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Abstract

Obesity, an established risk factor for breast cancer (BC), is associated with systemic
inflammation. The breast contains adipose tissue (bAT), yet whether it plays a role in BC
progression in obese females is being intensively studied. There is scarce knowledge on the lipid
composition of bAT in health and disease. The purpose of this pilot study was: 1) to determine
whether obesity and BC are associated with inflammatory changes in bAT 2) to analyze for the
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first time the lipid profile of bAT in obese and lean mammary tumor-bearing and normal mice.
Syngeneic EO771 mammary tumor cells were implanted into the mammary fat pad of lean and
diet-induced obese C57BL/6 mice. BATs were analyzed four weeks after tumor cell inoculation
by immunohistochemistry and mass spectrometry. Phospholipids were identified and subjected to
ratiometric quantification using a TSQ Quantum Access Max triple quadrupole mass spectrometer
utilizing precursor ion scan or neutral ion loss scan employing appropriate class specific lipid
standards in a two step quantification process. Four main classes of phospholipids were analyzed:
phosphatidylcholines phosphatidylserines, phosphatidylethanolamines and phosphatidylinositols.
Our results showed that bAT in obese (normal and tumor-bearing) mice contained hypertrophic
adipocytes compared with their corresponding samples in lean mice; higher numbers of
macrophages and crown-like structures were observed in obese tumor bearers compared to obese
normal mice. BAT from normal obese mice revealed higher concentrations of
phosphatidylethanolamines. Furthermore, bAT from tumor-bearing mice expressed higher
phosphatidylcholines than that from non-tumor bearing mice, suggesting the presence of the tumor
is associated with phosphatidylcholines. Conversion of phosphatidylethanolamines to
phosphatidylcholines will be investigated in EQ771 cells. Additional studies are projected to
investigate macrophage activation by these specific classes of phospholipids. Occurrence of
triglycerides and free fatty acids will be examined in bAT and similar lipidomic analyses will be
carried out visceral adipose tissue, highly inflamed in obesity.
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Introduction

Obesity, a world epidemic and a new disease in the United States, is an established risk
factor for breast and other cancers [1,2]. Obesity is associated with systemic inflammation
and increased visceral adipose tissue [3]. Macrophages play a central role in inflammation
and also in its resolution, given that these innate immune cells can exhibit pro-inflammatory
(M1) and also anti-inflammatory/immunosuppressive (M2) immune responses [4]. In
obesity, visceral adipose tissue contains high numbers of pro-inflammatory M1
macrophages, crown like structures (CLS) and hypertrophic and hyperplastic adipocytes,
which is why it is considered a setting with low level chronic inflammation [5,6]. Lean
adipose tissue, on the other hand, contains fewer numbers of anti-inflammatory M2
macrophages. Macrophages participate in all stages of tumorigenesis; during the early
phases of tumor development (initiation), macrophages exhibit more pro-inflammatory/pro-
mutagenic M1 phenotypes while in more advanced tumors they are associated with an
immunosuppressed M2 phenotype [7-9]. Interestingly, we have found mixtures of M1 and
M2 macrophages in mouse mammary tumor models [10,11]. Mechanisms of tumorigenesis
from excess adipose tissue involve low level chronic inflammation (including increased
amounts of pro-inflammatory molecules and macrophages) and angiogenesis [12].

The mammary gland is comprised by a significant amount of adipose tissue (breast adipose
tissue, bAT), subcutaneous in location, which is important for mammary gland development.
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We have been recently interested in investigating whether the bAT — which, together with
macrophages is a major component of the mammary tumor microenvironment - plays a role
in mammary tumorigenesis in obese females. In the present investigation we first sought to
examine whether the bAT in obese female mice (mammary tumor-bearing and normal mice)
displays inflammatory features, that is, contains higher numbers of macrophages, CLS and
hypertrophic adipocytes than similar tissues in lean mice.

Importantly, activation of lipid metabolism is an early event in carcinogenesis [13-15].
Research in the lipidomics field has been proliferating with the advent of new technologies.
Currently there is no information on the lipid composition of different fat depots in the body,
especially in the context of obesity, and even less among obese tumor hosts. Capitalizing on
our group’s experience in phospholipid analysis [16,17], we pursued the identification of the
main phospholipids present in the bAT of obese and lean normal and mammary tumor-
bearing mice. Our main aim here was to examine whether there is an association between
bAT inflammation, obesity and mammary cancer with a particular phospholipid signature in
the mammary gland.

New profiling methods employing shotgun lipidomics, a technique used in mass
spectrometry via direct loading of crude lipid extracts into the mass spectrometer for intra-
source separation and identification of numerous lipids, allows for extensive cellular lipid
profiles of different tissues being accrued with relative ease [16-20]. Using the new
technology of shotgun lipidomics allowed us to analyze bAT including the differences in
profiles of phospholipids between lean control mice (non-tumor bearing), lean mammary
tumor-bearing, obese control mice, and obese mammary tumor-bearing mice. Large-scale
studies will be required for further characterization and confirmation of phospholipid
quantities, but vast amounts of information can be preliminarily gathered with a small
sample size like this one in the present pilot study. Profiling the differences in lipid
composition will be the first step to understanding whether there is a particular or unique
lipid composition in bAT in breast cancer, in obesity or in their intersection, for diagnostics
and therapeutics purposes.

2. Experimental

2.1. Materials and Methods

2.1.1. Mice, diets, tumors—C57BL6 female mice of 10 weeks of age (NCI Frederick,
MD) were used. Institutional animal care and use committee (IACUC) approved all the
animal experiments. Diet-induced-obesity: To induce obesity, we used a high fat diet (HFD)
containing 60%Kcal from fat (TD.06414, Harlan Laboratories, Inc., Madison, WI), whereas
a control low fat diet (LFD) containing 10%Kcal/fat was employed to generate lean control
mice (TD.94048, Harlan Laboratories, Inc., Madison, WI). Five mice were kept per cage for
both types of diets and body weight was evaluated weekly. Obese status was assessed by
body weight (BW) increase and was defined as 225% BW higher than normal BW group
(lean). Tumor cell inoculation: Twelve weeks after the diets were introduced, E0771
mammary tumor cells, syngeneic to C57BL6 mice, were resuspended in PBS: Matrigel (BD
Pharmingen, San Jose, CA) 1:1 and subcutaneously (s.c) injected in the fat pad of the fourth
mammary gland in the lower abdomen at 2.5x10° cells/50 pl/mouse. Primary tumor growth
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was measured at weekly intervals using calipers, and mice were kept in their respective diets
until they were euthanized 4 weeks post- tumor implantation by CO».

2.1.2. Tissue procurement—Mammary (breast) adipose tissues (bAT) adjacent but not
within the tumor microenvironment, all equivalent in wet weight, were excised from all the
mice of the different experimental groups. Samples were either fixed in 4%
paraformaldehyde and paraffin-embedded for histology/IHC analysis, or stored at —80°C
until lipids were later extracted for lipidomics analysis. Experimental groups were: obese
tumor-bearing (n=5), obese control (n=2), lean tumor bearing (n=4) and lean control mice
(n=2).

2.1.3. Histology and Immunohistochemistry—Tissue sections were stained with
Hematoxylin and Eosin (H&E) to reveal the histology of the adipose tissues.
Immunohistochemistry (IHC) was performed to identify macrophages as previously reported
[11] using the VECTASTAIN ABC Kit as described by the manufacturer (Vectors Lab,
CA). The primary antibody used for macrophage IHC detection was a rat monoclonal anti-
mouse F4/80 (Abcam, MA). Antigen retrieval was performed in Citrate Buffer (Antigen
Unmasking Solution, Vector Laboratories). The first antibody was incubated overnight at
4°C.

2.1.4. Lipid extraction—L.ipids were extracted using the modified Bligh-Dyer method
[21-25]. The tissue was first alternated between —80°C and water bath 37°C for a total of 5
cycles to break the cellular membranes; tissues were then minced. A 1:1 mixture of
Chloroform: Methanol was then added to the tissue and each sample was homogenized for 2
minutes. Chloroform was then added to the mixture and the tissue was homogenized for 30
seconds. A vortex was then used to mix the samples. The samples underwent centrifugation
at 13,500 rpm for 15 minutes in a cold room. The lipid layer was then visualized and
extracted. The lipid was divided into 7 aliquots and then dried using a Speed-Vac (Model
7810014; Labconco, Kansas City, MO). The lipids were flushed with Argon gas and stored
in the —80°C right after being dried. The remaining aqueous phase, which consisted of
proteins, was analyzed for protein concentration using Bradford’s method [26].

2.1.5. Mass spectrometer—A triple quadrupole mass spectrometer (TSQ Quantum
Access Max; Thermo Fisher Scientific, Pittsburgh, PA) was used for the analysis. An aliquot
of 100 uL for each sample was suspended in 200 uL mixture of Acetonitrile: Isopropanol
(1:1) solution (Sigma Aldrich) and directly infused into the mass spectrometer. Lipid class
settings were determined from previously published papers [18-20,22-25] and analysis was
performed for each of the phospholipids. A nanospray was used (Advion, Ithaca, NY) for
infusion. The sample was scanned for a total of two minutes. At least two scans were taken
to insure reproducibility. The lipid standards used were the same as previous studies of
phospholipids (all procured from Avanti Polar Lipids, Albaster, AL) namely 1,2-
ditridecanoyl-sn-glycero-3-phosphocholine (molecular mass 649.89, catalog no. 850340) for
PCs, 1,2-dioleoyl-sn-glycero-3-phospho-I-serine (molecular mass 810.03, catalog no.
840035) for PSs, 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (molecular mass 744.04,
catalog no. 850725) for PEs and 1,2-dioleoyl-sn-glycero-3-phospho-(10-myo-inositol)
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(molecular mass 880.15, catalog no. 850149) for Pls [22,25]. Also, samples were analyzed
without standards in order to ensure that the mass by charge (m/z) of the standard was not a
normal constituent of the biological tissue.

2.1.6. Lipid analysis—MzMine 2.10 was then used to analyze the data. For the
phosphatidylcholines (PC) any signal that was below 1e2 was considered noise. The data
was also crop filtered for m/z that was 350-900. For the remaining classes given the low
signal anything below 1e0 was considered noise. A centroid peak was used for
determination of m/z and a database from LIPID MAPS was used for identification.
Radiometric quantification was used with internal standard and the protein concentration of
each sample was determined using the Bradford assay. The concentration of lipid in
picomoles was then normalized using the protein concentration. For each of the four groups,
the lipid concentrations of the different samples were averaged together that appeared in the
same group. The number of carbon chains of each lipid identified was estimated and
grouped together after averages were performed.

2.1.7. Statistical analysis—Prism software was used to statistically analyze our results.
One or two-way ANOVAs were used when comparing more than two experimental groups;
ANOVA was then followed by Tukey’s Multiple Comparisons Test (TMCT) to compare the
means between pairs of groups among the larger group analyzed by ANOVA. Levels of
significance were provided by Prism analysis for * P < 0.05; ** P < 0.01; *** P < 0.001 and
**** P <(0.0001, although actual p values are not provided by this software in the TMCT
analysis. Error bars represent standard error of the mean (SEM) and alpha was set at 5%.

3.1. Breast adipose tissue adjacent but not within the mammary tumor microenvironment
is inflamed in obese mammary tumor bearers and in fewer amounts also in obese normal

mice

To examine whether obesity, mammary cancer or their intersection may impact
inflammation in the bAT that is not within the tumor microenvironment but is close to the
tumor, we studied bAT samples of lean and obese normal (control) and mammary tumor-
bearing mice. Our results (Figure 1) show that the bAT in obese (normal and tumor-bearing)
mice contains larger, hypertrophic adipocytes compared with the corresponding samples in
lean mice. Interestingly, higher numbers of F4/80* macrophages and CLS are observed in
obese tumor bearers than in obese normal (control) mice. Among the lean mice, where
adipocytes are smaller and not hypertrophic compared with obese mice, bAT from tumor
bearers exhibit more F4/80* macrophages than normal (control) mice.

3.2. Phosphatidylethanolamines and phosphatidylcholines predominate over
phosphatidylserines and phosphatidylinositols in the bAT from all four experimental

groups

We analyzed the phospholipid composition of the bAT in all the mice comprising our four
experimental groups (Figure 2). Our results show the mean concentration levels of the four
main classes of phospholipids present in the bAT samples analyzed: phosphatidylcholine
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(PC), phosphatidylethanolamine (PE), phosphatidylserine (PS) and phosphatidylinositol
(PI). Two-way ANOVA comparison of all the samples was not significant; however,
Tuckey’s Multiple Comparison Test (TMCT) revealed a significant difference between PE
levels in lean controls vs. obese controls (p < 0.01), and a significant difference between PE
levels in obese controls vs. obese tumor bearers (p < 0.05). The largest total concentration
observed was in PE in the obese control condition. The least amount of phospholipids per
class was observed in the lean control mice. The group of obese control mice showed the
highest concentration of PE, while the other phospholipid classes remained relatively low
concentration, with obese tumor bearers showing higher PE concentration than lean tumor
bearers. Lean tumor bearers had the second highest concentration of PCs and the lowest of
PS, and obese tumor bearers had the highest concentration of PCs and second highest
concentration of PEs (Figure 2). Interestingly, incremental concentrations of PCs were
observed from lean controls to obese tumor bearers. In general, Pls were the phospholipids
expressed at the lowest concentrations in bAT, and seemed not to be modulated by obesity
or by tumor presence. They were followed in amount by PS.

3.3. Higher concentrations of phospholipids are associated with higher-numbered fatty
acids side chains in the bAT of all the experimental groups

All phospholipids contain two molecules of fatty acids (side chains). The phospholipid
compositions identified are represented by side chain distributions of the fatty acids and a
heat map. This provides a greater understanding of the chemical composition of the four
phospholipid classes analyzed. Fatty acids may vary in length according to the numbers of
carbon atoms they contain. We added the total number of carbon atoms of the two chains of
fatty acids comprising the different classes of phospholipids analyzed, and investigated
whether there was a pattern of distribution among the four phospholipid classes, their
concentrations in the bATSs and the total number of carbon atoms among the different
experimental groups. Our data, presented as a heat map (Figure 3A) demonstrate that the
highest concentrations of phospholipids contain fatty acids with high total numbers of
carbon atoms. Lean control mice had very few PC and PE phospholipids and lean tumor
bearers group had a loss of PS. Figure 3B confirms that the side chain distribution still
favors significantly more PCs and PEs, control obese group had higher numbers of PEs,
whereas PCs prevail in the tumor condition. The lean control group seemed to have smaller
chain Pls, but very little amounts compared with the other classes.

3.4 Unique PC species are present in the bAT of obese and lean tumor bearers when
compared to their obese and lean controls

Combinations of fatty acids with different lengths and saturation levels within each
phospholipid class account for the enormous variability within these lipids. We analyzed
whether there was a particular pattern of fatty acid uniqueness among the four phospholipid
classes expressed in the bAT among the different experimental groups. Our results using
Venn diagrams revealed (Figure 4) that the greatest variability among the phospholipids of
the bATs occur in PCs, particularly among obese and lean tumor bearers (lean tumor bearers
vs lean controls; obese tumor bearers vs. obese controls and obese tumor bearers vs. obese
controls). Our results indicate that the presence of the tumor in the mammary gland endows
bAT — which is not in direct contact with the tumor - with unique specimens of PC both in
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obese and lean tumor bearers, with a higher number of unique specimens in the obese tumor
bearers than in the lean tumor bearers. In contrast, no unique specimens of PE — the most
prevalent phospholipid in bAT - could be found when comparing the four experimental
groups among themselves.

Discussion

Tumor stroma in addition to the tumor cells comprises the tumor microenvironment, which
plays a critical role in carcinogenesis [27]. Among the major tumor microenvironment’s
cellular players in tumor progression are the macrophages [28]. In addition to their
participation in tumor progression, macrophages seem to be affected by tumors, and
proximity to a tumor has been shown to play a significant role in the alteration of
macrophages phenotypes and functions. When comparing tumor-associated macrophages
with peritoneal macrophages in tumor-bearing mice, very distinct phenotypes where
determined in the two different subpopulations [11].

We here demonstrated how the lipid profiles of bAT that is not part of the tumor
microenvironment were affected based on the different cell composition of the mammary
bAT from tumor-bearing obese or lean mice and obese normal mice when compared to lean
normal mice. Even though the number of control mice was very small (n=2) for both lean
and obese controls, in the case of the obese controls the values were consistently very
different between themselves, resulting in a high SEM. Despite that, TMCT analysis
demonstrated statistically significant differences (p < 0.01 and p < 0.05) when comparing
lean control vs. obese control and obese control vs. obese tumor-bearers, respectively. We
believe that the relevance of our pilot study is in the fact that trends in the expression of all
these phospholipids among the different experimental groups have been revealed.

Other investigators have provided evidence for inflammation in the bAT of obese female
mice and women [29,30]. Adipocytes, together with macrophages, are among the most
important cell types in the mammary tumor microenvironment [31]. We have recently
shown that these two cell types crosstalk with mammary tumor cells in the mammary tumor
microenvironment, resulting in the production of pro-inflammatory chemokines, cytokines
and growth factors that contribute to macrophage chemotaxis to the tumor
microenvironment and to additional tumor-promoting functions [32]. Tumor-associated
macrophages favor tumor progression and are signs of poor tumor prognosis [33]. We have
also recently demonstrated that bAT within the mammary tumor microenvironment and also
distal from it are inflamed in diet-induced obese (D10) mice fed a 33% HFD, and revealed
that the proximity to mammary tumor cells enhances bAT inflammation [32].

In the current investigation we analyzed DIO mice fed a different HFD containing
60%Kkcal/fat using the same E0771 mammary tumor model; we now focused on the bAT that
is not within nor distal from the mammary tumor microenvironment, but adjacent to the
tumor in the mammary gland. We showed that there were higher numbers of macrophages in
this bAT from obese mice as compared to lean from both normal and tumor-bearing mice.
We revealed that the presence of both obesity and tumor resulted in the highest bAT
inflammation in this fat tissue that is adjacent but not in direct contact with the mammary
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tumor. This could probably be due to the local diffusion of molecules produced by the tumor
cells and/or by various stromal cells of the tumor microenvironment, as well as the
superimposed systemic inflammation in the obese mice, acting together to increase
inflammation in the bAT. These results were not surprising since we have shown that bAT
that is distal (not adjacent) to the tumor in DIO tumor bearers fed a HFD containing less
Kcal/fat (33%) also exhibited increased inflammation [32].

Obesity could result in increased inflammation and increased macrophage colonization in
the bAT through dyslipidemia. For example, in cardiovascular disease dyslipidemia plays a
role in increased inflammation. We showed higher amounts of phospholipids in obese bAT
as compared to lean as expected. Interestingly, bAT from obese mice without tumors had
elevated amounts of phosphatidyletahnolamines (PE). Some studies have shown PE lipids to
be tumor suppressors and to induce apoptosis in tumor cells [34]. Obesity is a known risk
factor for breast cancer and the increased inflammation may induce greater amounts of PE.
Tumor- bearing bAT had greater amount of PC than bAT from mice without tumors. Given
the lower amounts of PE in bAT from tumor-bearing mice than in the obese control animals,
we could speculate that the tumor cells in the mammary tumor microenvironment may be
converting PE to PC in order to ensure their survival. Studies have also shown tumor cells to
undergo lipogenesis in order to ensure survival [35]. It may also be debris from the cells.

Phosphatidylserine (PS) has been shown to inhibit the nitric oxide pathway involved in the
cytotoxic effect of the macrophages [36]. Importantly, PS also induces anti-inflammatory/
immunosuppressive responses in macrophages when expressed by apoptotic cells that need
to be silently phagocytosed by macrophages without triggering inflammation [37]. Our
results showed that under lean conditions there was less PS in the bAT. High-resolution
mass spectrometry may reveal specific PS that may be involved in bAT from tumor bearers
as opposed to control mice.

Further studies may help characterize the inflammatory effect of phospholipids on
macrophages, particularly the ones that were detected in the bAT of obese and lean tumor-
bearing and normal mice. We have shown the effects of the lipid changes in bAT from
tumor-bearing versus control obese and lean mice. It will be interesting to characterize the
different phospholipid composition in different adipose tissue sites, such as the visceral fat,
highly inflamed in obesity, and to compare it with our results in bAT. Moreover, we will
pursue characterizing other lipid molecules in these different fat depots such as triglycerides
and free fatty acids, which are activators of toll-like receptor 4 (TLR4) in macrophages and
other cells [38].

New studies may also help determine if tumor cells produce an enzyme that converts PE to
PC such as phosphatidylethanolamine N-methyltransferase (PEMT). PEMT catalyzes the
methylation from PE to PC [39]. Increased genetic activity of PEMT has been associated
with augmented obesity. However, increased choline intake has been shown to be less of a
risk factor for cancer. The genotype PEMT-GG has been shown to be a lower risk for cancer
[40]. PEMT is influenced by estrogen and activity responds to estrogen [39]. So far it has
not been shown in the literature despite certain studies showing specific PC being known to
be prognostic indicators and influencing aggressiveness of tumor [15].
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PEMT is a component in the liver and lack of the enzyme results in steatohepatitis.
However, the appearance of the lipid profile appears to show that cancer cells may contain
PEMT in order to convert PE to PC. It would be interesting to see whether breast cancer
cells do contain this enzyme and if it varies genotypically in cancer cells as opposed to
hepatic cells. This may provide a new target for breast cancer therapy.
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Lean Obese

Figure 1.

Immunohistochemistry analysis displays the inflammatory makeup of the four experimental
groups pertaining to adipocyte morphology and F4/80* macrophages colonization. Slides
were all focused to a 20x magnification and were tagged with F4/80 marker to highlight
macrophages recruited within the bAT (F4/80* cells in brown).

Control

Tumor
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PE and PC prevail among the four phospholipid classes studied whenever obesity or tumor

conditions are present. Bar graph shows comparison of all experimental groups being
studied in terms of mean values expressed in pmol/pl of lipid by pg of protein.
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Figure 3.
Phospholipids are highly concentrated in higher-numbered total carbons of fatty acid side

chains. A: Heat map diagrams of the four classes of phospholipids express the phospholipid
concentration. Using the sum values for the lipids and the sum of the side chains, a table was
constructed of the concentrations for each of the four experimental groups and arranged by
total carbon atoms in side chains. A CIMminer-generated heat map was created (Genomics
and Bioinformatic Group, Laboratory of Molecular Pharmacology, Center for Cancer
Research, National Cancer Institute). The darker colors represent the higher concentrations.
Carbon chain sizes were grouped together and estimated. B: Relative side chain distribution
of each class based on the four experimental groups. The sum of the sample concentrations
was used for each condition in the four phospholipid classes. The fatty acid side chains of
each of the phospholipids identified were added and set together into specific ranges to
demonstrate the concentration of phospholipids based on the total carbons in the side chains
of the lipids.
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Figure 4.

Venn diagrams represent the common and unique lipid across the phospholipid classes.
Using a Venn Diagram Plotter program, a diagram is generated proportional to the numbers
of common and unique lipids entered for the common and unique values. The green section
represents the common lipids between the two compared conditions, and the red and blue
sections highlight the unique lipids found in the respective conditions.
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