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Abstract

Investigating the Effect of Energy Substrates and LPS-activation on the /n Vitro Energy
Metabolism of BV-2, RAW264.7 and VM-M3 Cells

Ashley Kaye Brown
Advisor: Thomas N. Seyfried, Ph.D.

Two major metabolic phenomena observed in cancer cells include the Warburg effect and
Crabtree effect. The Crabtree effect is the in vitro inhibition of respiration by glucose. The
influence of glucose on the oxygen consumption rate (OCR) and extracellular acidification rate
(ECAR) of tumorigenic RAW264.7 and VM-M3 macrophage cells, as well as non-tumorigenic
BV-2 microglia cells, was studied using the Seahorse XF96 extracellular flux analyzer.
RAW264.7, VM-M3, and BV-2 cells incubated in glucose medium displayed a significantly
lower OCR and higher ECAR compared to cells incubated in no glucose medium. Furthermore,
when glucose medium was added to the RAW264.7 and BV-2 cells in real-time using the
Seahorse XF96 injection ports, a rapid decrease in OCR and increase and ECAR was observed.
Therefore, RAW264.7, VM-M3, and BV-2 cells display a robust Crabtree effect in vitro, as
assessed by OCR and ECAR. Additionally, it is important to consider the Crabtree effect when
studying in vitro energy metabolism of all cell and tissue types.

It was also found that the elimination of the Crabtree effect through glucose deprivation
resulted in dynamic cardiolipin (CL) fatty acid changes in VM-M3 cells. VM-M3 cells incubated
in 10 mM glucose medium for four hours displayed a short-chain, saturated (immature) CL fatty
acid composition, while VM-M3 cells incubated in no glucose media for four hours displayed
long-chain, unsaturated (mature) CL fatty acid composition. Cardiolipin (CL) is a phospholipid
highly enriched in the inner mitochondrial membrane. Mature, long-chain, unsaturated CL

molecular species are involved in maintaining mitochondrial function and membrane integrity.



Overall, these data suggest that CL fatty acid composition may function as a structural
component of the Crabtree effect in vitro.

The Warburg effect, or aerobic glycolysis, is the observation that tumor cells consume
less oxygen and more glucose than normal, untransformed cells in the presence of oxygen. It has
been shown that immune cells display a Warburg effect upon activation by changing their core
metabolism from oxidative phosphorylation to glycolysis. In this study, it was observed that both
RAW?264.7 macrophage cells and BV-2 microglia cells display a significantly lower OCR and
higher ECAR following LPS-activation. However, this observation is dependent on the
concentration of LPS. Therefore, these data suggest that both RAW264.7 and BV-2 cells display
a LPS concentration-dependent change in metabolism from oxidative phosphorylation to
glycolysis upon LPS-activation in vitro.

The in vitro lipid profiles that resulted from the Crabtree effect and the LPS-activated
Warburg effect were also studied in the RAW264.7 cell line. The lipids phosphatidylserine (PS)
and cardiolipin (CL) displayed the most robust changes in the RAW264.7 cells. Both PS and CL

have been shown to be associated with cellular respiration.



A Note on Thesis Organization

This thesis is organized into five individual chapters. Chapter one describes the Crabtree
effect (inhibition of respiration by glucose) in BV-2 and RAW264.7 cells. Chapter two describes
the Crabtree effect in VM-M3 cells and includes further research on the cardiolipin structural
changes that occur in the VM-M3 cells after eliminating glucose from the culture media. Chapter
three describes the metabolic changes that occur upon LPS-activation of the RAW?264.7 and BV-
2 cells. Chapter four shows the lipid profile of RAW264.7 cells incubated in different energy
substrates and activated with LPS. Finally, chapter five describes the implementation of an in
vivo screening procedure to understand the variation in tumor growth and tumor burden that

occurs within the VM-M3 mouse model.



Table of Contents Page

A NOTE ON THESIS ORGANIZATION .....ooiiiiiiiiiiiieieieteteeeeeee e 1
TABLE OF CONTENTS ... .o s 1
ACKNOWLEDGEMENTS ..ottt sttt et s v
LIST OF FIGURES ... ..ot st \%
LIST OF TABLES ...ttt ettt e viii
ABBREVIATIONS ...ttt sttt et e sae e saees X
CHAPTER T ettt sttt et ettt st e eanes 1
INTRODUCTION ..ot ettt 2
MATERIALS AND METHODS . ... 6
RESULTS Lttt e s eneesane s 9
DISCUSSION ...t sttt st s e e e eane 12
TABLES AND FIGURES ....c.oiiiiiiiiet ettt 16
CHAPTER 2 ottt ettt st ettt ens 24
INTRODUCTION ...ttt s e s 26
MATERIALS AND METHODS . ....c.ooiiiiiiie e 29
RESULTS < sttt st s e s e e e eane 34
DISCUSSION ...ttt et e e eane 37
TABLES AND FIGURES ....c.ooiiiiiii ettt 40

il



CHAPTER 3 ...ttt ettt st ettt et s saeens 54

INTRODUCTION ..ottt st s e s 55
MATERIALS AND METHODS . ....c..oiiiiiiiee e 57
RESULTS Lttt st s e s e e eane 59
DISCUSSION ...t sttt e e eane 63
TABLES AND FIGURES ....c.ooiiiiiiietet ettt ettt 66
CHAPTER 4 ...ttt ettt et sttt be et s sae e 78
INTRODUCTION ..ottt 79
MATERIALS AND METHODS . ....c..oiiiiiiiee e 81
RESULTS Lttt st s e s e ene 85
DISCUSSION ...ttt et e e eane 88
TABLES AND FIGURES ....c.oiiiiiiiie ettt 92
CHAPTER Sttt ettt ettt s 107
INTRODUCTION ...ttt 108
MATERIALS AND METHODS . ...t 111
RESULTS Lttt et st esaneenee e 114
DISCUSSION ...ttt ettt st st s e e esaneenee e 122
TABLES AND FIGURES ....c..ooiiiiie ettt 125
APPENDIX ...ttt ettt ettt nae e 149
REFERENCES ...ttt e 150

1ii



Acknowledgements

I would like to thank Dr. Thomas N. Seyfried for taking a chance on a girl from
Minnesota who sat in front of his desk three years ago enthralled by his intelligence and passion.
Dr. Seyfried has been an integral mentor in my development as a scientific researcher.

I would also like to extend my thanks to the Seyfried Lab, members of whom have
provided me with invaluable support, guidance, and humor over the past three years. I would like
to principally thank Roberto Flores, for his unparalleled intelligence and project design as well as
his incredible patience, knowledge, friendship and guidance; Kevin Santos, for his invaluable
friendship, humor, and for teaching me the foundation of lipid isolation and purification; Linh Ta
for his intelligence and gas chromatography expertise; Purna Mukherjee, for her friendship and
allowing me to use the TC20 Automated Cell Counter in her laboratory; Zeynep Akgoc, for her
support and friendship; and Hannah Rockwell, for her mentorship and friendship.

Additionally, I would like to extend my thanks to several undergraduate members of the
Seyfried laboratory including: Luke Taus, Julianna (Julz) Khoury, Elizabeth (Lizzie) Lee, Jamie
Chang, and Catherine (Cat) Doyle. Their friendship and in vivo assistance have been
unparalleled. I would also like to extend my thanks to my family and friends; your support
during the research and writing of this thesis has been invaluable to me. In particular, I would
like to thank my mother, for being my rock and giving me the encouragement to succeed

everyday.

iv



List of Figures Page

CHAPTER 1

1. Oxygen consumption rate (OCR) of RAW264.7 Cells .......cccovveviiieeiiieeieeeeeceee e 16
2.Extracellular acidification rate (ECAR) of RAW264.7 Cells.......cccceeeviieniiieniieeciieeieeeen 18
3. Oxygen consumption rate (OCR) of BV-2 Cells........cccceeiiiiriiiiniieciieeceeeee e 20
4. Extracellular acidification rate (ECAR) of BV-2 CellS ......ccoevviiiriiiieiieceeeeee e 22
CHAPTER 2

5. Oxygen consumption rate and extracellular acidification rate of VM-M3 Cells.................... 40
6. The structure of cardiolipin (CL).......cccvieiiiieiiieciiie e e e eaeeeaeee s 42
7. The association of cardiolipin (CL) with the electron transport chain. .........c.ccccccevieenennen. 44

8. High performance thin-layer chromatogram (HPTLC) of acidic lipids in VM-M3 cells grown

in the presence (Glc+) and absence (Glc—) of 10 mM glucose for 4 hours......................... 46
9. Cardiolipin lipidome of VM-M3 cells cultured in 10 mM glucose (Glc+) and no glucose
(Glc—) conditions fOT 4 N, ...oociiiiiiiiee et a e e b e e sreeenaeeennee s 50
10. Proliferation of VM-M3 cells grown in the presence (Glc+) and absence (Glc—) of 10 mM
Fod D10 T USRS 52
CHAPTER 3

11. Oxygen consumption rate (OCR) of RAW264.7 cells treated with LPS and L-NAME ......66

12. Extracellular acidification rate (ECAR) of RAW264.7 cells treated with LPS and

13. RAW264.7 growth in glucose (10 mM) and glucose (10 mM) + LPS (50 ng/mL) media...70
14. OCR of BV-2 cells treated with LPS and L-NAME...........cccoiiiiiiiieeee e 72
15. ECAR of BV-2 cells treated with LPS and L-NAME .........cccooiiiiiiiieeeeeeeee 74

16. OCR/ECAR ratio in non-activated and 10 ng/ml LPS-activated RAW and BV-2 cells ......76



CHAPTER 4

17. High performance thin-layer chromatogram (HPTLC) of acidic lipids in RAW cells
incubated for 72 h in glucose (10 mM) and low glucose (0.05 mM) media...........ccceeeeuveeenneen. 92

18. High performance thin-layer chromatogram (HPTLC) of neutral lipids in RAW cells
incubated for 72 h in glucose (10 mM) and low glucose (0.05 mM) media...........ccceeeeuveeennnenn. 94

19. High performance thin-layer chromatogram (HPTLC) of acidic lipids in RAW cells
incubated for 72 h in galactose (10 mM) and glucose (10 mM) + LPS (50 ng/mL) media ....... 96

20. High performance thin-layer chromatogram (HPTLC) of neutral lipids in RAW cells
incubated for 72 h in galactose (10 mM) and glucose (10 mM) + LPS (50 ng/mL) media ....... 98

21. Structure of phosphatidylSETrine .........cc.eevvuieeriiiiiriiieeiie e e 101
22. Identification of phosphatidyISErine ...........ccccveiriiiiiriiiieiiie e 103
23. RAW cell growth in glucose (10 mM), low glucose (0.05 mM), galactose (10 mM), and
glucose (10 mM) + LPS (50 ng/mL) media for 72 h.....cccvvveeiiiiiiiieieeeeeeeeeee e 105
CHAPTER 5

24. VM-M3 metastatic cancer model progression (A) and VM-M3 metastatic cancer model

SUTVIVAL (B) 1ottt et e e st e e st a e e e sbeeessbeeesnseeenaeeensseeennnas 125
25. Luciferin KINELIC CUTVES ....cc..iiitiiiiiiiiieiie ettt ettt sttt et e b 127
26. Whole body bioluminescence day 5 post Inoculation...........ccceeeeveeerieeeiieeniiieeniee e 130
27. Whole body bioluminescence day 8 post InOCulation...........ccceevveeeriieeeiieencieeeniee e 132
28. Whole body bioluminescence day 13 post inoculation............ccccceeevvieeeiieeniieeniee e 134
29. Whole body bioluminescence day 13 post inoculation SCreen ............ccccveeeeveeerveeernveeennen. 136
30. Primary tumor wet weight day 29 post inoculation...........cccccueeeveeeriiieenciee e 138
31. Metastatic spread to the lung, liver, kidney, brain, and spleen.............cccceevvveenvieerveennee. 140

32. Correlation between primary tumor luminescence on day 13 and primary tumor wet
weight at the termination (day 29) of the Study .......ccooviiiiiiiiiiiee e 143

vi



33. Correlation between whole body bioluminescence on Day 13 and metastasis at the

termination (day 29) of the study

34. Differentiating “primary tumor luminescence” from “metastasis luminescence”..............

vii



List of Tables

CHAPTER 2
I. Acidic lipid distribution of VM-M3 cells cultured in the presence and absence of glucose...48

II. Fatty acid composition of cardiolipin in VM-M3 cells cultured in the presence and

ADSENCE OF GIUCOSE ..eeeiiiiiiiiieiee ettt e et e et e et e e e taeeesbaeesssaeessseeensseeessaeesseean 49
CHAPTER 4

III. Percent distribution of acidic lipids in RAW264.7 cells........cccoeovreeiiieeiiiinieeceeeieeeee, 100
IV. Percent distribution of neutral lipids in RAW264.7 cells........cccovvveviiieiiieenieeieeeieeee, 100

viii



Abbreviations

ATP
BSA
BV-2
CH;0OH
CHCI;
CL
CytC
dH,0
dPBS
ECAR
ETC
FADH,
FBS
FFA
Glucose media
HIF-1a
HPTLC
iINOS
L-NAME
LPS
NADH
NO
OCR
PC

PE

PS
RAW
SD
STD
TCA
VM-M3
WBI
XF-96

adenosine triphosphate

bovine serum albumin

BV-2 murine microglial cell line

methanol

chloroform

cardiolipin

cytochrome ¢

deionized water

Dulbecco’s phosphate buffered saline
extracellular acidification rate

electron transport chain

flavin adenine dinucleotide (reduced form)
fetal bovine serum

free fatty acid

10 mM glucose

hypoxia inducible factor 1-alpha

high performance thin-layer chromatography
inducible nitric oxide synthase
Ny-Nitro-L-arginine methyl ester hydrochloride
lipopolysaccharide

nicotinamide adenine dinucleotide (reduced form)
nitric oxide

oxygen consumption rate
phosphatidylcholine
phosphatidylethanolamine
phosphatidylserine

RAW264.7 murine macrophage cell line
standard deviation

lipid standards

tricarboxylic acid

murine glioblastoma cells

whole body image

seahorse XF96 extracellular flux analyzer

ix



CHAPTER 1

ENERGY METABOLISM: THE CRABTREE EFFECT IN VITRO

Background: Two main metabolic phenomena studied in cancer cells include the
Warburg effect and Crabtree effect. Otto Warburg observed that in the presence of
oxygen, tumor tissues consumed less oxygen and more glucose than normal tissues. This
observation has been named the “Warburg effect.” While, Herbert Crabtree observed that
the presence of glucose in culture media suppressed the respiration of tumor tissues, but
not normal tissues. This observation has been named the “Crabtree effect.”

Methodology and Principal Observations: This study focused on the Crabtree effect in
vitro. The murine RAW264.7 and BV-2 macrophage cell lines were studied. The
RAW264.7 cell line is a highly metastatic macrophage cell line, while the BV-2 cell line
is a transformed, non-tumorigenic microglia (resident macrophage of the brain) cell line.
Therefore, both cell lines are macrophage in origin; however, the RAW264.7 cells form
tumors when implanted in vivo into BALB/c natural host mice, while the BV-2 cell line
does not form tumors when implanted in vivo into C57BL/6 natural host mice.

The Crabtree effect was measured in each cell line using the Seahorse XF96 Flux
Analyzer. The oxygen consumption rate (OCR) and extracellular acidification rate
(ECAR) of both RAW and BV-2 cells were obtained in media containing 10 mM glucose
and media containing no glucose. The effect of adding glucose to both RAW and BV-2
cells in real time was also studied in this assay. Media containing glucose was added to
the cells incubated in no glucose media through the Seahorse XF96 injection ports.

It was found that both the tumorigenic RAW264.7 cell line and non-tumorigenic BV-2
cell line displayed a robust Crabtree effect in vitro. The addition of glucose in real-time to
the culture media of RAW and BV-2 cells caused a significant and rapid decrease in
oxygen consumption, as analyzed by the Seahorse XF96 extracellular flux analyzer.

Conclusions and Significance: This study shows that both tumorigenic RAW and non-
tumorigenic BV-2 cell lines display the Crabtree effect in vitro. Therefore, the influence
of glucose on metabolism must be considered when performing, analyzing, and
understanding in vitro energy metabolism experiments.




Introduction: The Warburg and Crabtree Effect

I. Overview: Cancer Metabolism: The Warburg Effect and the Crabtree Effect
The Warburg Effect

Cancer cells show great diversity in their type and etiology, yet often share
metabolic abnormalities. Otto Warburg first described the metabolic abnormality of
cancer cells more than half a century ago. Warburg observed that in the presence of
oxygen tumor tissues consumed less oxygen and more glucose than normal,
untransformed tissues (1-3). The reduced oxygen consumption of cancer cells that
Warburg observed was concomitant with an increase in lactate fermentation. In
Warburg’s 1956 paper “On the Origin of Cancer Cells” he stated, “With the ascites
cancer cells of the mouse, for example, we find an average respiration of 7 cubic
millimeters of oxygen consumed per milligram, per hour, and fermentation of 60 cubic
millimeters of lactic acid produced per milligram, per hour. This, converted to energy
equivalents, means that the cancer cells can obtain approximately the same amount of
energy from fermentation as from respiration, whereas the normal body cells obtain much
more energy from respiration than from fermentation” (2). This observation has been
termed ““aerobic glycolysis” or the “Warburg effect”, but it is unclear whether the
increase in lactate in the presence of oxygen is due to respiratory insufficiency.

In normal cells, the conversion of excess pyruvate into lactate is indicative of
exposure to an environment that causes a respiratory insufficiency (hypoxia, respiratory
poisons). Rather than producing energy through lactate fermentation, normal cell
metabolism (e.g. neurons supplied with adequate oxygen) includes the conversion of

glucose into pyruvate through glycolysis and the import of pyruvate into the



mitochondria (Appendix I). Upon entry into the mitochondria, pyruvate is oxidized to
acetyl-CoA and enters the TCA cycle in order to produce the reducing equivalents
necessary for oxidative phosphorylation. Therefore, Warburg concluded that the increase
in lactate fermentation in cancer cells is indicative of insufficient mitochondrial
respiration (1-3).

In support of Warburg’s observations that respiration is insufficient in cancer cells
compared to normal cells, both quantitative and qualitative mitochondrial insufficiencies
have been observed in cancer cells. For example, Kiebish et al. found that mitochondria
isolated from brain tumors in vivo had an abnormal cardiolipin (CL) profile that was
associated with significant reductions in electron transport chain (ETC) activity (4). In
addition, mitochondria content appears to be reduced in cancer cells (5). However, the
reason for the excess glucose consumed and lactate produced by cancer cells has not been
established since some investigators are under the impression that genetic metabolic

reprogramming drives the aerobic glycolysis (Warburg effect) (6).

The Crabtree Effect

Another, less-studied, metabolic phenomena observed in vitro is the “Crabtree
effect.” In his 1929 paper, “Observations on the Carbohydrate Metabolism of Tumors,”
Herbert Crabtree observed that the oxygen consumption of both the Crocker sarcoma and
Jensen’s rat sarcoma was lowered, on average, by 12% in the glucose-containing Ringer
solution compared to the xylose-containing Ringer solution. Crabtree therefore concluded
that glycolytic activity inhibited the tumor tissues’ capacity for respiration. (7). Since

Crabtree’s seminal observation, many researchers have shown similar inhibitory effects



of carbohydrates on respiration in both cancer cells, such as Ehrlich ascites tumor cells
and HeLa cells, and non-cancer tissues, such as pig platelets, coronary epithelium, guinea
pig sperm, hamster embryos, and thymocytes, and, more recently, endothelial cells (8)
9).

Initially, research focused on the inhibition of respiration by carbohydrates in
Ehrlich ascites tumor cells. For example, Chance and Hess observed in 1961 that the
respiration of ascites tumor cells was inhibited by the addition of glucose and proposed
that this inhibition resulted from the observed increase in cytoplasmic ADP and decrease
in cytoplasmic ATP, in conjunction with an accumulation of ATP and depletion of ADP
in the mitochondria (10, 11). At the same time, Packer and Golder observed that light
scattering in Ehrlich ascites tumor cells increases following the addition of glucose to the
culture medium (12). Light scattering had previously been shown to increase after ADP
addition and subsequent mitochondrial shrinkage in ascites tumor cells (13). Therefore,
Packer and Golder suggested that the increase in light scattering supported the theories
proposed by researchers such as Chance and Hess to explain the Crabtree effect.
Shrunken mitochondria, which contain a high concentration of ATP and low
concentration of ATP, increase light scattering (12). Packer and Golder were the first to
describe structural changes that occur in conjunction with the Crabtree effect.

The structural changes underlying the Crabtree effect were not comprehensively
investigated until 2004 when Rossignol et al. were the first to study the structure and
function of mitochondria in a transformed cell line (14). Rossignol ef al. observed that
HelLa cells grown in galactose medium displayed a two-fold higher respiratory rate

compared to Hela cells grown in glucose medium (14). In addition, mitochondrial



morphology in HeLa cells grown in galactose medium was significantly different from
HelLa cells grown in glucose medium (14). Cells grown in galactose medium contain
more cristiae, an extended mitochondrial reticulum, and a condensed configuration
compared to cells grown in glucose medium (14).

In adding to this body of research on the Crabtree effect, the present study
examines the Crabtree effect in RAW264.7 and BV-2 murine macrophage cell lines in
real-time using the SeahorseXF96 Extracellular Flux Analyzer. RAW264.7 and BV-2 cell
lines were chosen for this study due to the extensive use of these cells in research and

subsequent studies on the LPS activation of these macrophage cells.



Materials and Methods

Reagents

Cell culture grade AlbuMAX I (Lipid Rich Bovine Serum Albumin) was obtained
from gibco by Life Technologies (Grand island, NY, USA). AIbuMAX I (Albumax)
contains the following fatty acids conjugated to BSA (the approximate concentration is
indicated): Alpha-linolenic acid (0.59 mg FFA/g protein), Linoleic acid (0.65 mg FFA/g
protein), Oleic acid (2.12 mg FFA/g protein), Stearic acid (2.09 mg FFA/g protein), and

Palmitic acid (1.90 mg FFA/g protein).

Cell lines and culture conditions

The murine macrophage RAW264.7 cell line and the human microglia BV-2 cell
line were purchased from American Type Culture Collection (Manassas, VA) BV-2 cells
were derived from raf/myc-immortalized murine neonatal microglia. BV-2 cells do not
form tumors when implanted in vivo into the natural C57BL/6 host. RAW264.7 cells
were established from the ascites of a tumor induced in a male BAB/14 mouse by
intraperitoneal injection of the Abelson Leukemia Virus (15). The BAB/14 mouse is a
BALB/c congenic strain. The RAW?264.7 cell line forms highly metastatic tumors when
implanted in vivo into the natural BALB/c host.

The cells were maintained in Dulbecco’s Modified Eagle’s Medium (DMEM,
Sigma, St. Louis, MO) with high glucose (25mM) and supplemented with 10% fetal
bovine serum (FBS, Sigma) and 50pg/ml penicillin-streptomycin (Sigma), and phenol
red (Sigma) (DMEM complete media). The cells were maintained in a humidified

incubator at 37°C/5% C0,/95% air.



Measurement of oxygen consumption and extracellular acidification rates of RAW
and BV-2 cells

OCR and ECAR measurements were determined using the Seahorse XF96
Extracellular Flux Analyzer. All steps in the preparation of the assay were performed at
Boston College and the Seahorse assay was performed at Berg, LLC (Framingham, MA).
In order to obtain each individual OCR and ECAR value, the Seahorse XF96
Extracellular Flux Analyzer isolates 2 pL. of media above the cell monolayer in each well
of the micoplate to create a “transient microchamber.” Within this “transient
microchamber” the Seahorse instrument measures the concentration of dissolved oxygen
and free protons until the rate of change is linear. The slope of this rate of change graph is
then used to calculate the flux of oxygen and free protons and record these values in units
of pmol O,/min for OCR data and mpH/min for ECAR data. After obtaining
measurements of dissolved oxygen and free protons in the “transient micochamber,” the
sensors lift to allow the larger media volume to mix with the transient microchamber” to
restore all values to baseline.

RAW264.7, and BV-2 cells were plated in XF96 cell culture plates (Seahorse
Bioscience, North Billerica, MA, USA) at near confluence. The cells were incubated for
12 h in DMEM complete media. The medium was then changed to 75 uL of the

appropriate Seahorse media containing no sodium bicarbonate or phenol red:



Glucose Seahorse Media No Glucose Seahorse Media

DMEM DMEM

10mM Glucose

2 mM Glutamine 2 mM Glutamine

0.5mg/mL Albumax I 0.5 mg/mL Albumax I

5SmM N-2-hydroxyethylpiperazine-N'-2- 5mM N-2-hydroxyethylpiperazine-N'-2
ethanesulfonic acid (HEPES) buffer ethanesulfonic acid (HEPES) buffer

50 pg/mL penicillin-streptomycin 50 pg/mL penicillin-streptomycin

The plate was inserted into the Seahorse XF96 Extracellular Analyzer 2 hours after the
medium was changed. The XF analyzer was programmed to take 2-minute measurements
with a 1-min mix and 2-min equilibration period before each measurement.

Real-time measurements of the effect of glucose on the oxygen consumption and
extracellular acidification rates of RAW and BV-2 cells were also studied in this assay.
25 uL of 40 mM glucose-Seahorse Media was injected through drug delivery port A of
the Seahorse XF96 Flux Analyzer into wells containing no glucose media to obtain a
final 10 mM glucose concentration. 25 pLL of 10 mM glucose media was also injected
through drug delivery port A into wells containing glucose media to ensure that changes

in OCR or ECAR were not the result of different media volumes.

Statistics
Statistical analyses were performed on all data using IBM SPSS 21 Statistics
Software. Two-tailed t-tests were performed and the significance values were determined

where indicated.




Results

OCR and ECAR: RAW264.7 cells

The average OCR under the 10 mM glucose and under the no glucose conditions
in the RAW264.7 cells was 516 £ 23 pmol/min and 645 £ 24 pmol/min, respectively (P <
0.05) (Figure 1A). The average ECAR under these same conditions was 55 + 8 mpH/min
and 13 = 2 mpH/min, respectively (p <0.001) (Figure 2A). These data showed that
RAW?264.7 cells under the no glucose condition displayed a significantly greater OCR
and significantly lower ECAR compared to RAW cells under the glucose condition.

The effect of glucose on the OCR and ECAR in the RAW264.7 cells was also
assessed in real-time by injecting glucose seahorse media through drug delivery ports of
the XF96 Flux Analyzer. After injecting glucose media, the OCR of RAW264.7 cells
under the no glucose condition immediately decreased to a level below, and significantly
different from, that of RAW264.7 cells under the 10mM glucose condition (Figure 1).
The average OCR under the 10mM glucose and under the added glucose conditions was
477 £ 28 pmol/min and 374 £ 9 pmol/min, respectively (p < 0.001) (Figure 1B). After
injecting glucose media, the average ECAR of RAW264.7 cells under the no glucose
condition immediately increased to a level above, but not significantly different from
RAW cells in 10 mM glucose condition (Figure 2). The average ECAR under the 10 mM
glucose and under the added glucose conditions was 55 £ 7 pmol/min and 60 + 5
mpH/min, respectively (Figure 2 Panel B).

After the initial decrease in OCR following glucose addition, the RAW cells to
which glucose was added slowly increased their average OCR to a level that was not

statistically significant from the 10 mM glucose media condition (Figure 1). The final



OCR measurement in the assay shows no difference between the average OCR for RAW
cells in 10mM glucose media and RAW cells to which glucose media was added (Figure
1C).

After the initial increase in the ECAR following glucose addition, the RAW cells
to which glucose was added slowly decreased their ECAR. However, the final average
ECAR measurement was not significantly different between the RAW cells under the

glucose and added glucose conditions (Figure 2C).

OCR and ECAR: BV-2 cells

The average OCR under the 10 mM glucose and under the no glucose conditions
in the BV-2 cells was 231 £ 8 pmol/min and 318 + 3 pmol/min, respectively (P < 0.001).
(Figure 3A). The average ECAR under these same conditions was 23 + 2 mpH/min and
7 = 2 mpH/min, respectively (p <0.001) (Figure 4A). These data showed that BV-2 cells
under the no glucose condition displayed a significantly greater OCR and significantly
lower ECAR compared to RAW cells under the glucose condition. This is the same trend
as the RAW246.7 cells.

The effect of glucose on the OCR and ECAR in the BV-2 cells was also assessed
in real-time by injecting glucose seahorse media through drug delivery ports of the XF96
Flux Analyzer. After injecting glucose media, the OCR of BV-2 cells under the no
glucose condition immediately decreased and the ECAR immediately increased to levels
not significantly different from that of BV-2 cells under the 10 mM glucose condition
(Figure 3 and 4). The average OCR under the 10mM glucose and under the added

glucose conditions was 232 + 9 pmol/min and 242 + 2 pmol/min, respectively (Figure

10



3B). The average ECAR under the 10 mM glucose and under the added glucose
conditions was 24 + 2 mpH/min and 23 + 2 mpH/min, respectively (Figure 4B).

After the initial decrease in OCR following glucose addition, the BV-2 cells to
which glucose was added further decreased their average OCR. However, this decrease
was not statistically different from the 10 mM glucose media condition (Figure 3). The
final OCR measurement in the assay shows no difference between the average OCR for
BV-2 cells in 10mM glucose media and BV-2 cells to which glucose media was added
(Figure 3C).

After the initial increase in the ECAR following glucose addition, the ECAR
measurements of the BV-2 cells to which glucose was added slowly decreased. However,
the final average ECAR measurement was not significantly different between the BV-2
cells under the glucose and added glucose conditions (Figure 4C).

Overall, both the tumorigenic RAW cells and non-tumorigenic BV-2 cells in the
no glucose condition displayed a significantly higher oxygen consumption rate and a
significantly lower extracellular acidification rate compared to the same cells incubated
in 10 mM glucose condition. Furthermore, when glucose was added to the media of
RAW and BV-2 cells, there was an immediate decrease in the oxygen consumption rate

and an immediate increase in the extracellular acidification rate.
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Discussion

A real-time assessment of the Crabtree effect has not, to my knowledge, been
previously performed using the Seahorse platform. In this study it was found that
RAW264.7 and BV-2 cells display a robust and dynamic Crabtree effect in vitro. Upon
addition of glucose to both the RAW246.7 and BV-2 cell lines, there was an immediate
decrease in oxygen consumption and increase in extracellular acidification that occurred
and was maintained for the duration of the assay. The decrease in oxygen consumption
suggests a decrease in respiration following the addition of glucose. However, both non-
mitochondrial and mitochondrial oxygen consumption are measured in the Seahorse
assay. Therefore, the amount of oxygen consumption directly associated with
mitochondrial ATP production must be determined in order to assess the amount of
oxygen consumption associated directly with respiration. Furthermore, the increase in
ECAR is suggestive of an increase in glycolysis. However, this measurement must also
be compared to a direct measurement of L-lactate, a product of glycolysis.

Nevertheless, the above data show that both a highly metastatic macrophage cell
line and a transformed, non-tumorigenic macrophage cell line display the Crabtree effect
in vitro. Therefore, the Crabtree effect is not a phenomenon specific to tumorigenesis in
vitro, which has been previously characterized in several studies (8, 13, 14, 16—18).

Although both tumorigenic RAW and non-tumorigenic BV-2 cells display a
Crabtree effect, the degree to which the OCR 1is suppressed and ECAR is increased by
glucose is significantly different between these two cell lines. The tumorigenic
RAW?264.7 cell line had a significantly larger percent reduction in oxygen consumption

compared to the BV-2 cells when glucose was added to the culture medium. The percent
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decrease in OCR following the addition of glucose was 42 + 2 % for RAW 264.7 cells
and 23 + 1 % for BV-2 cells (p < 0.001). These data suggest that the metabolism of the
highly metastatic RAW264.7 cell line is more sensitive to the addition of glucose in the
culture medium. The sensitivity of RAW?264.7 cells to glucose is also displayed by the
higher percent increase in ECAR following the addition of glucose. The percent increase
in ECAR was 363 + 54 % for RAW cells and 229 + 80 % for BV-2 cells (p<0.001).
Overall, RAW cells appear to have a greater sensitivity to glucose addition into their
media, which may be a product of the tumorigenic and highly metastatic phenotype of
these cells.

From these data, it must also be noted that BV-2 cells exhibit an apparent high
basal activation in vitro, which may influence the oxygen consumption and extracellular
acidification of non-activated BV-2 cells (Chapter 3). A study by Leist et al. showed that
LPS-activated BV-2 cells exhibited lower inflammatory gene transcription compared to
LPS-activated primary microglia cells (19). The weaker response of BV-2 cells to LPS-
activation indicates that these cells may have a high basal activation. This high basal
activation may subsequently influence the metabolism of BV-2 cells and may explain the
weaker metabolic response of BV-2 cells to glucose. The basal activation of BV-2 cells
also questions the validity of BV-2 cells as a non-tumorigenic control cell in metabolic
studies.

Another metabolic phenomenon that must also be considered alongside the
Crabtree effect is the Warburg effect. Cells displaying a Warburg effect show greater
lactate production in the presence of oxygen. Tumorigenic RAW cells displayed a high

extracellular acidification rate in the glucose condition. This observation may result from
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the Warburg effect. However, it is difficult to determine the individual contributions of
the Warburg effect and the Crabtree effect to the high extracellular acidification of cells
in the glucose condition. Furthermore, the relative contribution of glycolysis to the total
extracellular acidification rate must be determined in order to further characterize the
metabolic phenotype of RAW and BV-2 cells in the glucose and no glucose conditions.
Previous studies performed by Roberto Flores showed a correlation between ECAR and
lactate metabolite measurements (data not shown).

The ability of transformed cells to improve their respiratory capacity when
cultured in the absence of glucose has been previously characterized in HeLa cells (14).
The rotenone-sensitive endogenous respiratory rate was significantly increased in HeLa
cells grown in galactose medium compared to glucose medium (14). The increase in
respiration when cells are grown in galactose medium compared to glucose medium may
result from mitochondrial biogenesis or the increased synthesis of mitochondrial enzymes
(14). In addition to an increase in respiration, HeLa cells grown in galactose media
displayed increased respiratory protein levels as well as structural remodeling of
mitochondria into a condensed conformation (14). Thus, structural changes underlie the
improved oxidative phosphorylation capacity seen in HeLa cells grown in galactose
media. An extension of the current study in RAW and BV-2 cells may characterize the
possible structural changes of the mitochondria in these cells when grown in no glucose
or galactose media. However, despite all of the data that may be collected in vitro
showing a mitochondrial adaptation of transformed cells to energy substrate type, the in
vivo adaptation of cells to energy substrate type may be different. The metabolism of

cells grown in vivo in their natural host is regulated by a myriad of factors including
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hormones, signaling molecules, and the overall metabolic state of the organism.
Nevertheless, the majority of cell metabolism experiments are conducted in vitro due to
various factors.

The inhibition of respiration and increase in glycolysis in glucose media is an
important consideration when conducting any metabolic analysis in vitro. Most in vitro
experiments are conducted in high glucose (25 mM) DMEM media. Therefore, such
conditions may result in misleading in vitro metabolism data, as such high glucose
conditions may not typically be found in vivo. For example, the growth of non-
tumorigenic cell types such as C2C12 murine myoblastic cell line in 25 mM glucose
caused mitochondrial dysfunction, which is not seen in vivo (20). Therefore, the effect of
the energy substrates on cells in vitro must be conducted before further metabolism
experiments are performed. Additionally, the Crabtree effect may influence drug toxicity
screens in vitro, as such conditions may not be indicative of in vivo cell behavior in the
presence of the drug. This is particularly important when studying mitochondrial
toxicants (21). The Crabtree effect may be modulating the effect of a mitochondrial
toxicant in vitro such that when tested in vivo the mitochondrial toxicant is significantly

more toxic to the organism.
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Figure 1. Oxygen consumption rate (OCR) of RAW264.7 cells. RAW264.7 cells were
incubated in Seahorse media containing glucose (10 mM) or no glucose for 2 hours
before the start of the assay. Oxygen consumption rate (OCR) measurements were
determined using an XF96 Extracellular Flux Analyzer. OCR measurements were
obtained for each condition. The OCR for three indicated data points are expressed in bar
graph format as the mean OCR + SD (A-C). At 22 minutes, 25 pL. of 40 mM glucose
seahorse media was injected into the no glucose condition to produce a final glucose
concentration of 10mM. 25ul of 10mM glucose media was also injected into the 10mM
glucose condition to maintain the same media volume for all conditions in the assay.
OCR measurements are expressed as the mean + SD for each time point. Each point has n

=12 (no glucose) and n = 24 (10 mM glucose). ** indicates p < 0.001.
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Figure 2. Extracellular acidification rate (ECAR) of RAW264.7 cells. RAW?264.7
cells were incubated in Seahorse media containing glucose (10 mM) or no glucose for 2
hours before the start of the assay. Extracellular acidification rate (ECAR) measurements
for each condition were determined using an XF96 Extracellular Flux Analyzer. The
ECAR values for three indicated data points are expressed in bar graph format as the
mean ECAR + SD (A-C). At 22 minutes, 25 pL. of 40 mM glucose seahorse media was
injected into the no glucose condition to produce a final glucose concentration of 10 mM.
25 pL of 10 mM glucose media was also injected into the 10 mM glucose condition to
maintain the same media volume for all conditions in the assay. ECAR measurements are
expressed as the mean + SD for each time point. Each point has an n = 12 (no glucose)

and n =24 (10 mM glucose). ** indicates p < 0.001.
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Figure 3. Oxygen consumption rate (OCR) of BV-2 cells. BV-2 cells were incubated
in Seahorse media containing glucose (10 mM) or no glucose for 2 hours before the start
of the assay. Oxygen consumption rate (OCR) measurements for each condition were
determined using an XF96 Extracellular Flux Analyzer. The OCR for three indicated
time points are expressed in bar graph format as the mean + SD (A-C). At 29 minutes, 25
pL of 40 mM glucose seahorse media was injected into the no glucose condition to
produce a final glucose concentration of 10 mM. 25 pL of 10 mM glucose media was
also injected into the 10 mM glucose condition to maintain the same media volume for all
conditions in the assay. OCR measurements are expressed as the mean OCR + SD for
each time point. Each point has an n = 12 (no glucose) and n = 24 (10 mM glucose). **

indicates p < 0.001.
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Figure 4. Extracellular acidification rate (ECAR) of BV-2 cells. BV-2 cells were
incubated in Seahorse media containing glucose (10 mM) or no glucose for 2 hours
before the start of the assay. Extracellular acidification rate (ECAR) measurements for
each condition were determined using an XF96 Extracellular Flux Analyzer. The ECAR
for three indicated time points are expressed in bar graph format as the mean ECAR + SD
(A-C). At 29 minutes, 25 pL of 40 mM glucose media was injected into the no glucose
condition to produce a final glucose concentration of 10 mM. 25 uLL of 10 mM glucose
media was also injected into the 10 mM glucose condition to maintain the same media
volume for all conditions in the assay. ECAR measurements are expressed as the mean
ECAR =+ SD for each time point. Each point has an n = 12 (no glucose) and n =24 (10

mM glucose). ** indicates p < 0.001.
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CHAPTER 2

ENERGY METABOLISM: THE CRABTREE EFFECT AND CARDIOLIPIN
STRUCTURE IN VITRO

Link to Chapter 1: Chapter one described the Crabtree effect in the RAW246.7 and BV-
2 murine macrophage cell lines. This chapter describes the Crabtree effect in another
murine macrophage cell line: VM-M3. In addition to the Crabtree effect, this chapter also
describes cardiolipin (CL) structural differences between VM-M3 cells grown in glucose
and no glucose media.

Background: Herbert Crabtree observed that the presence of glucose in culture media
suppressed the respiration of tumor tissues, but not normal tissues. This observation has
been named the “Crabtree effect.” The Crabtree effect, or the suppression of respiration
by glucose, may be studied through oxygen consumption and extracellular acidification
measurements, as shown previously. However, the respiration of a cell may also be
studied by analyzing structural components involved in respiration. An example of such a
structural component is the content and fatty acid chain composition of CL. CL is a
phospholipid in the inner mitochondrial membrane and is involved in maintaining
mitochondrial function and membrane integrity.

CL content and composition in vivo and in vitro was previously studied by Kiebish et al.
(4). This study provided a structural basis for the Warburg effect. However, analysis of
both the tumorigenic VM-M3 cell line and non-tumorigenic astrocytes displayed an
immature CL profile in vitro. It was expected that the non-tumorigenic cell line would
display a mature CL profile in vitro similar to non-tumorigenic brain tissue in vivo. The
immature CL profile of the non-tumorigenic astrocytes in vitro may be influenced by the
Crabtree effect. In addition, the immature CL profile of the tumorigenic VM-M3 cell line
may also be influenced by the Crabtree effect. Therefore, this study examined the
possible influence of the Crabtree effect on the CL fatty acid profile of the tumorigenic
VM-M3 cells line in vitro.

Methodology and Principle Observations: This study focused on the Crabtree effect
and the cardiolipin structural changes that occur in association with the Crabtree effect in
the VM-M3 cell line. The VM-M3 cell line is a highly metastatic macrophage cell line
derived from a spontaneous brain tumor in the VM/Dk strain mouse in Dr. Seyfried’s
laboratory. When the VM-M3 cell line is implanted in vivo into VM/Dk natural host
mice, the VM-M3 cell line forms a primary tumor and metastasizes to all major organs.

The Crabtree effect was measured in each cell line using the Seahorse XF96 Flux

Analyzer. The Oxygen consumption rate (OCR) and extracellular acidification rate
(ECAR) of both RAW and BV-2 cells were obtained in media containing 10 mM glucose
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and media containing no glucose. It was found that the VM-M3 cell line displayed a
robust Crabtree effect in vitro.

CL content was analyzed by HPTLC and showed no significant difference between
glucose (10mM) and no glucose conditions.

CL fatty acid composition was analyzed by both gas chromatography and mass
spectrometry. The sensitivity of mass spectrometry showed significant changes in
cardiolipin structure occurred after incubating the VM-M3 cells in glucose (10mM) and
no glucose media for 4 h.

Conclusions and Significance: VM-M3 cells display the Crabtree effect, or suppression
of oxygen consumption by glucose, in vitro. This was assessed through measuring the
OCR and ECAR of the VM-M3 cells in glucose (10mM) and no glucose conditions. In
association with the Crabtree effect is a change in CL fatty acid composition. VM-M3
cells incubated in the glucose condition displayed a CL profile with more short-chain
unsaturated (immature) CL molecular species. In contrast, VM-M3 cells incubated in the
no glucose condition displayed a CL profile containing more long-chain unsaturated
(mature) molecular species. Overall, these data display a correlation between oxygen
consumption rate/ extracellular acidification rate and CL fatty acid composition. The
higher oxygen consumption rate of VM-M3 cells incubated in no glucose medium is
correlated with a mature CL molecular species profile.
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Introduction

The Warburg effect and Crabtree effect: cardiolipin in vitro

As stated in Chapter one, Kiebish et al. observed that mitochondria isolated from
brain tumors in vivo had an abnormal cardiolipin profile that was associated with
significant reductions in ETC activity, thus providing a structural basis for the Warburg
effect (4). CL, a phospholipid found primarily in the inner mitochondrial membrane of
mammalian cells, contains two phosphate head groups, three glycerol moieties, and four
fatty acyl chains (Figure 6). CL is involved in maintaining mitochondrial function and
membrane integrity (Figure 7). CL binds complexes I, III, IV, V and the supercomplexes
I/ITI/IV and II/ITI/IV of the ETC and is essential for their catalytic activity (22, 23)
(Figure 7). CL also serves as a “proton sink™ by restricting protons within its head group
domain, thus functioning to maintain the mitochondrial proton gradient and provide
protons for ATP synthase (24, 25). Both CL content and fatty acid composition have been
directly linked to the activities of the respiratory enzyme complexes (22, 25-27). A loss
of CL content or alterations in its acyl chain composition have been associated with
mitochondrial dysfunction in many tissues and several pathological conditions including
Barth syndrome, ischemia, hypothyroidism, aging, heart failure, and brain cancer (4, 28,
29).

CL is synthesized through the condensation of phosphatidylglycerol (PG) and
CDP-diacylglycerol to produce immature cardiolipin molecules that contain short-chain
saturated fatty acid chains. Immature CL is then remodeled to mature CL by lipases,
acyltranferases, and transacylases, which remove and transfer long-chain unsaturated

fatty acids from choline and ethanolamine glycerophospholipids to the CL molecule (30).
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A mature, long-chain, unsaturated CL fatty acid profile is associated with higher
respiratory chain complex activity, while an immature, short-chain, saturated CL fatty
acid profile is associated with low respiratory chain complex activity (4, 29, 31). Barth
Syndrome (BTHS) is one of the best examples of the importance of CL remodeling
within metabolic diseases. Barth syndrome is an X-linked recessive disorder
characterized by cardiomyopathy, skeletal myopathy, growth retardation, and neutropenia
(32). BTHS is caused by mutations in the tafazzin (TAZ) gene, which encodes an
acyltransferase involved in the remodeling of CL. Cells from patients with BTHS contain
decreased CL content, reduced incorporation of lineoleic acid (18:2) into CL, as well as
decreased levels of the CL precursor PG (31, 32). Furthermore, patients affected with
Barth syndrome showed respiratory abnormalities in isolated skeletal muscle including
diminished concentrations of cytochromes c; + c, b, and aa; compared to control skeletal
muscle mitochondria (32).

In cancer tissues, Kiebish et al. showed in vivo that mitochondria isolated from
several brain tumors had an abnormal and immature CL fatty acid profile compared to the
mature CL profile of mitochondria isolated from normal synergistic host brain tissue (4).
However, in vitro, mitochondria isolated from brain tumor cell lines, such as the VM-M3
cell line, and non-tumorigenic cultured astrocytes both displayed abnormal and immature
CL profiles. It was expected that the non-tumorigenic astrocytes would display a mature
CL profile similar to the normal synergistic host brain tissue. This discrepancy between
the CL composition of non-tumorigenic cells in vitro and in vivo may result from the in
vitro Crabtree effect. The suppression of respiration by glucose may result in changes to

the content and composition of the CL molecule. However, the Crabtree effect may also
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be responsible for the immature CL profile of the tumorigenic cell lines in vitro.
Tumorigenic cells have also been shown to display the Crabtree effect.

The present study examined how the in vitro growth environment could influence
the content and composition of CL in the tumorigenic and highly metastatic VM-M3 cell
line. It was hypothesized that CL content in the no glucose condition would be greater
than that of the glucose condition. Glucose represses respiration and a low respiration is
associated with low CL content. It was further hypothesized that VM-M3 cells incubated
in no glucose media would contain CL molecules with a greater amount of longer-chain
unsaturated fatty acids. Such CL molecules would support the higher respiration of VM-

M3 cells in the no glucose condition compared to the glucose condition.
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Materials and Methods

Reagents
HPLC grade chloroform and methanol were purchased from Sigma-Aldrich (St. Louis,

MO, USA).

Cell Lines and Culture Conditions

The VM-M3 cell line was previously established from the flank-grown
spontaneous VM-M3 tumor isolated from the cerebellum of a VM/Dk strain mouse (33).
The cells were maintained in Dulbecco’s Modified Eagle’s Medium (DMEM, Sigma, St.
Louis, MO) with high glucose (25mM) and supplemented with 10% fetal bovine serum
(FBS, Sigma) and 50pug/ml penicillin-streptomycin (Sigma), and phenol red (Sigma)
(DMEM complete media). The cells were maintained in a humidified incubator at

37°C/5% CO2/95% air.

Measurement of Oxygen Consumption and Extracellular Acidification in VM-M3
Cells

OCR and ECAR measurements were determined using the Seahorse XF96
Extracellular Flux Analyzer. All steps in the preparation of the assay were performed at
Boston College and the Seahorse assay was performed at Berg (Framingham, MA).

VM-M3 cells were platted in XF96 cell culture plates (Seahorse Bioscience,
North Billerica, MA, USA) at near confluence. The cells were incubated for 12 hours in
DMEM complete media. The medium was then changed to the appropriate Seahorse

media containing no sodium bicarbonate or phenol red:
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Glucose Seahorse Media

No Glucose Seahorse Media

DMEM DMEM

10mM glucose OmM glucose

2 mM glutamine 2 mM glutamine

0.5 mg/mL Albumax I 0.5 mg/mL Albumax I
5 mM HEPES 5 mM HEPES

50 pg/mL penicillin-streptomycin

50 pg/mL penicillin-streptomycin

VM-M3 cells were incubated in the absence of CO, for 3 h in their respective medium.
The medium was changed to glucose seahorse medium directly before inserting the assay
into the Seahorse XF96 Extracellular Analyzer. The XF analyzer was programmed to
take 7-min measurements with a 1-min mix and 1-min equilibration period before each

measurement.

VM-Ma3 Cell Growth Conditions for Lipid Analysis

VM-M3 cells were incubated in media containing glucose media or no glucose
media for 4 h (media composition below). In contrast to the above Seahorse media,
sodium bicarbonate was included since the cells were incubated in the presence of CO;.
The cells were washed 3x with dPBS and counted using a TC20 automated cell counter.

Cell pellets were frozen at -80°C for 1 h and then lyophilized overnight for 16 hours.

Glucose Media No Glucose Media

DMEM DMEM

10mM Glucose 0OmM

2 mM Glutamine 2 mM Glutamine

0.5mg/mL Albumax I 0.5mg/mL Albumax I

Sodium Bicarbonate Sodium Bicarbonate

50 pg/ml penicillin-streptomycin 50 pg/ml penicillin-streptomycin
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Lipid isolation

Total lipids were isolated and purified from lyophilized cell pellets. Total lipids
were extracted with 5 mL of CHCl; and CH3OH (1:1, v/v) and 0.5 mL of dH,0. The
solution was briefly sonicated and then centrifuged for 10 min at 1,200 x g. The
supernatant containing the total lipids was removed and the cell pellet was washed with 2
mL of CHCI3/CH3OH (1:1, v/v). The combined supernatants were converted to a
CHCI3/CH30H/dH;O0 ratio of 30:60:8 (solvent A) through adding 2.5 mL of CHCl;, 8.5

mL of CH;0H, and 1.6 mL of dH,O.

Column chromatography

The separation of neutral and acidic lipids was performed using DEAE-Sephadex
(A-25; Pharmacia Biotech, Uppsala, Sweden) column chromatography as previously
described (34). DEAE-Sephadex was prepared by washing the resin three times with
solvent B (CHCl3/CH30H/0.8 M Na" acetate, 30:60:8, v/v), equilibrating in solvent A
overnight, followed by washing three times with solvent A. The total lipid extract, which
was suspended in solvent A, was applied to a DEAE-Sephadex column that has been
equilibrated with solvent A. The column was washed twice with 20 mL of solvent A, and
the neutral lipids, consisting of the initial eluate from the column and washes, were

collected. Total acidic lipids were then eluted from the column using 40 mL Solvent B.

Acidic lipid purification

The total acidic lipid fraction was dried by rotary evaporation and separated into

acidic lipids and gangliosides by the Folch partitioning procedure as described previously
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(35, 36). The lower organic phase, containing the acidic lipids: cardiolipin,
phosphatidylserine, phosphatidylinositol, phosphatidic acid, sulfatides, and free fatty

acids, was dried under nitrogen and re-suspended in 1 mL CHCI5;:CH3OH 1:1 (v/v).

High-performance thin-layer chromatography

Acidic lipids were qualitatively analyzed using high-performance thin-layer
chromatography (HPTLC) with modifications as previously described (34) (36). Acidic
lipids were spotted on 10 x 10 cm silica gel 60 HPTLC plates using the Camag Linomat
V auto-TLC spotter (Camag Scientific Inc., Wilmington, NC, USA). The amount of
acidic lipids spotted on the HPTLC plate was equivalent to that from 2 x 10° VM-M3
cells. An internal standard (oleyl alcohol) was added to the acidic lipid samples as a
control for the amount of lipids spotted. Acidic lipid standards were purchased from
Matreya and Sigma (Pleasant Gap, PA; St. Louis, MO). The cardiolipin standard (Sigma
C-0563) is isolated from the cardiolipin of bovine heart and has a composition of >80%
linoleic acid (18:2). The acidic HPTLC plate was developed and visualized as described

previously (36).

Gas chromatography: cardiolipin fatty acid analysis

Preparative high performance thin-layer chromatography (20 X 20 cm) was used
to separate CL from the other acidic lipids in VM-M3 cells. A CL standard (Sigma) was
used to identify the CL bands in the cell samples. CL was visualized by spraying the
HPTLC plate with a 5% primulin solution (80:20 acetone: water vol/vol) and exposure to

Ultraviolet Light. The CL band was then scraped from the HPTLC plate, 10ug of
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heptadecanoic acid (17:0) internal standard was added, and the solution was
transesterified with acetyl chloride in methanol (50:1 vol/vol) for 45 min in a sealed
borosilicate tube under nitrogen at 85° C. The samples were cooled on ice and a 6 %
potassium carbonate solution in dH,O (6:94 vol/vol) was added to quench the
transesterification reaction. Fatty acid methyl esters were separated from this solution
using hexane. A gas chromatograph (HP 6890) equipped with flame ionization detector
and split less injector was used for the analysis of CL fatty acid methyl esters. The fatty
acids were resolved using a 30 m X 0.25mm X 0.25uM Omegawax 250 fused silica
capillary column (Supelco). The temperature program was set to ramp from 150° to 220°
C at 4° C per minute and was held constant at 220° C for 20 min. The flow rate was set to

0.5 mL/min.

Mass spectrometry (MS) analysis

Lipid extraction using a modified Bligh and Dyer procedure and mass
spectrometry analysis of CL fatty acid composition in VM-M3 cells was performed by
Berg, LLC in Framingham, MA (37). MS analysis was performed using an Ab Sciex

TripleTOF System.
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Results

Oxygen consumption rate and extracellular acidification rate of VM-M3 cells in
glucose and no glucose media

The VM-M3 cells line, established in Dr. Seyfried’s laboratory from a
spontaneous brain tumor, was previously used by Kiebish et al. for analysis of CL
content and composition in vivo and in vitro (38, 39). However, analysis of both the
tumorigenic VM-M3 cell line and non-tumorigenic astrocytes displayed an immature CL
profile in vitro. It was expected that the non-tumorigenic cell line would display a mature
CL profile in vitro similar to non-tumorigenic brain tissue in vivo. The immature CL
profile of the astrocytes in vitro may result from the Crabtree effect. In addition, the
immature CL profile of the tumorigenic VM-M3 cell line may also be influenced by the
Crabtree effect. Therefore, this study examined the possible influence of the Crabtree
effect on the immature CL profile of the tumorigenic VM-M3 cells line in vitro.

The VM-M3 cells display a robust Crabtree effect in vitro (Figure 5). The oxygen
consumption rate (OCR) of cells incubated in glucose media for 2 h was significantly
lower than the OCR of cells grown in no glucose media. In addition, the extracellular
acidification rate (ECAR) of VM-M3 cells grown in glucose media was significantly

higher than the ECAR of cells incubated in no glucose media (Figure 5).

Acidic lipid profile of VM-M3 cells in glucose and no glucose growth conditions
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The CL content of VM-M3 cells grown in glucose media for 4 h was not
significantly different from the CL content of VM-M3 cells grown in no glucose for 4 h
(Figure 8; Table I). However, the content of phosphatidylglycerol (PG) was significantly
decreased in the no glucose condition compared to the glucose condition (Figure 8; Table
1). No other acidic lipids analyzed were significantly different in their content between
VM-M3 cells incubated in glucose and VM-M3 cells incubated in no glucose media
(Figure 8; Table 1).

Cardiolipin composition of VM-M3 cells in glucose and no glucose growth
conditions: gas chromatography (GC)

Since VM-M3 cells grown in glucose and no glucose media for 4 h did not
display a significant difference in CL content, the fatty acid compositions of the CL
molecules were analyzed by GC. Palmitoleic Acid (C16:1) was the only fatty acid species
in the VM-M3 cells that had a significantly higher percent composition in the no glucose
condition compared to the glucose condition (Table II). The ratio of monounsaturated
fatty acids (MUFA: C16:1 and C18:1) to polyunsaturated fatty acids (PUFA: C18:2n-6,
C18:3, C20:3, and C20:4n-6) was not significantly different between the glucose and no
glucose conditions (Table II). However, the ratio of short chain fatty acid species (SCFA:
C16-18) to long chain fatty acid species (LCFA: C20) was significantly higher in the
glucose condition compared to the no glucose condition. The percentage of longer chain
fatty acids was therefore higher in the no glucose condition compared to the glucose
condition.

A trend toward a greater long-chain unsaturated fatty acid composition of VM-

M3 cells grown in no glucose media compared to VM-M3 cells grown in glucose media
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was observed. Increasing the time of incubation in glucose and no glucose media past 4 h
may result in a significantly greater percent composition of longer unsaturated fatty acid
species in the no glucose condition compared to the glucose condition. The kinetics of

CL remodeling in the VM-M3 cells under the conditions analyzed has not been analyzed.

Cardiolipin composition of VM-M3 Cells in glucose and no glucose growth
conditions: MS

Mass Spectrometry was also used as a more sensitive and powerful means of
analyzing the differences in fatty acid composition of VM-M3 cells grown in glucose and
no glucose conditions for 4 hours. The CL lipodome displays that, overall, VM-M3 cells
incubated in no glucose media (blue) contain a greater amount of longer-chain,
unsaturated CL molecular species compared to VM-M3 cells incubated in glucose media
(red) (Figure 9). However, a limited number of CL molecular species were significantly
different between VM-M3 cells grown in glucose media and no glucose media (Figure 9).
Therefore, increasing the limited sample size in these conditions may result in a more
statistically significant difference in CL composition between the two conditions studied.
Furthermore, modulating the time the cells are incubated in each condition may also
influence the CL profile depending on the turnover rate of CL fatty acid species in these

specific conditions.

Proliferation of VM-Ma3 cells in glucose and no glucose condition

There was no significant difference in the proliferation or observed morphology

of VM-M3 cells grown in 10 mM glucose and no glucose conditions for 4 h (Figure 10).
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Discussion

In addition to the RAW and BV-2 macrophage cells, the VM-M3 cells also
displayed a robust Crabtree effect in vitro. However, the assessment of the VM-M3
Crabtree effect was not performed in real-time.

As an extension of the effect of glucose and no glucose conditions on oxygen
consumption and extracellular acidification rates of the VM-M3 cells, the underlying
structural differences that may exist between these two culture conditions were also
studied. Such structural changes included the content and composition of the
phospholipid cardiolipin. CL is highly enriched in the inner mitochondrial membrane and
provides structure to the complexes of the electron transport chain. The content and fatty
acyl composition of CL have been directly linked to the activities of the respiratory
enzyme complexes (22, 25-27). Greater CL content and longer-chain unsaturated CL
molecular species have been associated with higher respiration (4, 29, 31). Therefore,
since the respiration of VM-M3 cells increased in no glucose media compared to glucose
(10 mM) media, it was expected that the CL content would increase and the CL
molecules would contain longer and unsaturated fatty acyl chains in VM-M3 cells
incubated in no glucose media compared to glucose media. Although the content of CL
did not significantly change when VM-M3 cells were incubated in glucose (10 mM) and
no glucose media for 4 h, the molecular species of CL did change significantly. Gas
chromatography analysis of the CL fatty acid species showed that VM-M3 cells grown in
no glucose media for four hours had a significantly greater percent composition of
palmitoleic acid (C16:1) and a lower SCFA/ LCFA ratio compared to the glucose

condition. Although not robust, these changes support previous studies showing that CL
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fatty acid species are more saturated and have longer chain lengths in cells with a high
respiration (4, 29, 31). These changes in fatty acid composition also display a dynamic
nature of CL remodeling in response to different energy substrates in vitro.

A more robust change in CL composition between VM-M3 cells incubated in
glucose and no glucose for four hours was observed using a more sensitive MS analysis
of CL molecular species. The CL lipidome of VM-M3 cells incubated in no glucose
media, overall, contained a longer-chain and more unsaturated fatty acid profile
compared to VM-M3 cells incubated in glucose media. This data further supports the
association of higher respiration with a longer-chain unsaturated CL molecular species
profile and the dynamic CL remodeling that occurs when VM-M3 cells, grown
previously in glucose media, are incubated in media lacking glucose.

The number of VM-M3 cells incubated in media devoid of glucose for 4 h was
not statistically significant from VM-M3 cells grown in 10 mM glucose media. This
suggests that the absence of glucose had no affect on cell viability over the course of a 4
h incubation period. Therefore, the changes in CL molecular species detected by both GC
and MS were not a result of a change in proliferation rate.

However, a long-term growth analysis of VM-M3 cells in glucose media and low
glucose media showed large differences in the growth potential of VM-M3 cells in low,
0.05mM glucose and 10mM glucose media. VM-M3 cells in low glucose media did not
proliferate over a seven-day time period, while VM-M3 cells in glucose media displayed
high proliferation (data not shown). When the VM-M3 cells in low glucose media were
transitioned to 10mM galactose media, the cells proliferated slowly. VM-M3 cell number

generally doubled over the seven-day period in galactose media. Similar results were
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seen in HelLa cells (14). HeLa cells grown in galactose media had a significantly higher
doubling time than HeLa cells grown in glucose media (14). The slower growth or
absence of growth of VM-M3 cells in low glucose and galactose media shows that VM-
M3 cells cannot support a high proliferation in vitro without a large concentration of
glucose. Just as cancer cells preferentially utilize glucose for growth in vivo, VM-M3
tumor cells require glucose in vitro in order to sustain a high proliferation. Furthermore,
the changes in VM-M3 proliferation rate and viability must also be considered when
analyzing the CL content and composition in glucose and no glucose conditions for more

than 4 h.
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Figure 5. Oxygen consumption rate and extracellular acidification rate of VM-M3
cells. A. The oxygen consumption rate (OCR) of VM-M3 cells incubated for 2 hours in
glucose and no glucose media was recorded using the Seahorse XF96 Flux analyzer.
Results are presented as the mean nanomoles of O, consumed per hour per mg protein +
Standard Deviation (SD). B. The extracellular acidification rate (ECAR) of VM-M3 cells
incubated for 2 h in glucose and no glucose media was recorded using the Seahorse XF96
Flux analyzer. Results are presented as the mean milli-pH per hour per mg protein +
standard deviation (SD). n=8 for both the glucose and no glucose conditions. ** indicates

p <0.01.
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Figure 6. The structure of cardiolipin (CL). Tetralinoleoyl cardiolipin is one of several
species of CL found in the VM-M3 cells. Adapted from LIPID MAPS Lipidomics
Gateway.

Common name: CL(1'[18:2(9Z,127)/18:2(9Z,122)],3'[18:2(9Z,12Z)/18:2(9Z,12Z)])
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Figure 7. The association of cardiolipin (CL) with the electron transport chain
(ETC). The enzymes associated with oxidative phosphorylation (OXPHOS) and ATP
synthesis are located in the inner mitochondrial membrane of eukaryotes. The electrons
that are delivered to complex I or II of the ETC are transferred by the lipid-soluble carrier
ubiquinone (Q), complex III, and cytochrome c (cyt ¢) to complex IV. The electrons are
then transferred to molecular oxygen producing H,O. Complexes 1, II1, and IV pump
protons from the mitochondrial matrix into the intermembrane space (IMS) thus creating
a pH gradient and establishing a membrane potential. The pH gradient is used by ATP-
synthase (complex V) to synthesize ATP from ADP and organic phosphate. All of the
enzymes of the ETC are bound to or associated with CL. The electron carrier cytochrome
¢ has also been shown to be associated with CL. Abbreviations: OM: outer mitochondrial
membrane; IMS: mitochondrial intermembrane space; IM: inner mitochondrial

membrane. Adapted from R.K. Houtkooper and F.M. Vaz, 2008 (40).

44



45



Figure 8. High performance thin-layer chromatogram (HPTLC) of acidic lipids in
VM-M3 cells grown in the presence (Glc +) and absence (Glc —) of 10mM glucose
for 4 hours. Three individual VM-M3 cell populations grown in 10mM glucose (Glc +)
and OmM glucose (Glc —) were analyzed. The abbreviations used are as follows: O,
origin; PS, phosphatidylserine; PI, phosphatidylinositol; PG, phosphatidylglycerol; PA,
phosphatidic acid; CL, cardiolipin; IS, internal standard (oleyl alcohol); FFA, free fatty

acid; and SF, solvent front of the first developing solvent system.
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Table I- Acidic lipid distribution of VM-M3 cells cultured in the presence and absence of glucose

VM-M3 Cells
Acidic Lipids” Glc +* Glc —*
Cardiolipin (CL) 29 £ 03 32 £ 02
Phosphatidic acid (PA) 1.5 = 02 1.7 = 02
Phosphatidylglycerol (PG) 0.5 = 0.1 03 £+ 0.1%*
Phosphatidylserine (PS) 49 + 04 50 £ 04
Phosphatidylinositol (PI) 51 + 04 43 =+ 03

? Values are expressed as the mean £+ SD (n = 3 independent samples)

® Determined from densitometric scanning of HPTLC as shown in Fig. 1; values are expressed as pg lipid/ 2
million cells

* Indicates statistical significance between VM-M3 cells cultured in DMEM supplemented with 10mM
glucose (Glc +) and VM-M3 cells cultured in DMEM without glucose (Glc -) at p < 0.05 as determined by an
independent samples t-test
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Table II- Fatty acid composition of cardiolipin in VM-M3
cells cultured in the prescence and absence of glucose

VM-M3 Cells

FAME Glc + Gle -

C16:0 109 + 18 100 + 2.0
Cl16:1 22 + 07 39 + 08*
C18:0 100 + 0.5 107 + 17
C18:1 545 + 4.8 492 + 16
C18:2n-6 174 + 13 168 + 25
C18:3 40 + 09 34 + 13
C20:3 1.8 + 04 28 + 15
C20:4n-6 49 + 0.7 60 + 05
MUFA/PUFA* 20 + 0.1 1.8 + 0.1
SCFA/LCFA" 148 + 1.8 106 =+ 1.8%

Values are expressed as the mean mole percent distribution of fatty acid
methyl ester + SD (n = 3)

* Indicates significance of VM-M3 cells incubated in glucose media from
no glucose media at p < 0.05

* MUFA represents C16:1, C18:1. PUFA represents C18:2n-6, C18:3,
C20:3, C20:4n-6 ; p=10.071

°SCFA (shorter chain fatty acids: C16-C18).

LCFA (longer chain fatty acids: C20)
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Figure 9. Cardiolipin lipidome of VM-M3 cells cultured in 10 mM glucose (+
glucose) and no glucose (— glucose) conditions for 4 h. The graph is organized so that
the length and saturation of the CL fatty acid species increases from left to right.
Therefore, shorter-chain saturated fatty acid species are on the left side of the graph,
while longer-chain unsaturated fatty acid species are on the right side of the graph. Data
is displayed as the moles of CL/ mg protein. n=3 independent samples for each condition.
Yellow stars indicate a significant difference in the content of the CL fatty acid species

indicated between the glucose and no glucose condition at p > 0.05.
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Figure 10. Proliferation of VM-M3 cells grown in the presence (Glc +) and absence
(Glc —-) of 10 mM glucose for 4 h. VM-M3 cells were cultured in DMEM media
containing 10mM glucose or 0OmM glucose for 4 h. The individual cell populations were
analyzed for both conditions (n=3). After 4 h, the VM-M3 cells were counted using a
TC20 Automated Cell Counter. Cell numbers are expressed as the mean cell number +

SD.
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CHAPTER 3

METABOLISM OF ACTIVATED MACROPHAGES

Link to Previous Chapter: Chapter 1 focused on the in vitro mitochondrial energy
metabolism of the RAW macrophage cell line and BV-2 microglia cell line under non-
activated conditions. Therefore, this study aimed to analyze the effect of macrophage
activation on the energy metabolism of RAW and BV-2 cells.

Background: It has been previously shown that immune cells change their core
metabolism from oxidative phosphorylation to glycolysis upon activation. Underlying
this change in metabolism is the production of the metabolite nitric oxide (NO). NO has
been shown to inhibit cytochrome c¢ oxidase activity resulting in the stabilization of HIF-
la and activation of glycolysis.

Methodology and Principle Observations: The effect of LPS-activation on the
respiration of RAW and BV-2 cells was analyzed using the Seahorse XF96 instrument.
LPS-activation significantly decreased the respiration of both RAW and BV-2 cells in a
concentration dependent manner. This decrease in respiration is seemingly modulated in
part by NO production. The scavenging of NO with L-NAME significantly increased the
respiration of RAW cells, but had no effect on the respiration of BV-2 cells at a
concentration of 1uM. Overall, the BV-2 cells did not respond as robustly to LPS
activation or L-NAME treatment compared to the RAW cells. A diminished response to
LPS activation has previously been characterized in BV-2 cells in comparison to primary
murine microglia (PM) cells (19).

Conclusions and Significance: Both RAW and BV-2 cells display a concentration
dependent decrease in OCR and increase in ECAR following LPS-activation.
Furthermore, the immediate increase in OCR and decrease in ECAR following treatment
of LPS-activated cells with the iNOS inhibitor L-NAME suggests that the OCR and
ECAR of LPS-activated cells are mediated in by nitric oxide and are reversible in real-
time.

Interestingly, the Warburg effect that is observed upon LPS-activation of RAW and BV-2
cells is concomitant with a decrease in cell proliferation. Whereas, cancer cells typically
display a Warburg effect with a concomitant increase in cell proliferation.
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Introduction: The Warburg effect and activated macrophages

I. The Warburg effect and activated immune cells

As stated previously, Warburg observed that in the presence of oxygen tumor
cells consume less oxygen and more glucose than normal untransformed cells (1-3). The
reduced oxygen consumption of cancer cells that Warburg observed was concomitant
with an increase in lactate fermentation (glycolysis) (1-3). This observation has been
termed “aerobic glycolysis” or the “Warburg effect.” In 1970, G.C. Hard showed that a
similar change in metabolism was evidenced in activated murine peritoneal macrophages,
which had lower levels of oxygen consumption and higher levels of lactate production
compared to resting macrophages (41). This study provided the first evidence of the
metabolic change that occurs in macrophages following activation. Recently, the change
in core metabolism from oxidative phosphorylation to glycolysis in activated monocytes,
macrophages, dendritic cells, and T cells has been increasingly studied (Figure 7) (42—
44). Specifically, Tannahil et al. showed that bone marrow-derived macrophages
(BMDMs) activated by the gram negative bacterial product lipopolysaccharide (LPS)
change their metabolism from oxidative phosphorylation to glycolysis (43). The LPS
activated macrophages showed an up-regulation of glycolytic and down-regulation of
mitochondrial genes and metabolites in addition to an increase in the TCA cycle
intermediate succinate (43). Succinate was produced primarily through glutamine-
dependent anerplerosis with the contribution of the agmma-aminobutyric Acid (GABA)-
shunt. This increase in succinate resulted in the stabilization of hypoxia-inducible factor

la (HIF-1a), which induced interleukin 1p (IL-1pB) production.
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I1. Activated macrophages and nitric oxide (NO) production

The activation of macrophages results in a change in metabolism from oxidative
phosphorylation to glycolysis. This metabolic change in activated macrophages is
accompanied by the induction of inducible NO synthase (iNOS) and the generation of
nitric oxide (NO), a molecule that inhibits cellular respiration (45). NO, produced from
L-arginine by iNOS, reversibly inhibits cytochrome ¢ oxidase in competition with
oxygen, which results in the stabilization of HIF-1a and activation of glycolysis (45, 46).
The production of NO, a lipid- and water-soluble radical gas, is a principle cytotoxic
mechanism of activated macrophages.

In order to study the effects of NO on the OCR and ECAR, NO production may
be competitively inhibited by the L-arginine analog N-nitro-L-arginine methyl ester (L-
NAME).

In the present study, the effect of different concentrations of LPS on the oxygen
consumption rate and extracellular acidification rate was evaluated in RAW and BV-2
macrophage cell lines. The effect of L-NAME, an iNOS inhibitor, on the oxygen

consumption rate and extracellular acidification rate was studied in real-time.
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Materials and Methods

Reagents

Lipopolysaccharide (LPS) and the L-arginine analog N-nitro-L-arginine methyl
ester (L-NAME) were obtained from Sigma-Aldrich (St. Louis, MO, USA).
Measurement of Oxygen Consumption and Extracellular Acidification Rates of
RAW and BV-2 Cells

OCR and ECAR measurements were obtained using the Seahorse XF96
Extracellular Flux Analyzer. All steps in the preparation of the assay were performed at
Boston College and the Seahorse assay was performed at Berg, LLC (Framingham, MA).

BV-2 and RAW246.7 cells were seeded at near confluence in Seahorse 96 well
culture plates. The cells were allowed to seed for three hours in DMEM complete media
(See Chapter 1 Materials and Methods for its composition). The media was then changed
and the cells were incubated for 12 h in DMEM complete media with no LPS, or 1, 10, or
100 ng/mL LPS. The media was than changed to glucose seahorse media (See Chapter 1
Materials and Methods for composition) and incubated in a non-CO; incubator for 2 h
before the assay was inserted into the Seahorse XF96 analyzer. The XF analyzer was
programmed to take 2-minute measurements with a 1-min mix and 2-min equilibration
period before each measurement. ImM L-NAME in glucose seahorse media was injected

into the assay through drug port A when indicated.

RAW264.7 cell growth assay

The growth of RAW cells was assessed by dry weight. An initial dry-weight of

the 30 million cells seeded was determined. 30 million RAW cells were washed 3X with
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PBS, incubated at -80°C for 1 hour, and then lyophilized overnight for 18 h before being
weighed.

30 million RAW cells were seeded in 150mm dishes in DMEM media containing
10% FBS for 3 h. The cells were then washed 3X with PBS and incubated in 10 mM
glucose media with or without 50 ng/mL LPS for 72 hours. The RAW cells were then
scraped, washed 3X with PBS, and the cell pellets were incubated at -80°C for 1 hour.
The cell pellets were then lyophilized overnight for 18 h and the final dry-weight was

determined.

Statistics
Statistical analyses were performed on all data using IBM SPSS 21 Statistics
Software. Two-tailed t-tests were performed and the significance values were determined

where indicated.
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Results

OCR and ECAR of LPS-activated RAW cells

The OCR of RAW cells activated with 1 ng/mL (220 + 36 pmol/min), 10ng/ml
(134 £ 12 pmol/min), and 100 ng/mL LPS (113 £+ 9 pmol/min) displayed significantly
lower oxygen consumption rates compared to non-activated RAW cells (479 + 19)
(Figure 11 A,B) and showed a dose-dependent response to LPS over the range of LPS
concentrations analyzed. RAW cells treated with 10 and 100 ng/mL LPS for 12 h had
significantly lower OCR measurements compared to cells treated with 1 ng/mL LPS
(Figure 11B). However, there was no significant difference in OCR between RAW cells
treated with 10 and 100 ng/mL LPS (Figure 11B). Therefore, a maximal decrease in OCR
is obtained between LPS concentrations of 10-100ng/ml when treated for 12 h.

In agreement with the significant decrease in OCR upon LPS activation, the
ECAR of RAW cells treated with 1 ng/mL (65 = 6 mpH/min), 10 mg/mL (68 £ 7
mpH/min), and 100ng/ml (68 + 3 mpH/min) LPS significantly increased in each of these
conditions compared to the non-activated RAW cells (34 + 3mpH/min) (Figure 12A,B).
However, a dose-dependent response in the OCR of RAW cells to LPS was not
evidenced in the ECAR data (Figure 12B). The ECAR values of RAW cells treated with
1, 10, and 100ng/ml LPS were not significantly different from each other (Figure 12B).

The activation of RAW cells with LPS causes the cells to release nitric oxide
(NO), which is a known inhibitor of respiration. In order to study the reversibility of the
inhibition of respiration by NO, L-NAME, an L-arginine analog that competitively
inhibits the production of NO, was used. The effect of NO on the inhibition of respiration

was analyzed in real-time using the injection ports on the XF96 Seahorse Extracellular
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Flux Analyzer. Glucose seahorse media containing 4uM of L-NAME was injected
through each port in order to obtain a final L-NAME concentration of 1 uM for each
condition in the assay. In order to insure that any changes in OCR or ECAR were the
result of L-NAME and not an increase in media volume, both activated (1,10, and 100
ng/mL LPS) and non-activated RAW cell conditions were injected with media containing
no L-NAME. The addition of media did not significantly influence the OCR or ECAR in
these conditions (data not shown).

Following the addition of L-NAME to activated RAW cells, there was a
significant increase in OCR and a significant decrease in ECAR (Figure 11C; 12C).
However, the OCR values remained significantly lower than the OCR of non-activated
RAW cells and the ECAR remained significantly higher than the ECAR of non-activated
RAW cells (Figure 11B; 12B). Therefore, the addition of L-NAME and quenching of NO
production did not result in the ability of the activated RAW cells to respire to the same
degree as non-activated RAW cells. Interestingly, the addition of L-NAME to non-
activated RAW cells significantly decreased the OCR, but did not affect the ECAR
(Figure 11C; 12C). Furthermore, after the addition of L-NAME to the RAW cells, the

dose-dependent response of the RAW cell OCR to LPS was maintained (Figure 11B).

LPS-activated RAW cell growth
In order to understand the effect of LPS on RAW cell proliferation, a long-term
(72 h) growth assay was performed. An LPS concentration of 50 ng/mL was chosen to

ensure a maximum decrease in OCR for activated RAW cells. After 72 h, the activated
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RAW cells had a significantly lower total cell dry weight than RAW cells incubated in

DMEM containing 10 mM glucose (Figure 13).

OCR and ECAR of LPS-activated BV-2 cells

BV-2 cell activated with 10 ng/mL (195 + 14 pmole/min) displayed a
significantly lower oxygen consumption rate compared to non-activated BV-2 cells (221
+ 7 pmol/min) as well as BV-2 cells activated with 1ng/ml LPS (224 + 7 pmol/min)
(Figure 14A,B). There was no difference in OCR between BV-2 cells activated with
Ing/ml LPS and non-activated BV-2 cells (Figure 14A,B).

Interestingly, both BV-2 cells treated with Ing/ml LPS (24 + 2 mpH/min) and 10
ng/mL LPS (25 + 2 mpH/min) had significantly higher extracellular acidification rates
(ECAR) compared to the non-activated BV-2 cells (214 1 mpH/min) (Figure 15A,B).
The 1 ng/mL LPS condition thus had a significantly higher ECAR, but not a significantly
lower OCR in the BV-2 cells.

Following the addition of L-NAME to the BV-2 cells, there was no significant
difference in OCR or ECAR for both activated and non-activated BV-2 cells (Figure
14B,C; Figure 15B,C). It was also confirmed in the BV-2 cells that the addition of L-
NAME was influencing any possible changes in OCR and ECAR and not the added
media (Data not shown).

Overall, the BV-2 cells did not respond as robustly to activation by LPS or
inhibition of nitric oxide (NO) production by L-NAME as the RAW cells (Figure 16).
Using the OCR/ECAR ratio, RAW cells and BV-2 cells may be compared. A greater

decrease in the OCR/ECAR ratio from the corresponding non-activated cells is seen in
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the RAW cells activated with 10 ng/mL LPS (green) compared to the BV-2 cells
activated with 10 ng/mL LPS (blue) (Figure 16B). Furthermore, RAW cells activated
with 10 ng/mL LPS display a significant increase in the OCR/ECAR when L-NAME is
added, while BV-2 cells activated with 10 ng/mL LPS display no significant change in
the OCR/ECAR when L-NAME is added (Figure 16C). This suggests that RAW cells are
more sensitive to a 1 uM L-NAME concentration than BV-2 cells, as assessed by the

change in the OCR/ECAR ratio.
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Discussion

Both the RAW264.7 macrophage cell line and BV-2 microglia cell line display a
Warburg effect when activated with LPS.

In RAW cells, a significant decrease in oxygen consumption rate and increase in
extracellular acidification rate is observed when cells are activated with LPS. These data
suggest that the respiration of LPS-activated RAW cells is lower than non-activated
RAW cells, while the glycolytic activity is higher in LPS-activated RAW cells compared
to non-activated RAW cells. The decrease in oxygen consumption rate and increase in
extracellular acidification rate in RAW cells activated with LPS was concentration
dependent. These data are similar to the findings of Tannabhil et al. (43). Tannahil showed
that bone marrow-derived macrophages (BMDMs) activated by the Gram negative
bacterial product lipopolysaccharide (LPS) change their core metabolism from oxidative
phosphorylation to glycolysis (43).

The addition of L-NAME to inhibit the production of nitric oxide (NO), an
inhibitor of respiration, significantly increased the OCR and significantly decreased the
ECAR of RAW cells at all concentrations of LPS analyzed in real-time. This suggests
that NO is responsible for the inhibition of respiration and increase in glycolysis seen in
RAW cells activated with LPS. However, a 1uM concentration of NO was not sufficient
to return the OCR and ECAR measurements of RAW cells treated with 1,10, and 100
ng/mL LPS to the same OCR and ECAR measurements of non-activated RAW cells. The
effect of greater concentrations of NO on both OCR and ECAR at each dose of LPS, in
addition to the amount of NO in the culture media, must be analyzed before the effect of

NO on LPS-activated RAW cell respiration and glycolytic activity can be fully assessed.
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Interestingly, the addition of 1 puM L-NAME to non-activated RAW cells significantly
decreased the OCR, but had no effect on ECAR. Therefore, the compound L-NAME may
have an effect on RAW cell respiration in the absence of nitric oxide (NO) production.

The growth of LPS-activated RAW cells was also found to be significantly lower
than non-activated cells. Since the maximal decrease in respiration of LPS-activated
RAW cells is between 10 and 100 ng/mL LPS, a 50ng/mL LPS concentration was used
for the 72 h growth analysis of activated and non-activated RAW cells. The slower
growth of LPS-activated RAW compared to non-activated RAW cells shows that
activated RAW cells demonstrate a Warburg effect without the concomitant high
proliferation seen in most cancer cells in vitro.

In BV-2 cells, a significant decrease in oxygen consumption rate is observed only
when cells are activated with 10 ng/mL LPS. Whereas, a significant increase in the
extracellular acidification rate is observed in BV-2 cells activated with both 1 and 10
ng/mL LPS. Furthermore, BV-2 cells did not respond to the addition of L-NAME.
Therefore, BV-2 cells do not appear to be as responsive to LPS-activation as RAW264.7
cells. Comparisons between RAW and BV-2 cells using the OCR/ECAR ratio further
elucidate the seemingly higher response of RAW cells to LPS activation and NO
production inhibition with L-NAME, as assessed by OCR and ECAR measurements. A
weaker response to LPS activation has also been characterized in BV-2 cells in
comparison to primary murine microglia (PM) cells (19). BV-2 cells displayed an overall
lower expression profile of genes associated with inflammation compared to primary
murine microglia (19). Therefore, BV-2 cells may have a high basal activation state

which would weaken the response of BV-2 cells to LPS activation. This may explain
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why BV-2 cells did not display as robust of a response in OCR and ECAR to LPS
activation and NO inhibition with L-NAME as the RAW264.7 cells.

In summary and in agreement with previous studies, the data suggest that both
RAW264.6 and BV-2 cells change their core metabolism from oxidative phosphorylation
to glycolysis upon LPS-activation in vitro. This change in metabolism in the RAW?264.7
cells is mediated in part by the production of nitric oxide (NO). Interestingly, the data
suggest that the BV-2 cells are already activated without the addition of LPS (high basal
activation state). Therefore, the suitability of BV-2 cells as a non-activated macrophage
control cell line must be questioned. This is especially important when conducting studies
on the metabolism of BV-2 cells in their non-activated state, as a suppression of oxygen
consumption may result from their basal activation and production of NO, a respiratory

inhibitor.
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Figure 11. Oxygen consumption rate (OCR) of RAW264.7 cells treated with LPS
and L-NAME. RAW264.7 cells were treated with 1, 10, and 100 pg/mL LPS in
Seahorse media for 12 hours before initiating OCR measurements using the XF96
Extracellular Flux Analyzer. Basal OCR measurements were obtained before adding 25
ul of 4 uM L-NAME media at 16 min to each condition to obtain a final L-NAME
concentration of 1 pM. All data points in the assay are presented in (A) as the mean OCR
+ S.D. OCR measurements from the data point before the addition of L-NAME and the
data point after the addition of L-NAME are presented in bar graph format as the mean
OCR + S.D. for each condition (B). The effect of L-NAME on the OCR for each
condition is depicted in (C) and expressed as the mean OCR + S.D. In each condition n =
12. * indicates p < 0.05 compared to the No LPS condition or condition indicated and §

indicates p < 0.05 compared to 1ng/ml LPS.
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Figure 12. Extracellular acidification rate (ECAR) of RAW264.7 cells treated with
LPS and L-NAME. RAW264.7 cells were treated with 1, 10, and 100 pg/mL LPS in
Seahorse media for 12 hours before initiating ECAR measurements using the XF96
Extracellular Flux Analyzer. Basal ECAR measurements were obtained before adding 25
ul of 4 uM L-NAME media at 16 min to each condition to obtain a final L-NAME
concentration of 1 pM. All data points in the assay are presented in (A) as the mean
ECAR £ S.D. ECAR measurements from the data point before the addition of L-NAME
and the data point after the addition of L-NAME are presented in bar graph format as the
mean ECAR + S.D. for each condition (B). The effect of L-NAME on the ECAR for each
LPS concentration analyzed is depicted in (C) and expressed as the mean ECAR + S.D.
In each condition n = 12. * indicates p < 0.05 compared to the No LPS condition or

condition indicated.
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Figure 13. RAW264.7 growth in glucose (10mM) and glucose (10mM) + LPS (50
ng/mL) media. RAW264.7 cells were treated with LPS for 72 hours. The initial and final
dry weight of the lyophilized cell pellet was recorded. * indicates p <0.05.n =15

independent cell populations per group.
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Figure 14. OCR of BV-2 cells treated with LPS and L-NAME. BV-2 cells were
treated with 1 and 10 pg/ml in glucose media for 12 h before initiating OCR
measurements using the XF96 Extracellular Flux Analyzer. Basal OCR measurements
were obtained before adding 25 pl of 4 uM L-NAME media at 29 min to each cell sample
to obtain a final L-NAME concentration of 1 uM. All data points in the assay are
presented in (A) as the mean OCR £ S.D. OCR measurements from the data point before
the addition of L-NAME and the data point after the addition of L-NAME are presented
in bar graph format as the mean OCR + S.D. for each condition (B). The effect of L-
NAME on the OCR for each LPS condition analyzed is depicted in (C) and expressed as
the mean OCR = S.D. n, the number of replicates for each sample was 5 or 10. * indicates
p < 0.05 compared to the no LPS condition or condition indicated and § indicates p <

0.05 compared to 1 ng/mL LPS condition.
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Figure 15. Extracellular acidification rate (ECAR) of BV-2 cells treated with LPS
and L-NAME. RAW264.7 cells were treated with 1 and 10 ug/mL LPS in glucose media
for 12 h before initiating ECAR measurements using the XF96 Extracellular Flux
Analyzer. Basal ECAR measurements were obtained before adding 25 pul of 4 uM L-
NAME media at 29 min to each condition to obtain a final L-NAME concentration of 1
puM. All data points in the assay are presented in (A) as the mean ECAR + S.D. ECAR
measurements from the data point before the addition of L-NAME and the data point
after the addition of L-NAME are presented in bar graph format as the mean ECAR =+
S.D. for each condition (B). The effect of L-NAME on the ECAR for each LPS
concentration analyzed is depicted in (C) and expressed as the mean ECAR + S.D. Five
or ten replicates were done for each LPS condition. * indicates p < 0.05 compared to the

No LPS condition or condition indicated.
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Figure 16. OCR/ECAR Ratio in non-activated and 10ng/ml LPS-activated RAW
and BV-2 cells. All data points in the assay are presented in (A) as the mean OCR/ECAR
+ S.D. OCR/ECAR ratios from the data point before the addition of L-NAME is
presented in bar graph format as the mean OCR/ECAR + S.D. for each condition (B).
The effect of L-NAME on the ECAR for the 10 ng/mL LPS concentration is depicted in
(C) and expressed as the mean OCR/ECAR + S.D. * indicates p < 0.05 compared to the

no LPS condition.
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CHAPTER 4

THE IN VITRO NEUTRAL AND ACIDIC LIPID PROFILES OF RAW264.7
CELLS IN GLUCOSE, NO GLUCOSE, AND LPS ACTIVATED CONDITIONS

Link to Chapters 1 and 3: Chapters 1 and 3 studied the mitochondrial energy
metabolism of RAW cells under in vitro conditions with glucose, without glucose, and
LPS. This chapter presents and analyzes the neutral and acidic lipid profiles of the RAW
cells in conditions similar to those studied above.

Background: The lipid of interest in this study was cardiolipin since this lipid is
associated with energy metabolism. CL, an acidic phospholipid localized in the inner
mitochondrial membrane, is integral in maintaining mitochondrial function and
membrane integrity. Both CL content and fatty acid composition have been directly
linked to the activities of the respiratory enzyme complexes. High respiratory enzyme
activity and oxygen consumption has been associated with high CL content, while low
respiratory enzyme activity and oxygen consumption has been associated with low CL
content.

Methodology and Principle Observations: The neutral and acidic lipid profiles of
RAW cells were studied following incubation in different medias for 72 h in order to
determine long-term changes in lipid composition. Due to the long incubation period,
fetal bovine serum was added to the medium, which resulted in the removal of the no
glucose condition and addition of a low glucose condition. The lipid profile of RAW cells
showed a significantly higher CL percent distribution in the low glucose condition
compared to the glucose condition.

Conclusions and Significance: Previous data showed that the level of cellular
respiration activity is directly correlated with the level of CL content. Previous data in
this manuscript showed that RAW cells incubated in media containing no glucose
displayed a significantly higher oxygen consumption rate (respiration) than RAW cells
incubated in glucose media. Therefore, RAW cells incubated in glucose media show a
low respiratory capacity and CL content, which is in agreement with previous data.
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Introduction: Lipid profile of RAW264.7 cells

As previously discussed, RAW cells dynamically change their metabolism in
response to different energy substrates, as well as LPS-stimulated activation. In addition
to the study of energy metabolism, the lipid profiles of RAW cells in similar no glucose,
glucose, and LPS culture conditions were also analyzed. However, the lipid analysis was
performed after RAW cells were incubated in their respective culture conditions for 72 h
in order to identify long-term lipid changes that may occur. Since RAW cells were
incubated over a long time period, FBS was added to the media, and this contained
glucose. Therefore, the lipid profile of a low glucose condition was studied and not a no
glucose condition.

The lipid of interest in this study was cardiolipin since this lipid is associated with
energy metabolism. CL, an acidic phospholipid localized in the inner mitochondrial
membrane, is integral in maintaining mitochondrial function and membrane integrity.
Both CL content and fatty acid composition have been directly linked to the activities of
the respiratory enzyme complexes, as discussed in Chapter 1. A high respiratory enzyme
activity and oxygen consumption has been associated with high CL content, while a low
respiratory enzyme activity and oxygen consumption has been associated with low CL
content (22, 26, 27, 40, 47, 48). Therefore, it was hypothesized that, in RAW cells, the
high oxygen consumption rate of cells grown in no glucose would be associated with
high CL content, while the a low oxygen consumption rate of cells grown in glucose or
treated with LPS would be associated with low CL content. A galactose condition was
also included since previous studies have shown that the complete replacement of glucose

by galactose significantly increases respiration in several different cell types (14, 21, 49,
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50). Therefore, although not confirmed in this study, it was hypothesized that RAW cells
grown in galactose media would display a high oxygen consumption rate or high
respiration and would, therefore, have high CL content similar to cells grown in low
glucose.

Interestingly, another lipid of interest that presented itself in this study was
phosphtidylserine (PS). PS is the most abundant negatively charged phospholipid in
eukaryotic membranes and is found primarily in the inner leaflet of the plasma membrane
(51) (Figure 22). The loss of this PS asymmetry in the membrane is associated with the
recognition of apoptosis as well as blood coagulation (51). PS became a major lipid of
interest after confirmation that three (or two) distinct lipid bands migrating at and near
the PS standard were each confirmed to be PS (Figure 15, 17, 20). The variable migration
of these three (or two) bands suggests that each band contains PS with fatty acyl chains of
different lengths and degrees of saturation. However, the length and saturation of PS was
not determined in this study. Only the content of PS and other lipids in RAW cells was
analyzed.

In this study, the lipid profiles of the following culture conditions were studied:
glucose (10 mM), low glucose (0.05 mM), galactose (10 mM), and glucose (10 mM) +

LPS (50 ng/mL), with particular focus on the CL content in each condition.
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Materials and Methods

Reagents

HPLC grade methanol and chloroform were purchased from Sigma (St. Louis,
MO, USA). DMEM, glucose, and glutamine were purchased from Sigma (St. Louis,
MO, USA). Cell culture grade AIbuMAX I (lipid rich bovine serum albumin) was

obtained from Gibco by Life Technologies (Grand island, NY, USA).

Cell lines and culture conditions

The murine macrophage RAW264.7 cell line was purchased from the American
Type Culture Collection (Manassas, VA). The RAW cell line was maintained in
Dulbecco’s Modified Eagle’s Medium (DMEM, Sigma, St. Louis, MO) with high
glucose (25 mM) and supplemented with 10% fetal bovine serum (FBS, Sigma) and 50
pug/mL penicillin-streptomycin (Sigma). The cells were maintained in a humidified
incubator at 37°C with 5% CO,. When the cells reached ~80% confluence they were
counted using a TC20 and 30 million cells were seeded in five 150mm culture dishes for
each condition. The RAW cells were allowed to seed for 3 h and were then washed 3x
with dPBS. 15 mL of culture media for each of the four conditions was added. The four

culture conditions are as follows:
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1. Glucose (10mM)

2. Low Glucose

3. Galactose

4. Glucose (10mM)

(0.05mM) (10mM) +LPS (50ng)
DMEM (Sigma) DMEM (Sigma) DMEM (Sigma) DMEM (Sigma)
10mM glucose 10mM glucose
10mM galactose

2mM glutamine

2mM glutamine

2mM glutamine

2mM glutamine

sodium bicarbonate

sodium bicarbonate

sodium bicarbonate

sodium bicarbonate

(3.7 g/L) (3.7 g/L) (3.7¢g/L) (3.7¢g/L)
0.5 mg/mL 0.5 mg/mL 0.5 mg/mL 0.5 mg/mL
Albumax Albumax Albumax Albumax
50 pg/mL 50 pg/mL 50 pg/mL 50 pg/mL
penicillin- penicillin- penicillin- penicillin-
streptomycin streptomycin streptomycin streptomycin
2% FBS (0.05 mM 2% FBS 2% FBS 2% FBS
glucose) (0.05mM glucose) (0.05mM glucose) (0.05mM glucose)
50 ng/mL LPS

After incubation for 72 h, the medium was removed from the RAW cells and the cells

were scraped and washed 3x with dPBS. The cell pellet was then placed at -80° C for 1 h

and lyophilized overnight for 16 h. The lyophilized cell pellets were weighed.

Lipid isolation

Total lipids were isolated and purified from 20mg lyophilized cell pellets. Lipid

isolation was performed as described in Chapter 1.

Column chromatography

Performed as described in Chapter 2.
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Neutral lipid purification

Following the separation of neutral and acidic lipids, the neutral lipids were dried
in a Genevac EZ-2 evaporator (Genevac SP Scientific, Stone Ridge, NY). The dried
neutral lipid fraction was suspended in 8 mL of CHCIl3/CH3OH (1:1, v/v). The neutral
lipid samples were then dried under a stream of nitrogen and suspended in 2 mL of

CHCL/CH;OH (1:1 v/v).

Acidic lipid purification

Performed as described in Chapter 2.

HPTLC

Neutral and acidic lipids were qualitatively analyzed using high-performance
thin-layer chromatography (HPTLC) with modifications as previously described (34)
(36). Neutral and acidic lipids were spotted on 10 x 10 cm Silica gel 60 HPTLC plates
using the Camag Linomat V auto-TLC spotter (Camag Scientific Inc., Wilmington, NC,
USA). The amount of neutral and acidic lipids spotted on the HPTLC was equivalent to
70ug and 400ug of cell dry weight, respectively. An internal standard (oleyl alcohol) was
added to the acidic lipid samples as a control for the amount of lipids spotted. Acidic and
neutral lipid standards were purchased from Matreya (Pleasant Gap, PA). The neutral and

acidic HPTLC plate was developed and visualized as described previously (36).
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Identification of PS on HPTLC

PS was detected on HPTLC by ninhydrin reagent. The ninhydrin reagent was
prepared by agitating 200mL of butanol with 200mL of dH,O in a 400mL separatory
funnel. The lower aqueous phase was discarded and the upper phase collected. 0.2g of
ninhydrin was dissolved in 100 mL of the butanol saturated with water and the reagent
was put in a spray bottle. The HPTLC plate was developed as previously described. The
plate was allowed to dry for 15 minutes and then sprayed with the 0.2% ninhydrin
reagent. The HPTLC plate was then placed face-up and heated at 100°C for 2 minutes

until red-violet spots appeared.

Statistics
Statistical analyses were performed on all data using IBM SPSS 21 Statistics
Software. Two-tailed t-tests were performed and the significance values were determined

where indicated.
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Results

Acidic lipids

RAW cells were incubated for 72 h in media containing glucose (10 mM), low
glucose (0.05 mM), galactose (10 mM), and glucose (10 mM) + LPS (50 ng/mL). The
acidic lipid profile from the RAW cells in these conditions showed that RAW cells in the
low glucose condition had a significantly higher percent distribution of CL (21.3 = 2.7 %)
compared to the content of CL in the 10mM glucose sample (14.0 £ 0.9 %) (Figure 17;
Table III). The percent composition of CL was also significantly higher in the galactose
(20.6 = 2.4 %) and glucose + LPS (18. 7 £ 0.6 %) condition compared to the glucose
condition (14.0 = 0.9 %) (Table III). There were no significant differences in CL percent
distribution when comparing the galactose and LPS conditions to the low glucose
condition (Table III).

Interestingly, PS contained three bands in the glucose and glucose + LPS samples,
two bands in the galactose sample, and two bands with a faint third band low glucose
sample (Figure 17, 19). The characterization of each of these bands as PS was confirmed
using ninhydrin reagent (Figure 22). Ninhydrin reagent detects the free amino group on
the PS lipid molecule (Figure 21).

Additionally, the differential migration of phosphatidic acid (PA) was also noted
when comparing the acidic lipid profiles of each growth condition. PA appeared to
migrate a greater distance from the origin in the low glucose and galactose conditions
compared to the glucose and glucose + LPS conditions (Figures 17,19). Further analysis
of the fatty acid composition of PA would need to be performed in order to better

understand these differences in migration on HPTLC.
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Neutral lipids

The neutral lipid profile of RAW cells incubated for 72 hours in media containing
glucose (10 mM), low glucose (0.05 mM), galactose (10 mM), and glucose (10 mM) +
LPS (50 ng/mL) was also analyzed (Figures 18,20). The percent composition of
phosphatidylcholine (PC) was significantly greater in the low glucose condition (35.7 +
0.6 %) in comparison to the glucose sample (33.0 = 0.4 %) (Table IV). The PC content in
the galactose sample was not significantly different from the glucose sample (Table IV).
While, the percent composition of PC in the glucose + LPS sample was significantly
lower (31.8 = 0.3 %) than the PC content in the glucose sample (33.0 £+ 0.4 %) (Table
V).

The percent composition of phosphatidylethanolamine (PE) in both the low
glucose and galactose conditions were significantly higher than the glucose and glucose +
LPS conditions (Table IV). The percent composition of cholesterol (C) was significantly
lower in both the low glucose and galactose conditions in comparison to the glucose and
glucose + LPS conditions (Table IV).

Interestingly, there was a trace amount of sphingomyelin (SPM) lipid in the lipid

fraction isolated from the galactose grown cells (Table IV).

RAW Cell Growth

The growth of RAW cells incubated for 72 h in media containing glucose (10
mM), low glucose (0.05 mM), galactose (10 mM), and glucose (10 mM) + LPS (50
ng/mL) was also analyzed (Figure 23). Growth was assessed by cell dry weight. The low

glucose, galactose, and glucose + LPS condition dry weights were significantly lower
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than the glucose dry weight after 72 h (Figure 23). The galactose and no glucose
condition cell dry weights were significantly lower than the glucose + LPS cell dry
weight after 72 h (Figure 23). Additionally, the no glucose cell dry weight was

significantly lower compared to the galactose dry weight (Figure 23).
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Discussion

Cardiolipin content

RAW cells display a robust Crabtree effect in vitro. RAW cells incubated in
glucose media had a significantly lower oxygen consumption rate (OCR) and
significantly higher extracellular acidification rate (ECAR) compared to RAW cells
incubated in no glucose media (Figure 1 and 2). However, these metabolic measurements
were obtained over a short, two hour time period. In order to study possibly more
dramatic changes in the lipid composition of RAW cells that may occur over a longer
time period, RAW cell lipid analysis was performed after a 72 h incubation period. Since
cells were incubated for 72 h, fetal bovine serum (FBS) was added to the media to
support cell viability. Since 2% FBS, which contained glucose, was added to the media, a
low glucose condition was studied instead of a strictly no glucose condition.

The lipid of interest in this study was CL since its content has been associated
with the level of cellular respiration. It was previously shown that RAW cells incubated
in no glucose media have a higher respiration than RAW cells incubated in glucose
media. Therefore, it was expected that RAW cells incubated in low glucose media would
have a significantly higher CL content than RAW cells incubated in glucose media.
These expectations were confirmed in this study. The data, therefore, correlate with
previous data showing a direct relationship between CL content and respiration level (22,
26,27, 40, 47, 48).

RAW cells were also incubated in media containing galactose for 72 h to study
the replacement of glucose with an energy substrate found to increase respiration.

Previous studied showed that several different cell types (fibroblasts, cancer cells, and
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myotubes (developing skeletal muscle fiber)) grown in galactose media show
significantly increased oxygen consumption rates and a decreased glycolytic rate
compared to cells cultured in high glucose medium (14, 21, 49, 50). RAW cells incubated
in galactose media for 72 h displayed a significantly higher CL content compared to
RAW cells incubated in glucose. In order to determine if this increase in CL content is
concomitant with an increase in respiration, an assay determining OCR and ECAR
measurements of RAW cells in galactose media must be performed.

RAW cells activated with 50 ng/mL LPS also showed higher CL content
compared to non-activated RAW cells. LPS-activation was previously shown to decrease
RAW cell respiration, therefore, it was expected that LPS-activation would decrease CL
content. However, the long, 72-hour duration of RAW cell incubation in 50 ng/mL LPS

may have diminished the effect of LPS on cellular respiration and CL content.

Phosphatidylserine (PS) and phosphatidylethanolamine (PE) content

A major lipid of interest that presented itself in this study was PS, which
displayed a variable migration pattern in response to different energy substrates or LPS-
activation. RAW cells incubated in 10 mM glucose media and RAW cells activated with
LPS showed three distinct PS lipid bands, while RAW cells incubated in low glucose and
galactose media showed two distinct PS lipid bands. It has been previously found in the
yeast Saccharomyces cerevisiae that the level of CHOI mRNA, encoding the PS
synthase enzyme, decreases when cells transition from fermentation in glucose media to
respiration in glycerol media (52). CHO1 mRNA levels have also been shown to increase

in response to oxygen deprivation (53). Therefore, a decrease in mitochondrial respiration
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results in an increase in CHOI1 transcript levels and, presumably, an increase in the
number of PS molecules. In agreement with these data, RAW cells incubated in
fermentative cell culture conditions, such as glucose, displayed higher PS content
compared to RAW cells incubated in respiratory cell culture conditions, such as low
glucose and galactose.

However, the synthesis of PS is different in prokaryotes and the yeast
Saccharomyces cerevisiae compared to mammalian cells. In Saccharomyces cerevisiae,
all PS is synthesized by a PS synthase that uses CDP-diacylglycerol and L-serine as
substrates. While, in mammalian cells PS is synthesized by calcium-dependent base-
exchange reactions in which the polar head-group (choline or ethanolamine) of a pre-
existing phospholipid (PC or PE, respectively) is exchanged for L-serine (54).
Furthermore, prokaryotes and S. cerevisiae contain a single PS synthase, while
mammalian cells express two PS synthase enzymes (PSS1 and PSS2) that are encoded by
two different genes (54). Therefore, the transcriptional response of PSS1 and PSS2 to the
metabolism of different energy substrates by mammalian cells must be studied to be able
to determine if mammalian cells also increase transcription of their PS synthases in
response to a decrease in mitochondrial respiration.

Additionally, further analysis of the PS fatty acid composition must be performed
since each condition studied showed variable migration of PS on HPTLC. The fatty acid
chain composition may be an important consideration in the synthesis of PE though the
decarboxylation of PS in the mitochondria by PS decarboxylase (PSD). Mitochondrial PE
deficiency has been shown to result in the alteration of mitochondrial morphology,

decreased ATP production, decreased oxygen consumption, and altered activity of the
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electron transport chain enzymes (55, 56). Therefore, similar to CL, the fatty acid
composition of PE, inherited from PS through its decarboxylation, may also affect
mitochondrial function. Furthermore, in agreement with the above PE data, a decrease in
PE content was seen in RAW cells incubated in glycolytic conditions (glucose and LPS-
activation), while a significantly higher PE content was seen in RAW cells incubated in

respiratory conditions (low glucose and galactose).
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Figure 17. HPTLC of acidic lipids in RAW cells incubated for 72 h in glucose (10
mM) and low glucose (0.05 mM) media. Five individual glucose (10 mM) and low
glucose (0.05 mM) RAW cell populations were analyzed. The abbreviations used are as
follows: O, origin; PS, phosphatidylserine; PI, phosphatidylinositol; Sulf, sulfatides
(doublet); PA, phosphatidic acid; CL, cardiolipin; IS, internal standard (oleyl alcohol);

FFA, free fatty acid; and SF, solvent front of the first developing solvent system.
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Figure 18. HPTLC of neutral lipids in RAW cells incubated for 72 h in glucose (10
mM) and low glucose (0.05 mM) media. Five individual glucose (10 mM) and low
glucose (0.05 mM) RAW cell populations were analyzed. The abbreviations used are as
follows: O, origin; SPM, sphingomyelin; PC, phosphatidylcholine; PE,
phosphatidylethanolamine; CB, cerebrosides (doublet); CM, ceramide; C, cholesterol; IS,
internal standard (oleyl alcohol); TG, triglycerides; CE, cholesterol ester; and SF, solvent

front of the first developing solvent system.
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Figure 19. HPTLC of acidic lipids in RAW cells incubated for 72 h in galactose (10
mM) and glucose (10 mM) + LPS (50 ng/ mL) media. Five individual galactose (10
mM) and glucose (10 mM) + LPS (50 ng/mL) RAW cell populations were analyzed. The
abbreviations used are as follows: O, origin; PS, phosphatidylserine; PI,
phosphatidylinositol; Sulf, sulfatides (doublet); PA, phosphatidic acid; CL, cardiolipin;
IS, internal standard (oleyl alcohol); FFA, free fatty acid; and SF, solvent front of the first

developing solvent system.
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Figure 20. HPTLC of neutral lipids in RAW cells incubated for 72 h in galactose (10
mM) and glucose (10 mM) + LPS (50 ng/mL) media. Five individual galactose (10
mM) and glucose (10 mM) + LPS (50 ng/mL) RAW cell populations were analyzed. The
abbreviations used are as follows: O, origin; SPM, sphingomyelin; PC,
phosphatidylcholine; PE, phosphatidylethanolamine; CB, cerebrosides (doublet); CM,
ceramide; C, cholesterol; IS, internal standard (oleyl alcohol); TG, triglycerides; CE,

cholesterol ester; and SF, solvent front of the first developing solvent system.
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Table III. Percent Distribution of Acidic Lipids in RAW264.6 Cells

RAW264.7 Cells

Acidic Lipids " Glucose (10mM)" Low Glucose (0.05mM)" Galactose (10mM)* Glucose (10mM) + LPS (50ng)”
Phosphatidylinositol (PI) 271 + 1.3 21.7 + 1.8 * 19.7 + 0.6 * 234 + 0.9 *
Phosphatidylserine (PS) 366(3) = 19 31.8(2%) + 22% 25.0(2) + 23% 30.7(3) + 12%
Phosphatidic Acid (PA) 224 + 1.6 25.1 + 1.4 343 + 0.6 * 27.3 + 1.5%*
Cardiolipin (CL) 140 + 09 21.3 + 2.7* 20.6 + 24 %* 18.7 + 0.6 *

" Values are expressed as the mean percent distribution + SD (n = 5 independent samples)

" Determined from densitometric scanning of HPTLC as shown in Fig. 15 and 17

* Indicates significance of the indicated culture condition from the Glucose (10mM) culture condition in RAW
cells at p < 0.05 as determined by independent-samples T Test
(2/3) indicates the number of PS lipid bands; (2*) indicates a faint 3rd band in this condition

Table IV. Percent Distribution of Neutral Lipids in RAW264.6 Cells

RAW264.7 Cells

Glucose
Neutral Lipids " (10mM)* Low Glucose (0.05mM)* Galactose (10mM)" Glucose (10mM) + LPS (50ng)"
Sphingomelin (SPM) Trace
Phosphatidylcholine (PC) 33 + 04 35.7 + 0.6 * 32.7 + 0.8 31.8 + 0.3 *
Phosphatidylethanolamine (PE) 246 + 13 28.4 + 2% 28.6 + 1.7* 239 + 14
Cholesterol (C) 425 = 1.1 35.9 + 1.4* 39.5 + 14%* 43.6 + 0.9

* Values are expressed as the mean percent distribution = SD (n = 5 independent samples)

" Determined from densitometric scanning of HPTLC as shown in Fig. 16 and 18

* Indicates significance of the indicated culture condition from the Glucose (10mM) culture condition in RAW

cells at p < 0.05 as determined by independent-samples T Test
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Figure 21. Structure of phosphatidylserine. Phosphatidylserine (PS) is a
phosphoglyceride containing a phosphorylserine head group. PS(10:0/10:0) is one of

many PS molecular species. Adapted from LIPID MAPS Lipidomics Gateway.
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Figure 22. Identification of PS. HPTLC plates were spotted and developed as discussed
in the Materials and Methods. The HPTLC plate was then sprayed with a 0.02%
ninhydrin in butanol solution and heated. The detection of PS was confirmed using a PS

standard.
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Figure 23. RAW cell growth in glucose (10 mM), low glucose (0.05 mM), galactose
(10 mM), and glucose (10mM) + LPS (50 ng/mL) media for 72 h. Cell growth was
analyzed by cell dry weight using the average dry weight of 30 million cells (five
replicates) * indicates significance of p < 0.05 compared to the glucose (10 mM)
condition. § indicates significance of p < 0.05 compared to the glucose (10 mM) + LPS
(50 ng/mL) condition. y indicates significance of p < 0.05 of the low glucose (0.05 mM)

condition compared to the galactose (10 mM) condition.
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CHAPTER 5

CONSIDERATIONS FOR IN VIVO STUDIES USING THE VM-M3
METASTATIC CANCER MODEL

Connection to Chapter 2: As discussed in Chapter 2, the Crabtree effect and CL profile
of the VM-M3 cells were studied in vitro. An in vivo extension of this study would utilize
the VM-M3 mouse model of metastatic cancer. However, a better understanding of the
variable tumor growth and/or metastasis within the VM-M3 mouse model needs to be
established before such studies are performed.

Background: The VM-M3 mouse model is a powerful synergistic model of metastatic
cancer. The subcutaneous injection of the VM-M3 cell line into the flank of the VM/Dk
synergistic host results in primary tumor formation and systemic metastasis to multiple
organ systems (liver, lung, spleen, kidney, and brain). The VM-M3 cells are transduced
with a lentiviral vector expressing luciferase (VM-M3/Fluc) so the progression of
primary tumor growth and systemic metastasis can be monitored by bioluminescence
imaging (BLI). However, when the same number of VM-M3 cells is inoculated
subcutaneously into the flanks of a cohort of age and sex matched VM mice, the whole
body photon flux of each animal on a specified day can be exceedingly different.

Methodology and Principle Observations: The aim of this study was to determine if a
cohort of age and sex matched VM mice inoculated with VM-M3 cells could be divided
into “high whole body bioluminescence” or “fast progression” and “low whole body
bioluminescence” or “slow progression” groups using whole body bioluminescence, and
whether the mice within each group would display similar metastasis bioluminescence
and primary tumor weight at the termination of the study. Overall, the aim of this study
was not supported by the data collected in this experiment.

Conclusions and Significance: The proposed screen was not predictive of both ex vivo
metastasis and primary tumor wet weight at the termination of the study. Therefore, a
new method of understanding the variation in VM-M3 tumor progression, invasion, and
metastasis must be established. Understanding such variation in VM-M3 tumor
progression is essential for determining if a particular treatment shows efficacy in the
VM-M3 model or if some of the treated mice inherently have slower growing primary
tumors and/or a slower metastatic progression.

107



Introduction: In vivo VM-M3 metastatic cancer model screen

As discussed in Chapter 2, the Crabtree effect and CL profile of the VM-M3 cells
were studied in vitro. An in vivo extension of this study would utilize the VM-M3 mouse
model of metastatic cancer. However, a better understanding of the variable tumor
growth and/or metastasis within the VM-M3 mouse model needs to be established before
such studies are performed. Therefore, the final chapter of this thesis discusses a
screening technique for the VM-M3 mouse model as a possible means of better

organizing experimental groups for studies using this in vivo cancer model.

Mouse preclinical models of cancer

Mouse models of cancer are invaluable tools for studying the molecular basis of
cancer and the development of new cancer therapies. However, many mouse models of
cancer, including human tumor xenograft models and genetically engineered mouse
models (GEMMs), are limited to modeling the initiation and progression of primary
tumor growth (57). Systemic metastasis, or the spread of tumor cells to multiple organ
systems, is responsible for the majority of cancer deaths. The VM-M3 metastatic cancer
mouse model is such a model in which implanted cells invade locally from the implanted
tissue site and spread to multiple organ systems within 2-4 weeks time. The VM-M3
model represents a more natural model of metastatic cancer and displays many of the
growth characteristics of human metastatic cancers.

The VM/Dk (VM) mouse strain has a high incidence of spontaneous brain tumor
formation (1.5%) with most brain tumors being classified as gliomas (33). The VM-M3

mouse model was generated from the spontaneous brain tumor of a VM mouse detected
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during the routine examination of the colony between 1993-2000. The tumor-bearing
mouse presented cranial swelling and lethargy. The tumor was passaged both
intracerebrally (i.c.) and subcutaneously (s.c) before a cell line was established from the
tumor and classified as “VM-M3.” The subcutaneous injection of the VM-M3 cell line
into the flank of the VM/Dk synergistic host results in primary tumor formation and
systemic metastasis to multiple organ systems (liver, lung, spleen, kidney, and brain).
Furthermore, since the VM-M3 cells are transduced with a lentiviral vector expressing
luciferase (VM-M3/Fluc), the progression of primary tumor growth and systemic
metastasis is able to the monitored in the VM-M3 model by bioluminescence imaging
(BLI) using luciferin. The VM-M3 mouse model is a powerful synergistic model of

metastatic cancer.

Mouse cancer model variability

In addition to the type of cancer model used in preclinical studies, the variability
of tumor take and tumor growth within the model must also be considered. Several
models of cancer have wide ranges of tumor cell take rate, growth, and metastatic
capacity (58-60). Therefore, studies often stratify the mice into treatment groups to
obtain similar average tumor sizes in each group or restrict the mice enrolled in the study
to those that have a specific primary tumor size range (60). In such studies, the mice are
screened prior to the initiation of the experiment. This screening procedure may remove
mice from the study to develop homogenous treatment populations. However, the

addition of these mice to the study may better model human cancers, as human cancer
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cohorts are heterogeneous. However, including mice of variable tumor size may interfere

in determining if a treatment shows statistical significance in a preclinical model.

VM-M3 model variability

Since the progression of primary tumor growth and systemic metastasis is able to
the monitored in the VM-M3 model by bioluminescence imaging (BLI), the growth of
the VM-M3 tumors can be assessed before palpable tumors are detected and metastatic
spread can be monitored. Bioluminescence of the VM-M3 mice may be obtained on any
day following the inoculation of VM-M3 cells. However, it has been observed that when
the same number of VM-M3 cells is inoculated subcutaneously into the flanks of a cohort
of age and sex matched VM mice, the whole body photon flux of each animal on a
specified day can be exceedingly different. Some animals display high bioluminescence
while other animals display very little bioluminescence on, for example, day 6 post
inoculation. This indicates that there is differential tumor take, growth, and/or metastasis
within the VM-M3 model. Therefore, it becomes difficult to assess whether a treatment
has efficacy or the particular mouse being treated has an underlying propensity to
develop VM-M3 tumors and metastasis at a slower rate.

Therefore, the aim of this study was to determine if a cohort of age and sex
matched VM mice inoculated with VM-M3 cells could be divided into “high whole body
bioluminescence” or “fast progression” and “low whole body bioluminescence” or “slow
progression” groups using whole body bioluminescence. And, whether the mice within
each group would display similar metastasis bioluminescence and primary tumor weight

at the termination of the study.
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Materials and Methods

Mice

Mice of the VM/Dk strain were originally obtained from H. Fraser (University of
Edinburgh) and from G. Carlson (McLaughlin Research Institute, Great Falls, Montana).
The mice were housed and bred in the Boston College Animal Care Facility. The mice
were group housed (4 mice/ cage) in plastic cages with filter tops containing Sani-Chip
bedding (P.J. Murphy Forest Products Corp., Montville, NJ, USA). The room was
maintained at 22°C on a 12-h light/dark cycle. Food (PROLAB R/M/H/3000 Laboratory
Chow, Agway, St Louis, MO, USA) and water were provided ad libitum. All animal
procedures were in strict accordance with the NIH Guide for the Care and Use of
Laboratory Animals and were approved by the Institutional Animal Care and Use

Committee (IACUC).

VM-M3 cell line

The VM-M3 cell line was previously established from the flank-grown
spontaneous VM-M3 tumor isolated from the cerebellum of a VM/Dk strain mouse (33).
The cells were maintained in Dulbecco’s Modified Eagle’s Medium (DMEM, Sigma, St.
Louis, MO) with high glucose (25 mM) and supplemented with 10% FBS (Sigma) and 50
pug/mL penicillin-streptomycin (Sigma), and phenol red (Sigma) (DMEM Complete
media). The cells were maintained in a humidified incubator at 37°C with 5% CO,. 24 h

prior to inoculation into the VM Mice, the VM-M3 cells were serum starved.
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Tumor cell inoculation
VM-MS3 cells were re-suspended in dPBS at a density of 4 x 10° cells/mL. Mice
were anesthetized with isoflourane and injected subcutaneously with 2 x 10° cells in

dPBS (500 puL) using a 28-gauge insulin syringe.

In vivo bioluminescence imaging

Mice were imaged with the Xenogen IVIS system (Xenogen, Hopkington, MA) to
quantify the bioluminescence signal from the VM-M3/Fluc tumors. The IVIS Lumina
cooled CCD camera system was used for light acquisition. The Xenogen system is
coupled to a PC with Livinglmage™ software for data acquisition and analysis
(Xenogen). For in vivo imaging, mice received an i.p. injection of d-luciferin (50 or 150
mg/kg, Promega). Eight minutes after the luciferin injection, mice were anesthetized in a
clear plastic chamber filled with a 2% isoflourane/air mixture. Isoflourane anesthesia was
maintained using a nose cone delivery system during image acquisition. Two mice were
imaged together using black plastic dividers to prevent the penetration of light photons
from one mouse to another. A grey scale body image was first collected followed by the
acquisition of the pseudocolor image showing the distribution of photon counts emerging
from the luciferase vectors within the mouse. The photon flux is proportional to the
number of luciferase expressing VM-M3 cells in the mouse. The grey scale and
pseudocolor image are overlaid in each picture analyzed. An integration time of 1 min
was used for bioluminescent image acquisition. Mice were imaged on both the dorsal side
(back) and lateral left side. Signal intensity was quantified as the sum of all detected
photon counts within a region of interest (ROI) covering the whole mouse body or

specific regions using the Livinglmage software.
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EXx vivo bioluminescence imaging

After sacrifice by CO,, the liver, lung, brain, kidneys, and spleen were harvested
from each mouse. The tissues were rinsed in PBS and then placed in a 50mL conical with
10mL of D-Luciferin (300 pg/mL) in dPBS for 10 minutes. Each tissue was then
arranged on four petri dishes and imaged using the Xenogen IVIS system. An integration

time of 1 min was used for bioluminescent image acquisition.

Animal survival

The health and behavior of the mice was assessed daily. Mice were humanely
euthanized by CO; according to approved IACUC guidelines upon presentation of the
defined criteria associated with tumor burden and disease progression. Such behaviors

include abnormal feeding, diminished response to stimuli and failure to thrive.

Primary tumor wet weight
Primary tumors were harvested from each mouse after sacrifice by CO, and flash-

frozen in liquid nitrogen. The wet weight of each tumor was then determined.

Statistics
Statistical analyses were performed on all data using IBM SPSS 21 Statistics
Software. Two-tailed t-tests were performed and the significance values were determined

where indicated. Survival was analyzed by Kaplan-Meier.
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Results

Variable tumor growth/ metastasis in the VM-M3 mouse model

VM mice inoculated with the VM-M3 cell lines display variable rates of disease
progression. When inoculated with 2 x 10° VM-M3 cells, some mice display high whole
body bioluminescence during imaging time points throughout VM-M3 tumor
progression, while others display low bioluminescence. In a representative image of this
phenomenon, mouse 1 displayed similar bioluminescence as mouse 2 on days 9 and 18
post inoculation. However, on day 28, mouse 1 displayed a greater bioluminescence
compared to mouse 2 (Figure 24A). Mouse 1 and 2 were both males of the same age.
This suggests that the growth and invasion of the VM-M3 cells throughout the body of
mouse 1 is much greater than that of mouse 2 at 29 days post inoculation. Although both
mouse 1 and mouse 2 appear to have a similar rate of disease progression on days 9 and
18, the disease progression of mouse 1 accelerates much faster than mouse 2 18-28 days
post inoculation.

The rate of disease progression in the VM-M3 metastatic cancer model can also
be analyzed by survival. The survival of 11 female VM mice of similar age (5 months)
inoculated with 2 x 10° VM-M3 cells is depicted in Figure 24 B and C. The mean
survival was 35 £ 6 days (Figure 24B,C). The high standard deviation indicates that the
survival rates have a wide spread. In fact, the range of the survival data was 22 days.
These data suggest that the rate of disease progression in VM-M3 metastatic model, when
assessed by survival, is variable among a cohort of animals of a similar age and sex.

In light of these data, it was hypothesized that a cohort of sex and age matched

VM-M3 mice could be divided into two individual groups (screened) based upon a
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“slow” and “fast” progression of disease. Once divided, the groups may be analyzed at
the conclusion of the study for metastatic progression and primary tumor weight in order
to assess if such a screen is predictive of similar metastatic spread and/or tumor size

within the “slow progression” or “fast progression’ groups.

D-Luciferin dose for bioluminescence imaging

Before bioluminescence studies are performed, the dose of luciferin used must be
considered in terms of finding a dose that saturates most luciferase vectors and can be
tolerated during repeated bioluminescence imaging. Most companies that produced d-
luciferin recommend a dose of 150 mg/kg in mice (Perkin Elmer, Caliper, Promega, Gold
Biotechnology). However, as seen in Figure 27, a higher 300 mg/kg dose of luciferin
results in an overall higher photon flux compared to 150 and 50 mg/kg. Therefore, in the
particular mouse model tested by Xenogen, 150 mg/kg is not a saturating dose of
luciferin. However, the high cost of d-luciferin must also be taken into account when
determining luciferin dose. Therefore, even though 150 or 50 mg/kg may not saturate all
luciferase vectors, these doses are chosen in the interest of cost. Comparisons of control
and experimental groups within a study are based upon administration of the same dose
of luciferin to each mouse.

Furthermore, the transfection of tumor cells with a luciferase vector allows for the
monitoring of tumor growth over time through repeated bioluminescence imaging of
tumor-bearing mice. Therefore, the tolerance of luciferin is also an important
consideration when determining the best luciferin dose. Dosages of 300mg/kg and up to

750mg/kg have been shown to be well tolerated in mice (61). Such high dosages were
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necessary when studying tumors implanted in the brain due to the tissue light absorbance
from hemoglobin and melanin as well as the reduction in diffusion of luciferin through
the blood brain barrier (61).

In this study, a comparison of the 50mg/kg luciferin dose, previously used in VM-
M3 studies, and the standard 150mg/kg luciferin dose was performed. However, prior to
bioluminescence imaging of mice at these luciferin doses, the kinetics of each dose in the
tumor bearing VM-M3 model was determined since a new anesthesia method was

performed in the study.

Luciferin kinetic curve

Previously, in vivo bioluminescence imaging of the VM-M3 mice was performed
using avertin as the anesthetic. Avertin was administered at the same time as d-luciferin.
However, since avertin anesthesia is unable to be controlled when the mice are in the
Xenogen machine, a kinetic curve of d-luciferin in the VM-M3 model was not obtained.
It is important to obtain a kinetic curve of d-luciferin in a specific mouse model because
even though the biodistribution of luciferin is rapid, the kinetics of the luciferase reaction
with luciferin are tissue dependent (62). Therefore, since the Xenogen system is equipped
with nose cones for isoflourane administration during imaging, a kinetic curve of d-
luciferin at both 50 and 150 mg/kg was obtained in the VM-M3 model using two mice for
each dose. The kinetic curves of luciferin in the VM-M3 mice were generated 3 days post
inoculation. It was found that a maximum photon flux was detected 20.75 min after the
1.p. administration of 150 mg/kg d-luciferin (Figure 25A). Furthermore, the photon flux

13-18 min post d-lucirferin administration displayed a gradual increase (Figure 25B). The
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photon flux 22.5-26.5 min after luciferin injection was relatively constant (Figure 25C).
Therefore, a bioluminescence imaging protocol was established in which all
bioluminescence measurements were obtained 18-23 min after luciferin injection. For all
bioluminescence imaging using 150 mg/kg d-luciferin, the dorsal side was imaged 18:00
min post luciferin administration, the lateral left side imaged at 19:30, the ventral side
imaged at 21:00, and the lateral right side imaged at 22:30 min. A 1.5-min delay between
image acquisitions was established in order to allow time to change position and grey
scale image the mouse.

For the 50 mg/kg dose of luciferin, the maximal photon flux occurred around 10
min and rapidly decreased thereafter (data not shown). Therefore, for all bioluminescence
imaging using a 50 mg/kg dose of d-luciferin, the dorsal side was imaged 9:00 min post
luciferin administration, the lateral left side imaged at 10:30, the ventral side imaged at
12:00, and the lateral right side imaged at 13:30 min.

The time of the maximal photon flux detected in the VM-M3 mouse model
following 1.p. injection of both 50 and 150 mg/kg d-luciferin is similar to that detected by
the Xenogen Corporation in the mouse model utilized for kinetic analysis of luciferin at

different concentrations (63).

VM-M3 Screen: bioluminescence 5 and 8 days Post inoculation

After determining the kinetics of luciferin in the VM-M3 model, the screen was
initiated. 26 VM mice were inoculated with 2 x 10° cells subcutaneously in the left flank.
The whole body bioluminescence of 16 mice was obtained using the recommended 150

mg/kg luciferin dose on days 5 and 8 post inoculation (Figure 26 and 27). The whole
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body bioluminescence of 10 mice was obtained using the 50mg/kg dose on days 5 and 8
post inoculation (Figure 26 and 27). Overall, the mice imaged using 150mg/kg luciferin
displayed a higher photon flux than mice injected with 50mg/kg luciferin (Figure 26 and
27). Therefore, the higher 150mg/kg dose of luciferin saturates more luciferase vectors
and gives a more sensitive quantification of VM-M3 cells in the VM mouse.

A comparison of the day 5 and day 8 data also displays variation in the growth
and/or invasion of VM-M3 cells. For example, mouse 2.4 on day 5 displayed moderate
whole body bioluminescence in comparison to the other mice imaged using the 150mg/kg
luciferin dose (Figure 26). However, on day 8, mouse 2.4 had the highest whole body
bioluminescence of all mice imaged using the 150 mg/kg luciferin dose (Figure 27).
Overall, mouse 2.4 showed a large increase in whole body bioluminescence between days
5 and 8 post inoculation. Mouse 3.4 on day 5 displayed the second highest whole body
bioluminescence of all mice imaged using the 150 mg/kg luciferin dose (Figure 26). And,
on day 8, this mouse displayed the sixth highest whole body bioluminescence of all mice
imaged using the 150 mg/kg luciferin dose (Figure 27). Overall, mouse 3.4 showed a
small increase in bioluminescence between days 5 and 8 post inoculation. Therefore, the
large increase in bioluminescence of mouse 2.4 suggested that VM-M3 cells injected into

this particular mouse showed accelerated growth and/or invasion compared to mouse 3.4.

VM-M3 screen: bioluminescence 13 days post inoculation
The bioluminescence of all 26 VM mice bearing VM-M3 tumors was obtained
using 150mg/kg luciferin 13 days post inoculation (Figure 28A). The mice were divided

into “low whole body bioluminescence” and “high whole body bioluminescence” groups
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(Figure 28B). The “high whole body bioluminescence” group had an average
bioluminescence of 143 x 10° photons/ second, while the “low whole body
bioluminescence” group had an average bioluminescence of 73 x 10° photons/ second
(Figure 28B).

Nine mice were chosen to continue in the screen study with three mice in the
“low” and six mice in the “high” whole body bioluminescence groups (Figure 29A). It
was determined that the mice were screened according to primary tumor size. A
comparison between “primary tumor bioluminescence” and “metastasis
bioluminescence” revealed that the majority of whole body bioluminescence was being
generated by the primary tumor (Figure 30A). The primary tumors of each mouse in the
screen were defined using the Livinglmage software ROI tools (Figure 34). “Metastasis
bioluminescence” was defined as the primary tumor bioluminesce subtracted from the

whole body bioluminescence (Figure 34).

End of study: primary tumor wet weight

Mice were sacrificed by CO; 29 days after inoculation. The primary tumor wet
weight was obtained. The average primary tumor wet weight, although lower in the low
whole body bioluminescence group, was not significantly different from the high whole
body bioluminescence group (Figure 30A and B). The high whole body bioluminescence
group had large variation as shown by the high standard deviation of the data (Figure
31B). However, the high whole body bioluminescence group did have a higher
percentage (66.6%) of tumor wet weights over 0.3 grams (Figure 30C). Therefore, even

though the primary tumor wet weights were not significantly different between groups, a
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higher proportion of tumors were larger in the high whole body bioluminescence group

compared to the low whole body bioluminescence group.

End of study: metastasis

The ex vivo bioluminescence of the kidney, lung, liver, spleen, and brain were
also obtained (Figure 31). The bioluminescence of both sides of each organ was summed
to determine the metastatic load of each mouse at the conclusion of the study (Figure
31B). The ex vivo metastasis bioluminescence, although lower in the low whole body
bioluminescence group, was not statistically different from the high whole body
bioluminescence group (Figure 31C). The high whole body bioluminescence group had a
large standard deviation showing a large variation in metastasis within this group (Figure
31C). However, the high whole body bioluminescence group did have a higher
percentage (80%) of metastasis bioluminescence above 2 x 10’ photons/second (Figure
31D). Therefore, even though the metastasis bioluminescence was not significantly
different between groups, a larger number of mice in the high whole body
bioluminescence group had greater metastasis compared to the low whole body

bioluminescence group.

Correlation between day 13 primary tumor bioluminescence and primary tumor
wet weight

There was a strong positive linear correlation between the day 13 primary tumor

bioluminescence and the day 29 primary tumor wet weight in the low whole body
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bioluminescence group (r* = 0.9546) (Figure 32). No correlation was shown in the high

whole body bioluminescence group (Figure 32).

Correlation between day 13 whole body bioluminescence and day 29 metastasis
There was a strong correlation between the whole body bioluminescence on day
13 and the end of study (day 29) metastasis bioluminescence in the low whole body
luminescence group (r* = 0.9892) (Figure 33). However, this was a negative correlation,
indicating that a lower whole body bioluminescence on day 13 was correlated with a high
metastasis bioluminescence on day 29. No correlation between day 13 whole body
bioluminescence and end of study (day 29) metastasis bioluminescence was shown in the

high whole body bioluminescence group (Figure 33).
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Discussion

The goal of this study was to determine if a cohort of age and sex matched VM
mice inoculated with VM-M3 cells could be divided into “high whole body
bioluminescence” or “fast progression” and “low whole body bioluminescence” or “slow
progression” groups using whole body bioluminescence analysis. The whole body
bioluminescence of each mouse was analyzed 3, 5, and 13 days post inoculation. On days
3 and 5, whole body bioluminescence showed that a 150mg/kg luciferin dose, overall,
saturated more luciferase vectors than the 50mg/kg dose. The 150mg/kg dose provided a
more accurate overview of VM-M3 tumor growth and/or invasion/metastasis within the
VM mouse. The organization of mice into high whole body bioluminescence and low
whole body bioluminescence groups was performed following analysis of day 13 post
inoculation whole body bioluminescence data.

Nine mice were selected to continue in the screen study with 3 mice in the low
whole body bioluminescence group and 6 mice in the high whole body bioluminescence
group. At the conclusion of the study, it was found that there was not a statistically
significant difference in both metastasis luminescence and primary tumor wet weight
between the high and low bioluminescence groups. The high primary tumor
bioluminescence group had highly variable tumor wet weights and metastasis
luminescence. Therefore, screening mice into low and high bioluminescence on day 13
post inoculation was not predictive of low and high metastasis bioluminescence or low
and high primary tumor wet weight at the end of the study. Since it was determined that
the majority of bioluminescent signal was emerging from the primary tumor at day 13, a

comparison between the day 13 primary tumor bioluminescence and day 29 (end of
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study) tumor wet weight was performed using a linear regression model. It was found
that a positive linear correlation between day 13 primary tumor bioluminescence and day
29 primary tumor wet weight existed only in the low whole body bioluminescence group.
Therefore, if studying primary tumor growth, including only animals with low
bioluminescence may reduce variation. However, the focus of the VM-M3 preclinical
mouse model is metastasis, since metastasis is the primary cause of death in cancer
patients. A linear correlation did not exist between day 13 whole body bioluminescence
and metastasis bioluminescence in the high whole body luminescence group. While,
interestingly, a negative linear correlation was demonstrated by the low whole body
luminescence group, showing that the higher the whole body bioluminescence was 13
days post inoculation, the lower the final ex vivo metastasis bioluminescence. However,
since the majority of the bioluminescence signal emerges from the primary tumor 13 days
post inoculation, whole body bioluminescence on day 13 is seemingly not predictive of
metastatic progression in the VM-M3 model.

Since the proposed screen was not predictive of both ex vivo metastasis and
primary tumor wet weight at the termination of the study, a new method of understanding
the variation in VM-M3 tumor progression, invasion, and metastasis must be established.
Understanding such variation in VM-M3 tumor progression is essential for determining if
a particular treatment shows efficacy in the VM-M3 model or if some of the treated mice
inherently have slower growing primary tumors and/or a slower metastatic progression.
Other cancer models that have variable tumor growth attempt to classify treatment
efficacy or slow tumor progression using mathematical modeling (64). However, such

models have limitations.
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As a means of understanding both primary tumor growth and metastatic
progression in each mouse in a study, each mouse may be used as their own control.
Whole body bioluminescence can be compared before treatment and after treatment in
each mouse individually. However, it may still be difficult to determine if the slow
disease progression of a treated mouse is due to the treatment or due an inherent tendency
of the mouse to progress more slowly in tumor growth and/or metastasis. Perhaps such an

inherently slow progression needs to be analyzed on the molecular level.
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Figure 24. Growth and metastasis of the VM-M3/Fluc tumor with bioluminescence
imaging (A) and VM-M3 metastatic cancer model survival (B and C). A. 2 x 10°
VM-M3 cells were injected subcutaneously into the flank of the VM mouse. Dorsal
images were taken on day 9, 18, and 29 post inoculation as described in Materials and
Methods. The dorsal bioluminescence images of two representative mice (“Mouse 1 and
“Mouse 2”) are pictured. B and C. 11 VM mice were inoculated subcutaneously into the
flank with 2 x 10° VM-M3 cells. The survival of the 11 mice is displayed as a Kaplan-

Meir plot (B) and timeline (C).
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Figure 25. Luciferin kinetic curves. A. Two mice were administered 150mg/kg d-
luciferin in dPBS. The mice were anesthetized by isoflourane and imaged at the indicated
times following luciferin administration. The photon flux from the whole body of the VM
mouse was quantified using Livinglmage software. The gold star indicates the time point
at which a maximal photon flux was detected. The same two mice are pictured in A, B
and C (labeled “Mouse 17 and “Mouse 2”). A. Time period when a maximal photon flux
was detected. B. Time period before the maximal photon flux. C. Time period after the

maximal photon flux.
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Figure 26. Whole body bioluminescence day S post inoculation. 26 VM mice were
inoculated with 2 x 10° VM-M3 cells and their whole body bioluminescence was
analyzed 5, 8, and 13 days after inoculation. 16 mice were imaged using 150 mg/kg
luciferin and 10 mice were imaged using 50 mg/kg luciferin. Each number represents a
single mouse (e.g. 5.1). The photon flux for each mouse is presented as the summation of
the total flux (photons/second) of the dorsal and lateral left side whole body images. Each

tumor was implanted subcutaneously on the left flank of the mouse.
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Figure 27. Whole body bioluminescence day 8 post inoculation. 26 VM mice were
inoculated with 2 x 10° VM-MS3 cells and their whole body bioluminescence was
analyzed 5, 8, and 13 days after inoculation. 16 mice were imaged using 150 mg/kg
luciferin and 10 mice were imaged using 50 mg/kg d-luciferin. Each number represents a
single mouse (e.g. 5.1). The photon flux for each mouse is presented as the summation of
the total flux (photons/second) of the dorsal and lateral left side whole body images. Each

tumor was implanted subcutaneously on the left flank of the mouse.
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Figure 28. Whole body bioluminescence day 13 post inoculation. 26 VM mice were
inoculated with 2 x 10° VM-MS3 cells and their whole body bioluminescence was
analyzed 5,8, and 13 days after inoculation. This figure displays the bioluminescence of
all mice on day 13 post inoculation. The whole body bioluminescence of all 26 mice was
analyzed using 150 mg/kg d-luciferin. Each number represents a single mouse (e.g. 5.1).
The photon flux for each mouse is presented as the summation of the total flux
(photons/second) of the dorsal (back) and lateral left side whole body images. Each tumor
was implanted subcutaneously on the left flank of the mouse. A. The bioluminescence of
each mouse is organized by mouse number. B. The bioluminescence of each mouse in A
is organized from low to high photon flux. The cutoff for screening mice into a “low
whole body luminescence” group and a “high whole body luminescence” group is

indicated by a solid vertical line.
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Figure 29. Screen whole body bioluminescence day 13 post inoculation. 3 VM-M3
mice from the “low whole body bioluminescence” group and 6 VM-M3 mice from the
“high whole body luminescence” group (Figure 29) were selected to continue in the
screen. A. Day 13 whole body bioluminescence of the 9 mice chosen for the screen study
from Figure 29. B. Lateral left whole body bioluminescence of the same 9 mice as A
divided into “Primary Tumor Bioluminescence” (grey) and “Metastasis

Bioluminescence” (red).
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Figure 30. Screen primary tumor wet weight day 29 post inoculation. A. Primary
tumor wet weight of each mouse in the screen study. B. Average primary tumor wet
weight of 6 mice in the “high whole body bioluminescence” group and 3 mice in the “low
whole body bioluminescence.” Data are represented as the mean primary tumor wet
weight + S.D. C. Percent of primary tumors above 0.3g. The red dashed line in A.

indicates the 0.3g primary tumor wet weight cutoff.
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Figure 31. Metastatic spread to the lung, liver, kidney, brain, and spleen. A. The
bioluminescence of both sides of the lung, liver, kidney, brain, and spleen was added and
presented as a single measure of metastasis for each mouse. B. Example of ex vivo
metastasis bioluminescence. C. Average ex vivo metastasis bioluminescence for the 3
mice in the “low whole body bioluminescence” and 6 mice in the “high whole body
bioluminescence.” Data are presented as the mean photon flux £ S.D. D. Percent of ex
vivo bioluminescence above 2 x 107 photons/ second. The red dashed line in A indicates

the 2 x 10 photons/ second cutoff.
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Figure 32. Correlation between primary tumor bioluminescence on day 13 and
primary tumor wet weight at the termination (day 29) of the study. A linear
correlation between day 13 primary tumor bioluminescence and day 29 primary tumor
wet weight was determined for both the A. High whole body bioluminescence group and
the B. Low whole body bioluminescence group. R? values are shown. High whole body

bioluminescence n = 6, low whole body bioluminescence n = 3.
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Figure 33. Correlation between whole body bioluminescence on day 13 and
metastasis at the termination (day 29) of the study. A linear correlation between the
day 13 whole body bioluminescence and day 29 metastasis bioluminescence was
determined for the A. High whole body bioluminescence group and B. Low whole body
bioluminescence group. R” values are shown. High whole body bioluminescence n = 5,

low whole body bioluminescence n = 3.
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Figure 34. Differentiating “primary tumor bioluminescence” from “metastasis
bioluminescence.” Primary tumor bioluminescence was determined by defining a region
of interest (ROI) surrounding the primary tumor bioluminescence. Metastasis
bioluminescence was determined by defining a region of interest (ROI) surrounding the
whole mouse body and subtracting the primary tumor bioluminescence from the whole

body bioluminescence.
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Appendix I

Extracellular

Cytoplasm i

G- @I G

Fatty Acids——t-9 Fatty Acids

Mitochondria

Fatty Acids

A schematic representation of the major metabolic pathways in a representative
eukaryotic cell. The metabolic pathways include glycolysis, the pentose phosphate
pathway (PPP), the citric acid cycle, the electron transport chain (ETC), fatty acid
synthesis (FAS), and fatty acid oxidation (FAO). The main energy substrates include
fatty acids, glucose, and glutamine. Fatty acids from the cytosol are transported into the
mitochondria through the activity of CPT-1. The fatty acids for fatty acid B-oxidation can
be derived either exogenously from the extracellular environment or endogenously
through the metabolism of triglycerides stored in lipid droplets or through fatty acid
synthesis catalyzed by the fatty acid synthase (FASN) enzyme. Glucose is imported from
the extracellular space by the glucose transporters (GLUTSs) and is then metabolized
through glycolysis to produce pyruvate. Under aerobic conditions in normal cells,
pyruvate is oxidized to acetyl-CoA and enters the TCA cycle in order to produce the
reducing equivalents necessary for oxidative phosphorylation. When oxygen is low in
normal cells, pyruvate is reduced to lactate and the oxidizing agent NAD". The Pentose
Phosphate Pathway (PPP) contributes to cell growth and proliferation through the
generation of pentose sugars, for nucleic acid synthesis, and NADPH. The neutral amino
acid glutamine is imported into the cell through uniport mechanisms. Glutamine provides
ATP through substrate level phosphorylation in the TCA cycle when oxidative
phosphorylation is deficient.
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