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Abstract: Childhood malnutrition is a problem in developing countries, and pathological changes in digestive organs 
such as the intestine and liver are poorly understood. An animal model to study the progression of severe acute 
malnutrition could elucidate pathological changes in the intestine and liver. We sought to characterize growth and 
clinical changes during malnutrition related to structural and functional indices in the intestine and liver. Newly 
weaned piglets were given ad libitum access to a maize flour diet (MAIZE, n=9) or a nutritionally optimized refer-
ence diet (REFERENCE, n=12) for 7 weeks. Growth, hematology and clinical biochemistry where recorded weekly. 
After 7 weeks, the MAIZE pigs had lower body weights than the REF pigs (8.3 kg vs. 32.4 kg, P<0.001), indicating 
severe stunting and moderate to severe wasting. This was paralleled by lower values for hematocrit, hemoglobin 
and mean cell volume in MAIZE vs. REFERENCE (P<0.01), indicating anemia. Although the observed temporal 
changes in MAIZE were associated with atrophy of the small intestinal mucosa (P<0.001), digestive enzyme activity 
was only marginally reduced. Serum alanine aminotransferase, bilirubin and albumin were increased in the MAIZE 
pigs (P<0.001), and the liver had a vacuolated appearance and tendency toward increased triglyceride content 
(P=0.054). We conclude that liver and intestinal indices are compromised during malnutrition and are associated 
with temporal changes in growth and hematological and biochemical endpoints. The pig model is relevant for mal-
nourished infants and can act as a valuable tool for understanding the pathophysiology of malnutrition.
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Introduction

Malnutrition in developing countries affects 
165 million children under 5 years of age [1]. 
These children exhibit stunted growth, and 
although the prevalence of stunting is decreas-
ing, the actual number of stunted children in 
some parts of Africa, for example, is increasing 
due to population increase [2]. The most com-
plicated form of malnutrition is severe acute 
malnutrition (SAM), which affects 20 million 
children under the age of 5 years and is esti-
mated to result in approximately 1 million 
deaths every year [3].

SAM occurs in one of two forms, marasmus or 
kwashiorkor. Children with kwashiorkor exhibit 

muscle wasting, hair and skin changes, apathy 
and generalized edema, whereas marasmic 
children are characterized mainly by severe 
muscle wasting. The poor understanding of the 
fundamental biology of severe acute malnutri-
tion in children may stem from the facts that 
most studies are cross-sectional and that pro-
spective studies are generally not conducted 
for ethical reasons. In addition, as this particu-
lar patient group is extremely vulnerable, rapid 
advancement of understanding is complicated. 
Although the classical work by Keys et al. [4] 
remains some of the best information available 
on temporal changes in adult volunteers sub-
jected to prolonged malnutrition, it may not 
adequately reflect temporal pathological chang-
es in children. 
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While in malnourished adults, there is evidence 
of changes in body weight, hematology and 
clinical biochemistry, very little is known of 
changes in organ function and morphology. 
Therefore, to advance our understanding, it is 
essential to combine growth markers of malnu-
trition with estimations of organ function. 
Understanding organ function and morphology 
following prolonged malnutrition is a prerequi-
site to identifying optimal refeeding strategies 
that do not further compromise the clinical situ-
ation. This may be especially important to gut 
and liver function, as they are the keys to prop-

er digestion and metabolism. Several animal 
models, including rats [5-8], dogs [9], monkeys 
[10-12] and pigs [13-16], have been used to 
study malnutrition. However, to the best of our 
knowledge, none have shown how temporal 
changes during malnutrition are associated 
with intestinal and hepatic function and 
morphology. 

We sought to describe the course of malnutri-
tion from a normal physiologic state to a state 
of SAM, including growth measurements and 
functional and structural changes in the intes-
tine and liver. Changes in the function and 
structure of the small intestine and gut micro-
biota in particular have recently been suggest-
ed as causal factors in the development of 
kwashiorkor [17]. A shift in the gut microbiota 
induced by malnutrition may favor endotoxin 
serotypes more likely to cause edema and liver 
damage [18, 19].

Materials and methods

Animals and sampling

All animal experimental procedures were 
approved by the Danish Animal Experiments 
Inspectorate. Twenty-four female crossbred 
pigs (Durox x Danish Landrace x Yorkshire) 
(mean body weight 7.0 ± 0.26 kg) were weaned 
at 4 weeks of age and given ad libitum access 
to a diet formulated to meet or exceed the nutri-
ent requirements for pigs of this genotype for 5 
days to allow acclimatization to their new envi-
ronment. After 5 days, 12 of the pigs were 
switched from the formulated diet to a pure 
maize diet (MAIZE, n=12), while the other 12 
pigs remained on the formulated diet 
(REFERENCE, n=12). Details on nutrient com-
position of the diets are presented in Table 1. 
Both groups were given ad libitum access to 
their diets and water for 7 weeks. As some 
aggression was observed in the MAIZE group, 
based on experience, a supplement to the diet 
of 0.2% MgO and a salt lick stone were provid-
ed. Growth measurements, including weight, 
thoracic circumference, crown-rump length 
(CRL) and length of the metatarsus, were col-
lected weekly. CRL was used to relate linear 
growth to body weight to determine the degrees 
of wasting and stunting. To assess the degree 
of wasting, a reference curve for the relation-
ship between body weight and CRL was estab-
lished based on the REFERENCE pigs: weight in 

Table 1. Diet compositions
REFERENCE MAIZE

Energy MJ/kg 8.71 9.37
Protein g/kg 219 90
Carbohydrate g/kg 526 715
Fat g/kg 61.2 43
Starch g/kg 366 607
Sugar g/kg 42.9 17.6
Lactose g/kg 23.4 n.d.
Vitamin A IE/kg 12 n.d.
Vitamin D3 IE/kg 1 n.d.
Vitamin E mg/kg 220 n.d.
Alpha-tocopherol mg/kg 200 n.d.
Biotin mg/kg 0.24 n.d.
Pantothenic acid mg/kg 28 n.d.
Vitamin B1 mg/kg 2.4 n.d.
Vitamin B2 mg/kg 10 n.d.
Vitamin B6 mg/kg 7.2 n.d.
Vitamin B12 mg/kg 0.02 n.d.
Niacin mg/kg 24 n.d.
Vitamin K3 mg/kg 4.4 n.d.
Folic acid mg/kg n.d. n.d.
Choline chloride mg/kg n.d. n.d.
Calcium g/kg 10.1 0.43
Phosphorus g/kg 7.66 3.3
Sodium g/kg 1.88 0.1
Magnesium g/kg 1.63 1.15
Potassium g/kg 10 3.52
Chloride g/kg 1.59 n.d.
Iron mg/kg 293 29.6
Manganese mg/kg 66.2 n.d.
Copper mg/kg 166 n.d.
Zinc mg/kg 155 n.d.
Iodine mg/kg 0.3 n.d.
Selenium mg/kg 0.3 n.d.
n.d. - not determined.
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kg (theoretical) = 43.38 x CRL length (m)2.401. 
The actual body weight of the MAIZE pigs rela-
tive to a theoretical weight at a given CRL was 
used as an estimate of the degree of wasting 
(weight-for-height, W/H): 100% x weight 
(observed) / weight (theoretical). Based on this 
estimate, the degree of wasting was classified 
as severe (<70%), moderate (70-80%) or mild-
normal (>80%) [20]. The degree of stunting was 
classified as severe (<85%), moderate (85-
89%) ormild–normal (90-94%), based on the 
mean length-for-age of the REFERENCE pigs 
[21]. Finally, weight-for-age, as an indicator of 
undernourishment, was determined as a per-
centage of the mean weight-for-age in the 
REFERENCE group and was classified as severe 
(<60%), moderate (60-80%) or mild-normal 
(>80%) undernourishment [22].

Blood samples were obtained by puncture of 
the jugular vein at the same time points as 
growth measurements were collected. EDTA-
stabilized blood samples were analyzed on an 
Advia 120 Hematology System (Siemens 
Healthcare Diagnostics, Tarrytown, NY, USA) to 
determine hemoglobin, hematocrit and mean 
cell volume. Serum samples were left to clot at 
room temperature prior to centrifugation (2500 
G, 4°C, 10 min), and serum was isolated and 
analyzed on an Advia 1800 Chemistry System 
(Siemens Healthcare Diagnostics, Tarrytown, 
NY, USA) to determine albumin, alanine amino-
transferase (ALAT), aspartate transaminase 
(ASAT) and bilirubin levels.

Body composition was determined during week 
7 using dual-energy X-ray absorptiometry (DXA) 
(QDR Explorer™, Hologic, Bedford, MA, USA) on 
pigs anesthetized with a combination of zolaz-
epam/tiletamine (Zoletil 50, Virbac, Kolding, 
Denmark), xylazine (Narcoxyl 20 mg/mL, MSD 
Animal Health, Ballerup Denmark), ketamine 
(Ketaminol 100 mg/mL, MSD Animal Health, 
Ballerup Denmark) and butorphanol (Torbugesic 
10 mg/mL, ScanVet, Fredensborg, Denmark). 
The pigs were placed in a prone position during 
the scanning process, and data on bone min-
eral density and fat and lean mass percentages 
were determined using software provided with 
the DXA scanner.

At the end of week 7, the pigs were anesthe-
tized with the Zoletil mixture and were then 
euthanized with an intracardial injection of 
sodium pentobarbital (60 mg/kg). Intestinal 

tissue samples from the proximal jejunum (100 
cm from the pylorus) and distal jejunum (100 
cm from the ileocecal junction) were rapidly col-
lected. One set of samples was snap-frozen in 
liquid nitrogen and stored at -80°C, and anoth-
er set was fixed in 4% neutral buffered parafor-
maldehyde. Liver samples were also collected 
and stored in an identical fashion. Finally, the 
weights of the lungs, kidneys, stomach, colon, 
liver, small intestine, spleen and heart were 
recorded.

Histology

After fixation and dehydration, the intestinal 
samples were embedded in paraffin, and 5-µm 
sections were cut and stained with hematoxylin 
and eosin. Using an Olympus BX 40 micro-
scope, an Olympus Altra 20 camera and the 
analySIS getIT 5.0 software program (Olympus 
Soft Imaging Solutions GmbH, Münster, 
Germany), representative pictures of the intes-
tine were digitalized. The lengths of 10 well-
defined villi and crypts were measured using 
the ImageJ version 1.44 software program. 
Formaldehyde-fixed liver tissue was embedded 
in paraffin, cut in 5-µm sections, mounted on 
glass slides and stained with hematoxylin and 
eosin. To evaluate fat infiltration of the liver, the 
cryo-preserved tissue was stained with Sudan 
red.

Digestive enzyme analysis

Samples from the proximal and distal small 
intestine were homogenized in ice-cold 1% 
Triton X-100 and assayed for disaccharidase 
activity (lactase, maltase and sucrase) and 
peptidase activity (aminopeptidase A (ApA), 
aminopeptidase N (ApN) and dipeptidylpepti-
dase IV (DPP IV)). The tissue homogenate was 
centrifuged (5000 G, 4°C, 2 min) and placed on 
ice. A Trisbasebuffer, 50 mmol/L, pH 7.3, was 
pipetted into a 96-well microtiterplate together 
with the sample to obtain the correct dilution. 
After mixing, the substrate was added as fol-
lows: a 250-µL 2 mM ApNA solution (14.7 mg 
ApNA, 30 ml Trisbasebuffer) to measure amino-
peptidase N, a 250-µL 2 mM Glu-pNA solution 
(17.1 mg Glu-pNA, 30 ml Trisbase–CaCl2 buffer) 
to measure aminopeptidase A, and a 250-µL 3 
mM GpNA solution (41.8 mg GpNA, 30 ml 
Trisbasebuffer) to measure dipeptidylpeptidase 
IV. Microtiterplates were run in an ELISA reader 
at a wavelength of 405 nm for 27.50 min for 
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aminopeptidase A and N and 24.42 min for 
dipeptidylpeptidase IV. For disaccharides, the 
following substrates were mixed with the sam-
ple: lactose (0.12 mol/L), sucrose (0.01 mol/L) 
and maltose (0.0112 mol/L) to the correct dilu-
tions. The microtiterplate was incubated for 30 
min in the ELISA reader. After incubating, a 
250-µL PGO color solution was added, and the 
plate was run for 30 min at 37°C at 450 nm.

Liver triglyceride concentration

A liver sample weighing approximately 25 mg 
was placed in a tube with 0.33 mL chloroform 
and 0.67 mL methanol and homogenized using 
a TissueLyser (Qiagen Retsch, Haan, Germany). 
The supernatant was collected after centrifuga-
tion (2000 G, 20°C, 15 min) and was mixed 
with 1 mL of chloroform and 0.5 mL of salt 
water (0.04% CaCl2, 0.034% MgCl2 and 0.58 
NaCl) and centrifuged (2000 G, 20°C, 15 min). 
The upper phase was removed with a pipette, 

Figure 1. A: Development of body weight during the 7-week period. MAIZE (○); REFERENCE (●). ***Mean values 
were significantly different from the reference group (P<0.001). B: Development of crown-rump-length during the 
7-week period. MAIZE (○); REFERENCE (●). *Mean values were significantly different from the reference group 
(P<0.05). ***Mean values were significantly different from the reference group (P<0.001).

and 0.25 mL of methanol was added to the 
lower phase. The lipid extract was dried under 
constant N2 airflow at 50°C for 30 min using a 
ZipVap Evaporator (Glas-Col LLC, Terre Haute, 
IN) and saponified in KOH-ethanol (1.2 mL of 
0.5-M stock) at 60°C for 30 min. The hydro-
lyzed extract was neutralized with MgSO4 (2.8 
mL of 0.15-M stock) and used for analysis of 
triglyceride. The concentration of triglyceride 
was measured accor-ding to standard proce-
dures (Sie-mens Diagnos-tics, Tarrytown, NY) 
[23].

Statistics

The data are presented as means ± standard 
errors. Organ weights relative to body weight, 
digestive enzyme activity, body composition, 
liver triglyceride content and histomorphometry 
were tested using the xtmixed procedure. For 
repeated measurements, including weekly 
recording of blood values and growth measure-
ments, the xtmixed procedure was used, includ-
ing the pig as a random variable. Stata 12 was 
used for all statistical analyses (StataCorp LP, 
College Station, Texas, USA). Probability values 
less than 0.05 were considered significant.

Results

Growth measurements

During the study period, 2 MAIZE pigs were pre-
maturely euthanized due to ear biting by litter-
mates, and 1 MAIZE pig died for unknown rea-
sons. Relative to REFERENCE, the remaining 
MAIZE pigs displayed clinical signs of malnutri-

Table 2. Numbers of MAIZE pigs classified as 
mild-normal, moderately or severely wasted 
and stunted1

MAIZE (n=9)
Wasted
    mild-normal 6
    moderate 2
    severe 1
Stunted
    mild-normal 0
    moderate 0
    severe 9
1Wasting defined by weight-for height (W/H) and stunting 
defined by length-for-age (L/A).
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tion, including slow growth, anemia and long 
coarse hair coating. The dietary intake 
increased in REFERENCE pigs from 330 g/d in 
week 1 to 770 g/d in week 7, whereas the 
dietary intake decreased in MAIZE pigs from 
250 g/d to 170 g/d. As the data were calculat-
ed from recordings of feed consumption on a 
pen basis, variation and significant differences 
between means could not be estimated. A 
marked difference in body weight accretion 
between MAIZE and REFERENCE was evident 
from week 2 onward. Whereas the REFERENCE 
pigs gained an average of 25 kg (from 6.79 ± 
0.38 to 32.41 ± 1.23 kg), the MAIZE pigs gained 
only 1 kg over the 7-week study period (from 
7.25 ± 0.36 kg to 8.31 ± 0.60 kg) (Figure 1A), 
indicating that they were severely underweight. 

A similar pattern was observed for CRL (Figure 
1B), thoracic circumference and length of 
metatarsus, with the MAIZE pigs showing 
decreases from week 3 onward. From these 
growth measurements, the degree of stunting 
was categorized as severe, as the mean CRL in 
MAIZE pigs was only 70.8% of the mean CRL in 
REFERENCE pigs. All of the MAIZE pigs were 
stunted, as they were all below the cut-off value 
of 85% of the mean CRL of the REFERENCE 
pigs after 7 weeks. Finally, degree of wasting 
assessments of indicated that one-third of the 
MAIZE pigs were either moderately or severely 
wasted (Table 2). The marked difference in 
body weight accretion was also associated with 
a discrepancy in body composition, as deter-
mined by DXA (see Figure 2). Bone mineral den-

Figure 2. DXA scanning of a MAIZE pig (A and B) and a REFERENCE pig (C and D) after 7 weeks. E: Lean mass per-
centage. F: Bone mineral density, expressed as g/cm2. G: Fat mass percentage. ***Mean values were significantly 
different from the reference group (P<0.001). 
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sity (0.32 ± 0.01 vs. 0.64 ± 0.01 g/cm2, 
P<0.001) and lean body mass percentage 
(83.37 ± 0.66 vs. 86.95 ± 0.18%, P<0.001) 
were lower in the MAIZE pigs than in the 
REFERENCE pigs. In contrast, the fat mass per-
centage was higher in the MAIZE pigs than in 
the REFERENCE pigs (15.19 ± 0.69 vs. 11.85 ± 
0.17%, P<0.001). In general, the weights of the 
abdominal and thoracic organs were propor-
tional to body weight, except the weights of the 
lung, stomach and colon, which were higher 
relative to body weight in the MAIZE pigs than in 
the REFERENCE pigs (P<0.05). In contrast, the 
relative weight of the spleen was lower in the 
MAIZE pigs (P<0.05). Details of the organ 
weights are given in Table 3.

Blood parameters

After 3 weeks, ALAT was markedly higher in the 
MAIZE pigs (P<0.001), indicating hepatocyte or 
myocyte disruption. Both groups exhibited an 
initial increase in ALAT at the beginning of the 
intervention, which may reflect acute adapta-
tion to the weaning process. Clinical biochemis-
try revealed increases in ASAT (63.33 ± 9.06 
vs. 37.33 ± 2.36 U/L, P<0.001) in the 
REFERENCE pigs at week 1 and again from 
week 5 onward (P<0.05). As a further indication 
of liver function, bilirubin levels were increased 
in the MAIZE pigs from week 1 to week 7 
(P<0.001). Bilirubin and ALAT levels were within 
the normal physiological ranges for both 
groups. Plasma albumin was markedly lower in 
the MAIZE pigs than in the REFERENCE pigs 
from week 1 onward, and the difference 
increased throughout the study period 
(P<0.001). During the last 3 weeks, the albu-
min concentration in the MAIZE pigs approached 
the lower limit for normal albumin levels (22.6 

The reference interval for clinical biochemistry 
and hematology was taken from tabulated val-
ues in the Merck Veterinary Manual, 8th edition, 
provided by the clinical laboratory. 

Tissue morphology and function

The histomorphology of the intestine revealed 
lower villi numbers in both the proximal and dis-
tal parts in the MAIZE pigs than in the 
REFERENCE pigs (P<0.001, Figure 3). Lactase 
and ApA activity in the distal small intestine 
were decreased in the MAIZE pigs (lactase: 
0.84 ± 0.21 tissue vs. 0.99 ± 0.11 U/g tissue, 
P<0.05; ApA: 2.29 ± 0.21 vs. 3.18 ± 0.27 U/g 
tissue, P<0.01). There were no differences 
between the two groups for other enzymes in 
either the distal or the proximal part of the 
small intestine. 

Histologic evaluation of hematoxylin/eosin-
stained liver tissue revealed vacuolization 
(Figure 4) of hepatocytes. Sudan red staining, 
which stains triglycerides and lipids, revealed 
the presence of positively stained droplets 
(red). The triglyceride content of the liver tend-
ed to be higher in the MAIZE pigs than in the 
REFERENCE pigs (34.38 ± 4.11 vs. 24.45 ± 
3.10 µmol/g, P=0.054); see Figure 5. This was 
consistent with the increased serum bilirubin 
and ALAT levels. 

Discussion

We established a pig model of child malnutri-
tion with clinical signs similar to children with 
SAM. Using a classification system of growth 
similar to that used for children, this study 
showed severe stunting in malnourished pigs, 
with a CRL of 70.8% relative to the CRL in the 

Table 3. Organ weights relative to body weight, g/kg
REFERENCE (n=12) MAIZE (n=9)

Mean SEM Mean SEM
Heart 5.52 0.17 6.17 0.38
Lung 9.55 0.24 12.96* 0.59
Liver 29.73 0.67 30.52 1.72
Spleen 5.33 0.37 4.26* 0.41
Kidney 5.15 0.15 5.50 0.25
Stomach 8.14 0.21 10.17* 0.47
Small intestine 39.91 0.74 39.51 1.39
Colon 17.61 0.89 22.21* 1.68
*Mean values within a row differ significantly (P<0.05).

g/L). No edema was observed in the 
groups.

Hematocrit and hemoglobin in the MAIZE 
pigs decreased rapidly and were lower 
than the values observed in the 
REFERENCE pigs from week 3 onward (23 
± 0.8 vs. 30 ± 0.7% for hematocrit and 
5.01 ± 0.39 vs. 6.06 ± 0.12 mmol/L for 
hemoglobin in week 7, both P<0.01), which 
was consistent with clinical signs of ane-
mia. The mean cell volume decreased in 
the MAIZE pigs from week 3 onward (45.56 
± 0.65 vs. 54.53 ± 0.69 fL in week 7, 
P<0.05), indicating iron deficiency anemia. 
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REFERENCE pigs. As the malnutrition in this 
particular study affected both body weight 
accretion and linear growth, the degree of wast-
ing (i.e., body weight relative to CRL) indicated 
that two-thirds of the MAIZE pigs were normal 
to mildly wasted, while one-third was moder-
ately to severely wasted, as severe wasting was 
defined as having a weight-for-height below 

70% of that of the REFERENCE pigs (Table 2). A 
weight-for-height between 70% and 80% was 
classified as moderate wasting, and a weight-
for-height above 80% was considered normal 
[24]. Although two-thirds of the MAIZE pigs still 
had a weight-for-height above 80% after 7 
weeks, data from a separate study indicated 
that the weight-for-height continues to decrease 

Figure 3. Length of the villi in the proximal (A) and distal (B) parts of the small intestine. C and D: Distal part of the 
small intestine of a REFERENCE pig at magnifications of 10X and 20X, respectively. E and F: Distal part of the small 
intestine of a MAIZE pig at magnifications of 10X and 20X, respectively. ***Mean values were significantly different 
from the reference group (P<0.001).
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if maize feeding is continued up to 10 weeks 
(Hother et al. unpublished results). In that 
study, all MAIZE pigs became moderately or 
severely wasted, as the weight-for-height for 
some was lower than 60%. However, in the 
present study, the piglets displayed character-
istics of severe undernourishment and stunting 
with various degrees of wasting, classifying the 
model as moderately acute malnutrition with 
severe stunting.

In the malnourished group, there were clinical 
signs of anemia, and the hair coating was typi-
cal of animals that are not thriving, with long 
coarse hairs. The clinical signs of anemia were 
confirmed by decreased levels of hemoglobin, 
hematocrit and mean cell volume. Anemia is 
also commonly observed in children suffering 
from SAM [25]. The cause of microcytic ane-
mia, as observed in the MAIZE pigs, was most 
likely iron deficiency, which is consistent with 

the low iron content of the diet (Table 1). 
However, anemia in kwashiorkor is usually nor-
mocytic and may reflect an anemia due to a 
lack of not only iron but also B vitamins [26-28]. 
Collectively, the clinical and hematological indi-
ces from the MAIZE pigs were more like chil-
dren with marasmus than children with kwashi-
orkor, although some elements of kwashiorkor 
were present, such as hypoalbuminemia, wast-
ing, stunting, anemia and fatty liver. We did not 
observe any signs of edema in the MAIZE pigs, 
which would have been a key feature of 
kwashiorkor.

Having validated the degree of malnutrition in 
this pig model via growth, biochemical and 
hematologic measurements, we were then 
interested in studying the association with 
functional and structural pathological changes 
in the intestine and liver. There was clear muco-
sal atrophy in both the proximal and distal small 

Figure 4. A: Liver from a REFERENCE pig. B: Sudan-red staining of liver from a REFERENCE pig. C: Liver from a MAIZE 
pig; notice the vacuolated appearance. D: Sudanred staining of liver from a MAIZE pig; notice the presence of posi-
tively stained droplets (red) for lipid and triglyceride compared to (B). A and C: Were taken at a magnification of 20X. 
B and D: Were taken at a magnification of 40X.
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intestine, with blunt villi, as is observed in mal-
nourished infants with tropical enteropathy. It 
was somewhat surprising that this clear differ-
encein mucosal morphology was not paralleled 
by functional endpoints such as specific diges-
tive enzyme activity. In general, no differences 
were observed in brush border enzyme activity 
between the MAIZE and REFERENCE pigs, 
except for decreased lactase and ApA activity 
in the distal part of the small intestine in the 
MAIZE group. However, the trend for the MAIZE 
pigs was to have lower levels of peptidase activ-
ity in both the proximal and distal parts of the 
small intestine. The notion that malnourished 
pigs may have reduced protein digestive capac-
ity was indirectly supported by in vivo measure-
ments of lower protein digestibility of the maize 
(68.2%) relative to table values (80-88%) (data 
not shown). Reduced enzyme activity and pro-
tein digestive capacity is a well-known phenom-
enon in anorexic post-weaning piglets and is 
thought to play an important role in post-wean-
ing diarrhea, as undigested nutrients pass 
through the small intestine and enter the colon, 
where they become substrate for fermentation 
by resident microorganisms. A large amount of 
fermentative activity in the colon may cause 
accumulation of small organic acids, including 
lactic acid, which may exacerbate diarrhea 
symptoms. To put this observation in perspec-
tive, feeding of malnourished children with 
mucosal atrophy and lower digestive capacity 
may be a contributing factor to malabsorption 
and subsequent diarrhea development [29]. 
However, this may be more pronounced when 
gut atrophy is accompanied by intestinal infec-
tion and inflammation, as is observed in anorex-
ic weanling pigs. For standardization reasons, 
we chose pigs that were free of specific patho-

gens (SPF) and observed them in a high-hygiene 
environment to study the isolated effect of mal-
nutrition without any bias introduced by infec-
tion. However, malnourished children often 
have infectious comorbidity, which may exacer-
bate malnutrition symptoms [30, 31]. In pigs, it 
has been shown that reducing infectious pres-
sure by treating anorexic weanlings with muco-
sal atrophy with antibiotics improves digestive 
enzyme activity [32], which suggests that being 
malnourished per se only marginally decreases 
specific digestive enzyme activity. 

The intestine represents an organ system that 
has a high need for an adequate supply of 
dietary nutrients provided as enteral nutrition. 
This is evident when examining the first-pass 
metabolism in the intestinal mucosa of several 
amino acids, which can be up to 80% of enter-
ally supplied amino acids [33-35]. Together 
with first-pass metabolism, several other fac-
tors are important in maintaining optimal gut 
health, including a stable microbial flora, opti-
mal barrier function and adequate motility. Low 
food intake, which was observed in the MAIZE 
group, may result in inadequate enteral stimuli, 
leading to decreased gastrointestinal motility 
and stasis of luminal content. Decreased motil-
ity has been associated with small intestinal 
bacterial overgrowth in a number of diseases 
[36-38] and may also be an important factor in 
malnutrition. It is of particular interest that 
small intestinal bacterial overgrowth can 
increase the production of bacterial lipopoly-
saccharides and endotoxins, which are associ-
ated with pathological changes, including the 
development of fatty liver [19]. 

Microscopic evaluation of the hepatic tissue 
revealed lesions consistent with fatty liver. 
Hepatocytes had a vacuolated appearance but 
with no clear distinction or presence of vacuo-
lated cells around the central veins or in the 
periportal area. Livers from children with 
kwashiorkor are also infiltrated with fat that 
has a periportal distribution [39], and in other 
experiments with animals with SAM, the fat dis-
tribution of the liver has been shown to be peri-
portal [40]. The periportal area is where pro-
cesses related to fatty acid oxidation and 
oxidative energy metabolism occur [41, 42]. 
The liver triglyceride contents were 2.8% in the 
MAIZE pigs versus 2.0% in the REFERENCE 
pigs. Although the difference is significant, it 
would not qualify as clinical hepatic steatosis, 

Figure 5. Triglyceride content of the liver.
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which would require a triglyceride content of at 
least 5% [43]. The liver enzymes ALAT and 
ASAT, although not specific to the liver, present-
ed a varied picture. ALAT was increased in the 
MAIZE pigs, but the concentration was above 
the normal levels for both the MAIZE and the 
REFERENCE pigs. ASAT levels were increased in 
the REFERENCE pigs at some time points, but 
the levels were within the normal range through-
out the intervention for both groups. Bilirubin 
levels, which are indicative of cholestasis, were 
also increased in the MAIZE pigs but were still 
within the normal range. Albumin, which is syn-
thesized by the liver, was markedly decreased 
in the MAIZE pigs during the intervention; how-
ever, this may have been due to the restricted 
dietary protein intake, which affected de novo 
synthesis of albumin in the liver. After 7 weeks 
on a maize diet, the plasma concentration of 
albumin was 2.01 g / 100 ml, while others have 
reported concentrations as low as 0.32 g / 100 
ml [44], 0.7 g / 100 ml [16] and 1.14 g / 100 ml 
[45] for periods of protein restriction ranging 
from 8 to 28 weeks. Collectively, the histopath-
ologic lesions and the increased triglyceride 
contents, along with the differences in concen-
trations of hepatic enzymes, bilirubin and albu-
min, all indicate that the livers of the MAIZE 
pigs were affected by malnutrition in a manner 
similar to that observed in malnourished 
children.

Animal models of SAM and more specifically 
kwashiorkor have been conducted with various 
degrees of success and various clinical out-
comes [14-16, 45]. In studies investigating low-
protein diets as a way to induce kwashiorkor, 
lack of growth or even cessation of growth has 
commonly been observed in pigs fed low-pro-
tein diets [44, 46]. In our study, the MAIZE pigs 
fed a diet containing 9% protein (Table 1) 
increased their body weight by only 9.8% during 
the 7-week study period. In another study, feed-
ing a diet containing 3% protein for 8 weeks 
resulted in an increase in weight of 50%, from 
7.5 kg to 11.3 kg, whereas the weight of con-
trols increased by a factor of 3.5. Body compo-
sition was not determined in that study, but for 
the low-protein group, protein synthesis was 
reduced in the skin, jejunal mucosa and liver 
[14]. In another study, a gradual decrease in 
the dietary protein content from 25% to 2.2% 
over a period of 24 weeks showed that it was 
not until week 16 that growth ceased and the 
pigs started to lose weight [45]. Pigs fed diets 

with either 4.5% or 6.5% protein also ceased to 
grow, and after a period of 12-16 weeks, signs 
of kwashiorkor became evident [15]. However, 
observed growth rates in these studies are dif-
ficult to compare because of differences in pro-
tein source and quality, the genetic potential of 
the animals for growth and the methods of han-
dling and housing. One major reason for the 
very low growth rate observed in the current 
study, compared to growth rates observed in 
other studies, is that we did not fortify the low-
protein maize diet with vitamins or minerals, so 
the diet was inadequate in not only protein but 
also a wide range of other type II nutrients, 
resulting in growth failure [47]. Feeding with 
only maize flour was conducted to mimic real-
life situations in which young children are often 
fed a cereal-based diet with limited variety. The 
aim was not to evaluate how single nutrients in 
the maize diet would give rise to specific symp-
toms but rather to test the effect of a uniform 
diet over a period of time. Although maize flour 
is commonly ingested among infants, other 
staples such as sorghum or cassava could also 
have been chosen. 

In conclusion, pigs fed pure maize flour for 7 
weeks developed moderate acute malnutrition 
resembling marasmus based on assessment 
criteria similar to what is used for malnourished 
infants. Having validated the degree of malnu-
trition, we demonstrate that the digestive sys-
tem, including the small intestine and liver, are 
primarily affected in their structure, whereas 
functional endpoints were affected to a lesser 
extent at this stage of malnutrition.
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