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Abstract
Avocado (Persea americana) fruits are consumed as part of the human diet and extracts have
shown growth inhibitory effects in various types of human cancer cells, although the effectiveness
of individual components and their underlying mechanism are poorly understood. Using activity-
guided fractionation of the flesh of avocado fruits, a chloroform-soluble extract (D003), was
identified that exhibited high efficacy towards premalignant and malignant human oral cancer cell
lines. From this extract, two aliphatic acetogenins of previously known structure were isolated,
compounds 1 [(2S,4S)-2,4-dihydroxyheptadec-16-enyl acetate] and 2 [(2S,4S)-2,4-
dihydroxyheptadec-16-ynyl acetate]. In this study, we show for the first time that the growth
inhibitory efficacy of this chloroform extract is due to blocking the phosphorylation of EGFR
(Tyr1173), c-RAF (Ser338), and ERK1/2 (Thr202/Tyr204) in the EGFR/RAS/RAF/MEK/ERK1/2
cancer pathway. Compound 1 and 2 both inhibited phosphorylation of c-RAF (Ser338) and
ERK1/2 (Thr202/Tyr204). Compound 2, but not compound 1, prevented EGF-induced activation
of EGFR (Tyr1173). When compounds 1 and 2 were combined they synergistically inhibited c-
RAF (Ser338) and ERK1/2 (Thr202/Tyr204) phosphorylation, and human oral cancer cell
proliferation. The present data suggest that the potential anticancer activity of avocado fruits is due
to a combination of specific aliphatic acetogenins that target two key components of the EGFR/
RAS/RAF/MEK/ERK1/2 cancer pathway.
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1. Introduction
Extracellular-signal-regulated kinases (ERKs) are highly conserved protein kinases that are
involved in a variety of cellular activities including proliferation, differentiation, survival,
and death. The epidermal growth factor receptor (EGFR), a cell membrane tyrosine kinase,
can activate multiple downstream cell signaling pathways including the RAS/RAF/MEK/
ERK1/2 pathway [1, 2]. Over-activation of EGFR/RAS/RAF/MEK/ERK1/2 pathway is
considered an etiological factor in human cancer, which contributes to cancer development,
metastasis, and resistance to chemotherapy [1, 2]. Therefore, targeting EGFR, RAS, RAF,
MEK, and ERK1/2 has become a promising approach in cancer therapy and prevention.
Small molecule inhibitors targeting specific kinases in this pathway have been developed
and tested in clinical trials. However, outcomes using single kinase inhibitors have not been
promising [3]. One possible explanation is that the EGFR/RAS/RAF/MEK/ERK1/2 pathway
can be alternatively activated by amplification or mutation in any signaling molecule in the
pathway, such as of EGFR, RAS, RAF, and other growth factor receptors [4], which makes
it difficult to use target specific small molecule inhibitors for cancer prevention.

Fruits and vegetables contain multiple anticancer phytochemicals, which have been
extensively explored as a cancer prevention approach. Studies have shown that avocado fruit
extracts exhibit antiproliferative effects in human cancer cell lines [5]. Our published studies
have reported that a chloroform-soluble extract of the mesocarp of avocado fruit, designated
as D003, induces apoptosis in human oral cancer cells via regulation of ROS at high
concentrations (≥30 µg/ml) and inhibits cell proliferation at lower concentrations (5–20 µg/
ml) by a non-apoptotic mechanism [5, 6]. Avocado fruit contains several phytochemicals
that potentially may have anticancer activity. It appears that certain carotenoids in an
avocado acetone extract increase protein expression of tumor suppressor gene p27 and
induce cell cycle arrest at G2/M phases in prostate cancer cell lines [7]. Aliphatic
acetogenins, also known as “alkanols”, are a class of compounds almost exclusively isolated
from avocado. Among these compounds, persenone A was found to inhibit nitric oxide
synthase and cyclooxygenase in a mouse macrophage cell line [8] and reduced nitric oxide
and superoxide generation in inflammatory leukocytes [9]. Compounds 1 [(2S,4S)-2,4-
dihydroxyheptadec-16-enyl acetate] and 2 [(2S,4S)-2,4-dihydroxyheptadec-16-ynyl acetate]
showed inhibition of acetyl CoA carboxylase [10]. To date, no biological evaluation has
been carried out in terms of the potential anticancer or chemopreventive activities of
compounds 1 and 2. In the present study, we have investigated the potential role of the
EGFR/RAS/RAF/MEK/ERK1/2 pathway in the antiproliferative effect of the avocado and
have identified the CHCl3-soluble extract D003 and compounds 1 and 2 as targeting this
pathway.

2. Materials and methods
2.1. General experimental procedures

Optical rotations were measured on a Perkin-Elmer 241 automatic polarimeter. NMR
spectroscopic data were recorded at room temperature on a Bruker Avance DRX-400
spectrometer with tetramethylsilane (TMS) as an internal standard. HRESIMS and ESIMS
were obtained on a 3-Tesla Finnigan FTMS-2000 Fourier transform mass spectrometer.
Column chromatography was performed with Sephadex LH-20 (Supelco, Bellefonte, PA),
65–250 or 230–400 mesh Si gel (Sorbent Technologies, Atlanta, GA). Analytical thin-layer
chromatography was conducted on precoated 250 µm thickness Partisil Si gel 60 F254 glass
plates (Whatman, Clifton, NJ), and preparative thin-layer chromatography was performed on
precoated 20 cm × 20 cm, 500 µm or 1000 µm thickness Partisil Si gel 60 F254 glass plates
(Whatman, Clifton, NJ).
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2.2. Extraction and isolation
Hass avocado fruit (Persea americana L.; Lauraceae) was kindly provided by California
Avocado Commission. Avocado chloroform extract (code name: D003, 1.1 g) was prepared
from avocado mesocarp (871 g) as previously described [5, 6]. This chloroform extract was
chromatographed over a silica gel column using a gradient solvent system of CH2Cl2-MeOH
(100:0 to 0:100), to yield eight sub-fractions (D003F01-F08). These sub-fractions were
tested in an in vitro cell growth inhibition assay using normal and cancerous human oral
epithelial cell lines. The most active fraction toward the premalignant and malignant cell
lines, D003F02, was subjected to a silica gel column chromatographic purification using a
solvent mixture of hexanes-ethyl acetate for elution, to afford ten additional sub-fractions
(D003F0201-F0210). From combined subfractions D003F0203 and D003F0204 which had
similar growth inhibition and selectivity activities toward cancerous cell lines, compounds 1
(8.0 mg) and 2 (7.5 mg), were purified according to our published protocols, in yields of
0.0092% and 0.0086%, respectively [11–13]. The identities of these two compounds were
established as (2S,4S)-2,4-dihydroxyheptadec-16-enyl acetate (1) and (2S,4S)-2,4-
dihydroxyheptadec-16-ynyl acetate (2) respectively, by comparing their spectroscopic data
with those published in the literature [14].

2.3. Cell lines
The human oral cancer cell line 83-01-82CA, MEK overexpressing cell line 83-01-82CA/
MEKCA and its control cell line 83-01-82CA/GFP have been described previously [15].

2.4. Growth inhibition assay
Methylene blue staining was used to estimate cell proliferation, as previously described [16].
Human oral cancer cell line 83-01-82CA was seeded (3 × 103) into 96-well plates in 100 µl
of growth medium. After cells had attached overnight, they were incubated with extract
D003, compound 1, or compound 2 for 72 h.

2.5. Western Blot Analysis
Following treatment of cells, proteins were harvested using SDS buffer and processed
according to our previously published protocol [15]. Primary antibody specific for the
following proteins were used: phospho-EGF receptor (Tyr1173, 53A5, 1:500), EGF receptor
(D38B1, 1:500), phospho-c-RAF (Ser338) (56A6, 1:1000), phospho-p44/42 MAPK
(Thr202/Tyr204) (E10, 1:1,000), from Cell Signaling Technology, and α-tubulin (Ab-1,
1:1000) from Oncogene Research Products (Darmstadt, Germany).

3. Results
3.1. The chloroform extract (D003) of avocado fruit inhibits EGFR and its downstream c-
RAF/ERK1/2

The human oral cancer cell line 83-01-82CA was incubated with D003 extract for 48 and 72
h in full growth medium. The results showed that the D003 extract down-regulated total
protein levels of EGFR, phosphorylated c-RAF (Ser338) and ERK1/2 (Thr202/Tyr204) in a
concentration-dependent manner (Fig. 1), while EGFR phosphorylation (Tyr1173) was
undetectable in D003 extract-treated and -untreated samples using this protocol. These data
suggest that avocado D003 extract targets EGFR and its downstream RAF and ERK1/2
pathway.

3.2. Enhanced ERK1/2 rescues D003 extract-induced growth inhibition
ERK1/2 is one of the most important downstream effectors of EGFR through the EGFR/
RAS/RAF/MEK/ERK1/2 pathway. To investigate the importance of ERK1/2 in D003
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extract-induced growth inhibition, ERK1/2 was overactivated by expressing a constructively
active MEK, an upstream activator of ERK1/2, in the human oral cancer cell line,
83-01-82CA (83-01-82CA/MEKCA) [15]. As shown in Fig. 2, overactivation of ERK1/2
markedly protected human oral cancer cells from D003 extract-induced growth inhibition,
with an IC50 value of 18.8 µg/ml in the 83-01-82CA/MEKCA cell line versus 8.6 µg/ml in
the control 83-01-82CA/GFP cell line. These data suggest that inhibition of EGFR/RAS/
RAF/MEK/ERK1/2 pathway is important in the D003 avocado extract-induced growth
inhibition in human oral cancer cells.

3.3. Avocado aliphatic acetogenin constituents inhibit EGFR and its downstream ERK1/2
From the D003 extract we isolated and identified two previously known acetogenin
constituents, compounds 1 and 2 (Fig. 3A). Growth inhibition assays indicated that both
these components exhibited a concentration-dependent growth inhibition of the 83-01-82CA
cell line (GI50 value of 38 µM for compound 1 and 60 µM for compound 2) (data not
shown). Next, we determined whether these two components target EGFR/RAS/RAF/MEK/
ERK1/2 pathway. Fig. 3B shows that both compounds 1 and 2 markedly inhibited the
phosphorylation levels of c-RAF (Ser338)/ERK1/2 (Thr202/Tyr204) in the absence of
EGFR ligand EGF. In the presence of EGF, compound 1 (30–120 µM) did not block EGF-
induced phosphorylation of EGFR (Tyr 1173), but inhibited the activation of c-RAF and
ERK1/2 in its downstream pathway. In contrast, compound 2 (30–120 µM) completely
blocked EGF-induced EGFR phosphorylation (Tyr 1173) and inhibited phosphorylation of
downstream c-RAF (Ser338)/ERK1/2 (Thr202/Tyr204). These data indicate that compounds
1 and 2 target the EGFR/RAS/RAF/MEK/ERK1/2 pathway by different mechanisms. Since
human oral cancer cell line 83-01-82CA harbors a mutant and constructively active H-RAS
[17], these data also suggest that compound 1 may target RAS/RAF and compound 2 may
target both EGFR and RAS/RAF.

3.4. Compounds 1 and 2 synergistically inhibit human oral cancer cell proliferation
Since compounds 1 and 2 target the EGFR/RAS/RAF/MEK/ERK1/2 pathway through
different mechanisms, we determined their combined effect on the growth and EGFR
signaling in human oral cancer cells. As shown in Fig. 4A, a synergistic inhibitory effect (CI
< 1.0) on growth inhibition was observed when compounds 1 and 2 were combined in the
ratios of 1:1, 1:2 and 2:1 from 2.5–20 µM. Next, the combination effect on the levels of
EGFR and down-downstream RAF/ERK1/2 was investigated. After 24 h in serum-free
media, 83-01-82CA cells were treated with EGF together with compounds 1 and 2
individually at 5, 10 and 20 µM or in combination at 1:1 ratios. As shown in Fig. 4B, 5 µM
1 or 2 alone exhibited no inhibitory effect on EGF-induced phosphorylation of EGFR
(Tyr1173) and c-RAF (Ser338) and a mild suppression of phosphorylation of ERK1/2. Their
combination had no effect on the phosphorylation of EGFR (Tyr1173), but significantly
inhibited the phosphorylation of c-RAF (Ser338) and ERK1/2 (Thr202/Tyr204). When
concentrations were increased to ≥10 µM, compound 2, but not 1, inhibited phosphorylation
of EGFR (Tyr1173). Even though these two compounds alone partly inhibited EGF-induced
phosphorylation of c-RAF (Ser338) and ERK1/2 (Thr202/Tyr204), their combination
significantly (p<0.05) blocked the phosphorylation of c-RAF (Ser338) and ERK1/2 (Thr202/
Tyr204). Together, these data suggest that compounds 1 and 2 target different molecules in
the EGFR/RAS/RAF/MEK/ERK1/2 pathway and their combination leads to a synergistic
inhibitory effect on cell proliferation that may be mediated by a synergistic inhibition of the
EGFR/RAS/RAF/MEK/ERK1/2 pathway.
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4. Discussion
Fruits and vegetables have shown promise in cancer prevention. Numerous phytochemicals
isolated from a variety of plants have been identified as selective cancer growth inhibitors
and/or apoptotic agents. Avocado fruit meat only recently has been identified as containing
cancer-preventing phytochemicals not found in other fruits and vegetables [5]. In the present
study, we have identified and characterized the underlying mechanisms of a bioactive
chloroform-soluble extract (D003) isolated from avocado mesocarp and two pure
components (1 and 2) that selectively target human oral cancer cells. It has been shown that
the extract D003 selectively inhibited the growth of human oral cancer cell lines by targeting
the EGFR/RAS/RAF/MEK/ERK1/2 pathway. We have demonstrated further that two
aliphatic acetogenins (1 and 2), isolated and purified from this extract, act synergistically to
inhibit the EGFR/RAS/RAF/MEK/ERK1/2 pathway via different mechanisms.

Previous studies have shown that the potential anticancer activity of avocado fruit mesocarp
extracts may be related to the inhibition of cell growth via the induction of tumor suppressor
p21, and reduction of the cell-cycle proteins, cyclins D1, B1, A [5]. Our previously
published data indicated that that avocado extract D003 induces apoptosis via modulation of
mitochondrial ROS production at concentrations ≥30 µg/ml [5]. In the present study, it has
been shown that the avocado extract D003 at non-apoptotic concentrations (≤20 µg/ml) and
two isolated constituents [(2S,4S)-2,4-dihydroxyheptadec-16-enyl acetate (1) and (2S,
4S)-2,4-dihydroxyheptadec-16-ynyl acetate (2)] inhibit EGFR and its downstream RAF/
MEK/ERK1/2 pathway in human oral cancer cells. To our knowledge, this is the first report
of EGFR as a target of the avocado D003 extracts and these two isolated compounds.
Inhibition of EGFR by avocado extract D003 appears to be due to reducing both the total
amount of EGFR protein and its activation. Among the multiple function-regulating residues
in the EGFR molecule, the following sites are involved in the activation of the downstream
RAS: phosphorylation at Tyr1148 and Tyr1173 provides a docking site for SHC scaffold
protein [18]; while phosphorylation at Tyr 1068 results in the binding of Grb2 and SOS
proteins leading to the activation of RAS by converting inactive GDP-bond RAS to active
GTP-bound RAS [19, 20]. We tested the modulation of Tyr1173 and Tyr 1068, which show
similar changes after stimulation with EGF and treatment with avocado D003 extract and the
two isolated components (1 and 2). Therefore, it is proposed that the avocado D003 extract
inhibits the activation of EGFR at least via these two tyrosine residues related to RAS
activation. Additional studies are required to investigate how D003 extract and the isolated
components inhibit these tyrosine residues. We suspect that the modulation of the
phosphorylation status of EGFR is involved in the immediate inhibition while reduction of
total protein may result from a lengthy exposure.

Compounds 1 and 2, are aliphatic acetogenin derivatives, reported so far only from P.
americana. The only structural difference between these two compounds is that compound 1
possesses a terminal alkene, while compound 2, has a terminal alkyne. However, this
structural difference caused a marked change in their interaction with cellular EGFR
pathway. Our data indicates that compound 2 inhibits the EGFR/RAS/RAF/MEK/ERK1/2
pathway at two different levels: i) inhibiting EGFR activation (Tyr1173) by EGF; and ii)
suppressing activation of c-RAF (Ser 338). Since the 83-01-82CA cell line contains a
constructively active H-RAS mutation at codon 12 (Gly to Val) and compound 2 inhibits
both EGFR and c-RAF, we reason that inhibition of c-RAF by compound 2 is via inhibition
of RAS or RAF, independent of upstream signal EGFR. Unlike compound 2, compound 1
does not inhibit EGFR phosphorylation at Tyr 1173. It does however inhibit c-RAF activity
(Ser 338), either directly on c-RAF or upstream on RAS.
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The different mechanisms of compounds 1 and 2 in targeting the EGFR/RAS/RAF/MEK/
ERK1/2 pathway provide a rationale for compound combination in cancer prevention and
treatment. Our data indicate that on combining these compounds at low concentrations they
act synergistically to inhibit the proliferation of human oral cancer cells. Considering that
the EGFR/RAS/RAF/MEK/ERK1/2 pathway may be activated in cancer cells by either
EGFR or RAS [4, 21–23], targeting multiple molecules in the pathway simultaneously may
provide more effective prevention and treatment than using specific inhibitors targeting only
one of the molecules in the EGFR pathway. In fact, recent studies suggest that RAS
mutation may be responsible for tumor resistance to EGFR inhibitors in patients [4, 24, 25].
Therefore, providing a double hit on a critical cancer pathway such as EGFR/RAS/RAF/
MEK/ERK1/2 by phytochemicals like those found in avocado fruit could lead to more
effective method of cancer prevention.
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Fig. 1.
The avocado D003 extract inhibits the activity of EGFR and its downstream c-RAF/
ERK1/2. The human oral cancer cell line 83-01-82CA was seeded in 100 mm cell culture
dishes in growth medium. After overnight incubation, cells were treated with 5–20 µg/ml
D003 extract for 48 and 72 h. Equal amounts of protein were analyzed by Western blot
using specific antibodies against EGFR and phosphorylated c-RAF (Ser338) (p-c-RAF) and
ERK1/2 (Thr202/Tyr204) (p-ERK1/2). α-Tubulin was used as a loading control.
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Fig. 2.
Over-activation of MEK/ERK1/2 partially reverses avocado D003 extract-induced growth
inhibition. The 83-01-82CA cells expressing constructively active MEK (MEKCA) and the
empty vector (GFP) are described in the Materials and Methods. Cells were treated 0–37.5
µg/ml avocado D003 extract in growth medium for 72 h. Relative cell numbers were
determined by the methylene blue assay. The data were normalized to the control treated
with vehicle DMSO.
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Fig. 3.
Compounds 1 and 2 isolated from avocado D003 extract inhibit the activity of EGFR and its
downstream c-RAF and ERK1/2. A, Structure of compounds 1 and 2. B, The 83-01-82CA
cells were seeded in 100 mm cell culture dishes in growth medium. After overnight
incubation, the medium was replaced with serum-free medium and cells were starved for 24
h. Cells were then incubated with 30–120 µM compounds 1 and 2 for 1 h followed by 10 ng/
ml EGF for 10 min. Proteins were harvested and protein levels of phosphorylated forms of
EGFR (Tyr 1173) (p-EGFR), c-RAF (Ser 338) (p-c-RAF) and ERK1/2 (Thr202/Tyr204) (p-
ERK1/2) were determined by Western blotting. α-Tubulin was used as a loading control.
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Fig. 4.
The combination of compounds 1 and 2 act synergistically to inhibit cancer cell growth. A,
Growth inhibition of the 83-01-82CA cell line by individual (0, 5, 10 and 20 µM) and
combined concentrations (ratio of 1:1, 1:2, and 2:1) of compounds 1 and 2. Cells were
incubated for 72 h and relative cell numbers were determined by methylene blue staining.
Values are normalized to vehicle DMSO controls. A combination index (CI) was determined
using Calcusyn software (inset). * Combination results are synergistic when CI is <1. B, The
83-01-82CA cells were seeded and starved as in Fig. 3B, followed by incubation with
compounds 1 and 2 for 1 h using the same concentration scheme (1:1) as in Fig. 4A and then
incubated with 10 ng/ml EGF for 10 min. Proteins were harvested and protein levels of
phosphorylated forms of EGFR (Tyr 1173) (p-EGFR), c-RAF (Ser 338) (p-c-RAF) and
ERK1/2 (Thr202/Tyr204) (p-ERK1/2) were determined by Western blotting. α-Tubulin was
used as a loading control.
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