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Abstract

Background Cachexia is a major cause of morbidity in pancreatic ductal adenocarcinoma (PDAC) patients. Our purpose was
to understand the impact of PDAC-induced cachexia on brain metabolism in PDAC xenograft studies, to gain new insights into
the causes of cachexia-induced morbidity. Changes in mouse and human plasma metabolites were characterized to identify
underlying causes of brain metabolic changes.

Methods We quantified metabolites, detected with high-resolution *H magnetic resonance spectroscopy, in the brain and
plasma of normal mice (n = 10) and mice bearing cachexia (n = 10) or non-cachexia (n = 9) inducing PDAC xenografts as well
as in human plasma obtained from normal individuals (n = 24) and from individuals with benign pancreatic disease (n = 20) and
PDAC (n = 20). Statistical significance was defined as a P value <0.05.

Results The brain metabolic sighature of cachexia-inducing PDAC was characterized by a significant depletion of choline of
—27% and —21% as well as increases of glutamine of 13% and 9% and formate of 21% and 14%, relative to normal controls
and non-cachectic tumour-bearing mice, respectively. Good to moderate correlations with percent weight change were found
for choline (r = 0.70), glutamine (r = —0.58), and formate (r = —0.43). Significant choline depletion of —38% and —30%, relative
to normal controls and non-cachectic tumour-bearing mice, respectively, detected in the plasma of cachectic mice likely con-
tributed to decreased brain choline in cachectic mice. Similarly, relative to normal controls and patients with benign disease,
choline levels in human plasma samples of PDAC patients were significantly lower by —12% and —20% respectively. A compar-
ison of plasma metabolites from PDAC patients with and without weight loss identified significant changes in glutamine
metabolism.

Conclusions Disturbances in metabolites of the choline/cholinergic and glutamine/glutamate/glutamatergic neurotransmit-
ter pathways may contribute to morbidity. Metabolic normalization may provide strategies to reduce morbidity. The human
plasma metabolite changes observed may lead to the development of companion diagnostic markers to detect PDAC and
PDAC-induced cachexia.
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Introduction

Cancer-associated cachexia is a complex multifactorial syn-
drome that causes metabolic changes in multiple organs in-
cluding the liver, cardiovascular system, muscle, and
adipose tissue.”? Defined as an unintentional weight loss of
5% over 3 to 6 months, cachectic cancer patients who re-
spond poorly to treatment, are more susceptible to treat-
ment failure, experience fatigue, and have a poor quality of
life. Certain cancers, such as pancreatic ductal adenocarci-
noma (PDAC), often induce cachexia.™? Although substantial
progress has been made towards understanding the syn-
drome and identifying the many factors involved with its
sustained progression,® other than effectively eradicating
the entire tumour burden, effective treatments remain
elusive.

Cancers exhibit dysregulated metabolism that can result in
a systemic disruption of metabolic homeostasis. The central
nervous system (CNS) is impacted by and responds to this dis-
ruption of metabolic homeostasis.>* Systemic biochemical
and physiological changes, such as chronic systemic inflam-
mation that occur during tumour growth, alter brain struc-
ture and disrupt normal regulation by the brain of
peripheral organ functions and appetite.>* Several cachexia
studies have focused on the hypothalamus, and associated
brain regions and neural networks, to understand the role
of the brain in loss of appetite or anorexia.>® These reports
have documented changes in the quantity and type of cyto-
kines, chemokines, and their receptors in the peripheral as
well as the CNS.? Studies with animal xenograft models have
detected a sepsis-like response in the brain of ovarian
cancer-bearing rats,” oxidative stress in the brains of breast
cancer-bearing rats,® and disruption of voltage-gated potas-
sium channel functions in the brains of hepatoma-bearing
rats.® Morphological and functional changes in the brains of
cancer patients have been reported in magnetic resonance
imaging (MRI) and functional MRI (fMRI) studies. ®?

Comprehensive metabolomics of the brain based on ex-
vivo metabolite analyses of brain tissue from cachectic sub-
jects have, however, not been reported. 3'P and *H MR spec-
troscopy (MRS) have been used to investigate energy or
metabolite changes in tumours, lymph nodes, livers, skeletal
muscle, urine, and serum of cachectic animals and patients,
but not cachectic brains.2>7*° As a result, little is known, out-
side of inflammation, about cachexia brain metabolic signa-
tures. Such knowledge may expand our understanding of
how changes in brain metabolism may contribute to cachec-
tic progression and identify strategies to treat disrupted brain
metabolism to restore CNS controlled peripheral metabolic
homeostasis.

Using our previously established mouse model of pancre-
atic cancer induced cachexia,** we compared metabolites in
high-resolution ex-vivo *H MR brain spectra of normal non-
tumour-bearing mice used as controls, with brain spectra

from mice with pancreatic tumour xenografts that were
non-cachexia inducing (Pancl tumours) or that induced ca-
chexia (Pa04C tumours). Consistent with our previous
report,** control and Pancl mice gained weight throughout
the course of the study while Pa04C mice lost substantial
body weight. The *H MRS data identified a brain metabolic
pattern that was unique to the brains of cachectic Pa04C
mice as compared with non-cachectic Pancl mice and normal
mice that we termed ‘cachexia brain metabolic signature’.
We also identified a brain metabolic pattern that was ob-
served in the brains of both types of tumour-bearing mice,
compared with control brains, that we termed ‘cancer brain
metabolic signature’. The cachexia brain metabolic signature
was characterized by a depletion of choline and an increase
of glutamine and formate. These results identified, for the
first time, alterations in the metabolite levels of two central
neurotransmitter pathways, the choline/cholinergic and
glutamine/glutamate/glutamatergic pathways that are vital
to normal brain activity, in cachectic mice. These metabolic
alterations may contribute to the morbidity associated with
cachexia induced by PDAC.

Changes in brain metabolism were accompanied by meta-
bolic alterations in *H MRS spectra of mouse plasma that
were also observed in human plasma, providing further in-
sight into the underlying causes of changes in brain
metabolism.

Materials and methods
Cell lines and cell culture

The human pancreatic cell line, Pancl, derived from a 56-
year-old male patient with PDAC, was obtained from Ameri-
can Type Culture Collection. The human Pa04C cell line, de-
rived from PDAC lung metastasis in a 59-year-old male
patient, was provided by Dr Maitra.** Both cell lines were cul-
tured in Dulbecco’s Modified Eagle Medium-10% foetal bo-
vine serum at standard 37°C, 5% CO,, humidified incubator
conditions.

Generation of tumour xenografts

All aseptic surgical procedures and animal handling were per-
formed in accordance with protocols approved by the Johns
Hopkins University Institutional Animal Care and Use Commit-
tee and conformed to the Guide for the Care and Use of Lab-
oratory Animals published by the National Institutes of
Health. Six to eight-week-old severe combined immunodefi-
cient male mice were used in these studies. Pancl or Pa04C
cells (2 x 10° cells) in 50 pL of Hanks solution were injected
into the right flank of mice.
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Mouse weights and tumour volume measurements

Mice were weighed once a week. After the roughly ellipsoidal
tumours became palpable, these were measured using a dig-
ital calliper at the time of weighing. Total tumour volumes
(mm?®) were calculated as 0.524 (length x width x depth). Fi-
nal mouse weights were obtained from euthanized mice with
the tumours excised, to eliminate tumour weight contribut-
ing to the mouse weight.

Plasma choline quantification

For analysis of mouse plasma, whole blood was obtained im-
mediately at the time of sacrifice via heart puncture and
placed into ice-cold vacutainer (EDTA) tubes on ice. Samples
were centrifuged at 2500 g for 10 min, and plasma was then
transferred into ice-cold cryotubes, frozen in liquid N,, and
stored at —80°C prior to use. De-identified human plasma
studies were performed under an approved institutional re-
view board protocol. After thawing the plasma samples on
ice, 10 pL of each sample was assayed with the EnzyChrom
Choline Assay Kit (BioAssay Systems, Hayward, CA, USA) ac-
cording to the manufacturer’s instructions for the fluorimet-
ric assay mode. Fluorescence was measured using a
Molecular Devices microplate reader.

ZH magnetic resonance spectroscopy analysis of
brain extracts and plasma

Brain samples were obtained immediately at sacrifice. Intact
brains were rapidly dissected from craniums, snap frozen in
liquid N5, and stored at —80°C. Snap frozen samples of entire
brains (160 to 210 mg) were powdered under liquid nitrogen,
weighed, and dual-phase extracted, as described
previously.!* The aqueous phase was collected, evaporated
under a stream of nitrogen, and lyophilized to remove the re-
maining water. Samples were reconstituted in 650 plL of 1x
phosphate buffered D,0 (90% D,0, 10% H,O, pH = 7.4) con-
taining trimethylsilylpropanoic acid, vortexed, and centri-
fuged at 500 g for 5 min at 4°C, and supernatants were
analysed with *H MRS.

Briefly, all *H MR one-dimensional (1D) spectra were ac-
quired at room temperature on a Bruker Avance |l
750 MHz (17.6 T) MR spectrometer equipped with a 5 mm
broad band inverse probe. Spectra of aqueous-phase brain
samples, with water suppression achieved using pre-
saturation, were acquired using a single pulse sequence with
the following experimental parameters: spectral width of
15495.86 Hz, data points of 64 K, 90° flip angle, relaxation de-
lay of 10 s, acquisition time 2.11 s, 64 scans with 8 dummy
scans, receiver gain 64.

Plasma samples were thawed at room temperature; ali-
quots of approximately 80-100 pL of plasma samples were
diluted in 550 pL of D,0 saline buffer, vortexed, centrifuged
for 5 min at 10000 rpm. Plasma spectra were acquired with
a 1D Carr—Purcell-Meiboom—Gill pulse sequence with water
suppression. All other acquisition parameters were kept as
mentioned earlier.

All spectral acquisition, processing, and quantification of
the 1D spectra were performed using TOPSPIN 3.5 soft-
ware. Characterization of the metabolites was carried out
on the basis of chemical shift, coupling constant, and
splitting patterns of metabolites as reported in the litera-
ture and in comparison with standard MR spectra of me-
tabolites from the Biological Magnetic Resonance Bank*
and two-dimensional correlation  spectroscopy and
heteronuclear single quantum coherence nuclear magnetic
resonance spectroscopy. Areas under peaks were inte-
grated and normalized to the reference peak as well as
to tissue weights or plasma volumes.

Heat maps and principal component analysis

Metabolic heat maps for brain and plasma metabolites were
generated from quantitative analysis of high-resolution 1D H
MR spectral data of the aqueous-phase metabolites using
MATLAB software (MATLAB R2017b, MathWorks) to visualize
the metabolic patterns. Because of the large dynamic range
of metabolites, we normalized the highest intensity of each
metabolite in each of the three groups to 100%. This normal-
ization provided a dynamic range between 0% and 100%. The
heat map represents average measurements from each
group (control mouse brain and plasma control: n = 10, Pancl
mouse brain and plasma: n = 9, Pa04C mouse brain and
plasma: n = 10). For the heat map displays of human plasma,
samples from 15 PDAC patients with stable weight and 20
PDAC patients with weight loss were analysed.

To investigate changes in overall metabolic patterns be-
tween control, Pancl tumour-bearing mice, and Pa04C
tumour-bearing mice, principal component analysis (PCA)
was performed on quantitative data derived from
aqueous-phase mouse brain metabolites. Using a Bruker
AMIX software, the selective variable-size binning method
was used to quantify the non-overlapping peaks of the H
MR spectra and exclude the broad water resonance at
4.7 ppm. Integral peak areas were normalized to the refer-
ence trimethylsilylpropanoic acid peak and the tissue weight.

Unsupervised PCA was used to visualize changes in the
overall metabolic pattern between the groups and the clus-
tering of the three groups, because of the size of the data
set. PCA was performed using quantitative variable size bin-
ning of spectral metabolic data. Loading plots are provided
as positive or negative bar plots in the results. Univariate
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analysis was performed independently of PCA to highlight
changes in individual metabolites.

Statistical analysis

Statistically significant differences were identified using Stu-
dent’s two-sided t test with Bonferroni correction for multi-
ple comparisons, and P values <0.05 were considered
significant.

Results

Body and tumour weights in tumour-bearing and

control mice

Cachexia-inducing Pa04C tumours induced dramatic weight
loss compared with weight gains in the non-cachetic Pancl
mice and control mice, despite the almost identical average
final tumour weights of non-cachectic Pancl tumours
(0.63 + 0.21 g) and cachectic Pa04C tumours (0.62 + 0.21 g).
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Figure 1 Body and brain weight changes in control mice as compared with tumour-bearing mice. (A) Shows initial ‘I’ and final ‘F" mouse weights, and
(B) shows the weight change of each mouse relative to initial weights as percent gains or loses. (C) Shows individual brain weights, and (D) depicts brain
weights as a percentage of final mouse weights. In all panels, means of cohorts are shown as rectangles and black symbols designate control mice
(n = 10), grey symbols designate tumour-bearing Pancl mice (n = 9), and open symbols designate Pa04C mice (n = 10). In the cases of control and
Pancl mice, nearly identical or identical values are represented by black and grey overlapping open symbols respectively, i.e. in each cohort, several
brain weights were identical, which generated concentric circular representations of brains at the same weight. Error bars designate standard error of

the mean. *denotes statistical significance at P < 0.05.
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Average initial body weights of normal control, Pancl, and
Pa04C mice did not differ significantly (Figure 1A). At the end
of the study, non-tumour-bearing control and non-cachectic
Pancl tumour-bearing mice, with one exception, gained
weight, while cachectic Pa0O4C tumour-bearing mice lost
weight (Figure 1A). Despite the initial weights being compara-
ble, the final control and Pancl mouse weights were signifi-
cantly greater than the final Pa04C mouse weights (Figure
1B). The final weights of control mice were significantly
higher, and the final weights of Pa04C mice were significantly
lower than their initial average weights. Pancl mice gained
weight, but the average final weight of Pancl mice was not
significantly different from their initial average weight (Figure
1A). As shown in Figure 1B, relative to the initial animal
weights, in control mice, the percent weight changes ranged

from 10% to 21.8% weight gains, eight of nine Pancl mice
had weight gains from 2.3% to 24%, but one exhibited a
—2% weight loss, and Pa04C mice had weight losses in the
—2.5% to —15% range.

Brain weight changes

The average brain weights of tumour-bearing mice were sig-
nificantly less than control mice with the greatest decreases
observed in brains from cachectic mice (Figure 1C). Pancl
and Pa04C brain weights were respectively, on average,
~5% and ~8.5% less-than the average control brain weights.
Brain weights from Pa04C mice tended to be lower than brain
weights of Pancl mice (P = 0.07). However, control and Pancl
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Figure 2 Representative 'H magnetic resonance spectra obtained from aqueous-phase extracts of brain tissue harvested from non-cachectic Pancl
(top spectrum) and cachetic Pa04C (middle spectrum) tumour-bearing mice and control mice (bottom spectrum). Spectral regions, 0-1.3 ppm,
~2 ppm (NAA), and 6.5-7.5 ppm, were vertically magnified to better visualize the low intensity peaks in those regions. NAA, N-acetylaspartate; GABA,

y-aminobutyric acid.
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brain weights as a percentage of overall body weights were
comparable (on average 1.49% and 1.52%, respectively) and
not significantly different (Figure 1D). Despite the larger de-
crease of brain weight in Pa04C mice, the profound body
weight loss in these mice resulted in a significantly higher
brain to body weight ratio compared with brains from control
and Pancl mice. On average, brain weights from Pa04C mice
were 1.83% of mouse body weights (Figure 1D). No brain me-
tastases were observed during the examination of sagittal
sections of haematoxylin and eosin stained brain tissue from
mice from either tumour-bearing model (see Supporting In-
formation, Figure S1).

ZH magnetic resonance spectroscopic analysis and
quantifications of brain metabolites

IH Magnetic resonance spectroscopic analyses of brain tissue
were used to determine metabolic differences between the
three groups. Representative 'H MR spectra of brains of
aqueous-phase metabolites obtained from Pancl, Pa04C,
and control mice are shown in Figure 2, with low peak inten-
sity spectral regions magnified above each spectrum, such as
for the branched-chain amino acids, N-acetyl aspartate, fu-
marate, tyrosine, histidine, and phenylalanine. A heat map
displaying the pattern of metabolic differences in the three
groups, shown in Figure 3, provides an overview of the met-
abolic changes induced by Pa04C and Pancl tumours.

As shown in Table 1, metabolites that differed significantly
between the groups were valine, glutamine, aspartate, cho-
line, glycerophosphocholine (GPC), taurine, myo-inositol, lac-
tate, uracil, tyrosine, phenylalanine, and formate. The total
choline values, obtained by adding choline, phosphocholine
(PC) and GPC, and the glutamine/glutamate (gln/glu) ratios
were also significantly different. No significant differences
were measured in the levels of the remaining evaluated me-
tabolites including lipids identified in the lipid phase, -
aminobutyric acid, and N-acetyl aspartate in the brains of
all three groups of mice. Table 1 also shows the percent
change in metabolites that were differentially expressed be-
tween groups. A substantial ~25% depletion of choline from
Pa04cC brains relative to brains from Pancl and control mice
was identified. Glutamine and formate increased an average
of ~10% and ~18% in Pa04C mouse brains relative to both
Pancl mouse brains and control mouse brains, respectively,
while accumulation of tyrosine and phenylalanine (19% and
34%, respectively) were found in Pa04C brains relative to con-
trol brains (Table 1). As shown in Table 1, the gIn/glu ratios
increased 16%, 7%, and 8% in the Pa04C vs. control, Pancl
vs. control, and Pa04C vs. Pancl comparisons, respectively.
In addition, changes in total choline (choline +
phosphocholine + GPC) levels across groups resulted in signif-
icant decreases of —17%, —11%, and —7% in the Pa04C vs.
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Figure 3 Metabolic heat map displaying differences in the metabolic pro-
file of brain tissue in control (n = 10), Pancl (n = 9), and Pa04C (n = 10)
tumour-bearing mice. Statistical significance was P < 0.05 for: "Control
vs. Pancl, *Control vs. Pa04C, and 5pa04C vs. Pancl. NAA, N-
acetylaspartate; GABA, y-aminobutyric acid.

control, Pancl vs. control, and Pa04C vs. Pancl comparisons,
respectively.

Quantitative metabolic data of the significant changes in
metabolites are presented in Figure 4A and 4B. Significant
metabolic differences between control mice, and Pancl and
Pa04C tumour-bearing mice are termed ‘cancer brain meta-
bolic signature’ (Figure 4A), and between Pa04C
tumour-bearing mice and control or Pancl tumour-bearing
mice are termed ‘cachexia brain metabolic signature’ (Figure
4B). Relative to control mice, aspartate, taurine, and
myo-inositol were depleted while tyrosine and phenylalanine
were increased in Pa04C cachectic brains (Figure 4A). GPC
was depleted in the brains of both Pancl and Pa04C mice, rel-
ative to controls (Figure 4A). Lactate decreased in Pancl
mouse brains relative to the brains of control mice (Figure
4A). Relative to control and non-cachectic Pancl mice, a de-
pletion of choline and an increase of glutamine and formate
were identified in the brains of weight losing Pa04C mice (Fig-
ure 4B).
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Table 1 Brain metabolites quantified by magnetic resonance imaging that significantly differed between groups, along with their associated magnitude

of change, are in bold-type and highlighted

Metabolites ppm P value* Percent change
Control vs. Pa04C Control vs. Panc1 Pa04C vs. Panc1 Pa04C vs. Control Panc1 vs. Control Pa04C vs. Panc1

Leucine 0.96 0.837 0.182 0.110 -0.6 7.1 -71
Isoleucine 0.99 0.481 0.276 0.076 -3.0 6.4 -8.9
Valine 1.01 0.099 0.614 0.042 -7 2.7 -9.5
Alanine 1.48 0.187 0.832 0.306 -4.7 -0.8 -3.9
GABA 1.90 0.881 0.319 0.290 0.5 3.9 -3.3
NAA 2.01 0.197 0.797 0.234 3.8 0.8 2.9
Glutamate 2.35 0.296 0.364 0.938 -2.9 -3.2 0.3
Succinate 2.40 0.617 0.595 0.887 -3.2 -39 0.8
Glutamine 2.46 0.002 0.197 0.027 12.5 3.4 8.8
Aspartate 2.79 0.003 0.117 0.293 -9.7 -53 —4.6
Creatine 3.04 0.562 0.640 0.300 1.6 —-1.4 3.1
Choline 3.21 0.0002 0.334 0.003 -26.6 —6.6 -21.4
Phosphocholine 3.22 0.060 0.879 0.143 -6.1 -0.6 -5.5
GPC 3.24 0.0001 0.001 0.289 -19.5 —-14.5 -5.8
Taurine 3.43 0.054 0.242 0.527 -5.6 -3.8 -1.9
Glycine 3.48 0.373 0.668 0.703 -4.0 —-2.3 —-1.8
Myo-inositol 4.06 0.022 0.281 0.266 -7.2 -3.6 -3.7
Lactate 4.12 0.214 0.009 0.152 -4.9 -9.9 5.6
Uracil 5.81 0.206 0.994 0.044 -19.0 -0.1 —-18.9
Fumarate 6.51 0.908 0.723 0.670 -2.9 -9.3 7.0
Histidine 6.15 0.528 0.256 0.722 -9.6 -16.9 8.7
Tyrosine 6.90 0.053 0.213 0.498 18.5 12.4 5.4
Phenylalanine 7.43 0.0004 0.139 0.112 33.8 17.7 13.7
Formate 8.45 0.0002 0.322 0.005 21.0 5.9 14.2
Total Cho n.a. 0.0001 0.0036 0.043 -16.5 -10.7 —6.6
GIn/Glu n.a. 0.0002 0.009 0.028 15.9 7.0 8.2

“Two-sided Student’s t-test. P < 0.05 considered significant

GPC, glycerophosphocholine; GlIn, glutamine; Glu, glutamate; n.a., not applicable; NAA, N-acetyl aspartate; Total Cho, sum of

choline + phosphocholine + GPC.

Linear regression analyses of metabolite levels in Figure
4B vs. percent weight change are shown in Figure 4C.
Changes of brain choline were positively correlated to per-
cent weight changes with Pearson’s coefficients (r) of 0.70
(P = 0.0002) while formate (r = —0.58; P = 0.001) and glu-
tamate (r = —0.43; P = 0.02) were negatively correlated to
percent weight changes (Figure 4C). The strong to moder-
ate correlations of brain choline, glutamine, and formate
with percent weight changes support the data in Table 1
of these metabolites being likely candidates of a ‘cachexia
brain metabolic signature’. Similar analyses shown in Figure
S2 indicate moderate positive correlations between GPC
(r = 0.62; P = 0.0004), aspartate (r = 0.54; P = 0.003),
and myo-inositol (r = 0.50; P = 0.005) levels with
percent weight changes that indicate that these metabo-
lites could also be included in a list of ‘cachexia brain
metabolites’.

To better understand the metabolite changes exhibited in
the tumour-bearing brains, we analysed enzymes and trans-
porters of choline and glutamine, as shown in Table S1 and
Figure S3. As can be seen in Figure S3, the only change in this
group of proteins was a slight decrease in the level of
glutaminase-2 in the brains of cachectic mice relative to nor-
mal and Pancl tumour-bearing mouse brains. Overall, there
were no significant changes in the enzymes and transporters
evaluated.

Principal component analysis

To evaluate whether each group (control, Pancl, and Pa04C)
could be specifically defined by quantitative metabolic pro-
files, a PCA was carried out (Figure 5). Integrations of the
areas of non-overlapping aqueous-phase metabolite reso-
nances, from the H MRS spectra (Figure 5A: top of bar
graph), were acquired from a variable-size binning analysis
with water resonance exclusion. The bar graphs of Figure
5A are visual representations of the loadings of the first three
PCs (PC1, PC2, and PC3) generated from the PCA. The PC
scores were used to generate a graphic representation of
the score plots (Figure 5B). The plots reveal that the brain
metabolite data from control mice, and Pa04C and Pancl
tumour-bearing mice clearly separated into distinct differen-
tial clusters based on distinct metabolic signatures.

Plasma choline and metabolite concentrations

Because the brain receives choline from the blood, we next
quantified the free choline concentration in plasma samples
using a fluorimetric assay. Plasma choline concentrations
from cachectic mice were significantly lower compared with
non-cachectic tumour-bearing mice and control mice (Figure
6A, left). This significant decrease was also observed when
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the data from Pancl and Pa04C mice were combined to rep-
resent all mice with PDAC (Figure 6A, right). In addition, a lin-

ear

regression analysis (Figure S4)

indicated a good

correlation (r = 0.62; P = 0.0005) between plasma choline

concentrations and percent weight change. To relate these
findings to human plasma, we measured the plasma choline
levels in a series of patients with pancreatic cancer and found
these to have significantly lower plasma choline levels relative
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to normal pancreas control subjects as well as to patients
with benign pancreatic disease. Unlike the mouse plasma
data, in patients with PDAC, plasma choline levels were signif-
icantly lower irrespective of weight loss (Figure 6B, left).
Plasma choline in PDAC patients was significantly lower com-
pared to normal or benign pancreatic disease (Figure 6B,
right). Although preliminary, these data indicate that choline

deficiency in plasma may prove to be a minimally invasive
plasma metabolic biomarker associated with PDAC.

We also analysed plasma metabolite concentrations using
'H MRS (Figure 6C and 6D). Several metabolites were de-
pleted in plasma from cachectic Pa04C mice compared with
those in non-cachectic Pancl mice (Figure 6C). Plasma from
Pa04C mice had lower levels of lipid, succinate, glutamine,
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citrate, creatine, glycine, and glucose relative to plasma from
Pancl mice. A similar analysis of human plasma samples (Fig-
ure 6D) from patients with PDAC revealed that plasma levels
of glutamate and gIn/glu ratios were significantly lower in pa-
tients who exhibited weight loss relative to those who main-
tained stable weights. Values of glutamine in mouse plasma
and glutamate and gln/glu ratios in human plasma are also
presented individually in Figure S5A and S5B, respectively.

Human brain spectroscopic imaging

To provide an example of non-invasive imaging of brain met-
abolic signatures in humans to evaluate spatio-temporal met-
abolic changes with cancer and cachexia, we performed *H
MR spectroscopic brain imaging in normal volunteers. As
shown in Figure S6, several of the metabolites that were
identified in our studies, such as total choline, myo-inositol,
and gIn/glu, were detected non-invasively in the human
brain.

Discussion

Our studies identified changes in brain weight, and brain and
plasma metabolites, highlighting, for the first time, the sys-
temic effects of cancer and cancer-induced cachexia on brain
metabolism.

Cachexia-inducing Pa04C tumours induced significant
weight loss in mice, unlike the Pancl tumours, compared
with age-matched control non-tumour-bearing mice. We
have previously established that orthotopically or subcutane-
ously implanted Pancl or Pa04C tumours exhibited metabolic
profiles and weight patterns that were not implantation site
dependent.!**® In  the present study, brains of
tumour-bearing mice weighed less than the brains of control
mice, with cachectic mice showing on average a greater de-
crease of brain weight. However, when normalized to total
body weight, the brains of cachectic mice were significantly
higher in terms of percent body weight. This may have oc-
curred as a response to preserve brain function during ca-
chexia. In humans, malnutrition has been observed to affect
brain structure and function at several levels.” Studies with
T, and/or T,* MRI as well as diffusion-weighted MRI have
demonstrated that adult patients with untreated or newly di-
agnosed non-CNS cancers can suffer from deficits in brain
structure, such as reduced grey matter volumes, diminished
white matter microstructural integrity, and brain neural net-
work alterations.*'° Such imaging along with fMRI have
linked anatomical structural changes to cognitive deficits, de-
pression, memory disorders, and fatigue.**? fMRI, in associa-
tion with blood oxygen level-dependent intensities, detected
lower hypothalamic activity in anorectic lung cancer
patients.6 Non-invasive MRI characterizing brain structure

and volume in PDAC patients with or without cachexia may
expand our understanding of the brain weight change ob-
served here and its relationship to the changes in brain
metabolism.

The three metabolites in the brains of Pa04C mice that
were significantly different from comparable levels in control
and Pancl mouse brains were glutamine, formate, and cho-
line. Glutamine and formate increased, while choline de-
creased. These metabolites were therefore included in the
‘cachexia brain metabolic signature’, although expanded
mouse and human studies are required to confirm the role
of these metabolites in cachexia.

The relative depletion of choline and choline compounds
from cachectic brains indicates compromised brain function,
as choline is necessary in several metabolic pathways.*®%°
Choline is an essential nutrient®* utilized for the synthesis of
the neurotransmitter acetylcholine (cholinergic activity) and
membrane lipids, such as phosphatidylcholine and
sphingomyelin that are necessary for cellular integrity and
maintenance of efficient mitochondrial oxidative phosphory-
lation. Choline is also needed for one-carbon (methyl-group)
metabolism required for the epigenetic modulation of gene
expression/genomic stability and several other
methyl-group transfer reactions?? and is an intracellular mes-
senger (agonist), signalling through brain abundant sigma-1
receptors that are involved in cholinergic transmissions.?® In
the context of cancer-cachexia, cholinergic signalling is in-
volved with modulating inflammation and appetite in the
basal forebrain and hypothalamus.?* CNS cholinergic signal-
ling senses peripheral inflammation and modulates immune
responses in the spleen through T-cell interactions, greatly
contributing to the control of peripheral inflammation.>>~%”
Loss of choline and GPC, along with a trend of
phosphocholine depletion in brains of cachectic mice, likely
reflects the need for choline in the multiple pathways listed
previously. Under conditions of choline depletion in the
plasma, the only source of choline in the brain would be from
lipid stores through breakdown of GPC, and diversion from
phosphocholine membrane synthesis. Overall, the loss of
choline in cachectic brains may result in an attenuation of
cholinergic signalling and associated loss of
anti-inflammation signalling, and possible disruptions in gene
expression/genomic stability due to loss of methyl-group
transfer capacity that would affect a large number of meta-
bolic pathways.?*°

A gIn/glu cycle between neurons and astrocytes that
tightly regulates the level of glutamate is necessary for nor-
mal brain function as glutamate is an excitatory neurotrans-
mitter and accumulation of glutamate will produce
excitatory toxicity.2° The elevated amounts of glutamine in
cachectic brains observed here may be partly due to the ne-
cessity of keeping glutamate levels from fluctuating or in-
creasing. However, glutamine is also a sink for toxic NHj
and its increase in cachectic brains may reflect systemic
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hyperammonemia®*3! due to compromised liver function, or
increased peripheral protein and amino acid metabolism
from muscle as well as the tumour,? or local increases in
the catabolism of amino acids. The possibility of
hyperammonemia is supported by the simultaneous accumu-
lations of tyrosine and phenylalanine in cachectic brains as
these amino acids are transported into the brain in exchange
of the export of accumulating glutamine.?®** Under such a
condition, as glutamine accumulates, it would be transported
out of the brain as a carrier of ammonia to detoxification in
the liver. Further support of hyperammonemia arises from
the depletion of aspartate from cachectic brains as this amino
acid is involved in two aspartate aminotransferase-mediated
transamination reactions of the glutamine/glutamate cycle
and has been shown to decrease during NH; exposure to as-
trocytes, i.e. the site of glutamine production from
glutamate.?® Moreover, healthy skeletal muscle is important
and likely second only to liver in maintaining ammonia
homeostasis.>*° Loss of muscle mass that is associated with
late-stage liver disease worsens hyperammonemia,#3°
which is consistent with the cachectic brains exhibiting a met-
abolic signature similar to patients with hepatic
encephalopathy.® A possible reason for elevated glutamine
and the doubling of the gIn/glu ratio in cachectic brains
may also be due to an increase in glutaminergic (excitatory)
brain activity in response to the stresses of inflammation
and cachexia.?’

The increase in formate in cachectic brains might indicate,
along with choline depletion, perturbation of one-carbon
metabolism.3#3° High rates of formate synthesis have been
associated with active mitochondrial oxidative phosphoryla-
tion and supplemental adenosine triphosphate generation.*°
Elevated formate in cachectic brains may indicate excessive
energy consumption/usage or an adaptation to cachexia
driven hypoglycaemia or insulin resistance. Co-factors in
one-carbon metabolism have been shown to be depleted in
aging adults with sarcopenia.** A blunting of one-carbon me-
tabolism may partly explain formate accumulation in cachec-
tic brains.

Metabolic changes were also identified in mouse and hu-
man plasma. The significant decrease of choline observed in
the plasma of Pa04C mice may be one cause for the decrease
of brain choline in Pa04C mice. Because Pa04C tumours are
less choline avid compared with Pancl tumours,*® the de-
crease of plasma choline was not due to depletion by the
Pa04C tumour but mostly likely due to systemic metabolic al-
terations, potentially in the liver, because choline is generally
supplied in the blood as free and lipid-incorporated choline
from the liver. Human plasma choline levels were significantly
lower compared with those in normal subjects and with those
in patients with benign pancreatic disease. These results are
consistent with a previous mass spectrometry plasma study
that identified choline as one of a cluster of five metabolic
predictors of PDAC detected using logistic regression and

receiver operating characteristic curve analysis.** The signifi-
cant decrease of quantitative plasma choline values with
PDAC observed in our studies suggests that it may be useful
as a companion diagnostic to detect PDAC.

With H MRS, we detected isoleucine and valine in the
plasma of mice and humans but did not observe a significant
difference between PDAC with or without weight loss. An in-
crease of the branched-chain amino acids isoleucine, leucine,
and valine in the plasma has been associated with a greater
than two-fold risk in developing PDAC.** Our study was fo-
cused on identifying changes in plasma metabolites associ-
ated with PDAC cachexia.

In mouse plasma, we observed a significant decrease of
succinate, glutamine, citrate, creatine, glycine and glucose
in Pa04C mice. Unlike choline, where brain and plasma cho-
line significantly decreased, with glutamine, brain glutamine
increased despite plasma glutamine decreasing. In human
plasma, we observed a significant decrease of glutamate
and a significant increase of the gln/glu ratio with weight loss.

The ‘cancer brain metabolic signature’ was primarily char-
acterized by changes in lactate and GPC because lactate de-
creased significantly in Pancl brains compared with control
brains , and GPC decreased significantly in the brains of both
Pancl and Pa04C mice, yet Pancl tumours did not induce
weight loss. Choline depletion in the plasma would have ne-
cessitated the breakdown of GPC to obtain choline. Pa04C tu-
mours also induced a decrease of brain aspartate, myo-
inositol, and taurine and an increase of phenylalanine, tyro-
sine, and taurine compared with control brains, but because
these metabolite levels were not significantly different from
Pancl tumours, these were included in the ‘cancer brain met-
abolic signature’. It is possible, however, that other than lac-
tate and GPC, the metabolic changes that occurred only in
the brains of Pa04C mice were characteristics of the cachectic
brain.

Our data clearly identified the adverse effects of pancreatic
cancer-induced cachexia on brain weight and metabolism, in-
cluding changes in metabolites of the choline/cholinergic and
glutamine/glutamate/glutamatergic neurotransmitter path-
ways. Additionally, changes in some brain metabolites were
also observed in mice with pancreatic cancers that did not in-
duce cachexia, highlighting the scale of systemic metabolic
changes that can be induced by cancers. A significant de-
crease of plasma choline was associated with PDAC in mouse
and human plasma. A significant decrease of glutamate and a
significant increase of the gln/glu ratio in human plasma was
associated with PDAC weight loss. These plasma changes may
lead to the development of plasma metabolic markers to de-
tect PDAC and PDAC-induced cachexia.

Our data support investigating nutraceutical therapies
such as the repletion of choline levels to re-establish one-
carbon homeostasis.**™® Treating choline and gIn/glu imbal-
ances could potentially reverse deficits in memory and cogni-
tive functions.*>*” In PDAC patients, where maldigestion due
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to a lack of pancreatic enzymes® is often a contributing factor
to the syndrome, a combination of nutritional and metabolic
interventions may be needed. Applications of non-invasive
metabolic and functional imaging to identify spatial and tem-
poral changes in the CNS in humans will further expand our
understanding of the impact of cachexia and cancer on the
CNS and the response of the CNS to metabolic interventions.
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