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Pancreatic-like enzymes of microbial origin restore 
growth and normalize lipid absorption in a pig model 
with exocrine pancreatic insufficiency
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A b s t r a c t 

Introduction: The standard therapy for exocrine pancreatic insufficiency 
(EPI) is porcine-derived pancreatic enzyme replacement therapy (PERT). In 
the present study we tested a  new approach with a  mixture of pancreat-
ic-like enzymes of microbial origin (PLEM) in a 1-week efficacy study in EPI 
pigs. In addition to the conventionally used coefficient of fat and nitrogen 
absorption (CFA and CNA), parameters that more accurately reflect the nu-
tritional and health status, such as changes in the lipemic index (LI), plas-
ma triglyceride (TG) and non-esterified fatty acid (NEFA) levels, and somatic 
growth, were determined.
Material and methods: A PLEM dose containing 120 000 active lipase units, 
80 000 active protease units and 12 000 active amylase units (all from Sig-
ma, St. Louis, MO) was given as a powder, twice daily with a meal (40 g fat/
meal) to 8 EPI pigs for 7 days. Ten healthy pigs were used as a comparator.
Results: The PLEM enhanced fat and protein digestion, and reversed growth 
impairment in EPI pigs.  With treatment, CFA and CNA increased by 59% and 
43% (p < 0.05), respectively. Although fat and protein absorption were lower 
than in the comparator, the postprandial blood lipid profile was normal as 
in healthy pigs. The mucosal thickness significantly increased by 27%, 50% 
and 26%, in the proximal, middle, and distal jejunum (p < 0.05) with treat-
ment and resembled that of healthy animals.
Conclusions: Pancreatic-like enzymes of microbial origin  supported somatic 
growth and normalized the postprandial lipid profile. As a measure of effi-
cacy, postprandial LI, TG and NEFA are viable endpoints to be explored in 
human trials. 
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Introduction

Exocrine pancreatic insufficiency (EPI) is 
a chronic condition resulting from pancreatic dis-
ease and/or surgery in which compromised exo-
crine pancreatic function results in reduced pro-
duction and secretion of both digestive enzymes 
and bicarbonate. Exocrine pancreatic insufficiency 
is a major consequence of diseases that lead to 
the loss of pancreatic parenchyma (pancreatitis, 
cystic fibrosis (CF) or obstruction of the main pan-
creatic duct; decreased pancreatic stimulation, 
celiac disease) and/or the acid-mediated inacti-
vation of pancreatic enzymes (Zollinger-Ellison 
syndrome). In addition, gastrointestinal and pan-
creatic surgical resections (e.g. gastrectomy, duo-
denopancreatectomy, gastric bypass surgery) are 
frequent causes of EPI [1]. The major symptoms 
of EPI include steatorrhea, weight loss, fatigue, 
flatulence, abdominal distention, edema, and, in 
some cases, anemia. The most common symp-
tomatic complaint is diarrhea, which is frequently 
watery, reflecting the osmotic load received by the 
intestine. Weight loss and fatigue are common 
and may be pronounced, especially in patients 
with CF [2, 3]; however, patients may compen-
sate by increasing their caloric consumption, and 
as a result, weight loss from malabsorption may 
be masked. Edema may result from hypoalbumin-
emia caused by chronic protein malabsorption; 
loss of protein into the intestinal lumen can cause 
peripheral edema. With severe protein depletion, 
ascites may develop. Anemia resulting from mal-
absorption can be either microcytic (related to iron 
deficiency) or macrocytic (related to vitamin B12 
deficiency). Anemia may also be associated with 
the underlying disease causing EPI. For instance, 
iron deficiency anemia is often a  manifestation 
of celiac disease. Bleeding disorders are usually 
a  consequence of vitamin K malabsorption and 
subsequent hypoprothrombinemia. Ecchymosis 
usually is the manifesting symptom, though mele-
na and hematuria may occur on occasion [4]. 

The diagnosis of EPI is largely clinical. This con-
dition may go undetected, both because the signs 
and symptoms are similar to those of other mu-
cosal and luminal gastrointestinal diseases that 
may interfere with fat digestion and absorption 
and because the signs and symptoms of EPI in 
some cases may be obscured by dietary restric-
tions. A complete laboratory evaluation (including 
pancreatic function testing) is required not only to 
diagnose EPI but also to determine the extent of 
the malabsorption and assess the manifestations 
of the underlying disease, if present [4, 5]. Man-
agement of EPI is based primarily on pancreatic 
enzyme replacement therapy (PERT) but may also 
include lifestyle modifications and vitamin supple-
mentation as appropriate. Conventional treatment 

of EPI involves replacement of pancreatic enzymes 
with a pancreatic enzyme preparation from pigs. 
But despite high doses of pancreatic enzymes 
used during therapy, normalization of digestion 
does not often occur and only partial corrections 
of the malnutrition have been reported [6]. Recent 
studies on an EPI pig model have shown a strong 
deteriorative effect of EPI on brain function and 
morphology [7]. However, it was also demonstrat-
ed that enrichment of the diet with pancreatic-like 
enzymes of microbial origin (PLEM) restored mor-
pho-functional brain parameters [7–9]. Treatment 
of the malabsorption and gastrointestinal (GI) 
symptoms in EPI patients using the standard of 
porcine enzyme replacement therapy (PERT) is 
highly patient-dependent and only partially cor-
rects the symptoms [10]. Problems associated 
with these current PERT include poor enzyme 
delivery to the duodenum due to enteric coating 
formulations, fibrosing colonopathy, and batch-to-
batch impurity with the potential for viral contam-
ination, in addition to a high pill burden [11–13].

In light of the uncertainties and potential health 
risks for PERT, pancreatic-like enzyme replacement 
therapy (PLERT) is under development. Studies on 
humans using PLEM demonstrated significant im-
provements in coefficients of fat (CFA) and protein 
(CNA) absorption, together with good growth, and 
maintenance of nutritional status [14].

Since in human patients the fat digestion and 
absorption are the most crucial issues in patients 
with EPI, the aim of the study was to determine 
whether PLERT can produce any quickly measur-
able changes in blood parameters related to fat 
digestion and absorption. The main task was to 
explore whether PLERT can be as good as PERT in 
EPI treatment. In the current study we monitored 
postprandial changes in fat and protein absorp-
tion expressed as the lipemic index (LI), plasma 
levels of triglycerides (TG) and non-esterified fat-
ty acids (NEFA) as quickly measured parameters 
[15–17].

Material and methods

Animals and surgical procedures

The present study was carried out in strict ac-
cordance with the recommendations in the Guide 
for the Care and Use of Laboratory Animals of the 
National Institutes of Health. The protocol was ap-
proved (approval No. M124-09) by Malmö/Lunds 
district court upon the recommendation of the lo-
cal Lund University ethical committee. All efforts 
were made to minimize animal suffering. EPI was 
induced in 12 male pigs (breed: Swedish Landrace 
x Yorkshire x Hampshire) that were 10 ±4 weeks 
of age and weighed 10.0  ±1.1  kg. Typically, 3–5 
weeks after surgery pigs develop EPI with steator-



Pancreatic-like enzymes of microbial origin restore growth and normalize lipid absorption in a pig model with exocrine pancreatic insufficiency

Arch Med Sci 2, March / 2018 409

rhea and arrested growth even when fed a high-
fat diet (HFD) [15]. In addition, 10 non-operated 
healthy pigs of the same age and breed were in-
cluded as a comparator group. All pigs were cath-
eterized in the jugular vein a week before the start 
of the study for easy blood collection, and placed 
into individual collection cages for easy and accu-
rate feeding and collection of feces before any en-
zyme treatment and during the treatment periods.

Feeding

Following surgery and during the treatment 
periods, all pigs were fed a HFD twice daily (2% 
of body mass/meal) in the morning (8–9 a.m.) 
and in the evening (4–5 p.m.). The HFD consist-
ed of standard cereal-based pelleted feed (Växtill, 
Lantmännen, Sweden) enriched with 15% extra 
fat composed of 40% rape seed oil (“Rapsolja”, 
Karlshaman, Sweden), and 60% cream from cow’s 
milk (“Vispgrädde”, Lantmejerer, Sweden (40% fat 
content)) resulting in a final fat content of around 
18% [15]. Pigs were allowed to drink water ad li-
bitum. 

Study design

Eight pigs out of 12 operated were randomized 
for treatment with PLEM into two groups (first n = 3,  
second n = 5) and the 4 remaining EPI pigs were 
kept aside without treatment for histopathology 
analysis. Each animal served as its own control. 
Prior to PLEM dosing, pigs were placed into collec-
tion cages for a 7-day adaptation period followed 
by a 7-day control period where animals received 
no treatment. Thereafter, the EPI pigs were treated 
with PLEM for 7 days, followed by a 7-day wash-
out period. Similar to EPI piglets, 10 healthy pigs 
(not operated) were divided into two groups (first 
n = 4; second n = 6). These healthy pigs were kept 
in collection cages for a 7-day adaptation period 
followed by a  7-day control period with a  HFD. 
Food intake was measured daily, and body weight 
was measured at the beginning of each study 
phase. Twenty-four hour fecal samples were col-
lected on days 5, 6 and 7 of the control, treatment, 
and wash-out weeks. Blood was collected on the 
last day of the respective control and treatment 
weeks at the following time points: 1 h before the 
morning meal (basal), +30 min, 1, 2, 3, 4, 5, 6 and 
8 h after the meal. On the last day of the exper-
iment, the pigs were euthanized by intravenous 
injection of pentobarbital (Mebumal, Nordvace, 
Sweden). 

Administration of PLEM

A PLEM dose containing 120 000 active lipase 
units, 80 000 active protease units and 12 000 ac-
tive amylase units (all from Sigma, St. Louis, MO, 

USA) was mixed with 20 ml of drinkable yogurt 
(0.5% fat, Skane Mejerier AB, Sweden), and this 
mixture was administered twice daily, in the mid-
dle of the morning and evening meal. Once the 
PLEM yogurt mix was consumed, the pigs were 
given the remaining portion of their meal.

Sample analysis

Feed and 24 h fecal samples were collected for 
nutrient content and fecal balance measurements. 
After homogenization and weight determination, 
all samples were processed for fat and protein 
content using standard gravimetric [18] and 
Kjeldahl methods [19, 20] in a specialized labora-
tory (Eurofins, Lidkoping, Sweden). CFA and CNA 
measures were calculated as previously described 
[15]. Blood lipid profiles were analyzed for LI and 
NEFA using a turbidimetric procedure [15] and col-
orimetric kit (Wako Chemicals GmbH, Germany), 
respectively. Plasma TG and total cholesterol were 
measured at Medilab, Tarnaby, Sweden. 

Histology

After sacrification, samples of the proximal, 
middle and distal parts of the small intestine ob-
tained from 4 EPI and 4 healthy pigs were embed-
ded into paraffin, and stained with hematoxylin 
and eosin (H + E) according to the standard histo-
logical techniques. Analysis was performed using 
light microscopy (Olympus PROVIS [10×]) and the 
Image J 1.36 program (NIH, Bethesda, Maryland, 
USA). Mucosal thickness, defined as the distance 
from the muscularis mucosae to the top of the 
villus, was measured in 25–30 replicates for each 
part of the small intestine (mean of 60–100 mea-
surements for each segment). Goblet cells were 
counted per mucosal area in the proximal part of 
the small intestine from EPI pigs, EPI pigs treated 
with PLEM, and healthy pigs. 

Statistical analysis

All data were analyzed using the paired Student 
t-test, and one-way ANOVA multiple comparisons 
and the multiple comparisons with a  Bonferroni 
correction (Student-Newman Keuls test; Sigma 
Stat 2.0, Jandel Scientific, SIGMA Scan Pro, USA). 
Data are expressed as mean ± standard deviation 
(SD). Any difference was considered statistically 
significant if the p-value was less than 0.05. 

Results

Food consumption, lipid and protein 
digestion and somatic growth

Figure 1 shows the mean percent of CFA (%CFA) 
and CNA (%CNA) on days 5–7 during PLEM treat-
ment in EPI pigs compared to the EPI pigs and 
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healthy pigs. During PLEM therapy, CFA and CNA 
increased by 59% and 43% (p < 0.05), respectively.

This correlated with a 38% (p < 0.05) reduction 
in the 24-hour stool weight in EPI pigs obtaining 
PLEM mixture. The stool appearance changed 
from soft, fatty looking, to a more normal appear-
ance (data not shown). There were observed no 
changes in feed intake during the PLEM treat-
ment period compared to the non-treatment pe-
riod – all pigs consumed an amount of food equal 
to 4% of their body weight (280 g for EPI pigs, 
320 for EPI + PLEM and 600 for healthy pigs). 
The feed conversion rate (FCR) was calculated 
as the amount of feed consumed to gain 1 kg of 
body weight. In EPI pigs FCR was undefined since 
animals do not gain weight. In EPI pigs treated 
with PLEM the FCR value was 2.9 ±1. Thus, the 
FCR value after PLEM treatment was essentially 
improved and was close to the one observed in 
healthy pigs (2.0 ±0.2), and EPI pigs treated with 
Creon [20]. Body mass in the group of EPI pigs 
treated with PLEM increased by 9% compared to 
baseline (10.6 ±2.0 kg to 11.6 ±2.5 kg, p < 0.05). 
This increase was slightly below the 14% increase 
recorded in comparator healthy pigs (from 14.8 
±3.7 to 16.9 ±4.1 kg). Furthermore, the removal of 
PLEM during the wash-out period in the sub-co-
hort of 4 EPI pigs resulted in a body mass reduc-
tion (–0.22 ±0.16 kg).

Postprandial plasma lipid profile

After 1 week of PLEM treatment, significant dif-
ferences in LI were found between various sam-
pling points before and after a  meal in EPI and 
EPI + PLEM groups, and the postprandial LI curve 
of EPI pigs treated with PLEM resembled that of 
healthy pigs fed HFD (Table I). Lipemic index peak-

ed 3 h after a meal in PLEM-treated pigs, at a level 
similar to the LI peak in healthy pigs and signifi-
cantly higher than in untreated EPI pigs (Cmax: EPI 
+ PLEM 2.82 ±0.57 vs. healthy 2.10 ±0.65, EPI un-
treated 0.92 ±0.12; Table I). Comparable to LI, fast-
ing TG, NEFA and cholesterol levels were low and 
remained unchanged in EPI pigs after the morning 
HFD meal (Table I). However, after 1 week of PLEM 
treatment, postprandial changes in TG, NEFA, and 
cholesterol were observed. The mean TG level in 
EPI pigs fed a  HFD and PLEM doubled 2 h after 
the morning meal (Cmax 0.91 ±0.25 mmol/l), simi-
lar to that in healthy pigs (Cmax 0.73 ±0.07 mmol/l), 
and higher than that in untreated EPI pigs (Cmax 
0.54 ±0.11 mmol/l; Table I). The NEFA levels in 
PLEM-treated EPI pigs were comparable to the 
levels in healthy pigs, and peaked 2.5-fold above 
that of the untreated EPI pigs 3 h after a meal (EPI 
+ PLEM Cmax  0.25 ±0.10 mmol/l, vs. healthy Cmax 
0.19 ±0.06 mmol/l; EPI untreated Cmax 0.06 ±0.05 
mmol/l; Table I). 

Mean cholesterol levels increased in PLEM- 
treated EPI pigs during postprandial period to that 
of healthy pigs fed a HFD (EPI + PLEM 2.79 ±0.16 
mmol/l, vs. healthy 2.86 ±0.13 mmol/l, vs. EPI un-
treated; 2.27 ±0.23 mmol/l; Table I). 

Significant differences in the area under the 
curve (AUC) values were demonstrated for LI, TG, 
and NEFA in EPI pigs treated with PLEM mixture 
(Table I), these parameters didn’t differ signifi-
cantly from values recorded in healthy pigs.

Histomorphometric analysis

The length of the small intestine villi from the 
treated EPI pigs were not appreciably longer than 
of the villi of the EPI pigs (data not shown). How-
ever, the mucosal thickness significantly increased 
by 27%, 50% and 26%, in the proximal, middle, 
and distal small intestine in the EPI + PLEM pigs 
relative to the untreated EPI pigs, respectively  
(p < 0.05) (Figure 2, Table II). The analyzed sec-
tions of the small intestine of PLEM treated EPI 
animals were structurally similar to those seen in 
healthy pigs (Figure 2). In addition, morphometric 
analysis of the samples from proximal small intes-
tine demonstrated a 54% decrease in the number 
of goblet cells after 7 days of treatment (p < 0.05) 
(Figure 2, Table II). 

Discussion

Enteric-coated beads deliver enzymes poorly to 
the proximal duodenum and jejunum, where the 
majority of digestion of fats and proteins normally 
occurs [21]. Typically for PERTs, the standard ef-
ficacy measure is the percent change in fat and 
protein absorption. Interestingly, as a measure of 
efficacy, CFA and CNA have been inconsistent in 
patients with CF and EPI, but not in healthy indi-

Figure 1. CFA and CNA percentage in experimental 
animals at end of treatment week

CFA – coefficient of fat absorption, CNA – coefficient of 
nitrogen absorption, EPI group – pigs with pancreatic duct 
ligation (n = 4), EPI + PLEM group – pigs with pancreatic 
duct ligation and dietary supplementation with PLEM 
(pancreatic like-enzymes of microbial origin) for 7 days (n = 
5), Healthy group – pigs with intact pancreas (n = 6). Data 
are presented as mean ± SD. Different letters given with 
result bars describe significant differences when p < 0.05. 
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viduals. This is probably due to the wide range of 
steatorrhea, compromised gastrointestinal func-
tion, or improper stool collection in patients with 
EPI [21, 22]. Therefore, the quick measurement of 
postprandial lipids, as a novel approach to effica-
cy for PLEM, was the main objective of this study, 
rather than conventional CFA. This was coupled to 
evaluated changes in the small bowel mucosal ar-
chitecture, and determination of somatic growth.

The PLEM dose used in the study was based 
on previously published work with porcine pan-
creatic enzymes shown to improve digestibility 
in the same model of the pancreatic duct-ligated 
pigs [15, 16]. Each pig was administered a daily 
dose of 120,000 units of lipase with a mean daily 
fat intake of 54.2 ±31.9 g, which correlates to the 
suggested dose of 4000 lipase units/g of dietary 
fat in humans [23]. The PLEM-food mix was well 
tolerated. Treated pigs became more alert, play-
ful, and interactive, suggesting improvement in 
overall health (data not shown). This behavioral 

observation was similar to the observed behavior 
of healthy pigs, and very different from lethargic 
and cachexic untreated EPI pigs [7, 24]. 

Therapy diminished steatorrhea, reduced stool 
weight, and significantly increased, but did not 
normalize, CFA compared to healthy pigs. Similar 
to patients with CF and EPI, where patient-to-pa-
tient variations in CFA are pronounced, CFA mea-
surements taken at 72 h before treatment (14.7 
±27.8%) and during treatment (73.6 ±10.2%) were 
very different between EPI piglets and healthy pigs 
(92.6 ±1.2%). This suggests that malabsorption is 
not only the result of impaired secretion of pan-
creatic enzymes, but also the confounding effect 
of gut function, such as intestinal acidification, 
decreased bile salt concentration with improper 
micelle formation, reduced mucosal thickness, 
and epithelial dysfunction [15, 25–27].

It is well documented in healthy humans that 
after a HFD meal, 95% of dietary TGs are absorbed 
by the intestine [28]. Thus, the efficacy of PLEM 

Table I. Postprandial blood lipid profile in experimental animals at end of treatment week

Variable Basal 30 min 1 h 2 h 3 h 4 h 6 h 8 h AUC

Lipemic index:

EPI 0.90 
±0.06

0.73 
±0.08*

0.75 
±0.07*

0.83 
±0.10*

0.92 
±0.12*

0.71 
±0.05*

0.73 
±0.34*

0.70 
±0.21*

6.37 
±0.71*#

EPI + PLEM 1.10 
±0.18

1.20 
±0.27

1.54 
±0.46

2.41 
±0.33

2.82 
±0.57

2.34 
±0.54

1.62 
±0.22

1.66 
±0.35

14.89 
±0.95*

Healthy 0.98 
±0.13

1.01 
±0.17

1.20 
±0.29

1.85 
±0.41

2.10 
±0.65

1.75 
±0.48

1.61 
±0.45

1.31 
±0.23

12.86 
±0.43

TG concentration [mmol/l]:

EPI 0.41 
±0.12

0.44 
±0.13

0.45 
±0.13

0.54 
±0.11*

0.53 
±0.04*

0.43 
±0.13

0.42 
±0.09

0.55 
±0.17

3.6 ±0.1*

EPI + PLEM 0.43 
±0.09

0.05 
±0.07

0.76 
±0.16*

0.91 
±0.25

0.75 
±0.11

0.65 
±0.11

0.50 
±0.10

0.51 
±0.11

5.1 ±0.5

Healthy 0.35 
±0.15

0.32 
±0.15

0.39 
±0.04

0.73 
±0.07

0.65 
±0.05

0.57 
±0.09

0.48 
±0.08

0.35 
±0.13

3.8 ±0.7

NEFA concentration [mmol/l]:

EPI 0.12 
±0.07

0.07 
±0.04

0.07 
±0.01*

0.06 
±0.05*

0.10 
±0.07*

0.10 
±0.05*

0.12 
±0.07

0.11 
±0.02

0.8 ±0.3*

EPI + PLEM 0.12 
±0.09

0.13 
±0.06

0.14 
±0.03

0.25 
±0.10

0.30 
±0.11

0.21 
±0.04

0.17 
±0.05

0.15 
±0.05

1.4 ±0.1

Healthy 0.21 
±0.11

0.07 
±0.05

0.1 
±0.01

0.19 
±0.06

0.30 
±0.09

0.20 
±0.03

0.12 
±0.05

0.18 
±0.04

1.4 ±0.1

Cholesterol concentration [mmol/l]:

EPI 2.41 
±0.27

2.18 
±0.11*

2.23 
±0.12*

2.27 
±0.23*

2.25 
±0.11*

2.25 
±0.21

2.25 
±0.21

2.25 
±0.17*

16.5 
±0.2*#

EPI + PLEM 2.93 
±0.31

2.55 
±0.22

2.73 
±0.22

2.79 
±0.16

2.65 
±0.23

2.65 
±0.35

2.74 
±0.39

2.83 
±0.28

20.1 
±0.1*

Healthy 3.12 
±0.38

2.64 
±0.25

2.71 
±0.23

2.86 
±0.13

2.75 
±0.37

2.75 
±0.15

2.71 
±0.43

2.85 
±0.32

22.9 
±0.7

TG – triglycerides, NEFA – non-esterified fatty acids, AUC – area under the curve, EPI group – pigs with pancreatic duct ligation (n = 4),  
EPI + PLEM group – pigs with pancreatic duct ligation and dietary supplementation with PLEM (pancreatic like-enzymes of microbial origin) 
for 7 days (n = 5), healthy group – pigs with intact pancreas (n = 6). Data are presented as mean ± SD. *Differences significant when  
p ≤ 0.05 in comparison with healthy group, #differences significant when p ≤ 0.05 in comparison with EPI + PLEM group.
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was measured by changes in postprandial lipids 
after a  HFD meal composed primarily of cows’ 
cream and rape seed oil. The plasma lipid pro-
file remained relatively constant on the day of 

the control collection (last day of the non-treat-
ment week), but significantly improved with PLEM 
treatment (last day of the treatment week). In 
PLEM-treated pigs, the LI peaked 3 h after feed-

Figure 2. Microphotographs of hematoxylin-eosin stained mucosal samples from proximal (A), middle (B) and 
distal (C) parts of small intestine

EPI group – pigs with pancreatic duct ligation (n = 4), EPI + PLEM group – pigs with pancreatic duct ligation and dietary 
supplementation with PLEM (pancreatic like-enzymes of microbial origin) for 7 days (n = 5), Healthy group – pigs with intact 
pancreas (n = 6). Magnification 400×. Bar 100 μm.

EPI EPI + PLEM Healthy

A

B

C

Table II. Morphological parameters of small intestine in experimental animals at end of treatment week

Variable  Mucosal thickness Goblet cells/100 cells

Proximal Middle Distal

EPI 0.63 ±0.05* 0.51 ±0.07* 0.58 ±0.06* 65.22 ±3.71*

EPI + PLEM 0.80 ±0.06 0.77 ±0.10 0.73 ±0.04 30.03 ±1.98

Healthy 0.97 ±0.12 0.83 ±0.13 0.72 ±0.07 22.6 ±2.24

EPI group – pigs with pancreatic duct ligation (n = 4), EPI + PLEM group – pigs with pancreatic duct ligation and dietary supplementation 
with PLEM (pancreatic like-enzymes of microbial origin) for 7 days (n = 5), Healthy group – pigs with intact pancreas (n = 6). Data are 
presented as mean ± SD. *Differences significant when p ≤ 0.05 in comparison with healthy group.
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ing, similar to that of healthy pigs. These positive 
changes in total lipid concentration were mirrored 
in plasma TG and NEFA (Table I), and were simi-
lar to healthy pigs and as seen in healthy humans 
who consume a HFD meal [29]. Postprandial LI, TG 
and NEFA curves superimposed with the curves 
of healthy pigs resulted in the same calculated 
AUC values (Table I). The total blood fat load was 
cleared by 7 h because TG and NEFA returned to 
their initial pre-prandial values, and again were 
similar to those of healthy animals. We found that 
mean postprandial plasma cholesterol increased 
in PLEM-treated EPI pigs (Table I). These changes 
suggest the proper digestion of fat in the small 
intestine, but also an effect of PLEM on the for-
mation of cholesterol particles that is associated 
with TG-rich lipoprotein catabolism in the visceral 
tissue, e.g. liver [30]. 

PLEM treatment resulted in enhanced protein 
absorption, and a near normalized feed conversion 
rate. These changes led to a reversal of growth im-
pairment despite CNA being 10% below the values 
seen in healthy pigs. This supports our notion that 
CNA measurements, similar to CFA, are an inade-
quate measure of the efficacy of EPI treatments. 
After only 1 week of PLEM treatment, body mass 
increased by 9%, which is comparable to published 
work using porcine-based supplements in growing 
EPI pigs and less than that seen in healthy pigs 
[16, 19]. This difference in growth could possi-
bly be minimized with a  longer treatment period 
whereby the severity of the EPI disease is reduced. 
In support of this, in a 1-year study with PLEM in 
humans, daily treatment supported good growth 
and micronutrient absorption [31].

It is well known that patients suffering from 
EPI, including patients with CF, have lesions in 
the small intestine despite relatively preserved 
mucosal architecture. The mucosal thickness 
is reduced with abundant mucus released from 
numerous goblet cells on the surface of the ep-
ithelium [27, 32]. The same phenotypic charac-
teristics were demonstrated in EPI pigs (Table II).  
However, after only 1 week of PLEM therapy, 
re-healing was demonstrated by increased mu-
cosa thickness together with a  reduction in the 
number of mucin-producing cells. These results 
indicate that the structure and function of the 
small intestine have a direct dependence on pan-
creatic-like enzyme supplementation which facil-
itates efficient digestion, absorption, and utiliza-
tion of nutrients. Moreover, PLEM may indirectly 
cause a  release of hormones or other peptides 
which help to rebuild the mucosal structure of 
the small intestine. This is critical since the small 
bowel is the primary site for nutrient and vitamin 
absorption, and thus is worth further investiga-
tion. More studies are needed to further evaluate 

which enzyme(s) from the PLEM mixture are es-
sential for re-healing. 

In summary, comparative analysis (healthy vs. 
EPI-PLEM) demonstrated that although PLEM- 
treated EPI pigs did not achieve treatment CFA 
values comparable to those observed in healthy 
pigs, they had normal absorption of TG, NEFA and 
cholesterol. This suggests a  limitation of the old 
gravimetric CFA method, which only measures how 
much fat is digested, and not where digestion and 
absorption occur. In addition, analyses indicate that 
the digestion of dietary lipids with exogenously ad-
ministered lipase occurs in the duodenum and up-
per small intestine, while allowing absorption in the 
distal ileum. Therefore, PLEM digests fat similarly 
to endogenously secreted pancreatic lipase, and 
differs from enteric coated porcine supplements in 
that it has been shown to facilitate the digestion of 
fat in the ileum [33]. In this study, EPI pigs were fed 
PLEM mixed with drinkable yogurt, demonstrating 
that PLEM is stable, and can be given mixed with 
liquids. This is important for young children and 
patients who have difficulty swallowing capsules.

In conclusion, PLEM treatment facilitated prop-
er digestion and absorption of nutrients result-
ing in normalized postprandial plasma lipids, TG, 
NEFA and significant growth of EPI pigs. PLERT 
treatment does not require the creation of enteric 
coating formulations, and thus enzyme appear-
ance in the duodenum is increased in comparison 
with conventional PERT. Also, as PLEM are prod-
ucts of microbial synthesis, the problem of batch-
to-batch impurity with the potential for viral con-
tamination disappears, which is an undeniable 
advantage of PLEM therapy in everyday practice. 
Thus, this therapy with non-porcine derived, mi-
crobial enzymes may be an important alternative 
to traditional PERT for the treatment of EPI. 

Postprandial LI, TG and NEFA are perfect mea-
sures of efficacy, and are viable endpoints that 
should be explored in human trials instead of such 
parameters as CFA and CNA, which are complicat-
ed to measure and have limitations in the clinical 
setting.
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