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Introduction

Recent studies suggest that apolipoprotein (apo) A-I and
apoA-I mimetic peptides may have a role in the treatment

© 2015 The Authors. Pharmacology Research & Perspectives published by John Wiley & Sons Ltd,
British Pharmacological Society and American Society for Pharmacology and Experimental Therapeutics.

Abstract

We previously reported that adding freeze-dried tomato powder from transgenic
plants expressing the apolipoprotein A-I mimetic peptide 6F at 2.2% by weight
to a Western diet (WD) ameliorated dyslipidemia and atherosclerosis in mice.
The same dose in a human would require three cups of tomato powder three
times daily. To reduce the volume, we sought a method to concentrate 6F.
Remarkably, extracting the transgenic freeze-dried tomato overnight in ethyl ace-
tate with 5% acetic acid resulted in a 37-fold reduction in the amount of trans-
genic tomato needed for biologic activity. In a mouse model of dyslipidemia,
adding 0.06% by weight of the tomato concentrate expressing the 6F peptide
(Tg6F) to a WD significantly reduced plasma total cholesterol and triglycerides
(P < 0.0065). In a mouse model of colon cancer metastatic to the lungs, adding
0.06% of Tg6F, but not a control tomato concentrate (EV), to standard mouse
chow reduced tumor-associated neutrophils by 94 + 1.1% (P = 0.0052), and
reduced tumor burden by two-thirds (P = 0.0371). Adding 0.06% of either EV
or Tg6F by weight to standard mouse chow significantly reduced tumor burden
in a mouse model of ovarian cancer; however, Tg6F was significantly more effec-
tive (35% reduction for EV vs. 53% reduction for Tg6F; P = 0.0069). Providing
the same dose of tomato concentrate to humans would require only two table-
spoons three times daily making this a practical approach for testing oral apoA-I
mimetic therapy in the treatment of dyslipidemia and cancer.

Abbreviations

4F, the peptide Ac-D-W-F-K-A-F-Y-D-K-V-A-E-K-F-K-E-A-F-NH,; 5F, the peptide
Ac-D-W-L-K-A-F-Y-D-K-V-F-E-K-F-K-E-F-F-NH,; 6F, the peptide D-W-L-K-A-F-
Y-D-K-F-F-E-K-F-K-E-F-F without blocked end groups; ApoA-I, apolipoprotein
A-T; EV, transgenic tomatoes expressing a control marker protein, f-glucuronidase;
FPLC, Fast Performance Liquid Chromatography; LDLR, low-density lipoprotein
receptor; LPA, lysophosphatidic acid; SAA, serum amyloid A; Tg6F, transgenic
tomatoes expressing the 6F peptide; WD, Western diet.

of a number of malignancies. HDL-associated proteins
apoA-], transthyretin, and transferrin have been identified
as biomarkers of ovarian cancer (Kozak et al. 2003, 2005;
Nossov et al. 2008, 2009). In a mouse model of ovarian
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cancer in which the mice have a normal immune system,
it was found that transgenic expression of human apoA-I
significantly decreased tumor burden and extended sur-
vival of the mice (Su et al. 2010). Subsequently, Zamani-
an-Daryoush et al. (2013) reported that apoA-I potently
suppressed tumor growth and metastasis in multiple ani-
mal tumor models through both innate and adaptive
immune processes.

Su et al. (2010) demonstrated that the apoA-I mimetic
peptides 4F and 5F administered either orally or by injec-
tion decreased tumor growth, and decreased levels of a
known tumor growth promoter, lysophosphatidic acid
(LPA). Mechanisms deduced to play a role in the efficacy
of apoA-I mimetic peptides included decreased tumor
angiogenesis (Gao et al. 2011).

In other studies, it was found that the 4F peptide up-
regulated the antioxidant enzyme manganese superoxide
dismutase (MnSOD) and inhibited proliferation and the
ability to form tumors of epithelial ovarian cancer cells
(Ganapathy et al. 2012).

The risk for endometrial (Cust et al. 2007) and colon
cancer (van Duijnhoven et al. 2011) is inversely correlated
with HDL-cholesterol levels. Adding the 4F peptide to
mouse chow decreased tumor burden, tumor angiogene-
sis, and plasma LPA levels in a mouse model of colon
cancer (Su et al. 2012). In a mouse model of familial
adenomatous polyposis, administering 4F in mouse chow
also reduced the number and size of tumors in the intes-
tinal tract and decreased LPA levels in C57BL/6]—ApcMi“/ *
mice (Su et al. 2012).

Hypoxia-inducible factor-loe (HIF-1x) was induced
in vitro by LPA in human ovarian cancer cell lines, and
was decreased by addition of the 4F peptide (Gao et al.
2012). Moreover, administration of the 4F peptide mark-
edly decreased the expression of HIF-1« in mouse ovarian
tumor tissues (Gao et al. 2012).

Inflammation (Mantovani et al. 2008) and tumor-asso-
ciated macrophages play an important role in the pro-
gression and metastasis of cancers (Qian and Pollard
2010; Zamanian-Daryoush et al. 2013). LPA has been
reported to increase the expression of scavenger receptor
A (SR-A) on macrophages (Chang et al. 2008). SR-A
expression on macrophages has been shown to be neces-
sary and sufficient to promote tumor invasiveness (Neyen
et al. 2013a). The 4F peptide was reported to be a potent
inhibitor of SR-A (Neyen et al. 2009); administration of
the 4F peptide inhibited tumor invasiveness (Neyen et al.
2013a,b). Thus, there is evidence in animal models that
apoA-I and apoA-I mimetic peptides may be potential
therapeutic agents for the amelioration of cancer.

We recently reported a novel means of administering
apoA-I mimetic peptides in mouse models of atheroscle-
rosis (Chattopadhyay et al. 2013; Navab et al. 2013,
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2015). We showed that the apoA-I mimetic peptide 6F
could be expressed in transgenic tomato plants. When the
tomatoes were freeze-dried and fed to LDLR null mice in
a Western diet (WD), they ameliorated dyslipidemia and
atherosclerosis (Chattopadhyay et al. 2013).

The transgenic tomatoes expressing the 6F peptide
(Tg6F) also ameliorated dyslipidemia and atherosclerosis
induced by adding unsaturated LPA to standard mouse
chow (Navab et al. 2015). In the mouse studies (Chatto-
padhyay et al. 2013; Navab et al. 2013, 2015) the freeze-
dried, ground tomato powder was added to mouse diets
at 2.2% by weight. Laboratory mice eat a single diet
making it easy to mix in the freeze-dried tomato powder.
In contrast, human diets are much more complicated,
and it would be a challenge to use freeze-dried tomato
powder as a dietary supplement because of the amount
of powder required to achieve the same doses of the
peptide as were achieved in mice; three cups of powder
three times per day would be required. It was felt that
this volume would be impractical for widespread use.
Therefore, we sought a simple and economical method
to concentrate the 6F peptide from freeze-dried tomatoes
in order to decrease the volume required to achieve ther-
apeutic doses. We now report that concentrates of Tg6F
can easily be prepared, such that the required doses
could be administered to humans using no more than
two tablespoons of concentrate three times daily. We also
present evidence that these concentrates are effective in
mouse models of dyslipidemia, and in mouse models of
cancer.

Materials and Methods
Materials
Chemical reagents

Ethanol (catalog no. BP2818-100), ethyl acetate (HPLC
grade; catalog no. E195-4), and glacial acetic acid (HPLC
grade; catalog no. A35-500) were purchased from Fisher
Scientific (Pittsburgh, PA, USA).

Tumor cells

The ID8 cell line (a mouse ovarian epithelial papillary ser-
ous adenocarcinoma cell line) was a generous gift from K.
F. Roby (Center for Reproductive Sciences, University of
Kansas Medical Center, Kansas City, KS). The CT26 cell
line derived from N-nitroso-N-methyl urethane-induced
mouse colon carcinoma of BALB/c origin was purchased
from the American Type Culture Collection (ATCC).
Mouse apoA-I ELISA kit was from USCN Life Science,
Inc. Wuhan, China (catalogue no. SEA519Mu). All other
materials were from sources described previously (Chatto-
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padhyay et al. 2013; Navab et al. 2013, 2015) or as specif-
ically stated below.

Mice

Female wild-type C57BL/6] and BALB/c mice were pur-
chased from Jackson Laboratory and maintained on stan-
dard mouse chow (Teklad, Harlan, catlog no. T7013M15,
Indianapolis, Indiana, USA). LDLR null mice on a C57BL/6]
background were purchased from Jackson Laboratory and
bred in the Division of Laboratory and Animal Medicine at
UCLA. All LDLR null mice were female. All mice were
maintained on standard mouse chow (Ralston Purina). The
LDLR null mice were switched to a WD (Teklad, Harlan,
catalog no. TD88137) (Indianapolis, Indiana, USA) for the
period stated in the figure legend. The ages of the mice are
stated in the figure legends. All mouse experiments were
approved by the Animal Research Committee at UCLA.

Methods
Preparation of tomato concentrates

Transgenic tomato plants expressing the marker protein
f-glucuronidase (EV), or expressing the 6F peptide (Tg6F)
were constructed and grown at the Donald Danforth Plant
Science Center in St. Louis, MO as previously described
(Chattopadhyay et al. 2013). The tomatoes were rendered
free of seeds, rapidly frozen, and shipped frozen by over-
night courier to UCLA where they were freeze-dried (Vir-
Tis lyophilizer, Gardner, NY) to obtain dried tomato fruit
tissue (pulp plus skin), which was stored at —80°C as pre-
viously described (Chattopadhyay et al. 2013).

The freeze-dried EV and Tg6F tomato fruit tissue was
thoroughly mixed in either aqueous ethanol (ethanol/
water, 60/40; v/v), or ethyl acetate containing 5% glacial
acetic acid at a ratio of 1/25, w/v (gm/mL), and extracted
for 24 h at room temperature. After 24 h the liquid phase
was clearly separated from the solid phase in both the etha-
nol/water and ethyl acetate/acetic acid extractions. The
liquid phase was collected and the ethanol/water extract
was dried under vacuum; the ethyl acetate/acetic acid
extract was dried under a stream of argon. The remaining
solids were redissolved in distilled water to 10% of the ori-
ginal volume and then lyophilized. The final concentrates
were weighed and stored at —20°C until use.

Analysis of tomato concentrates

100 or 200 ug of tomato concentrate protein, or 5-20 ug of
authentic 6F peptide produced by solid-phase synthesis as
previously described (Chattopadhyay et al. 2013) was added
to lanes of 18% SDS PAGE gels that were run overnight.

© 2015 The Authors. Pharmacology Research & Perspectives published by John Wiley & Sons Ltd,
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The gels were fixed in water/methanol/acetic acid (50/50/7,
v/v/v, 30 min at room temperature), stained overnight with
Sypro Ruby (s12000 kit, Life Technologies, NY, Grand
Island, NY, USA), and de-stained with water/methanol/acetic
acid (9/10/7, v/v/v, 30 min at room temperature). Densi-
tometry images of the destained gels were recorded using
image ] software as previously described (Chattopadhyay
et al. 2013). To confirm the identity of 6F, bands of interest
were manually excised and treated with trypsin (10 uL,
100 ng/mL 50 mmol/L ammonium bicarbonate, Trypsin
Gold, V5280; Promega, Madison, WI, USA) overnight, at
37°C. The treated gel slices were eluted with water/acetoni-
trile/TFA (1 mL, 50/50/0.1, v/v/v) and the eluates were dried
in a vacuum centrifuge and re-dissolved in 10 uL of water/
acetonitrile/TFA and injected onto a reverse-phase LC col-
umn (Agilent PLRP-S (Santa Clara, CA, USA), 5 micron
particle size, 300 A pore diameter, 150 x 2 mm) equili-
brated in 95% Solvent A (water/formic acid, 100/0.1, v/v)
and 5% Solvent B (acetonitrile/formic acid, 100/0.1, v/v) and
eluted at constant flow (40°C, 200 ul/min) with an increas-
ing proportion of Solvent B (%B/min: 0/5, 5/5, 45/100, 50/5,
60/5). The effluent from the column was directed to an elec-
trospray ion source connected to a quadrupole ion trap mass
spectrometer (Thermo LCQ Deca XP Plus, West Palm
Beach, FL, USA) scanning in the positive ion mode (m/z 50—
2000, 3 microscans were averaged, 50 msec maximum inject
time). Data were processed in Thermo Xcalibre™ software.

Preparation of diets

The tomato concentrates were taken from the freezer and
added to standard mouse chow or to WD in an industrial
mixer and thoroughly mixed for 30 min as previously
described (Chattopadhyay et al. 2013; Navab et al. 2013,
2015) to yield a final diet containing 0.015%, 0.03% or
0.06% by weight of each tomato concentrate. In some
experiments, the starting material (i.e., the freeze-dried
transgenic tomatoes from which the concentrates were
made) was added to standard mouse chow at 2.2%, or
1.1% or 0.55% by weight as described previously (Chatto-
padhyay et al. 2013; Navab et al. 2013, 2015) and used as
controls. The diets were packaged into 16 g portions in
aluminum foil and kept at —80°C until use. Addition of
0.06% by weight provided the mice with a daily dose of
~120 mg/kg/day per mouse of tomato concentrate, which
provided ~7 mg/kg per day per mouse of the 6F peptide.
In the cancer studies administration of the tomato concen-
trates began the day after the cancer cells were injected.

Metastatic colon cancer studies

Female BALB/c mice 6 weeks of age were administered
2 x 10" CT26 cells in 100 uL of PBS via tail vein injec-
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tion as described previously (Su et al. 2012). After injec-
tion the mice were maintained on either standard mouse
chow or standard mouse chow containing 0.06% by
weight of EV, or 0.06% by weight of Tg6F. After 4 weeks
the mice were subjected to a terminal bleed, and after sac-
rifice the lungs were harvested, weighed, and fixed with
Bouin’s solution (Sigma, St.Louis, MO, USA), and the
number of tumor nodules on the surface of the lungs was
determined as previously described (Su et al. 2012). For
determination of tumor-associated neutrophils, sections
were prepared of randomly selected tumors from the
lungs of three mice in each treatment group. The slides
were placed in xylene to remove paraffin and then pro-
cessed through a series of ethanol rinses. After a wash in
tap water, the slides were incubated in 3% hydrogen per-
oxide/methanol solution for 10 min. After a wash in dis-
tilled water, the slides were incubated for 2 min in EDTA
solution pH 8.0 (Invitrogen, catalog no. 005501) at 95°C
using a pressure cooker. The slides were brought to room
temperature, rinsed in phosphate-buffered saline contain-
ing Tween-20 (PBST), and then incubated at room tem-
perature for 1h with anti-Ly6G antibody (BD
Pharmingen (San Jose, CA, USA), catalog number
551459) at a dilution of 1:1500. The slides were rinsed
with PBST and then incubated with polyclonal rabbit
anti-rat immunoglobulins/HRP (Dako (Carpentaria, CA,
USA), catalog number P0450) at a dilution of 1:200 at
room temperature for 30 min. The slides were rinsed with
PBST, and incubated with Dako EnVision + System-HRP
labeled polymer anti-rabbit antibody (Dako, catalog num-
ber K4003) at room temperature for 30 min. After a rinse
with PBST, the slides were incubated with 3,3’-Diam-
inobenzidine (DAB) for visualization. Subsequently, the

A. Chattopadhyay et al.

slides were washed in tap water, counterstained with Har-
ris’ Hematoxylin, dehydrated in ethanol, and mounted
with media. Controls consisted of sections exposed to sec-
ondary-only antibodies. Photomicrographs were captured
using an Olympus BX51 microscope and the application
Q Capture 7.0 (Q Imaging Inc., Surrey, BC, Canada).
Randomly selected fields were quantified for each sample
and the ratio of the stain signal to the tumor surface area
was determined using Image Pro Plus 7 (Media Cybernet-
ics, Rockvillie, MD, USA).

Ovarian cancer studies

Female C57BL/6] mice 9 weeks of age were given an
intraperitoneal injection of 8 x 10° ID8 cells in a total
volume of 0.8 mL of Dulbecco’s Modified Eagle Medium
(DMEM without supplements). Following injection, the
mice were maintained on standard mouse chow or stan-
dard mouse chow containing 0.06% by weight of EV, or
0.06% by weight of Tg6F. After 12 weeks the mice were
subjected to a terminal bleed, and after sacrifice the num-
ber of tumor nodules on the peritoneal surfaces and on
the surface of abdominal organs was determined as previ-
ously described (Su et al. 2010).

Plasma assays

Plasma total cholesterol, triglycerides, HDL-cholesterol,
paraoxonase-1 (PON) activity, serum amyloid A (SAA),
and apoA-I were assayed using kits and procedures out-
lined by the kit manufacturers as previously described
(Chattopadhyay et al. 2013; Navab et al. 2013, 2015).
Species of LPA were determined by LC-MS/MS/MRM as

Figure 1. Ethyl acetate with 5% acetic acid (but not 60% ethanol) efficiently concentrates the 6F peptide produced in transgenic tomatoes. Freeze-
dried transgenic tomatoes expressing f-glucuronidase (EV), or expressing the 6F peptide (Tg6F) were extracted overnight at room temperature in
either ethyl acetate/acetic acid, or in aqueous ethanol as described in Materials and Methods. The ethyl acetate/acetic acid extract was dried under
argon; the aqueous ethanol extract was dried under vacuum as described in Materials and Methods. The remaining solids were suspended in water
and analyzed on 18% SDS PAGE gels as described in Materials and Methods. (A) Image of the Sypro Ruby-stained gel of the tomato concentrates
prepared with ethyl acetate/acetic acid (100 ug or 200 ug of protein per lane). (B) Image of the Sypro Ruby-stained gel of tomato concentrates
prepared with aqueous ethanol (100 ug protein per lane). Authentic chemically synthesized 6F peptide at 5, 10, or 20 ug per lane was included as
standards in (A) and (B). (C) Summary of the results of LC/MS analysis of the trypsin digest of the authentic 6F standard (6F Standard, top of panel
C, 5 ug), the trypsin digest of the corresponding band from the Tg6F lane (Tg6F, middle of panel C, 100 ug), and the trypsin digest of the
corresponding band from the EV lane (EV, bottom of C, 100 ug) performed as described in Materials and Methods. To simplify data presentation,
the spectra collected between 13 and 25 min from all three chromatograms were averaged. All the tryptic peptides eluted within this window. The
arrows point to signals identified on the basis of molecular weight concordance as being derived from 6F peptide: EFF (residues 16-18), found m/z
4422 (detected in both 6F Standard and Tg6F, but not in EV), calculated for MH* 442.197 Da (monoisotopic, mi); DWLK (residues 1-4), found m/z
561.3 (detected in both 6F Standard and Tg6F, but not in EV), calculated for MH* 561.303 Da (mi); FFEK (residues 10-13), found m/z 570.3
(detected in both 6F Standard and Tg6F, but not in EV), calculated for MH* 570.292 Da (mi); AFYDK (residues 5-9), found m/z 643.3 (detected in
Tg6F, but not in 6F Standard or EV), calculated for MH* 643.308 Da (mi); FKEFF (residues 14-18), found m/z 717.4 (detected in both 6F Standard
and Tg6F, but not in EV), calculated for MH* 717.361 Da (mi); DWLKAFYDK (residues 1-9), found m/z 1185.6 and 1185.7 (detected in 6F Standard
and Tg6F, respectively, but not in EV), calculated for MH* 1185.594 Da (mi); AFYDKFFEK (residues 5-13), found m/z 1194.6 and 1194.7 (detected
in 6F Standard and Tg6F, respectively, but not in EV), calculated for MH* 1194.583 Da (mi). These partially overlapping tryptic peptides provided
100% sequence coverage for both the 6F standard and the Tg6F sample. These results are representative of two experiments.
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previously described (Chattopadhyay et al. 2013; Navab
et al. 2013, 2015), and Fast Performance Liquid Chroma-
tography (FPLC) was performed as previously described
(Chattopadhyay et al. 2013; Navab et al. 2013).

Statistical methods

Statistical analyses were performed by analysis of variance
(ANOVA) and by unpaired two-tailed ¢-test, or by linear
regression using GraphPad Prism version 5.03 (GraphPad
Software, San Diego, CA). Statistical significance was con-
sidered achieved if P < 0.05.

Results

Ethyl acetate with 5% acetic acid (but not
60% ethanol) efficiently concentrates the 6F
peptide produced in transgenic tomatoes-

Twenty-three micrograms of 6F were found in 100 ug of
tomato concentrate protein prepared with ethyl acetate
with 5% acetic acid (Fig. 1A). In contrast, concentrates
prepared with 60% ethanol did not contain detectable
amounts of 6F (Fig. 1B). The presence of the 6F peptide
was confirmed in the Tg6F concentrate (but not in the
EV concentrate) by reverse-phase LC and mass spectrom-
etry (Fig. 1C). Based on these results, all subsequent
experiments utilized tomato concentrates prepared with
ethyl acetate with 5% acetic acid.

Dose response of tomato concentrates

To determine the dose response of the tomato concen-
trates, we used a mouse model of dyslipidemia as shown
in Figure 2. The data in Figure 2 demonstrate that the
tomato concentrates were at least as effective in improv-
ing plasma lipids as was the starting material (i.e., the
freeze-dried transgenic tomatoes from which the concen-
trates were made). Based on these results we used a dose
of 0.06% by weight of the tomato concentrates in all sub-
sequent experiments.

Administration of tomato concentrate
containing the 6F peptide significantly
reduced metastasis of colon cancer cells to
the lungs

The weight of the lungs after intravenous administration
of the colon cancer cells was significantly less after admin-
istration of Tg6F compared to mice not receiving any
tomato concentrate, or compared to mice receiving EV
(Fig. 3A). The number of tumor nodules on the surface
of the lungs was less after administration of EV, but this
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did not reach statistical significance (Fig. 3B). In contrast,
there was a significant and remarkable two-thirds reduc-
tion in the number of tumor nodules on the surface of
the lungs after administration of Tg6F (Fig. 3B). Consis-
tent with our previous report on the efficacy of the 4F
peptide in this model (Su et al. 2012), the plasma levels
of LPA 20:4 were significantly reduced with administra-
tion of Tg6F, but plasma LPA 20:4 levels were not
decreased with administration of EV (Fig. 3C). The
plasma levels of other LPA species including LPA 18:2,
LPA 18:1, and LPA 18:0 were not significantly reduced
(data not shown).

As early as 1995 evidence was accumulating that gran-
ulocytes could promote tumor growth (Pekarek et al.
1995). Tumor growth in the lungs was later shown to be
promoted by neutrophil elastase (Houghton et al. 2010).
Therefore, we determined the content of tumor-associ-
ated neutrophils in this mouse model of colon cancer
cells metastasizing to the lungs. A representative photo-
micrograph of the tumor-associated neutrophils in each
of the treatment groups is shown in Figure 4A and the
data are shown in Figure 4B. Remarkably, addition of
0.06% by weight of Tg6F to the standard mouse chow
reduced tumor associated neutrophils by 94 £+ 1.1%
(P = 0.0052).

Administration of tomato concentrate
containing the 6F peptide was significantly
more effective than the control tomato
concentrate in reducing ovarian cancer cell
tumor burden

In a mouse model of ovarian cancer in which mouse
ovarian cancer cells were injected into the peritoneum of
female mice with normal immune function, the total
number of tumor nodules in the abdomen was signifi-
cantly reduced by approximately 35% in mice receiving
EV (P =0.0013) compared to mice receiving standard
mouse chow alone (Fig. 5A). In the mice receiving Tg6F,
the total number of tumor nodules in the abdomen was
reduced by approximately 53% (P < 0.0001) compared to
mice receiving standard mouse chow alone (Fig. 5A). The
difference between the total number of tumor nodules in
the abdomen of mice receiving EV compared to those
receiving Tg6F was highly significant (P = 0.0069)
(Fig. 5A).

The number of tumor nodules on the surface of the
peritoneal cavity significantly decreased by approximately
35% in mice receiving EV (P = 0.0021) compared to
standard mouse chow alone (Fig. 5B). The decrease in
the mice receiving Tg6F was approximately 55%
(P <0.0001) compared to standard mouse chow alone
(Fig. 5B). The difference in the number of tumor nodules

© 2015 The Authors. Pharmacology Research & Perspectives published by John Wiley & Sons Ltd,
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Figure 2. Dose response of tomato concentrates in a mouse model of dyslipidemia. Female LDLR null mice 4-5 months of age (n = 8-24 mice
per group) were fed a Western diet (WD) or WD supplemented with 0.015%, 0.03% or 0.06% tomato concentrate by weight or the mice were
fed the freeze-dried transgenic tomatoes from which the concentrates were made added to the WD at 0.55%, 1.1% or 2.2% by weight as
described in Materials and Methods. After 2 weeks the mice were fasted overnight and plasma total cholesterol and triglycerides were
determined as described in Materials and Methods. (A and B) Plasma total cholesterol levels for mice receiving Tg6F or EV tomato concentrates,
respectively. (C and D) Plasma triglyceride levels for mice receiving Tg6F or EV tomato concentrates, respectively. (E and F) Plasma total cholesterol
levels for the mice in (A and B), respectively, compared to mice that received the freeze-dried transgenic tomatoes from which the concentrates
were made. (G and H) Plasma triglyceride levels for the mice in (C and D), respectively, compared to mice that received the freeze-dried
transgenic tomatoes from which the concentrates were made. The data shown are mean + SEM. NS, not significant; Tg6F, tomato concentrate
from transgenic tomatoes expressing the 6F peptide; EV, tomato concentrate from transgenic tomatoes expressing the marker protein,

p-glucuronidase. The experiment was done once.

on the surface of the peritoneal cavity in mice receiving
EV compared to mice receiving Tg6F was highly signifi-
cant (P = 0.0048) (Fig. 5B).

The number of tumor nodules on the surface of the
diaphragm was significantly reduced by approximately
35% in mice receiving EV (P = 0.0127) compared to
standard mouse chow alone (Fig. 5C). The number of
tumor nodules on the surface of the diaphragm was
significantly reduced in mice receiving Tg6F by
approximately 45% (P = 0.0016) compared to standard
mouse chow alone (Fig. 5C). The difference between
the mice receiving EV and Tg6F was not significant
(Fig. 5C).

© 2015 The Authors. Pharmacology Research & Perspectives published by John Wiley & Sons Ltd,
British Pharmacological Society and American Society for Pharmacology and Experimental Therapeutics.

The number of tumor nodules on the surface of the
intestine was not significantly changed in mice receiving
EV compared to standard mouse chow alone, but there
was a significant decrease in the mice receiving Tg6F
(P = 0.0134) compared to mice receiving standard mouse
chow alone (Fig. 5D). The difference between the number
of tumor nodules on the surface of the intestine in mice
receiving EV compared to the mice receiving Tg6F was
highly significant (P = 0.0035) (Fig. 5D).

The number of tumor nodules in the abdomen that
measured >1 mm in size was not significantly decreased
by EV compared to mice receiving standard mouse chow
alone, but there was a significant 52% decrease in the

2015 | Vol. 3 | Iss. 4 | e00154
Page 7



Tomato Concentrates in Models of Dyslipidemia and Cancer A. Chattopadhyay et al.

(A) IMI (B) P =0.0371 (©) P =0.0178
]
@ NS P=0.0431 £9 s ]
2 P =0.0549 P =0.0019 NS P =0.0044
E o 538 2 é_ 100
g 03 £ E 6 - 80
% E 3 g 60
£ ° 3 ! 2 4
;o.1 L g_’ @
§ oo Eé 0 8 5
& ~\ £ Zs S XY & N a <
T PO R o @S
& 4 & $x & R
& 9 & o &
() %) o

Figure 3. Tomato concentrate containing the 6F peptide (Tg6F), but not control tomato concentrate (EV) reduced metastasis of colon cancer
cells to the lungs. Female BALB/c mice 6 weeks of age (n = 12 per group) were injected with 2 x 10* CT26 cells in 100 uL of PBS via tail vein as
described in Materials and Methods. After injection, the mice were maintained on either standard mouse chow (Chow), or standard mouse chow
containing 0.06% by weight of the control transgenic tomato concentrate (EV), or standard mouse chow containing 0.06% by weight of the
transgenic 6F tomato concentrate (Tg6F), which provided the mice with a dose of tomato concentrate of ~120 mg/kg per day per mouse, which
provided the mice with a dose of the 6F peptide of ~7 mg/kg per day. After 4 weeks the mice were subjected to a terminal bleed, and after
sacrifice the lungs were harvested, weighed, and fixed with Bouin’s solution, and the number of tumor nodules on the surface of the lungs was
determined as described in Materials and Methods. (A) Weight of the lungs in grams. (B) Number of tumor nodules on the surface of the lungs.
(C) Plasma levels of lysophosphatidic acid 20:4 (LPA 20:4). The data shown are mean 4 SEM; NS, not significant. These results are representative
of two of two experiments.

(A)

o

Chow + EV

(B) P =0.0052
| |
P =0.0059
8 s- NS
- N 1
8
B 3]
| =
§ 2-
[}]
<
.“9‘
° ) -~ &
d@o x@ A%
p x
S Ky
o) o
&

Figure 4. Tumor-associated neutrophils are dramatically reduced by tomato concentrate containing the 6F peptide (Tg6F), but not control
tomato concentrate (EV) in a mouse model of colon cancer cells metastasizing to the lungs. Tumor-associated neutrophils in the lungs of the mice
described in Figure 3 were determined as described in Materials and Methods. (A) Representative examples from each treatment group. (B) The
% area stained for Ly6G (mean + SEM). NS, not significant. The experiment was done once.

number of tumor nodules in the abdomen measuring chow alone (Fig. 5E). The difference between the mice
greater than 1 mm in size in the mice receiving Tg6F receiving EV compared to the mice receiving Tg6F was
(P = 0.0267) compared to mice receiving standard mouse also significant (P = 0.0267) (Fig. 5E).

2015 | Vol. 3 | Iss. 4 | e00154 © 2015 The Authors. Pharmacology Research & Perspectives published by John Wiley & Sons Ltd,
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Figure 5. Both the control tomato concentrate (EV) and the tomato concentrate containing the 6F peptide (Tg6F) significantly reduced ovarian
cancer cell tumor burden, but the tomato concentrate containing the 6F peptide was significantly more effective. Female C57BL/6) mice at age
9 weeks (n = 24 per group) were given an intraperitoneal injection containing 8 x 10° ID8 cells in a total volume of 0.8 mL of DMEM (without
supplements). Following injection of the ID8 cells the mice were maintained on either standard mouse chow (Chow), or standard mouse chow
containing 0.06% by weight of the control transgenic tomato concentrate (EV), or containing 0.06% by weight of the transgenic 6F tomato
concentrate (Tg6F), which provided the mice with a dose of the 6F peptide of ~7 mg/kg per day. After 12 weeks the mice were subjected to a
terminal bleed, and after sacrifice the number of tumor nodules on peritoneal surfaces and on the surface of abdominal organs was determined
as described in Materials and Methods. (A) The total number of tumor nodules in the abdomen. (B) The number of tumor nodules on the surface
of the peritoneal cavity. (C) Number of tumor nodules on the diaphragm. (D) The number of tumor nodules on the surface of the intestine. (E)
The number of tumor nodules in the abdomen that were greater than 1 mm in size. The data shown are mean + SEM; NS, not significant. These

results are representative of two of two experiments.

In contrast to the case in the metastatic colon cancer
model (Fig. 3C), and in contrast to our previous studies
with the 4F peptide (Su et al. 2010, 2012) there was no
significant change in the levels of plasma LPA species
(data not shown). Similarly, there was no significant dif-
ference in total plasma cholesterol levels in mice receiving
EV compared to Tg6F (Fig. 6A), and plasma total choles-
terol levels did not correlate with the total number of
tumor nodules (Fig. 6B). However, plasma triglyceride
levels were significantly reduced in mice receiving either
tomato concentrate compared to mice receiving standard
mouse chow alone, and there was no significant difference
in plasma triglyceride levels in mice receiving EV com-
pared to Tg6F (Fig. 6C). The total number of tumor nod-
ules was significantly and positively correlated with
plasma triglyceride levels (¥ = 0.1375; P = 0.0022)
(Fig. 6D). Plasma HDL-cholesterol levels were signifi-
cantly higher in mice receiving either tomato concentrate

© 2015 The Authors. Pharmacology Research & Perspectives published by John Wiley & Sons Ltd,
British Pharmacological Society and American Society for Pharmacology and Experimental Therapeutics.

compared to mice receiving standard mouse chow alone,
and there was no significant difference in the HDL-cho-
lesterol levels in mice receiving EV compared to Tg6F
(Fig. 6E). HDL-cholesterol levels were not significantly
correlated with the total number of tumor nodules
(Fig. 6F). Plasma apoA-I levels were significantly higher
in mice receiving either tomato concentrate compared to
mice receiving chow alone, and there was no significant
difference in the apoA-I levels in mice receiving EV com-
pared to Tg6F (Fig. 6G). Consistent with our previous
data (Su et al. 2010) and that of Zamanian-Daryoush
et al. (2013), plasma apoA-I levels were inversely and sig-
nificantly correlated with the total number of tumor nod-
ules (* = 0.1096; P = 0.0062) (Fig. 6H). Plasma SAA
levels were significantly lower in mice receiving either
tomato concentrate compared to mice receiving chow
alone, and there was no significant difference in SAA lev-
els in mice receiving EV compared to Tg6F (Fig. 6I).
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Figure 6. Plasma lipids and plasma serum amyloid A (SAA) levels in mice after intraperitoneal injection of ovarian cancer cells. Plasma lipid levels
and SAA levels were measured in the mice described in Figure 5. (A) Plasma total cholesterol levels. (B) The linear correlation between
plasma total cholesterol levels and the total number of tumors in the abdomen. (C) Plasma triglyceride levels. (D) The linear correlation between
plasma triglyceride levels and the total number of tumors in the abdomen. (E) Plasma HDL-cholesterol levels. (F) The linear correlation
between plasma HDL-cholesterol levels and the total number of tumors in the abdomen. (G) Plasma apoA-l levels. (H) The linear
correlation between plasma apoA-l levels and the total number of tumors in the abdomen. (I) plasma serum amyloid A (SAA) levels. (J) The linear
correlation between plasma SAA levels and the total number of tumors in the abdomen. The data shown in the bar graphs are mean + SEM; NS,
not significant. This experiment was done once.

Plasma SAA levels were weakly but significantly correlated (http://web.expasy.org/peptide_mass/; maximum 1 missed
with the total number of tumor nodules (r* = 0.06950; cleavage) were detected in the trypsin digests from Tg6F,
P =0.0325) (Fig. 6]). but not from the 6F standard where six of the predicted

fragments in the trypsin digests were detected, likely was
due to the fact that 23 ug of 6F were subjected to trypsin

Discussion treatment followed by reverse-phase LC and mass spec-
The results reported here establish a novel way to concen- trometry in the case of Tg6F, while in the case of the
trate apoA-I mimetic peptides produced in transgenic 6F standard we chose to analyze the 5 ug band (Fig. 1A
plants. Tomatoes are known to be rich in antioxidant and C).

polyphenols (Minoggio et al. 2003). Both ethanol and The concentration process resulted in a 37-fold reduc-
ethyl acetate concentrate polyphenols, with ethanol being tion in the weight of transgenic tomato powder required
superior at high concentration (Gadkari et al. 2014), for biological activity (Fig. 2). Perhaps more importantly,
however, the 6F peptide was found in abundance in ethyl the volume of transgenic freeze-dried tomato powder
acetate, but not in aqueous ethanol concentrates (Fig. 1). required to deliver doses to humans similar to those used
The ability to concentrate the 6F peptide in ethyl acetate in the mouse studies would be reduced from three cups
was enhanced by the addition of small amounts of acetic of freeze-dried tomato powder three times daily to two
acid and the maximum effect was seen at 5% acetic acid tablespoons three times daily. This dramatic reduction in
(data not shown). The extraction efficiency of this solvent the volume required makes this approach much more
is likely due to the high content of phenylalanine (6 of  likely to be acceptable as a treatment modality.

the 18 amino acid residues are phenylalanine) and 8 of We previously reported that the 6F peptide content of
10 hydrophobic residues are aromatic in 6F. The extrac- the freeze-dried transgenic tomatoes expressing 6F

tion efficiency resulted in 23 ug of 6F peptide being accounted for 0.6-1.0% of the weight of the freeze-dried
found in the band from lanes in which 100 ug of Tg6 tomato powder (Chattopadhyay et al. 2013). Thus, 1 mg
protein were loaded on to the gels (Fig. 1A). The expla- of the freeze-dried tomato powder would contain 0.006—
nation as to why seven of nine predicted 6F fragments 0.01 mg of 6F peptide. The data in Figure 1 indicate that

2015 | Vol. 3 | Iss. 4 | e00154 © 2015 The Authors. Pharmacology Research & Perspectives published by John Wiley & Sons Ltd,
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the 6F peptide in the tomato concentrate from the Tg6F
constituted 23% of the weight of the proteins in the con-
centrate. The protein content of the tomato concentrates
was ~25% (data not shown). Thus, 1 mg of the tomato
concentrate would contain 0.0575 mg of 6F. This repre-
sents approximately a 6-10-fold concentration of the 6F
peptide compared to the starting freeze-dried tomato
powder. However, there was a 37-fold reduction in the
weight of the Tg6F concentrate required to achieve the
same biologic activity as was achieved with the starting
Tg6F freeze-dried tomato powder (Fig. 2E-H). The expla-
nation for the disproportionate gain in biologic activity
might be due to the concomitant concentration of tomato
anti-oxidants and/or a change in the conformation of the
6F peptide in the concentrate that favors interaction with
receptors compared to the freeze-dried starting material.

It is interesting that ingestion of a tea rich in catechins
for 12 weeks led to a significant reduction in body fat
that was correlated with a change in the concentrations of
malondialdehyde-modified LDL in humans (Nagao et al.
2005). Both ethanol and ethyl acetate efficiently concen-
trate catechins (Gadkari et al. 2014). Ethyl acetate is natu-
rally found in some fruits and vegetables, and is used
commercially to decaffeinate coffee and tea (Ramalakshmi
and Raghavan 1999) suggesting that its use to prepare
tomato concentrates is likely to be safe for humans.

It has been reported that dietary lycopene and tomato
extract supplementations inhibited nonalcoholic steato-
hepatitis-promoted hepatocarcinogenesis in rodents by a
process that appears to involve reduced oxidative stress
(Wang et al. 2009). Ethyl acetate extracts of tea that
were rich in polyphenols and antioxidants were shown
to reduce LDL and triglyceride levels in rats and induced
human hepatoma cell growth arrest by inducing p53
expression and upregulating p21 expression (Way et al.
2009). Thus, it seems likely that some of the benefits
seen in our studies are due to naturally occurring
tomato antioxidants that have been extracted into the
concentrates.

The reduction in LPA 20:4 levels in the metastatic
colon cancer model by Tg6F, but not by EV (Fig. 3C) is
consistent with LPA playing a role in this model. How-
ever, the mechanism of action of Tg6F in reducing tumor
burden in the ovarian cancer model must be more com-
plicated since Tg6F did not reduce LPA levels. These
results are in contrast to the case for 4F (Su et al. 2010,
2012). Despite the lack of superiority compared to EV in
altering plasma lipids, apoA-I and SAA levels in the
mouse model of ovarian cancer, Tg6F was clearly superior
in reducing tumor burden in the mouse model of ovarian
cancer compared to EV (Fig. 5). Thus, the mechanism(s)
of action of Tg6F in reducing tumor burden in the mouse
model of ovarian cancer remains unknown at this time.

© 2015 The Authors. Pharmacology Research & Perspectives published by John Wiley & Sons Ltd,
British Pharmacological Society and American Society for Pharmacology and Experimental Therapeutics.
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In considering mechanisms which account for the
superiority of Tg6F compared to EV, it should be remem-
bered that 2 h after feeding Tg6F to mice we found intact
6F peptide in the lumen of the small intestine, but not in
the plasma (Chattopadhyay et al. 2013). Subsequently,
another group wusing a completely different apoA-I
mimetic peptide (Zhao et al. 2014) found that oral
administration of their apoA-I mimetic peptide was as
effective as when the same dose was administered by
injection. However, when the peptide was administered
by injection high plasma peptide levels were found, and
when administered orally, the peptide was not detected in
the plasma (Zhao et al. 2014). Thus, our work and that
of Zhao et al. (2014) is consistent with a primary mecha-
nism of action for these apoA-I mimetic peptides in the
intestine; not in the plasma.

What mechanisms might be involved? In the case of
the mouse model of metastatic colon cancer, and in the
mouse model of ovarian cancer, the treatments began the
day after the tumor cells were injected, therefore it seems
unlikely that they prevented tumor uptake. We think the
most likely mechanism of action for Tg6F in reducing
tumor burden is by modulating the immune cells that
interact with the tumor as shown in Figure 4.

There are at least two receptors known to be important
in the small intestine that have been shown to interact
with apoA-I mimetic peptides resulting in modulation of
the biologic activity of these receptors; CD36 (Baranova
et al. 2008) and class B scavenger receptor types I and II
(Leelahavanichkul et al. 2012). CD36 is known to be
important for fatty acid and cholesterol uptake by the
proximal, but not the distal small intestine (Nassir et al.
2007). CD36 is also known to be important in modulat-
ing the interaction of gut bacteria with the small intestine
(Baranova et al. 2008). Thus, it is possible that Tg6F
interacts with CD36 in the proximal small intestine
resulting in an alteration in the immune cells in the lam-
ina propria of the intestinal villi. The intestine contains
the largest number of immune cells in the body (Mowat
and Agace 2014). It has been proposed that there may be
different types of neutrophils similar to the case for pro-
tumorigenic and antitumorigenic macrophages (Fridlend-
er and Albelda 2012). Perhaps the striking results seen in
Figure 4 with regard to tumor-associated neutrophils are
due to a change in myeloid differentiation induced by
interaction of Tg6F with CD36 in the proximal small
intestine. Of course this is just speculation as our data do
not directly address these points. Future research is
needed to determine the actual mechanisms involved.

Based on the data presented here and our previously
published data, regardless of the mechanisms involved,
the use of Tg6F for cancer prevention or treatment
appears promising. The oral route of administration is
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convenient, the preparation of a tomato concentrate using
the simple methods described here is likely to be econom-
ical, and a tomato concentrate containing an 18 amino
acid residue that appears to be degraded in the process of
digestion (i.e., intact peptide was found in the small intes-
tine 2 h after feeding, but the peptide was never detected
in plasma) (Chattopadhyay et al. 2013) is likely to be
safe.

In summary, these studies (i) provide a simple and
economical means of dramatically concentrating an apoA-
I mimetic peptide produced in transgenic tomatoes that
makes testing oral apoA-I therapy in humans a feasible
strategy; and (ii) they provide further evidence that oral
apoA-I mimetic peptides are a novel means of reducing
tumor burden in mouse models, but by mechanisms that
are likely to be more complicated than previously
thought.
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