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1. Introduction
Recent trends in the world food economy as a result of 
industrialisation, economic development, and market 
globalisation have contributed to rapid changes in lifestyle 
and dietary patterns, for example, increased consumption 
of energy-dense diets high in lipids, particularly saturated 
fat and cholesterol (WHO, 2003). Because of these 
changes, chronic noncommunicable diseases are becoming 
significant causes of death in both developing and 
developed countries (WHO, 2003). A well-documented 
case is cardiovascular disease; coronary artery disease risk 
is strongly related to increased low density lipoprotein 
(LDL) cholesterol levels (Fernández et al., 2008; Smith et 
al., 2014). A number of food components can raise LDL 
cholesterol, including saturated fatty acids (SFA), trans-
unsaturated fatty acids, and, to a lesser extent, cholesterol 
(Krauss et al., 2001). The World Health Organization 
(WHO) currently attributes one-third of all global deaths 
(15.3 million) to cardiovascular diseases (WHO, 2003), 

which probably explains why most studies about Western 
diet and the influence of dietary fats on human health 
have focused on these particular pathological processes in 
detriment of other systems like the gastrointestinal system.

It is well known that the exocrine pancreas adapts to 
dietary constituents. Studies by our group (Ballesta et al., 
1990; López-Palomo et al., 1997; Díaz et al., 2003; Martínez 
et al., 2004) and other authors (Snook et al., 1971; Sabb et 
al., 1986; Flores et al., 1988; Wicker et al., 1990; Okada et 
al., 1993) have provided evidence for a clear influence of 
amount and type of dietary fat upon pancreatic enzyme 
content or secretion in different species. The mode of action 
of dietary fat is probably multifactorial. A first option 
involves an effect on hormonal mediators. Pancreatic 
enzyme synthesis and secretion is regulated by a complex 
integration of stimulatory and inhibitory hormones whose 
plasma levels are modified by dietary fat (Serrano et al., 
1997; Yago et al., 1997). A second, more direct mechanism 
has been subsequently suggested by our results showing 

Abstract: Despite the well-known cardiovascular effects of an atherogenic diet, there are no data relating to its effect on the exocrine 
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that chronic intake of diets containing different fats can 
change the responsiveness of the pancreas to pancreatic 
secretagogues such as cholecystokinin or acetylcholine, 
in association with profound modification of pancreatic 
membrane lipid composition (Yago et al., 2004, 2006).

A large increase in dietary fat intake between 1968 
and 1998 has been observed all over the world. Intake 
largely exceeds the level of 30% of total calories, with SFA 
providing more than 10% of total energy in many regions 
of North America and Europe (WHO, 2003). Fast-food 
consumption, a growing component of the world “global” 
diet, is strongly and positively associated with intake of 
saturated fat and cholesterol (Paeratakul et al., 2003; Song 
et al., 2005). For these reasons, and because no one has 
examined this topic before, it was pertinent to determine 
the effects a diet high in saturated fat and cholesterol, the 
hallmark of a Western diet, on the exocrine pancreas. 

To achieve our objectives, twelve New Zealand rabbits 
were fed on a diet rich in lard (3%) and cholesterol (1.3%). 
This is a widely used model for atherosclerosis (Quiles et 
al., 2002), but there are no data on changes in the pancreas 
of this animal model. After feeding rabbits for over 50 
days with the experimental or commercial chow diet, we 
examined protein and enzyme contents of the pancreas. 
Furthermore, given that both cholesterol and fatty acids 
are major determinants of membrane and cell function, 
the composition of pancreatic cellular and subcellular 
membranes was also determined.

2. Materials and methods
2.1. Materials
Unless otherwise stated, chemicals and solvents of the 
highest quality available were all purchased from Sigma 
(St Louis, MO, USA), Merck (Darmstadt, Germany), and 
Panreac Química S.A. (Barcelona, Spain). 
2.2. Animals, diets, and experimental design 
Twelve male New Zealand rabbits (animal farm at 
the University of Granada) weighing 3.3–3.5 kg were 
randomly divided into two groups of six animals each and 
housed one per cage with an environmentally controlled 
atmosphere (22 °C) and a 12-h light/dark cycle. Drinking 
water was available ad libitum throughout the study, and 
food intake for each animal was standardised to 150 g/
day. One group, which served as control (group C), was 
fed for 50 days with a standard chow diet (Panlab S.L., 
Barcelona, Spain) composed of 13.5% protein, 3% fat, 
50% carbohydrates, 15.5% fibre, 7% minerals, and 11% 
water. The other group (high cholesterol and lard group, 
group HCHOL) was fed over the same period with a diet 
containing 95.7% Panlab standard chow, 3% lard, and 1.3% 
cholesterol (Abbott Laboratories S.A., Granada, Spain). 
Total fat content of the HCHOL diet was 7.2% (including 
added cholesterol). The fatty acid composition of the diets 

(Table 1) was determined by gas–liquid chromatography, 
as described later, for the membrane fractions. Diets were 
kept in darkness at 4 °C until used to avoid peroxidation. 
Rabbits were clinically examined and weighed weekly. The 
animals were handled according to the guidelines of the 
Spanish Society for Laboratory Animal Sciences and killed 
humanely. All procedures were approved by the ethical 
committee of the University of Granada. 
2.3. Sample collection 
At the end of the feeding period, overnight-fasted rabbits 
were anesthetised with sodium pentothal (16 mg/kg body 
weight) and exsanguinated from a cannulated carotid. All 
animals were sacrificed between 0900 and 1100 to avoid 
circadian effects. The pancreas was immediately excised 
and trimmed free of fat, connective tissue, and lymph nodes 
in cold saline solution (0.9% NaCl). The cleaned gland was 

Table 1. Fatty acid composition and total fat content of 
experimental diets.
 

C diet HCHOL diet

Fatty acid

14:0 0.62 1.04

16:0 20.27 22.71

18:0 6.43 9.28

16:1ω-7 0.86 1.35

18:1ω-9 28.08 30.04

18:2ω-6 34.49 28.45

18:3ω-3 2.64 2.25

20:4ω-6 0.15 0.14

20:5ω-3 0.16 0.14

22:6ω-3 0.33 0.32

SFA 29.21 35.18

MUFA 31.21 33.02

PUFA 39.58 31.80

ω-6 PUFA 36.20 28.74

ω-3 PUFA 3.38 2.68

Total fat content 3.0 7.2 a

C: control (standard rabbit chow); HCHOL: diet rich in 
cholesterol and lard. Fatty acid values are expressed as 
percentage of total fatty acids (mean values for four replicates). 
Total fat content is expressed as g/100 g diet. a This value 
includes added cholesterol (1.3 g). SFA: saturated fatty acids; 
MUFA: monounsaturated fatty acids; PUFA: polyunsaturated 
fatty acids.  
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blotted, weighed, and divided into fragments. One of them 
was used for immediate isolation of membranes, and the 
rest was frozen in liquid nitrogen and stored at –80 °C for 
further determinations.
2.4. Membrane isolation, lipid extraction, and fatty acid 
analysis
Plasma membranes and total microsomal fractions were 
isolated from gland homogenates by differential and 
sucrose gradient centrifugation (Meldolesi et al., 1971). 
Lipid extraction and fatty acid methylation was done in a 
one-step reaction as described by Lepage and Roy (1986). 
A gas–liquid chromatography system, model HP 5890 
series II (Hewlett Packard, Palo Alto, CA, USA) equipped 
with an automatic injector and a flame ionisation 
detector, was used to analyze fatty acids as methyl 
esters. Chromatography was performed using a capillary 
column impregnated with Sp(TM) 2330 FS (Supelco Inc., 
Bellefonte, Palo Alto, CA, USA) that was 60 m long, 32 
mm in inner diameter, and 20 mm thick.
2.5. Assays in pancreatic homogenates
Gland fragments were homogenised (60 mg tissue/mL 
buffer) with an ice-chilled Teflon-glass homogeniser. For 
amylase, lipase, and colipase, the homogenisation buffer 
was the same as the one later used in the corresponding 
enzyme assay. Amylase: 20 mM sodium phosphate and 
6.7 mM NaCl, pH 7.05. Lipase and colipase: 2 mM TRIS/
maleate; 150 mM NaCl; 1 mM CaCl2; and 4 mM sodium 
taurodeoxycholate, pH 7.50. For trypsin and chymotrypsin 
determinations, pancreatic fragments were homogenised 
in 200 mM potassium phosphate buffer, pH 7.60. Assay 
buffers for trypsin and chymotrypsin are described in the 
next paragraph. 

Amylase activity was measured by hydrolysis of a 
starch substrate and further measurement of the amount 
of maltose released, according to the technique of Noelting 
and Bernfield (1948) as modified by Hickson (1970). 
Results were expressed in units of activity as defined by 
the latter (Hickson, 1970). Lipase and colipase activity 
was assayed with a micro TT 2050 titrator (CRISSON, 
Barcelona, Spain) using tributyrin dispersed in bile salt 
according to a titrimetric method of Erlanson-Albertsson 
et al. (1987). Activity was expressed as units (µmol fatty 
acid liberated per min at 27 °C). Trypsin activity was 
measured, after activation with enterokinase, by pH-
stat titration using N-benzoyl-L-arginine ethyl ester as a 
substrate (Reboud et al., 1962). Trypsin assay buffer was 
5 mM TRIS; 40 mM NaCl; and 20 mM CaCl2, pH 7.90. 
Chymotrypsin activity was estimated, after activation with 
trypsin, by pH-stat titration using acetyl-L-tyrosine ethyl 
ester as a substrate (Reboud et al., 1962). Chymotrypsin 
assay buffer was 5 mM TRIS and 40 mM NaCl, pH 7.90. 
For both enzymes, trypsin and chymotrypsin, values are 
reported as units of activity (µmol substrate hydrolysed 

per min at 27 °C). 
Protein concentration in pancreatic homogenates 

was assayed according to Lowry et al. (1951). Results are 
expressed as mg/g pancreas.

Cholesterol levels in pancreatic tissue were measured 
by enzymatic colorimetric assay using a commercial kit 
(Boehringer Mannheim, Munich, Germany). The results 
are expressed as mg/g pancreas.
2.6. Calculations and statistical analysis 
The unsaturation index (UI) was calculated according 
to the formula: UI = (∑ (fatty acid content × number of 
double bonds))/total content of saturated fatty acids (SFA). 
Unless otherwise specified, the values presented in the 
text, tables, and figures are expressed as mean ± standard 
error. Differences between the dietary groups were tested 
for significance by the independent samples Student’s 
t-test (IBM SPSS, version 22.0, 2013), and P < 0.05 was 
considered statistically significant.

3. Results
3.1. Body and pancreatic weight
Initial values of body weight were similar in rabbits fed the 
high cholesterol and lard diet (group HCHOL: 3521 ± 35.9 
g, n = 6) and those given the standard chow (group C: 3375 
± 132.1 g, n = 6). However, after the experimental time, 
body weight was significantly lower in group HCHOL 
(3494 ± 80.2 g, n = 6) versus group C (3760 ± 151.9 g, 
n = 6). In fact, body weight in group HCHOL showed a 
slight decrease below the initial value (–27.7 ± 35.9 g, n 
= 6), whereas a marked increase (+385.6 ± 92.1 g, n = 6) 
was found in group C. Neither the absolute nor relative 
pancreatic weights were influenced by the experimental 
diets (Table 2). The macroscopic examination of the glands 
did not show evidence of pancreatic alteration in either 
group. 
3.2. Protein and cholesterol content in pancreatic 
homogenates
As shown in Table 2, no differences existed between the 
groups for pancreatic protein concentration. In contrast, 
feeding with the diet rich in cholesterol and saturated 
fat for 50 days was associated with greater values of total 
cholesterol in the pancreas compared with the standard 
chow (Table 2).  
3.3. Activity of pancreatic enzymes
For all enzymes determined, we calculated activity (U/g 
pancreas), specific activity (U/mg protein), and total gland 
activity (U/pancreas). Since the results revealed the same 
differences regardless of how they were expressed, we only 
show specific activity data. 
Pancreatic amylase activity was similar in groups C and 
HCHOL (Figure 1A). In contrast, feeding the rabbits diets 
high in cholesterol and lard resulted in values of lipase and 
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colipase activity significantly greater than those in chow-
fed animals (Figure 1B). Specific activity of the proteases 
trypsin and chymotrypsin was also higher in rabbits from 
group HCHOL, although statistical significance was only 
reached for chymotrypsin (Figure 1C).
3.4. Fatty acid composition of pancreatic plasma 
membranes
Fatty acids in pancreatic plasma membranes were markedly 
influenced by the diets (Table 3). Membranes of group C 
were characterised by significantly higher levels of total 
SFA as compared with group HCHOL. This was mainly due 
to the contribution of 16:0, since the percentages of 14:0 
and 18:0 were similar. Values for total monounsaturated 
fatty acids (MUFA) were higher in HCHOL membranes, 
which related to the more elevated proportion of 18:1ω-9 
in this group. In contrast, other MUFA, such as 14:1ω-5 
and 16:1ω-7, were significantly greater in the membranes 
of group C. The percentage of total polyunsaturated 
fatty acids (PUFA) and ω-6 PUFA in pancreatic plasma 
membranes was not influenced by the diets. However, 
intake of cholesterol and lard resulted in a significantly 
lower level of ω-3 PUFA in group HCHOL membranes 
due to a sharp decrease in 18:3ω-3. The composition of 

experimental diets affected the SFA/MUFA and SFA/
PUFA ratios, both of which were significantly higher in 
group C than in group HCHOL. 
3.5. Fatty acid composition of pancreatic microsomal 
membranes 
As shown in Table 4, there were no differences in all SFA 
and MUFA regardless of the diet. Compared with intake of 
standard chow (group C), consumption of the diet rich in 
cholesterol and lard (group HCHOL) evoked a significant 
decrease in 18:3ω-3 content, but this did not translate into 
significantly different levels of ω-3 PUFA. Nevertheless, it 
should be noted here that total PUFA, ω-6 PUFA, and ω-3 
PUFA were numerically lower (and SFA were numerically 
greater) in group HCHOL, which may explain the finding 
of a significantly lower unsaturation index in this group 
of rabbits.

4. Discussion
Recent changes in lifestyles are associated with consumption 
of high-lipid diets especially rich in saturated fat and 
cholesterol. In this report we show, for the first time, the 
effects of these diets on the exocrine pancreas by using 
rabbits fed a cholesterol- and lard-rich diet as a model.

Table 2. Pancreatic weight and content of protein and total cholesterol in rabbits after 50 days of feeding with different 
diets.

C HCHOL

Pancreatic weight (g) 2.802 ± 0.460 3.001 ± 0.410

Relative pancreas weight (pancreas weight/body weight) 7.703 104 ± 1.42 10–4 10.310 10–4 ± 2.11 10–4

Protein (mg/g pancreas) 7.754 ± 0.855 7.292 ± 1.229

Total cholesterol (mg/g pancreas)  0.021 ± 0.001* 0.183 ± 0.048

Group C was fed a standard rabbit chow; group HCHOL was fed a diet rich in cholesterol and lard. Data are expressed 
as mean ± standard error, n = 6 animals per group. *Statistical significance (P < 0.05) between groups. 

Figure 1. Pancreatic enzyme activity in New Zealand rabbits fed a standard chow (C diet) or a diet rich in cholesterol and lard (HCHOL 
diet) for 50 days. Values are expressed as mean ± standard error (n = 6 for both groups). *Statistical significance (P < 0.05) between 
dietary groups; (A) amylase specific activity; (B) lipase and colipase-specific activity; (C) trypsin and chymotrypsin-specific activity. 
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Substantial body weight gain occurred after 50 days 
in animals given the chow diet (group C), whereas body 
weight remained unchanged in rabbits fed on the high 
cholesterol and lard diet (group HCHOL). Initially, both 
control and HCHOL rabbits completely consumed the 
offered food and gained weight. However, for the last 
part of the study, mean body weight of HCHOL rabbits 
decreased in such way that at the end of the experimental 
period values returned to the initial ones. This can be 
due in part to the fact that during the last 1–2 weeks of 
the dietary period some HCHOL rabbits occasionally 
refused to eat the whole amount offered. However, other 
factors may have accounted for the observed weight 
loss. One of them is a moderate impairment of hepatic 
function evoked by cholesterol feeding, as indicated by 

previous results of our group (Aguilera et al., 2005) using 
the very same experimental model. We confirmed that 
livers from rabbits fed with the HCHOL diet developed 
steatohepatitis, characterised by mild-to-moderate 
neutrophilic and lymphocytic infiltration in association 
with intracytoplasmic lipid deposits, as well as moderate 
central vein sclerosis and pericentral spidery fibrosis 
(Aguilera et al., 2005). Our previous research (Aguilera 
et al., 2005) also showed that the molar percentage of bile 
acids in gallbladder bile was significantly lower in rabbits 
fed the HCHOL diet than in those fed the standard rabbit 
chow. This may have caused mild lipid malabsorption and 
contributed to weight loss in this group of animals.

Chronic intake of excessive amounts of dietary fat 
has been said to exert deleterious effects on pancreatic 

Table 3. Fatty acid profile of pancreatic plasma membranes in rabbits after 50 days of 
feeding with different diets. 

C HCHOL

14:0 3.02 ± 0.172 2.98 ± 0.105

16:0 34.85 ± 1.410* 30.71 ± 0.906

18:0 6.87 ± 0.342 7.32 ± 0.244

14:1ω-5 0.42 ± 0.016* 0.30 ± 0.046

16:1ω-7 5.79 ± 0.491* 4.43 ± 0.529

18:1ω-9 26.99 ± 0.597* 31.32 ± 0.479

18:2ω-6 14.45 ± 1.746 16.15 ± 0.800

18:3ω-3 1.23 ± 0.247* 0.74 ± 0.083

20:4ω-6 0.56 ± 0.047 0.70 ± 0.098

20:5ω-3 0.05 ± 0.012 0.05 ± 0.006

22:6ω-3 0.08 ± 0.011 0.07 ± 0.006

SFA 47.54 ± 1.774* 44.04 ± 0.808

MUFA 34.47 ± 0.679* 37.51 ± 0.269

PUFA 17.99 ± 1.963 18.46 ± 0.855

ω-6 PUFA 16.24 ± 1.774 17.12 ± 0.857

ω-3 PUFA 1.46 ± 0.226* 0.96 ± 0.067

SFA/MUFA 1.38 ± 0.056* 1.17 ± 0.023

SFA/PUFA 2.98 ± 0.497* 0.88 ± 0.016

Unsaturation index 1.56 ± 0.134 1.72 ± 0.066

Group C was fed a standard rabbit chow; group HCHOL was fed a diet rich in cholesterol 
and lard. Results are expressed as percentage of total fatty acids (mean ± standard error, 
n = 6 animals per group). *Statistical significance (P < 0.05) between groups. SFA: 
saturated fatty acids; MUFA: monounsaturated fatty acids; PUFA: polyunsaturated fatty 
acids.
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morphology and physiology in rats (Chowdhury et al., 
2000). Moreover, the effects of dietary fat on pancreatic 
cancer are controversial; increased risk with saturated 
fat and cholesterol has been communicated in some 
epidemiological studies (Lin et al., 2005) but not in 
others (Nothlings et al., 2005). In our study, all pancreata 
looked macroscopically normal, and protein content was 
comparable in both groups. Gland weight and protein 
data confirm the absence of hypertrophy/hyperplasia 
in rabbits fed the HCHOL diet, which is consistent with 
previous experimental work showing that saturated-fat–
rich diets do not initiate nor promote pancreatic tumours 
(Roebuck et al., 1981; Jacobs, 1983). In addition, the 
current results suggest that the pancreas of rabbits given 
lard and cholesterol displays a greater resistance towards 

the development of lesions than do other organs of the 
same animals (Aguilera et al., 2005).

The lipid membrane composition influences its 
organisation and properties, so it is not surprising that 
disorders in transport and lipid metabolism have a decisive 
role in human disease (Maxfield and Tabas, 2005). 

Differences in the fatty acid profiles of rabbit pancreatic 
plasma membranes confirmed that all rabbits adapted to 
changes induced by experimental dietary lipids. Compared 
with the standard chow, intake of the high-cholesterol 
and lard diet resulted in a significant decrease in SFA 
(due to 16:0) and a significant increase in MUFA (due to 
18:1ω-9). Similar results have been described in hepatic 
mitochondria using the same animal model (Aguilera et 
al., 2003). In our study, a slightly higher level of 18:1ω-9 in 

Table 4. Fatty acid profile of pancreatic microsomal membranes in rabbits after 50 days 
of feeding with different diets.

C               HCHOL

14:0 2.47 ± 0.193 2.75 ± 0.112

16:0 29.58 ± 0.942 32.20 ± 0.902

18:0 9.05 ± 1.037 8.56 ± 0.496

14:1ω-5 0.30 ± 0.063 0.31 ± 0.010

16:1ω-7 4.99 ± 0.421 3.52 ± 0.418

18:1ω-9 27.17 ± 1.091 29.29 ± 1.117

18:2ω-6 16.64 ± 1.368 15.64 ± 0.378

18:3ω-3 1.01 ± 0.120* 0.55 ± 0.127

20:4ω-6 1.30 ± 0.257 1.31 ± 0.222

20:5ω-3 0.27 ± 0.041 0.41 ± 0.090

22:6ω-3 0.31 ± 0.028 0.21 ± 0.045

SFA 44.63 ± 1.418 45.83 ± 1.440

MUFA 34.12 ± 1.315 34.35 ± 1.527

PUFA 21.25 ± 1.417 19.99 ± 0.618

ω-6 PUFA 18.91 ± 1.428 17.56 ± 0.647

ω-3 PUFA 1.93 ± 0.186 1.47 ± 0.186

SFA/MUFA 1.35 ± 0.099 1.31 ± 0.086

SFA/PUFA 2.16 ± 0.194 2.30 ± 0.107

Unsaturation index 2.19 ± 0.089* 1.76 ± 0.098

Group C was fed a standard rabbit chow; group HCHOL was fed a diet rich in cholesterol 
and lard. Results are expressed as percentage of total fatty acids (mean ± standard 
error, n = 6 animals per group). *Statistical significance (P < 0.05) between groups.
SFA: saturated fatty acids; MUFA: monounsaturated fatty acids; PUFA: polyunsaturated 
fatty acids.
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the HCHOL diet could explain, in part, the higher 18:1ω-9 
and MUFA proportions in pancreatic plasma membranes 
of HCHOL animals, although we should also consider 
other factors. The HCHOL diet had more (18:0), but this 
did not translate into increased incorporation of this fatty 
acid in plasma membranes of HCHOL group. Rather, 
our results suggest stimulation of 18:1ω-9 synthesis in 
the HCHOL group by induction of Δ9-desaturase. The 
HCHOL diet may induce this enzyme through increased 
cholesterol feeding (Muriana et al., 1992) and decreased 
18:2ω-6 intake (Ntambi, 1999). It is worth noting that the 
level of 18:2ω-6 in HCHOL rabbits was well preserved 
(and even tended to increase) in spite of the lower amount 
in the fat source, which may be explained by depressed 
Δ6-desaturase activity evoked by high cholesterol 
consumption (Muriana et al., 1992). Overall, the observed 
changes in the fatty acid composition of pancreatic plasma 
membranes of HCHOL animals may have occurred as 
part of a homeostatic mechanism to control membrane 
fluidity following overload of SFA and cholesterol. In 
previous experiments in rats, we found that pancreatic 
plasma membranes show a marked enrichment with those 
fatty acids most abundant in the diet (Yago et al., 2004, 
2006). This did not happen in the present study in rabbits, 
probably because of the above-mentioned compensatory 
mechanism. 

With only the exception of 18:3ω-3, the fatty acid 
composition of rabbit pancreatic microsomes was the 
same regardless of diet, which contrasts with a clear 
influence of diet upon plasma membrane. This different 
behaviour could be in relation to the amount of cholesterol 
incorporated by both types of membrane. 

Cholesterol is one of the most important regulators 
in said lipid organisation of cell membranes (Sullan et al., 
2010; Kraft, 2013), having developed complex mechanisms 
to maintain the levels of the molecule within a normal 
range. However, when these homeostatic mechanisms are 
outside of this control, as in the case of atherosclerosis, the 
consequences can be severe. Thus, different studies have 
demonstrated the molecular and cellular basis of membrane 
lipids disorders such as Alzheimer disease (Allinguant et 
al., 2014; Marshall et al., 2014) and atherosclerosis (Uyy 
et al., 2013; Cortes et al., 2014). Increases in cholesterol 
content promote cell signalling cascades and growth, 
inhibiting apoptosis in prostate cancer cells (Zhuang et al., 
2005). 

There is little in the literature addressing how changes 
in cholesterol content in acinar cell membranes affect the 
secretory activity of the exocrine pancreas after a high 
intake of cholesterol. In fact, cholesterol is necessary for the 
correct formation of zymogen granules in the acinar cells 
of the pancreas (Wang et al., 2000; Gondré-Lewis et al., 
2006). Cholesterol-deficient mouse models have exhibited 

a 30% decrease in the number of secretory granules 
and a deregulation of secretion, which is suggestive of 
an impaired secretory function (Gondré-Lewis et al., 
2006). Lippincott-Schwartz and Phair (2012) showed the 
influence of lipids and cholesterol on endomembrane 
trafficking.

Moreover, Hao et al. (2007) have shown results that 
support a possible link between high cholesterol and type 
2 diabetes. These authors showed that insulin secretion 
by pancreatic beta cells is directly affected by the levels of 
cholesterol in their membranes, crops C57BL/6J mouse. 
Too much cholesterol in the same plays a crucial role in 
pancreatic islet dysfunction. Bogan et al. (2012) show 
how cholesterol accumulation in crop secretory granules 
of pancreatic beta cells (MIN6) alters the size thereof, 
affecting their properties; this, in turn, can affect the 
pathophysiology of type 2 diabetes.

In our study, total cholesterol in pancreatic homogenates 
was significantly higher in rabbits fed the HCHOL diet 
than in those fed chow (C). Due to the low yield, we 
could not measure cholesterol in membrane fractions. 
However, most cellular free cholesterol (65%–80%) resides 
in the plasma membrane, whereas the endoplasmic 
reticulum (ER) is a cholesterol-poor organelle, commonly 
containing 0.1%–2% cellular free cholesterol (Prinz, 2002; 
Soccio and Breslow, 2004). This distribution persists 
after high cholesterol feeding, and only when the plasma 
membrane capacity to hold free cholesterol is exceeded 
does cholesterol activate the ER enzyme acyl-coenzyme 
A:cholesterol acyltransferase (ACAT) to form cholesterol 
esters which are then stored in the cores of cytosolic lipid 
droplets (Prinz, 2002; Soccio and Breslow, 2004). Our 
cholesterol and fatty acid results are consistent with the 
above “unequal” cholesterol distribution; if only the plasma 
membrane (but not the microsomes) has significantly 
increased its cholesterol content, it is then reasonable that 
only the plasma membrane (and not the microsomes) 
displays a fatty acid compensatory mechanism to keep 
membrane fluidity within physiological limits. 

Adaptation of pancreatic enzymes to dietary fat has 
been mostly examined in rats (Snook, 1971; Sabb et al., 
1986; Wicker and Puigserver, 1990; Okada et al., 1993; 
Diaz et al., 2003; Martinez et al., 2004), with less work 
conducted in other animal species (Flores et al., 1988; 
Ballesta et al., 1990; López-Palomo et al., 1997), and very 
little in humans (Emde et al., 1985; Yago et al., 1997); 
studies tackling this issue in rabbits are almost nonexistent 
(Borel et al., 1991). We show in the present study that intake 
of the experimental diets influences the enzyme content 
of rabbit pancreas. Feeding the animals with the diet 
rich in cholesterol and lard (HCHOL) evoked the typical 
adaptation of the exocrine pancreas to enhanced levels of 
dietary fat. Rat pancreatic lipase has shown an adaptive 
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response to increasing amounts of dietary fat consisting 
of stimulation of the synthetic rate and elevation of 
mRNA and enzyme levels (Snook, 1971; Sabb et al., 1986; 
Wicker and Puigserver, 1990). In rabbits, approximately 
doubling the amount of fat (6% versus 2.7%) did not 
modify pancreatic lipase activity after a 2-week feeding, 
but a significant enhancement was observed when the 
level of dietary fat was further increased to 12% (Borel et 
al., 1991). In the present study, feeding rabbits for 50 days 
with diets containing 5.9% triglycerides (HCHOL) instead 
of 3.0% (C) increased lipase activity in the pancreas 
significantly, supporting the view that adaptation of this 
enzyme depends on both the amount of fat and the length 
of the feeding period. 

This robust response of pancreatic lipase to the level 
of increased fat in the rabbit is greater than that reported 
in other species. In weanling rats, increasing the amount 
of fat in the diet from 5% to 23% (by weight) significantly 
elevated specific lipase activity. However, lipase was not 
stimulated at or below a threshold of 20% fat (Sabb et al., 
1986). Another important point is that, compared with 
rabbits, rats can be fed much higher levels of dietary fat (up 
to 32% by weight) without compromising growth (Sabb et 
al., 1986). 

Our results also show enhanced colipase levels in 
animals fed the HCHOL diet compared with those fed the 
standard chow diet. The response of colipase to high-fat 
diets is controversial. Some authors reported an increase 
in colipase activity and mRNA levels resulting from 
high-fat diets (Wicker and Puigserver, 1990; Okada et al., 
1993) and others reported no change (Saraux et al., 1982). 
It is interesting that the HCHOL diet increased both 
lipase and colipase in our study. Since optimal activity 
of lipase during triacylglycerol hydrolysis is obtained 
with a lipase:colipase (1:1) molar activity, our results can 
be viewed as a real mechanism to increase the lipolytic 
capacity of the pancreatic secretion of HCHOL rabbits in 
order to optimise fat digestion. 

Even though our two experimental diets had 
practically the same amount of protein (13.5% in chow 
versus 12.9% in HCHOL diet), chymotrypsin content in 
gland homogenates was higher in rabbits fed the HCHOL 
diet compared to group C animals. Similarly, earlier 
reports in rats and pigs showed that moderate elevations 
in dietary fat content result in a clear increase in the 
pancreatic activity of chymotrypsin (Snook, 1971; Flores 
et al., 1988). The physiological relevance of this change is 
unknown, but it illustrates the phenomenon that enzyme 
elevations evoked by changes in a dietary constituent 
are not necessarily limited to the enzyme responsible for 
digesting that constituent.     

Pancreatic amylase synthesis and content is typically 
enhanced when animals are fed a high-carbohydrate diet 

and reduced when carbohydrate is replaced with fat (Sabb 
et al., 1986; Snook, 1971). We were able to show only a 
slight, not significant attenuation in pancreatic amylase 
activity in HCHOL rabbits compared to control animals. 
Although lower than in the standard chow (50%), the still 
high carbohydrate content of the HCHOL diet (47.9%) 
may have been enough to maintain amylase activity in this 
group. 

The diet rich in cholesterol and lard used in our study 
is known to produce in rabbits a combined hyperlipidemic 
state manifested as increased plasma cholesterol and 
triacylglycerols (Aguilera et al., 2005; Gonzalez-Santiago 
et al., 2006). Hypertriglyceridemia is an established cause 
of acute pancreatitis (Yadav and Pitchumoni, 2003) and 
so it could be argued that enzyme changes observed by 
us do reflect some pancreatitis-associated disturbances. 
However, while pancreatitis is characterised by altered 
pancreatic protein content with all major enzymes 
changing in the same direction, i.e. either increasing or 
decreasing (Rydzewska et al., 2001; Rakonczay et al., 
2003), the consensus of pancreatic adaptation studies is 
that the enzyme content changes according to a pattern, 
and that depends on the amount of the corresponding 
dietary substrate. For this reason we interpret our results 
as nonpathological, purposive adaptive changes to diet 
composition. 

In conclusion, we found that, as compared with a 
standard chow, feeding rabbits with diets enriched in 
cholesterol and saturated fat for 50 days influenced the 
enzyme content of the pancreas and the fatty acid profile 
of pancreatic plasma membranes, indicating an adaptation 
of the animal to the increased fat and cholesterol load. We 
also observed that the pancreas seems to display a greater 
resistance towards the development of lesions than do 
other organs such as the liver in this rabbit model.  

Despite the well-known cardiovascular effects of an 
atherogenic diet, there are no data relating to its effect 
on exocrine pancreas. This study shows for the first time 
the consequence of this eating pattern on the exocrine 
pancreas. Further research on the long-term effects of this 
diet is required. In addition, it would be interesting to know 
whether the changes in membrane composition induced 
by an atherogenic diet affect transport mechanisms, 
intracellular calcium homeostasis, enzyme secretion 
processes, and cellular signalling pathways. 
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