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The citrus fruit flavonoid naringenin suppresses
hepatic glucose production from Fao hepatoma cells

Aparna Purushotham*, Min Tian and Martha. A. Belury

Department of Human Nutrition, The Ohio State University, Columbus, OH, USA

Hepatic gluconeogenesis is the major source of fasting hyperglycemia. Here, we investigated the role
of the citrus fruit flavonoid naringenin, in the attenuation of hepatic glucose production from hepa-
toma (Fao) cells. We show that naringenin, but not its glucoside naringin, suppresses hepatic glucose
production. Furthermore, unlike insulin-mediated suppression of hepatic glucose production, incuba-
tion of hepatocytes with the phosphatidylinositol 3-kinase (PI3-kinase) inhibitor Ly294002 had no
effect on the ability of naringenin to suppress hepatic glucose production. Further, naringenin did not
increase phosphorylation of Akt at Ser473 or, Thr308, indicating this down-stream target of PI3-kin-
ase is also not a player in naringenin-mediated suppression of hepatic glucose production. Impor-
tantly, like the dimethylbiguanide, metformin, naringenin significantly decreased cellular ATP levels
without increasing cell cytotoxicity. Together, these results suggest that the aglycone, naringenin, has
a role in the attenuation of hyperglycemia and may exert this effect in a manner similar to the drug,
metformin.
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1 Introduction

Increased hepatic glucose production contributed by both
gluconeogenesis (GNG) and glycogenolysis is the major
cause for elevated fasting blood glucose levels in both type
I and type II diabetes [1]. GNG alone contributes to approx-
imately 50–60% of the endogenous glucose production
[1–3] and is regulated by rate limiting enzymes such as
phosphoenolpyruvate carboxy kinase (PEPCK) and glu-
cose-6-phosphatase (G-6-Pase). The rate of transcription of
these key enzymes is up-regulated by several hormones
including glucocorticoids and glucagon (mediated by its
second messenger cAMP). Insulin is the main hormonal
suppressor of GNG and impaired insulin secretion or action
together with increases in glucagon result in elevated hep-
atic glucose production [1, 3–5].

In addition to the usage of oral agents for reducing hyper-
glycemia, a great deal of attention has been given to natu-
rally occurring compounds of plant and animal origin that
may lower glucose release from the liver [6–9]. The natu-
rally occurring compound, naringenin is a flavonone that
has antiatherogenic and plasma lipid lowering effects in
rodents [10–12]. A single injection of the 7-O-b glucoside
form of naringenin reduced blood glucose, triglycerides
and cholesterol in diabetic rats [13]. Naringenin exists as
both glycoside–naringin and the aglycone–naringenin and
is mainly derived from citrus fruits, especially grapefruit,
which contains approximately 53 mg naringenin/100 g
grapefruit [14]. Few studies have assessed its role in diabe-
tes and to our knowledge the effect and mechanism of
action of naringenin, the aglycone form, in lowering blood
glucose is still unknown.

Recently, the glucose lowering effects of the glucoside
form naringin were demonstrated in db/db mice. Feeding
naringin at 0.2 g/kg diet to db/db mice significantly attenu-
ated hyperglycemia in part by suppression of GNG along
with an increase in glycogen synthesis [15]. In contrast to
this novel finding, no studies have reported an effect of the

Correspondence: Dr. Martha. A. Belury, Department of Human Nu-
trition, The Ohio State University, 1787 Neil Ave, Columbus, OH
43210, USA
E-mail: belury.1@osu.edu
Fax: +1-614-292-8880

Abbreviations: AMPK, AMP-activated protein kinase; Dex, dexame-
thasone; FBS, fetal bovine serum; G-6-Pase, glucose-6-phosphatase;
GNG, gluconeogenesis; PEPCK, phosphoenolpyruvate carboxy kin-
ase; PI3-kinase, phosphatidylinositol 3-kinase

* Current address: Laboratory of Signal Transduction, National Insti-
tute of Environmental Health Sciences, NIH, 111 T. W. Alexander
Drive, Research Triangle Park, NC 27709, USA.

i 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.mnf-journal.com

DOI 10.1002/mnfr.200700514 Mol. Nutr. Food Res. 2009, 53, 300 –307



Mol. Nutr. Food Res. 2009, 53, 300 –307

aglycone form of naringin, naringenin on hyperglycemia.
The majority of food flavonoids are bound to glycosides
and in general, thought to be less bioavailable than the agly-
cone forms [16–18]. Further, a recent study using labeled
naringenin reported that it was the aglycone form that read-
ily accumulates in tissues 18 h postgavage in rats [19].
Thus, the objectives of the present study were to determine
the glucose lowering effects of the aglycone naringenin in
vitro and begin to elucidate the cellular mechanisms behind
the glucose lowering effects of this citrus fruit flavonoid.

2 Materials and methods

2.1 Materials

Fao rat hepatoma cells were a gift from R. C. Kahn (Joslin
Diabetes Center, Harvard, MA). Naringenin was purchased
from Sigma (St. Louis, MO). DMEM, fetal bovine serum
(FBS) and Trizol were purchased from Invitrogen-Gibco
(Carlsbad, CA). Glucose free, phenol red free DMEM was
purchased from Sigma. Naringenin, naringin, cAMP ana-
log, 8-Ctp cAMP, synthetic glucocorticoid, dexamethasone
(Dex), sodium lactate, sodium pyruvate, and insulin from
porcine pancreas were purchased from Sigma. Glucose oxi-
dase kit and trypan blue were purchased from Sigma. Narin-
genin and Ly294002 (Cell Signaling Technology, Beverly,
MA) were solubilized in DMSO purchased from Sigma.
Metformin was purchased from Sigma. PEPCK antibody
was a gift from Dr. Colleen Croniger (Case Western
Reserve University, Cleveland, OH).

2.2 Glucose output experiments

Glucose output experiments were performed using a modi-
fied protocol from Kahn et al. [4]. Fao cells (passages 11–
17) were grown in low glucose DMEM containing 10%
FBS and plated on six-well plates at 1.66106 cells per
well. Experiments were performed once cells reached con-
fluence. At confluence, medium was changed to 0.1% FBS
containing low glucose DMEM and incubated overnight to
equilibrate cells. Next morning, cells were washed and
incubated in gluconeogenic medium (GNG) – glucose free,
phenol red free DMEM containing 20 mM Na lactate and
2 mM Na pyruvate as indicated. Cells were stimulated with
8-Ctp-cAMP (100 lM) plus Dex (500 nM) to induce GNG
and treated with naringenin and naringin as indicated.
Medium was collected at the end of the incubation period
and analyzed for glucose secreted into the medium using
glucose oxidase kit. Cells were washed 26 with ice cold
PBS, harvested and lysed in 106 Tris w/v buffer containing
20 mM trizma base, 1% triton-X100, 50 mM NaCl,
250 mM sucrose, 50 mM NaF, 5 mM Na4P2O7 N 10H2O and
protease inhibitors. Cell lysates were centrifuged at
120006g for 10 min at 48C and supernatants were col-
lected and stored at –808C. Protein concentration was

determined using the bicinchoninic assay protein determi-
nation kit (Pierce Biochemicals, Rockford, IL). Glucose
production was normalized to protein content per sample.
In addition to naringenin, insulin and metformin (dimethyl-
biguanide) are two agents that suppress hepatic glucose pro-
duction and were used in all experiments as comparative
controls. Ly294002 a specific phosphatidylinositol 3-kin-
ase (PI3-kinase) inhibitor was used as indicated. DMSO
was used as vehicle control in all experiments containing
naringenin at a final concentration of 0.1% v/v. All experi-
ments were performed at least three times and representa-
tive data are shown.

2.3 Real time RT-PCR

Fao cells were incubated in GNG medium for 6 h with test
compounds and RNA was isolated using Trizol reagent.
Extracted RNA was diluted in RNase-free water and quanti-
fied by spectrophotometry. The first transcripts were
reverse transcribed using reverse transcriptase (Applied
Biosystems, Foster City, CA) and cDNA was amplified
using real-time PCR with FAM labeled TaqMan gene
expression assays (Applied Biosystems). In short, 10 ng of
the reverse transcription reaction was amplified in a total
reaction volume of 25 lL using predesigned and validated
primers for liver PEPCK and G-6-Pase using universal
cycling conditions. Target gene expression was normalized
to VIC labeled 18 s, which was used as an endogenous con-
trol and amplified in the same reaction as the target gene.

2.4 Western blotting

Western blot analysis was performed for detecting proteins
that modulate glucose metabolism. Cells were incubated in
GNG medium containing cAMP plus Dex with insulin, nar-
ingenin, and metformin as indicated for 6 h. Cells were har-
vested and protein extracts were prepared as described ear-
lier in Section 2. Proteins were separated by SDS-PAGE
and transferred to nitrocellulose membranes (BioRad, Her-
cules, CA). Membranes were blocked overnight at 48C with
primary antibodies to detect p-Akt (1:1000) and PEPCK
(1:5000) followed by incubation with HRP linked secon-
dary antibody (1:2500). Polyclonal antibodies to p-Akt
(Ser473 and Thr308) were purchased from Cell Signaling
Technology. Total Akt (1:1000) and b-actin (1:1000) anti-
bodies were used to normalize values. Proteins were
detected using super signal chemiluminescence system
(Pierce Biochemicals). Blots were quantified using densi-
tometry (Kodak Imaging System, Rochester, NY).

2.5 ATP content

Cellular ATP content was determined using cell titer-Glo
luminescent cell viability assay (Promega, Madison, WI) in
a reaction catalyzed by recombinant firefly luciferase.
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Mono-oxygenation of luciferin is catalyzed by luciferase in
the presence of Mg2+, ATP, and oxygen generating lumines-
cence proportional to the amount of ATP present in the
cells. Fao cells were cultured as described previously and
plated in 96-well plates in low glucose DMEM. Cells were
stimulated with cAMP plus Dex and treated with DMSO,
naringenin (0–100 lM), and metformin (1 mM) in GNG
medium for 6 h. Relative luminescence was normalized to
total protein content/sample.

2.6 Cell viability

Fao cells were plated at 1.66106 cells per well on six-well
plates in low glucose DMEM and at confluence; cells were
incubated with treatments in GNG medium for 6 h. At the
end of the incubation period, cells were trypsinized and cell
viability was determined using the method of trypan-blue
exclusion. In addition, cell membrane integrity was deter-
mined using CytoTox-One homogeneous membrane integ-
rity assay (Promega). Membrane integrity was assessed by
measuring the amount of lactate dehydrogenase released
from cells that were plated and cultured in low glucose
DMEM containing 10% FBS in 96 well plates. Cells were
incubated with different treatments as indicated in 0.1%
FBS containing low glucose DMEM. Relative fluorescence
proportional to the number of lysed cells was used as a
measure of cell membrane integrity.

2.7 Statistical analysis

All data are presented as mean l SEM. Data were analyzed
using MINITAB (version 14, State College, PA). Data were
analyzed by one-way ANOVA. Post-hoc analysis was per-
formed using Tukey's test. Differences were considered sig-
nificant at p a 0.05.

3 Results

3.1 Naringenin inhibits hepatic glucose
production in a dose dependent manner

Glucose production was significantly increased in cells
stimulated with 8-Ctp-cAMP plus Dex compared to unsti-
mulated cells. Insulin significantly decreased glucose pro-
duction in 8-Ctp-cAMP plus Dex-stimulated cells. Treat-
ment with naringenin also significantly decreased glucose
production in a dose dependent manner compared to
DMSO-vehicle treatment (Fig. 1A). The glucose suppres-
sive effect of naringenin was greatest with the 100 lM dose
and interestingly, was significantly lower than unstimulated
cells. Metformin, a known inhibitor of GNG also signifi-
cantly decreased glucose production at 1 mM concentra-
tion.

In order to determine the glucose suppressive effects of
naringenin over time, Fao cells were incubated in GNG

medium with cAMP plus Dex as indicated (Fig. 1B). The
glucose lowering effect of naringenin was earlier (at 2 h)
than both insulin and metformin persisted up to 12 h. In
contrast to the marked glucose lowering effect of naringe-
nin, treatment with the glucoside naringin at comparable
doses had no effect on hepatic glucose output in Fao cells
(Fig. 1C).
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Figure 1. Regulation of hepatic glucose production by narin-
genin. As shown in (A) glucose secreted into the medium was
measured after stimulating cells with cAMP plus Dex in GNG
medium for 6 h. Stimulated cells were treated with Veh
(DMSO), naringenin (N; 6-100 lM), insulin (IN; 100 nM), and
metformin (M; 1 mM). Unstimulated cells are represented as
(C) in all experiments. (B) Effect of Veh (DMSO), naringenin
(N; 100 lM), insulin (IN; 100 nM), and metformin (M; 1 mM) on
hepatic glucose production over time. Superscripts represent
significant differences between treatments within time points.
(C) Glucose suppressive effect of glucoside naringin (NAN;
100 lM) after 6 h in GNG medium. Values represent mean
l SEM. Superscripts represent significant differences between
treatments, p a 0.05. Representative data from 3 to 4 different
experiments are shown.
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3.2 Inhibition of hepatic glucose production by
naringenin is independent of PI3-kinase
signaling

Insulin regulates hepatic glucose production in a PI3-kinase
dependent manner. To test whether the suppressive effect of
naringenin, like insulin, was dependent on activation of
PI3-kinase, cells were treated with a specific PI3-kinase

inhibitor, Ly294002 (30 lM) at time 0 min, and at time
30 min, DMSO, naringenin, insulin, or metformin were
added to the GNG medium and incubated for 6 h.
Ly294002 not only completely blocked insulin and metfor-
min's suppressive effects on glucose output, but also,
increased glucose production in Fao cells treated with insu-
lin and metformin. In contrast, naringenin's suppression of
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Figure 2. Regulation of hepatic glucose production by narin-
genin is independent of the insulin-signaling pathway. (A) Glu-
cose secreted into the medium was measured from Fao cells
incubated in GNG medium stimulated with cAMP plus Dex for
6 h. At time 0 min, Ly294002 (30 lM; hashed bars) was
added, and at time 30 min, Veh (DMSO), insulin (IN; 100 nM),
metformin (M; 1 mM), and naringenin (N; 100 lM) were added
in GNG medium. (B) Effect of naringenin with increasing con-
centrations of Ly294002 on hepatic glucose output. At time
0 min, Ly294002 (10, 30, 50 lM) was added and at time
30 min, Veh (DMSO) and naringenin (N; 100 lM) were added
in GNG medium for 6 h. (C) Western blot analysis of p-Akt lev-
els in Fao cells treated with Veh (DMSO), insulin (IN; 100 nM),
naringenin (N; 100 lM), or metformin (M; 1 mM). Treatments
were in GNG medium in the presence of cAMP plus Dex for
6 h. Lanes: 1 and 2, Veh; 3 and 4, naringenin; 5 and 6, metfor-
min; 7 and 8, insulin. (D, E) Protein and mRNA abundance of
PEPCK were determined by western blotting and real-time

PCR respectively from Fao cells treated with Veh (DMSO), naringenin (N; 6–100 lM), insulin (IN; 100 nM), and metformin (M;
1 mM) for 6 h in GNG medium in the presence of cAMP plus Dex. Lanes: 1 and 2, DMSO; 3 and 4, naringenin (100 lM); 5 and 6,
insulin; 7 and 8, metformin; 9, unstimulated cells (C). Values represent mean l SEM. Superscripts represent significant differences
between treatments, p a 0.05.
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glucose production was unaffected by Ly294002 (Figs. 2A
and B).

Activation of Akt/protein kinase B (PKB), a downstream
signaling molecule in the PI3-kinase pathway occurs by
phosphorylation at least two sites Ser473 and Thr308. Acti-
vated Akt is a key regulator of glucose metabolism. There-
fore, we sought to determine if naringenin, like insulin,
mediates its glucose suppressive effects via Akt signaling.
Fao cells were incubated in GNG medium with insulin, nar-
ingenin, or metformin. Activation of Akt was determined
by measuring phosphorylation at Ser473 and Thr308 resi-
dues of Akt protein after 6 h. While insulin increased phos-
phorylation of the Ser473 residue on Akt significantly com-
pared to DMSO treated cells, naringenin did not increase
Akt phosphorylation at this residue. Phosphorylation of Akt
at Thr308 was not altered significantly by any treatments
(Fig. 2C). Similar patterns of induction of phospho Ser473-
Akt by insulin were observed after 3 h and 9 h. Yet, naringe-
nin had no significant effects on Akt phosphorylation at
these other time points as well (data not shown).

3.3 Measurements of PEPCK mRNA and protein

PEPCK is one of the key enzymes regulating GNG during
fasting. In order to determine the involvement of PEPCK in
the suppression of glucose production from Fao cells, we
measured mRNA and protein levels of PEPCK. Treatment
with cAMP plus Dex significantly increased mRNA and
protein levels of PEPCK compared to unstimulated cells.
Insulin significantly suppressed PEPCK transcript and pro-
tein levels in cAMP plus Dex-stimulated cells. In contrast,
naringenin and metformin did not alter either mRNA or
protein levels of PEPCK under similar conditions (Figs. 2D
and E). In addition to the data shown here, PEPCK tran-
script levels were measured at several time points (4–24 h).
No significant differences were observed with naringenin
treatment (data not shown).

3.4 Substrate does not alter suppression of
hepatic glucose production by naringenin

Uptake of lactate into the mitochondria is the rate-limiting
step for its conversion to oxaloacetate and subsequently, the
export of lactate into the cytosol for conversion to glucose.
Therefore, we tested the possibility that inhibition of hep-
atic glucose production by naringenin could be altered by
decreased lactate uptake into mitochondria. Glucose pro-
duction from Fao cells was measured using sodium lactate,
oxaloacetate, or glycerol plus sodium pyruvate. Because
oxaloacetate and glycerol bypass the rate limiting step of
uptake into mitochondria, we tested the possibility of a
blunting effect of suppression of glucose output by naringe-
nin which would indicate the mitochondrial uptake step of
lactate is required. Naringenin significantly suppressed glu-
cose production compared to DMSO treated cells regard-

less of the substrate used (Figs. 3A–C). Similarly, suppres-
sion of hepatic glucose production by insulin or metformin
was unaltered by substrate (oxaloacetate or glycerol) in Fao
cells (data not shown).

3.5 Cellular ATP determination and cell viability

Recent evidence suggests that metformin inhibits GNG by
decreasing the mitochondrial ATP production by inhibiting
complex I of the respiratory chain [20]. In order to test the
possibility that naringenin exerts its effects on glucose pro-
duction by a similar mechanism, cellular ATP concentra-
tions were measured using a luciferase based assay. Com-
pared to DMSO treated cells, naringenin and metformin
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Figure 3. Effect of gluconeogenic substrates on hepatic glu-
cose production by naringenin. Glucose secreted into the
medium was measured from Fao cells incubated with (A)
20 mM Na lactate l 2 mM Na pyruvate; (B) 20 mM oxaloaceta-
te l 2 mM Na pyruvate; and (C) 20 mM glycerol l 2 mM Na
pyruvate in the presence of cAMP plus Dex. Values represent
mean l SEM. ** represent significant differences between
treatments at each time point, p a 0.05.
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significantly decreased ATP concentration (Fig. 4A). These
changes were observed in the absence of changes in viabil-
ity determined by trypan-blue exclusion (Fig. 4B) and LDH
assay (Fig. 4C). Protein concentration was also unchanged
with naringenin treatment (data not shown).

4 Discussion

In the present study, we show for the first time that the agly-
cone naringenin is a potent suppressor of hepatic glucose
production most likely involving some mechanisms that are
similar to those recognized for the dimethylbiguanide drug,
metformin. Fao cells, derived from the H4IIE hepatoma
line have been extensively used to study hepatic glucose
production in vitro as these cells produce glucose from non-
glucose substrates and can survive in glucose free medium
[4]. Therefore, we chose this in vitro model to determine the
effects of naringenin on hepatic glucose production in the
present study.

The effects of insulin and to a lesser extent, metformin
on the inhibition of hepatic glucose output have been well
characterized. Here, we have identified another potent
inhibitor of glucose output, naringenin, which robustly
inhibited glucose production from Fao cells. It has been pre-
viously demonstrated that Fao cells maintained in low glu-
cose medium (5.5 mM) lack substantial amounts of glyco-
gen [5]. The lack of substantial amounts of glycogen in Fao
cells makes this a good model to predict for glucose
released into media to be primarily from de novo synthesis
from nonhexose precursors such as lactate and pyruvate.

A previous study using db/db mice showed similar glu-
cose lowering effects using the glucoside naringin [12]. In
contrast to these findings in mice, we show here that narin-
genin, but not the glucoside naringin, significantly sup-
pressed hepatic glucose production when used at compara-
ble doses. Naringin is the glucoside form of the flavonoid
and undergoes cleavage of the glucose moiety by bacteria
in the gut before it is absorbed [21]. Therefore, it is possible
that the effects of naringin observed by Jung et al. [15, 22]
were in fact, due to naringenin, which is possibly the active
form.

We did not observe significant effects of insulin, cAMP
or naringenin on G-6-Pase expression (data not shown).
These results are in agreement with findings by Argaud et
al. [23], who reported that Fao cells express very low levels
of both glucokinase and G-6-Pase. Metformin has been
shown to decrease G-6-Pase activity along with increases in
glycogen stores with minimal effects on PEPCK gene
expression in livers of rats [24, 25]. Similar to G-6-Pase,
there was no evidence that metformin and naringenin alter
PEPCK mRNA expression in the present study using Fao
cells. It is possible that like metformin, naringenin may
exert its glucose lowering effects by inhibiting G-6-Pase
expression and needs to be examined in future studies using

in vivo models and primary hepatocytes that have sufficient
amounts of G-6-Pase for detection.

In the present study, while specific PI3-kinase inhibitor
Ly294002 significantly attenuated both insulin and metfor-
min's ability to suppress hepatic glucose production, block-
ing PI3-kinase activity had no effect on the ability of narin-
genin to suppress hepatic glucose production. Furthermore,
in the present study, naringenin did not significantly
increase phospho-Akt at the Ser473 or Thr308 residues.
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Figure 4. Effect of naringenin on cellular ATP concentrations
and cell viability. (A) Cellular ATP concentration was deter-
mined after 6 h of incubation with Veh (DMSO), naringenin (N;
6–100 lM), and metformin (M; 1 mM) in GNG medium in the
presence of cAMP plus Dex. (B) Cell viability was determined
by trypan-blue exclusion method after 6 h of incubation in
GNG medium in the presence of cAMP plus Dex. Cells were
treated with naringenin (N; 6–100 lM) or metformin (M;
1 mM). Viability is shown relative to Veh (DMSO) treatment.
(C) Cells were incubated with Veh (DMSO), insulin (IN;
100 nM); metformin (M; 1 mM); or naringenin (N; 100 lM) in
low glucose DMEM without phenol red for indicated time
points. Cytotoxicity was determined using LDH assay and val-
ues relative to unstimulated cells (C) are shown. Values repre-
sent mean l SEM. Superscripts represent significant differen-
ces between treatments, p a 0.05.
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Because activation of Akt by PI3-kinase is an important sig-
naling event responsible for the metabolic actions of insu-
lin, these data suggest that naringenin, unlike insulin, medi-
ates its effects on hepatic glucose production in a non-PI3-
kinase dependent manner.

Metformin is a widely used compound for the attenuation
of hyperglycemia mainly by inhibiting hepatic glucose pro-
duction. Postulated mechanisms of action to suppress GNG
include inhibition of lactate uptake into the mitochondria,
inhibition of rate limiting enzyme activities (mainly G-6-
Pase) and increased flux through pyruvate kinase secondary
to decreased cellular ATP content [20, 24, 26–29]. In the
present study, we explored some of these possible mecha-
nisms with naringenin. To test the possibility that naringe-
nin decreased hepatic glucose production by blocking mito-
chondrial lactate uptake, we used oxaloacetate and glycerol,
as these substrates are intermediates in the gluconeogenic
pathway that bypass the rate-limited requirement for uptake
into mitochondria. However, in the present study, naringe-
nin's ability to suppress hepatic glucose production was not
altered when oxaloacetate and glycerol were used as sub-
strates compared to comparable concentrations of lactate.
These data suggest that hepatic glucose production suppres-
sion by naringenin is not dependent on substrate uptake in
Fao cells. Further, in contrast with studies using isolated rat
hepatocytes showing decreased lactate uptake with metfor-
min [26], in Fao cells we did not see differences in glucose
output when lactate, oxaloacetate or glycerol were used.

It is worth noting that the magnitude of suppression of
glucose production by naringenin was significantly greater
than metformin up to 6 h. These findings suggest that narin-
genin may alter early events in the activation of gluconeo-
genic pathway. The suppression of glucose output by narin-
genin also occurs at lower doses (50–100 lM) than metfor-
min (effective only at much higher doses such as 1–2 mM)
for immediate effects [28].

There is substantial evidence suggesting that metformin
suppresses hepatic glucose production by activating AMP-
activated protein kinase (AMPK) [24, 28]. In the present
study however, the effect of incubating Fao cells with either
naringenin or metformin on phosphorylation of AMPK was
very minor (data not shown). Recent evidence suggests that
metformin exerts its antidiabetic effects by inhibition of the
mitochondrial respiratory chain complex I [20, 27, 30].
Inhibition of the respiratory chain complex results in
decreased cellular ATP synthesis thereby increasing cyto-
solic ADP: ATP ratio and consequently, a decrease in pyru-
vate carboxylase function along with an increase in the pyr-
uvate kinase flux, which in turn is associated with
decreased GNG [24, 29]. In the present study, we show a
similar effect of both metformin and naringenin on decreas-
ing cellular ATP concentrations. In this study, we tested
doses of naringenin that are comparable to previously
reported concentrations by Borradaile et al. [11] in HepG2
cells. At these concentrations, naringenin did not have any

toxic effects on Fao cells as determined by trypan-blue
exclusion and cell cytotoxicity.

In conclusion, we have identified the aglycone naringe-
nin to be the active form and a very potent suppressor of
glucose output using an in vitro cell culture based model
and the mechanism of action of the aglycone naringenin
appears to be similar but not identical to mechanisms of the
biguanide, metformin. Future work using primary hepato-
cytes and in vivo studies will help to clarify the importance
and mechanisms of suppression of hepatic glucose produc-
tion by naringenin as this could lead to improved therapeu-
tic targets for the effective management of diabetes and
associated hyperglycemia.
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