180 J. Agric. Food Chem. 2010, 58, 180-186
DOI:10.1021/jf9027816

JJOURNA AL

AGRICULTURAL AnD

A R T

FOOD CHEMISTRY
AR T | C_L_El

Bioactive Compounds from Sour Orange Inhibit Colon Cancer
Cell Proliferation and Induce Cell Cycle Arrest
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Epidemiological studies suggest that dietary limonoids and phytosterols offer protection from certain
types of cancers. Potential cancer preventive constituents of sour orange (Citrus aurantium L.) were
isolated and identified from ethyl acetate extract. The structures of the compounds were identified
by one-dimensional ('H or 'C) and two-dimensional (‘H-H and 'H—'3C) nuclear magnetic
resonance experiments as limonexic acid and -sitosterol glucoside (SG). The identified compounds
were tested for the potential inhibition of human colon cancer cell (HT-29) proliferation, apoptosis,
and also noncancerous cells (COS-1). Cell proliferation, arrest of the cell cycle, and induction of
apoptosis were assessed by MTT assay, flow cytometry, and nuclear staining methods, respec-
tively. The MTT assay indicated that both compounds exhibited significant inhibition at various
concentrations. These compounds did not show any toxic effects on noncancerous cells. These
compounds caused 4—5-fold increases in the counts of G2/M stage cells at 50 M, indicating a
potential role in cell cycle arrest. These findings support the hypothesis that limonoids and
phytosterols are effective apoptosis-promoting agents and incorporation of enriched fractions of
these compounds in the diet may serve to prevent colon cancer. To the best of our knowledge, this
is the first report of the isolation, identification, and cell proliferation assay for limonexic acid and SG

from sour orange.
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1. INTRODUCTION

Epidemiological data suggest that ingestion of some bioactive
compounds from fruits and vegetables may contribute to cancer
reduction in humans. Since 1970, there has been tremendous
interest in Citrus fruits because of the presence therein of large
amounts of putative bioactive compounds and their health
benefits. Among the human health-maintaining phytonutrients
in citrus juices are limonoids, flavonoids, sterols, furocoumarins,
and vitamins (/ —3). Our recent investigations of citrus found that
several potential bioactive compounds have been identified in
addition to vitamin C (2—6).

Phytosterols (PS) are the counterparts of cholesterol in ani-
mals. In vitro and animal studies suggest that PS offer protection
from the most common cancers in developed countries, including
colon, prostate, and breast (7). However, the exact mechanism by
which dietary phytosterols offer this protection is not fully
understood. Dietary consumption of PS is lower in developed
countries (80 mg/day) as compared to developing countries
(400 mg/day). It seems that the incidence and/or the death rate
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from these cancers that is minimal in developing countries may be
due to the consumption of PS (8).

Colorectal carcinoma is the second leading cancer in the
United States (9). It is well-known that dietary factors can
modulate the development of certain types of human cancer,
including colon cancer. The antiproliferative effects of limonoids
have been shown in various cancers, including but not limited to
breast cancer (/0), colon cancer (11, 12), stomach cancer (13, 14),
and neuroblastoma cancer (15). Our recent studies (15, /6) and
many others (17—19) have demonstrated that citrus limonoids
have numerous health benefits, including but not limited to
countering the effects of antimalarial and anti-inflammatory
activity and acting as cytotoxic and cytostatic agents in animals
and human cell cultures.

Citrus limonoids inhibit average tumor burden in DMBA-
induced hamster buccal pouch carcinogenesis (/9). In addition,
limonin and nomilin were found to inhibit HIV-1 replication in
human peripheral blood mononuclear cell cultures (20). Our
group has demonstrated that certain citrus bioactive compounds
exhibit differential levels of inhibition of colon cancer (/6) and
caspase-mediated apoptosis inducing effects on human nuroblas-
toma cancer cells in culture models (/5, 271). The results of
the study described above demonstrate that certain limonoid
glucosides have arrested significantly S and G2/M stages of the
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cell cycle (27). Our recent study demonstrated that different
solvent extracts from sour orange were reported to possess
significant antioxidant activity in in vitro models (22). To further
characterize the bioactive compounds from sour orange, we have
purified and characterized two bioactive compounds by nuclear
magnetic resonance (NMR) studies for the first time. Moreover,
identified compounds have been tested for the inhibition of colon
cancer cells (HT-29) for the first time, and these compounds were
found to be nontoxic to normal cells.

2. MATERIALS AND METHODS

2.1. Materials. All solvents used in this study for extraction and
high-performance liquid chromatography (HPLC) were obtained
from Sigma-Aldrich (St. Louis, MO). TLC plates [silica gel 60 F-254,
thickness of 0.20 mm (20 cm x 20 cm)] were obtained Fisher Chemicals.
p-(N,N-Dimethylamino)benzaldehyde (Ehrlich’s reagent) and silica gel
(200—400 mesh) were obtained from Sigma Chemical Co. (St. Louis, MO).

2.2. Plant Material. Sour oranges (Citrus aurantium L.) were
harvested from the orchard of Texas A&M University-Kingsville Citrus
Center (Weslaco, TX) in October and November 2006. The seeds were
separated, dried, and powdered to pass through a 40—60 mesh sieve using
a mixer grinder (VitaMix Corp., Cleveland, OH).

2.3. Extraction. Ground citrus seed powder (4800 g) was defatted
using a Soxhlet apparatus with hexane (15 L) for 24 h. The defatted
powder was extracted for 8 h with ethyl acetate (15 L) at 60—70 °C. The
extracts were filtered and concentrated under vacuum (Buchi) to yield a
viscous concentrate.

2.4. Purification. The viscous liquid described above was impreg-
nated with silica gel and loaded onto a silica gel (250 g) column. The
column was eluted thoroughly with 5 L of dichloromethane (DCM),
mixtures of DCM and acetone (95:5 to 25:75), and acetone. Fractions
(500 mL each) were collected and concentrated under vacuum. The
fractions containing the same HPLC peaks were combined and further
purified as mentioned above using silica gel column chromatography.
Compounds 1 (56 mg) and 2 (49 mg) were eluted using 7:3 and 4:6 DCM/
acetone mixtures, respectively.

2.5. High-Performance Liquid Chromatography Analysis.
HPLC analysis was conducted using an Agilent (Foster City, CA) HPLC
1200 Series system consisting of a degasser, a quaternary pump, an auto
sampler, a column oven, and a diode array detector. Compound 1 and
column fractions were eluted using a Zorbax SB-C18 column [250 mm X
4.6 mm (inside diameter)] and detected at 210 nm with a flow rate of
0.8 mL/min. The elution was conducted with a gradient of mobile phase A
(3 mM phosphoric acid) and mobile phase B (acetonitrile): from 100 to
50% A for 0—26 min, from 50 to 10% A for 4 min, and 100% A for 5 min.
Compound 2 was analyzed at 207 nm with a flow rate of 0.5 mL/min with a
linear gradient from 100 to 0% A in 26 min. The column fractions were
filtered through 0.45 um filters and subjected to HPLC.

2.6. NMR Experiments. Two isolated compounds, 1 and 2, were
characterized by NMR studies. "H and '>C NMR experiments were
performed on a Bruker Biospin Avance 400 NMR spectrometer
("H frequency of 400.13 MHz, *C frequency of 100.62 MHz) at 298 K
using a 5 mm broadband inverse probehead equipped with a shielded
z-gradient and XWIN-NMR version 3.5 using TMS as an internal reference.
One-dimensional '"H and "*C spectra were recorded using a one-pulse
sequence. 'H spectra were also recorded after the addition of a drop of
deuterium oxide to identify exchangeable protons. One-dimensional '*C
spectra using spin-echo Fourier transform (SEFT) and quaternary carbon
detection (23) (QCD) sequences were also recorded to aid in structure
identification. Homonuclear and heteronuclear two-dimensional (2D)
NMR experiments such as "H—"H double-quantum-filtered correlation
(DQF-COSY), sensitivity-enhanced and multiplicity-edited "TH—"C hete-
ronuclear single-quantum correlation (24) (edited HSQC), and 'H—"3C
gradient-enhanced heteronuclear multiple-bond correlation (HMBC)
experiments were performed. For the DQF-COSY experiment, a spectral
width of 4800 Hz was used in both the dimensions and 512 FIDs were
obtained with ¢, increments, each with 2048 complex data points. The
number of transients and the relaxation delay used were 32 and 5 s,
respectively. Phase sensitive data were obtained using the TPPI method.
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For "H—"3C multiplicity-edited HSQC and HMBC experiments, spectral
widths of 4800 and 24000 Hz were used in the 'H and *C dimensions,
respectively; 512 FIDs were collected with ¢, increments each of 2048 data
points, 32 transients, and a 2 s recycle delay. Phase sensitive data for the
edited HSQC experiment were obtained using the echo—anti-echo mode,
whereas for HMBC, magnitude mode data were obtained. The resulting
2D data were zero filled to 1024 points in the 7, dimension and double
Fourier transformed after being multiplied by a squared sine-bell window
function shifted by /2 along both dimensions. For the stereochemical
assignments of the protons, one-dimensional nuclear Overhauser enhance-
ment (NOE) experiments were performed on both compounds. The NOE
buildup on the proximal protons was monitored from the difference
spectrum of on- and off-resonance irradiation of individual proton signals.

2.7.  Cell Culture. Human HT-29 colorectal adenocarcinoma cells
and noncancerous COS-1 monkey kidney fibroblast cells (CRL-1650)
were obtained from American Type Culture Collection (Bethesda, MD).
Both types of cells were grown at 37 °C with 5% CO, and 90% relative
humidity. HT-29 cells were grown in RPMI 1640 medium supplemented
with 10% (v/v) fetal bovine serum, 1.5 mM L-glutamine, 2.2 g/L sodium
bicarbonate, 100 ug/mL penicillin G, streptomycin, and 1 #g/mL ampho-
tericin B. The COS-1 cells were grown in Dulbecco’s modified Eagle’s
medium with 4 mM L-glutamine adjusted to contain 1.5 g/L sodium
bicarbonate and 4.5 g/L glucose, with 10% fetal bovine serum, 100 ug/mL
penicillin G, streptomycin, and 1 ug/mL amphotericin B.

2.8. Cell Viability Assay. Colon cancer cells (HT-29) and normal
cells (COS-1) cells were cultured in 96-well plates in triplicate separately and
in three different trials, at a density of 10° cells/well in 200 4L of medium. The
cells were grown to ~70% confluence, and treatments were initiated by
supplementing the cells with 5, 10, 20, and 40 uM limonexic acid, SG, and
camptothecin in DMSO (final concentrations in medium). The plates were
incubated for 24, 48, and 72 h. The final concentration of DMSO in culture
medium was maintained at <0.005%. Camptothecin was used as a positive
control. The viability of the cells was assayed on the basis of the ability of the
live cells to reduce MTT as previously described (27). The color product
formazon was measured spectrophotometrically at 550 nm using a KC-4
microplate reader (BioTek Instruments, Winooski, VT). After the incuba-
tion (24, 48, and 72 h) with the compounds, 20 uL of the MTT solution
(5 mg/mL in PBS) was added to each well and the wells were incubated for
2 hat 37 °C in a humidified chamber with 5% CO,. The colored product
(formazon), formed by the reduction of MTT by the active mitochondria of
the live cells, was released into the solution using cell lysis buffer and
solubilized via addition of 50 uL of DMSO. The absorbance of formazon
was measured at 550 nm using a microplate reader. Three different replicate
trials were conducted for each compound, and the results are presented as
means + the standard deviation (SD).

2.9. Cell Cycle Analysis by Flow Cytometry. HT-29 cells were
grown in 25 mL Falcon culture flasks at 37 °C under 5% CO,. At 70—80%
confluence, the cells were detached using Pucks EDTA and distributed to
24-well plates. After the cells reached nearly 90% confluence in the plates,
the medium (1.0 mL) was changed and limonexic acid, SG, and camp-
tothecin were used to reach concentrations of 25 and 50 uM. The plates
were incubated at 37 °C for 48 h. After the incubation, the cells were
harvested using Pucks EDTA. The cells were washed three times using PBS
(0.01 M, pH 7.4). The supernatant was removed carefully, and the cells
were washed with 1.0 mL of PBS and centrifuged. Finally, the supernatant
was removed slowly without disturbing the cells; 200 uL of 70% ethanol
and 200 uL of PBS were added, and the solutions were gently mixed and
stored at —80 °C until further use. Before the sample preparation for the flow
cytometer was begun, the cells were centrifuged and the supernatant was
removed and washed with PBS buffer twice. The cell pellet was suspended in
1 mL of staining reagent (1.25 mL of propidium iodide, 5 mg of RNase,
2.5mL of sodium citrate, 0.250 mL of Triton X, and 18.5 mL of water). After
a 15 min incubation at 37 °C, the suspension was passed through a nylon
filter and collected in tubes. DNA fluorescence readings were taken using a
Beckton Dickenson FACS Caliber flow cytometer with an excitation blue
light set at 488 nm and a detector emission of red fluorescence through a
585 nm filter. Pulse width area signals were used to discriminate between G,
cells and cell doublets. The data were analyzed using ModFitLT version 3.1
(PMac). The relative distribution of 10000 events for each sample was
analyzed for background aggregates and debris (BAD), an indicator of
apoptosis as well as Gy, S, G,, and M phases of the cell cycle.
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Limonexic acid

R-Sitosterol glucoside

Figure 1. Structures of isolated compounds from sour orange: limonexic acid (compound 1) and /3-sitosterol glucoside (compound 2).
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Figure 2. HPLC chromatograms of isolated compounds from sour orange.

2.10. Assessment of Apoptosis. Assessment of apoptosis was
performed using the acridine orange and ethidium bromide staining
method, which is based on the differential staining of viable and apoptotic
cells in a mixture. A total of 10* cells/mL were grown (HT-29) in eight-well
chamber glass culture slides at 70% confluence. The cells were treated with
50 uM limonexic acid, SG, and camptothecin supplemented through the
fresh medium. The plates were incubated at 37 °C for 24 h and stained with
1 uL of 1x working solution of nuclear stains consisting of ethidium
bromide (500 ug), DAPI (100 ug), and acridine orange (100 ug) in I mL of
PBS. After being incubated for 10 min, the cells were observed under an
Olympus FV1000 confocal microscope with spectral imaging and photo-
activation (Olympus America Inc., Center Valley, PA) with 495 nm
primary and 515 nm secondary filters. Dead cells were stained a bright
orange color, while viable cells were stained a bright green color.

2.11. Statistical Analysis. SPSS software was used for statistical
analyses. Mean values among treatment groups were compared by the
ANOVA test. P values of <0.05 were considered significant.

3. RESULTS AND DISCUSSION

A recent study demonstrated that different solvent extracts
from sour oranges possess significant antioxidant activity in in

vitro models (22). Hence, our study was focused on isolation and
identification of putative bioactive compounds present in C.
aurantium. Seed powder of sour orange was extracted with
ethyl acetate (EtOAc) for 8 h in a Soxhlet type extractor, and
the extract was concentrated under vacuum. The concentrate
of EtOAc was freeze-dried. To explore potential bioactive
components responsible for the antiproliferative activity, the
EtOAcC fraction was analyzed by TLC and HPLC for chemical
composition. The EtOAc extract was subjected to repeated
silica gel column chromatography. The column was eluted with
DCM and acetone with increasing polarity to yield two
compounds. Compounds 1 (56 mg) and 2 (49 mg) were eluted
with 7:3 and 4:6 DCM/acetone mixtures, respectively
(Figure 1). The purity of the isolated compounds was analyzed
by TLC and HPLC. No additional spots were observed on
TLC plates with either Ehrlich’s reagent or methanolic sulfuric
acid followed by heating at 100 °C for 10 min, thus con-
firming the purity of the compounds. Moreover, the purity of
the isolated compounds was further confirmed by HPLC
(Figure 2).
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Table 1. "H and *C NMR Chemical Shifts for Limonexic Acid (compound 1)
(solvent, DMSO-ds)
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Table 2. 'H and ®C NMR Chemical Shifts for -Sitosterol Glucoside
(compound 2) (solvent, DMSO-dg)

1H 1H

no. group a e 5c no. group a B °C
1 CH 413 - 78.45 1 CH, 1.79 0.98 36.86
2 CH, 2.66 2.80 35.70 2 CH, 1.46 1.83 28.75
3 C - 170.25 3 CH - 3.46 76.97
4 C - 79.59 4 CH, 212 2.36 38.34
5 CH 2.44 - 58.46 5 C - 140.49
6 CH, 3.14 227 36.23 6 CH - 5.32 121.23
7 C — 207.99 7 CH, 1.50 1.93 31.41
8 C - 50.80 8 CH - 1.40 31.46
9 CH 2.53 - 46.55 9 CH 0.88 - 49.64
10 C - 45.37 10 C - 36.25
1 CH, 1.81 17.76 1 CH, 1.47 1.47 20.63
12 CH, 1.24 1.73 28.84 12 CH, 1.96 1.14 39.13
13 C - 37.89 13 C - - 41.89
14 C - 66.13 14 CH 0.98 - 56.20
15 CH - 4.03 53.07 15 CH 1.54 1.03 23.88
16 C - 166.19 16 CH, 1.80 1.25 27.83
17 CH 517 77.85 17 CH 1.09 — 55.47
18 CHs 1.09 (o) 19.80 18 CHs 0.64 11.70
19 CH, 493 4.45 64.97 19 CHs; 0.95 19.13
20 C - 163.82 20 CH - 1.34 35.51
21 CH 6.06 98.25 21 CHs 0.89 18.65
22 CH 6.27 122.07 22 CH, 1.30 1.00 33.39
23 C — 169.13 23 CH, 1.15/1.15 25.48
24 CH, 0.97 (pB) 16.51 24 CH 0.91 4518
25 CHs; 1.03 () 21.45 25 CH 1.63 28.75
26 CHs 119(a) 29.71 26 CHs 0.81 18.96
21 OH 8.20 - 27 CH; 0.81 19.72
28 CH, 1.25 1.19 22.64
3.1. Elucidation of Structure from 'H and *C Two-Dimen- ?,9 8:3 ggf 1(1);2(1)
sional (2D) NMR. After confirming the purity of the isolated o CH 2.88 73'37
compounds by HPLC, we employed one and two-dimensional 3 CH 3:11 76:71
NMR spectroscopy to elucidate the structures. Proton spectra of & CH 3.01 70.01
these compounds were complex with many overlapped peaks. 5/ CH 3.05 76.61
Intense characteristic methyl signals were first assigned tenta- 6’ CH, 3.63/3.39 61.01

tively using the one-dimensional (1D) spectrum. Assignment of 2 OH 4.90 -

the resonances from the overlapped region due to methylene ¥ OH 4.90 -

(CH,) and methine (CH) protons of both compounds was not ‘61: 8: jig -

possible from the 1D spectrum alone. Hence, sensitivity-en-
hanced and multiplicity-edited 'H—'°C heteronuclear single-
quantum correlation (23) (edited HSQC) and spin-echo Fourier
transform (SEFT) spectra were used first for the identification of
these groups. The assignment of all the carbons and the attached
protons was then made from the combination of 'H—"H double-
quantum-filtered correlation (DQF-COSY) and '"H—"3C gradi-
ent-enhanced heteronuclear multiple-bond correlation (HMBC)
experiments. To trace the signals from nonprotonated carbons,
a quaternary carbon detection (24) (QCD) experiment was
used. This experiment detects only nonprotonated carbons by
effectively suppressing signals from CH, CH,, and CHj; types
of carbons. Typical 1D '"H and '*C NMR spectra of both
compounds and 2D spectra for compound 2 are shown in
Figures S1—S5 of the Supporting Information. Stereochemical
assignment of the protons was subsequently made on the basis
of the relative NOE peak intensity. "H and '*C chemical shifts
of both the compounds thus derived are listed in Tables 1 and 2.
Analysis of 'H and '*C 1D and 2D NMR experiments with
the compounds facilitated identification of compounds 1 and 2
as limonexic acid and f-sitosterol glucoside, respectively
(Figure 1).

3.2. Cell Viability. The MTT assay was performed using
limonexic acid, SG, and camptothecin at different concentrations
with colon cancer cells. This method is based on the reduction

of yellow tetrazolium salt to a purple formazan by active
mitochondria which was assessed with a spectrophotometer.
These absorbances were converted to the percentage of cell
viability with respect to control. Both the compounds inhibited
cell proliferation in a linear dose-dependent manner. We have
compared the antiproliferative effect of these compounds for 24,
48, and 72 h (Figure 3). Interestingly, our results showed that
limonexic acid (47.5%) was a more potent inhibitor of colon
cancer cells than SG (38.4%) at 40 uM after 24 h. On the other
hand, significant cytotoxic effects of limonexic acid (66.5%) were
noticed after treatment for 72 h on the colon cancer cells when
compared to that of untreated cells at a concentration of 20 uM
(P < 0.005). However, the significant difference in the cytotoxic
effects for SG was observed only at 40 uM (P < 0.05). In the case
of positive control (campthothecin), the growth inhibition of
colon cancer cell is significant at 5 uM onward in 24 h. On the
other hand, these compounds had no significant toxic effect on
the growth of noncancerous mammalian COS-1 kidney fibroblast
cells (Figure 3), which indicates a specific effect of these com-
pounds only for cancer cells. In this study, we have observed
significant inhibition at higher SG concentrations. This confirms
the previously published results (25—27).
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Figure 3. Determination of the percent inhibition of colon cancers (HT-29)
and growth of normal cells by limonexic acid, /3-sitosterol glucoside, and
camptothecin at different concentrations after incubation for (A) 24, (B) 48,
and (C) 72 h. (D) Growth of normal (COS-1) cells after 24 and 48 h. The
results are averages of three independent experiments conducted in
triplicate and expressed as means =+ SD.

Phytosterols have inhibitory effects on breast cancer cells, and
these effects occurred after incubation for 3—5 days at §—16 uM.
The growth inhibitory effect of phytosterols occurred at this
concentration relevant to vegetarian diets similar to that observed
with other tumor cell lines such as human prostate cancer
(LNCaP) cells and colon cancer (HT-29) cells (26, 27). These
findings indicated that phytosterols inhibit the growth of several
cancer cell lines representing common cancers of Western society.
Phytosterols such as f-sitosterol, campesterol, and stigmasterol
are the predominant sterols reported in foods. SG is a plant sterol
similar in structure to cholesterol. However, SG is not a com-
monly found sterol in seeds and nuts. Epidemiological studies
suggest that consumption of phytosterols may have protective
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Table 3. Distribution (%) of HT-29 Cells at Various Stages of the Cell Cycle at
Two Concentrations of the Isolated Compounds after 48 h Determined by Flow
Cytometry Using Propidium lodide Staining?

%BAD % Go/Gi %S %G,/M %CV

control 0 uM 8.2 91.4 1.1 2.5 34
limonexic acid 25uM 429 722 2 13.2 4.6
50uM 7541 8.8 147 1641 5.5
p-sitosterol glucoside 25 uM  56.6 72 1.9 9 4
50uM 7241 89.1 17.2 10.8 6.2
camptothecin 25uM  80.2 79.7 0 9.3 34

50uM 979 90.7 0 20.3 4.1

@ Abbreviations: BAD, background aggregates and debris; CV, coefficient of
variation; Go, gap 1; Gy, gap 2; M, mitosis; S, DNA synthesis phase.
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Figure 4. Inhibition of HT-29 cell proliferation and cell cycle progression by
(A) control, (B) limonexic acid, and (C) p-sitosterol glucoside, at a
concentration of 50 uM after 48 h. Horizontal and vertical axes indicate
the relative nuclear DNA content and number of cells, respectively.

effects against several types of cancer, including colon (26),
prostate (27), and breast carcinoma (7). Chang et al. (25) tested
the inhibition of colon cancer cells by several compounds along
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Figure 5. Effect of limonexic acid and j3-sitosterol glucoside on apoptosis of colon cancer cells (HT-29) at a concentration of 50 .M after 24 h. After cells had
been treated and stained as described in Materials and Methods, samples were analyzed under a fluorescence Olympus FV500 confocal microscope.
The nuclei of control cells showed round and homogeneous nuclei, whereas nuclei of treated cells were condensed and fragmented. Apoptotic
morphology is demonstrated by shrunken or dot-shaped nuclear fragments. Data are from a typical representative of three similar experiments. The

magnification was 100x.

with SG from Casearia memvranacea. The 1Cs, value for SG was
26.55 ppm. In this study, we have demonstrated that SG can
significantly inhibit the cell cycle and apoptosis in colon cancer
cells at around same concentration after incubation for 24 h.

3.3. Effect on the Specific Stages of the Cell Cycle and
Apoptosis. It has been hypothesized that the antiproliferative
effects of limonexic acid and SG could be due to their ability to
affect certain stages of the cell cycle in the cancerous cells. In this
study, we have noticed a significant effect of limonexic acid and
SG on the proliferation of HT-29 cells, mediated through the
ability of the compounds to arrest certain stages of the cell cycle
(Table 3 and Figure 4). Limonexic acid exhibited 4- and 9-fold
more background aggregates and debris (BAD) at concentrations
of 25 and 50 uM, respectively, which is a profound indicator of
apoptosis. On the other hand, 6- and 9-fold increases in BAD
were observed with SG. Overall, our results showed that limo-
nexic acid and SG induced arrest of DNA synthesis, G2/M phases
of the cell cycle, and apoptosis in colon cancer cells (Figures 4 and
5). Both the compounds exhibited approximately 15% arrest of
the DNA synthesis phase at 50 uM. Interestingly, a very negligible
amount of cell arrest was observed at a concentration of 25 uM
(Table 3). The flow cytometry data indicated a 3—4-fold increase
in the cell cycle. The results were further confirmed via confocal
fluorescence microscopy, where the DAPI nuclear staining in-
dicated a loss of membrane integrity (Figure 5). This figure depicts
the effect of limonexic acid, SG, and camptothecin on apoptosis
of human colon cancer cells which were viewed under a fluore-
scence microscope. The nuclei of control cells showed round and
homogeneous nuclei, whereas apoptotic cells from treated group
showed condensed and fragmented nuclei. As predicted, the
results showed a significant decrease in the number of viable cells
that were treated with limonexic acid and SG.

These results clearly support the idea that both compounds are
effective in inhibiting cancer cell proliferation. Apparently, there
was no effect on the noncancerous COS-1 cells. Hence, it can be
discerned from our study that purified limonoids had a specific
toxic to lethal effect on human cancer cells, while they were
nontoxic to normal cells. Plant-derived triterpenoids have shown
significant promise for the prevention of a wide array of human
cancers. Citrus fruits and juice contain significant quantities of
limonoids. The concentration of limonoids in citrus juice ranges
from approximately 140 to 300 ppm, while the limonoid glucoside
content of citrus peel and flesh solids is ~500 ppm. Citrus seeds
contain limonoid glucosides in ~1% on a dry weight basis
(28, 29). These compounds may significantly inhibit colon cancer
cells. The specific correlation of the chemistry or biochemistry of

these compounds in relation to their mode of action will enhance
their potential realization as antineoplastic therapeutics. Accel-
erated cell growth or abnormal cell cycle regulation defines the
progression of the cancer. Bioactive compounds from citrus may
specifically inhibit the different stages of cancer cells, and these
types of bioactive compounds are often considered as important
candidates for drug development. For the first time, limonexic
acid and SG have been purified from sour oranges and tested for
their ability to affect the cell cycle, inducing cytotoxicity and
induction of apoptosis. Cyclin-dependent kinases regulate the
formation of a complex of the cell cycle with other cyclin ligands,
and the G2/M transition is governed by the active formation of a
complex of CDKs with the mitotic cyclins (30). Our results
indicate a highly promising arrest of the G2/M phase of the cell
cycle eventually leading to apoptosis, but the specific mechanisms
of these compounds on these kinase receptors and other tran-
scription factors are yet to be determined. However, both
limonexic acid and SG possess potential chemopreventive proper-
ties and therefore provide significant leads in development
therapies for checking the incessant progression of colonic
adenocarcinomas. Further studies are required to improve our
understanding of structure—activity relationships, which will
provide a basis for selective chemical or biochemical methods
for enhancing antitumor activity. Moreover, the bioavailability of
citrus limonoids and the mechanism of absorption are important
future research objectives.

Supporting Information Available: Complete assigned 2D
NMR spectra for the isolated compounds 1 (limonexic acid) and 2
(B-sitosterol glucoside) (Figures S1—S5). This material is avail-
able free of charge via the Internet at http://pubs.acs.org.
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