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Citrus flavonoids are reported to be promising bioactive compounds against hyperlipidemia and lipid
biosynthesis. However, the mechanism of the lipid lowering effect by flavonoids remains unknown.
The present study examines the effect of some flavanones on the adipocytic conversion of the human
preadipocyte cell line, AML-I. Among four structure-related flavanones including naringenin, naringenin-
7-rhamnoglucoside (naringin), hesperetin, and hesperetin-7-rhamnoglucoside (hesperidin), the
aglycones such as naringenin and hesperetin exhibited the growth arrest of AML-I cells. When the
cells were examined by Annexin V-FITC staining method, it was noticed that growth arrest was
induced by apoptotic cell death. In the study of apoptosis-related protein in the naringenin-treated
cells, anti-apoptotic proteins such as p-Akt, NF-κB, and Bcl-2 were decreased, and pro-apoptotic
protein Bad was accumulated by Western blot analysis. Interestingly, exposure of AML-I cells to
naringenin or hesperetin during short-term cultures increased cytoplasmic lipid droplets by Sudan
Black B staining. Furthermore, expression of fatty acid synthase (FAS) and peroxisome proliferator
activated receptor (PPAR)-γ was enhanced in naringenin-treated cells. These data suggest that
apoptosis by flavanones does not inhibit the adipocytic conversion of AML-I preadipocytes. The result
also indicates that adipocyte may not be a direct target for the lipid-lowering activity of the flavanones.
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INTRODUCTION

Naringenin and hesperetin are present in grapefruit and orange
juice mainly as their glycosylated forms, naringin and hesperidin,
respectively. These compounds are promising bioactive com-
pounds against hyperlipidemia and lipid biosynthesis. The
glycosylated forms have been reported to reduce the concentra-
tion of plasma triglyceride and cholesterol in hyperlipidemic
rats (1, 2). Significant decrease in plasma and hepatic cholesterol
levels is observed in rats fed a mixture of naringin and hesperetin
(3). The aglycones, naringenin and hesperetin, also reduce apoB
accumulation in the media of HepG2 cells in a dose-dependent
manner (4) via reduced activity and expression of acyl CoA:
cholesterol acyltransferase and microsomal triglyceride transfer
protein (5). Additionally, naringenin inhibits lipogenesis by
suppressing glucose conversion to lipids and lipolysis by
affecting epinephrine-stimulated glycerol release in rat adipo-
cytes (6). Hesperetin suppresses both epinephrine- and theo-
phylline-induced lipolysis in rat adipocytes (7), too. These data
suggest that the mechanism of the lipid-lowering effect of
flavanones may depend on the inhibition of lipolysis or
biosynthesis in vivo. However, it remains unknown whether

flavanones may affect adipogenesis along with the maturation
process of preadipocytes.

Recent studies have reported that dietary flavonoids including
catechin, quercetin, kaempferol (8), genistein (9), and epigal-
locatechin gallate (EGCG) (10, 11) are able to induce apoptosis
and inhibit adipogenesis in 3T3-L1 adipocytes. The antiadipo-
genic effect of genistein or EGCG is due to the inhibition of
C/EBP activity (9, 10). Suppression of adipogenesis by quercetin
depends on the arrest of 3T3-L1 cell maturation by inhibiting
GPDH activity, which is a key enzyme of lipid synthesis (11).
Naringenin is reported to inhibit phosphotidylinositide-3-kinase
activity and glucose uptake in 3T3-L1 adipocytes (12). In this
study, we examined the effect of flavanones on the proliferation
and differentiation of AML-I preadipocyte to explore the
mechanism of their lipid-lowering effect.

MATERIALS AND METHODS

Cell Line. A human preadipocyte cell line, AML-I, is derived from
a lineage of human bone marrow stromal cells. We have shown that
AML-I cells are able to differentiate into adipocytes and increase lipid
droplets in the cytoplasm following adipogenic stimulation as described
previously (13). Using the AML-I cell model of preadipocytes, we
investigated the effect of flavanones on the proliferation and differentia-
tion of preadipocytes into adipocytes. The cell line was maintained
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under standard culture condition in RPMI-1640 medium supplemented
with 10% fetal bovine serum at 37 °C in a humidified atmosphere of
5% CO2 in air and 1% penicillin-streptomycin in our laboratory.
AML-I is free of any contamination including mycoplasma. The cells
were subcultured before leading confluency, and medium was replaced
every 4 days, because serum component contains the factors facilitating
cell differentiation from preadipocytes to adipocytes when they are
confluent. Subconfluent cells obtained on day 3 from the medium
change were utilized for the experiment.

Reagents. The flavanones used in this study including naringenin,
naringin, hesperidin, and hesperetin were purchased from Sigma (St.
Louis, MO). Human antibodies for NF-κB (p65), R-tubulin, Bcl-2,
Akt1, p-Akt, Bad, PPAR-γ, FAS, and second antibodies for
horseradish peroxidase-conjugated mouse anti-rabbit IgG or goat
anti-mouse IgG were purchased from Santa Cruz Biotechnology,
Inc. (Santa Cruz, CA) or Amersham Farmacia Biotech (Arlington
Heights, IL), respectively.

Culture Medium for Induction of Proliferation, Apoptosis, and
Differentiation. In the experiments to induce proliferation, apoptosis,
and differentiation, the culture medium were switched to media
containing 0.5 mmol/L methylisobuthylxanthine (M), 0.5 µmol/L
dexamethasone (D), and 1 mg/mL insulin (I) in dimethyl sulfoxide
(DMSO) (final concentration of DMSO was 0.1%) in RPMI-1640/10%
FBS (MDI medium), unless otherwise mentioned. Flavanones were
reconstituted as 100 mmol/L stock solutions in DMSO in a sterile
condition and stored at -20 °C. They were dissolved in appropriate
concentrations with MDI medium immediately before the experiment.
Unless otherwise noted, “vehicle” refers to 0.1% DMSO in MDI
medium.

Assay for Cell Proliferation and Viability. Subconfluent AML-I
cells were seeded in six-well plates at a density of 2.5 × 105 cells/
mL/well in 5 mL of MDI medium on day 1. Four flavanones or
vehicle (0.1% DMSO) was added to culture medium (MDI medium)
at the time of plating at the concentrations of 100, 250, and 500
µM. On days 2, 4, and 6 after plating, viable and dead cell numbers
were measured by trypan blue dye exclusion in a Neubauer
hemocytometer.

Assay for Apoptosis by Annexin V-FITC Staining. To determine
whether the reduced viability was based on apoptosis or necrosis, the
flavanone-treated cells were stained using an Annexin V-FITC
apoptosis detection kit (Sigma) and analyzed qualitatively and quan-
titatively by fluorescent microscopy. Briefly, 1 × 106 cells were washed
twice, resuspended in PBS, and stained with 5 µL of Annexin V-FITC
and 2.5 µL of propidium iodide (PI) according to the manufacturer’s
instruction with minor modification. Cytocentrifuge preparation of each
sample was made, and apoptotic cells were determined by fluorescent
microscopy. At least 400 cells were observed in each slide, and the
percentage of Annexin V-FITC positive cells was counted in each
sample. It was regarded that cells under early apoptotic process and
late apoptotic process were stained with the Annexin V-FITC alone
and Annexin V-FITC plus PI, respectively. Live cells showed no
staining by either PI or Annexin V-FITC. Necrotic cells were stained
by PI alone. The number of apoptotic cells among 400 cells was counted
and expressed as percentage in flavanone- or vehicle-treated cells,
respectively. As AML-I cells enter into apoptosis at a very low rate
after culture with vehicle in MDI medium (spontaneous apoptosis),
the specific apoptotic effect of naringenin was estimated by the
following formula.

specific apoptosis (%))

(apoptosis by flavanone- spontaneous apoptosis
100- spontaneous apoptosis ) × 100

Western Blot Analysis. Expression levels of both apoptosis- and
differentiation-related proteins were examined by Western blot analysis.
AML-I cells were plated at a density of 2.5 × 105 cells/mL in 200
mm Petri dishes in the MDI media with vehicle (0.1% DMSO) or
flavanone (100 or 500 µM) for the indicated duration. Afterward, media
were aspirated, and cells were washed with cold PBS (pH 7.4). Cell
extracts were prepared using NE-PER Nuclear and Cytoplasmic
Extraction Reagents (Pierce Biotechnology, Rockford, IL), according
to the manufacturer’s protocol. For Western blotting, 50 µg of protein

was loaded for each lane on the compact 10% gels (Atto Corp., Tokyo,
Japan), blotted on Immune-Blot PVDF membrane (Bio-Rad Labora-
tories, Hercules, CA). Blots were incubated with the indicated primary
antibodies and subsequent 1:25000 or 1:50000 horseraddish peroxidase-
conjugated second antibodies. All of the primary antibodies were used
at the final concentration of 2 µg/mL. Blots were then visualized using
the ECL detection system as described by the manufacturer (Amersham
Pharmacia Biotech). For quantification analysis, the sum of the density
of bands corresponding to protein blotting with the antibody under study
was calculated and normalized to the amount of R-tubulin. After
normalization with R-tubulin, changes in the expression of the protein
under study in treated samples were expressed relative to the basal
levels of this protein in untreated sample. The intensities of the bands
were evaluated using an ATTO imazing analyzer system (Atto
Corp.).

Assay for Adipogenesis. After culture in the presence of 0.1%
DMSO or flavanone at the concentration of 100 or 500 µM in MDI
medium, a cytocentrifuge preparation of each sample was made and
cells were stained for lipid by incubation with the Sudan Black B stain
(0.18% Sudan Black B made in 6% ethanol containing PBS) at 37 °C
for 60 min. Mature adipocytes were determined by the presence of
cytoplasmic lipid droplets using light microscopy. Amounts of fat
droplets varied among the cells, but they appeared to be plentiful in
large adipocytes. Adipocyte maturation was assessed semiquantitatively
by the amounts of lipid droplets using a scoring method for evaluating
leukocyte alkaline phosphatase activity in the histochemical procedure
(14) with minor modification. At least 400 cells were counted on each
slide. The stage of adipocyte maturation was assessed by the amounts
of cytoplasmic lipid droplets. Briefly, the cells were classified into three
categories: stage I for the cells having fewer than five lipid droplets in
the cytoplasm, stage II for the cells that had more but unevenly
distributed droplets, and stage III for the cells that contained dense
lipid droplets.

Statistics. The data were expressed as mean ( SD, and comparison
of ANOVA was performed to determine significant difference in
multiple comparison. Values of p < 0.05 were considered to be sign-
ificant.

RESULTS AND DISCUSSION

In the present study, we show that aglycone flavanones were
able to induce not only growth arrest and apoptosis but also
lipogenesis in the human preadipocyte cell line, AML-I.

For time course and concentration-response experiments on
the cell growth, AML-I cells were treated with four flavanones
at concentrations of 100, 250, and 500 µM or vehicle (0.1%
DMSO) in MDI medium. Cell number and viability were
assessed on days 2, 4, and 6 after the initiation of culture by
trypan blue dye exclusion test, and the viable and dead cell
numbers were counted by hemocytometer. Proliferation of
AML-I cells was enhanced time-dependently until day 6 of the
culture in the presence of vehicle with MDI culture medium.
In the presence of aglycone flavanones such as naringenin or
hesperetin, cell proliferation was significantly suppressed after
day 4 at concentrations between 250 and 500 µM, although it
was not significant at 100 µM (Figure 1). Cell viability was
almost unchanged in the presence of vehicle until day 6, but it
was significantly decreased in the presence of naringenin or
hesperetin at concentrations between 250 and 500 µM time-
dependently. In contrast, Harmon et al. reported that naringenin
affects neither mitotic clonal expansion and triglyceride ac-
cumulation nor PPAR-γ expression in the 3T3-L1 preadipocyte
cell line (15). Those authors examined the effect of naringenin
on cell proliferation at concentrations of 5, 50, and 100 µM
during 48 h of culture in MDI medium. In our study, AML-I
cell proliferation was significantly arrested in the presence of
aglycons such as naringenin and hesperetin at concentrations
between 250 and 500 µM, although not significant at 100 µM,
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after 72 h of culture in MDI medium. The different results from
Harmon et al. may depend on the difference of the time and
concentration study examined and the discrete features of the
preadipocyte cell line used. The doses tested in this study are
comparable to those used by other researchers. Kuppusamy et
al. observed antilipolytic action of hesperetin in rat adipocytes
at concentrations of 125 and 250 µM (7). Szkudelska et al.
examined the antilipogenic effect of naringenin in rat adipocytes
at concentrations between 62.5 and 500 µM, and the effect was
manifested at 250 µM and higher concentrations (6). These
studies suggest that naringenin may influence some metabolic
process in preadipocytes at higher concentrations.

Glycosylated forms such as naringin and hesperidin showed
neither growth arrest nor cytotoxicity even at 500 µM during 5
days culture periods (Figures 1 and 2). These data suggest that
flavanones containing the rhamnoglucoside moiety at position
7 were unable to induce growth arrest of AML-I cells. As for
the structure-activity relationship, we already have reported
that glycosylated forms of quercetin such as rutin and quercitrin
showed poor growth arrest and apoptosis for AML-I cells
compared with quercetin (16).

To determine whether flavanone-induced growth arrest was
caused by apoptosis or necrosis, Annexin V-FITC apoptosis
assay was performed in naringenin-, hesperetin- and vehicle-
treated AML-I cells on day 3 of the culture (Figures 3 and 4).
After counting of the apoptotic cells with fluorescent micros-
copy, the percent specific apoptosis was assessed using the
formula shown under Materials and Methods. As shown in the
lower parts of Figures 3 and 4, naringenin and hesperetin
induced potent apoptotic activity at the concentration of 500
µM. These results suggest that growth arrest and cell death were
induced by apoptotic activity of the flavanones.

Previously, we have shown that AML-I cells are able to
differentiate into adipocytes and produce lipids following

adipogenic stimulation using MDI medium (13). In this study,
we examined the effect of naringenin and hesperetin on the
lipogenesis of AML-I cells in MDI medium, respectively. On
day 6 of the culture, the lipid droplet-containing cells were
identified by Sudan Black B staining and with light microscopy.
Unexpectedly, the cells treated with naringenin or hesperetin
at the concentrations of 100 and 500 µM contained many more
lipid droplets than those in vehicle as shown in Figures 5 and
6 (upper parts). When the cell maturation was assessed
semiquantitatively using our method described under Materials
and Methods, stage II and III cells were significantly increased
by naringenin or hesperetin treatment compared to the vehicle
treatment, as shown in Figures 5 and 6 (lower parts). As
lipogenesis usually indicates the differentiation of preadipocyte
into adipocyte, the increase of lipid droplets suggests that the
flavanones may accelerate the adipocytic conversion of AML-I
preadipocytes.

Next, we examined the expression of apoptosis-related
proteins such as Bcl-2, Bad, AKT, p-AKT, and NF-κB in the
naringenin-treated cells. Apoptosis-related proteins were ob-
tained from the cell lysates of vehicle or naringenin (100 or
500 µM) treatment for 5, 12, or 24 h and analyzed by Western
blotting. Expression of Akt did not change between naringenin-
and vehicle-treated cells, but p-Akt was decreased in naringenin-
treated cells compared with vehicle-treated cells. Expression
levels of Bcl-2 and NF-κB were also reduced in the naringenin-
treated cells in a time-dependent manner. In contrast, Bad was
up-regulated in the naringenin-treated cells time dependently
(Figures 7 and 8). Taken together, naringenin induced the
accumulation of proapoptotic Bad, and the reduction of anti-
apoptotic pAkt, Bcl-2, and NF-κB proteins in the cells.
Apoptosis inhibitory protein, p-Akt, exerts its anti-apoptotic
effect by binding to Bad. Although we did not examine the
phosphorylated status of Bad, the inactivation of Akt and the

Figure 1. Effect of the flavanones on the growth of AML-I preadipocytes. AML-I preadipocytes were cultured in MDI medium in the presence of vehicle
(0.1% DMSO) or four structure-related flavanones such as naringenin, naringin, hesperetin, and hesperidin. On days 2, 4, and 6, the cells were stained
by trypan blue dye, and viable and dead cell numbers were counted by hemocytometer. Effects of naringenin, naringin, hesperetin, and hesperidin on
the cell growth are shown in upper left, lower left, upper right, and lower right panels, respectively. The data shown are representative of three different
experiments expressed as mean ( SD of triplicate cultures.
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increase of Bad indicate the accumulation of unphosphorylated
type of Bad in the cytosol. Another signal protein, NF-κB, is
reported to play a survival role in oncogenesis because the
inhibition of NF-κB in transformed cells can induce apoptosis
(17). It has been reported that several biological activities of
the flavonoids are mediated through the down-regulation of the
NF-κB pathway (17, 18).

Then, we examined the expression of PPAR-γ and FAS
proteins in the cells cultured in the presence or absence of
naringenin (100 or 500 µM) with adipogenic stimulation (MDI

medium) for 5 days by Western blot analysis. PPAR-γ is largely
adipocyte-specific and is expressed at a low level in preadipocyte
and at a maximal level in mature adipocyte (19). FAS is a key
metabolic enzyme catalyzing the synthesis of long-chain fatty
acids from 2-carbon precursors and plays a central role in de
novo lipogenesis during the maturation of preadipocytes into
adipocytes (20). As shown in Figure 9, both PPAR-γ and FAS
were expressed in vehicle-treated cells when cultured with MDI
medium. The presence of 500 µM naringenin in the MDI
medium significantly increased the expression levels of these

Figure 2. Effect of the flavanones on the viability of AML-I preadipocytes. AML-I preadipocytes were cultured in MDI medium in the presence of vehicle
(0.1% DMSO) or four structure-related flavanones (naringenin, naringin, hesperetin, and hesperidin). On days 2, 4, and 6, the cell viability was assessed
using trypan blue dye staining test. Effects of naringenin, naringin, hesperetin, and hesperidin on the cell viability are shown in upper left, lower left,
upper right, and lower right panels, respectively. The data shown are representative of three different experiments expressed as mean ( SD of triplicate
cultures.

Figure 3. Apoptotic effect of naringenin. AML-I cells were cultured with vehicle (0.1% DMSO) or 100 or 500 µM naringenin, respectively. On day 3, cells
were stained with Annexin V-FITC and propidium iodide and analyzed by fluorescence microscopy as shown in the upper panels. A representative
experiment of four independent experiments is shown. Specific apoptosis (percent) was calculated with the formula shown under Materials and Methods
and expressed in a graph shown in the lower panel. Experiments were repeated three times with similar results. Original magnification ×400 for all
photographs. The asterisk indicates significant difference (p < 0.05) from vehicle-treated cells by ANOVA.
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proteins. These data suggested that adipogenic conversion of
AML-I cells was more active in the presence of flavanone at
the concentration capable of apoptosis.

The gene expression program leading to terminal differentia-
tion is reported to initiate during and after the mitotic clonal
expansion in 3T3-L1 preadipocytes (19, 21). Therefore, mitotic
clonal expansion is thought to be a prerequisite for differentia-
tion of 3T3-L1 preadipocytes into adipocytes (21). In contrast,

several studies have reported that the cell proliferation process
is not an obligatory step along the 3T3-L1 adipocyte maturation
process (22). Similar observations have been reported in mouse
embryo fibroblast (MEF), which is functionally similar to
mesenchymal stem cells. Tang et al. showed that MEF un-
dergoes mitotic clonal expansion and adipocyte differentiation
at the same differentiation protocol as in 3T3-L1 preadipocytes
(21). However, Kim et al. observed that the cell number and

Figure 4. Apoptotic effect of hesperetin. AML-I cells were cultured with vehicle (0.1% DMSO) or 100 or 500 µM hesperetin, respectively. On day 3, cells
were stained with Annexin V-FITC and propidium iodide and analyzed by fluorescence microscopy as shown in the upper panels. A representative
experiment of four independent experiments is shown. Specific apoptosis (percent) was calculated with the formula shown under Materials and Methods
and expressed in a graph shown in the lower panel. Experiments were repeated three times with similar results. Original magnification ×400 for all
photographs. The asterisk indicates significant difference (p < 0.05) from vehicle-treated cells by ANOVA.

Figure 5. Effect of naringenin (ngn) on adipogenesis by AML-I cells. AML-I cells were cultured for 5 days in the presence of vehicle (0.1% DMSO) or
naringenin at the concentrations of 100 and 500 µM in MDI medium, respectively. Afterward, cytocentrifuge preparation was made in each sample, and
cytoplasmic fat drops were stained by Sudan Black B staining and observed under light microscopy. Four hundred cells in each sample were counted
and classified semiquantitatively into I, II, and III cell stages as described under Materials and Methods. Values are expressed as percentage, and a
representative experiment of three independent experiments is shown in a graph. Photographs were taken on day 6 of the culture (original magnification
×400). The asterisk indicates significant difference (p < 0.05) from control cells by Student t test.
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DNA synthesis do not increase during the early adipocyte
differentiation phase in MEF (23). In this regard, there are
conflicting data on the role of the mitogen-activated protein
kinase (MAPK)-dependent signaling in adipocyte differentiation.
Some have reported a requirement for rapid transient activation
of extracellular signal-regulated kinase (ERK) for either clonal
expansion or adipocyte differentiation, whereas others have
described inhibition of differentiation by ERK activation (23, 24).
It has been well-known that MAPK inhibitor, PD098059, blocks
mitotic clonal expansion and accelerates adipocyte differentia-
tion in confluent or postconfluent 3T3-L1 preadipocytes (22).
Even in the absence of density-induced cell growth, inhibition
of MAPK accelerates differentiation of subconfluent 3T3-L1
preadipocytes.

Whereas many studies have reported the inhibitory effect of
flavonoids on the adipogenesis in 3T3-L1 preadipocytes (8-11),
we have observed that flavonoids such as quercetin and EGCG
are able to inhibit cell growth, induce apoptosis, and enhance
adipogenesis in AML-I preadipocytes during adipogenic stimu-
lation in MDI medium (17). As PPAR-γ is an absolute marker
of differentiation, the increase of PPAR-γ and FAS proteins
shown in naringein-treated cells in our study is proof of
adipocytic conversion of preadipocytes.

Although the molecular basis of the mechanism of naringenin-
induced effects in our study remains unknown, the molecular
target for the flavanone is likely to be MAPKs. Inhibition of
MAPKs by the flavanone may contribute to the activation of
PPAR-γ, which leads to cell growth arrest, apoptosis, and further
adipogenesis. It has been known that ligand activation of
PPAR-γ inhibits cell growth and induces apoptosis in cancer
cells (25). Activation of PPAR-γ by genistein at micromolecular
concentrations increases adipogenesis and inhibits osteogenic
differentiation by up-regulating the PPAR-γ transcriptional
activity in KS483 cell line, which has the ability to differentiate
into both osteoblasts and adipocytes (26). At high concentrations,
genistein acts as a ligand of PPAR, leading to up-regulation of
adipogenesis and down-regulation of osteogenesis, and at low
concentrations, genistein acts as estrogen, stimulating osteo-
genesis and inhibiting adipogenesis in these cells (26).

Fink et al. reported that when mesenchymal stem cells are
cultured under 1% oxygen atmosphere, an adipocyte-like
phenotype with cytoplasmic lipid inclusions appears in these
cells (27). However, hypoxia does not increase PPAR-γ and
ADDI/SREBP1c proteins, early marker genes such as lipopro-
tein lipase, and mature adipocyte-specific genes such as leptin
(27).

Orange juice and grapefruit juice contain high amounts of
the flavanones, and the aglycones are formed from glycosylated
forms in the intestine after ingestion. Although significantly

Figure 6. Effect of hesperetin (hpt) on adipogenesis by AML-I cells. AML-I cells were cultured for 5 days in the presence of vehicle (0.1% DMSO) or
hesperetin at concentrations of 100 and 500 µM in MDI medium. Afterward, cytocentrifuge preparation was made in each sample, and cytoplasmic fat
drops were stained by Sudan Black B staining and observed under light microscopy. Four hundred cells in each sample were counted and classified
semiquantitatively into I, II, and III cell stages as described under Materials and Methods. Values are expressed as percentage, and a representative
experiment of three independent experiments is shown in a graph. Photographs were taken on day 6 of the culture (original magnification ×400). The
asterisk indicates significant difference (p < 0.05) from control cells by Student t test.

Figure 7. Expression of apoptosis-related proteins in the naringenin-treated
cells. AML-I cells were treated with vehicle (0.1% DMSO) or 100 or 500
µM naringenin in MDI medium for 5, 12, or 24 h. Then, the cells were
harvested and lysed for Western blot analysis as described under Materials
and Methods. Blots were incubated with goat anti-human Akt, rabbit anti-
human p-Akt, anti-human Bad, anti-human Bcl-2, and anti-human NF-κB
antibodies, mouse anti-R-tubulin antibody, and the second antibodies.
Data shown are representative of three independent experiments.
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larger flavanones can be taken up by individuals upon frequent
consumption of flavanone-rich products, the plasma concentra-
tion of naringenin is reported to be rather low, from 70 to 112
nM after consumption of habitual diets (28). Pharmacokinetic
study has demonstrated that both hesperetin and naringenin are
rapidly absorbed and reach a peak at 4 and 3.5 h in the plasma
after oral administration, respectively (29). Mean peaks of
plasma concentrations for hesperetin and naringenin are reported
to be 825.78 ng/mL (2731.8 nmol/L) and 2009.52 ng/mL
(7386.6 nmol/L), respectively, when 135 mg of each compound
is administered in humans (29). However, the plasma concentra-
tion of the flavanones can increase to even micromoles per liter
after a single orange or grapefruit juice ingestion of 8 mL/kg
of body weight (30). According to Erlund et al., the major factor
affecting plasma levels is interindividual variation in the

bioavailability of the flavanones, and it is remarkable (30).
Furthermore, flavanones can accumulate in plasma after long-
term intake, and they are distributed in tissues other than plasma.
Distribution and accumulation of flavanones in other tissues
cannot be ruled out because of the limit of detection of the
analytical methods (30).

In any case, our results suggest that the lipid-lowering effect
of flavanone in hyperlipidemia is unlikely to be caused by the
inhibition of adipogenesis in preadipocytes.

ABBREVIATIONS USED

FAS, fatty acid synthase; PPAR, peroxisome proliferator
activated receptor; EGCG, epigallocatechin gallate.
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