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ABSTRACT

BACKGROUND/OBJECTIVES: Psidium guajava L. (guava) leaves have been shown to exhibit 
hypoglycemic and antidiabetic effects in rodents. This study investigated the effects of guava 
leaf extract on adipogenesis, glucose uptake, and lipolysis of adipocytes to examine whether 
the antidiabetic properties are mediated through direct effects on adipocytes.
MATERIALS/METHODS: 3T3-L1 cells were treated with 25, 50, 100 µg/mL of methanol extract 
from guava leaf extract (GLE) or 0.1% dimethyl sulfoxide as a control. Lipid accumulation 
was evaluated with Oil Red O Staining and AdipoRed assay. Immunoblotting was performed 
to measure the expression of adipogenic transcription factors, fatty acid synthase (FAS), and 
AMP-activated protein kinase (AMPK). Glucose uptake under basal or insulin-stimulated 
condition was measured using a glucose analog 2-[N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)
amino]-2-deoxy-D-glucose. Lipolysis from fully differentiated adipocytes was measured by 
free fatty acids release into the culture medium in the presence or absence of epinephrine.
RESULTS: Oil Red O staining and AdipoRed assay have shown that GLE treatment reduced lipid 
accumulation during adipocyte differentiation. Mitotic clonal expansion, an early essential 
event for adipocyte differentiation, was inhibited by GLE treatment. GLE inhibited the 
expression of transcription factors involved in adipocyte differentiation, such as peroxisome 
proliferator-activated receptor γ (PPARγ), CCAAT/enhancer-binding protein α (C/EBPα), and 
sterol regulatory element-binding protein-1c (SREBP-1c). FAS expression was also decreased 
while the phosphorylation of AMPK was increased by GLE treatment. In addition, GLE 
increased insulin-induced glucose uptake into adipocytes. In lipid-filled mature adipocytes, 
GLE enhanced epinephrine-induced lipolysis but reduced basal lipolysis dose-dependently.
CONCLUSIONS: The results show that GLE inhibits adipogenesis and improves adipocyte 
function by reducing basal lipolysis and increasing insulin-stimulated glucose uptake in 
adipocytes, which can be partly associated with antidiabetic effects of guava leaves.

Keywords: Adipogenesis; lipolysis; Psidium guajava; hypoglycemic agents; 3T3-L1 cells

INTRODUCTION

Diabetes is the most common metabolic disease, accounting for 463 million cases 
reported from the global population in 2019 [1]. Type 2 diabetes mellitus (T2DM) makes 
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up approximately 90% of diabetes cases. It is caused by relative insulin deficiency and 
insulin resistance in target organs such as the liver, muscles, and adipose tissues [2]. Since 
the resulting chronic hyperglycemia leads to the development of diabetes complications 
[3], the treatment of T2DM requires controlling blood glucose levels and reducing insulin 
resistance. Several drugs are being used in the clinic to increase insulin sensitivity. However, 
currently available drugs for T2DM have numerous adverse effects, such as weight gain, 
congestive heart failure, and increased risk of liver disease [4]. For this reason, the search for 
antidiabetic agents has been directed toward plants used in traditional medicine.

Psidium guajava L. (guava) has been consumed not only as food but also as traditional 
medicine for pharmacological purposes, such as antioxidant, antimicrobial, anti-
inflammatory, antispasmodic, and antidiabetic effects [5]. In East Asia and South Africa, 
guava leaves have been widely used for a long time for the treatment of diabetes [5]. The 
antidiabetic activities of guava leaves have been reported in previous studies. The aqueous 
and ethanolic extracts of guava leaves decreased blood glucose and HbA1c levels and reduced 
postprandial glucose elevation in diabetic rodent models [6,7] and human trials with 
prediabetic and T2DM patients [8]. Although the mechanisms underlying the antidiabetic 
properties of guava leaves are not yet fully perceived, the inhibition of α-glucosidase by 
guava leaf extract (GLE) has been suggested to be associated with an attenuated elevation of 
postprandial blood glucose levels [8,9]. Additionally, GLE could influence the metabolism of 
insulin-target tissues. It was reported that GLE increased glucose uptake in hepatocytes [10] 
and inhibited hepatic gluconeogenesis by increasing glycogen synthesis in diabetic rats [11]. 
Glucose uptake into muscle cells was also stimulated by GLE [12].

Considering that adipose tissue is a major insulin target tissue and impaired glucose uptake 
in adipose tissue can cause insulin resistance [13], the effect of GLE on adipocytes should 
be investigated, in addition to hepatocytes and muscle cells. Adipocytes regulate energy 
balance by storing triacylglycerol (TG) or mobilizing fatty acids in response to changes in 
energy status. Excessive fat accumulation in adipose tissue occurs in obesity and leads to 
obesity-induced insulin resistance and T2DM by increasing inflammatory cytokines and free 
fatty acids release from adipocytes [14,15]. Adipose tissue can be expanded by either the 
increase in the number or size of adipocytes. Preadipocytes develop into lipid-filled mature 
adipocytes by the process of adipogenesis [16]. It is closely associated with the etiology of 
obesity [17]. During adipocyte differentiation, activation of transcription factors, including 
peroxisome proliferator activated receptor γ (PPARγ), CCAAT/enhancer-binding protein (C/
EBP), and sterol regulatory element-binding protein-1c (SREBP-1c) are required to express 
lipogenic genes, such as acetyl-CoA carboxylase and fatty acid synthase (FAS) [18]. Recently, 
it has been reported that GLE reduced body weight gain and adipose tissue weight in diabetic 
rodents [19,20]. Nevertheless, little is known about whether GLE can affect adipogenesis. In 
this study, the effect of GLE on adipocyte differentiation and adipocyte metabolic function, 
such as lipolysis and glucose uptake, was investigated to understand the cellular mechanisms 
underlying the antidiabetic effects of GLE.

MATERIALS AND METHODS

Chemicals and preparation of GLE
Fetal bovine serum (FBS), bovine serum (BS), penicillin-streptomycin, Dulbecco's Modified 
Eagle medium (DMEM), and 2-(N-[7-nitrobenz-2-oxa-1,3-diazol-4-yl]amino)-2-deoxy-D-
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glucose (2-NBDG) were purchased from Invitrogen (Carlsbad, CA, USA). Antibodies specific 
for PPARγ, SREBP-1c, and FAS were purchased from Santa Cruz Biotechnology (Santa 
Cruz, CA, USA). Antibodies against C/EBPα, AMP-activated protein kinase (AMPK), and 
phosphor-Thr 172-AMPK were purchased from Cell Signaling Technology (Danvers, MA, 
USA). Antibodies specific for GAPDH and α-tubulin were purchased from Ab Frontier (Seoul, 
Korea). Other chemicals were purchased from Sigma-Aldrich (St, Louis, MO, USA) when 
origin was not specified.

Guava leaves were obtained from a farm on Jeju Island (Jeju, Korea). The leaves (100 g) were 
air-dried, crushed, and extracted with MeOH for 24 h at room temperature. After filtration, 
the extract was concentrated in a rotary evaporator to obtain 27 g of GLE, which was stored in 
a freezer until use.

Cell culture and differentiation
3T3-L1 cells were purchased from the American Type Culture Collection (ATCC, Manassas, 
VA, USA). Cell culture was performed as described previously [21,22]. Briefly, cells were 
grown in 10% BS/DMEM until 2 days after confluence and differentiated with induction 
medium containing 10% FBS, 0.5 µM isobutylmethylxanthine (IBMX), 1 µM dexamethasone, 
and 167 nM insulin (D0). After 2 days, cells were cultured with 10% FBS/DMEM and 167 nM 
insulin for another 2 days and then maintained with 10% FBS/DMEM until reaching lipid-
filled phenotype.

Cell viability assay
Cell viability was monitored by MTS assay (3-[4,5-dimethylthiazol-2-yl]-5-[3-
carboxymethoxyphenyl]-2-[4-sulfophenyl]-2H-tetrazolium, inner salt, MTS; Celltiter 96 
Aqueous One solution, Promega, Madison, WI, USA). For preadipocytes, cells seeded in 96-
well plates were treated with GLE (5, 25, 50, 100 µg/mL) in differentiation induction medium 
after 2 days of cell confluency. For mature adipocytes, GLE (5, 25, 50, 100 µg/mL) was added 
at 9 days after induction of differentiation. Cells were incubated for 24, 48, and 72 h for 
preadipocytes and 24 h for mature adipocytes. Next, MTS reagent was added and incubated 
at 37°C for 1 h. The absorbance was measured at 490 nm to determine the formazan 
concentration, which is proportional to the number of living cells.

Adipogenesis assay
GLE (25, 50, 100 µg/mL) or dimethyl sulfoxide (DMSO; control) was added to differentiation 
induction medium for 6 days (D0 to D6) according to the differentiation protocol. To 
visualize lipids, cells were washed with phosphate-buffered saline (PBS), fixed with 10% 
formalin, and stained with Oil Red O solution and hematoxylin. Intracellular lipid was 
quantified by AdipoRed Assay Reagent (Lonza, Walkersville, MD, USA).

Western blotting analysis
Cells were washed with PBS and homogenized in cold radio immune precipitation assay 
(RIPA) buffer. The cell lysate was centrifuged (10,000 g for 10 min at 4°C) and protein 
concentration of the supernatant was measured with a protein assay reagent (Bio-Rad 
Laboratories, Hercules, CA, USA). Supernatants with equal amount of protein were separated 
in sodium dodecyl sulphate-polyacrylamide gel electrophoresis gels and transferred onto 
nitrocellulose membranes. The membranes were blocked with 5% skim milk in 10 mM 
Tris-HCl (pH 6.8), 100 mM NaCl, and 0.1% Tween 20 (TBS-T buffer). After incubation 
overnight with primary antibody at 4°C, the membranes were incubated with horseradish 
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peroxidase-conjugated secondary antibodies for 1 h. Bands were detected by an ECL system 
(Ab Frontier), and the protein expression was quantified by ImageJ Program (NIH, Bethesda, 
MD, USA).

Glucose uptake
Mature adipocytes seeded on 96-well black plates were preincubated for 2 h with serum-free 
DMEM and then incubated with GLE (25, 50, 100 µg/mL) for 24 h to investigate the effect 
of GLE on basal glucose uptake. In addition, the effect of GLE on insulin-induced glucose 
uptake was examined by adding 100 nM insulin at 30 min before the end of treatment. After 
washing with serum-free DMEM, 20 µM 2-NBDG was added and incubated for 30 min. Cells 
were washed with PBS to remove free 2-NBDG and the fluorescence was measured with a 
fluorescence microplate reader, with an excitation wavelength of 465 nm and an emission 
wavelength of 540 nm.

Lipolysis assay
Fully differentiated adipocytes were incubated in Krebs-Ringer bicarbonate buffer (119 mM 
NaCl, 4.8 mM KCl, 1.28 mM CaCl2, 1.2 mM KH2PO4, 1.2 mM 7H2O·MgSO4, 0.25 mM NaHCO3, 
5 mM glucose, 4% bovine serum albumin, pH 7.4) containing GLE (25, 50, 100 µg/mL) or 
DMSO in the presence or absence of epinephrine (1 µM). After 6 h, the conditioned medium 
was collected from each well and nonesterified fatty acid (NEFA) was measured with an assay 
kit (Wako, Osaka, Japan). The content was calibrated by pellet protein concentration.

Statistical analyses
Statistical analysis was performed by one-way analysis of variance followed by Duncan's 
multiple range test using SAS software (version 9.4, SAS Institute, Inc., Cary, NC, USA). 
A P-value < 0.05 was considered significant. Data are expressed as the mean ± SD with 
indications of the number of replicates.

RESULTS

GLE inhibits lipid accumulation during adipogenesis
All concentrations of GLE (5, 25, 50, 100 µg/mL) did not show cytotoxicity in either 
preadipocytes or mature adipocytes after 24 h treatment (data not shown). Thus, 
concentrations of GLE up to 100 µg/mL were treated to the cells in the experiments.

To investigate the effect of GLE on lipid accumulation during differentiation, Oil Red O 
staining and AdipoRed assay were performed. Oil Red O staining showed that GLE decreased 
cellular lipid accumulation (Fig. 1A). It was supported by quantitative results from AdipoRed 
assay (Fig. 1B). GLE decreased the lipid content by 51%, 62%, and 88% at 25, 50, and 100 µg/
mL, respectively, compared with the control (P < 0.001).

GLE suppresses the expression of adipogenic transcription factors and fatty 
acid synthase via AMPK signaling
The expression of adipogenic transcription factors in cells treated with GLE was determined 
at D6 by Western blot analysis. The results are shown in Fig. 2A. The expression of PPARγ, a 
major master regulator of adipocyte differentiation, was reduced by 35% and 76% with GLE 
treatment at 50 and 100 µg/mL, respectively, compared with the control (P < 0.001). The 
expression of C/EBPα and SREBP-1c was also lowered in cells incubated with GLE by 44% and 
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40% relative to the control at 100 µg/mL, respectively. GLE also decreased the expression of 
FAS, a late adipogenic marker enzyme, markedly at 50 and 100 µg/mL (P < 0.001; Fig. 2B).

To investigate the signaling pathway responsible for the inhibition of adipogenesis by 
GLE, the effect of GLE on AMPK phosphorylation was examined during the early phase of 
adipogenesis. At 24 h after induction of differentiation, the phosphorylation of AMPK was 
increased in cells treated with GLE at concentrations of 50 and 100 µg/mL, approximately 
up to 2.3-fold relative to the control cells (Fig. 2C). This result suggests that GLE inhibits 
adipogenesis by activating the AMPK pathway in 3T3-L1 cells.

GLE inhibits mitotic clonal expansion
Induction of differentiation causes mitotic clonal expansion, in which growth-arrested 
postconfluent preadipocytes reenter cell replication and subsequent irreversible commitment 
to differentiation [23]. To observe whether GLE affects the initiation phase of adipogenesis, 
we monitored the number of viable cells over 3 days after inducing differentiation. As shown 
in Fig. 3, GLE (25, 50, 100 µg/mL) significantly reduced the number of cells after 48 and 
72 h treatment compared with control (P < 0.001). This result indicates that GLE inhibits 
adipogenesis by suppressing cell proliferation during mitotic clonal expansion in 3T3-L1 cells.

GLE increases insulin-stimulated glucose uptake
To investigate the effect of GLE on glucose uptake by adipocytes, 3T3-L1 cells were treated 
with GLE and glucose uptake was measured in the basal and insulin-stimulated conditions. 
As shown in Fig. 4A, GLE did not affect basal glucose uptake, while insulin increased glucose 
uptake approximately 2.7-fold in adipocytes. However, GLE treatment in combination with 
insulin significantly increased 2-NBDG uptake (P < 0.05; Fig. 4B). At a concentration of 100 
µg/mL, the increase in 2-NBDG uptake was up to 52%, compared to the incubation with 100 
nM insulin alone.

Effect of GLE on adipocytes lipolysis
The unstimulated basal lipolysis in fully differentiated adipocytes was reduced by the 
treatment of GLE dose dependently (P < 0.001; Fig. 5). After 6 h of treatment with 100 µg/mL 
GLE, NEFA released into the culture medium was reduced by 55% compared with the control. 
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Fig. 1. Effect of MeOH extract from GLE on differentiation of 3T3-L1 cells. Cells were induced to differentiate with 
induction media including GLE (25, 50, and 100 µg/mL) or DMSO (control) for 6 days. (A) Oil Red O staining 
(100×). (B) Intracellular lipid content by AdipoRed assay. Values are the mean ± SD (n = 8). 
GLE, guava leaf extract; DMSO, dimethyl sulfoxide. 
a-dMeans without the same letter are significantly different, as determined by analysis of variance followed by 
Duncan's test (P < 0.001).



On the contrary, epinephrine-induced lipolysis was increased by GLE treatment. Adipocytes 
incubated with 100 µg/mL GLE showed an approximately 50% increase in NEFA release 
relative to the control.

DISCUSSION

In the present study, we investigated the effect of guava leaves on adipocytes with regard 
to their antidiabetic properties. The results demonstrate that GLE has multiple effects on 
adipocytes, including adipogenesis, glucose uptake, and lipolysis.
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Fig. 2. Effect of MeOH extract from GLE on the expression of adipogenesis-related factors. 3T3-L1 cells were induced to differentiate in the presence of GLE (25, 
50, and 100 µg/mL) or DMSO (control). (A) Western blot analysis of PPARγ, C/EBPα, and SREBP1c measured after 6 days of differentiation induction. (B) Western 
blot analysis of fatty acid synthase measured after 6 days of differentiation induction (FAS). (C) AMPK activation at 24 h after induction of differentiation. The 
protein levels of p-AMPK were measured and normalized to those of AMPK. Values are the mean ± SD (n = 3). 
GLE, guava leaf extract; DMSO, dimethyl sulfoxide; PPARγ, peroxisome proliferator activated receptor γ; C/EBPα, CCAAT/enhancer-binding protein α; SREBP-1c, 
sterol regulatory element-binding protein-1c; FAS, fatty acid synthase; AMPK, AMP-activated protein kinase. 
a-cMeans without the same letter are significantly different, as determined by analysis of variance followed by Duncan's test (P < 0.05).
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Obesity is characterized by increased adipose tissue mass, which is linked to the onset of 
insulin resistance and T2DM. Several studies have reported that oral administration of 
GLE reduced body weight and adipose tissue weight [19,20]. Adipose tissue mass can be 
expanded by adipocyte differentiation and subsequent fat accumulation [16]. In this study, 
GLE treatment during differentiation inhibited lipid accumulation, as shown by Oil Red 
O staining and a dose-dependent decrease in lipid content. In addition, GLE significantly 
downregulated the expression of transcription factors associated with adipogenesis, such as 
PPARγ, C/EBPα, and SREBP-1c, compared to control adipocytes. These transcription factors 
are expressed during adipocyte differentiation, before the activation of adipocyte-specific 
gene expression [24]. PPARγ, C/EBPα, and SREBP-1c activate the downstream promoters 
of adipocyte-specific genes such as FAS, lipoprotein lipase (LPL), fatty acid binding protein 
(FABP), acyl-CoA synthase (ACS) 1, and leptin [18]. Among the target proteins, we measured 
the expression of FAS, a terminal marker of adipocyte differentiation protein. FAS plays a 
crucial role in fatty acid synthesis and lipogenesis. GLE treatment decreased the expression 
of FAS, as expected. Therefore, reducing fat accumulation through the inhibition of adipocyte 
differentiation may be an underlying mechanism of anti-diabetic effects.

Adipocyte differentiation occurs by two consecutive essential events: mitotic clonal 
expansion and irreversible commitment to differentiation [23]. During mitotic clonal 
expansion after initiation of differentiation, cells are restored from growth arrest induced 
by cell confluence and undergo several rounds of replication. In this study, we found 
that GLE had an inhibitory effect on mitotic clonal expansion. Considering that adipose 
tissue mass is determined by the number and size of adipocytes, the fewer adipocytes by 
inhibition of mitotic clonal expansion could be related to the GLE-mediated decrease in 
lipid accumulation. Various phytochemicals from natural sources had inhibitory effects on 
adipocyte lipid accumulation through suppression of mitotic clonal expansion [25]. It has 
been suggested that mitotic clonal expansion could be an important target in developing 
anti-obesity products.

AMPK has been shown to play a crucial role in regulating lipid and glucose metabolism 
in various tissues, such as the liver, adipose tissue, and muscles [26,27]. Because AMPK 
stimulates the expression or phosphorylation of downstream target genes involved in energy 
metabolism when activated, the AMPK cascade could be a target for the treatment of obesity 
and related metabolic diseases. In this study, treatment with GLE induced the activation of 
AMPK. Several studies have shown that AMPK activation can inhibit adipocytes differentiation 
by downregulating the expression of adipogenic transcription factors and their target enzymes 
[28,29]. Furthermore, it was reported that the treatment of 3T3-L1 cells with AMPK activator in 
the early stage of differentiation inhibited mitotic clonal expansion dose-dependently [29,30], 
which is consistent with our results. Therefore, it is suggested that GLE effectively inhibits 
lipid accumulation by attenuating the expression of key adipogenic transcription factors 
through activation of AMPK during the early phase of adipocyte differentiation.

In response to energy demand, TG stores in adipocytes are hydrolyzed by lipases, which are 
regulated by hormone and biochemical signals. The released free fatty acids are transported 
to other tissues for use. There are few studies investigating the effect of GLE on lipolysis 
in adipocytes. In this study, GLE treatment enhanced free fatty acid release from lipid-
filled mature adipocytes when lipolysis was stimulated by epinephrine. Considering that 
catecholamine-induced lipolysis was impaired in obesity [31], lipid mobilization by increasing 
epinephrine-induced lipolysis could be another way of reducing adipose tissue mass.
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On the other hand, GLE treatment strongly inhibited basal lipolysis of mature 3T3-L1 cells 
in this study. Unstimulated basal lipolysis is increased in expanded mature adipocytes, 
which is closely associated with insulin resistance [32]. Elevated circulating fatty acids have 
been suggested to modify adipokine secretion and induce ectopic fat deposition in skeletal 
muscles and the liver [33]. These alterations lead to decreased glucose utilization in muscles 
and stimulate glucose production in the liver [34,35]. Reducing basal lipolysis is important to 
increase insulin sensitivity. Therefore, the basal antilipolytic effect of GLE in this study could 
contribute to the antidiabetic effect of guava leaves observed in previous studies.

Glucose uptake into peripheral tissues is an effective way to control blood glucose levels. GLE 
did not affect basal glucose uptake into adipocytes in this study, while GLE has been reported to 
increase basal glucose uptake in hepatocytes and C2C12 muscle cells [10,12]. In contrast to low 
glucose uptake under basal conditions, insulin remarkably stimulates glucose uptake into the 
target tissues through the insulin signaling pathway. It has been reported that GLE treatment 
promoted the translocation of glucose transporter type 4 and activation of AMPK and proteins 
associated with the insulin signaling pathway, such as IRS-1, PI3K, and Akt, in skeletal muscle 
of diabetic rats, although no data were provided regarding glucose uptake into the cells [19]. 
This study shows that GLE treatment increased insulin-stimulated 2-NBDG uptake in 3T3-L1 
cells. This finding indicated that GLE could exert a hypoglycemic effect by promoting insulin-
stimulated glucose uptake into adipocytes as well as skeletal muscle. This study was limited 
in that the mechanism underlying glucose uptake increase in adipocytes was not investigated. 
While AMPK is known to increase glucose uptake through increased GLUT-4 translocation 
in skeletal muscle [36], the effect of AMPK activation is not consistent in adipose tissue [37]. 
Further research is needed to investigate the effect of GLE treatment on the insulin signaling 
pathway and AMPK with regard to glucose transport into adipose tissue. Nevertheless, to our 
knowledge, this is the first study to show the direct actions of GLE on adipocytes.

In conclusion, our study has shown that GLE suppresses lipid accumulation during adipocyte 
differentiation and improves adipocyte metabolic function by reducing basal lipolysis and 
enhancing insulin-stimulated glucose uptake. The results support the effectiveness of GLE as 
a therapeutic agent for treating diabetes.
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