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yl) thio)-2-fluorobenzoic acid sodium salt]; PF8380:  4-[3-(2,3-dihydro-2-oxo-6-benzoxazolyl)-3-oxopropyl]-28 
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Abstract 31 

Background 32 

Cancer cells are characterized by aberrant phosphatidylcholine (PC) metabolism. PC can be synthesized de 33 

novo or absorbed from diet, after digestion, by the intestinal enterocytes. Here, we investigated the association 34 

of dietary intake of PC and breast cancer development in mice.  35 

Methods 36 

We used tandem mass spectrometry methods to quantitate PC content of various fat sources used to 37 

manufacture rodent diets. Rodent diets were then formulated with either casein or amino acids in place of 38 

casein.  To test the effects of dietary PC on tumor growth we fed low density lipoprotein receptor-null (LDLR–39 

/–) mice high fat diets formulated with casein (high PC) or amino acids in place of casein (low PC). 40 

Endogenous PC biosynthesis and levels of total circulated plasma PC was monitored using stable isotope tracer 41 

choline and mass spectrometry analysis. Tumors were induced in mice after 12 weeks of high fat diet feeding. 42 

Since PC-derived molecules are important transducers of mitogenic signals, we tested the effects of inhibiting 43 

production of lysophosphatidic acid (LPA) using a recently described autotaxin (ATX) inhibitor.  Finally, 44 

plasma inflammatory cytokine levels were analyzed to determine the effects of diets and ATX inhibition on 45 

systemic cytokine milieu.  46 

Results 47 

We found that casein is the main source of PC when present in rodent diets. Replacing casein with amino acids 48 

increased the relative proportion of endogenously biosynthesized PC in mouse plasma. Compared to diets 49 

containing casein, amino acid-defined diets decreased primary tumor growth in the hyperlipidemic estrogen-50 

receptor positive E0771 breast cancer mouse model. Inhibition of autotaxin with the potent inhibitor PAT-505 51 

did not attenuate breast cancer development in these hyperlipidemic mice. Further, replacing casein with amino 52 

acids or treatment with PAT-505 significantly reduced systemic markers of inflammation. 53 

Conclusion 54 

Our results show that casein is a significant source of PC when present in rodent diets. Diets formulated with 55 

amino acids in place of casein have higher proportion of circulating PC from the endogenous biosynthetic pool. 56 

Casein-containing high fat diets promote primary breast tumor development in mice through mechanisms that 57 

involve systemic inflammation but is independent of LPA production by autotaxin. 58 

  59 
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Introduction 60 

Breast cancer is the most common cancer in women worldwide and the second highest cause of cancer 61 

mortality for women in the United States[1].  Abnormal phosphatidylcholine (PC) metabolism is emerging as 62 

one of the most consistent metabolic hallmarks that is associated with oncogenesis and tumor progression in 63 

multiple cancers including breast cancer[2].  Detection of total PC and PC metabolite levels have been proposed 64 

as putative diagnostic biomarkers for monitoring tumor progression and response to therapy. Although most of 65 

the PC can be synthesized de novo from free choline using cytidine diphospho-choline (Kennedy) pathway and 66 

by sequential methylation of phosphatidylethanolamine, humans require additional PC from dietary sources[3, 67 

4]. As the predominant phospholipid of biological membranes PC is the most abundant phospholipid in a wide 68 

range of foods[5]. Adult human dietary intake of PC is approximately 6 to 10 g/day[6]. In addition, PC is also 69 

the major phospholipid of mammalian bile which can be secreted as much as 6 g/day during digestion to 70 

emulsify dietary triglycerides[7, 8]. Moreover, a PC enriched fraction produced through commercial 71 

purification, lecithin, is often added to food as an emulsifying agent or consumed as a nutritional supplement. 72 

Both dietary and bile derived PC can be absorbed as intact PC but the main mechanism of uptake involves 73 

hydrolysis by phospholipase A2 (PLA2) to generate LysoPC (LPC) and a free fatty acid both of which are 74 

actively assimilated by enterocytes[9].    75 

PC is a significant source of the lipid mediator lysophosphatidic acid (LPA), a family of bioactive 76 

lysophospholipids that act as signaling molecules primarily through actions at cell-surface G-protein coupled 77 

receptors to promote cellular proliferation, migration, and survival[10]. There are two major pathways for LPA 78 

production from PC[11]. However, majority of the circulating LPA is produced by autotaxin (ATX), a secreted 79 

phospholipase D[12]. Encoded by the ecto-nucleotide pyrophosphatase/phosphodiesterase 2 (ENPP2) gene, 80 

ATX hydrolyzes primarily LPC to LPA[13]. ATX was originally identified as an autocrine motility-promoting 81 

factor that causes mitosis and angiogenesis in cancer cells[14]. Many normal cells and several chronic 82 

inflammatory diseases and different types of cancer express ATX. Most biologic fluids and plasma also contain 83 

ATX. In mouse, embryonic development ATX expression is necessary, as ubiquitous genetic deletion of ATX 84 

is lethal. However, in adult mice, ubiquitous genetic deletion and pharmacological inhibition of ATX are well 85 

tolerated[15]. The importance of ATX has been demonstrated in many breast cancer studies[16-23]. Transgenic 86 

overexpression of ATX, and LPA receptors (LPA1, LPA2, or LPA3)  in mammary cells enhance spontaneous 87 

metastatic mammary tumors in mice[20]. ATX/LPA promote the migration of breast cancer cells in vitro and 88 

ATX is among the most upregulated genes in metastatic cancers. ATX has therefore emerged as a promising 89 

therapeutic target giving rise to the development of a large number of ATX inhibitors[16, 24, 25]. Inhibition of 90 

ATX was demonstrated for the first time to decrease breast tumor growth and metastasis in the syngeneic 4T1 91 

orthotopic mouse model using the ATX inhibitor, ONO-8430506[26].  92 



5 

 

Animal models are invaluable resources for cancer research and drug efficacy testing. However, many 93 

studies using animal models draw conclusions about dietary effects from comparisons of different diets without 94 

making considerations for PC composition in the diets. Typically, the PC content of laboratory animal diets is 95 

not reported in the literature or provided by the manufacturers. Therefore, we examined the PC composition of 96 

different fat sources in rodent diets and the effects of manipulating dietary PC levels on breast cancer 97 

development. This was extended to studies in which ATX inhibition was combined with dietary PC depletion. 98 

We used the hyperlipidemic C57BL/6 LDL receptor-null (LDLR-/-) mice since these mice are reported to 99 

exhibit an accumulation of ATX-derived LPA when fed diets containing high fat contents[27, 28].  Our studies 100 

show that milk casein is the main source of PC when present in rodent diets. Stripping of casein and other 101 

sources of fat with denatured alcohol reduces PC levels contained in these constituents by up to 70%. 102 

Furthermore, replacing casein in diets with amino acids decreases PC contents by nearly 90%.   The results of 103 

our study show that casein in rodent diets promotes greater tumor development compared to diets in which 104 

casein is replaced with amino acids. However, inhibition of ATX was without effect on primary tumor growth 105 

in PC-rich diet fed mice and reversed the beneficial effects of PC depletion on primary tumor growth. Feeding 106 

mice amino acid-defined diets or inhibiting ATX significantly reduced plasma inflammatory cytokine levels. 107 

Our findings suggest that the beneficial effects of replacing milk casein with amino acids is through a 108 

mechanism that is independent of the ATX-derived LPA signaling.  109 



6 

 

MATERIALS AND METHODS 110 

Reagents 111 

Unless otherwise indicated, reagents were from Millipore-Sigma. Recombinant mouse ATX was from R&D 112 

Systems (Minneapolis, MN). Recombinant human ATX was from Echelon (Salt Lake City, UT). Lipids and 113 

lipid standards were sourced from Avanti Polar Lipids (Alabaster, AL).  114 

E0771 cell culture 115 

E0771 murine breast cancer line originally isolated as a spontaneous tumor from C57BL/6 was purchased from 116 

CH3 BioSystems (Buffalo, NY). The cells were maintained in RPMI 1640 medium supplemented with 10 117 

mmol/L HEPES, 10% Fetal Bovine Serum, penicillin (100 units/ml) and streptomycin (100 µg/ml) cultured at 118 

37°C in a humidified atmosphere of 5% CO2 in air. Cells in cultures were washed with PBS, trypsinized and 119 

resuspended in Hank’s balanced salt solution (HBSS) at 5,000,000 cells/ml. 120 

Rodent diet formulations 121 

To test the hypothesis that casein-containing diets could promote tumor development in hyperlipidemic mice, 122 

we formulated western and high fat diets in collaboration with Envigo diet manufacturers (Madison, WI). 123 

Western diets (42% Kcal from fat) were modeled around the diet TD.88137[29] while high fat diets (60% kcal 124 

from fat) were modeled on TD.06414[30]. Casein diets were formulated with casein or “Vitamin-free” Test 125 

(VFT) Casein (Envigo, Madison, WI). The amino acid defined diets (isonitrogenous diets) were manufactured 126 

using the amino acid profile of casein as formulated for diet TD.140088 with modifications equivalent to 127 

casein-containing diets.   Aspartic acid (Asp) and glutamine (Gln) are non-essential amino acids and not 128 

included in the amino acid (AA) profile of casein. These amino acids were added to the diets at similar levels 129 

found in other AA-defined diets (such as TD.99366). Asp was added at approximately half of the level of Asp 130 

in other AA defined diets. Gln was added at a similar rate as Glu. Cysteine was added to the casein diet to 131 

balance the amino acid profile - casein is limiting in sulfur AA. Since casein is a significant source of calcium 132 

and phosphorus the levels of these minerals were also adjusted in the diets. VFT casein reduces fat and moisture 133 

in the casein product and increases the concentration of protein. Therefore, we adjusted the inclusion rate of 134 

VFT casein to better match the total protein levels. For all diets 50 g/kg maltodextrin was added to improve 135 

pelleting of the amino acid and VFT-casein diets. Diets were color coded by adding food colors for ease of 136 

identification. Detailed nutritional composition of the formulated diets can be found in Supplementary Tables 1-137 

2.   138 

 139 
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Rodent diets containing stable isotope labeled choline 140 

PC in systemic circulation can be derived from diet or from de novo synthesis using choline as substrate. To 141 

interrogate the contribution of casein in rodent diets to plasma PC pool, high fat diets formulated with casein or 142 

amino acids were designed to contain deuterium labeled choline as the sole source of dietary free choline in the 143 

diets. The deuterium label in choline served as stable isotope tracer to track endogenous PC biosynthesis. Five-144 

week-old female LDL receptor deficient (LDLr-/-) C57BL/6 mice were purchased from Jackson laboratory (Bar 145 

Harbor, Maine) and maintained on 12-hour light/dark cycle at the University of Kentucky Animal Care 146 

Facility.  The mice were fed water and standard rodent chow diet (2014 Teklad Harlan Rodent Diet) ad libitum 147 

for 1 week to acclimatize to the laboratory conditions before being assigned randomly into groups to receive the 148 

diets containing either labeled or unlabeled choline. After 8 weeks of ad libitum feeding, blood was drawn from 149 

mice, plasma prepared and frozen at -80°C for further lipid analysis as described below.  150 

Animals and syngeneic orthotopic mouse model of breast cancer. 151 

Animal experiments were approved by the Institutional Animal Care and Use Committee of the University of 152 

Kentucky. Five-week-old female LDLr-/- C57BL/6 mice were purchased from Jackson laboratory (Bar Harbor, 153 

Maine) and maintained on 12-hour light/dark cycle at the University of Kentucky Animal Care Facility.  The 154 

mice were fed water and standard rodent chow diet (2014 Teklad Harlan Rodent Diet) ad libitum for 1 week to 155 

acclimatize to the laboratory conditions before being assigned randomly into groups to receive the assigned 156 

diets. Food consumption was monitored by weighing food pellets before and after replacement. Blood was 157 

drawn via submandibular bleeding into Ethylenediaminetetraacetic acid (EDTA) coated tubes (BD Microtainer) 158 

at the onset of high fat feeding and biweekly thereafter. Plasma was prepared immediately and stored frozen at -159 

80°C until processing for measurements of lipids (PC, LPC and LPA), ATX inhibitors and other markers as 160 

needed. Twelve weeks after initiating feeding, mice were anesthetized, a small incision made and syngeneic 161 

estrogen receptor positive (ER+) E0771 tumor cells (500,000 cells suspended in 100 µl HBSS) were injected 162 

into the inguinal mammary fat pad using an insulin syringe. The incision was then closed with a wound clip. 163 

When tumors became palpable after 4-5 days, two orthogonal caliper measurements were taken and tumor 164 

volumes estimated using the formula width2 × length/2. Primary tumors were allowed to grow until they 165 

reached the maximum allowable size of 1 cm3. The primary tumors were resected and animals kept for a further 166 

2 weeks for spontaneous metastasis when the animals were euthanized and various organs harvested. To 167 

analyze lung metastatic burden, dissected lungs were stained with India ink to visualize metastatic nodules and 168 

the number of visible surface nodules counted. 169 

 170 
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PAT-505 formulation and administration 171 

PAT-505 [3-((6-chloro-2-cyclopropyl-1-(1-ethyl-1H-pyrazol-4-yl)-7-fluoro-1H-indol-3-yl) thio)-2-172 

fluorobenzoic acid sodium salt was obtained from PharmAkea (San Diego, CA) under a material transfer 173 

agreement.  For oral dosing of PAT-505 at 30-mg/kg body weight a 7.5 mg/mL solution was prepared by 174 

adding room temperature 0.5% methyl cellulose to PAT-505 in a scintillation vial and heating to ~60-70oC to 175 

dissolve. The solution was sonicated for 3-5 minutes until it became clear. The dosing solution was stored at 176 

room temperature for daily dosing for up to 1 week before a new solution could be prepared. One day prior to 177 

E0771 cell inoculation, treatment of animals with PAT-505 or 0.5% methyl cellulose (MC Vehicle) by oral 178 

gavage was initiated and continued twice daily until the animals were sacrificed.  179 

Measurement of bioactive lipids and PAT-505 by mass spectrometry 180 

PC and LPA measurements were performed using established methods previously described[31-38]. PC species 181 

and PAT-505 were measured using high performance liquid chromatography (HPLC) electrospray ionization 182 

(ESI) tandem mass spectrometry (MS) using AB Sciex 4000 Q-Trap linear ion trap triple quadrupole and AB 183 

Sciex 5600 Quadrupole time of flight mass spectrometers (Sciex, Framingham, MA). Deuterated lipids were 184 

initially analyzed using Fourier Transform Mass Spectrometry (FTMS) and validated using the Thermo Q-185 

Exactive. The samples were injected by direct infusion into the UHRMS (THERMO Orbitrap Fusion™ 186 

Tribrid™, resolving power of 500,000 at m/z 200) via nanoESI (Advion TriVersa NanoMate®) in positive 187 

mode.  Ten microscans were added to produce a single MS1 full scan (m/z 150–1600) with total acquisition 188 

time of 10 minutes. Lock mass (EASY-IC™) was used for improved reproducibility throughout the scans. 189 

Scans in each acquired spectrum were averaged using Xcalibur 4.1(THERMO Scientific™). LPA species were 190 

measured using the AB Sciex Triple Quad 6500 (Sciex, Framingham, MA). PC in the various rodent diets were 191 

extracted using modified Bligh and Dyer Method. Briefly, milligram amounts of diets were respectively 192 

weighed from randomly selected diet pellets and extracted in a solvent system consisting of 193 

chloroform/methanol/water 2:2:18 (v/v/v) after intermittent sonication in 8 ml glass tubes. To monitor analyte 194 

recovery, 17:0 LPC (Avanti Polar Lipids, Alabaster, AL) was included in each tube.  Plasma PC and LPA were 195 

extracted from 50 µl of plasma using acidified organic solvents with the inclusion of 10 µl of Avanti Splash® 196 

Lipidomix® Mass spec Standard (for PC) and 17:0 LPA for LPA species (Avanti Polar Lipids, Alabaster, AL) 197 

as internal or recovery standards. Quantitation of lipids was done by selected ion monitoring mode HPLC 198 

MS/MS using calibration curves generated using independently quantitated standards. Data for rodent diet PC 199 

were quantified based on the recovery of 17:0 LPC and normalized to the weights of the diets respectively. Data 200 

for PC in diets or dietary constituents were normalized to their respective diet or constituent mass while data for 201 

plasma PC and LPA were normalized to the lipid standards contained in the deuterated Avanti Splash® 202 
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Lipidomix® standard mixture and 17:0 LPA. PAT-505 was extracted using a previously described method with 203 

the inclusion of PF8380 as recovery standard and analyzed using the AB Sciex 4000 Q-Trap linear ion trap 204 

triple quadrupole mass spectrometer[39]. Quantitation of PAT-505 was done using calibration curves from 205 

standards run independently.  206 

Measurement of ATX activity 207 

To validate the potency of PAT-505 in vitro, we analyzed the activities of recombinant mouse and human ATX 208 

against a panel of lysophosphatidylcholine (LPC) in the presence or absence of PAT-505. ATX catalyzes the 209 

hydrolysis of LPC to LPA and choline. The released choline is oxidized by choline oxidase to betaine and 210 

hydrogen peroxide which is detected in a color reaction commonly known as TOOS (N-ethyl-N-(2-hydroxy-3-211 

sulfopropyl)-3-methylaniline) assay[40]. We used LPC species with saturated fatty acyl chains 16:0 LPC and 212 

18:0 LPC, unsaturated fatty acyl chain 18:1 LPC and the synthetic unnatural 17:0 LPC. The ATX/LysoPLD 213 

activity reaction containing ATX and LPC was performed in 100 µl buffer (50 mM Tris-HCl pH 8.0, 5 mM 214 

MgCl2, 5 mM CaCl2, 140 mM NaCl, 1 mg/ml Fatty acid free BSA, and 0.01% Brij-35 (w/v) for 2 hours at 37°C 215 

with intermittent shaking. To test the inhibitory effects of PAT-505, we pre-incubated PAT-505 with 216 

recombinant ATX for 30 minutes before adding the respective LPC substrates. The choline released was 217 

detected by adding 100 µl of detection/color reagent consisting of 50 mM Tris-HCL pH 8, 4.5 mM MgCl2 4.5 218 

mM 4-aminoantipyrine, 2.7 mM TOOS, 20 units ml-1 horseradish peroxide and 3 units ml-1 choline oxidase and 219 

incubating for 15 minutes before measuring the absorbance at 555 nm. Absorbance values were plotted against 220 

the log concentration of PAT-505. 221 

Quantitation of plasma cytokines and chemokines by Multiplex assay  222 

Plasma samples from tumor-induced PAT-505 and vehicle control-treated mice were analyzed for the levels of 223 

circulating cytokines and chemokines. Measurements were performed using the Milliplex Mouse 224 

Cytokine/Chemokine Premixed 32-Plex and TGF-beta 1, 2, 3 magnetic bead Kits (Millipore Corp, Billerica, 225 

MA) according to the manufacturer's protocol. Processed plates were measured on the Luminex Xmap 226 

MAGPIX system (Luminex Corp, Austin, TX), as per the manufacturer’s instructions. The following 227 

cytokines/chemokines were measured: G-CSF, Eotaxin, GM-CSF, IFN-g, IL-1a, IL-1b, IL-2, IL-3,  IL-4, IL-5, 228 

IL-6, IL-7, IL-9, IL-10, IL-12 p40, IL-12 p70, IL-13, IL-15, IL-17,  LIF, LIX, IP-10, KC, MCP-1, MIP-1a, 229 

MIP-1b, M-CSF, MIP-2, MIG, RANTES, VEGF, TNF-a, TGF-β 1, TGF-β 2 and TGF-β 3. The values below 230 

standard curve were denoted as zero for statistical analyses while the data were reported as means ± standard 231 

errors of the means (SEM). 232 

 233 
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Statistical analysis 234 

Results were expressed as mean ± standard error of the means (SEM). Statistical analyses were performed 235 

using the Prism 7 package (GraphPad, La Jolla, CA) and SigmaStat (San Jose, CA, USA). Unpaired two-236 

tailed Student’s t-test or analysis of variance (one way or multiple comparisons) was performed for 237 

comparisons between the groups. Comparisons in tumor growth kinetics between groups were performed 238 

using 2-way ANOVA with post hoc Bonferroni-corrected t test. Values of p < 0.05 were considered 239 

statistically significant.  240 



11 

 

Results 241 

Casein is the major source of Phosphatidylcholine when added as a constituent of rodent diets 242 

We obtained the ingredients commonly used as fat sources to formulate rodent diets from Envigo (Madison, 243 

WI) and quantitated PC in the separate components. As shown in Table 1, PC was detected in all of the 244 

preparations tested. Lard and anhydrous milk, which are common fat sources in high fat diets, are rich in PC. 245 

Other components used in rodent diets to substitute for lard and anhydrous milk also contain detectable PC 246 

amounts. The most striking observation however is that PC is highly abundant in casein. Casein is usually 247 

added to diets as a protein source. In our analysis, the quantities of PC in casein were approximately 100-fold 248 

higher compared to traditional fat sources. We also observed that PC levels can be significantly reduced in the 249 

respective sources by stripping with organic solvents. Levels of PC were reduced in “Vitamin-Free” Test (VFT) 250 

Casein by about 70%.  VFT-casein is produced by extracting casein obtained from lactic acid precipitation of 251 

skim milk with hot denatured ethanol. Compared to regular casein, VFT-casein is reported by the manufacturer 252 

to contain less fat, less moisture and more protein. As with hot denatured ethanol, we also observed that 253 

tochopherol stripping of lard and corn oil reduced PC levels in these constituents substantially by up to 50-75% 254 

(Table. 1).  Analysis of the individual PC species present in these dietary components reveal the presence of 255 

PCs of different carbon lengths and fatty acyl chain saturations, with PC (34:1) being the most abundant (Table 256 

2).  257 

Having established that casein is the major source of PC we formulated different types of rodent diets 258 

based on the composition of the widely used western diet TD.88137 (42% Kcal from fat) and high fat diet 259 

TD.06414 (60% Kcal from fat), respectively. The casein content in the western diet and high fat diet were kept 260 

at 195 g/kg and 295 g/kg, respectively. Western diets were formulated with 210 g/kg anhydrous milkfat while 261 

high fat diets contained 310 g/kg lard. Three different types of western diet were designed based on the amino 262 

acid composition of casein. One of the diets contained casein (Casein Diet). The second diet was made with 263 

VTF-Casein while the third diet was constituted by replacing casein with amino acids (AA diets) based on the 264 

amino acid profile of casein as provided Envigo. Amino acid composition was adjusted to be equivalent to the 265 

levels found in casein. Care was taken to also match the levels of calcium, phosphorus and sucrose in both diets.  266 

High fat diets on the other hand were formulated with either casein or amino acids.  To determine whether the 267 

expected alteration of PC levels occurred in the different formulated diets, lipids were extracted from these diets 268 

and their PC compositions analyzed by LC/MS/MS.  The results of our analysis show that both the western and 269 

high fat diets containing casein had the highest PC contents, while diets formulated with VFT Casein or amino 270 

acids had significantly reduced levels of PC (Fig 1).  Whereas casein is used primarily as a source of protein in 271 

standard laboratory rodent diets from multiple manufacturers these observations identify casein as also the 272 

major contributor of dietary PC in these diets.  273 
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 274 

Dietary casein contributes to circulating plasma PC. 275 

To monitor the contribution of dietary casein to systemic PC pool, we formulated high diets with casein or 276 

amino acids based on the amino acid profile of casein and assessed incorporation of dietary choline into plasma 277 

PC using Fourier Transform Mass Spectrometry.  (FTMS). Fig. 2A depicts a representative section of the 278 

spectrum of the MS Scan and labeling of PC(34:2), one of the most abundant PC in the plasma of a mouse fed 279 

amino acid defined diet containing deuterium labeled choline. From their calculated exact masses, the 280 

highlighted peaks in the spectrum are the signals for D0-PC(34:2) at m/z 758.56927 formed from unlabeled 281 

choline, and D9-PC(34:2) at m/z 767.62579 which would have been generated from the deuterated choline 282 

supplied in the diets. We further analyzed these samples by LC/MS/MS using the Thermo Q-Exactive All-ions 283 

fragmentation (AIF) in positive mode to generate the product ions. As shown in Fig. 2 B and C, we observed a 284 

pattern corresponding to the D0- and D9-choline present in the PC(34:2), represented by the m/z 184 and m/z 285 

193 masses of the choline ion moieties respectively.  These observations validated biosynthesis of PC from 286 

exogenously provided choline and confirm that tracer choline is utilized at high levels and at various intensities.  287 

To establish the relative quantities of individual PC species in plasma, we used the high resolution AB Sciex 288 

5600 Quadrupole time of flight (TOF) mass spectrometer. TOF MS data were acquired in positive mode, ions 289 

corresponding to the e m/z ratios of individual PCs extracted and analyzed using the AB Sciex OS Analytics 290 

program. A comparison of the ratios of deuterated PC to the unlabeled PC of the most abundant PCs showed 291 

that there was a higher degree of labeled PC in plasma from mice that were fed with the amino acid-defined 292 

diets Fig. 2D-I.  293 

 294 

 295 

 Casein promotes breast cancer in E0771 hyperlipidemic mice fed high fat diet. 296 

To understand the effects of dietary casein and inhibition of autotaxin on breast cancer development in 297 

hyperlipidemic mice, we fed age-matched LDLR-/- mice with high fat diets (60% kcal from fat) formulated 298 

with casein or defined amino acids in place of casein (AA diets). After 12 weeks of feeding, breast cancer was 299 

induced in these mice by injection of the syngeneic E0771 mammary tumor cells into the inguinal mammary fat 300 

pads while treating with either 30 mg/kg ATX inhibitor PAT-505 or methyl cellulose vehicle control twice 301 

daily.  In the liver fibrosis mouse models, PAT-505 was efficacious and shown to inhibit ATX activity in 302 

plasma and liver tissues after oral administration[39]. We observed reduced primary tumor growth in mice that 303 

were fed amino acid defined diets compared to casein-containing diet (Fig. 3A). There was no significant 304 

difference in primary tumor volumes and excised tumor masses between PAT-505-and vehicle-treated mice 305 

when the animals were fed with casein-containing diet. However, treatment with PAT-505 abolished the tumor 306 

growth reducing effects of amino acid-defined diet since tumor volume (Fig. 3A) and excised tumor masses 307 
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(Fig. 3B) were higher in PAT-505 treated mice compared to the vehicle-treated mice. Previous studies using a 308 

potent ATX inhibitor ONO-8430506 and the highly metastatic 4T1 breast cancer models reported that long term 309 

treatment with the ATX inhibitor did not result in significant difference in primary tumor size[26]. The authors 310 

observed an initial reduction of tumor growth in ONO-8430506-treated mice which eventually caught up to the 311 

vehicle group resulting in comparable primary tumor development. In our studies, treatment with PAT-505 312 

increased the number of metastatic nodules in the lungs of mice that received casein-containing diet but did not 313 

have significant metastatic effects in mice that were fed amino acid-defined diet (Fig. 3C). 314 

In vivo Bioavailability of PAT-505 in breast cancer mouse model of cancer and in vitro drug potency. 315 

Because of the results in Fig. 3 showing a lack of breast tumor growth inhibition by PAT-505, we decided to 316 

develop methods to determine the bioavailability of PAT-505 in harvested plasma and tissues and also validate 317 

the drug’s potency in vitro. The concentration of PAT-505 was assessed in plasma obtained from mice (n=7-318 

9/group) implanted with tumor and receiving twice daily oral administration of the drug. Using tandem MS 319 

methods we confirmed the bioavailability of PAT-505 in plasma and tissues harvested from our mice (Fig. 4A).  320 

We observed very high levels of circulating PAT-505 in plasma, reaching concentration levels of 60 µM after 321 

one week of drug administration (Fig. 4B). These levels are consistent with the reported pharmacokinetic (PK) 322 

of PAT-505 as assessed in mice and rats[39]. We also determined PAT-505 levels in tissues that were harvested 323 

after the animals were sacrificed. PAT-505 was detected in the all the organs analyzed with the highest levels 324 

detected in the intestines and liver, while the lowest levels were present in the brain and spleen (Fig. 4C). PAT-325 

505 is reported to have nanomolar potency (in vitro IC90 of ~630nM) therefore the very high concentrations of 326 

PAT-505 we determined to be present in mouse blood should have been sufficient to efficiently inhibit 327 

circulating ATX activity. Previous studies with PAT-505 administered at doses of 30 mg/kg once daily resulted 328 

in robust antifibrotic activity[39]. These studies evaluated plasma samples taken 24 hours after the last dose 329 

(trough) for ATX lysoPLD activity and trough concentrations in plasma and liver tissues, confirming good oral 330 

bioavailability and potency. The potency of PAT-505 against ATX lysoPLD activity was evaluated in vitro 331 

using recombinant mouse ATX and 16:0 LPC, 17:0 LPC, 18:0 LPC and 18:1 LPC as substrates. PAT-505 332 

inhibited the ATX lysoPLD activity for all the LPC in a concentration dependent manner (Fig. 4D and 4E). 333 

Similar to published reports, PAT-505 potency was at nanomolar concentrations with the average IC50 values of 334 

2.0 – 3.0 nM. Despite high dosing for a prolonged period, we observed very modest reduction in the levels of 335 

LPA in plasma. Even though the total level of LPA was reduced, only the levels of the species 18:2 LPA and 336 

22:5 LPA were significantly reduced (Fig. 5). This is consistent with the findings of Katsifa et. al., who reported 337 

that out of the LPA species they measured following treatment of mice with PF8380, only LPA 18:2 was 338 

significantly reduced[15, 41].  339 
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Casein increases circulating levels of pro-tumorigenic cytokines and chemokines. 340 

Cytokines and chemokines are increasingly implicated in cancer pathogenesis and present a target for 341 

innovative diagnostic and chemotherapeutic agents. Cancer cells can respond to circulating cytokines secreted 342 

by the host to promote growth, attenuate apoptosis and facilitate invasion and metastasis. Conversely certain 343 

cytokines that are released in response to infection, inflammation and immunity can inhibit cancer development 344 

and progress. Therefore, we examined the plasma concentration of a panel of cytokines in plasma from mice fed 345 

the casein or amino acid-defined high fat diets in combination with PAT-505 after tumor induction. Using the 346 

Magpix multiplex technology (Luminex Corp, Austin, TX) we determined that TGF-β1 and TGF-β2 levels 347 

were significantly reduced in mice that received amino acid-defined diets compared to casein diets (Figure 6). 348 

Treatment with PAT-505 reduced the levels of both TGF-β1 and TGF-β2 in casein mice to levels observed in 349 

AA-mice but did not have further reduction in AA-mice. In addition, feeding mice with amino acid-defined 350 

diets decreased the levels of pro-inflammatory cytokines IL-1α, IL-12 p40 and M-CSF, and chemokines MCP-1 351 

(CCL2) and KC (CXCL1) compared with casein diets (Figure 6).  Treatment with PAT-505 also decreased the 352 

levels of TGF-β1, TGF-β2, IL-1α, IL-12 p40, MCP-1 and KC compared with vehicle control (Figure 6). 353 
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Discussion  354 

We quantitated PC levels in various fat sources used to manufacturer rodent diets and the current 355 

findings demonstrate that casein is the major source of PC when present in rodent diets. We further show that 356 

replacing casein with amino acids based on casein profile in rodent high fat diets decreases the development of 357 

breast cancer in the estrogen-receptor positive syngeneic mouse model.  358 

Although PC is the most abundant phospholipid in eukaryotic membranes and is critical for cell growth 359 

and organelle function there are no reports in the literature on the exact composition of PC in rodent diets. Most 360 

dietary formulations indicate the contents of choline but not phosphatidylcholine. Casein is usually added to 361 

diets as a standard source of protein with no consideration of the levels of PC it adds to diets. The quantities of 362 

casein included in diet formulas vary depending on the desired protein composition in these diets.   For 363 

example, diets used to induce obesity such as western diets (45% kcal from fat) contain approximately 195 364 

g/kg, while high fat diets (60% kcal from fat) are formulated with about 265 g/kg diet weights. In some cases, 365 

casein is replaced with defined amino acids. These adjustments in casein quantities and composition would also 366 

alter PC composition of the rodent diets. The observation that casein is a significant source of PC may also be 367 

important to consider when explaining findings in the literature showing that choline-deficient diets containing 368 

higher levels of casein are resistant to induction of fatty liver in the nonalcoholic steatohepatitis (NASH) 369 

models[42-45]. This is because casein, loaded with PC, would effectively be a rich precursor that replenishes 370 

the omitted choline in the choline-deficient diets. 371 

Our results reveal that formulating rodent diets with amino acids in place of casein reduce breast cancer 372 

development. The results are consistent with previous findings that suggest an association between higher 373 

dietary casein intake and increased risk of cancer[46-52]. Our study provides further evidence that the tumor 374 

promoting effects of casein is due to nutrients contained in casein since supplementing diets with all amino 375 

acids that are present in casein as replacement for casein decreases breast tumor development in mice. Casein is 376 

a significant source of calcium, phosphorus and vitamins. Therefore, we adjusted the levels of these nutrients by 377 

adding vitamin premix with choline and the two minerals to minimize variability among the diets we 378 

formulated. Dietary PC has been associated with increased cardiovascular disease risk[53]. We were interested 379 

in establishing whether casein also can promote tumor development by being a rich precursor source of PC 380 

metabolites. Orally administered PC is hydrolyzed in the intestinal lumen by phospholipase A2 to form LPC 381 

which is absorbed by enterocytes[54]. Some of the absorbed LPC is reacylated to form PC while the rest is 382 

hydrolyzed to LPA majorly by the enzyme ATX. Because of the potential of ATX to contribute to many 383 

diseases, a number of inhibitors have been described[24, 40, 55-58]. Many ATX inhibitors have been developed 384 

some with better in vivo bioavailability. We used the ATX inhibitor PAT-505 which has demonstrated 24-hour 385 
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maximal inhibition of ATX activity with once daily dosing[39]. We reasoned that targeting LPA production by 386 

depleting PC in diet and inhibiting ATX activity with a potent drug would decrease tumor growth. We used 387 

LDLR knockout mice as they have higher circulating levels of LPA[27, 28]. PAT-505 treatment of mice only 388 

had modest effects as manifested by only the decreases of plasma concentrations of the saturated species of 389 

LPA (18:2-LPA and 22:5-LPA). The PAT-505 effects on other LPA species including unsaturated species was 390 

modest but statistically insignificant. However, in vitro PAT-505 inhibition assays showed nanomolar potency 391 

for both saturated and unsaturated LPC substrates. Our results reveal the existence of a discrepancy in potency 392 

of ATX inhibition in vitro and in vivo. Even though the ATX-dependent pathway is thought to be responsible 393 

for most of the LPA present in circulation, a possible explanation for the modest in vivo ATX inhibitory effect 394 

might be due to the mouse model we used. Given the large exess of substrate availability in hyperlipidemic 395 

mice fed high fat diet, it is very likely that the intended ATX inhibition was not achieved since the substrate was 396 

not a limiting factor for ATX-mediated LPA production. Furthermore, the presence of an ATX-independent 397 

pathway for LPA formation may lead to some resistance to ATX inhibition[59]. In this pathway, PC and other 398 

phospholipids are hydrolyzed by phospholipase D (PLD1 or PLD2) to generate phosphatidic acid (PA). LPA is 399 

then produced from PA by PLA1 (acting typically on the sn-1 position of PA) or PLA2 (acting on the sn-2 400 

position). This hypothesis is also supported by the findings of Navab et al., who reported that the conversion of 401 

LysoPC 18:0 to LPA 18:0 was not altered by the ATX inhibitor PF8380 suggesting that the conversion is ATX 402 

independent in vivo[60]. In conditional ATX knockout mice, levels of ATX protein in all tissues tested were 403 

substantially reduced yet only LPA 18:2 levels were lowered to levels which were statistically significant[15]. 404 

Furthermore, in clinical trials that showed efficacy of the ATX inhibitor GLPG1690 in idiopathic  pulmonary 405 

fibrosis, drug potency was evaluated by analyzing levels of only LPA 18:2 species[61].  Our observation of a 406 

lack of significant inhibition of primary tumor growth by PAT-505 may also be due to the fact that in the E0771 407 

mouse tumor model we were unable to capture the delayed primary tumor growth observed with 4T1 mouse 408 

model. Benesch et al., showed in a study using the ATX inhibitor ONO-8430506 in the more aggressive 4T1 409 

mouse breast cancer model that primary tumor growth was suppressed by the ATX inhibitor in the initial 410 

phase[26]. After 12 days of tumor growth, even with the continued treatment with ONO-8430506, the primary 411 

tumor growth caught up with the vehicle-treated growth with no significant differences thereafter. Furthermore, 412 

in our studies we also did not obtain conclusive data on metastasis to the lungs following treatment with PAT-413 

505 suggesting a lack of efficacy of ATX inhibition in the hyperlipidemic E0771 mouse model. However, ATX 414 

inhibition with ONO-8430506 in mice fed standard diet, decreases the number of 4T1 metastatic nodules to the 415 

lungs.   Our results support the theory that factors other than ATX may be more important in driving the long 416 

term primary tumor growth when breast tumors invade the abdominal musculature. In addition, the threshold of 417 

ATX inhibition required to effect blockade of tumor growth in vivo is still unknown.  418 
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Inflammation is a known risk factor associated with cancer initiation and progression[62-69]. Our results 419 

demonstrate that dietary casein contributes to increased levels of inflammatory mediators in plasma. Several 420 

cytokines and chemokines such as IL-1α, IL-1β, TGF-β1, TGF-β2, IL-10, IL-12p40, LIX, IP-10, KC, MCP-1, 421 

MIP-1β, M-CSF, MIG, RANTES and VEGF were significantly altered between casein and amino acid-defined 422 

diets suggesting that casein contributes to modifying levels of these factors in circulation. Some of these 423 

cytokines such as IL-1 and VEGF are known to promote angiogenesis, tumor growth and metastasis in 424 

experimental models. ATX/LPA nexus upregulates inflammatory signaling[70]. TGF-β has dual role as a tumor 425 

suppressor and pro-oncogenic factor and is considered as a predictive biomarkers for progressive 426 

tumorigenesis[71]. In the early phase of epithelial tumorigenesis, it inhibits primary tumor development and 427 

growth. However, in the late stages of tumor progression, the role of TGF-β becomes one of tumor promotion. 428 

Inhibition by PAT-505 also significantly reduced levels of the many of the cytokines and chemokines, although 429 

we did not observe a clear potentiation effects of combining ATX inhibition and replacing casein on the levels 430 

of circulating cytokines/chemokines. 431 

Conclusions 432 

Our study demonstrates for the first time that casein is the major source of PC when included as a protein 433 

ingredient in experimental diets. Levels of PC can be significantly reduced by either solvent stripping of fats 434 

from casein or replacing casein with amino acids. These findings provide the basis for adjusting levels of PC 435 

when formulating rodent diets especially in studies involving utilization of choline deficient diets. The rate of 436 

biosynthesis of PC by the endogenous Kennedy pathway is increased in mice receiving diets in which casein 437 

has been replaced by amino acids. We also showed that casein promotes primary tumor growth in the 438 

hyperlipidemic murine breast cancer models through a mechanism that involves pro-inflammatory signaling. 439 

The cancer-promoting effects of casein does not depend on production of LPA by ATX as inhibition of ATX 440 

did not attenuate primary tumor growth either singly or in combination with casein-replacement in these mice. 441 

However, the current study does have some limitations. For example, casein contains complex nutrient 442 

composition. Although the PC levels in casein is quite profound, it is also possible that the tumor enhancing 443 

effects of casein might be due to other factors/nutrients present in casein. A future study using amino acid 444 

defined control diets with added PC would be useful in validating the PC effects on tumor growth. Further 445 

studies to investigate the link between casein and breast cancer will be able to establish the metabolic processes 446 

associated with diets rich in casein and thus provide the basis for dietary approaches to mitigate cancer 447 

development and identifying biomarkers for therapeutic interventions.  448 

 449 

 450 



18 

 

 Acknowledgements 451 

We thank Dr. Andrew J. Morris for providing mass spectrometry facilities, sharing expertise regarding LPA 452 

metabolism and critical review of the manuscript. We thank also Dr. Sony Soman and Courtney Hammill for 453 

support with mass spectrometry analysis. Dr. Colleen McMullen assisted in preparation and editing of this 454 

article.  455 

Funding 456 

This work was supported by grants from NCI K01 CA197073 (FOO); and NCI CRCHD P30CA177558 pilot 457 

grant to FOO. The content is solely the responsibility of the authors and does not necessarily represent the 458 

official views of the NIH. 459 

Availability of data and materials 460 

The datasets used and/or analyzed during this study are included in this published article or available from the 461 

corresponding author on reasonable request. 462 

Contributions 463 

FOO originated the study and was responsible for data collection, analysis, interpretation, and drafting the 464 

manuscript. FOO, EB, BY, and EA performed the experiments and participated in writing the manuscript. 465 

FOO and LC analyzed the data, edited the manuscript and discussed the data. All authors read and approved 466 

the manuscript. 467 

Corresponding author 468 

Correspondence to Fredrick O Onono foon222@uky.edu 469 

Ethical declarations 470 

Ethical approval and consent to participate 471 

Not applicable 472 

Competing interests 473 

The authors declare that they have no competing interests 474 

 475 

 476 

 477 

mailto:foon222@uky.edu


19 

 

Figure Legends 478 

Fig. 1. Levels of PC in Western and High Fat Diets formulated with casein or amino acids based on casein 479 

profile. The concentration of PC was normalized to the weights of diet pellets. Data shown are means ± SEM of 480 

triplicate determinations.  Statistical significance evaluated by Student’s t-test (* P< 0.001)  481 

Fig. 2. Dietary deuterated choline contributes to plasma PC by the two distinct biosynthetic pathways. A. 482 

Full scan spectrum indicating some of the most abundant lipids. Peaks for D9-PC(34:2) and D0-PC(34:2) are 483 

highlighted. B and C. product ion spectra showing the non-deuterated and D9-choline, respectively. D to I. 484 

Relative proportions of some of the most abundant PCs in mouse plasma from mice fed a diet containing 485 

deuterated choline. Comparison between groups was performed by Student t-test or repeated measures ANOVA 486 

[panels D-I], *P≤ 0.05, **p ≤ 0.01, ***P≤ 0.001, ****P≤0.0001. 487 

Fig. 3. Effects of manipulating dietary casein and ATX inhibition on the growth of breast cancers and 488 

lung metastasis. A. Primary tumor volumes of high fat diet-fed mice injected with E0771 tumor cells into the 489 

mammary fat pad and gavaged twice daily with either vehicle or PAT-505 30 mg/kg. Tumor volumes were 490 

calculated from caliper measurements using width2 X length/2. Results are expressed as means ± SEM for 7-8 491 

mice/group. B. Masses of primary tumors resected on d 19 after implantation. Tumors resected from mice fed 492 

amino acid-defined diet and treated with PAT-505 were heavier than vehicle treated mice. P=0.016. C. Tumor 493 

burden in the lungs measured by the number of visible lung metastatic nodules in mice one week after primary 494 

tumors were resected at d 19, showing higher metastasis in mice fed casein-containing high fat diet. P<0.01. 495 

Fig. 4. PAT-505 plasma and tissue concentrations and in vitro ATX lysoPLD activity.  PAT-505 in plasma 496 

and tissues was analyzed after continuous twice daily oral administration of PAT-505 to mice at a dosage of 30 497 

mg/kg. A. Representative mass spectrometric chromatogram showing peaks for PAT-505 and PF8380 used for 498 

quantitation of PAT-505. B. Plasma PAT-505 concentration after one week of PAT-505 oral administration to 499 

mice (n=7-9/group). The drug concentration has been normalized using PAT-505 offline calibration and 500 

inclusion of PF8380 during sample extraction to monitor analyte recovery. C. PAT-505 concentration in tissues 501 

harvested after 21 days of treatment with PAT-505 or vehicle control. Values have been normalized to tissue 502 

weight. D and E. Effects of PAT-505 on in vitro lysoPLD activity was determined using recombinant mouse 503 

and human ATX, respectively, in the TOOS assay. Data represent the mean ± SEM of triplicate determinations 504 

from at least three independent experiments.    505 

Fig. 5. Effects of treating mice with 30 mg/kg PAT-505 on plasma molecular species of LPA. Mice were 506 

treated twice daily with 30 mg/kg PAT-505 and blood was collected after 7 days of continuous treatment. 507 

Control mice were gavaged with 0.5 % Methylcellulose. Plasma LPA levels was determined by UPLC-MS/MS 508 
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and concentrations expressed relative to C17:0-LPA internal standard. Results are means ±SEM for 9-10 509 

mice/group. *P<0.05 vs. corresponding vehicle-treated mice. 510 

Fig. 6. Effects of manipulating casein in high fat diets and PAT-505 treatment on inflammatory 511 

mediators in tumor bearing mice. Blood was collected from mice (n=7-9/group) 7 days after twice daily 512 

treatment with 30mg/kg PAT-505. Circulating cytokines and chemokines were analyzed and compared between 513 

the two diet groups receiving vehicle or PAT-505 treatment. Values are expressed as means ± SEM of duplicate 514 

determinations. Statistical significance was determined by Student’s t-test. *P<0.05 vs. corresponding vehicle-515 

treated mice. 516 
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Component 
Concentration 

(pmol/mg) 

Lard  14.47 

TS - Lard 0.50 

Beef tallow 1.63 

Cocoa butter  0.18 

Coconut oil 2.15 

Palm oil  0.12 

Corn oil  1.19 

TS - corn oil 0.35 

Casein 605.65 

VFT Casein  166.19 

 735 

Table 1. Concentration of PC in various fat sources used to manufacture rodent diets  736 

 737 

PC 

Species 

Concentration (pmol/mg) 

Casein 
VFT 

Casein 
Lard 

Anhydrous 

Milk 

34:1 PC 157.97 62.98 4.09 2.83 

32:0 PC 63.84 13.19 0.62 0.66 

32:1 PC 38.70 8.91 0.35 0.34 

34:0 PC 33.62 7.26 0.25 0.23 

34:2 PC 20.58 3.54 0.78 0.33 

36:1 PC 68.41 17.90 1.97 0.32 

36:5 PC 46.38 11.05 0.07 0.16 

36:2 PC 52.54 11.27 3.80 0.36 

 738 

Table 2. Comparison of the most abundant PC species in various dietary components  739 

  740 



26 

 

  

Casein WD 

21% AMF Diet (0.2% 

Chol) (TD.09821) 

VFT-Casein WD 

21% AMF Diet (VFT, 

0.2% Chol, Green) 

(TD.160726) 

AA – WD 

21% AMF Diet 

(AA, 0.2% Chol, 

Red) (TD.160725) 

Macronutrient Composition  (% by weight)  (% by weight) (% by weight) 

Protein 17.3% 17.3 17.2 

Carbohydrate 48.7% 49.3 47.4 

Fat 21.2.0% 21.0 21.0 

 (% kcal from) (% kcal from) (% kcal from) 

Protein 15.2 15.2 15.4 

Carbohydrate 42.9 43.3 42.4 

Fat 41.9 41.5 42.3 

Kcal/g 4.5 4.6 4.5 

Nutrients g/Kg Diet g/Kg Diet g/Kg Diet 

Casein 195   

Casein, “Vitamin-Free” Test  188.56  

DL-Methionine 3 3.0  

L-Alanine   4.69 

L-Arginine    5.48 

L-Asparagine   5.29 

L-Aspartic Acid   10.61 

L-Cystine   0.55 

L-Glutamic Acid   33.85 

Glycine   2.82 

L-Histidine HCl, 

monohydrate   

5.91 

L-Isoleucine   8.02 

L-Leucine   14.12 

L-Lysine HCl   16.28 

L-Methionine   7.5 

L-Phenylalanine   7.97 

L-Proline   17.29 

L-Serine   8.78 

L-Threonine   6.43 

L-Tryptophan   1.84 

L-Tyrosine   8.74 

L-Valine   9.7 

L-Glutamine   28.68 

Sucrose 341.46 341.36 345.49 

Corn Starch 100.0 106.44 84.875 

Maltodextrin 50.0 50.0 50.0 

Anhydrous Milkfat 210.0 210.0 210.0 

Cholesterol 1.5 1.5 1.5 

Cellulose 50.0 50.0 50.0 

Mineral Mix, Ca-P Deficient 

(79055)   

13.37 
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Mineral Mix, AIN-76 

(170915) 35 35.0 

 

Calcium Phosphate, 

monobasic, monohydrate   

21.75 

Calcium Carbonate 4.0 4.0 8.325 

Vitamin Mix, Teklad 

(40060) 10.0 10.0 

10.0 

Ethoxyquin, antioxidant 0.04 0.04 0.04 

Green Food Color  0.1  

Red Food Color   0.1 

 741 

Supplementary Table 1. Nutritional composition of the casein western diet (WD) (TD.09821), VFT-casein WD 742 

(TD.160726) and Amino Acid (AA)-WD (TD.160725)  743 
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60% High Fat Diet  

(TD.170339) 

60% High Fat Diet  

(AA defined) 

(TD.170341) 

Macronutrient Composition  (% by weight) (% by weight) 

Protein 23.5 23.1 

Carbohydrate 27.5 26.4 

Fat 34.3 34.0 

 (% kcal from) (% kcal from) 

Protein 18.3 18.4 

Carbohydrate 21.5 21.0 

Fat 60.2 60.7 

Kcal/g 5.1 5.0 

Nutrients g/Kg Diet g/Kg Diet 

Casein 265.0  

L-Alanine  6.37 

L-Arginine HCl   7.45 

L-Asparagine  7.19 

L-Aspartic Acid  14.42 

L-Cystine 4.0 4.15 

L-Glutamic Acid  46.0 

Glycine  3.83 

L-Histidine HCl, monohydrate  8.03 

L-Isoleucine  10.9 

L-Leucine  19.19 

L-Lysine HCl,  22.13 

L-Methionine  6.11 

L-Phenylalanine  10.83 

L-Proline  23.5 

L-Serine  11.93 

L-Threonine  8.74 

L-Tryptophan  2.5 

L-Tyrosine  11.88 

L-Valine  13.18 

L-Glutamine  38.97 

Sucrose 90.0 100.6 

Maltodextrin 161.9 150.745 

Lard 310.0 310.0 

Soybean Oil 30.0 30.0 

Cellulose 65.5 65.5 

Mineral Mix, AIN-93G-MX 

(94046) 48.0 

 

Mineral Mix, w/o Ca & P (98057)  18.36 

Calcium Phosphate, dibasic 3.4 20.92 

Vitamin Mix, AIN-93-VX (94047) 21.0 21.0 

Choline Chloride 1.1 1.1 

Food Color 0.1 0.1 
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Calcium Carbonate  4.375 

 745 

Supplementary Table 2. Nutritional composition of the casein High Fat Diet (TD.170339) and Amino Acid 746 

(AA) defined-High Fat Diet (TD.170341)  747 

 748 

 749 
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Figures

Figure 1

The results of our analysis show that both the western and high fat diets containing casein had the
highest PC contents, while diets formulated with VFT Casein or amino acids had signi�cantly reduced
levels of PC



Figure 2

Fig. 2A depicts a representative section of the spectrum of the MS Scan and labeling of PC(34:2), one of
the most abundant PC in the plasma of a mouse fed amino acid de�ned diet containing deuterium
labeled choline. From their calculated exact masses, the highlighted peaks in the spectrum are the signals
for D0-PC(34:2) at m/z 758.56927 formed from unlabeled choline, and D9-PC(34:2) at m/z 767.62579
which would have been generated from the deuterated choline supplied in the diets. We further analyzed
these samples by LC/MS/MS using the Thermo Q-Exactive All-ions fragmentation (AIF) in positive mode
to generate the product ions. As shown in Fig. 2 B and C, we observed a pattern corresponding to the D0-
and D9-choline present in the PC(34:2), represented by the m/z 184 and m/z 193 masses of the choline
ion moieties respectively. TOF MS data were acquired in positive mode, ions corresponding to the e m/z
ratios of individual PCs extracted and analyzed using the AB Sciex OS Analytics program. A comparison
of the ratios of deuterated PC to the unlabeled PC of the most abundant PCs showed that there was a
higher degree of labeled PC in plasma from mice that were fed with the amino acid-de�ned diets Fig. 2D-I.



Figure 3



Figure 4

Using tandem MS methods we con�rmed the bioavailability of PAT-505 in plasma and tissues harvested
from our mice (Fig. 4A). We observed very high levels of circulating PAT-505 in plasma, reaching
concentration levels of 60 μM after one week of drug administration (Fig. 4B). These levels are consistent
with the reported pharmacokinetic (PK) of PAT-505 as assessed in mice and rats[39]. We also determined
PAT-505 levels in tissues that were harvested after the animals were sacri�ced. PAT-505 was detected in



the all the organs analyzed with the highest levels detected in the intestines and liver, while the lowest
levels were present in the brain and spleen (Fig. 4C).

Figure 5

imilar to published reports, PAT-505 potency was at nanomolar concentrations with the average IC50
values of 35 2.0 – 3.0 nM. Despite high dosing for a prolonged period, we observed very modest
reduction in the levels of LPA in plasma. Even though the total level of LPA was reduced, only the levels of
the species 18:2 LPA and 22:5 LPA were signi�cantly reduced (Fig. 5).



Figure 6

Using the 347 Magpix multiplex technology (Luminex Corp, Austin, TX) we determined that TGF-β1 and
TGF-β2 levels 348 were signi�cantly reduced in mice that received amino acid-de�ned diets compared to
casein diets (Figure 6).
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