JOURNAL OF MEDICINAL FOOD
J Med Food 18 (1) 2015, 76-82

© Mary Ann Liebert, Inc., and Korean Society of Food Science and Nutrition

DOI: 10.1089/jmf.2013.3133

p-Synephrine Suppresses Glucose Production
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ABSTRACT p-Synephrine, the primary protoalkaloid in the extract of bitter orange and other citrus species, has gained
interest due to its lipolytic activity in adipose tissues. We previously found that p-synephrine stimulates glucose
consumption via AMP-activated protein kinase (AMPK) in L6 skeletal muscle cells. This study investigated the effect of
p-synephrine on glucose production and lipid accumulation in H4IIE rat liver cells. Glucose production was increased in
HA4IIE cells that were incubated in glucose-free medium but decreased dose dependently (1-100 uM) with p-synephrine
treatment. Protein levels of glucose-6-phosphatase (G6Pase) and phosphoenol pyruvate carboxykinase (PEPCK) were
also decreased by treatment (4 h) with p-synephrine. Antagonists against o- and f-adrenergic receptors (phentolamine
and propranolol) and other inhibitors against signaling molecules did not interrupt p-synephrine-induced suppression in
glucose production. However, H7 (an inhibitor of serine/threonine kinases PKA, PKC, and PKG) significantly blocked p-
synephrine-induced suppression of glucose production and further increased basal glucose production. Unlike the
suppressive effect on glucose production, p-synephrine failed to affect palmitic acid-induced cytoplasmic lipid accu-
mulation. Protein levels of fatty acid synthase (FAS) and phosphorylation levels of AMPK and ACC were not changed
by p-synephrine. Altogether, p-synephrine can suppress glucose production but does not affect lipid accumulation in

HA4IIE liver cells.
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INTRODUCTION

-SYNEPHRINE, THE PRINCIPAL protoalkaloid in the peel
of Citrus aurantium, is widely used in weight manage-
ment. It increases basal metabolic rate and lipolysis and also
suppresses appetite.!? Traditional Chinese medicine also
has prescribed bitter orange, including C. aurantium, for various
digestive problems such as indigestion, diarrhea, and dysentery
and as an expectorant for respiratory problems.®> Although the
issue of safety of p-synephrine (including adverse cardiovas-
cular effects) has been raised,* a recent review summarized the
results of more than 20 studies involving ~ 360 subjects who
consumed p-synephrine and concluded that p-synephrine did
not produce significant adverse events such as increases in heart
rate or blood pressure and did not alter electrocardiographic
data, serum chemistry, blood cell counts, or urinalysis.’
p-Synephrine is one of three different isomeric forms
(ortho, o0-; meta, m-; and para, p-). p-Synephrine has affinity
for o-adrenergic receptors, and it can be applied to treat
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hypotension.® m-Synephrine, also named phenylephrine, is
widely employed as an intranasal decongestant.’

Although a number of studies have focused on p-
synephrine’s lipolytic activity, little is known about its role
in glucose metabolism in skeletal muscle and liver, the main
target tissue in the maintenance of blood glucose levels. p-
Synephrine’s lipolytic activity has been found mostly in
adipose tissue and not in other tissues, including liver tissue.
Our previous study reported that p-synephrine stimulates
glucose uptake in L6 skeletal muscle cells, and that the
activation of AMP-activated protein kinase (AMPK) is
important in this process.®

Hepatic glucose production and muscular glucose uptake
are two key processes that control plasma glucose levels;
therefore, those two processes represent the main targets to
treat diabetic hyperglycemia. This study investigated whe-
ther p-synephrine alters lipid accumulation and glucose
production in H4IIE rat liver cells. We also tried to char-
acterize signaling properties underlying p-synephrine’s
functions. Our results show that p-synephrine suppresses
basal glucose production but not palmitic acid-induced lipid
accumulation. We, therefore, suggest that p-synephrine has
a potent antihyperglycemic activity by lowering hepatic
glucose production as well as muscular glucose uptake.
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MATERIALS AND METHODS
Cells

HAIIE rat hepatoma cells were obtained from the Korean
Cell Line Bank (Seoul, Korea) and maintained in Dulbecco’s
minimal essential medium (DMEM, 1 g/L glucose) with 10%
fetal bovine serum (FBS). H4IIE cells were plated in multiwell
culture plates and incubated in serum-free DMEM overnight.
Cells were washed twice with Dulbecco’s phosphate-buffered
saline (D-PBS) and again incubated in glucose-free DMEM
(GFM) supplemented with 2 mM pyruvate and 20 mM lactate
for 30 min before treatment with reagents.

Materials

p-Synephrine, DMEM, D-PBS, trypsin-EDTA solution,
palmitic acid, wortmannin, BAPTA-AM, PD98059, SB202190,
SP600125, H-7, H-89, KT5823, phentolamine (PA), proprano-
lol (PP), 3-(4,5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium
bromide (MTT), and compound-C were purchased from Sigma
Chemical Corp. (St. Louis, MO, USA). FBS was obtained from
Life Technologies, Inc. (Rockville, MD, USA). Protein kinase
C inhibitor (GF109203x) was purchased from Biomol (Ply-
mouth Meeting, PA, USA). Polyclonal antibodies against
phosphoenol pyruvate carboxykinase (PEPCK), fatty acid
synthase (FAS), and f-actin were purchased from Santa Cruz
Biotechnology (Santa Cruz, CA, USA); polyclonal antibodies
against phospho-AMPK, phospho-ACC were obtained from
Millipore (Billerica, MA, USA); and glucose-6-phosphatase
(G6Pase) was from Abcam (Boston, MA, USA). Electro-
phoresis reagents (including Bis-Tris gels, running buffer, and
polyvinylidenedifluoride [PVDF] membranes) were obtained
from Invitrogen (Carlsbad, CA, USA).

Glucose production

HA4IIE cells (5% 10° cells/mL) were plated in 24-well
tissue culture plates. Confluent cells were incubated in se-
rum-free, low-glucose (1 g/LL) DMEM overnight. The cells
were washed twice with D-PBS and then further incubated in
GFM containing lactate (20 mM) and pyruvate (2 mM). After
treatment with insulin (100 nM) or p-synephrine (1-100 uM)
for 24 h, glucose concentration in medium was measured. To
investigate signaling properties of p-synephrine in terms of
glucose production, H4IIE cells were treated with pharma-
cological antagonists (PA, PP) against adrenoceptors and
inhibitors (KT5823, PKCi, GF109203x, H89) of intracellular
signaling proteins in the presence of p-synephrine. Glucose
concentration was measured with a glucose assay reagent
(Asan set Glucose; Asan Pharm, Whaseong, Korea) based on
the glucose oxidase method.

Analysis of cell viability

Cell viability was assayed by MTT analysis in 24-well
tissue culture plates as previously described.” Treatment with
p-synephrine (1-100 uM) was done for 72 h, whereas treat-
ment with PA and PP (1-25 M) was done for 24 h. After
treatment, culture medium was removed from the wells, and
0.5mL of MTT reagent (Sigma Chemical Corp.) at a con-

centration of 1 mg/mL in D-PBS was added to each well.
After 30 min of incubation at 37°C, the MTT reagent in D-
PBS was removed and then the blue-colored formazan prod-
uct was solubilized in 0.5 mL of 2-propanol for 20 min. The
absorbance of converted dye was measured at a wavelength of
570 nm with a microplate reader (Sunrise, Tecan, Austria).

Western blotting

Confluent H41IE cells in six-well plates were preincubated
in serum-free DMEM overnight, washed twice with D-PBS,
and then further incubated with GFM and p-synephrine
(50 uM) containing GFM for 30 min, for 4 and 24 h. After
treatment, the cells were lysed in an ice-cold lysis buffer
(50mM Tris-HCI, 1% nonidet P-40, 0.25% sodium deox-
ycholate, 150 mM NaCl, 1 mM sodium orthovanadate, 1 mM
NaF, 1 mM phenylmethylsulfonyl fluoride, 1 mM aprotinin,
1 mM leupeptin, and 1 mM pepstatin A). Equal amounts (10—
20 ug) of protein were separated by sodium dodecyl sulfate—
polyacrylamide gel electrophoresis (SDS-PAGE) on 4-20%
polyacrylamide gels and electrotransferred onto PVDF mem-
branes. The membranes were incubated in blocking buffer (5%
nonfat dry milk in Tris-buffered saline [TBS]-0.1% Tween-20
[TBS-T]) for 1 h at room temperature, after which they were
probed with different primary antibodies (1:200-1:1000).
After a series of washes, the membranes were further incu-
bated with the respective horseradish peroxidase-conjugated
secondary antibodies (1:5000-1:10,000). The signal was de-
tected with the enhanced chemiluminescence detection system
(WEST-ZOL plus, Intron, Korea).

Triglyceride measurement and Nile red staining

Concentrations of cytoplasmic triglyceride were measured
with Cleantech TG-S kit (Asan Pharm). Briefly, 2 x 10° cells
were homogenized with 0.2mL 5% Triton X-100. The cell
lysates were heated for 2—5 min at 90°C until the Triton X-100
became cloudy and cooled down to room temperature. After
two to three repeats of heating and cooling, the lysates were
centrifuged at 17,000 g for 5 min. Supernatants were used for
triglyceride assay through a kit protocol. Otherwise intracellular
lipid droplets were stained with the fluorescent dye, Nile red.'”
After treatments, cells were washed with D-PBS and stained for
15 min with 200 ng/mL Nile red in 2% acetone. Cells were then
washed with D-PBS to remove excess staining, observed under
a fluorescent microscope (IX70; Olympus, Tokyo, Japan), and
photographed with a digital camera (DP-70; Olympus).

Statistics

The results are represented as mean + standard error. The
significance of the differences among groups was determined
using Student’s z-test. P<.05 was considered statistically
significant.

RESULTS

We examined the direct effect of p-synephrine on glu-
cose production in cultured rat H4IIE hepatoma cells. Glu-
cose production by HA4IIE cells in GFM was remarkably
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suppressed by treatment with insulin (100 nM) for 24 h and
also suppressed by treatment with p-synephrine (1-100 uM)
in a dose-dependent manner (Fig. 1A). Fifty percent reduction
in glucose production was observed in the middle of 25-100
UM p-synephrine. Thus, 50 uM p-synephrine was used in the
next experiments. Protein levels of PEPCK and G6Pase, two
key players in gluconeogenesis, were also decreased by treat-
ment with 50 uM p-synephrine for 4 h (Fig. 1B). However,
the p-synephrine-induced decrease in the levels of two pro-
teins was restored after 24 h in the presence of p-synephrine,
comparable to the control group (GFM). In the same ex-
periments, an insulin (100 nM)-induced decrease in the

A (24 h)
100

50

Glucose Production
(% control)

CTL Ins 1 5 25 100
SN (uM)
B
(30 min) B 4 h) (24 h)

T — e o e s G6Pase

B-actin

CTL SN CTL SN CTL SN
C (3 days) %
‘é e
53 100f T =
- L ]
il
_qs L%}
O o~

¥ 50fF
t\-’
=

CTL Ins 1 5 25 100

SN (uM)

FIG. 1. (A) Effect of p-synephrine (1-100 M) and insulin (100 nM)
on glucose production in H411E cells after 24 h of treatment. (B) Effect of
p-synephrine (50 uM) on the regulation of G6Pase and PEPCK proteins
after 30 min, 4, and 24 h of treatment. (C) Effect of p-synephrine (1-100
uM) and insulin (100 nM) on H4IIE cells’ viability after 3 days of
treatment. Data were expressed as meant SE from three independent
experiments. *P <.05, **P <.01 versus control (without p-synephrine).
CTL, control; G6Pase, glucose-6-phosphatase; Ins, insulin (100 nM);
PEPCK, phosphoenol pyruvate carboxykinase; SE, standard error;
SN, p-synephrine.

levels of PEPCK and G6Pase was observed only after 24 h
of treatment (data not shown). Treatment with p-synephrine
(1-100 uM) did not affect cell viability (Fig. 1C).

We next tested whether the inhibition of adrenoceptors can
affect the p-synephrine-induced suppression of glucose pro-
duction in H4IIE cells. H4IIE cells were treated for 24 h with
PA and PP, two specific antagonists against x-adrenocetors
and f-adrenoceptors respectively. PA (25 uM) and PP (5 and
25 uM) suppressed glucose production in GFM (Fig. 2A),
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FIG. 2. (A) Effect of p-synephrine (50 uM), PA, and PP (1-25 uM) on
glucose production in H41IE cells after 24 h of treatment. (B) Effect of PA
and PP (5-25 uM) with and without p-synephrine (50 uM) on glucose
production in H41IE cells after 24 h of treatment. (C) Effect of PA and PP
(1-25 uM) on the viability of H41IE cells after 24 h of treatment. Data were
expressed as mean* SE from three independent experiments. **P <.01
versus control (without p-synephrine), #P<.01 versus p-synephrine-
alone. CTL, control; SN, p-synephrine; PA, phentolamine; PP, propranolol.
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suggesting that glucose production in GFM is mediated by the
stimulation of a-adrenoceptors and f-adrenoceptors. A cell
viability study showed that all concentrations of PA and a low
concentration of PP (5 uM) did not cause any change in MTT
reactivity. However, higher concentration (25 M) signifi-
cantly reduced H4IIE cells viability to <50% (Fig 2C). Nei-
ther PP nor PA blocked the p-synephrine-induced decrease in
glucose production. On the contrary, treatment with 25 M
PA and PP augmented the degree of the p-synephrine-induced
decrease in glucose production (Fig. 2B). These results indi-
cate that p-synephrine does not activate a- and f-adrenocep-
tors to suppress hepatic glucose production.

So far, little information is available on which intracel-
lular signaling molecules are mobilized by p-synephrine
treatment. Given the suppression of glucose production by
p-synephrine, we next examined the effects of various in-
hibitors against intracellular signaling molecules on the
p-synephrine-induced decrease in glucose production. Treat-
ment with inhibitors against various signaling proteins
and calcium chelator (BAPTA-AM) was unable to block
the p-synephrine-induced decrease in glucose production
(data not shown). Only one inhibitor (H-7) against serine/
threonine kinase significantly increased the basal glucose
production and blocked the p-synephrine-induced decrease in
glucose production (Fig. 3A). Since H-7 can inhibit various
serine/threonine kinases, including protein kinase A (PKA),
protein kinase C (PKC), and protein kinase G (PKG), highly
selective inhibitors (KT5823/PKG, GF109203x/PKC, and
H89/PKA) were used to test which specific serine/threonine
kinase can block the p-synephrine-induced decrease in glu-
cose production. Concentrations of KT5823 (200 nM), PKCi
(500 nM), and H89 (5 uM) used in experiments were deter-
mined to inhibit each kinase with minimal effects on other
kinase. Unexpectedly, all three kinase inhibitors failed to
block the p-synephrine-induced decrease in glucose produc-
tion (Fig. 3B-D). From these results, novel serine/threonine
kinase(s) other than PKA, PKC, and PKG are expected to
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FIG. 3. Effect of inhibitors of serine/threo-
nine kinases on p-synephrine-induced sup-
pression of glucose production in H4IIE cells.
(A) H7, (B) H89, (C) PKCi, and (D) KT. Data
were expressed as mean* SE from three in-
dependent experiments. *P<.05, **P<.01
versus control (without p-synephrine). #P<.5
versus p-synephrine-alone. CTL, control; SN,
p-synephrine; KT, KT5823 (200 nM); PKCi,
PKC inhibitor, GF109203x (500 nM); H89 (5
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mediate the p-synephrine-induced decreases in glucose pro-
duction in H4IIE cells.

Various studies indicate the lipolytic activity of p-
synephrine in adipose tissues of animals and humans.®
However, little is known about the effect of p-synephrine on
hepatic lipid metabolism. Since it can be assumed that p-
synephrine can stimulate lipolysis or suppress lipid accu-
mulation in liver cells as well as adipose cells, experiments
were designed to investigate the effect of p-synephrine on
saturated free fatty acid-induced intracellular lipid accumu-
lation in H4IIE cells. Addition of 0.1 mM palmitic acid in-
creased the amount of triglyceride (1.9-fold over the control)
within H4IIE cells (Fig. 4A). However, treatment with 50
UM p-synephrine for 24 h did not affect the basal- or palmitic
acid induced increase in the amount of intracellular triglyc-
eride (Fig. 4A). Staining with Nile red, a lipid-specific fluo-
rescent dye, showed the same results (Fig. 4B). The amounts
of FAS and phospho-acetyl-CoA carboxylase (pACC), key
enzymes for increasing triglyceride, were not altered by p-
synephrine treatment for 24 h (Fig. 4C).

AMPK has a variety of metabolic functions in glucose
and lipid metabolism.'" In L6 skeletal muscle cells, p-
synephrine stimulates glucose uptake via AMPK.® How-
ever, AMPK was not stimulated by p-synephrine in H4IIE
liver cells (Fig. 4C). These results indicate that p-synephrine
has little effect on lipid metabolism in liver cells.

DISCUSSION

In this study, p-synephrine stimulated glucose production in
cultured liver cells through serine/threonine kinase(s) other
than PKA, PKC, and PKG. Although p-synephrine is a well-
known lipolytic reagent in adipose tissues, our results show
little effect of p-synephrine on hepatic lipid metabolism.

Previous studies showed the diverse effects of citrus
extracts on antioxidant enzyme and lipid profiles,'? anti-
inflammatory potential,'® and serum concentrations of glucose
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FIG. 4. (A) Effect of 24 h of treatment with p-synephrine (50 M)
and PA (0.1 mM) on triglyceride content in H4lIE cells after. (B)
Lipid droplet profile after p-synephrine (50 uM) and palmitic acid
(0.1 mM) treatment. (C) Effect of p-synephrine (50 uM) on the reg-
ulation of FAS, p-ACC, and p-AMPK proteins after 4 and 20h of
treatment. Data were expressed as mean + SE from three independent
experiments. **P <.01 versus control (without palmitic acid). CTL,
control; FAS, fatty acid synthase; SN, p-synephrine; PAL, palmitic acid.

and insulin.'* However, little is known about the specific
functions of active compounds in citrus extracts in hepatic
glucose metabolism.

Our unpublished data show that the extract of citrus peel
decreases glucose production and PEPCK protein levels in
H41IE cells. The liver is an important metabolic organ for
maintaining plasma glucose and lipid levels within physio-
logical ranges. Usually, hepatic glucose production is in-
creased during the prolonged fasting state by activating the

breakdown of glycogen (glycogenolysis) and the synthesis of
glucose (gluconeogenesis) to supply the body with energy.'?
However, de novo glucose synthesis persists despite a high
blood glucose concentration in Diabetes Mellitus or insulin
resistance.'® Thus, a series of studies have tried to develop
agents from various natural products to lower hepatic glu-
cose production. Epigallocatechin gallate (green tea),'’
polyphenolic compounds from Artemisia dracunculus L,'
naringenin (citrus fruit),!” and ginsenoside?® can decrease
glucose production in various hepatoma cell models. The
anti-gluconeogenic activity of each compound might be
mediated by mimicking insulin receptor signaling, stimu-
lating AMPK activity, or through other unknown mecha-
nisms although the biochemical hallmark of each compound
is the suppression of PEPCK1.!7-%°

p-Synephrine has a similar structure to adrenergic agonists
such as adrenaline, noradrenaline, ephedrine, and amphet-
amine. Both m- and p-synephrine activate adrenoceptors.>!
In adipocytes, the lipolytic effect of p-synephrine may occur
via the activation of 3-adrenoceptors.?>?* However, little is
known about the role of adrenoceptors in the p-synephrine-
induced suppression of hepatic glucose production. Different
kinds of adrenergic receptors are expressed in liver cells and
are involved in glycogenolysis and gluconeogenesis.’*?
Since p-synephrine can activate adrenoceptors in liver cells,
it was assumed that p-synephrine may stimulate glucose
production over the control group (GFM). However, p-
synephrine unexpectedly suppressed the basal glucose pro-
duction and the protein levels of PEPCK and G6Pase (Fig.
1A, B). The prolonged treatment with p-synephrine (100
uM) for 3 days did not induce any cytotoxicity (Fig. 1C).
These results suggest the metabolic role of p-synephrine to
be the suppression of hepatic glucose production without any
adverse cytotoxic effects. The next experiments aimed at
comparing the effects on the suppression of glucose pro-
duction in H4IIE cells of p-synephrine with those of antag-
onists against adrenoceptors.

In the absence of any extracellular ligands or adrenergic
agonists in GFM, the basal glucose production was dose de-
pendently suppressed by antagonists against o-adrenocetors
(PA) and f-adrenoceptors (PP). This means that the basal ac-
tivity of adrenoceptors is stimulated by a glucose-deprivation
stress per se, followed by an increase in hepatic glucose
production. When H4IIE cells were treated with antago-
nists, PP suppressed glucose production at a lower dose (5
uM) than PA (25 uM). A higher dose (25 uM) of PP re-
markably reduced MTT reactivity <50% of the control,
implying the cytoprotective potential of [-adrenoceptors
under the glucose-deprivation stress. In addition, p-
synephrine-induced suppression of glucose production was
not changed at lower doses (5 uM), or more exaggerated at
higher doses (25 M) of PA and PP.

Since both p-synephrine, an agonist of adrenoceptors, and
antagonists against o-adrenocetors (PA) and f-adrenocep-
tors (PP) suppressed glucose production in liver cells, it is
uncertain which signaling molecules or intracellular envi-
ronments mediate the suppression of glucose production by
p-synephrine.
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Follow-up experiments were designed to identify signal-
ing pathways that mediate p-synephrine’s suppression of
glucose production. Neither pharmacological inhibitors for
PI3K, AMPK, MAPK, p38MAPK, and JNK nor calcium
chelator BAPTA-AM blocked the p-synephrine’s suppres-
sion of glucose production. Only H7, an inhibitor of serine/
threonine kinases, including PKA, PKC, and PKG, signifi-
cantly increased the basal glucose production and restored
glucose production suppressed by p-synephrine. KT5823 is
a potent, specific inhibitor of PKG (Ki=234 nM) that affects
the activity of PKA (Ki>10 uM) and PKC (Ki>4 uM)
only at higher doses.”® GF109203x is a potent and selective
PKC inhibitor (IC5o=0.02 uM).?” H89 is a PKA inhibitor
(ICso=135 nM) that does not affect PKC and PKG.?® Con-
centrations of KT5823 (200 nM), PKCi (500 nM), and H89
(5 uM) used in experiments were determined to inhibit each
kinase with minimal effects on other kinases. However, the
decreased glucose production by p-synephrine was not re-
stored by any specific inhibitors for PKA, PKC, or PKG.
AMPK is a possible signaling component for suppressing
hepatic glucose production.?’ However, our data show that p-
synephrine does not stimulate AMPK (Fig. 4C). To reduce
hepatic glucose production, insulin receptor-mediated sig-
naling pathways and LKB1-AMPK signaling pathways are
properly operated. In insulin resistance or diabetes mellitus,
insulin receptor signaling is restricted. Therefore, other
glucose-lowering agents need to be introduced. A number of
natural products or their components that activate AMPK
have been introduced as pharmaceutical candidates for var-
ious diseases, including Diabetes Mellitus and obesity.?’
Although the mechanism of action of p-synephrine in re-
ducing hepatic glucose production is not yet understood, its
potent glucose-lowering activity has been scientifically
proved. Furthermore, p-synephrine has been found to be
cytoxicologically safe.

This study showed that p-synephrine did not modify FFA-
induced lipid accumulation within H4IIE cells. AMPK was
also unaffected by p-synephrine. We previously found that p-
synephrine stimulated glucose consumption as well as AMPK
activity, the inhibition of AMPK blocked the translocation of
glucose transporter 4 (Glut4) to the plasma membrane, and the
increase in glucose consumption was stimulated by p-
synephrine in L6 skeletal muscle cells.® Previous studies have
demonstrated the lipolytic activity of p-synephrine in adipose
tissues of animals and humans.® In adipocytes, the lipolytic
effect of p-synephrine may occur via the activation of f5-
adrenoceptors3.>?* B3-adrenoceptors are expressed mainly in
adipose tissue, and are also found in the gallbladder, urinary
bladder, and brown adipose tissue.*® Other tissues, including
skeletal muscles, do not express f33-adrenoceptors.* The rarity
of fz-adrenoceptors in the liver explains why p-synephrine
does not affect intracellular lipid content. Although many
natural products or their components can stimulate AMPK and
lipolysis in the liver as well as in adipose tissue, p-synephrine
might be excluded from the group of compounds having li-
polytic activity in the liver.

Accordingly, we suggest that the main metabolic role of p-
synephrine is the stimulation of glucose uptake in skeletal

muscle cells and the suppression of hepatic glucose produc-
tion in liver cells. We do not yet understand which signaling
components or cytoplasmic environments are responsible for
the suppression of hepatic glucose production by p-synephrine.
Certain novel serine/threonine kinase(s), other than PKA,
PKC, and PKG, potentially underlying p-synephrine’s meta-
bolic function need further investigation.
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