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Abstract

The prognosis for patients with pancreatic cancer is extremely poor, as evidenced by the disease’s
five-year survival rate of ~5%. New approaches are therefore urgently needed to improve
detection, treatment, and monitoring of pancreatic cancer. MRS-detectable metabolic changes
provide useful biomarkers for tumor detection and response-monitoring in other cancers. The goal
of this study was to identify MRS-detectable biomarkers of pancreatic cancer that could enhance
currently available imaging approaches. We used 1H high-resolution magic angle spinning MRS to
probe metabolite levels in pancreatic tissue samples from mouse models and patients. In mice, the
levels of lipids dropped significantly in pancreata with lipopolysaccharide-induced inflammation,
in pancreata with pre-cancerous metaplasia (4 week old p48-Cre; L SL-Kras®12P mice), and in
pancreata with pancreatic intraepithelial neoplasia, which precedes invasive pancreatic cancer (8
week old p48-Cre L SL-Kras®12D mice), to 26 + 19% (p = 0.03), 19 + 16% (p = 0.04), and 26

+ 10% (p = 0.05) of controls, respectively. Lactate and taurine remained unchanged in
inflammation and in pre-cancerous metaplasia but increased significantly in pancreatic
intraepithelial neoplasia to 266 + 61% (= 0.0001) and 999 + 174% (p < 0.00001) of controls,
respectively. Importantly, analysis of patient biopsies was consistent with the mouse findings.
Lipids dropped in pancreatitis and in invasive cancer biopsies to 29 + 15% (p = 0.01) and 26

+ 38% (p=0.02) of normal tissue. In addition, lactate and taurine levels remained unchanged in
inflammation but rose in tumor samples to 244 + 155% (p = 0.02) and 188 + 67% (p = 0.02),
respectively, compared with normal tissue. Based on these findings, we propose that a drop in lipid
levels could serve to inform on pancreatitis and cancer-associated inflammation, whereas elevated
lactate and taurine could serve to identify the presence of pancreatic intraepithelial neoplasia and
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invasive tumor. Our findings may help enhance current imaging methods to improve early
pancreatic cancer detection and monitoring.

Keywords
pancreatic cancer; PDAC; HR-MAS; lipid; lactate; taurine

INTRODUCTION

Pancreatic cancer is currently the fourth most common cause of cancer-related deaths in the
United States (1,2). Patients with pancreatic ductal adenocarcinoma (PDAC), the most
common type of pancreatic cancer, have a five-year survival rate as low as 5% (1,2). The
prognosis for these patients is poor primarily because the disease is diagnosed late (1,2).
Only 10-20% of patients present with a resectable disease. Of these patients, 80% will
relapse after resection followed by adjuvant therapy. The remaining patients present with
locally advanced unresectable disease or with detectable metastases. A family history of the
disease dramatically increases the risk of developing PDAC by up to 50-fold (1,2). In
addition, patients suffering from chronic pancreatitis have a higher incidence of PDAC,
congruent with the observation that innate immune cells promote pancreatic intraepithelial
neoplasia (PanlIN), a precursor of PDAC, in pancreatic mouse tumor models (3,4). Indeed,
PDAC is notable for its remarkable degree of desmoplasia, by which tumor cells are encased
in a high-pressure, fibrous stromal mass composed of a dense extracellular matrix and
various stromal cell types including large numbers of inflammatory cells (1,5,6).
Unfortunately, current screening methods lack specificity to detect malignant transformation
at an early stage or suffer from a high rate of false positives (7,8). There is thus a pressing
need to develop additional biomarkers of pancreatic tumorigenesis that can enhance current
imaging methods, particularly in high-risk patients, to improve early disease detection and to
potentially serve to monitor response to therapy.

Previous studies have shown that MRS, a noninvasive and nondestructive imaging method,
can help inform on oncogenic transformation, cancer progression, and response to therapy
by effectively probing the levels of endogenous metabolites /n vivo (9-14). Most notably,
three-dimensional 1H MRSI used in conjunction with a clinical MRI examination revealed
significantly elevated levels of choline-containing metabolites (tCho) and decreased levels of
citrate in prostatic adenocarcinomas in comparison to healthy prostatic tissue (15,16). MRSI
of the breast also detected elevated tCho levels in cancerous tissue (17-19), while MRSI of
the brain revealed an elevated tCho to A-acetylaspartate ratio in brain tumors when
compared with normal tissue (20-22).

In the case of pancreatic cancer, the 90% prevalence of mutant Krasis likely to lead to
MRS-detectable differences in PDAC metabolism when compared with normal tissue (1,5).
Indeed, mutant Kras has well-established roles in tumor growth, angiogenesis, and
metastasis, but recent findings indicate that mutant Krasalso plays a pivotal role in
reprogramming a variety of metabolic pathways (23-26). Specifically, mutant Krasinduces
pancreatic cancer cells to increase their glucose uptake, glycolytic flux, and lactate
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production by regulating the transcription of a variety of genes (26). The mutation also
directs glucose metabolites towards anabolic hexosamine biosynthesis and the non-oxidative
pentose phosphate pathway (26). Mutant Kras also plays a notable role in promoting ribose
biogenesis and altering glutamine metabolism (25,26). To date, only a few clinical studies
have been published that attempted to use /7 vivo 'H MRS to monitor pancreatic cancer, and
the authors found that pancreatic cancer was associated with lowered lipid levels (27,28). In
addition, previous studies have used 1H high-resolution magic angle spinning (HR-MAS)
MRS to detect elevated levels of lactate in swine with moderate to severe pancreatitis and
elevated levels of lactate and taurine in both rats with pancreatic cancer and a mouse
xenograft model of pancreatic cancer (29-31).

In this context, the goal of this study was to use 1H HR-MAS MRS to examine both mouse
and patient pancreatic tissue samples and compare the metabolic profiles of normal,
inflamed (pancreatitis), early PanIN, and invasive PDAC tissue. We show that high lipid
levels present in a healthy pancreas drop significantly in the presence of inflammation, pre-
cancerous metaplasia, pre-invasive PanIN lesions, and invasive PDAC. We also show that
lactate and taurine levels are elevated in PanIN and in PDAC but not in inflammation. Our
findings may aid in the development of novel imaging approaches for early detection of
pancreatic cancer.

EXPERIMENTAL DETAILS

Mouse pancreatic samples

All mice (Mus musculus) used in the study were mice that had been maintained in the inbred
C57BL/6 genetic background by continuously breeding with the pure C57BL/6 mouse
strain. As a model for early pancreatic cancer development we used p48-Cre;L SL-KrasG120
mice (hereafter referred to as Krasmice), which are known to develop PanIN lesions over
time. The mice were generated by crossing mice expressing either p48-Cre or LSL-
Kras®12D as previously described (3). Kras mice were sacrificed, and pancreatic tissue
samples were collected at 4 weeks (/7= 6) and 8 weeks (n7= 6) for further analysis. All
samples were divided in two to provide tissue specimens for both histological and HR-MAS
analysis. Samples for HR-MAS analysis were immediately snap frozen in liquid nitrogen
and stored at —80 °C. Samples for histology were placed in paraformaldehyde.

Samples with pancreatic inflammation (7= 8) were obtained from 6-8 week old mice
treated with lipopolysaccharide (LPS, Sigma) via intraperitoneal injection (32). These mice
were either treated with 2 mg/kg LPS for five consecutive days and sacrificed three hours
after the last dose or treated with 10 mg/kg LPS once and sacrificed twelve hours later.
Importantly, the two treatment groups were indistinguishable by histology (see below) and
thus all LPS data were grouped together. Control pancreatic tissue samples (/7= 9) were
obtained from 6-8 week old mice treated with phosphate buffered saline (PBS). These mice
were sacrificed and pancreatic tissue samples from all mice were collected for further
histological and HR-MAS analysis as above.
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Histology of mouse pancreatic samples

Pancreatic samples from PBS-treated, LPS-treated, and Krasmice were fixed in 1%
paraformaldehyde at 4 °C for 1 hour immediately after excision. Samples were washed in
ice-cold PBS, incubated in 30% sucrose, and then embedded in OCT compound (Tissue
Tek). Frozen sections were prepared using a Cryostat (Leica). For hematoxylin and eosin
staining, sections were treated with 1% paraformaldehyde for 30 minutes, washed, and then
stained. Sections were then dehydrated and mounted in a xylene-based mounting medium.
For antibody staining, tissue was incubated with 1% paraformaldehyde for 5 minutes. Fixed
sections were washed in wash buffer, blocked, and then incubated with phycoerythrin-
conjugated rat anti-mouse CD11b (BioLegend). Stained sections were washed and mounted
in Prolong with DAPI (Molecular Probes). All images were visualized and captured using a
Zeiss Observer Z1 microscope with AxioVision software (Zeiss).

Patient pancreatic samples

Patient-matched cancerous and uninvolved needle core biopsies (7= 7) were obtained during
or immediately following surgical resection of the pancreas at the University of Utah School
of Medicine. Six of the paired samples were obtained from a Whipple procedure, and one
pair was taken through a distal pancreatectomy. Cancerous biopsies were obtained from the
palpated tumor while uninvolved biopsies were obtained from regions of the pancreas distal
to the tumor. In addition, pancreatitis samples (/7= 5) and two patient-matched pancreatitis
and grossly uninvolved tissue samples (/7= 2) were also obtained from the University of
Utah School of Medicine. All samples were snap frozen in cryogenic vials and stored at

—80 °C until HR-MAS analysis. The pathology of all tissue samples was confirmed
histologically by inspection of an adjacent tissue sample by an experienced pathologist.

1H HR-MAS NMR spectroscopy

Statistics

All samples were weighed (4.1-37.6 mg) and inserted into zirconia rotors along with 6 pl of
deuterium oxide with 0.75 weight percent 2,2,3,3-D4-3-(trimethylsilyl)propionic acid, which
was used as a chemical shift reference. Samples were spun at 2250 rpm on a Varian
(Agilent) Inova 500 MHz spectrometer and maintained at 1 °C throughout the acquisition
time. Spectra were acquired using a pulse—acquire sequence with a 90° pulse, a 20 kHz
spectral width, a 2 s acquisition time, a 2 s water presaturation delay, 128 transients, and four
steady state pulses. In addition, to minimize the broad signal contributions from lipids and
macromolecules, a Carr—Purcell-Meiboom-Gill (CPMG) sequence was used with a 144 ms
echo time (train of 162 180° hard pulses 0.888 s apart) and 512 transients. Data acquisition
was kept to a minimum (between 60 and 90 min). Spectra were analyzed using MestReNova
(Santiago de Compostela, Spain). All spectra were first normalized to the electronic
reference to access /n vivo concentrations before metabolite peaks were deconvoluted and
peak integrals were measured. The peak integrals were then normalized to the sample mass.

All data are reported as the mean + standard deviation. Statistical significance was
determined using the Student #test (paired £test when considering patient-matched samples
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and unpaired #test in all other cases). A p-value less than or equal to 0.05 was considered
significant.

Mouse models

To determine the metabolic sequelae of early events associated with tumor development, we
wanted to investigate inflamed pancreata and pancreata with early PanIN lesions. To this
end, we used mice treated with LPS, which is known to induce inflammation, and Kras
mice, which are genetically engineered to develop PanIN lesions (3,32). Figure 1 illustrates
the histology of our mouse models. In contrast to normal pancreata (Fig. 1(A)), pancreata
from LPS-treated mice (Fig. 1(B)) were inflamed, as evidenced by the presence of
inflammatory cells around the normal tissue and within the tissue vasculature. The pancreata
of 4 week old Kras mice had evidence of a reactive stroma, infiltrating inflammatory cells,
and acinar to ductal metaplasia. However, no evidence of PanIN or PDAC could be observed
in those samples (Fig. 1(C)). As expected from this mouse model (3), the 8 week old Kras
mice were further along in oncogenic progression and displayed a loss of acinar tissue,
desmoplasia, and multiple PanIN lesions (Fig. 1(D)). However, no advanced PDAC tumors
were detected in the 8 week old Kras mice either. In addition, we noted that none of the mice
used in the study showed any weight loss.

To more specifically assess inflammation, we next examined CD11b + immune cell content.
Immunofluorescent staining of tissue sections revealed that LPS treatment induced
substantial infiltration of CD11b + cells (Fig. 2(A), (B)), thus confirming the presence of
pancreatitis. A similar level of inflammation was also observed in both 4 week (Fig. 2(C))
and 8 week old (Fig. 2(D)) Krasmice, confirming that significant levels of inflammation are
associated with early metaplasia and premalignant PanIN in our model.

Neoplasia is associated with low lipid and high lactate and taurine levels in mouse tissue

samples

In order to compare the metabolic profiles of healthy and injured pancreata, we investigated
29 mouse pancreatic samples using HR-MAS 1H NMR spectroscopy. Three typical pulse—
acquire spectra, one from a wild type mouse treated with PBS, one from a wild type mouse
treated with LPS, and one from a 4 week old Kras mouse, are shown in Fig. 3(A). They
illustrate the presence of readily visible fatty acid signals at 0.91 (-CH53), 1.30 (—-(CHyo-) ),
1.59 (-CH,CH,COO-), 2.05 (-CH,CHCHCH,-), 2.26 (-CH,COO-), 2.89 (-CHCH,CH-),
and 5.34 (-CHCH-) ppm as well as two additional signals from the glycerol backbone of
phospholipids at 4.09 and 4.30 ppm. They also illustrate a clear drop in all lipid signals
when comparing tissue from Kras mice with tissue from PBS-treated wild type mice.
Similar findings were observed when comparing LPS-induced pancreatic inflammation with
normal pancreatic tissue. On average, the levels of lipids at 1.30 ppm dropped to 26 + 19%
(0= 0.03) for LPS-treated mice, 19 + 16% (p = 0.04) for 4 week old Krasmice, and 26

+ 10% (p = 0.05) for 8 week old Kras mice when compared with controls (Fig. 3(B)).
Because the lipid peak at 1.30 ppm overlaps with the lactate signal, similar analyses were
performed with the lipid resonance at 1.59 ppm. The findings were comparable, with lipid
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levels at 1.59 ppm dropping to 22 + 24% (p = 0.04) for LPS-treated mice, 14 + 14% (p=
0.05) for 4 week old Krasmice, and 14 + 12% (p = 0.05) for 8 week old Krasmice when
compared with controls.

Representative CPMG spectra of pancreata from wild type mice treated with PBS, wild type
mice treated with LPS, and 8 week old Kras mice are shown in Fig. 4(A). Because the
CPMG sequence suppresses the lipid peaks, we were able to monitor metabolites such as
lactate, taurine, and tCho that are present at lower concentrations or overlap with lipids. On
average, we did not detect a significant difference in any of these metabolites in pancreata
with LPS-induced inflammation or in pancreata from 4 week old Krasmice when compared
with controls. However, we observed a significant increase in both lactate and taurine levels
in the pancreatic tissue samples of 8 week old Kras mice. Specifically, the lactate levels in
the 8 week old Kras mice rose to 266 + 61% (p = 0.0001) of controls while the taurine levels
in these mice increased to 999 + 174% (v < 0.00001) of controls. In addition, tCho was
significantly lower in the pancreata of 8 week old Kras mice, dropping to 41 + 13% (p=
0.01) of controls (Fig. 4(B)). This decrease was primarily due to a drop in phosphocholine
levels to 24 + 18% (= 0.02) of controls.

PDAC is associated with low lipid and high lactate and taurine levels in human tissue

samples

To determine whether our results from mouse pancreatic samples were relevant to human
disease, we also examined patient samples from cases of pancreatitis and cases of resectable
invasive PDAC. Three typical pulse—acquire spectra, one from an uninvolved biopsy, one
from an inflamed pancreas, and one from a cancerous pancreas, are shown in Fig. 5(A). The
spectra have similar features to those in the mouse pancreata, including prominent lipid
peaks detectable in normal pancreata that clearly drop in the pancreatitis and tumor samples.
To analyze the data, we considered that all our PDAC biopsies (n7=7) but only a subset (7=
2) of our pancreatitis biopsies (7= 7) had patient-matched uninvolved tissue samples. We
therefore analyzed the clinical data in two different ways. We first compared all uninvolved
biopsy samples with all pancreatitis samples and all PDAC samples without regard to patient
matching. Similar to our results in mice, the levels of lipids at 1.30 ppm dropped to 29

+ 15% (p = 0.01) for the pancreatitis samples and to 26 + 38% (p = 0.02) for the PDAC
samples when compared with healthy pancreatic samples (Fig. 5(B)). We then compared the
PDAC samples with their matched uninvolved biopsy samples and the two pancreatitis
samples with their matched uninvolved biopsy samples. Importantly, this analysis yielded
very similar results. In the PDAC biopsies, the levels of lipids at 1.30 ppm dropped
significantly to 28 £ 29% (p = 0.03) of the levels in uninvolved biopsies (Fig. 5(C)). In
pancreatitis samples, the lipids at 1.30 ppm dropped to 30 = 13% (/7= 2) when compared
with uninvolved biopsies.

Typical patient CPMG spectra are shown in Fig. 6(A) and also illustrate features similar to
those observed in mice, most notably an increase in lactate and taurine associated with
PDAC. Specifi-cally, in the global analysis of all patient samples, lactate levels rose
significantly in PDAC to 244 + 155% (p = 0.02) of healthy tissue while taurine levels
increased significantly to 188 + 67% (p = 0.02) of healthy tissue (Fig. 6(B)). Similarly, when
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considering patient-matched data, we observed a significant increase in lactate to 271

+ 130% (p = 0.03) of matched controls while taurine levels rose significantly to 291 + 171%
(p=0.01) of matched controls. No significant differences in tCho were detected in either
analysis. In pancreatitis samples, lactate, taurine, and tCho levels remained, within
experimental error, unchanged.

DISCUSSION

There is a pressing need to improve the stark prognosis of PDAC patients (1,2). In an effort
to address this need, we sought to determine if there are any MRS-detectable metabolic
changes associated with pancreatic cancer onset that could serve to enhance currently
available imaging approaches and thus improve early detection and monitoring of the
disease. To this end, we first investigated mouse pancreata and then confirmed the clinical
significance of our findings by investigating patient biopsies.

We used the previously described Kras (p48-Cre;LSL-KrasG12P) mice (3) and LPS-treated
mice (32) as model systems. Importantly, as previously described, the Kras model develops
early pre-neoplastic PanIN lesions but only rarely develops late PDAC tumors. This
provided us with a unique approach to probe the metabolic alterations associated with the
early stages of tumor development. With regard to our pancreatitis model, LPS treatment
leads to systemic inflammation and is therefore not a perfect approach to model
inflammation of the pancreas. Nonetheless, because our studies histologically confirmed the
presence of inflammation in the pancreas, we felt that this approach was valid. Importantly,
our findings in LPS-treated mice were consistent with observations in patients with
pancreatitis.

In healthy pancreatic samples we found strikingly high levels of MRS-detectable mobile
fatty acids. The standard deviation in lipid content for the normal mouse and human samples
is somewhat high, possibly due to variation in the amount of pancreatic fat healthy pancreata
develop, which can vary widely (33). Nonetheless, lipid levels dropped significantly in
mouse pancreata with LPS-induced inflammation and in pancreata from Kras mice with
precancerous metaplasia or early PanIN lesions. They also dropped in samples from patients
with pancreatitis and in samples from patients with resectable PDAC.

With regard to the drop in lipid levels, any direct quantitative comparison with other types of
cancer is challenging. Some previous HR-MAS studies do not report on lipids, while others
report that lipid levels remain high (e.g. breast cancer) or drop (e.g. co-lorectal cancer) (34—
36). Furthermore, previous studies have detected an increase rather than a drop in fatty acid
synthesis in most cancer types (37). Elevated lipid levels have been detected by MRS in
several cancers, and elevated lipids are associated with necrotic regions in advanced tumors
(37-42). Nonetheless, our observations are consistent with previous studies using /7 vivo 1H
MRS in pancreatic cancer patients that reported significantly lower lipid levels in tumor
when compared with normal pancreatic tissue (27,28). Our findings are also in line with a
previous mass spectrometry study of PDAC in rats that found that tumorigenesis was
associated with a decrease in the levels of many fatty acids (43). When comparing PDAC
and pancreatitis, our study did not detect a significant difference in lipid levels between
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these samples. Our results thus stand in contrast to another study that used in vivo'H MRS
in patients and found that lipid levels were lower in patients with pancreatitis than those with
PDAC (44). However, the authors of that study acknowledge that their findings could be
complicated by peripancreatic tissue contaminating the area examined.

When considering our mouse histological data, the drop in lipids could be associated with
the presence of infiltrating in-flammatory cells, which were absent from normal pancreata
but which were clearly detectable in pancreata from LPS-treated mice, 4 week old Kras
mice, and 8 week old Kras mice. Further studies are required to confirm a link between the
drop in lipids and inflammation, but one possible mediator could be pancreatic stellate cells
(PSCs). In a healthy pancreas, PSCs help maintain the normal architecture of the pancreas
(45-47). Importantly, these PSCs contain elevated levels of cytoplasmic vitamin A-
containing lipid droplets. Inflammation and early tumorigenesis are associated with PSC
activation and differentiation to a myofibroblast phenotype associated with deposition of
extracellular matrix proteins, which, in turn, can facilitate cancer progression. PSC
activation and differentiation are also associated with loss of cytoplasmic lipid droplets (45—
47) and thus could explain the changes in lipid levels observed in inflammation and early
tumor development in our studies. However, PSCs comprise only about 5% of the pancreatic
volume and may not be the only explanation for the drop in lipid levels observed in our
samples (45). Indeed, previous reports indicate that the median intra-pancreatic fat
composition in a normal pancreas is around 10% (33). The replacement of this fat by
cancerous or infiltrating immune cells could decrease the MRS-detectable lipid content. In
addition, we cannot rule out the possibility that pancreatic lipases, which may become active
within the pancreas during inflammation, are responsible for the drop in lipid levels.

Importantly, our studies revealed that lactate and taurine levels increased significantly in 8
week old Kras mice but remained unchanged in 4 week old Kras mice and in mice with
LPS-induced inflammation. Similarly, lactate and taurine levels were comparable to those in
healthy tissue in patient pancreatitis, but increased significantly in PDAC. Histologically,
only 8 week old Krasmice pancreata showed the presence of PanIN, indicating that elevated
lactate and taurine are likely associated with early tumor development and could thus serve
as potential early biomarkers of pancreatic cancer.

The increase in lactate levels observed in our PanIN and PDAC samples is consistent with
previous work demonstrating that mutant Kras induces pancreatic cancer cells to increase
their glucose uptake, glycolytic flux, and lactate production (26). This preference of cancer
cells to rely on aerobic glycolysis rather than oxidative phosphorylation to generate
necessary energy (also termed the Warburg effect) has been well documented in many types
of cancer (48). It is currently hypothesized that this enhancement of aerobic glycolysis
supports various biosynthetic pathways to satisfy the metabolic requirements of proliferation
(48). Previous HR-MAS studies have found evidence for the War-burg effect in various
pancreatitis and pancreatic cancer animal models (29-31). Elevated lactate levels have also
been detected in the serum of patients (49).

The increase in lactate levels may also be attributed to increased hypoxia in pancreatic
cancers and their inability to remove lactate from the tumor microenvironment. Recent
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studies have found that pancreatic cancers have abnormally high levels of stroma and
inflammation and relatively low levels of vasculature (50,51). The dense stroma distorts the
normal architecture of the tissue and limits the diffusion of oxygen by tightening the
capillary network (46). In addition, the high levels of desmoplasia generate elevated levels of
interstitial fluid pressures, causing the vasculature to collapse and impeding traffic of small
molecules around the tumor (51). As the vasculature becomes more and more distorted, it
may become increasingly difficult for lactate produced by the tumor to escape its
microenvironment.

Taurine is an organic acid implicated in several physiological functions. Our findings that
taurine levels are elevated in PanIN and PDAC are consistent with previous studies of
pancreatic cancer (29,30,52). Elevated taurine levels have also been reported in other cancer
types (35,52-55). The increase in taurine could be a result of an influx of immune cells,
which have high levels of this organic acid (56,57). Taurine has roles in fat absorption and
oxidation, and some studies suggest that taurine is associated with apoptosis (52,58,59).
However, the specific role of taurine in cancer has yet to be fully understood.

In our study tCho levels dropped in mouse pancreata with PanIN and remained unchanged in
patient PDAC samples. These findings are in contrast to recent work in human pancreatic
cell lines that found an increase in tCho and phosphocholine when comparing PDAC cells
with immortalized pancreatic cells (60). The same study also found an increase in the
expression of choline kinase, which catalyzes the synthesis of phosphocholine. Elevated
phosphocholine and tCho levels as well as overexpression of choline kinase are typically
associated with malignant transformation in almost every cancer type examined (15-22,61).
Our findings are therefore surprising. One possible explanation, particularly in patients,
could be that the aforementioned poor vascularization of pancreatic tumors is limiting the
delivery of choline to the tumor site. Further studies are needed to clarify this point.

In summary, we have identified potential metabolic biomarkers of pancreatitis and tumor-
associated inflammation as well as metabolic biomarkers of PanIN and early stage PDAC.
Our results suggest that the drop in lipid levels may be associated with inflammation during
early tumor development, whereas the increase in lactate and taurine levels may be
associated with tumor onset and progression. Further methodological developments are
required to translate these biomarkers to the clinical setting, likely requiring rapid high-
resolution metabolic imaging approaches. Nonetheless, combining such metabolic imaging
with currently available methods could help enhance the early detection, characterization,
and response-monitoring of PDAC patients. Furthermore, it could aid in screening of high-
risk patients. Ultimately, by helping detect the presence of tumor at an early time point prior
to widespread metastasis and at a point when resection is possible, our findings could help
improve the prognosis of PDAC patients.
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Figure 1.
Histology of LPS-treated and Kras mice. (A) Histological section of the pancreas from a

wild type mouse treated with PBS. PBS-treated wild type mice display normal tissue
architecture devoid of any inflammatory cells or PanIN lesions. (B) Histological section of
the pancreas from a wild type mouse treated with LPS. LPS-treated mice contain several
inflammatory cells around the normal pancreatic tissue. (C) Histological section of the
pancreas from a 4 week old Kras mouse. Early stage Krasmice display evidence of a
reactive stroma, infiltrating inflammatory cells, and acinar to ductal metaplasia. (D)
Histological section of the pancreas from an 8 week old Kras mouse. These later stage Kras
mice possess desmoplasia and PanIN lesions. Scale bars, 100 pm. Inset scale bar, 25 pm.
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Figure 2.
Levels of inflammation in LPS-treated and Kras mice. Pancreatic tissue sections from a

PBS-treated wild type mouse (A), LPS-treated wild type mouse (B), 4 week old Kras mouse
(C), and 8 week old Kras mouse (D), DAPI stained (blue) to label the nucleus and CD11b
stained (red) to identify in-flammatory cells. (A) PBS-treated wild type mice do not contain
any infiltrating cells. (B) LPS-treated mice show extensive infiltration of inflammatory cells
in their pancreas. (C) 4 week and (D) 8 week old Kras mice both show the presence of
inflammatory cells at levels similar to those observed in LPS-treated mice. Scale bars, 50
um. Inset scale bars, 12 um.
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(A)

Top: WT Mouse Treated with PBS
Middle: WT Mouse Treated with LPS
Bottom: 4-week old Kras mouse
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Figure 3.
Neoplasia is associated with a drop in lipid levels in mouse tissue samples. (A)

Representative pulse-acquire spectra of pancreata from a wild type mouse treated with PBS,
a wild type mouse treated with LPS, and a 4 week old Kras mouse. Spectra display a
dramatic drop in lipid levels associated with LPS treatment and Kras. All spectra illustrate
normalization to sample weight. The peaks at 1.20 and 3.67 ppm are due to the use of
ethanol during the tissue collection procedure. The 4.60-5.15 ppm region was removed to
exclude the residual water signal. (B) Average levels of lipids present at 1.30 ppm as
determined from 1H HR-MAS of pancreatic tissue samples of PBS-treated wild type mice,
LPS-treated wild type mice, 4 week old Kras mice, and 8 week old Krasmice. Lipid levels
are lower in LPS-treated wild type, 4 week old Kras, and 8 week old Kras mice compared
with PBS-treated wild type mice. *p < 0.05.
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Neoplasia is associated with high lactate and taurine levels in mouse tissue samples. (A)
Representative CPMG spectra of pancreata from a wild type mouse treated with PBS, a wild
type mouse treated with LPS, and an 8 week old Kras mouse. Spectra display increases in
lactate and taurine and a decrease in tCho associated with oncogenic Kras. Spectra include
peaks for phosphocreatine, glycine, and choline. All spectra illustrate normalization to
sample weight. The 3.60-3.80 ppm region was cut to remove the residual ethanol signal
resulting from the use of ethanol in collecting tissue samples. (B) Average levels of lactate,
taurine, and tCho as determined from 'H HR-MAS of pancreatic tissue samples of PBS-
treated wild type mice, LPS-treated wild type mice, 4 week old Krasmice, and 8 week old
Kras mice. Lactate and taurine levels are significantly higher and tCho levels are
significantly lower in 8 week old Krasmice compared with PBS-treated wild type mice. *p

<0.05, **p < 0.0005.
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Figure5.

PDAC is associated with a drop in lipid levels in human tissue samples. (A) Representative
pulse—acquire spectra of human pancreata from an uninvolved biopsy, a pancreatitis sample,
and a PDAC sample. Spectra display a drop in lipid levels associated with pancreatitis and
PDAC. All spectra illustrate normalization to sample weight. The 4.60-5.15 ppm region was
removed to exclude the residual water signal. (B) Average levels of lipids at 1.30 ppm as
determined from 1H HR-MAS of uninvolved, pancreatitis, and pancreatic cancer tissue
samples based on a global analysis without regard to patient matching. Lipid levels dropped
significantly in pancreatitis and pancreatic cancer samples. *p < 0.05. (C) Average levels of
lipids at 1.30 ppm based on a patient-matched analysis. *p < 0.05.
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PDAC is associated with high lactate and taurine levels in human tissue samples. (A)
Representative CPMG spectra of human pancreata from an uninvolved biopsy (top), a
pancreatitis sample (middle), and a PDAC sample (bottom). Spectra display an increase in
lactate and taurine associated with PDAC. All spectra illustrate normalization to sample
weight. (B) Average lactate, taurine, and tCho levels as determined from H HR-MAS of
uninvolved, pancreatitis, and pancreatic cancer tissue samples based on a global analysis
without regard to patient matching. Lactate and taurine levels increased significantly in
pancreatic cancer samples. *p < 0.05. (C) Average lactate, taurine, and tCho levels based on
a patient-matched analysis. Both lactate and taurine levels increased significantly in

pancreatic cancer samples. *p < 0.05.
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