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The alkaloid boldine occurs in the Chilean boldo tree (Peumus boldus). It acts as a free radical scavenger and controls glycemia in
diabetic rats. Various mechanisms have been proposed for this effect, including inhibited glucose absorption, stimulated insulin
secretion, and increased expression of genes involved in glycemic control. Direct effects on glucose synthesis and degradation
were not yet measured. To fill this gap, the present study is aimed at ensuring several metabolic pathways linked to glucose
metabolism (e.g., gluconeogenesis) in the isolated perfused rat liver. In order to address mechanistic issues, energy transduction
in isolated mitochondria and activities of gluconeogenic key enzymes in tissue preparations were also measured. Boldine
diminished mitochondrial ROS generation, with no effect on energy transduction in isolated mitochondria. It inhibited,
however, at least three enzymes of the gluconeogenic pathway, namely, phosphoenolpyruvate carboxykinase, fructose-
bisphosphatase-1, and glucose 6-phosphatase, starting at concentrations below 50μM. Consistently, in the perfused liver,
boldine decreased lactate-, alanine-, and fructose-driven gluconeogenesis with IC50 values of 71.9, 85.2, and 83.6μM,
respectively. Conversely, the compound also increased glycolysis from glycogen-derived glucosyl units. The hepatic ATP
content was not affected by boldine. It is proposed that the direct inhibition of hepatic gluconeogenesis by boldine, combined
with the increase of glycolysis, could be an important event behind the diminished hyperglycemia observed in boldine-treated
diabetic rats.

1. Introduction

Boldine is an alkaloid (aporphine class) mainly found in the
leaves and bark of the Chilean boldo tree (Peumus boldus)
(see chemical structure as an inset in the top of Figure 1)
widely characterized as an antioxidant [1–5]. Other pharma-
cological actions, that have also been associated with the
ability of boldine of scavenging highly reactive free radicals,
include anti-inflammatory, hypoglycemic, antiatherogenic,
and antitumoral properties [3, 6–10].

Preparations containing boldine are freely commercial-
ized in the form of gelatin capsules and are popularly used
for the treatment of mild dyspepsia (Hebron Pharmaceutic).
Boldine-based and boldo-containing pharmaceutical prepa-

rations have been used for decades in the treatment of a vari-
ety of liver ailments [11]. The hepatoprotective effects of
boldine have been demonstrated in animals [3, 12–14] and
also in human microsomal membranes [15]. The hepatopro-
tective actions seem to be related to the antioxidant capacity
of boldine, more specifically to its hydroxyl radical scavenger
capacity [11] as well as to its ability to inhibit superoxide
anion generation by NADPH oxidase in boldine-treated
rats [16].

Other studies demonstrated that boldine presents anti-
hyperglycemic action in animals. Jang et al. [10] reported
that oral treatment with boldine (100mg/kg, for 8 weeks)
decreased hyperglycemia, lipid peroxidation, and mitochon-
drial protein carbonylation in the liver, kidney, and pancreas
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of diabetic rats. Oral treatment with a smaller dose of bol-
dine (50mg/kg) for 10 weeks was also effective in reducing
hyperglycemia and preventing the development of diabetic
nephropathy [9]. The dose-dependent reduction of plasma
glucose observed in both normal and diabetic rats was corre-
lated with the stimulation of insulin release [17]. Another
investigation found that boldine has the ability to lower glu-
cose uptake in isolated intestinal brush-border membrane
vesicles or basolateral membrane vesicles as well as glucose
absorption during in situ intestinal perfusion [18]. Boldine

is also able to exert medium-term effects. For example, in
isolated 3T3 cells (differentiated adipocytes), the compound
increased adiponectin expression and activated either
directly or indirectly the PPAR promoter [19]. Furthermore,
boldine oral and intraperitoneal treatment restored endothe-
lial function and prevented both renal and cellular alter-
ations, whose conditions are often impaired in diabetic
animals [9, 16]. To our knowledge, however, there are no
studies investigating the direct effects of boldine on liver
metabolism. This is an important question if one takes into
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Figure 1: The effects of boldine on glycogen catabolism in the livers from fed rats. (a) Time courses of the changes caused by 200μM
boldine. Data are the means ± mean standard errors of 4 to 6 liver perfusion experiments. The time period of boldine infusion is
indicated by the horizontal bar. (b) Concentration dependences of the effects of boldine on the rates of oxygen uptake, lactate and
pyruvate productions, and glucose output. All parameters were evaluated before (10 minutes of perfusion time) and at 20min after
starting boldine infusion (30 minutes of perfusion time). The values corresponding to zero boldine concentration (controls) are the
means ±mean standard errors of 12 perfusion experiments, computed just before initiating boldine infusion; rates in the presence of
boldine represent the means of 4 liver perfusion experiments computed at 30 minutes of perfusion time. Asterisks (∗) identify those rates
that differ from the control condition, as indicated by the post hoc Student-Newman-Keuls testing (p ≤ 0:05).
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account the general metabolic importance of the liver and its
crucial role in the control of glycemia. Additionally, the liver
is the place where boldine accumulates upon ingestion and
where it also undergoes transformation reactions [2, 20].
For these reasons, this study is aimed at evaluating the direct
effect of boldine on carbohydrate metabolism, with a special
emphasis on de novo glucose synthesis. Attempts were also
made to decipher the mechanisms behind the observed
effects.

2. Materials and Methods

2.1. Chemicals. Boldine (1,10-dimethoxy-2,9-dihydroxy
aporphine; 327.37 g/mol), enzymes, and coenzymes were
purchased from Sigma-Aldrich Co. (St. Louis, USA). All
other chemicals were from the best available grade (98–
99.8% purity).

2.2. Animals. Male Wistar rats (200–230 g) were used in all
experiments. Animals were fed ad libitum with a standard
laboratory diet (Nuvilab®, Colombo, Brazil). Depending on
the protocol, rats were fed or starved for 18 h before the
experiments. For all the experiments, the rats were anesthe-
tized by intraperitoneal injection of ketamine (70mg/
kg)+xylazine (7mg/kg) before removal of the liver. All
experiments were done in accordance with the worldwide
accepted ethical guidelines for animal experimentation and
were previously approved by the Ethics Committee of Ani-
mal Experimentation of the State University of Maringá
(protocol number 6416011220).

2.3. Liver Perfusion. Hemoglobin-free, nonrecirculating per-
fusion was performed [21, 22]. After cannulation of the
portal and cava veins, the liver was positioned in a plexi-
glass chamber, and the constant flow (provided by a peri-
staltic pump) was maintained between 30 and 32mL/min,
depending on the liver weight. The perfusion fluid was the
Krebs-Henseleit bicarbonate buffer (pH7.4) containing
25mg/100mL bovine serum albumin, saturated with a
mixture of oxygen and carbon dioxide (95 : 5) by means
of a membrane oxygenator with simultaneous temperature
adjustment (37°C). Substrates and boldine were added to
the perfusion fluid according to the experimental protocols
that are illustrated in each figure. The concentration range
was based on previous publications [2, 12]. Due to its low
water solubility, boldine was added to the perfusion fluid
as a dimethylsulfoxide solution to achieve the desired final
concentration (50 to 200μM). It is already amply docu-
mented that dimethylsulfoxide does not significantly affect
liver metabolism, at least not when infused at rates up to
32μL/min [23], a limit that was never surpassed in the
present work.

2.4. Metabolite Assay. Samples of the effluent perfusion fluid
were collected, and the following compounds were assayed
by means of standard enzymatic procedures: glucose, lactate,
pyruvate, ammonia, and urea [24]. The oxygen concentra-
tion in the outflowing perfusate was monitored continuously
by polarography [22]. Metabolic rates were calculated from

input-output differences, and the total flow rates were
referred to the wet weight of the liver.

The hepatic contents of the adenine nucleotides (ATP,
ADP, and AMP) were assayed by means of high-
performance liquid chromatography (HPLC) in the liver of
fasted rats in the presence of lactate as gluconeogenic sub-
strate (control) and lactate plus boldine (200μM). The liver
was clamped in liquid nitrogen at 56 minutes of perfusion
time. The liver was weighted and deproteinized, and AMP,
ADP, and ATP were detected spectrophotometrically at
254 nm [25]. Identification of the peaks of the investigated
compounds was accomplished by comparison of their reten-
tion times with those obtained by injecting standards under
the same conditions. The concentrations of the compounds
were calculated through the regression parameters obtained
from the calibration curves. Linear relationships were
obtained between the concentrations and the areas under
the elution curves.

2.5. Tissue Collection and Processing. For isolation of mito-
chondria and microsomes, fed rats were decapitated, and
the livers were removed immediately and cut into small
pieces. After homogenization in an isolation medium that
consisted of 0.2M mannitol, 75mM sucrose, 2mM Tris-
HCl (pH7.4), 0.2mM EGTA, and 50mg/100mL bovine
serum albumin, the mitochondria and microsomes were iso-
lated by differential centrifugation [25–27] and kept at 0–4°C
until use. The cytosolic fraction is a supernatant obtained
from the centrifugation at 105,000g during the isolation pro-
cedure of the microsomal fraction [28].

2.6. Mitochondrial ROS Production and Respiration. The
rates of mitochondrial ROS production were estimated by
measuring the linear increase of fluorescence (504 nm for
excitation and 529nm for emission) due to DCF formation
from DCFH-DA via oxidation by H2O2 in the presence of
horseradish peroxidase [29]. The results were expressed as
nmol min−1 (mg protein)−1 and, alternatively, as the effective
concentration of boldine that inhibits 50% (IC50) of the
maximal ROS generation.

Oxygen uptake by freshly isolated mitochondria was
measured polarographically using a Teflon-shielded plati-
num electrode [30]. Pyruvate plus malate (10mM+ 1mM)
and succinate (10mM) were used as electron donors for
complexes I and II, respectively. ADP, for a final concentra-
tion of 125μM, was added at appropriate times. Boldine was
added as DMSO solutions with different concentrations to
ensure a constant amount of solvent. Controls were run to
exclude solvent effects. The final boldine concentrations
were in the range between 1 and 200μM. Rates of oxygen
uptake were computed from the slopes of the recorder trac-
ings and expressed as nmol min−1 (mg protein)−1. The respi-
ration rates were determined in the presence of exogenous
ADP (state III) and after ADP exhaustion (state IV) [31].
The protein content was measured using the Folin phenol
reagent and bovine serum albumin as standard [32].

2.7. Assays of Liver Metabolism-Linked Enzymes. The activity
of glucose 6-phosphatase (G6Pase) was measured in isolated
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microsomes by the spectrophotometric quantification of
phosphate released from glucose 6-phosphate [26]. The
enzyme activity was calculated based on a standard curve
and expressed as nmol of the released phosphate per minute
per milligram of protein.

The activities of fructose 1,6-bisphosphatase (FBPase-1)
and phosphoenolpyruvate carboxykinase (PEPCK) were
determined in the cytosolic fraction. The FBPase-1 activity
was measured by spectrophotometric quantification of
released phosphate from fructose 1,6-bisphosphate [28].
The PEPCK activity was estimated by coupling the malate
dehydrogenase reaction to the PEPCK reaction [33, 34].
The oxidation of NADH by oxaloacetate formed in the
PEPCK reaction was followed spectrophotometrically at
340nm for 5min, and the enzyme activity was expressed
as nmol NADH oxidized per minute per milligram protein.

The pyruvate carboxylase (PC) activity of intact mito-
chondria was determined by quantifying the incorporation
of 14C from [14C]NaHCO3 into components of the tricar-
boxylic acid cycle. After 10 minutes of incubation at 37°C,
the reaction was stopped by adding 0.5 volume of 2N per-
chloric acid. Sequentially, the excess [14C]NaHCO3 was
removed by bubbling CO2 for 5 minutes, and aliquots were
collected to quantify the incorporated radioactivity into
acid-stable compounds [33]. The enzyme activity was
expressed as nmol of 14C per minute per milligram protein.

2.8. Data Handling. Statistical analysis was evaluated by var-
iance analysis (ANOVA) with post hoc testing according to
Student-Newman-Keuls (p ≤ 0:05) using the GraphPad
Prism software (version 5.0). Half-maximal effect concentra-
tions (IC50) were computed by means of numerical interpo-
lation with Stineman’s formula using the Scientist software
from MicroMath Scientific Software (Salt Lake City, UT,
USA).

3. Results

3.1. Glycogen Catabolism, Glycolysis, and Oxygen Uptake.
The first experiments were planned to evaluate the effects
of boldine on glycogen catabolism and glycolysis. For this
purpose, the livers of fed rats were used, as this ensures high
levels of hepatic glycogen [34, 35]. The results are shown in
Figure 1. Figure 1(a) illustrates the time course of the action
of 200μM boldine on glucose output, lactate, and pyruvate
production in addition to oxygen uptake. It also illustrates
the experimental protocol that was followed in these specific
experiments. Boldine infusion was started at 10 minutes of
perfusion time and continued for the next 20 minutes, i.e.,
until 30 minutes of perfusion time. At this time, the infusion
of boldine was interrupted, but samples were still collected
during the following 10 minutes. Lactate and pyruvate pro-
ductions were increased when boldine was introduced. Ces-
sation of boldine infusion promoted a return to the basal
levels, although this return was still incomplete at the time
when the perfusion was interrupted. Oxygen output pre-
sented an increasing tendency during boldine infusion, and
glucose showed an initial transient decreasing tendency.
The same experimental protocol was used when boldine

was infused at concentrations of 50 and 100 ?M. The time
courses of these experiments are not shown, but
Figure 1(b) presents the concentration dependences of the
effects of boldine. The values presented in this graph are
the rates before starting boldine infusion (corresponding to
zero boldine concentration) and the rates reached after sta-
bilization of the changes induced by each boldine concentra-
tion (30 minutes of perfusion time). Lactate production
started to increase at the concentration of 100 ?M. Pyruvate
production, in turn, was significantly increased only at the
concentration of 200 ?M. The simultaneous increases in lac-
tate production and pyruvate production resulted in no
modifications in the lactate/pyruvate ratio. Finally, no statis-
tically significant modifications in the rates of glucose output
and oxygen uptake were found in spite of the presence of
increasing (oxygen uptake) and decreasing tendencies (glu-
cose output).

3.2. Lactate Gluconeogenesis. Livers from 18h fasted rats
were perfused to ensure low glycogen levels. Under this con-
dition, glucose output reflects mainly the rate of gluconeo-
genesis [35]. Figure 2(a) shows the time course of the
changes caused by boldine (200μM) in the presence of lac-
tate (2mM) as substrate. After preperfusion with the
substrate-free Krebs-Henseleit buffer (basal levels), lactate
infusion produced rapid increases in glucose and pyruvate
productions and in oxygen uptake, with subsequent stabili-
zation at about 34 minutes of perfusion time. The infusion
of boldine at 36 minutes of perfusion time resulted in a pro-
gressive decrease in glucose production, achieving complete
inhibition (basal levels) at 56 minutes of perfusion time. This
inhibition was partially reversed upon cessation of boldine
infusion. Oxygen uptake experienced a slight diminution,
but the significance is doubtful because the variations do
not exceed the corresponding standard errors. Pyruvate pro-
duction, on the other hand, was progressively elevated by
boldine, an elevation that was completely abolished upon
cessation of the boldine infusion. The same protocol was
followed with two other concentrations, and the effects ver-
sus concentration relationship are illustrated in Figure 2(b).
Glucose production was progressively reduced with increas-
ing boldine concentrations. Half-maximal inhibition of glu-
cose production, as revealed by numerical interpolation, can
be expected at a boldine concentration of 71.85μM. Pyru-
vate production, on the other hand, was elevated at 100 ?M
and maintained until 200 ?M. For oxygen uptake, on the
other hand, there was a tendency toward diminution when
the boldine concentration was increased. However, no statis-
tical significance was found.

3.3. Fructose Metabolism. In the liver, fructose metabolism
can undergo both transformation into glucose (anabolic
pathway) and catabolic degradation into pyruvate and
lactate (fructolysis). Fructose transformation into glucose
uses only a fraction of the enzymes needed for lactate
gluconeogenesis. The experimental protocol with fructose
as substrate was similar to that one already described for
the experiments with lactate. Here again, the livers from
fasted rats were used in order to avoid interference by
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endogenous glycogen [34, 35]. Figure 3(a) illustrates the
time course of the modifications induced by 200 ?M bol-
dine infusion. Fructose infusion resulted, as expected, in
pronounced increases in glucose, pyruvate, and lactate pro-
ductions and oxygen uptake (stimulated state). The intro-
duction of boldine (200 ?M) at 36 minutes of perfusion
time produced a fast diminution of glucose production that
was almost completed at 56 minutes of perfusion time.
Oxygen uptake, on the other hand, presented an inhibitory
tendency whose significance is doubtful due to its small
extent (less than 3% of the stimulated state) and high stan-
dard error. Lactate production, an indicator of the catabolic
breakdown of fructose, was clearly inhibited by boldine,
achieving a new steady state in the final part of the boldine
infusion period. Pyruvate production presented a tendency
toward inhibition, whose significance was lacking. After
cessation of boldine infusion, all parameters tended to
return to the levels that were found before the onset of

boldine infusion (stimulated state). Particularly, oxygen
uptake showed a transient stimulation after stopping bol-
dine infusion.

The same protocol was repeated with two other boldine
concentrations, and the new steady states induced by each
boldine concentration are represented in Figure 3(b). Inhibi-
tion of glucose production shows a well-defined concentra-
tion dependence, and 50% inhibition can be expected at
the concentration of 83.62μM. Oxygen uptake was not sig-
nificantly modified by the various boldine concentrations
the same being valid for pyruvate production. In the case
of lactate production, however, a concentration-dependent
inhibition was found with an IC50 of 128.5μM.

3.4. Glycerol Gluconeogenesis. In order to focus further the
investigations on limited portions of the gluconeogenic
pathway, the action of boldine on glycerol-driven glucose
production was measured. The experimental protocol was
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Figure 2: Effect of boldine on the lactate gluconeogenesis in the perfused liver isolated from fasted rats. Time courses (a) and concentration-
dependent effects of boldine (b) on lactate gluconeogenesis and related parameters in the livers isolated from fasted rats. Liver was perfused
as described in the Materials and Methods. In (a), data are the means ±mean standard errors of 3 to 4 liver perfusion experiments. Boxes
near the time scale indicate the lactate and boldine infusion periods and concentrations. In (b), the rates of pyruvate and glucose
productions and oxygen uptake were evaluated at 36 minutes of perfusion time (control condition, zero boldine concentration; n = 10)
and at 56min perfusion time (20 minutes after starting boldine infusion; n = 4). Asterisks (∗) in (b) indicate those rates that differ from
the control condition (absence of boldine; p ≤ 0:05).
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the same as that one used with other gluconeogenic sub-
strates and is illustrated in Figure 4(a). The livers were from
fasted rats. The results are illustrated in Figure 4(a). As
expected, glycerol infusion stimulated glucose, pyruvate,
and lactate productions and oxygen uptake. Boldine tended
to diminish glucose and pyruvate production. Figure 4(b)
presents the concentration dependences of the boldine
effects. Glucose production was significantly inhibited to
similar extents by all three concentrations. This inhibition
amounted to approximately 20%. Oxygen uptake and lactate
and pyruvate productions, however, suffered no significant
modifications.

3.5. Alanine Metabolism. In order to investigate the possi-
ble effects of boldine on nitrogen metabolism, alanine

was infused. This procedure allows determining simulta-
neously ureagenesis and ammoniagenesis in addition to
gluconeogenesis. The experiments were conducted with
the livers from fasted rats, and the results are shown in
Figure 5. Alanine induces a more oxidized state when
compared to lactate, and the transfer of the amine group
also influences the urea cycle and several related pathways.
Alanine infusion quickly increased glucose, pyruvate, lac-
tate, ammonia, and urea productions and oxygen con-
sumption. These increases reached steady states at 26min
perfusion time. Boldine inhibited glucose production
almost completely with a new steady state at 46min perfu-
sion time. Lactate production was clearly diminished, and
pyruvate increased. The other parameters, namely, oxygen
uptake, ammonia production, and urea production, were
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Figure 3: Effects of boldine on fructose gluconeogenesis in the perfused livers isolated from fasted rats. Time courses (a) and concentration-
dependent effects of boldine (b) on fructose gluconeogenesis and related parameters. Livers were perfused as described in the Materials and
Methods. In (a), data are the means ± mean standard errors of 4 liver perfusion experiments. Boxes near to the time scale indicate the
fructose and boldine infusion periods and concentrations. In (b), the rates of pyruvate, lactate, and glucose productions and oxygen
uptake were evaluated at 36 minutes of perfusion time (control condition, zero boldine concentration; n = 12) and at 56min perfusion
time (n = 4). Asterisks (∗) in (b) indicate those rates that differ from the control condition (absence of boldine; p ≤ 0:05).
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only slightly affected, the variations not exceeding the cor-
responding standard errors. The concentration depen-
dences of the boldine effects on alanine metabolism are
shown in Figure 6. Inhibition of glucose production pre-
sented a clear concentration dependence, with 50% inhibi-
tion at the concentration of 85.2μM. Boldine elevated
pyruvate production, an effect that was significant only
at the 200 ?M concentration. Lactate production was inhib-
ited by almost 50% at the 200 ?M concentration. Nitrogen
catabolism (ammonia and urea productions) was practi-
cally not affected by boldine, the same being valid for
oxygen uptake.

3.6. Effects of Boldine on the Activities of Gluconeogenesis
Rate-Limiting Enzymes, Mitochondrial Respiration, ROS
Generation, and Levels of Adenosine Nucleotides. In order

to investigate a possible direct effect of boldine on rate-
limiting enzymes of gluconeogenesis, several assays were
performed in cellular fractions of the liver. Figure 7(a)
shows the activities that were measured as functions of the
boldine concentrations. Boldine inhibited the activities of
glucose 6-phosphatase, fructose 1,6-bisphosphatase, and
phosphoenolpyruvate carboxykinase in a concentration-
dependent manner, with 35, 42, and 49% inhibition, respec-
tively, at the concentration of 200μM. The fructose 1,6-
bisphosphatase concentration dependence suggests that
inhibition is of the incomplete type, as no substantial incre-
ment was found when the boldine concentration was
increased from 100 to 200μM. Pyruvate carboxylase, finally,
was not inhibited by boldine.

Figure 7(b) shows that the mitochondrial ROS genera-
tion was inhibited by boldine. This inhibition started at the
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Figure 4: Effect of boldine on glycerol gluconeogenesis in the perfused livers isolated from fasted rats. (a) The time courses of the effects of
glycerol and 200μM boldine and (b) the concentration dependences of the effects of boldine. Livers were perfused as described in the
Materials and Methods. In (a), data are the means ± mean standard errors of 3 to 4 liver perfusion experiments. Boxes near to the time
scale indicate the glycerol and boldine infusion periods and concentrations. In (b), the rates of pyruvate, lactate, and glucose productions
and oxygen uptake were evaluated at 36 minutes of perfusion time (control condition; n = 12) and at 56min perfusion time (n = 4).
Asterisks (∗) in (b) indicate statistically significant differences (p ≤ 0:05) when compared to the control condition (absence of boldine), as
given by the post hoc Student-Newman-Keuls testing.
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concentration of 50μM and achieved 84% at 200μM. Inter-
polation predicts that 50% inhibition can be expected to
occur at the concentration of 84.8μM. Figure 7(c), on the
other hand, shows that boldine did not interfere with the
mitochondrial respiration nor did it affect the ADP/O ratios
(not shown), at least not when succinate or pyruvate+malate
were the substrates.

The adenine nucleotide content of the liver in the pres-
ence of boldine is listed in Table 1. The data reveal that the
compound had no influence at all on the levels of these com-
pounds, excluding thus any direct effect of the compound on
hepatic energy metabolism.

4. Discussion

The results of the present work reveal that boldine is able to
modify several metabolic pathways linked to carbohydrate
metabolism in the perfused liver. The major findings were
(1) increased glycolysis from liver glycogen, (2) substantial
inhibition of gluconeogenesis from several substrates, and
(3) inhibition of fructolysis. All these effects were not associ-
ated with significant modifications in the hepatic ATP
content nor with impaired mitochondrial respiration. Addi-
tionally, boldine diminished ROS production in isolated
liver mitochondria. Modifications in metabolic fluxes result

from multiple actions. Most of them are summarized in
Figure 8 in order to facilitate understanding. Altogether,
these effects confirm the beneficial role of boldine as a mod-
ulator of glucose homeostasis and as a potent antioxidant in
the liver, phenomena that can significantly contribute to the
diminished blood hyperglycemia that was described in dia-
betic animals treated with this alkaloid [9, 10, 17].

Stimulation of the glycolytic pathway was demonstrated
when the livers from fed rats were perfused. Under this con-
dition, boldine expressively stimulated lactate and pyruvate
productions from endogenous glycogen. This is an impor-
tant finding because the enhancement of glycolysis is gener-
ally regarded as an efficient way of lowering plasma glucose
and consequently controlling hyperglycemia [36]. Stimula-
tion of glycolysis occurs often as a compensatory phenome-
non for impaired ATP production in mitochondria.
However, our results discard this possibility, and therefore,
other targets must be involved such as the activities of phos-
phofructokinase and pyruvate kinase, key enzymes of the
glycolytic pathway. Another reasonable explanation would
be a possible increase in fructose 2,6-biphosphate levels dur-
ing the drug infusion period. An increase in fructose 2,6-
biphosphate would stimulate phosphofructokinase, which
in turn would lead to increased glycolysis, and inhibit the
fructose 1,6-bisphosphatase activity, contributing to the
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Figure 5: Time course of the effects of boldine on the alanine gluconeogenesis in the perfused livers isolated from fasted rats. Livers were
perfused as described in the Materials and Methods. Boxes near to the time scale indicate the alanine and boldine infusion periods and
concentrations. The outflowing perfusate was sampled every 2 minutes and used to quantify glucose, pyruvate, lactate, ammonia, and
urea. Oxygen uptake was monitored polarographically by a platinum electrode. Data are the means ±mean standard errors of 4 to 5 liver
perfusion experiments.
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inhibition of gluconeogenesis that was also observed in the
present work. This hypothesis gains importance when one
considers the demonstration that the glycemic control drugs
troglitazone, glipizide, and tolbutamide increase the concen-
tration of fructose 2,6-biphosphate in isolated rat hepato-
cytes and that this increase inversely correlates with the
rate of gluconeogenesis [37–39].

The hypothesis of an increase in fructose 2,6-phosphate,
however, would not completely explain the observed inhibi-
tion of gluconeogenesis, since it has been demonstrated that
alterations in this metabolite do not have dramatic effects on
gluconeogenesis from lactate [40]. Therefore, studies were
subsequently conducted to determine which specific regions
of the gluconeogenic pathways were responsible for this
inhibition. The data that were obtained in the experiments
using fructose, alanine, and glycerol as gluconeogenic
substrates suggest multiple sites of inhibition. The magni-
tudes of gluconeogenesis inhibition can be inferred from
the half-maximal inhibitory concentration (IC50). Half-

maximal inhibition of lactate and alanine gluconeogenesis
occurred at boldine concentrations of 71.8μM and
85.2μM, respectively. These are similar concentrations.
The first step of lactate and alanine metabolization in the
liver is their conversion into pyruvate, catalyzed by two dif-
ferent enzymes, lactate dehydrogenase, and alanine amino-
transferase, respectively. Inhibition of the net flux through
these two enzymes at almost exactly the same degree by bol-
dine is not a very likely event. Furthermore, these enzymes
operate under near-equilibrium conditions in the liver,
requiring, thus, very high inhibition degrees for exerting a
significant influence on the gluconeogenic pathway. It is
important to note that when the livers were supplied with
lactate or alanine, pyruvate overflow was slightly increased
at the highest boldine concentration. The phenomenon sug-
gests that a step situated downstream to pyruvate generation
is more likely to be inhibited by boldine. One such step
could be the reaction catalyzed by the phosphoenolpyruvate
carboxykinase (PEPCK), which our experiments revealed
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Figure 6: Concentration dependence of the effects of boldine on alanine gluconeogenesis in the perfused livers from fasted rats. Livers were
perfused as described in the Materials and Methods. The metabolic rates were calculated at 36 minutes of perfusion time (control condition,
zero boldine concentration; n = 12) and at 5 minutes of perfusion time (n = 4). Asterisks (∗) indicate statistically significant differences when
compared to the control condition (absence of boldine), as indicated by post hoc testing according to Student-Newman-Keuls (p ≤ 0:05).
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indeed to be inhibited by boldine. PEPCK catalyzes the con-
version of oxaloacetate into phosphoenolpyruvate. Although
the metabolic control of this enzyme over gluconeogenesis is
low under normal conditions [41], inhibition can change the
control strength of any enzyme. In fact, as shown for the
liver of db/db mice, acute inhibition of PEPCK was sufficient
to improve glycemia [42].

Even so, it is unlikely that the inhibition of PEPCK is the
sole responsible for the inhibition of gluconeogenesis. Fruc-
tose transformation into glucose was also substantially
inhibited with an IC50 of 83.62μM, which is comparable to
that one found for alanine or lactate, and the pathway that

leads to its transformation into glucose is situated down-
stream to the step catalyzed by PEPCK. Furthermore, glyc-
erol gluconeogenesis, which uses in part the same pathway
as fructose gluconeogenesis was also inhibited, though to a
much lesser extent (maximally 20%). This combination of
observations suggests not only that there must be other steps
that can be inhibited by boldine in addition to the PEPCK
step but also that there must be a step whose inhibition spe-
cifically affects fructose metabolism. Additional enzymatic
steps sensitive to boldine were indeed found in the present
work, more specifically FBPase-1 and G6Pase. G6Pase, an
enzyme found mainly in the liver, plays the important role
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Figure 7: Concentration dependences of the effects of boldine on regulatory enzymes of the gluconeogenic pathway (a), ROS production
(b), and mitochondrial respiration (c). Experimental procedures were described in the Materials and methods. (a) Values are means ±
mean standard errors of 4 to 6 assays. Asterisks (∗) indicate statistical significance in comparison with the control condition (Student-
Newman-Keuls, p ≤ 0:05). (b, c) Mitochondria of the rat livers were isolated as described in the Materials and methods. Values are
means ±mean standard errors of 4 to 6 assays. In (b), 0-rot: without boldine and rotenone; 0+rot: without boldine in the presence of
rotenone; all boldine concentrations were evaluated in the presence of rotenone. The symbol # indicates statistical significance in
comparison with 0-rot; ∗ indicates statistical significance in comparison with the stimulated condition (0+rot) (Student-Newman-Keuls,
p ≤ 0:05).
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of providing glucose during starvation. G6Pase catalyzes the
last step of gluconeogenesis, and its inhibition could partly
explain the reduction of gluconeogenesis. However, as
already demonstrated [43], even a strong inhibition of glu-
cose 6-phosphatase causes only a transitory change in the
rates of glucose output by the liver because the resulting
increased concentration of glucose 6-phosphate largely
restores the rate of its own hydrolysis. The inhibition of
FBPase-1 can also be pointed out as an additional mecha-
nism able to contribute to the reduced gluconeogenic flux,
not only for fructose and glycerol gluconeogenesis but also
for lactate and alanine gluconeogenesis as well. What the
inhibition of FBPase-1 and G6Pase cannot explain, however,
is the great difference between the diminutions caused by
boldine in the rates of glucose production from fructose
and glycerol. Hypotheses are clearly needed in this particular
respect. A hypothesis that has some observational support is

that boldine could be interfering with another particular step
of the pathway of fructose metabolism, for example, that one
catalyzed by fructokinase. This is a hypothesis supported by
the observed inhibition of fructolysis (lactate+pyruvate pro-
ductions), but additional experimental work is necessary to
clarify this question.

In addition, we cannot discard a possible diversion of
glucose 6-phosphate for boldine transformation. Boldine’s
hepatic biotransformation occurs mainly by O-conjugation
with glucuronate and sulphate and, to a lesser extent, via
N-demethylation [20]. The latter is catalyzed by the micro-
somal system (CYP450) which requires NADPH as the
source of electrons. Glucuronidation, in turn, requires the
availability of glucose to synthesize glucuronic acid. In the
liver, the main source of glucuronic acid is normally glyco-
genolysis, but in the absence of glycogen, gluconeogenesis is
the sole possible source [34, 44]. In this sense, the diversion

Table 1: Effects of boldine (200 μM) on the adenine mononucleotide contents of the livers from fasted rats. The liver perfusion and the
analytical procedures were described in the Materials and methods. In control livers, 2mM L-lactate was infused alone from 10 to 56
minutes; the test livers were perfused with 2mM lactate from 10 to 36 minutes and with 200μM boldine from 36 to 56 minutes. At 56
minutes, the livers were freeze-clamped in liquid nitrogen, and the adenine nucleotides were extracted with cold perchloric acid. Values
are means ± mean standard errors of 4 to 5 experiments. Asterisks (∗) indicate statistical significance in comparison with the control
condition according to the Student-Newman-Keuls post hoc testing (p ≤ 0:05).

Control Boldine

ATP 0:90 ± 0:045 (n = 6) 1:04 ± 0:05 (n = 7)
ADP 0:86 ± 0:03 (n = 6) 0:89 ± 0:03 (n = 7)
AMP 0:53 ± 0:09 (n = 6) 0:44 ± 0:04 (n = 5)
SOMA (ATP+ADP+AMP) 2:30 ± 0:05 (n = 6) 2:34 ± 0:11 (n = 5)
ATP/ADP 1:06 ± 0:06 (n = 6) 1:20 ± 0:08 (n = 8)
ATP/AMP 1:73 ± 0:13 (n = 6) 2:29 ± 0:21 (n = 5)∗

Glucose 6-phosphate

G6Pase

Fructose 6-phosphate
FBPase-1

Fructose 1, 6-bisphosphate

Phosphoenolpyruvate
PEPCK

BOLDINE

Pyruvate
↑↓
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OH
OCH3

CH3

OCH3

OH
HN

Pyruvate
carboxylaseOxaloacetate

Figure 8: Schematic representation of the main sites of action of boldine on the pathways leading to glucose synthesis and degradation in
the liver. The + sign denotes stimulation, and the x denotes inhibition.
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of a fraction of glucose 6-phosphate or malate into the syn-
thesis of NADPH and glucuronic acid is a likely phenome-
non that could partially contribute for reducing hepatic
gluconeogenesis.

Direct inhibition of ROS generation in mitochondria by
boldine is certainly a beneficial effect, corroborating previ-
ous publications [10]. Several in vitro studies have revealed
that boldine is a very efficient scavenger of the hydroxyl
radical (HO•) and peroxyl radical [3, 10, 45]. Contrasting
with the observations of Jang et al. [10], which found inhi-
bition of ROS production at boldine concentrations as low
as 1μM, our results showed significant inhibition starting at
50μM. These differences can possibly be attributed to the
distinct assays used for measuring mitochondrial ROS gen-
eration. Jang et al. [10] quantified the ROS content after 30
minutes of reaction. In our experiments, the production of
ROS was followed continuously by means of a kinetic assay,
in which real-time ROS production was measured. The
direct antioxidant effect of boldine in mitochondria occurs
without simultaneous changes in oxygen uptake in isolated
mitochondria as well as in the perfused liver. Our results
agree with those of Jiménez and Speisky [2], who showed
that oxygen consumption remained relatively constant dur-
ing 90 minutes of boldine perfusion. Furthermore, these
authors also reported that during the whole perfusion time,
no leakage of LDH activity occurs into the outflowing per-
fusion fluid, showing that boldine does not damage the
hepatic tissue. In accordance with this, it has also been pre-
viously shown that boldine prevents mitochondrial dys-
function induced by thioacetamide [12].

It is worth mentioning that metformin, a classical drug for
glycemic control, also reduced hepatic gluconeogenesis in the
perfused liver [46]. Differently to boldine, the inhibition of
gluconeogenesis by metformin results mainly from an inhibi-
tion of the mitochondrial respiration as also from an indirect
FBPase-1 inhibition [47]. However, the metformin active con-
centration in these experiments was above 1mM. This con-
centration exceeds the active concentrations of boldine in the
present study by a factor of 20, as this compound began to
block lactate gluconeogenesis at the concentration of 50μM.
Therefore, the fact that boldine inhibits gluconeogenesis at rel-
atively low concentrations, besides not modifying mitochon-
drial energy transduction, makes it a potential molecule for
being used in the therapy of diabetes.

Absorption of boldine into plasma is rapid, and an
average Cmax of 31μM is reached after the administration
of 20mg/kg (intravenously) in rats [48]. However, this
alkaloid concentrates in hepatocytes where it can reach
higher levels in relation to blood. For instance, the maximal
concentration of boldine in the rat liver was 72 and 88 ?M
after oral administration of 50 and 75mg/kg, respectively
[2]. In addition to that, it was demonstrated that boldine
metabolization by the perfused liver is not constant but
tends to decrease at higher portal concentrations [2], which
suggests that repeated doses or high doses of boldine can
increase its portal and plasma concentrations. So, it is pos-
sible that concentrations in the range of 50 to 200μM (that
were those used in the present study) are easily achieved, or
even surpassed in hepatocytes. Available data in isolated

cells and various animal models point out that boldine pre-
sents low toxicity [3], but its actual innocuousness in humans
still remains to be established. There are no data concerning
the pharmacological doses of boldine in humans. However,
according to the translation formula of Reagan-Shaw et al.
[49], effective doses in rats of 50 and 75mg/kg can be trans-
lated in humans into 8 and 12mg/kg, respectively.

In conclusion, the inhibition of gluconeogenesis by bol-
dine in the perfused liver is probably the consequence of
the inhibition of several rate-limiting enzymes with a possi-
ble minor contribution of the deviation of glucosyl units for
the glucuronidation reactions. The capacity of boldine to
modulate glucose metabolism in the liver by inhibiting glu-
coneogenesis and stimulating glycolysis and inhibiting mito-
chondrial ROS generation, associated with the lack of
interference with mitochondrial respiration, makes this alka-
loid a potential therapeutic tool for glycemic control.
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