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Inflammation and mitochondrial fatty acid
B-oxidation link obesity to early tumor promotion
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Obesity is associated with increased risk for developing pancreatic
cancer, and it is suggested that insulin resistance provides the missing
link. Here we demonstrate that under the context of genetic suscep-
tibility, a high fat diet (HFD) predisposes mice with oncogenic K-ras
activation to accelerated pancreatic intraepithelial neoplasm (PaniN)
development. Tumor promotion is closely associated with increased
inflammation and abrogation of TNFR1 signaling significantly blocks
this process underlining a central role for TNF« in obesity-mediated
enhancement of PanIN lesions. Interestingly, however, despite in-
creased TNFa levels, mice remain insulin sensitive. We show that,
while aggravating tumor promotion, a HFD exerts dramatic changes
in energy metabolism through enhancement of pancreatic exocrine
insufficiency, metabolic rates, and expression of genes involved in
mitochondrial fatty acid (FA) B-oxidation that collectively contribute
to improved glucose tolerance in these mice. While on one hand these
findings provide significant evidence that obesity is linked to tumor
promotion in the pancreas, on the other it suggests alterations in
inflammatory responses and bioenergetic pathways as the potential
underlying cause.
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besity increases the risk for gastrointestinal (GI) cancers (1).

Over the past years, death rates have been significantly
elevated among men and women with a body mass index (BMI) of
=30kg/m? (1, 2). Increased risk in pancreatic cancer is found among
individuals who had gained 12 kilos or more as adults, compared to
those who only gained 2-5 kilos (3). Importantly, moderate exercise
was associated with more than 50% reduction in risk for pancreatic
cancer. Although epidemiological studies suggest that obesity
through insulin resistance is associated with pancreatic cancer, the
underlying cellular and molecular mechanisms remain largely un-
known.

Obesity and cancer share inflammation as common pathogene-
sis. Recent studies have demonstrated that HFD-induced obesity is
a low-grade inflammatory condition and through activation of the
IKKB-NF-«B pathway macrophages play an important role in
the development of insulin resistance (4, 5). On the contrary, the
connection between inflammation and cancer goes back to 19th
century during which Virchow demonstrated that tumors arise from
regions of chronic inflammation (6). It is now widely accepted that
the tumor microenvironment contains inflammatory cells that
secrete proinflammatory cytokines, chemokines, metalloproteases,
growth factors, and reactive oxygen species, which can induce DNA
damage and chromosomal instability and thereby drive carcino-
genesis (7-9).

Among the animal models that recapitulate human pancreatic
ductal adenocarcinoma (PDA), pancreas-specific activation of on-
cogenic K-ras displays the full spectrum of PanIN lesions thereby
closely resembling the human malignancy from tumor promotion to
progression even though in human conditions activation takes place
most likely during adulthood (10). Recent studies suggest that in
addition to somatic K-ras activation, PDA requires nongenetic
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events such as increased inflammation and tissue damage (11). It is
suggested that during caerulein-induced chronic pancreatitis, infil-
tration of immune cells and increased production of inflammatory
cytokines play a crucial role in the amplification of a certain pool
of acinar progenitor cells that are susceptible to transformation by
K-ras activation and/or in facilitating transdifferentiation of mature
acinar cells implying that inflammation is essential for enhancement
of PanIN development and PDA (11).

K-ras mice are characterized by a long phase of tumor promotion,
and progression to full malignancy occurs rather late (10). Thus
these mice represent a suitable model to investigate the role of a
high caloric diet as a potential tumor promoter especially during
very early tumor development. Here we demonstrate that a HFD
predisposes mice with oncogenic K-ras activation to enhanced
PanIN development and TNF« plays a causal role in linking obesity
to tumor promotion interestingly in the absence of increased insulin
resistance owing to dramatic changes in energy metabolism.

Results

Obesity Accelerates PanIN Development. Obesity is a major risk
factor for developing pancreatic cancer (1, 2). To elucidate the
molecular mechanisms linking obesity to the pathogenesis of pan-
creatic cancer, we used a well-established mouse model, p48©-K-
rastSLG12DIY - with Keras expression, initially in the pancreatic
progenitors, that retains oncogenic activity in all adult pancreatic
cells (termed p48-Kras) (10). Development of PanINs in p48-Kras
mice and littermate controls (K-ras™St-G12D/+ " termed Kras) was
analyzed on histological sections fed on regular chow diet (ND)
(Fig. 14 and B, supporting information (S7) Fig. S1a) or HFD (Fig.
1 F and G, Fig. S1b) at 10 and 16 weeks, and lesion frequency and
grade were scored at 14 weeks of age (Fig. 1K). p48-Kras mice
displayed significantly increased PanIN 1a, 1b, and atypical cribri-
form lesions on a HFD compared to that of the age-matched ND
group (Fig. 1K). Pancreata during a HFD were totally transformed
with cystic dilation of ducts and they displayed complete atrophy of
the acini, which was accompanied by a strong stromal reaction with
increased fibrotic and inflammatory responses (Fig. 1 C-E and H-J,
Fig. S1b). Further analysis of 30-week-old p48-Kras mice either fed
onaND (n = 9) or a HFD (n = 8) confirmed lesion extent in these
animals (Fig. S2). Importantly, approximately 44% of p48-Kras
mice showed cribriform lesions even when kept on a ND whereas
100% displayed cribriform lesions on a HFD. Furthermore, ap-
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Fig. 1. HFD accelerates tumor promotion and TNFR1 deletion ameliorates tumorigenesis. H&E staining of p48-Kras pancreata on a ND regimen at (A) 10 and
(B) 16 weeks of age. (C) Fibrosis in p48-Kras mice kept on the ND was analyzed by Sirius Red staining. (D and E) Infiltration of inflammatory cells on the ND was
checked by immunofluorescent staining using (D) a-Gr1 and (E) a-F4/80. (F and G) Representative H&E stained sections of p48-Kras pancreata on the HFD showing
cribriform PanIN1 lesion at (F) 10 and (G) 16 weeks of age. (H) Fibrotic response in p48-Kras mice kept on the HFD was checked by Sirius Red staining. (/ and J)
Increased infiltration of (/) Gr-1* and (J) F4/80* cells on the HFD is shown by immunofluorescent staining. (K) PanIN frequency and grade were quantitated in
all mouse groups at 14 weeks of age. (L) Expression analysis of genes involved in inflammatory responses in the pancreas of both p48-Kras mice and Kras control
littermates during the HFD were measured by Real-Time PCR. (M and N) H&E staining of TNFR1~/~-p48-Kras mice pancreata on the HFD at 10 weeks of age (M).
(N) Fibrosis was assessed by Sirius Red staining. Data are mean values = SEM. N = 4-5 mice per genotype. *, P < 0.05.

proximately 44% of p48-Kras mice on a ND showed PanIN 1b  obesity enhanced tumor promotion in p48-Kras mice by increased
lesions in contrast to 75% of mice on a HFD. When approximately ~ inflammation and TNFa played a pivotal role in this process.
22% of the ND group displayed PanIN2 lesions, 50% of pancreata
had PanIN2 in the HFD group. Moreover, although none of the ~ HFD-Induced Inflammation Enhances Tumor Promotion Independently
mice in the ND group showed PanIN3 lesions, 12.5% of mice fed ~ of Insulin Resistance. Inflammation is a major contributor to insulin
on the HFD showed PanIN3 lesions, thereby suggesting a substan-  resistance during HFD (4) and the role of TNFa is well established
tial effect of high caloric diet on enhanced PanIN development. in this process (12). To elucidate whether insulin resistance was the
molecular mechanism linking inflammation to increased PanIN
TNFR1 Deletion Significantly Ameliorates Tumor Promotion. Because ~ development, we checked insulin levels in p48-Kras mice and
it has been suggested that chronic inflammation enhances tumor controls Unf!ef ND apd HFD regimens. Nonfasting insulin levels.ln
development (11), and because obesity is known to lead to low- p48-Kras mice remained similar to Kras contr.ols on the ND (,Flg'
grade inflammation (4), we checked myeloid cell marker and 24). Surprisingly, however, P48-Kras mice retained normoinsuline-
proinflammatory cytokine expression levels in p48-Kras mice and I}?Ial‘iﬁn on tthe HII::D (;%spl{;he levated TFFO‘ lec‘,lvell s and itdlvanced
littermate controls following a HFD. Along with increased infil- taltl G("}r’i?a ion ( (li% )'f e; we Zgrlgme glucose fo eéanlce
tration of inflammatory cells in the pancreas (Fig. 1 I and J), we ests ( s), regardless of gender, p48-Kras mice remained glu-

. . cose tolerant as Kras controls on the ND (Fig. 2C and Fig. S5a).
found F4/80, TNFa, IL-1B, an d 1L mRNA and 01rculat1qg leve.ls Postprandial insulin secretion achieved was similar in both p48-
of TNFa and IL-6 to be significantly elevated in p48-Kras mice (Fig.

- . . Kras mice and littermate controls indicating a state of enhanced
17'and Fig. 83a). To directly elucidate the role of TNFa, one of the  ,¢y1in sensitivity (Fig. 2C and Fig. S54). Importantly however, in
most important modulators of inflammatory responses, on in-

: contrast to Kras controls, p48-Kras mice on the HFD continued to
creased PanIN development, we crossed p48-Kras mice on a

T fivin display improved glucose tolerance although with considerably low
INFRI-deficient background (termed TNFR1 /~-p48-Kras). In- postprandial insulin levels, suggesting that insulin resistance was not

terestingly, TNFR1 deletion partially but significantly attenuated  Jinked to advanced PanIN development in these animals (Fig. 2D
HFD-enhanced PanIN development in p48-Kras mice (Fig. 1K).  and Fig. S5b).

Histological analysis in TNFR1~/~-p48-Kras mice revealed lesions Reduction in fat mass is certainly a major contributor to im-
mostly residing at the head of the pancreas (Fig. 1M and Fig. S4).  proved insulin sensitivity. To rule out that the significant weight
The pancreata contained mostly intact acini and fibrosis was  difference observed at 6 months (Fig. 2D and Fig. S5b) was
markedly reduced (Fig. 1V and Fig. S4). These results indicate that  responsible for the enhanced glucose tolerance in p48-Kras mice,
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Fig. 2. HFD enhances tumorigenesis independent of insulin resistance. (A

and B) Nonfasting plasma insulin values for p48-Kras mice and Kras control
littermates kept on (A) a ND and (B) a HFD. (C) GTTs were performed in
6-month-old female p48-Kras mice and Kras control littermates on a ND.
Insulin response curve during GTT together with corresponding weight, fast-
ing glucose, and insulin values during the test are shown. (D) Glucose clear-
ance and insulin response curve during GTT in 6-month-old female p48-Kras
mice and Kras control littermates on the HFD are shown with corresponding
weight, fasting glucose, and insulin values during the test. Data are mean
values + SEM. n = 5-7 mice per genotype. *, P < 0.05.

we performed GTTs on 3-month-old mice on a HFD regimen
where the 2 genotypes showed no difference in body weight (Fig.
S5¢). Despite similar weights, p48-Kras mice at 3 months of age
remained significantly refractory to obesity-induced insulin resis-
tance (Fig. S5c), indicating a weight-independent cause for en-
hanced glucose tolerance in these mice.

Oncogenic K-ras expression takes place in all adult pancreatic
cells in p48-Kras mice. To confirm that the exocrine compartment
is responsible for the improved glucose tolerance observed in these
animals, we crossed K-ras mice to the Elastase“™ER line to generate
Elastase“*FR-K-rasSL-G12D/* mice (termed Ela-Kras), which have
been shown to effectively recombine acinar cells, but not endocrine
cells upon tamoxifen administration (13). Newly weaned mice
received 5 consecutive injections of tamoxifen to induce deletion of
the floxed cassette and were given the HFD at 4 weeks of age.
Although Kras and Ela-Kras mice at 3 months of age did not show
any difference in their glucose tolerance, at 5 months Ela-Kras mice
displayed significantly low fasting glucose levels (Fig. S6 a and b).
Moreover, during the GTTs, Ela-Kras mice required less insulin
than Kras littermates to control their increased blood glucose levels
and yet they still had lower glucose curves resembling p48-Kras
mice, however, to a lesser extent (Fig. S6b). This was the case
presumably because PanIN frequency and grade were significantly
lower in Ela-Kras mice (14) when compared to p48-Kras animals
at a similar age (Fig. S6c). These results demonstrate that exocrine
pancreas played a more crucial role during improved glucose
tolerance in p48-Kras animals.
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Fig. 3. HFD alters energy metabolism by aggravating pancreatic exocrine
insufficiency and TNFR1 deletion counteracts negative energy balance. (A and B)
Weight curves of p48-Kras mice and Kras control littermates on (A) a ND and (B)
a HFD. (C) Pancreatic exocrine insufficiency was determined by Oil Red O staining
of fecal specimens in p48-Kras mice on the HFD. (D-L) p48-Kras mice and control
littermates on the HFD were housed individually in cages over 5 days ad libitum
and (D) body weight, (E) food consumption, (F) energy uptake, and (G) feces
production were recorded. (H) Following dehydration, the energy content of
feces was measured by using bomb calorimetry. (/) Absolute metabolized energy
and (J) mass-specific metabolized energy were calculated on the basis of the
difference between total energy uptake and energy content of the feces. (K)
Food assimilation coefficient was calculated by % ratio of energy uptake to me-
tabolized energy. (L) Rectal body temperature was measured. (M-N) TNFR1~/~-
p48-Kras mice and TNFR1~/~-Kras control littermates on the HFD were housed
individually in cages over 5 days ad libitum and (M) feces production was re-
corded. (N) Following dehydration, feces energy content was measured by using
bomb calorimetry. (O) Weight curves of female TNFR1~/~-p48-Kras mice and
TNFR1~/~-Kras control littermates on the HFD. (P) Nonfasting plasma insulin
values for female TNFR1~/~-p48-Kras mice and TNFR1~/~-Kras control littermates
during the HFD regimen. (Q) Glucose clearance and insulin response curve during
GTT in 6-month-old female TNFR1~/~-p48-Kras mice and TNFR1~/~-Kras control
littermates on the HFD are shown with corresponding weight, fasting glucose,
and insulin values during the test. Data are mean values = SEM. n = 5-7 mice per
genotype. *, P = 0.05.

HFD Alters Energy Metabolism Dramatically by Aggravating Pancre-
atic Exocrine Insufficiency. To define how mice retained insulin
sensitivity, despite increased inflammation, we checked energy
metabolism in p48-Kras mice and littermate controls. p48-Kras
mice showed normal growth on the ND (Fig. 34). Even though
mice gained significant weight when kept on the HFD, p48-Kras
mice remained leaner at around week 12 (Fig. 3B). Importantly,
p48-Kras mice displayed pronounced weight loss thereafter, sug-
gesting that this resulted from advanced disruption of the pancreas.

Although substantial reduction in nutrient intake and increased
energy expenditure have been shown to play a significant role in
losing weight, malabsorption often seen in cancer patients contrib-
utes to negative energy balance (15). To check whether weight loss
in p48-Kras mice was the result of malabsorption, mice on the HFD
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were housed individually in cages over 5 days ad libitum and
alterations in energy uptake and loss were elucidated. Oil-Red-O
staining of stool specimens showed increased lipid excretion in
p48-Kras mice compared to littermate controls clearly indicating
pancreatic exocrine insufficiency on the HFD (Fig. 3C). Accord-
ingly, body mass remained significantly lower, although the daily
food consumption and the energy uptake in p48-Kras mice were
comparable to Kras controls (Fig. 3 D-F). On the contrary, the
amount of stool produced and the energy loss through excretion in
p48-Kras mice significantly exceeded that of controls (Fig. 3 G and
H). Even though the mass-specific metabolized energy tended to be
high, the food assimilation coefficient [% (metabolized energy/
energy uptake)| remained significantly lower (79% in p48-Kras
mice vs. 90% in controls) with no change in body temperature (Fig.
3 I-L). These results suggest that p48-Kras mice, similar to patients
with chronic pancreatitis (16-18), experienced profound steator-
rhea on the HFD.

In accordance with TNFa function in enhancing PanIN devel-
opment, TNFR1 deficiency led to attenuation of metabolic alter-
ations in p48-Kras mice (Fig. 3 M-P). Importantly, in contrast to
age- and gender-matched counterparts on the HFD that showed
significant weight loss (compare Fig. 3B) because of increased
pancreatic exocrine insufficiency, TNFR1 deletion in p48-Kras
mice corrected the negative energy balance (Fig. 3 M and N) and
the weight loss (Fig. 30), suggesting a role for TNFa« in pancreatic
exocrine insufficiency.

Moreover, although TNFRI1 deficiency significantly restored
nonfasting (compare Figs. 3P and 2B) and fasting insulin levels in
p48-Kras mice (compare Figs. 30 and 2D), TNFR1~/~-p48-Kras
mice continued to display improved glucose tolerance with low
postprandial insulin secretion on the HFD (Fig. 3Q), further
demonstrating insulin sensitivity in p48-Kras mice occurred inde-
pendent of weight changes.

HFD Enhances Metabolic Rates and Mitochondrial Fatty Acid -
Oxidation. To elucidate changes in energy expenditure during
enhanced PanIN development on the HFD, p48-Kras mice and
littermate controls were housed individually in metabolic chambers
for 24 h (12-h light cycle followed by 12-h dark cycle) and their
metabolic rates were analyzed by indirect calorimetry. Interestingly,
p48-Kras mice showed significantly increased O, consumption and
CO; production (Fig. 4 4 and B). Furthermore, they had decreased
respiratory exchange rate (RER: VCO,/VO,) (Fig. 4C) suggestive
of a shift toward fat utilization in these mice. Moreover, mice
displayed elevated thermogenesis (Fig. 4D). Overall p48-Kras mice
showed a 20% increase in their daily energy expenditure, suggesting
significantly increased metabolic rates during HFD-enhanced tu-
mor promotion.

To determine whether increased metabolic rates (Fig. 4 A-D)
were correlated with increased energy utilization in pancreas, we
monitored uptake of glucose analog, fluorine-18-labeled 2-deoxy-
2-fluoro-D-glucose (['®F]-FDG) with positron emission tomogra-
phy (PET). PET scan analysis in mice showed significant ['"8F]-FDG
uptake in tissues with increased energy demand and most impor-
tantly in the pancreas of p48-Kras mice (Fig. 4E). These results
suggested that the HFD exerted significant alterations in host and
tumor energy metabolism in p48-Kras mice.

To provide insight into the changes in energy metabolism at the
transcriptional level, gene expression analysis was used under a
different diet regimen in p48-Kras mice and controls (Fig. 5 A-D).
Among the mRNAs tested, genes encoding proteins involved in FA
uptake and oxidation were significantly altered in the p48-Kras
pancreata (Fig. 54). FA transport across the cell membrane,
determined by CD36 expression, was significantly increased in the
pancreas. Meanwhile, expression of carnitine palmitoyltransferase
la (CPTla), acyl-CoA oxidase (AOX), along with peroxisome
proliferator-activated receptor y (PPARYy) were significantly ele-
vated, mRNA levels for monounsaturated fatty acid stearoyl-CoA
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Fig.4. p48-Kras mice are hypermetabolic and display increased energy uptake
in the pancreas. (A-D) p48-Kras mice and Kras control littermates on a HFD were
housed in metabolic chambers and (A) VO, consumption, (B) VCO, production,
(Q) respiratory exchange rate (RER), and (D) heat production (HP) were measured
over 24 h (12-h light and 12-h dark cycle). (E) ['8F]-FDG uptake in p48-Kras mice
and control littermates was monitored by positron emission tomography (PET).
Data are mean values *= SEM. n = 4—-6 mice per genotype. *, P < 0.05.

(SteCoA) was left unaffected (Fig. 54). Moreover, analysis of
circulating levels of postprandial FFA in p48-Kras mice showed a
significant decrease (Fig. S7a), collectively suggesting increased FA
oxidation in these animals during enhanced tumor promotion.

Furthermore, PanIN development exerted secondary effects on
the peripheral tissues. Although FA transport was equally achieved
in both genotypes on the HFD, enzymes involved in FA oxidation,
in particular CPT1a and AOX were significantly elevated in the
liver only in the p48-Kras group (Fig. 5B). Moreover, SteCoA levels
were significantly decreased in both the livers and the muscles of
p48-Kras mice (Fig. 5 B and C). Importantly, expression of lipopro-
tein lipase (LPL) was reduced in the fat tissue of p48-Kras mice
(Fig. 5D) thereby implicating decreased capacity for lipid mobili-
zation in these animals.

To test whether altered mitochondria accompanied the meta-
bolic switch observed in gene expression analysis, liver and muscle
samples from p48-Kras mice were subjected to transmission elec-
tron microscopy (TEM). Electron micrographs revealed significant
changes in the ultrastructure of particular mitochondria in p48-Kras
mice, suggesting a secondary effect of pancreatic tumorigenesis in
the liver (Fig. 5E). In contrast to control littermates that had mostly
dense mitochondrial matrix and macrovesicular steatosis following
the HFD, hepatocytes from p48-Kras animals displayed enlarged
mitochondria with hypodense matrix and disrupted cristae. Inter-
estingly, however, the changes were restricted only to the liver, while
muscle mitochondria did not reveal any ultrastructural difference
(Fig. S8). Moreover, these changes in the ultrastructure were not
simply the result of increased damage because the liver transami-
nases, ALT and AST, remained normal and significantly lower in
p48-Kras mice (Fig. 5F). These data suggest significant cross talk
between the pancreas and liver during tumorigenesis.

PNAS | March3,2009 | vol. 106 | no.9 | 3357

MEDICAL SCIENCES


http://www.pnas.org/cgi/data/0802864106/DCSupplemental/Supplemental_PDF#nameddest=SF7
http://www.pnas.org/cgi/data/0802864106/DCSupplemental/Supplemental_PDF#nameddest=SF8

Lo L

P

1\

BN AS PN AN D

m Kras
A PANCREAS B pés-Kras

0,081CD3 6:CPT1a g,12,SteCoA, on* 0,016/ PARY

0,06 0,08 0,012

0,04 0,008

0, oz 0,04 0,004{ ,
0

CD36 0,6,CPT1a 0,6 SteCoA1 g AOX

04 12

08
| Y
0 0

C MUSCLE D FAT
CPTfa (g SteCOA AOX ,.LPL

0,06 0,6 0,6

0,04 04 0,4

002 02{ » 02
0

m TNFR1-~-Kras
G PANCREAS T TNFR1--pg-Kras
0,0161°D36, .03 CPT1a SteCoA

4
0,012
! 0,02 003
0,008 0 02 0,02
0,004 0, 01 « 0 01 0, 01
0

H uver
CD36 ,g,CPT1a g2 .SteCoA

Relative mRNA level

‘80
b
» L
2

TNFR1--p48-Kras S

Relative mRNA level

Fig. 5. Pancreatic exocrine insufficiency induces mi-
tochondrial B-oxidation. (A) Expression analysis of
genes involved in fatty acid uptake and B-oxidation in
the (A) pancreas, (B) liver, (C) muscle, and (D) fat tissue
of p48-Kras mice and Kras control littermates on a HFD
were measured by Real-Time PCR. (E) TEM pictures
showing pronounced ultrastructural changes (arrow-
head with a star) in hepatic mitochondria (arrowhead)
in p48-Kras mice and Kras control littermates on the
HFD. N, nucleus; L, lipid droplet. (F) Liver transami-
nases, ALT and AST, were analyzed in p48-Kras mice

0,04 1,2
0,6 0,16 ) . .
0,03 0,4 0,12 0,8 L H'ghfat Diet and Kras control littermates on the HFD. (G-J) Expres-
0,02 02 0,08 0,4 v sion analysis of genes involved in lipid metabolism in
0,01 004 Inflamma tl‘o‘ nTNFo (G) pancreas, (H) liver, (/) muscle, and (J) fat tissue of
0 0 0 ‘/ TNFR1-/~-p48-Kras mice and TNFR1~/~-Kras control lit-
. . ) termates on the HFD were measured by Real-Time PCR.
I Ngﬁ-ﬂf SteCoA 1 2. AOX ;'4 T_QI ‘Ihmu'pmmolglm Insul]l_nllesnstance (K) TEM pic.tures showing.ultrastructure of hepa_tic
0,04 0,03 ’ ) LY / mitochondria (arrowhead) in TNFR1~/~-p48-Kras mice
0,03 0,8 03 Pancreatic exocrire / on HFD. N, nucleus; L, lipid droplet. (L) Schematic draw-
0,02 02 insufficiency ; i i
0,02 04 g \ ing suggesting how the HFD enhances pancreatic tu-
0,01 0,01 ? 0,1 4 morigenesis. Data are mean values = SEM. N = 4-7
0 0 0 0 f-Oulitati mice per genotype. *, P < 0.05.

Although abrogation of TNFa signaling did not abolish increased
CD36 and CPTla expression, it increased SteCoA levels in the
pancreas (Fig. 5G). In contrast to the pancreas, TNFR1 deficiency
counteracted the increased CPTla and the decreased SteCoA
expression in the liver and muscles and the reduced LPL mRNA
levels observed in the fat tissue of p48-Kras mice (Fig. 5 H-J) and
the decreased postprandial FFA levels (Fig. S7b), suggesting sys-
temic effects for TNFa. Importantly, electron micrographs revealed
that the enlarged mitochondria with hypodense matrix and dis-
rupted cristae observed in p48-Kras mice were significantly
changed on the TNFR1~/~ background (Fig. 5K). These results
clearly indicate a major role for TNF« in subsequent development
of metabolic alterations in p48-Kras mice during HFD-associated
early tumor promotion.

Discussion

Inflammation is a major feature of several chronic human diseases,
including obesity and cancer (19). Importantly, HFD-induced
proinflammatory cytokine expression is extensively elucidated,
addressing macrophage activation as a crucial contributor to disease
development during obesity in mouse models (4). Although in-
flammation has been independently linked to both disease moieties,
the role of HFD-induced low-grade inflammation during tumor
promotion has been underscored. Our findings raise the possibility
that at least one of the mechanisms through which a HFD is

3358 | www.pnas.org/cgi/doi/10.1073/pnas.0802864106

associated to enhanced PanIN development is inflammation. Dis-
ease progression is significantly hampered when mice are rendered
TNFR1 deficient, suggesting along with previous findings (20) that
low concentrations of TNFa produced by inflammatory cells during
a HFD could accelerate early tumor promotion.

One interesting finding in p48-Kras mice is that, in addition to its
local paracrine/autocrine protumorigenic action, TNFa employs
systemic effects on energy metabolism in various ways. First,
TNFR1 deletion counteracts pancreatic exocrine insufficiency and
restores the negative energy balance back to ND levels. This
suggests a possible direct involvement of TNFa during development
of pancreatic exocrine insufficiency, which needs further investiga-
tion using cell-type specific abrogation of TNFR1 signaling. Second,
ablation of TNFR1 signaling normalizes adipose tissue mRNA
levels of LPL, suggesting a further role for TNFe in lipid mobili-
zation. This is in accordance with previous findings showing TNF«
promotes fat wasting in cachexia by suppressing LPL gene expres-
sion (21). Finally TNFR1 deficiency abolishes the ultrastructural
changes observed in hepatic mitochondria in p48-Kras mice im-
plying a role for TNFa in cross talk between pancreas and periph-
eral tissue energy metabolism. Interestingly, there is a bulk of
evidence suggesting pancreatic exocrine insufficiency (because of
chronic pancreatitis or pancreatic cancer) exerts indirect effects on
liver function via a rise in circulating cholecystokinin to pancre-
ozymin levels (22). Because glucose and lipid metabolism are
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critical in supplying energy to extrahepatic tissues and all pancreatic
secretions end up in hepatic blood flow, certain modifiers arising
from the pancreas during a HFD could possibly modulate energy
status in p48-Kras animals. Furthermore, malabsorption could lead
to some specific nutrient deficiency, which could contribute to the
overall metabolic effects.

Strikingly, p48-Kras mice on a HFD show accelerated tumor
promotion in the absence of increased insulin resistance. Although
it is well established that TNFa drives cachexia by inhibiting lipid
storage and promoting FA release and it also leads to insulin
resistance (12, 21, 23, 24), interestingly p48-Kras mice with PanIN
lesions do not respond to elevated TNFa levels with insulin
resistance. This discrepancy is explained by profound changes in
energy metabolism. Concurrently aggravating tumor promotion,
chronic inflammation and fibrosis destroys pancreatic exocrine
tissue thereby augmenting inadequate delivery of digestive enzymes
in the prandial and postprandial state. Interestingly, p48-Kras mice
on a HFD, similar to patients with chronic pancreatitis, experience
steatorrhea. This state of negative energy balance is counteracted
by a profound increase in mitochondrial FA B-oxidation, which
presumably coincides with increased need in processing fat caused
by both a defect in storage and an increased demand for energy
production in p48-Kras mice. It is important to note that increased
energy consumption is characteristic of malignant cells and is
closely associated with enhanced energy production from B-oxida-
tion and glycolysis, the 2 major metabolic pathways in cancer (25,
26). It is possible that elevated metabolic rates and increased energy
uptake correlate well with malignant transformation in p48-Kras
mice. However, while the notion that increased energy metabolism
possibly enhances tumor promotion in these animals is not only
intriguing but conceivable because FA B-oxidation generates more
ATP than carbohydrates and constitutes the dominant bioenergetic
pathway in cancer (25, 27), on the other hand, elevated B-oxidation
results in decreased FA levels in the circulation. It is well known that
FFAs significantly impair insulin signaling and a decrease in FFA
levels enhances glucose uptake (28, 29). Our results suggest that
B-oxidation primarily induced to counteract increased energy de-
mand because of negative energy balance accounts for the protec-
tion against HFD-induced insulin resistance and steatosis and for
the enhanced glucose tolerance during GTTs in p48-Kras mice.
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Thus, these results provide significant evidence on how mice with
enhanced PanIN lesions, despite chronic inflammation, do not
develop insulin resistance. On the other hand, this does not rule out
a causal role for insulin resistance in human pancreatic tumorigen-
esis as it has been suggested previously (2).

Collectively, our results define a context-specific function for
TNFa, both its proinflammatory and lipolytic nature during obesity
and suggest a model (Fig. 5L) in which TNF« plays a major role not
only because of its local effect directly on tumor promotion and
pancreatic exocrine insufficiency but also through its systemic effect
on energy metabolism.

Materials and Methods

Mice. LSL-K-ras@'20/* mice (10) were crossed to p48-Cre (30) and Elastase-CreER
(13) animals to generate mice with pancreas-specific (p48-Kras) and acinar-
specific (Ela-Kras) activation of oncogenic K-ras. Mice were on mixed C57BL/6;129
background. p48-Kras mice were further crossed to TNFR1-deficient animals
(initially obtained from the Jackson Laboratory and bred on mixed C57BL/6;129
background). Animals were housed under regular conditions (12-h light/dark
cycle) and fed either on standard rodent chow or a high-fat diet (Research Diets).
Mice underwent a HFD regimen at 6 weeks of age. Blood samples were collected
for assessment of insulin (Crystal Chem), leptin (Crystal Chem), cytokines (eBio-
science), FFA (WAKO), and TG (Sigma) levels according to manufacturer’s instruc-
tions. Apoptotic rate was determined by TUNEL assay (BD Biosciences). All exper-
imental procedures were approved by the Regierung von Oberbayern.

The methods used for measurement of glucose tolerance, direct and indi-
rect calorimetry, fecal lipid content, and application of TEM, PET, various
stainings, and RNA analysis are described in the S/ Materials and Methods.

Statistical Analysis. Data are expressed as mean values + SEM. Differences were
analyzed by Student’s t test. P-values = 0.05 were considered significant.
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