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tent and character may have important implications when 
considering the local pancreatic proinflammatory milieu in 
obesity. Metabolomic analysis is a valid, powerful tool with 
which to further define the mechanisms by which fat im-
pacts pancreatic disease. 

 Copyright © 2009 S. Karger AG, Basel and IAP 

 Introduction 

 The burgeoning obesity epidemic in the United States 
has focused a spotlight on the role of adipose tissue in the 
multiple pathologic effects of obesity  [1–4] . Adipose tis-
sue secretes a number of proteins collectively referred to 
as adipokines that are important modulators of metabo-
lism, inflammation and energy intake  [5] . Obesity leads 
to dysfunctional production of adipokines. Specifically, 
circulating concentrations of the proinflammatory adi-
pokine leptin are elevated, and those of the anti-inflam-
matory adipokine adiponectin are paradoxically de-
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 Abstract 

  Background:  Obesity is a worldwide epidemic and a signifi-
cant risk factor for pancreatic diseases including pancreatitis 
and pancreatic cancer; the mechanisms underlying this as-
sociation are unknown. Metabolomics is a powerful new an-
alytical approach for describing the metabolome (compli-
ment of small molecules) of cells, tissue or biofluids at any 
given time. Our aim was to analyze pancreatic fat content in 
lean and congenitally obese mice using both metabolomic 
analysis and conventional chromatography.  Methods:  The 
pancreatic fat content of 12 lean (C57BL/6J), 12 obese leptin-
deficient (Lep ob ) and 12 obese hyperleptinemic (Lep db ) mice 
was evaluated by metabolomic analysis, thin-layer and gas 
chromatography.  Results:  Pancreata of congenitally obese 
mice had significantly more total pancreatic fat, triglycerides 
and free fatty acids, but significantly less phospholipids and 
cholesterol than those of lean mice. Metabolomic analysis 
showed excellent correlation with thin-layer and gas chro-
matography in measuring total fat, triglycerides and phos-
pholipids.  Conclusions:  Differences in pancreatic fat con-

 Received: September 15, 2008 
 Accepted after revision: January 23, 2009 
 Published online: May 19, 2009 

 Nicholas J. Zyromski, MD 
 Department of Surgery, Indiana University School of Medicine 
 535 Barnhill Drive, RT 130 
 Indianapolis, IN 46202 (USA) 
 Tel. +1 317 274 5012, Fax +1 317 274 4554, E-Mail nzyromsk@iupui.edu 

 © 2009 S. Karger AG, Basel and IAP
 

 Accessible online at:
www.karger.com/pan 

 N.J.Z. and A.M. contributed equally to the preparation of the manu-
script. Presented at the American Pancreatic Association, Chicago, 
November 1–3, 2007. 

http://dx.doi.org/10.1159%2F000199436


 Metabolomics of the Fatty Pancreas Pancreatology 2009;9:410–419 411

creased. This imbalance results in a generalized proin-
flammatory milieu, which is manifest at the local level by 
increased tissue macrophage infiltration as well as by in-
creased production of the proinflammatory cytokines 
tumor necrosis factor- �  (TNF- � ), interleukin-6 (IL-6) 
and IL-1 �   [5, 6] . Fat infiltration of an organ is a known 
trigger for initiating this inflammatory cascade, with 
nonalcoholic steatohepatitis being a well-established ex-
ample of this phenomenon  [1, 7] .

  Clinical evidence also suggests that fat plays an impor-
tant role in the development of pancreatic disease. Obe-
sity is clearly a risk factor for increased severity of acute 
pancreatitis  [8–11] , and numerous well-controlled epide-
miological studies have linked obesity to an increased in-
cidence of pancreatic cancer  [12–15] . In addition, some 
experimental work has begun to address the mechanisms 
by which fat contributes to pancreatic disease. Recent 
data from our laboratory showed that obese Lep ob  mice 
have an elevated pancreatic fat content and increased 
baseline levels of the proinflammatory cytokines TNF- �  
and IL-1 �  relative to lean wild-type mice  [3] . In addition, 
obese leptin-deficient Lep ob  and obese hyperleptinemic 
Lep db  mice develop more severe pancreatitis than lean 
mice when subjected to cerulein hyperstimulation  [16] . 
Continuing investigation will be aided greatly by em-
ploying novel analytical techniques.

  Metabolomics is an exciting new analytical field in 
systems biology that uses sophisticated techniques such 
as mass spectrometry and nuclear magnetic resonance 
(NMR) spectroscopy to define the compliment of low 
molecular weight molecules present in cells, tissue or 
biofluids in a particular physiologic state  [17] . The me-
tabolome of a cell is the collection of downstream prod-
ucts of gene transcription, translation and post-transla-
tional protein modification. Thus, the metabolome may 
be considered a more accurate representation of the true 
cellular phenotype at any given time, and metabolomics 
represents a powerful analytical tool with which to iden-
tify cellular differences between discrete populations. 
NMR studies allow analysis of metabolites directly from 
the intact tissue. To date, no data exist regarding the 
pancreatic metabolome in lean or congenitally obese 
mice. Therefore, the aims of the current study were to 
describe the pancreatic lipid metabolome in lean and 
congenitally obese mice and to compare these results 
with those obtained by the conventional technique of 
lipid measurement using thin-layer and gas chromatog-
raphy.

  Materials and Methods 

 Animals and Diets 
 Twelve lean control (C57BL/6J), 12 obese leptin-deficient

(Lep ob ) and 12 obese leptin-resistant (Lep db ) female mice were ob-
tained from Jackson laboratory (Bar Harbor, Me., USA). At 8 
weeks of age, all mice were fed a diet composed of 25% fat (soybean 
and corn oil), 55% carbohydrate (sucrose and cornstarch) and 20% 
protein (caesin; Dyets Inc., Bethlehem, Pa., USA) for 4 weeks. Our 
laboratory has accumulated extensive baseline data under these 
experimental conditions. Animals were weighed weekly. All pro-
tocols for these animal studies were approved by the Indiana Uni-
versity Institutional Animal Care and Use Committee.

  Tissue Collection 
 At 12 weeks of age, after an overnight fast with water allowed 

ad libitum, the mice were sedated with isoflurane and anesthe-
tized with an intraperitoneal injection of xylazine (15 mg/kg) and 
ketamine (50 mg/kg). The animals were weighed and then under-
went laparotomy and total pancreatectomy. Pancreata were fro-
zen immediately in liquid nitrogen and preserved at –80   °   C for 
subsequent analysis by NMR (n = 6/strain) as well as by thin-lay-
er and gas chromatography (n = 6/strain). In addition, visceral fat 
was harvested from the left iliopsoas fat pad of each mouse and 
frozen at –80   °   C for subsequent analysis of lipid composition by 
thin-layer and gas chromatography.

  Metabolomic Analysis 
 Six pancreata from each group of mice (lean, Lep ob  and Lep db ) 

were analyzed by proton and phosphorus NMR using a CMX 400 
MHz wide-bore solid spectrometer (Chemagnetics-Varian, Palo 
Alto, Calif., USA). The spectra of the intact tissue were obtained 
at 10   °   C by magic angle sample spinning at 3,000 Hz to remove 
broadening of NMR signals caused by dipolar coupling or chem-
ical shift anisotropy.  1 H NMR spectra were obtained using either 
a single pulse sequence without water presaturation, the 1D-
 NOESY sequence with water presaturation during recycle delay 
and mixing time, or the Carr-Purcell-Meiboom-Gill pulse se-
quence with water presaturation.  31 P NMR spectra were obtained 
using a single pulse sequence. The resulting spectra were subject-
ed to principal component analysis (PCA) to identify the metabo-
lites with the highest variance among the different samples.

  Lipid Analysis by Thin-Layer and Gas Chromatography 
 Pancreatic lipid content was determined by thin-layer and gas 

chromatography as previously described  [2] . Briefly, lipids were 
extracted by the method of Folch-Lees. Individual lipid classes 
were separated by thin-layer chromatography using Silica Gel 60 
A plates and visualized by rhodamine 6G. In addition, total cho-
lesterol was analyzed by the method of Goldblatt et al.  [2] . An 
aliquot of the Folch extract was saponified with 1  N  KOH in 90% 
methanol. The nonsaponifiable sterol was extracted using hex-
ane, and total cholesterol was determined using gas chromatog-
raphy. The sodium salt of trimethylsilylpropionic acid, of known 
concentration, was used as a chemical shift as well as quantitative 
reference.

  Lipid Quantitation by NMR  
 Concentrations of the total fat, triglycerides and phospholip-

ids were determined by comparing the peak intensities of lipids, 
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triglycerides and choline signals, respectively, with the internal 
reference peak of trimethylsilylpropionic acid. The number of 
protons representing each peak was taken into account for the 
determination of the concentrations.

  Statistical Analysis 
 Statistical analysis was performed using Sigma Stat Statistical 

Software (Jandel Corp., San Rafael, Calif., USA). All data are ex-
pressed as the mean  8  SEM. Differences in animal body weight, 
pancreatic lipids and visceral lipids were tested for statistical sig-
nificance by ANOVA and the Tukey test where appropriate. For 
analysis of the metabolome, both  1 H and  31 P NMR data were Fou-
rier transformed using 4,096 data points, and the resulting spec-
tral data were subjected to principal component multivariate sta-
tistical analysis  [18]  using Pirouette software version 3.11 (In-
fometrix Inc., Pa., USA). A p value  ! 0.05 was considered 
statistically significant for all data analysis.

  Results 

 Animal Weight 
 As expected, both the Lep ob  and Lep db  obese mice 

weighed significantly more than the lean mice (47  8  1 
and  40   8   1  vs.  17   8   1  g; p  !  0.001). In addition, the 
 Lep ob  mice weighed significantly more than the Lep db  
mice (47  8  1 vs. 40  8  1; p  !  0.001).

  Metabolomic Analysis of Pancreatic Fat 
  1  H NMR Data and PCA.  Typical  1 H NMR spectra of 

the pancreas of lean, Lep ob  and Lep db  mice are shown in 
 figure 1 . Dramatic biochemical differences are evident 
among the 3 groups.  1 H NMR spectra of all tissues were 
dominated  primarily  by lipids. Specifically, much small-
er intensity phosphocholine –N-CH 3  signals (3.2 ppm) 
compared with lipid tail –CH 3  clearly indicate the pre-
dominance of triglycerides over phospholipids in both 
obese groups of mice. Not surprisingly, the water content 
was significantly lower in both obese groups compared 
with lean mice (p  !  0.001), though no differences existed 
in water content between the 2 groups of obese mice. As 
shown in  figure 1 b, PCA distinctly separates lean and 
obese (Lep ob  and Lep db ) mice based on metabolic chang-
es. The PCA loading plot is consistent with the results 
that lipids and triglycerides increase in obese mice where-
as phospholipids are higher in the lean mice.

   31  P NMR Data and PCA.   31 P NMR spectra and PCA of 
these data are shown in  figure 2 .  31 P NMR spectra in all 
tissues were dominated by resonances from inorganic 
phosphate (Pi), phosphomonoesters (PME) and phos-
phodiesters; these signals showed distinct differences 
among the 3 groups of pancreata. Specifically, both PME 
and Pi were higher in lean than in Lep ob  and Lep db  mice. 

The PCA analysis of these data showed a discrete cluster-
ing pattern in each strain, and the loading plot clearly 
indicates increased PME and Pi signals in lean mice com-
pared with the obese groups ( fig. 2 b).

  Total Pancreatic Fat  
  Chromatography.  The pancreatic total fat was elevated 

more than 2 fold in both obese groups of mice compared 
with lean mice (p  !  0.05). Although Lep db  mice had less 
total fat than Lep ob  mice, this difference was not statisti-
cally significant. Pancreatic total fat data quantitated by 
chromatography and metabolomics are shown in  fig-
ure 3 .

   Metabolomics (  1  H NMR).  Total pancreatic fat analysis 
by metabolomics demonstrated a pattern similar to chro-
matographic analysis with total fat being significantly el-
evated in both the obese strains of mice versus the lean 
mice (p  !  0.05). No significant differences existed be-
tween Lep ob  and Lep db  mice in total pancreatic fat, al-
though the pancreata of Lep db  mice had less total fat than 
those of Lep ob  mice.

  Triglyceride Analysis 
  Chromatography.  Pancreatic triglyceride content had 

a pattern similar to that of total pancreatic fat, showing a 
3- to 4-fold elevation in the pancreata of both obese 
groups versus those of lean mice (p  !  0.05). No significant 
differences existed between Lep ob  and Lep db  mice in pan-
creatic triglycerides, although the Lep db  mice had lower 
triglyceride levels than the Lep ob  mice. Triglyceride data 
quantified by both chromatography and metabolomics 
are shown in  figure 4 .

   Metabolomics (  1  H NMR).  The  1 H NMR analysis also 
showed that the pancreatic triglycerides were elevated in 
both obese groups of mice compared with lean animals 
(p  !  0.05). In addition, no significant differences in pan-
creatic triglyceride content were detected between Lep ob  
and Lep db  mice. Importantly, metabolomic analysis again 
corroborated the findings of conventional chromatogra-
phy.

  Phospholipid Analysis  
  Chromatography.  Interestingly, pancreatic phospho-

lipids were significantly lower in both obese strains of 
mice compared with the lean mice (p  !  0.05). Moreover, 
gas chromatography showed that the pancreata of Lep db  
mice contained significantly more phospholipids com-
pared with Lep ob  mice (p  !  0.05). Phospholipid analysis 
by both chromatography and metabolomics is shown in 
 figure 5 .
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   Metabolomics (  1  H NMR).  The observation by chroma-
tography that the pancreatic phospholipids were signifi-
cantly decreased in both obese strains of mice compared 
with the lean mice (p  !  0.05) was confirmed by metabo-
lomic analysis. However, the chromatography finding of 
elevated phospholipids in Lep db  mice compared with 

Lep ob  mice was not observed in the metabolomic analy-
sis.

  Free Fatty Acid Analysis 
  Chromatography.  Total free fatty acids and individual 

free fatty acid chains are shown in  table 1 . Both saturated 
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  Fig. 1.   a  Typical  1 H spectra of intact pan-
creas tissue samples from lean, Lep ob  and 
Lep db  mice. All the spectra were obtained 
using magic angle sample spinning NMR 
techniques and plotted with identical 
scales for direct comparison of various lip-
ids in different animal models. As can be 
seen from the spectra, triglycerides are 
higher in both Lep db  and Lep ob  compared 
with the lean mice by nearly an order of 
magnitude. On the other hand, phospho-
lipids are higher in lean mice compared 
with Lep db  and Lep ob  mice (peak labeled as 
choline is a marker of phosphatidylcho-
line).  b  Score plot obtained from the PCA 
of the  1 H NMR (Carr-Purcell-Meiboom-
Gill) data of Lep db , Lep ob  and lean mice. 
Both Lep db  and Lep ob  show distinctly sep-
arate clusters from the lean, indicating sig-
nificant metabolic differences between 
obese and lean mice. The loading plot 
along PC1 direction indicates that lipids 
and triglycerides increase in obese mice 
(upward peaks), whereas the phospholipid 
content is higher in lean mice (downward 
peak). 
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  Fig. 2.   a   31 P NMR spectra of pancreas tis-
sue from lean, Lep ob  and Lep db  mice. All 
spectra were obtained using magic angle 
sample spinning NMR techniques and 
plotted with identical scales for direct 
comparison of various phosphorus metab-
olites in different animal models. From the 
comparison of peak intensities, it can be 
seen that PME, phosphodiester (PDE) and 
Pi are higher in the lean than in Lep ob  and 
Lep db .  b  Score plot obtained from the PCA 
of the  31 P NMR data of Lep db , Lep ob  and 
lean mice. Both Lep db  and Lep ob  show dis-
tinctly separate clusters from the lean, in-
dicating significant metabolic differences 
between obese and lean mice. The loading 
plot along the PC1 direction indicates that 
the phosphorus metabolites are higher in 
lean compared with obese mice (upward 
peaks). 
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and unsaturated free fatty acids were significantly elevated 
in pancreata of obese groups compared with their lean 
counterparts (p  !  0.05). However, saturated fatty acids 
were significantly elevated only in Lep db  mice (p  !  0.05). 
In addition, palmitic acid was the most abundant satu-
rated free fatty acid chain in all 3 strains. Palmitic acid 
followed the same pattern as saturated free fatty acids be-
ing maximally elevated in the pancreata of Lep db  mice (p  !  
0.05). The most abundant unsaturated free fatty acid was 
oleic acid which was elevated in both obese strains versus 
the lean mice (p  !  0.05); no significant difference in oleic 
acid concentration existed between the obese strains.

  Total Cholesterol and Cholesterol Ester Analysis  
  Chromatography.  Pancreatic total cholesterol was sig-

nificantly elevated in lean mice (2.2  8  0.1  � g/mg) versus 

Table 1. Total and individual free fatty acid chains by chromatog-
raphy (�g/mg pancreatic tissue)

FFA chains Lean Lepob Lepdb

Total FFA 2.880.2 4.380.1a 5.280.3a

Saturated FFA 1.280.1 1.480.2 1.880.2a

Unsaturated FFA 1.680.1 2.980.4a 3.580.2a

Myristic (14:00) 0.0580.01 0.180.01a 0.180.08a

Palmitic (16:00) 0.980.1 1.180.1 1.480.1a

Palmitoleic (16:01) 0.280.02 0.680.07a 0.780.05a

Stearic (18:00) 0.380.02 1.280.03a 0.380.02b

Oleic (18:01) 0.880.08 1.380.15a 1.680.1a

Linoleic (18:02) 0.580.0 0.880.1a 0.880.0a

Arachadonic acid 0.180.01 0.180.02 0.280.01b

Values are the mean 8 SEM. FFA = Free fatty acid.
a p < 0.05 versus lean; b p < 0.05 versus Lepob.
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  Fig. 3.   a  Pancreatic total fat ( � g/mg pancreatic tissue) as mea-
sured by conventional chromatography and metabolomic (NMR) 
analysis. Both congenitally obese strains of mice have significant-
ly more fat than lean mice; good concordance between chromato-
graphic and metabolomic analysis is apparent.            b  Pancreatic tri-
glycerides ( � g/mg pancreatic tissue) as measured by convention-
al chromatography and metabolomic (NMR) analysis. Both 
congenitally obese strains of mice have significantly more triglyc-
erides than lean mice; again, good concordance between chro-
matographic and metabolomic analysis is apparent.  c  Pancreatic 
phospholipids ( � g/mg pancreatic tissue) as measured by conven-
tional chromatography and metabolomic (NMR) analysis. Both 
congenitally obese strains of mice have significantly lower phos-
pholipid concentrations than lean mice. Again, chromatographic 
and metabolomic results are similar.           
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both Lep ob  (1.3  8  0.1  � g/mg; p  !  0.05) and Lep db  (1.8  8  
0.2  � g/mg; p  !  0.05) mice. No significant difference ex-
isted between the obese strains. Additionally, no signifi-
cant differences existed across the strains for cholesterol 
esters (lean mice = 0.6  8  0.1, Lep ob  = 0.8  8  0.2 and
Lep db  = 1.0  8  0.3  � g/mg; p = 0.6).

  Total Cholesterol/Phospholipid Ratio 
 Across all 3 groups, no significant differences were ob-

served in the total pancreatic cholesterol/phospholipid 
ratio (lean mice = 0.1  8  0.0; Lep ob  = 0.1  8  0.0; Lep db  = 
0.1  8  0.0; p = 0.19).

  Visceral Fat Analysis by Chromatography 
 Visceral fat composition is shown in  table 2 .

  Visceral Triglycerides 
 As expected, visceral fat composition was dominated 

by triglycerides. The visceral fat triglyceride content was 
significantly elevated in both obese strains of mice com-
pared with their lean counterparts (p  !  0.001). However, 
no significant differences were seen in triglyceride levels 
between Lep ob  and Lep db  mice. The total triglyceride con-
tent (in  � g/mg tissue) was significantly greater in viscer-
al fat compared with pancreatic fat.

  Visceral Free Fatty Acids 
 Counterintuitively, total free fatty acids were decreased 

in the visceral fat of both obese Lep ob  (0.7  8  0.1  � g/mg) 
and Lep db  (1.1  8  0.1  � g/mg) strains compared with the 
lean mice (2.2  8  0.1  � g/mg; p  !  0.001). Saturated free 
fatty acids (lean mice = 0.7  8  0.1, Lep ob  = 0.2  8  0.0 and 
 Lep db  = 0.4  8  0.1  � g/mg) and unsaturated free fatty ac-
ids (lean mice = 1.5  8  0.1, Lep ob  = 0.5  8  0.1 and Lep db  = 
0.7  8  0.0  � g/mg) were similarly decreased in both obese 
strains of mice versus the lean mice (p  !  0.001).

  Other Lipid Groups 
 The preponderance of triglycerides in visceral fat sam-

ples interfered with the chromatographic analysis of the 
other lipid groups including phospholipids, cholesterol 
and cholesterol esters. Therefore, no data are available 
regarding the relative quantity of these lipid groups.

  Discussion 

 The major finding of these experiments was that pan-
creata of congenitally obese mice have significantly more 
fat and a different composition of fat (i.e. more triglycer-

ides and free fatty acids, and less phospholipids and cho-
lesterol) relative to lean wild-type mice. An equally sig-
nificant primary aim of this study was to validate the 
utility of the powerful new technique of metabolomics in 
this type of tissue analysis. Importantly, metabolomic 
analysis (by  1 H and  31 P NMR with PCA) correlated close-
ly with conventional gas chromatographic analysis in 
identifying pancreatic total fat, triglyceride and phos-
pholipid concentrations.

  Fatty infiltration into visceral organs leads to an in-
creased proinflammatory milieu with subsequent organ 
dysfunction. This process has been well documented in 
the cardiovascular system  [19] , kidney  [20] , gallbladder 
 [2]  and liver  [1, 7] . The molecular mechanisms by which 
this process occurs are beginning to emerge, exemplified 
by the progression from steatosis to steatohepatitis to fi-
brosis/cirrhosis and malignancy observed in the liver  [1, 
7] . It is intuitive that obesity will lead to a similar situa-
tion in the pancreas; however, documentation of this phe-
nomenon is less clear. 

  The association between obesity and pancreatic fat 
content has been shown both in human autopsy  [21, 22]  
and recent radiology studies  [23, 24] . Clinical studies 
have clearly shown that obesity leads to increased sever-
ity of acute pancreatitis  [8–11] , and obesity appears to 
confer an increased risk of developing pancreatic cancer 
 [12–15] . Our group has recently shown that increased 
pancreatic fat is associated with an increased risk of com-
plications after pancreatic surgery  [25] , and that congen-
itally obese (Lep ob  and Lep db ) mice develop more severe 
acute pancreatitis relative to lean wild-type mice  [16] . In-
terestingly, in the latter experiments, the volume of fat 
per se did not correlate with severity of pancreatitis, sug-
gesting that other factors such as alteration of the adipo-
kine milieu or differential fat composition play a signifi-
cant role in this pathological process.

Table 2. Visceral fat analysis by chromatography (�g/mg pancre-
atic tissue)

Lean Lepob Lepdb

Triglycerides 459832 613821a 663816a

Total FFA 2.280.1 0.780.1a 1.180.1a

Saturated FFA 0.780.1 0.280a 0.480.1a

Unsaturated FFA 1.580.1 0.580.2a 0.780a

Values are the mean 8 SEM. FFA = Free fatty acid.
a p < 0.001 versus lean.
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  The current experiments showed that both congeni-
tally obese groups of mice (Lep ob  and Lep db ) had signifi-
cantly more total pancreatic fat, triglycerides and free 
fatty acids than lean wild-type mice. This finding is im-
portant, as triglycerides and free fatty acids represent the 
‘toxic’ components of adipose tissue.

  Triglycerides compose the largest proportion of fat in 
the adipocyte, and triglyceride accumulation represents 
the necessary ‘first hit’ towards organ dysfunction in the 
well-described context of nonalcoholic fatty liver disease 
 [7] . As triglycerides accumulate, adipocyte size increases, 
leading to insulin resistance. Insulin resistance, in turn, 
promotes further triglyceride accumulation, as well as in-
creased production of the proinflammatory cytokine 
TNF- �   [26, 27] . Thus, this vicious cycle serves to aug-
ment the local inflammatory milieu.

  Free fatty acids represent a much smaller proportion of 
the total lipid pool. Despite their relative paucity, free fat-
ty acids (and particularly saturated free fatty acids) are 
critically important mediators of the proinflammatory 
milieu  [28–30] . Circulating free fatty acids, and specifi-
cally the saturated free fatty acid palmitate, correlate pos-
itively with concentrations of the proinflammatory cyto-
kine IL-6  [31] . In addition, animal models have shown that 
saturated free fatty acids preferentially upregulate the pro-
duction of proinflammatory cytokines (including TNF- �  
and IL-6) via mechanisms mediated in part through the 
Toll-like receptor 4/nuclear factor- � B pathway  [29, 31–35] . 
Furthermore, free fatty acids are an important source of 
reactive oxygen species through increased lipid peroxida-
tion  [36]  and correlate positively with increased plasma 
concentrations of the proinflammatory adipokine leptin 
 [30, 37] . Thus, our finding of increased triglycerides and 
free fatty acids in the pancreata of congenitally obese mice 
suggests that these components may play a significant role 
in enhancing the local proinflammatory milieu.

  In contrast to triglycerides and free fatty acids, both 
congenitally obese strains of mice had significantly less 
pancreatic phospholipids and cholesterol than lean ani-
mals. As both phospholipids and cholesterol are integral 
constituents of cell membranes, it seems likely that this 
observation is related to the overall increased fat volume 
and/or adipocyte size, with a relatively smaller propor-
tion of cell membrane material. It was interesting to note 
that there were no strain differences in the total choles-
terol/phospholipid ratio, suggesting that despite an over-
all increase in adiposity, membrane stability/fluidity re-
mained constant.

  As would be expected, visceral fat composition was 
dominated by triglycerides, which were significantly in-

creased in both obese strains of mice relative to lean mice. 
Interestingly, the total free fatty acid volume was signifi-
cantly lower in visceral fat of obese mice compared with 
lean animals. Further study will be necessary to see if this 
observation correlates with circulating free fatty acid 
content.

  The field of metabolomics is emerging as a powerful 
new analytical approach in systems biology. Metabolo-
mic analysis has been applied to toxicology studies, drug 
safety tests and disease detection (biomarkers). The cur-
rent study represents an early effort in applying metabo-
lomic analysis to the study of pancreatic disease, outside 
of 2 recent studies on pancreatic cancer  [38, 39] . Our 
findings validate the metabolomic methodology, as pat-
terns of total pancreatic fat, triglycerides and phospho-
lipid concentration showed excellent correlation with 
those obtained by conventional thin-layer and gas chro-
matographic analysis. However, the real power of metab-
olomic analysis in evaluating pancreatic disease is yet to 
be recognized. Advances such as  13 C NMR derivative 
analysis  [40]  promise to allow more accurate identifica-
tion of metabolites unique to a specific study population 
(i.e. the obese mouse that develops more severe pancre-
atitis than a lean animal), and therefore, direct investiga-
tive focus toward specific metabolic pathways that are al-
tered in the disease state of interest. The use of mass spec-
trometry especially in combination with NMR is highly 
promising in this direction  [41–43] .

  Conventional chromatography methods often involve 
very tedious sample preparation and analysis procedures. 
Moreover, chromatographic methods are often selective 
to a certain class of metabolites, and hence, different pro-
cedures need to be employed for the analysis of a broad 
range of metabolites in the biological samples. On the 
other hand, NMR spectroscopy detects all the metabo-
lites present in the samples, quantitatively and reproduc-
ibly. It is a high throughput analytical tool requiring less 
than 5 min per sample for the acquisition of the NMR 
data. Currently, NMR is the only technique available for 
profiling metabolites from intact tissue samples. There-
fore, NMR spectroscopy promises immense utility in the 
pathophysiology of the pancreas.

  In summary, these experiments demonstrate discrete 
differences in total fat volume and character in the pan-
creata of lean and congenitally obese mice. Obese mice 
had significantly greater pancreatic triglyceride and free 
fatty acid content, which may have important implica-
tions when considering the local proinflammatory mi-
lieu of the pancreas in obesity. In addition, this study 
highlights the utility of metabolomics-based analysis as 
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a powerful new analytic tool with which to define the 
precise mechanisms by which fat impacts pancreatic dis-
ease. Logical follow-up experiments include defining the 
pancreatic metabolome under various dietary conditions 
(i.e. low fat, high fat) as well as during pathological condi-
tions such as pancreatitis and malignancy.
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