg/mL), and penicillin G (100 U/mL)
(10% FBS/RPMI 1640) at 37°C in a 5% CO2 atmosphere.
L6 myoblast cells were purchased from the European
Collection of Animal Cell Culture (Wiltshire, UK) and
cultured in Dulbecco’s modified Eagle’s medium (DMEM)
with L-glutamine, streptomycin, penicillin G, and 10% FBS
(10% FBS/DMEM) at 37°C in a humidified 5% CO2
incubator.

Assay of insulin secretion activity: The RIN-5F cells had
been derived from rat pancreatic B-cells and were used to
evaluate insulin secretion activity [20-22]. The cells were
cultured on 24-well plates at a cell density of 4 x 105
cells/mL. After 72 h incubation, the medium in each well
was replaced with 1 mL fresh medium, and the cells were
incubated for a further 24 h. The medium was then removed
from each well, and the cells were washed with fresh
medium supplemented with 1% FBS.

Various concentrations of phytol (Wako, Osaka, Japan)or
insulin (wako)were added to the wells, and the cells were
incubated for 3h. An aliquot was then withdrawn from each
well and centrifuged to separate the cells. The concentration
of insulin in the medium was determined using an enzyme-
linked immunosorbent assay (ELISA) (Morinaga Institute of
Biological Science, Yokohama, Japan). The phytol was
dissolved in dimethyl sulfoxide (DMSO) at a final
concentration of 0.1% (v/v), and the insulin secretion level
of samples with and without phytol were then compared.

Determination of glucose consumption by cultured L6
myotubes: A glucose consumption assay was performed on
the L6 myotubes using the modified method of Doi et al.
[23]. The L6 myoblasts (1 x 105 cells/mL)were maintained
under subconfluent conditions in 24-well plates, and were
cultured in 10% FBS/DMEM containing 5.5 mM glucose.
The cells were differentiated over 8 days by reducing the
serum concentration to 1% FBS containing either 5.5 mM
glucose or 25 mM high glucose [20,24]. The myotubes were
then maintained in filter-sterilized Krebs-Henseleit-Hepes
buffer (KHH buffer; pH 7.4, 0.164 g/ KH2PO4, 0.192 g/L
CaCl2 - 2H20, 0.298 g/L MgS04 — 7H20, 0.36 g/L KCl,
2.38 g/l Hepes, 6.9 g/LL NaCl, and 2.1 g/LL NaHCO3)
containing 0.1% bovine serum albumin, 2 mM pyruvate
sodium, SmM glucose, and 18mM mannitol for 2 h. The
medium was then removed and replaced with 5 mMglucose
and 17.5mM mannitol containing various concentration of
phytol or insulin. The medium was collected at time zero
and 4 h, and the glucose concentration was measured using
the glucose oxidase method with the glucose ClI-test
(Wako). Glucose consumption was then calculated by
subtracting the remaining glucose at the 4 h time point from
that in the medium at time zero.
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Immunoblot analysis: Using a similar method to the glucose
consumption assay, L6 myoblasts (1 x 105 cells/mL) were
seeded in 100 mm dishes and were maintained under
subconfluent conditions in 10% FBS/DMEM containing 5.5
mM glucose. The cells were differentiated over8 days,
following which the myotubes were placed in KHH buffer
containing 0.1% bovine serum albumin, 2 mM sodium
pyruvate, 5 mM glucose, and 18 mM mannitol for 2 h. The
medium was then removed and replaced with 5 mM glucose,
17.5mM mannitol, and various concentration of phytol.
After 3 h, the cells were collected and stored at— 80°C until
further analysis.

The cells were rinsed with Ca2+/Mg2+ free phosphate-
buffered saline,scraped from the 100mm dishes, and
collected in a total volume of 100 pL of lysate buffer (50mM
Tris (pH 8.0), 10mM NaF, ImM Na3VO4, 0.5 mM 2-
mercaptoethanol, 0.1% Triton X-100, 1% protease inhibitor
cocktail (Calbiochem, CA, USA)) [25].The cells were then
immediately homogenized. The protein concentration of the
samples for immuoblotting was determined using the
PierceTM BCA Protein Assay Kit (Thermo Scientific, MA,
USA). Immunoblot detection was performed using Ez-
Capture MG (ATTO, Tokyo, Japan). An anti-rat AKT
antibody (#9272), anti-rat phosphorylated AKT antibody
(#9271), anti-rat AMPK antibody (#2532),anti-rat
phosphorylated AMPK antibody (#2531), and anti-rat f-
actin (#4967) were obtained from Cell Signaling Technology
(MA, USA). Anti-rabbit (W4011) IgG was purchased from
Promega Corporation (WI, USA).

In vivo studies

Animals: Four-week-old male C57BL/6] mice were
purchased from SLC Japan (Shizuoka, Japan)and fed a
commercial CE-2 pellet diet (Clea Japan, Tokyo, Japan) for
7 days. The mice were then assigned to one of five
experimental groups (n = 6), each of which contained mice
of equal weights. The animals in four of these groups were
fed a 45% high-fat diet (HFD) (D12451; Research Diets, NJ,
USA), while the fifth group received a low-fat diet (LFD)
(D12450B; Research Diets). The animals were placed in
individual cages, maintained in a temperature-controlled
room (23 + 2°C) on a 12 h light/dark cycle, and water and
food were provided ad libitum. The study was approved by
the Institution Animal Care and Use Committee of the
Tokyo University of Marine Science and Technology, Japan.

Oral glucose tolerance test: An oral glucose tolerance test
(OGTT) was performed on mice fed HDF or LFD fed for 4
months [26]. The administration solutions were prepared
with glucose solutions containing 0.5% carboxymethyl-
cellulose and 0 mg/kg body weight (bw) phytol (HFD or
LFD groups), or 12.5, 25, or 50 mg/kg bw phytol (HFD +
phy 12.5, HFD + phy 25, or HFD + 50 mg/kg bw groups,
respectively), and were orally administered at 2 g/kg body
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weight glucose following overnight fasting. Blood samples
were collected from the tail vein before, and 15, 30, 60, and
90 min after the administration. Serum glucose levels were
determined using the glucose ClI-test (Wako), and serum
insulin was measured using ELISA kits (Morinaga Institute
of Biological Science). All kits were used in accordance
with the manufacturer’s protocols.

At the end of the treatment period, the mice were
anesthetized and sacrificed with isoflurane (Wako)
following overnight fasting. Subsequently, subcutaneous and
visceral fat samples were collected, with visceral fat defined
as the sum of the mesenteric, epididymal, and retroperitoneal
fat pad weight.

Immunoblot analysis: Using a similar method to OGTT,
each groups (LFD, HFD, HFD + phy 12.5, HFD + phy 25,
and HFD + 50 mg/kg bw) were orally administered at 2 g/kg
body weight glucose with/without phytol following
overnight fasting. Then mice were anesthetized and
sacrificed with isoflurane 15-20 min after the administration
and skeletal muscle samples were obtained. The tissues were
snap-frozen in liquid nitrogen and stored — 80°C until needed
for further analysis.

The protein concentration of the samples for
immunoblotting, which was homogenized with lysate buffer,
was determined by using the Pierce TM BCA Protein Assay
Kit.

Statistical analysis

Values were expressed as the means+ standard errors (SE) of
the mean. Differences between the treatment groups were
identified using Dunnett’s multiple comparison tests and
were considered significant when p was < 0.05 and <
0.01.Calculations of areas under the curve (AUC) for plasma
glucose and insulin responses were based on the trapezoid
rule.

RESULTS AND DISCUSSION

In vitro, phytol stimulates insulin secretion and glucose
uptake via activation of AKT and AMPK

To investigate the effect of phytol on insulin secretion, we
examined insulin secretion by RIN-5F cells, a rat islet tumor
cell line. Phytol significantly stimulated insulin secretion in
a dose dependent manner (Figure 1).

In animals, phytol is converted to phytanic acid in several
tissues [9,27]. The finding suggests that the insulin
sensitizing/anti-diabetic effect of phytol is not only mediated
by partly from activation of nuclear receptors and
heterodimerization of RXR with PPARy by phytanic acid
[16], specifically in human skeletal muscle and adipocytes,
but also act directly to pancreatic B-cells. Furthermore,
because phytol is known to have antioxidantive effects [15],
it may reduce oxidant stress in RIN-5F cells.
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Figure 1. Effect of phytol on insulin secretion in cultured RIN-5F cells. Each value represents the mean + SE (n = 6). **p <

0.01 versus control.

The effect of phytol on glucose uptake under normal glucose
(5.5 mM) and high glucose (25mM) conditions was
examined in L6 cells. These glucose conditions mimicked
the normoglycemic condition and the hyperglycemic
condition in diabetes, respectively [20,24]. Under normal
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glucose conditions, phytol concentrations of 50-200 pM
significantly stimulated glucose uptake in a dose-
independent manner (Figure 2A). In contrast, under high
glucose conditions, maximum increase in glucose uptake
was observed at 50 uM phytol (Figure 2B).
B) High glucose (25 mM )
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Figure 2. Effects of phytol on glucose uptake in cultured L6 myotubes under normal (A) and high (B) glucose conditions. L6
myotubes were pre incubated in KHH buffer without glucose for 2h. They were then incubated in KHH buffer containing 5
mM glucose and 50, 100, or 200 uM phytol for 4 h, and the glucose uptake was determined. Each value represents the mean

+ SE (n =6). *p < 0.05, **p < 0.01 versus control.

Therefore, it can be concluded that 50 pM is the optimal
phytol concentration for normal glucose conditions, while <
50 uM is optimal for high glucose conditions. Importantly,
these data showed that phytol had the same effect on glucose
uptake in myotubes as observed with maximum insulin
stimulation. A further investigation was performed to
examine whether phytol increases glucose uptake in

myoblasts with low GLUT4 expression, which are known
not to respond to insulin [28]. In these L6 myoblasts,
glucose uptake was not significantly increased by phytol,
indicating that it may act by modulating GLUT4
translocation and/or activity (data not shown).

The effect of phytol on AKT phosphorylation was examined.
Insulin stimulates the phosphorylation of both residues
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associated with AKT activation (Thr308 and Serd73),
but200 uM phytol also activated Ser473 in L6 cells (Figure
3A).A previous study showed that phytol strongly activates
PPARo and also acts as a ligand, binding to this
transcriptional factor [17]. PPARa expresses in skeletal
muscle as well as heart and liver [29] and increases fatty
acid oxidation by inducing AMPK activation [30].
Furthermore, several other phytochemicals have also been
found to activate AMPK [31]. Therefore, we hypothesized
that phytol would also activate AMPK in skeletal muscle.
Supporting this, treatment of the cells with phytol resulted in
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a significant increase in AMPK-Thr172 phosphorylation,
which is a known indicator of AMPK activation (Figure
3B), whereas AMPK was not activated by insulin. These
phenomena by phytol were indicated in a dose-dependent
manner. These results suggest that phytol enhance glucose
uptake in the skeletal muscle by inducing GLUT4
translocation through activation of weak AKT and strong
AMPK. Furthermore, activation of both AKT and AMPK in
skeletal muscle by phytol may contribute to the insulin-
sensitizing/anti-diabetic effect following its intake.
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Figure 3. Effects of phytol on the phosphorylation of AKT (A) and AMPK (B). B-actin was used as a loading control (C). L6
myotubes were preincubated in KHH buffer without glucose for 2 h. They were then incubated in KHH buffer containing 5
mM glucose in the presence or absence of 50, 100, or 200 uM for 3 h. Total lysates were analyzed by immunoblotting.

Abnormal glucose metabolism in diet-induced obesity

mice is improved by a single administration of phytol

Mice which were fed the HFD for four months became
obese, exhibiting higher final body weights, and more

subcutaneous and visceral fat than normal mice that received
the LFD over the same period (Table 1).

Table 1. Final body weight, subcutaneous fat, and visceral fat in mice fed a low-fat diet (LFD) or a high-fat diet (HDF) for 4
months followed by the administration of 0, 12.5, 25, or 50 mg/kg body weight (bw) phytol (phy).

Group Final body weight (g) Subcutaneous fat (g) Visceral fat
(2)
LFD 343+ 1.1 0.66 +0.05 2.43 +£0.21
HFD 42.4 £0.9 ** 1.63 £0.17 ** 4.04 £0.05 **
HFD + phy 12.5 mg/kg bw 42.4 £2.0 ** 1.46 £0.18 ** 4.09 £ 0.22 **
HFD + phy 25 mg/kg bw 42.1 £ 1.6 ** 1.64 £0.21 ** 4.10 £0.17 **
HFD + phy 50 mg/kg bw 40.8 2.0 * 1.59 £0.12 ** 435 +£0.14 **
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Values are expressed as means +SE (n = 6).
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* k% Means within a line are significantly different according to Dunnett’s multiple comparison test, p < 0.05 or p < 0.01

versus LFD group, respectively.

The OGTT showed that the administration of a glucose
solution without phytol resulted in the serum glucose levels
in the HFD group becoming significantly higher than those
in the LFD group for 90 min after administration (Figure
4A), indicating that the diet-induced obese mice had
abnormal glucose metabolism. In contrast, a single
administration of a glucose solution containing 12.5 or 50
mg/kg bw phytol to obese mice significantly suppressed

A)

serum glucose conc. (mg/dL)

0 20 40 60 80 100

time (min)

postprandial hyperglycemia compared with the HFD group.
The serum glucose level in obese mice that were
administered 25 mg/kg bw phytol was not significantly
higher than the HFD group after 15 min. However, the AUC
for serum glucose levels was significantly lower in all phytol
groups compared with the HFD group (Figue 4B). This in
vivo phenomenon may be similar to the earlier finding that
phytol enhances glucose uptake in L6 myoblasts in vitro.
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HFD + phytol (mg/kg bw)
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Figure 4. Serum glucose level (A) and area under the curve (B) during OGTT in obese mice administered glucose solutions
containing 0, 12.5, 25, or 50 mg/kg bw phytol. OGTT was performed at 4 months period. For OGTT, glucose solutions (2 g
glucose/kg bw) were orally administered after an overnight fasting. Each bar represents the mean + SE (n = 6). (A) A, LFD
(without phytol);o, HFD (without phytol); %, HFD + phy 12.5 mg/kg bw; <, HFD + phy 25 mg/kg bw; m, HFD + phy 50
mg/kg bw; *p < 0.05, **p < 0.01 versus HFD group (without phytol). (B) *p < 0.05, **p < 0.01 versus HFD group.

Additionally, the obese mice that administrated 25 and 50
mg/kg phytol in a single administration tended to be
suppressed rapidly increasing and reducing of serum insulin
secretion from 15 min to 30 min after administration (Figure
S5A). However, the AUC for serum insulin levels in these
phytol groups was not significantly different, compared with
that in HFD group (Figure 5B).Thus, a single administration
of phytol improved the abnormal pattern of insulin secretion
in obese mice without affecting the amount of insulin
secretion. This in vivo phenomenon did not agree with the
finding that phytol promotes insulin secretion in cultured
RIN-5F cells in vitro. We hypothesize that phytol has
different mechanisms acting on the pancreas depending on
intake period. It has been reported that Asian patients with
T2D are physiologically characterized by lower pB-cell
function and a lesser degree of insulin resistance, compared
with their Caucasian counterparts [32]. A once-daily intake
of phytol could contribute much to enhance B-cell function
in T2D patients of the world, specifically many Asian
countries. Moreover, the improvement mechanism of insulin

secretion by phytol may be similar to the results of vitamin
E, one of phytol metabolites [33].

We also examined that the effects of phytol on AKT and
AMPK phosphorylation in skeletal muscle of obese mice. In
mice  administered  phytol, only = AMPK-Thrl72
phosphorylation was drastically increased (Figure 6A and
B). This in vivo phenomenon did not agree with the finding
that phytol induced activation of AKT-Ser473.In order to
clarify whether phytol induce directly AMPK activation in
skeletal muscle and L6 cell, we demonstrated by using one
of A MPK inhibitors, dolsomolphin, in L6 cell and found
that co-adding dorsomolphin  inhibited = AMPK
phosphorylation by phytol at 50-200uM (data not shown).It
is possible that phytol activates strongly AMPK
phosphorylation over AKT in vivo and enhances glucose
uptake, especially in skeletal muscle.

High-fat diets have been shown to result in increased body
weight and diabetes in various strains of mice and rats.
Indeed, C57BL/6]J mice are a particularly good model
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mimicking human metabolic derangements that are observed
in obesity because when fed ad libitum with a HFD, these
mice develop obesity, hyperinsulinemia, hyperglycemia, and
hypertension, but when fed ad libitum to chow diet, they
remain lean without metabolic abnormalities [34]. The
single administration of phytol to obese mice that were fed a

HFD for four months suppressed the increases in
postprandial blood glucose levels that occurred in the HFD
B)
A)
25

by

E

£

g (3]

8 z

k-

]

"

&

E

I~

3

0 20 40 60 80 100

time (min)

Matsuda H, Suzuki D, Asakura M, Qoi S, Saitoh R, et al.

group. Previous studies have shown that phytol is rapidly
converted into phytanic acid in the tissues of mammals such
as rats and humans [9,27]. However, Golerich et al. [35]
reported that phytol accumulated in the liver of rats that
were fed a phytol-enriched diet for 7 days. Thus, these in
vivo results are likely to be caused by the administration of
phytol.
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Figure 5. Serum insulin level (A) and areas under the curve (B) during OGTT in obese mice. Each bar represents the mean +
SE (n = 6). (A) o, HFD (without phytol); 8, HFD + phy 12.5 mg/kg bw; <, HFD + phy 25 mg/kg bw; m, HFD + phy 50
mg/kg bw; *p < 0.05 versus HFD group (without phytol). (B) There is no difference compare with HFD group (without

phytol).
HFD
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Figure 6. Effects of phytol on the phosphorylation of AKT (A) and AMPK (B) in skeletal muscle of obese mice 15 — 20 min
after administration of glucose solutions containing 0, 12.5, 25, or 50 mg/kg bw phytol. B-actin was used as a loading control
(C). The obtained skeletal muscle samples were homogenized with lysate buffer and total lysates were analyzed by

immunoblotting.
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CONCLUSIONS

The present study demonstrates, for the first time, that phytol
improves the abnormal pattern of insulin secretion in
pancreatic B-cells and directly stimulates muscle glucose
uptake independent of insulin via AMPK activation in vivo.
Moreover, a single administration of phytol improved
glucose tolerance in obese mice that were exhibiting
abnormal insulin secretion. Besides previous studies on the
effects of the long-term intake of phytol in rodents, these
data confirmed the glucose uptake mechanism by intake of
dietary phytol and the immediate effects of phytol’s health
promoting ability.
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