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1. Introduction

The fruit of Citrus aurantium, also known as bitter orange, has been used for
preparing extracts sold worldwide in the form of phytoproducts to promote
weight loss [1] [2] [3]. One of the main active components in C. aurantium ex-
tracts is p-synephrine, which in humans is found only in the adrenal gland and
can be considered a trace bioamine [2]. In line with the proposed weight loss ac-
tivity of the C. aurantium extracts, it has been found that p-synephrine has lipo-
lytic activity in both human and rat adipocytes [1]. This activity of p-synephrine
is stronger in rat than in human adipocytes. Since p-synephrine is the main
proto alkaloid in C. aurantium extracts, the possible lipid-mobilizing effect of
this extract in humans has been attributed to this amine [1]. Several studies have
reported the activity of this compound on specific receptors. It has been shown,
for example, that p-synephrine binds to serotoninergic receptors [4]. Likewise,
an action of p-synephrine via adrenergic receptors has been documented [5] [6]
[7]. Acute oral administration of elevated doses of a C. aurantium extract or p-
synephrine produced reversible toxic effects, probably due to unspecific adre-
nergic stimulation [3]. In addition, it is also known that extracts of C. aurantium
containing p-synephrine, can produce effects on the cardiovascular system
through adrenergic stimulation [8].

It has also been shown that p-synephrine affects carbohydrate metabolism in
the isolated perfused rat liver [9] [10]. In the latter systemp-synephrine stimu-
lates glycogenolysis, glycolysis, gluconeogenesis, and oxygen uptake. The com-
pound also increases the portal perfusion pressure and the redox state of the cy-
tosolic NAD*/NADH couple. All these effects are Ca’*-dependent and p-syne-
phrine is able to stimulate intracellular Ca** movements [9]. Moreover, p-syne-
phrine also increases cAMP production. These observations and the sensibility
to various adrenergic antagonists lead to the conclusion that the effects of p-
synephrine in the liver are mediated by both a- and S-adrenergic signaling, re-
quiring the simultaneous participation of both Ca** and cAMP. The metabolic
effects, on the other hand, can be considered as both catabolic (glycogenolysis
and glycolysis stimulation) and anabolic (gluconeogenesis) [9]. They could be
contributing to the alleged weight loss effects of the compound ingested either in
pure form or as a constituent of commercial preparations [1] [2] [3].

Although the action of p-synephrine on hepatic carbohydrate metabolism has
been extensively characterized [9] [10], a similar investigation of its effects on
the hepatic lipid metabolism has not yet been done. The lipolytic activity of
p-synephrine in adipocytes has been well characterized [1] [6] and it is possible
that the compound exerts a similar effect in the liver. Furthermore, p-octopa-
mine, an analogous amine that is also found in Citrus aurantium, though at a
lesser concentration, has been demonstrated to exert lipolytic activity in adipo-
cytes [1] [6]. In the perfused rat liver, the compound also increases fatty acid
oxidation [11]. The present study, thus, approaches the question if p-synephrine
also increases lipolysis and fatty acid oxidation in the liver. Experiments were

done in the perfused rat liver, a system that allows conservation of cell and mi-
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crocirculation integrity, facilitating thus extrapolation of the data to the in vivo
conditions. The results should improve the present knowledge about the action
of p-synephrine in the liver and also allow to design in vivo experiments that can
confirm or not if the compound exerts metabolic effects in the whole organism.
Furthermore, the experiments will be especially useful in answering the question
if p-synephrine is able to affect hepatic lipid metabolism to the same extent by
which it affects carbohydrate metabolism [9] [10].

2. Materials and Methods
2.1. Materials

The liver perfusion apparatus was built in the workshops of the University of
Maringd. p-synephrine, p-octopamine, epinephrine, norepinephrine, enzymes
and coenzymes used in the enzymatic assays, the nonesterified fatty-acid assay
kit and the lipase assay kit were purchased from Sigma-Aldrich (St. Louis, USA).
The radiochemicals were purchased from Amersham Pharmacia Biotech:
[1-"C]oleic acid (56 mCi/mmol) and [1-"*C]octanoic acid (50 mCi/mmol).

2.2. Animals

Male Wistar rats weighing 200 - 280 g were used in all experiments and fed ad
libitum with a standard laboratory diet (Nuvilab®, Colombo, Brazil). The rats
were housed in appropriate cages and maintained on a regulated light-dark
cycle. According to each experimental protocol fed rats as well as 18 h fasted rats
were used. The surgical preparation of the liver was done under sodium pento-
barbital anesthesia (50 mg/Kg). The criterion of anesthesia was the lack of body
or limb movement when a standard tail clamping stimulus was applied [12] [13].
The world-wide accepted ethical guidelines for animal experimentation were
applied strictly to all experiments. The experimental protocol was approved by
the Ethics Committee of Animal Experimentation of the University of Maringa
(Protocol n. 108/2014).

2.3. Liver Perfusion

The livers were perfused with a hemoglobin-free medium [12] [13]. In most ex-
periments the nonrecirculating mode was used, but the release of nonesterified
fatty acids was measured using recirculating perfusion. After the surgical prepa-
ration (vena cava and vena porta cannulation) the organ was transferred to a
plexiglass chamber. The fluid was pumped using a peristaltic pump (Minipuls 3,
Gilson, France) and the flow rate was adjusted between 30 and 33 mL per
minute, according to the liver weight. The perfusion fluid was Krebs/Henseleit-
bicarbonate buffer (pH 7.4) containing 25 mg% bovine-serum albumin [12]
[13]. It was saturated with a mixture of oxygen and carbon dioxide (95:5) by
means of a membrane oxygenator with simultaneous temperature adjustment
(37°C). The composition of the Krebs/Henseleit-bicarbonate buffer is the fol-
lowing [12] [13]: 115 mM NaCl, 25 mM NaHCO;, 5.8 mM KCl, 1.2 mM Na,SO,,
1.18 mM MgCl,, 1.2 mM NaH,PO, and 2.5 mM CaCl,. The effluent perfusion
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fluid was fractionated generally in two minute intervals. After collection, the
perfusate samples were analyzed for their metabolite contents. p-synephrine and

all other agents were added to the perfusion fluid at the desired concentrations.

2.4. Metabolite and Radioactivity Assay

Three compounds were assayed in the effluent perfusion fluid using standard
enzymatic procedures: S-hydroxybutyrate, acetoacetate and nonesterified fatty
acids [14]. Acetoacetate was assayed by measuring the decrease in absorbance at
340 nm due to NADH oxidation (g = 6.22 x 10* M'-cm') in a medium containing
0.03 units/mL f-hydroxybutyrate dehydrogenase, 0.2 mM NADH and 0.15 mM
triethanolamine (pH 7.0). The assay of S-hydroxybutyrate was done by measur-
ing the increase in absorbance due to the formation of NADH in a medium
containing 0.03 units/mL S-hydroxybutyrate dehydrogenase, 1 mM NAD", 0.15
mM hydrazine and 0.15 mM glycine (pH 8.5). The nonesterified fatty acid con-
centration was determined using the FFA Quantification Kit from Sigma-Al-
drich (CN MAKO044). In this kit, the concentration of fatty acids (C8 and longer)
is determined by a coupled enzyme assay, which results in a product absorbing
at 570 nm [15] [16]. Quantification was done by means of a calibration curve
constructed with palmitic acid. The rates of metabolite release were calculated
from the outflowing concentration and the total flow rate and expressed as pmol
per minute per liver wet weight (umol min'-g'). The oxygen concentration in the
outflowing perfusate was recorded polarograhically. The sensor was a Teflon-
shielded platinum electrode, appropriately positioned in a plexiglass chamber at
the exit of the perfusate [13].

For measuring the "“CO, production from the infused [1-'*C]octanoate or
[1-"*C]oleate, Erlenmeyer flasks were used to collected the outflowing perfusate
in 2-minute intervals [11]. Scintillation vials containing phenylethylamine were
fastened by means of stainless steel wires to the rubber stoppers used to close the
Erlenmeyer flasks. The “CO, in the perfusion fluid was transferred to phenyle-
thylamine by acidification of the perfusate with an HCI solution which was in-
jected into the flasks through the rubber stoppers. Liquid scintillation spectros-
copy was used for counting radioactivity. The following scintillation solution
was used: toluene/ethanol (2/1) containing 5 g/L 2,5-diphenyloxazole and 0.15
g/L 2,2-p-phenylene-bis(5-phenyloxazole) [11]. The rate of “*CO, production
was calculated from the rate of radioactivity infusion and the specific activity of
each labeled fatty acid.

2.5. Hepatic Lipase Assay

The hepatic lipase was assayed in the isolated perfused liver under various con-
ditions (e.g., after 20 minutes p-synephrine infusion). After interruption of the
perfusion at the desired time approximately 5 g of the hepatic tissue was col-
lected and added to 20 mL of Tris-HCI buffer (pH 8.0) supplemented with fatty
acid-free bovine-serum albumin to a final concentration of 2% [17]. After min-

cing with scissors, the tissue was homogenized in a van Potter homogenizer. The
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homogenate was filtered through gauze and the filtrate was centrifuged at
10,000g for 10 minutes. After removing the fatty upper layer the supernatant was
collected and used for the lipase assay. For the assay a commercial kit was used,
which consists in coupled enzymatic reactions in which the released glycerol is
quantified at 570 nm. The activity was expressed as pmol glycerol released per

minute per g liver wet weight.

2.6. Statistical Analyses and Calculations

The error parameters presented in the graphs are standard errors of the means.
Statistical analysis was performed with the GraphPad Prism Software® (version
5.0; Graph Pad Software, San Diego, USA). The paired Student’s t test was ap-
plied when comparing different metabolic steady-states and the 5% level (p <
0.05) was adopted as a criterion of significance. Anova followed by Student-
Newman-Keuls testing was used for comparing multiple variables and the 5%

level (p < 0.05) was adopted as a criterion of significance.

3. Results and Discussion
3.1. Effect of p-Synephrine on the Hepatic Triacylglycerol Lipase

In the first experiments the actions of p-synephrine and other structural analo-
gues on the hepatic triacylglycerol lipase activity were investigated. The mea-
surements were done after 20 minutes of infusion of each adrenergic agent at the
concentrations specified on the graph in Figure 1. The infusion time of 20 mi-
nutes was established because at this time stimulation of oxygen uptake caused
by the adrenergic agents in the perfused liver had already stabilized [9] [11] [18]
[19]. The mean triacylglycerol lipase activity in the perfused liver without the
infusion of any adrenergic effector was equal to 0.207 + 0.007 umol glycerol re-
leased per minute per g liver, what corresponds to 0.621 + 0.013 umol fatty acid
released min'-g-liver . A similar activity has been reported previously for livers
homogenized just after removing them from decapitated rats without perfusion
[20]. Figure 1 shows that all adrenergic agents tested in the present experiments
tended to increase the hepatic triacylglycerol lipase. Stimulation caused by 100
uM p-synephrine was 40% and that caused by 100 uM p-octopamine 51%. These
stimulations were similar to that caused by 10 uM norepinephrine. The stimula-
ting actions of 50 and 100 uM p-synephrine were nearly the same. This means
that more than 40% - 50% stimulation of the hepatic triacylglycerol lipase activ-
ity is unlikely to be achieved by increasing the concentration of p-synephrine.
The capacity of p-synephrine in stimulating the hepatic triacylglycerol lipase ac-
tivity seems to be much less pronounced than that reported for the adipose tis-
sue. In rat adipocytes stimulation of the triacylglycerol lipase by 100 uM p-syne-
phrine is already maximal and corresponds to a 4.8 fold stimulation (Ze., 380%)

[1].

3.2. Nonesterified Fatty Acid Release

The action of p-synephrine on nonesterified fatty acid release in the liver was
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Figure 1. Effects of several adrenergic agents on the hepatic triacylglycerol lipase activity.
Rat livers were perfused in the non-recirculating mode with Krebs/Henseleit-bicarbonate
buffer (pH 7.4) saturated with a mixture of oxygen and carbon dioxide (0,:CO,: 95:5%)
as described in the Materials and Methods section. The tissue was prepared for the lipase
assay as described in the Materials and Methods section after 20 minutes infusion of each
adrenergic agent at the concentrations specified on the graph. Each experimental curve is
the mean * mean standard errors of five liver perfusion experiments. Statistically signi-
ficant differences compared to the control condition (Ze, p < 0.05) were found only for
10 uM norepinephrine, 100 uM p-synephrine and 100 uM p-octopamine.

investigated using recirculating perfusion. Stimulation of fatty acid release by
p-synephrine can be expected due to its stimulatory effect on the triacylglycerol
lipase. Figure 2 shows the mean results of the experiments that were done in the
present work. Two initial p-synephrine concentrations were used, 50 and 500
uM. As reported elsewhere, the single passage extraction (transformation) of
p-synephrine is relatively high and inversely proportional to the concentration
[21]. Consequently, in a recirculating system the concentration of p-synephrine
in the perfusion fluid decreases rapidly, especially at low concentrations. Figure
2 shows that the concentration of fatty acids tended to increase as the recircula-
tion progressed. This increase was not very pronounced, as the release of nones-
terified fatty acids into the plasma is an important function of the peripheral fat-
tissue but not of the liver [22]. The presence of 50 uM p-synephrine did not in-
crease the extracellular fatty acid accumulation. With 500 pM p-synephrine,
however, there was an increment in fatty acid accumulation, statistically signifi-

cant after 60 minutes of recirculation. This observation is consistent with a sti-

K2
0:{5: Scientific Research Publishing

13



J. F. da Silva-Pereira et al.

mulation of the triacylglycerol lipase by p-synephrine. However, it does not cor-
respond to the degree of stimulation of the lipolytic activity because it is highly
probable that most fatty acids released intracellularly are oxidized in the respi-

ratory chain.

3.3. Effects of p-Synephrine on Fatty Acid Oxidation

The effects of 200 uM octopamine on fatty acid oxidation were examined in a
previous work. For comparative purposes, thus, similar experiments were done
with 200 pM p-synephrine. In these experiments [1-'“C]octanoate (a medium-
chain fatty acid) and [1-"C]oleate (long-chain fatty acid) were infused in livers
from fasted rats, allowing to measure the productions of *CO, and ketone bo-
dies (B-hydroxybutyrate and acetoacetate) in addition to the rate of oxygen up-
take. The time courses of the experiments are shown in Figure 3 (octanoate) and

Figure 4 (oleate) and the changes caused by p-synephrine in oxygen uptake
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Figure 2. The action of p-synephrine on nonesterified fatty acid release in the rat liver
perfused in the recirculating mode. Rat livers were initially perfused in the non-recir-
culating mode with Krebs/Henseleit-bicarbonate buffer (pH 7.4) saturated with a mixture
of oxygen and carbon dioxide (0,:CO,: 95:5%) and containing 1 g% fatty acid free bovine
serum albumin. After the addition of p-synephrine at the desired final concentration (50
or 500 uM) to the perfusion fluid the outflowing perfusate was allowed to accumulate
until reaching a total circulating volume of 190 mL. At this moment recirculating
perfusion was started. Samples were collected at various times for the enzymatic assay of
non-esterified fatty acids. Each experimental curve is the mean + mean standard errors of
three liver perfusion experiments. The asterisk indicates the only statistical difference
between the control and the 500 uM p-synephrine condition as given by the Student-
Newman-Keuls test (p < 0.05).
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are listed in Table 1. The concentrations of the fatty acids are compatible with
the physiological range at which these metabolites are present in the circulation
[23].

Figure 3 shows that the introduction of [1-'*CJoctanoate into the perfusion
fluid causes immediate increases in oxygen consumption and S-hydroxybutyrate

production, with no change in acetoacetate production.
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Figure 3. Time courses of the changes caused by uM 200 p-synephrine on the metabolic
fluxes caused by octanoate in the perfused rat liver. Livers of fasted rats were perfused as
described in the experimental section. The infusions of [1-'*C]octanoate (0.2 mM) and
p-synephrine are indicated in the boxes near to the time scale. Samples of the outflowing
perfusate were collected for the enzymatic assay of acetoacetate and S-hydroxybutyrate.
The oxygen concentration in the outflowing perfusate was measured polarographically.
Radioactivity was measured after trapping the CO, in the perfusate samples as [**C]-
bicarbonate in phenylethylamine. Datum points are means + mean standard errors of 3 -
4 liver perfusion experiments.
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Figure 4. Time courses of the changes caused by 200 uM p-synephrine on the metabolic
fluxes caused by oleate in the perfused rat liver. Livers of fasted rats were perfused as
described in the experimental section. The infusions of [1-"*C]oleate (0.3 mM with 0.15
mM fatty acid free bovine serum albumin) and p-synephrine are indicated in the boxes
near to the time scale. Samples of the outflowing perfusate were collected for the enzy-
matic assay of acetoacetate and S-hydroxybutyrate. The oxygen concentration in the
outflowing perfusate uptake was measured polarographically. Radioactivity was measured
after trapping the '*CO, in the perfusate samples as ['*C]bicarbonate in phenylethyla-
mine. Datum points are means + mean standard errors of 3 - 4 liver perfusion experi-
ments.

This means also a substantial increase in the A-hydroxybutyrate/acetoacetate
ratio, evidence of an increased availability of reducing equivalents in the respi-
ratory chain [24]. The CO, production raised rapidly following the
[1-"*C]octanoate introduction, evidence of an intense oxidation of this fatty acid.

p-synephrine was introduced at 28 minutes perfusion time when all the meta-
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Table 1. Stimulation of oxygen uptake by 200 pM p-synephrine under several conditions.
The increments in oxygen uptake represent differences between steady-states. The error
parameters are standard errors of the mean; asterisks indicate the statistical significance
of each increment given by the Student’s paired t test (p < 0.05).

. Increment caused by Increment caused by
Animal . R o .
Substrate condition substrate infusion p-synephrine infusion
(umol O, min'-g") (umol O, min'-g")
Substrate-free (n = 4)* Fed — 0.466 + 0.099*
Lactate (2 mM) (n = 3)? Fasted 0.702 + 0.029* 0.296 + 0.102*
Octanoate (0.2 mM) (n = 3)® Fasted 0.667 = 0.050* 0.307 + 0.057*
Oleate (0.3 mM) (n = 3)° Fasted 0.410 + 0.106* 0.340 + 0.017*

“Data obtained from [9], ®This work (data obtained from Figure 3 and Figure 4).

bolic variables modified by octanoate had already stabilized (steady-states). The
introduction of p-synephrine caused transient diminutions in the productions of
acetoacetate and *CO,. The peak diminutions were equal to —0.179 * 0.059 (p =
0.095) and —0.259 + 0.034 (p = 0.017) pumol min™"-g", respectively. After these
peak diminutions there was a progressive recovery to the previous levels that was
almost completed at the end of the experiment (20 minutes of p-synephrine in-
fusion). Oxygen uptake, however, was additionally increased to a new steady
state. This significant increment, given in Table 1, is similar to that observed
when p-synephrine was infused in the presence of 2 mM lactate, but smaller
than that found when the compound was infused in livers under substrate-free
perfusion [9].

Figure 4 shows the time courses of the experiments that were done with
[1-"*C]oleate. The modifications caused by the infusion of [1-'*Cloleate were
similar to that caused by the infusion of [1-"*C]octanoate except for a small di-
minution in the production of acetoacetate caused by oleate, which did not oc-
cur upon octanoate infusion. The introduction of p-synephrine in the presence
of [1-"*C]oleate did not produce the transient diminutions in the production of
acetoacetate and "CO, that were observed when [1-"*C]octanoate was intro-
duced (compare Figure 3 and Figure 4). On the other hand, besides the clear
additional increase in oxygen uptake, similar to that found in the presence of
octanoate (see Table 1), the infusion of p-synephrine in the presence of
[1-"*C]oleate also caused a small increasein the acetoacetate production (+0.183
+ 0.03 pumol min'-g™'; p = 0.027). This increase in the acetoacetate production
without a corresponding modification in the f-hydroxybutyrate production also
means that the f-hydroxybutyrate/acetoacetate ratio was slightly diminished by
p-synephrine, as indeed shown by Figure 4. There was also a tendency toward
higher rates of *CO, production upon p-synephrine infusion, but statistical sig-
nificance was lacking at the 5% level.

The action of 200 uM p-synephrine on the oxidation of exogenous fatty acids
differs from the action of 200 uM p-octopamine in that the former was unable to
increase significantly the '“CO, production from either [1-'*C]octanoate or
[1-"*C]oleate. The increases in "“CO, production caused by 200 pM p-octopa-

mine following [1-"*Cloctanoate and [1-'*C]oleate infusion are significant and
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equal to 0.36 + 0.09 and 0.14 + 0.04 umol min'-g™' [11]. Additionally, p-octo-
pamine also has a more pronounced effect on ketone bodies production than
p-synephrine. In other words, p-octopamine clearly stimulates the oxidation of
exogenous fatty acids whereas p-synephrine seems to act modestly in this re-
spect. Under some circumstances the action of p-synephrine was even inhibito-
ry, as evidenced by the transient inhibitory episodes of “*CO, and acetoacetate
productions from [1-"*CJoctanoate already described above (Figure 3).

It is highly probable, however, that p-synephrine increases the oxidation of
endogenous fatty acids. The arguments supporting this conclusion are as fol-
lows: 1) p-synephrine stimulates the hepatic triacylglycerol lipase (Figure 1),
thus increasing the endogenous availability of nonesterified fatty acids to the
point that a certain amount can even be released by the liver (Figure 2); 2) p-
synephrine increases oxygen uptake also in the absence of any exogenous sub-
strate (Table 1; [9]), a condition where endogenous fatty acids are by far the
main source of reducing equivalents to the respiratory chain [12] [25]; 3)
p-synephrine increases oxygen uptake even when the liver is oxidizing exogen-
ous [1-"*C]fatty acids, without a corresponding increase in the "“CO, production;
4) p-synephrine also increases oxygen uptake under gluconeogenic conditions
(Table 1), a situation in which the oxidation of endogenous fatty acids has been
demonstrated to provide a considerable part of the reducing equivalents to the
mitochondrial respiratory chain, especially when glucose synthesis is stimulated,
as it in fact occurs in the presence of p-synephrine [9] [25] [26].

p-octopamine also stimulates the hepatic triacylglycerol lipase and, thus, also
increases the availability of endogenous non-esterified fatty acids. Even so, this
agent is able to increase the oxidation of exogenous fatty acids [11]. The me-
chanisms underlying these different behaviors of p-synephrine and p-octopa-
mine cannot be inferred from the available data. p-octopamine and p-syneph-
rine apparently bind to both alfa- and beta-adrenergic receptors in the liver and
probably act via both cAMP and Ca* as intracellular messengers [9] [11]. It is
possible that the different actions of p-octopamine and p-synephrine on fatty
acid oxidation bear some relation to the different binding intensities to the vari-

ous receptors. This is certainly a question that demands additional investigation.

4. Conclusion

The main conclusion which can be drawn from a comparison of the results ob-
tained in the present study with those of previous investigations in the perfused
liver [9] [10] is that p-synephrine acts more strongly on carbohydrate metabol-
ism than on lipid metabolism in the liver. Even so, the lipolytic action of p-syne-
phrine is an important component of some of its anabolic effects in the liver
such as the stimulation of glucose synthesis, which depends, partly at least, on
the oxidation of endogenous fatty acids as a means of supplying ATP and re-
ducing equivalents [25] [26]. On the other hand, if p-synephrine is expected to
mobilize fatty acids from other tissues (e.g., adipose tissue), no coordinated sti-

mulation of their oxidation can be expected in the liver except that one given by
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its increased availability. Modest increases in the levels of circulating nones-
terified fatty acids by p-synephrine have indeed been suggested to occur in
humans based on the finding that administration of the drug resulted in higher
glycerol levels [27]. It should be noted, however, that with reference to the inges-
tion of C. aurantium extracts, an extra stimulation of the oxidation of exogenous
fatty acids in the liver could be expected, in theory at least, by virtue of their

contents in p-octopamine [11].
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