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ABSTRACT
A colony of twenty-nine male and female pig-tailed macaques (Macaca nemestrina)
were divided into two age groups representing young-adult and elderly animals.

The

animals were fed either a control diet or a high fat (40% of Kcalories), high cholesterol
(0.24 mg/Kcal) diet.

After three years, digestibility of fat and protein were determined.

No significant dietary, sex or age effects were apparent for protein digestibility, fat
digestibility measured by a method which does not account for fat complexed as fecal
soap, and an additional method which accounted for the fat complexes as fecal soap.
However, in animal provided with the control diet, percent of dietary fat complexed as
fecal soap was significantly less in the old as compared to the young-adult animals.

In

contrast, it was significantly less in young-adult as compared to the old animals fed the
test diet.

viii

INTRODUCTION
The twentieth century has witnessed an unprecedented steady increase in the
segment of the population which is 65 years old and older.

In the world in general, the

population of the 65 years and over is estimated to be 6% in 1976.

In the United States

approximately 11% of the total population, or about 24 million people, are over 65 year of
age (Siegel 1980).

Unfortunately, we are only beginning to examine the particular

nutrient needs, nutrition problems, and health factors influencing the food choices of older
persons.

Other considerations in food selection are the biological and physiological

changes occurring as part of the aging process.
disorders requiring dietary management.

Such alterations can lead to chronic

The changes with aging in the gastrointestinal

system may be the most important in terms of nutrition.

Although the data available are

far from conclusive, some evidence both from observation in humans and from animal
experimentation indicate that gastrointestinal function is impaired with age (Holt 1982).
Aging reduces mucosal surface area (Warren et al. 1978) and villus height (Webster and
Leeming 1975) in humans.

Intestinal cell proliferation is decreased in aging animals

(Cameron 1972).
Basically, the design of this study was to study the influence of aging, diet and sex
on nutrients digestibility in the pig-tailed macaque, Macaca nemestrina.

The test diet

employed resembles the typical American diet in fat, cholesterol, sodium and simple sugar
diet.

The control diet was restricted in fat, cholesterol, sodium and simple sugars.

protein, vitamin and mineral contents were identical in both diets.
represented young-adult and elderly animals were involved.
equally divided by sex.

Fiber,

Two age groups which

Each age group was almost

Data generated from this study will provide information on the
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roles of aging, nutrition and sex on nutrients digestibility.

LITERATURE REVIEW

Fat Digestion and Absorption
The average western diet contains approximately lOOg of fat.

Most dietary fat is

readily digested and absorbed by a normal person, and less than 5% remains unabsorbed
and is excreted in the feces (Riley et al. 1979).

Most dietary fat is ingested in the form

of triglyceride (TG) containing three long-chain fatty acids on a glycerol backbone.
While pancreatic lipolysis is quantitatively more important, hydrolysis of dietary fat begins
in the stomach.

Since TG is stored for 2-4 hours, 30% of the total dietary TG may be

digested (H^mosh et al. 1973, 1975).

Hydrolysis is accomplished by a lingual lipase acting

in the stomach, active at gastric pH and not requiring bile salts.
the fatty acid at the 3-ester linkage (Staggers et al. 1981).

Lingual lipase cleaves

Lingual lipase may have an

important role in fat digestion in situations where pancreatic function is impaired, such as
in premature infants and cystic fibrosis (Ross et al. 1955 ; Hamosh et al. 1981).
Most TG lipolysis occurs in the duodenum secondary to the action of pancreatic
lipases.

In the duodenum the water-insoluble TG is further emulsified by mechanical

factors and mixes with pancreatic secretions, particularly bicarbonate and water, which
increase duodenal pH to 6 or 6.5.

Pancreatic lipase acts mainly on the 1- and 3-ester

bonds of the TG to release 2- monoglycerides and free fatty acid (Desnuelle and Savary
1963).

In addition to the lipolytic enzyme, pancreatic lipase, the pancreas secretes protein

of low molecular weight, called colipase.

It facilitates lipase action by binding to bile

salt-lipid surfaces, facilitating the interaction of lipase with TG and permitting efficient
hydrolysis (Carey et al. 1983).

The process of intraluminal TG emulsification and hydro
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lysis requires the coordination of pancreatic secretion with the presence of lipid in the
upper portion of the small intestine.

This is accomplished by release of cholecystokin

(CCK) from duodenal epithelial cells in response to the presence of lipid and protein in the
lumen (Meyer et al. 1974).

In addition, this hormone causes gallbladder contraction and

simultaneous relaxation of oddi's sphincter (Lin 1975), enabling bile salts secretion to be
synchronous with the presence of fat in the upper intestine.

In addition, secretion is

released from the duodenal mucosa by gastric acid, and this hormone stimulates pancreatic
fluid and bicarbonate secretion, an important factor in raising duodenal pH to permit
effective lipolysis (Rayford et al. 1976).

The products of TG lipolysis - monoglyceride,

free fatty acids and glycerol - still have only limited solubility in the aqueous environ
ment of the intestine lumen.

Efficient absorption depends on micellar formation in which

these lipid moieties interact with bile salts in mixed aggregates or micelles.

Eighty

percents of the bile salts released into the bile are primary bile salts, which are synthesized
in the liver.

The secondary bile salts, which contribute 20% of the pool, are formed from

the primary bile acids as metabolic products of intestinal bacterial action.

Although the

total bile salt pool is only 2-4 g, the amount of bile salts actually passing through the
intestine each day is 20-30 g.

This is the result of enterohepatic circulation whereby bile

salts are actively absorbed in the terminal ileum and returned to the liver by the portal
venous system.

In order to accommodate the needs of lipid absorption, the bile acid pool

may be recycled several times during the course of a single meal (Borgstrom, 1975).

The

bile salts molecule, consisting of hydrophobic and hydrophilic portions, c&n interact with
lipids in an aqueous environment and solubilizes these moieties.

Successful micellarization

of lipids within the intestinal lumen permits these lipid products to diffuse to the surface
of intestinal epithelium and to make intimate contact with the microvillus membrane.
This is particularly important since it has been shown experimentally that covering the
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surface of the intestine is an unstirred water layer which functionally may pose a signifi
cant barrier to the diffusion of hydrophobic molecules such as lipids.

This relatively

immobile aqueous layer is more easily penetrated by the micellar complex, this increasing
the efficiency of lipid uptake into the intestinal mucosal cell (Wilson et al. 1971, 1972).
The uptake of lipids, such as fatty acids and monoglycerides, across the microvillus
membrane is a passive process which results from the solubility of the lipid moieties within
the lipid-rich surface membrane of the epithelial cell.

A low-molecular weight cystosolic

protein, fatty acids binding protein (FABP), has been isolated from the intestine (Ockner
and Manning 1976).

FABP binds fatty acids and appears to function as an intracellular

transport protein for long-chain fatty acids.

It may serve a transport function within the

intestinal epithelium by directing intracellular fatty acids to the smooth endoplasmic
reticulum, the site of TG resynthesis.

TG resynthesis reduces the effective concentration

of fatty acids within the cell and maintains an effective concentration gradient for
continued passive uptake.

The enzymes for TG resynthesis are localized in the smooth

endoplasmic reticulum in the apical portion of the intestinal epithelial cell beneath the
microvillus membrane.

This is corroborated morphologically by the observation that TG

can be first detected within the profiles of the smooth endoplasmic reticulum.

With time,

one can follow the movement of these TG droplets through the profiles of the endoplasmic
reticulum to the Golgi apparatus in the supranuclear portion of the cell.
chylomicrons can be seen within the saccules of the Golgi apparatus.

Here, clusters of
Golgi vesicles then

migrate towards the laterobasal membrane where they appear to fuse with the membrane
and discharge their contents into the intracellular space by reverse pinocytosis (Cardell et
al. 1967).
As noted above, dietary fat and lipids of the enterohepatic circulation are efficiently
absorbed into the enterocyte, however, they are resynthesized into lipoproteins and secreted
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into mesenteric lymph by the enterocytes.

The intestine secretes two major types of lipo

proteins, chylomicrons (CM) and very low-density lipoproteins (VLDL).
VLDL are TG-rich lipoproteins.

Both CM and

During fasting, VLDL are the major lipoproteins

secreted by the small intestine (Ockner et al. 1969).

Following fat feeding, VLDL

secretion continues but CM become the major lipoproteins secreted by the small intestine.
Large CM are formed during the peak of lipid absorption (Redgrave et al. 1975), perhaps
reflecting a conservation of surface constituents (apolipoproteins, phospholipids) that
require active synthesis by the enterocyte.

The particles are composed mainly of TG

(86-92 %), cholesteryl ester (0.8-1.4 %), free cholesterol (0.8-1.6 %), phospholipids (6-8 %),
and protein (1-2 %).

Structurally the particles consist of a core of apolar lipids (TG,

cholesteryl ester) surrounded by a polar surface coating of phospholipid, protein, and free
cholesterol (Glickman 1983).

Although quantitatively small (1% of CM mass), CM apoli

poproteins contain a characteristic complement of specific proteins (Imaizumi et al. 1978).
The major CM apolipoproteins from both sources comprise apolipoprotein B (10%), apolipoprotein A-IV (10%), apolipoprotein E (5%), apolipoprotein A-I (15-35 %), and the group
of C-apolipoproteins (45-50 %).

Apolipoprotein B, apolipoprotein A-I and apolipoprotein

A-IV are actively synthesized by the intestine during TG absorption (Bisgaier and
Glickman, 1983).

High-density lipoproteins (HDL) are also secreted and constitute an

additional source of apolipoprotein A-I for plasma (Green et al. 1978).

Since these lipo

proteins of intestinal origin enter the systematic circulation they directly contribute to the
levels of these apolipoproteins in plasma.

This is especially true for apolipoprotein A-I

which has been shown to leave the CM surface after secretion and eventuate in plasma
HDL (Redgrave et al. 1979).

Further research is required to determined factors which

modulate the intestinal synthesis of such apolipoproteins.
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The specific role of calcium in intestinal lipid absorption remains to be clearly
defined.

Its importance can only be assumed from the fact that it is present in relatively

high concentrations in both biliary and pancreatic juices (Zimmerman et air 1967).

A few

other studies demonstrate its obligatory presence in what have been assumed to be some of
the key steps in the processes of lipolysis and absorption of fats.

Calcium is undoubtedly

necessary for the lipase-colipase system, however, exactly how it works is still uncertain
(Carey et al. 1983).

Concerning intracellular events, Strauss has demonstrated with everted

hamster intestinal sacs that calcium is necessary for the formation and release of chylomicron-like particles (Strauss 1975, 1977).
intracellularly.

Therefore, calcium also appears to be necessary

However, this has only been shown in in vitro systems.

Much work

remains to be done.

Protein Digestion and Absorption
Exogenous dietary protein totaling 70-100 g daily accounts for about 11-14 % of
the average caloric intake of North Americans.

In addition to dietary proteins, endoge

nous sources may provide a significant pool of usable proteins.
from salivary glands, stomach, intestine, biliary tract and pancreas.

These include secretions
The amount of endo

genous protein secretion has been estimated to be at least 20 to 30g daily and consists
primarily of hydrolytic enzymes, glycoproteins or mucins shed into the bowel lumen.

In

addition, desquamated cells, derived from active renewal of the lining epithelium, contri
bute approximately 30g of protein daily.

Finally, small amounts of plasma proteins are

normally secreted into the intestinal tract at a rate of about 1 to 2g daily.

While the

amount of endogenous proteins probably undergo extensive hydrolysis within the intestine
before being reused by the host as a nitrogen source.

The healthy adult ordinarily

excretes 1 to 2g of fecal nitrogen per day, equivalent to approximately 6 to 12g of protein.
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This implies that under normal conditions, processes involved in digestion and absorption
of both dietary exogenous protein (70 to lOOg daily) and endogenous protein (30 to 200g
daily) are highly efficient (Munro and Crim 1980).
/

Protein digestion is initiated in the stomach by a group of gastric proteases or
pepsins that function optimally at an acidic pH.

These are activated from precursor

zymogens or pepsinogen following selective enzymatic cleavage of a small basic peptide
(Rudick et al. 1974).

The gastric phase of protein digestion is influenced by hormonal

factors (i.e. gastrin, cholecystokinin, and secretion), as well as nonhormonal factors (i.e.
gastric acidity, mixing, and the rate of gastric emptying).

Hormone release may be stimu

lated by protein, polypeptides, or amino acids which leads to secretion of acid and pepsin.
While pepsin may be considered directly essential in protein digestion, its principal
function may be indirect.

Pepsin may unmask amino acids or peptides with ingested

whole-protein molecules which results in a release of pancreatic enzymes.
phase is felt to be more critical than the gastric phase.

The pancreatic

Peptic digestion products are more

potent substance that stimulates secretion for endocrine cells in the small intestinal mucosa
than whole protein (Meyer et al. 1976).

The endocrine cells secrete CCK and secretion

which cause pancreatic acinar-cell release of hydrolytic enzyme precursors.

The hormones

have an additional action on the mucosal cells which causes a release of the brush-border
glycoprotein enzymes ; alkaline phosphate, sucrase, and enteropeptidase (enterokinase)
(Adelson et al. 1972).

Enterokinase selectively cleaves a hexapeptide from the amino

terminus of trypsinogen to yield trypsin.

Trypsin then activates several pancreatic

zymogens and autocatalyses trypsinogen activation.

The resultant pancreatic enzymes act

intraluminally to cleave peptide bonds internally (i.e. endopeptidases ; trypsin, chymotrypsin and elastase) and at the carboxyl terminus (i.e. exopeptidases ; carboxypeptidase A and
B) (Gray and Cooper 1971).

Aminopeptidase can also be detected in trace amounts in
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activated pancreatic juice.

The combined action of these enzymes causes the intraluminal

release of several small peptides of two to six amino acid residues as well, as single amino
acids.

In proximal jejunum, the peptide fraction accounts for about 60 to 70% of luminal

alpha-amino acid nitrogen, whereas the remainder is associated mainly with single amino
acids (Nixon and Mawer 1970).

Further information regarding the chain length and

amino acid composition of these oligopeptides in different regions of the small intestine is
still required.

The final steps in digestion of most luminal peptides appear to be associ

ated with the intestinal mucosal cells.

High aminopeptidase activity is found in the intes

tinal mucosal cells, and only a trace of activity is detected in jejunal contents (Lindberg
1966).

This peptidase activity is located in two main subcellular fractions : the cyto

plasmic membrance and the brush-border membrance (Kim et al. 1972).

For example,

the proportion of enzyme activity in these two subcellular fractions varies considerably
depending upon the type and length of substrate.

The brush border membrane fraction is

associated with less than 10% of the total cellular activity for dipeptides but as much as
60% for tripeptides (Peters 1970).

Proline-containing peptides appear to be hydrolyzed

almost exclusively by cytoplasmic peptidases, where as brush-border peptidases have almost
no activity against these peptides (Kim et al. 1974).

These results indicate that the

enzymes located in the two subcellular fractions are distinct.
As mentioned, the major products of intraluminal digestion of protein are amino
acids and small peptides.

The transport of free amino acids into the mucosa involves

energy-dependent carriers with some specificity for neutral, basic, and acidic classes of
amino acids (Schultz and Curran 1970).

However, the absorption of small peptides poorly

hydrolysed at the brush-border can be absorbed intact, bypassing brush-border aminopeptidases, with subsequent cytoplasmic hydrolysis.

This mechanism of peptide transport

appears distinct from the uptake mechanism for single amino acids.

Alternatively, dipep-

10

tides and tripeptides may undergo initial hydrolysis at the brush-border, and the resultant
hydrolytic products, including both amino acids and dipeptides, are then absorbed by their
respective transport mechanisms.

MATERIAL AND METHODS

Animals and Diets
A total of 29 pig-tailed macaques (Macaca nemestrina) were divided into two age
groups : 17 young-adult (7 to 15 years old), 12 old (18 years and older).

There were 8

males and 9 females in the young-adult group and 5 males and 7 females in the old group.
For six months prior to the study, all animals were fed a semi-purified control diet.
After that, each age group which was fed either the test or control diet for three years.
The control diet was restricted in fat (20% of Kcalories), cholesterol (0.04 mg/Kcal),
simple sugars and sodium.

The test diet, designed to imitate the typical American diet,

was high in fat (41% of Kcalories), cholesterol (0.24 mg/Kcal), sodium and simple sugars.
Fiber, protein, vitamin and mineral contents were identical in both diets (Table 1).

A

colony of animals established at the University of Washington Regional Primate Research
Center, Medical Lake, Washington, was used in this study.

Diets were prepared at the

Primate Research Center although proximal analysis was performed at the University of
Arizona for total protein, fat and chromium.

The diets were provided ad libitum and all

care, feeding and sample collection were performed at the Primate Research Center.
After three years of dietary treatment, 0.2% of chromic oxide was added as an inert
markers to the test diet in order to facilitate nutrient digestion determinations.
diet was provided to both control and test animals for one week.
collected during the last three days.

The test

Fecal samples were

Then they were frozen, packed in ice, and shipped

overnight airmail to the University of Arizona.

As this study was double-blind, samples

were identified by a five or six digit code number.
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Information regarding each animal's

Table 1. Control and Test Diet Composition

Ingredient

Control (g/Kg)

Test (g/Kg)

Lard

31.4

64.0

Corn Oil

25.6

48.6

Safflower Oil

11.8

24.0

100.4

204.3

79.6

162.2

Wheat Flour

223.7

90.0

Dextrin

230.1

19.0

Oat Hulls

175.2

196.4

6.4

46.3

79.6

89.6

5.5

22.3

Hegsted Mix

31.0

31.5

Vitamin Mix

2.0

2.1

3560

3600

Protein (% Kcal)

13%

13%

Carbohydrate (% Kcal)

67%

46%

Fat (% Kcals)

20%

41%

Applesauce
Refined Sugar

Dry Egg York
Lactalbumin
NaCl

Kcals/Kg

Cholesterol (mg/Kcal)

0.04

0.24

Fiber

6.3%

6.3%
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age, sex, and dietary regimen was sent by the Primate Research Center to the University
of Arizona upon completion of all chemical analysis.

All samples were completely dried

in a vacuum drying oven for 3 days at 37 °C, and then they were ground by mortar and
pestle to provide homogeneous samples.

All samples were kept in vacuum desiccators.

Chromic Oxide Determination
The chromic oxide determinations were performed by the method of Schurch et al
(1951).

This method simplified the experimental procedure by avoiding the necessity of a

quantitative record of either food intake or feces output.

A known amount of a com

pletely indigestible material, in this case Cr^Oy was included in the feed.

The calculation

for digestibility was
Amount of Cr = fmple absorbance
standard absorbance

x

standard concentration
dry sample weight

of digestibility = 100 - amount of nutrient in feces
amount of nutrient in diet

x

^ution

Cr in diet
Cr in feces

m

An alliquot of 0.2g of sample was mixed with concentrated I^SO^, 0.5g potassium
sulfate (K^SO^), and 0.05g sodium selenite (Na^SeO^) and digested at 400 °C on block
digester until light yellow (5 hours).

After the sample was cooled to room temperature,

2.5 ml deionized 1^0 and 0.2g periodic acid were added.

The sample mixture was heated

to boiling on block digester and digested until color dispelled.

At the beginning of

digestion, the solution was yellow, then purple fumes were given off and the solution
turned dark green.
hours).

At the end of digestion, the solution returned to a pale yellow (5

This sample was diluted with deionized HjO.

Cr standard solution (0, 0.1, 0.4, 0.8, 1.0, 1.5, 2.0
standard curve.

Known quantities of a certified

ng/ml)

were used to construct the

All sample were analyzed by an atomic absorption spectrophotometer
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(Hitachi, Model 180-70) with air : acetylene flame.

Crude Protein Determination
The crude protein was chemically determined by the micro-Kjeldahl procedure
(AOAC, 1980).

One hundred mg of sample were put in a 30 ml flask with 5 ml of the

digestion solution (concentrated sulfuric acid and phosphoric acid mixture 3:1 by volume).
Approximately 100 mg of the catalyst were also added.

The catalyst was a mixture of

0.05g of Henger's Selenium, 0.15g of copper sulfate (anhydrous), and 0.05g of sodium
sulfate (anhydrous).
clear (4 hours).

The mixture was then placed in a digester until the liquid became

This was transferred to a 25 ml volumetric flask and made up to volume

when the sample cooled.
Kjeldahl apparatus.

Five ml of sample and 10 ml of 40% of NaOH were put into

These were boiled and ammonia was liberated by sodium hydroxide

and distilled into basic acid solution.

Distillation was allowed to proceed for 5 minutes.

The purple boric acid solution was turned to a green solution by the condensate.

The

ammonia was then titrated with standard hydrochlolic acid until there was a distinct color
change back to purple.

The equation for the protein conversion factor for 1 mg of

protein (PCF):
PCF = Normality of HC1 x 6.25g protein x 0-0*4g nitrogen
lg nitrogen

x

1000 mg
lmg weight

The formula for the percent crude protein :

mg1 of titration
;
% crude protein = protein conversion
factor ..
x —f
:
.x.dilution
„ ,—rdry sample weight (mg)
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Crude Fat
A crude fat was determined by weighing 0.5g of sample in a Goldfisch beaker pre
viously dried at 100 °C for 2 hours.

The extraction was performed with 30 ml hexane for

6 hours in a Goldfisch apparatus (AOAC 1980).
evaporated on a hot plate in the hood.

After extraction, solvent was completely

The beaker containing the extracted fat was

placed in a desiccator, cooled and weighed to determine crude fat.

Fat Complexed as Fecal Soap
The fat complexed as fecal soap was extracted under an acidic environment by the
method of Folch et al. (1957).

Ten ml of CHClj : CH3OH (2:1) and 1.5 ml of 0.1 N HC1

were added to 0.5g of sample with crude fat already extracted previously.
blended at high speed using omni-mixer for approximately 2 minutes.

This was
Five ml of

deionized HjO and 1 ml of CH^OH were added to this homogenate and mixed vigorously.
This was allowed to separate into 2 layers overnight.

Lower layer (CHCl^) was drawn off

and filtered through approximately 2.5g anhydrous Na2SO^ using Whatman number-5 filter
paper.

Aqueous layer was washed with 4 ml CHCl^, mixed vigorously, and the layers

were allowed to separate for 20 minutes.

Lower layer was drawn off and filtered through

the previously used Na^SO^ into the same tube.

This wash was repeated 2 times.

and Na2SO^ were rinsed with CHCl^ prior to discarding.

Filter

After evaporating filtrate to

dryness under vacuum, the tube was then dried at 100 °C for 1 hour under vacuum.

The

tube was cooled to room temperature in a desiccator and weighed to determine the amount
of fat complexed as fecal soap.

Statistical Analysis
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A 2x2x2 factorial arrangement was set up to statistically analyze differences
between the two diets, two sexes and two age groups.

Multivariate Analysis of Variance

(MANOVA) was performed using the Statistical Package for the Social Sciences (SPSS)
computer program.

A least-squares fit was also used to correct for missing data since cell

sizes were unequal.

P-values less than 0.05 indicated significance.

RESULTS
When the data were evaluated by analysis of variance, no significant dietary, sex or
age effects were apparent for fat digestibility by a method which does not account for fat
complexed as fecal soap, and by an additional method in which fat digestibility included
fecal soap (Table 2).
A diet-age interaction was observed for the percent of dietary fat complexed as
fecal soap.

In animals maintained on the control diet, the percent of dietary fat

complexed as fecal soap was significantly less in the old as compared to the young-adult
animals.

In animals maintained on the test diet, however, it was significantly less in

young-adult as compared to the elderly animals (Figure 1).
Furthermore, analysis of variance indicated that no significant age, dietary or sex
effects were observed in protein digestibility (Table 3).
In view of the fact that the distribution of age among the young-adult group was
scattered from 7 to 15 years of age.
analysis.

The data were further evaluated by regression

According to Table 4, significant regression coefficient were observed when the

percent dietary fat complexed as fecal soap was evaluated with age for the males fed the
test diet (r=.799), the males plus females fed the test diet (r=.518), and the males fed the
control and test diet (r=.675).

This significant trend was mainly are to the marked

increase in fat complexed as fecal soap with age observed in the males maintained on the
test diet (Figure 2).
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Table 2. Digestibility of Fat in Two Age Groups of Male and Female Macaca nemestrina
Fed Control and Test Diets.1

DIET

% digestibil
ity of fat
(without
accounting
for fat
complexed as
fecal soap)

% dietary
fat comp
lexed as
fecal soap

% digestibil
ity of fat
(including
fat complexed
as fecal soap)

3
3

85.47 ± 3.21
82.77 ± 4.79

5.07 ± 1.32
4.57 ± 0.63

80.40 ± 2.43
78.20 ± 4.41

F
M

2
2

80.65 ± 2.35
85.50 ± 3.70

1.50 ± 0.90
3.70 ± 1.90

79.15 ± 3.25
81.80 ± 1.80

YOUNG F
-ADULT M

6
5

79.45 ± 4.75
82.68 + 3.12

2.07 ± 0.93
2.62 ±1.12

77.38 ± 4.42
80.06 ± 2.57

5
3

85.58 ± 0.60
86.47 ± 1.62

5.00 ± 1.24
7.97 ± 1.58

80.58 + 1.67
78.50 ± 3.15

AGE

SEX2 n3

YOUNG F
-ADULT M
CONTROL
OLD

TEST
OLD

P-values for ANOVA
Treatment comparisons
Diet = D
Sex = S
Age = A
Interactions
Dx A
Sx A
Dx Sx A
1
2
3
4

F
M

df4
1
1
1
3
1
1
1

Mean ± standard error of the mean
M = Male, F = Female
n = number of animals
df = degrees of freedom
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YOUNG-ADULT

A

TEST ANIMALS

O

CONTROL ANIMALS

Figure 1. Percent of Dietary Fat Complexed as Fecal Soap in Two Age Groups of Male
and Female Macaca nemestrina Fed Control and Test Diets.

Table 3. Digestibility of Protein in Two Age Groups of Male and Female
Macaca nemestrina Fed Control and Test Diets1.

DIET

SEX2

n3

% Digestibility
of Protein

YOUNG
-ADULT

F
M

3
3

69.10 ± 3.30
60.60 ± 4.26

OLD

F
M

2
2

76.00 ± 4.50
70.35 ± 0.05

F
M

6
5

70.38 ± 3.42
64.34 ± 3.40

F
M

5
3

59.96 ± 7.31
65.93 ± 1.04

AGE

CONTROL

YOUNG
-ADULT
TEST
OLD

P-values for ANOVA
Treatment comparisons
Diet = D
Sex = S
Age = A
Interactions
Dx A
SXA
Dx Sx A
1

df4
1
1
1
3
1
1
1

Mean ± standard error of the mean
M = Male, F = Female
3 n = number of animals
* df = degrees of freedom
2

Table 4. Correlation Coefficient of Digestibility vs. Age in Macaca nemestrina
Fed Control and Test Diets

Group*

2
n

TM1
TM2
TM3
TM4
TF1
TF2
TF3
TF4
CM1
CM2
CM3
CM4
~
CF1
CF2
CF3
CF4
TMF1
TMF2
TMF3
TMF4
CMF1
CMF2
CMF3
CMF4
CTM1
CTM2
CTM3
CTM4
CTF1
CTF2
CTF3
CTF4
CTMF1
CTMF2
CTMF3
CTMF4

8
8
8
8
11
11
11
11
5
5
5
5
5
5
5
5
19
19
19
19
10
10
10
10
13
13
13
13
16
16
16
16
29
29
29
29

Correlation
Coefficient
.273
.799
-.260
.390
.283
.343
.188
-.448
.389
.159
.399
.807
-.248
-.569
.062
.642
.267
.518
.054
-.233
.034
-.361
.200
.546
.301
.675
-.047
.505
.176
.094
.158
-.247
.213
.322
.090
-.031

P-value

<.01

<.05

<01

T = Test, C = Control, M = Male, F = Female
1 = % Digestibility of Fat (without accounting for fat complexed as fecal soap)
2 = % Dietary Fat Complexed as Fecal Soap
3 = % Digestibility of Fat (including fat complexed as fecal soap)
A = % Digestibility of Protein
n = number of animals
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Figure 2. Linear Regression of Percent Dietary Fat Complexed as Fecal Soap vs. Age in
Male Macaca nemestrina Fed Test Diet.

DISCUSSION
Spotty evidence suggests that the intestinal absorption of dietary fat is reduced with
advancing age.

In early experimental work measuring blood chylomicron curves following

a standard meal, higher chylomicron counts and delayed chyromicron clearance were dem
onstrated in aged subjects when compared to younger controls.

The alterations were nor

malized by the administration of pancreatic lipase or emulsifying agent concominant with
the meal (Becker et al. 1950).

Garcia et al. (1955) used a method similar to that of Becker

and showed reduced chylomicron levels in the early stages of a fat-tolerance test in women
aged 60-80 years.

In the elderly, the counts eventually reached a much higher level than

in the younger subjects - perhaps due to reduced fat removal from the blood.

Webster et

al. (1977) also compared fat absorption between young (mean age of 26) and old (mean age
of 82) human subjects by administering an oral fat tolerance test.

A significant reduction

in fat absorption in the elderly was observed as compared to their younger counterparts.
However, when pancreatic enzymatic extracts were administered along with the fat load to
the elderly subjects, differences in absorption between the two age groups were minimized
and were found to be statistically insignificant.

The methods used in all of these studies

were indirect and dependent upon gastric emptying, but they all suggest that reduced pan
creatic function could be partially responsible for decreased fat absorption.
Work with animal models suggested that changes at the mucosa may also contribute
to alterations in fat absorption (Holt and Dominguez 1981).
decrease in mucosal surface area in older rats.

There appeared to be a

In addition, fat was less efficiently incor

porated into chyromicrons and released into the lymph.

However, in the study, no signi

ficant dietary, sex or age effects were apparent for fat digestibility by a method which
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does not account for the small amount of fat complexed as fecal soap.
The relationship between calcium and fat metabolism has been recognized for many
years.

It has been reported by Harkins et al. (1965) that, in conditions of lipid malab

sorption due to a deficiency of bile salts, calcium absorption was decreased.

For optimal

absorption of fat, some calcium was required, although at high calcium levels, a decreased
absorption of fat was observed (Werner and Lutwak 1963).

Similarly, the absorption of

calcium required the presence of fat in the diet, although at very high levels of fat, the
absorption of calcium was depressed (Nicolaysen et al. 1953).

The mechanism by which

calcium interfered with the absorption of saturated fats seems to be the formation of
poorly absorbed calcium salts of saturated fatty acids.

The proportion of calcium lost in

the feces, or amount of fatty acid not absorbed because it was excreted as the calcium
soap, depends on the type of fat in the diet.

In rats, fecal fatty acids became progres

sively more saturated as the calcium content of the diet was decreased (Fleischman et al.
1966).

In infants, ingesting fat other than human milk fat, both calcium and saturated

fatty acids of long-chain length were found in large quantities lost in the stool (Williams et
al. 1970).

On the other hand, Gormann et al. (1970) reported that the apparent digestibil

ity of fat and the amount of fecal fat were not influenced by low to moderate levels of
calcium.
Therefore, the apparent digestibility of fat estimated by an additional method which
accounted for the amount of fat complexed as fecal soap was also performed in this study.
In animals maintained on the control diet, the percent of dietary fat complexed as fecal
soap was significantly less in the old as compared to the young-adult animals.

In contrast,

in animals maintained on the test diet, it was significantly less in young-adult as compared
to the elderly animals.

However, no significant dietary, sex or age effects were apparent

for total fat digestibility estimated by a method which accounts for, fat complexed as fecal
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soap.
Thus, in the aged monkeys, the reduction in the response of low-density lipopro
teins (LDL) to a high cholesterol, high fat and low carbohydrate diet reported in a
previous study (Willcox et al. 1986) could not be explained by an impairment in fat diges
tibility and absorption in the population of Macaca nemestrina examined in our studies.
Despite the importance of protein to general health, evaluation of protein absorption
in older people has been limited.

Rate of digestion and degree of absorption do not,

however, seem to differ in old and young adults at normal levels of intake.

Secretion of

pancreatic enzymes have been demonstrated to be decreased with advancing age (Necheles
et al. 1942).

However, Chinn et al. (1956) showed no difference in protein digestibility

and absorption between young adult and aged subjects when I
test diet.
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-albumin was used as the

Balance studies conducted with older persons using animal (Young et al. 1978 ;

Zanni et al. 1979) or vegetable (Cheng et al. 1978) proteins have not reported problems in
protein digestion and absorption as characterized by excessive levels of fecal nitrogen.

It

is clear that research studies exploring the effect of the aging process upon human protein
digestion and absorption have been negligible.

In old rats, enhanced methionine (Penzes

et al. 1968), lysine and cysteine (Winter et al. 1971) absorption has been described.
Although the authors of these studies suggested that enhanced absorption must reflect
tissue needs in the aged animals, the conclusions of these rat studies are uncertain since gut
weight is not different between the younger and older animals.

The present study also

showed no difference in protein digestibility between young-adult and aged animals.
Under the conditions of this study, therefore, the extent as well as the rate of protein
digestion and absorption is equally as good in the aged as in the younger animals.

SUMMARY
Twenty nine male and female pig-tailed macaques (Macaca nemestrina) were
divided into two age groups and fed either a control diet or a high fat, high cholesterol
diet for three years.

Digestibility of fat, the amount of fat complexed as fecal soap, and

digestibility of protein were determined to analyze the interacting influence of sex, aging
and nutrition on nutrient digestibility.
The results of this study indicated that there were no significant dietary, sex or age
effects on fat digestibility measured by a method which does not account for fat
complexed as fecal soap, and by an additional method which accounted for the fat
complexed as fecal soap.

However, in animals maintained on the control diet, the percent

of dietary fat complexed as fecal soap was significantly less in the old as compared to the
young-adult animals.

In contrast, in animals maintained on the test diet, it was signifi

cantly less in young-adult as compared to the elderly animals.
significant difference in protein digestibility.
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Furthermore, there was no
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APPENDIX

DATA OF FAT AND PROTEIN
IN MALE AND FEMALE MACACA NEMESTRINA
FED CONTROL AND TEST DIET
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DIET1
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
C
C
C
C
C
C
C
C
C
C

SEX2
M
M
M
M
M
M
M
M
F
F
F
F
F
F
F
F
F
F
F
M
M
M
M
M
F
F
F
F
F

AGE
8
7
12
12
15
18
20
20
8
8
7
12
12
15
19
18
18
23
22
12
11
15
18
20
7
12
12
20
21

DATA3
90.1
80.1
81.5
73.0
88.7
88.9
87.1
83.4
70.7
94.1
79.0
91.4
64.0
77.5
85.8
85.3
83.5
87.1
86.2
73.2
88.0
87.1
81.8
89.2
79.2
89.8
87.4
83.0
78.3

DATA4

DATA5

DATA6

1.9
3.0
1.0
0.3
6.9
5.0
8.5
10.4
2.5
0.8
1.3
6.5
0.4
0.9
7.4
7.4
6.0
1.3
2.9
3.7
4.2
5.8
1.8
5.6
3.6
7.7
3.9
0.6
2.4

88.2
77.1
80.5
72.7
81.8
83.9
78.6
73.0
68.2
93.3
77.7
84.9
63.6
76.6
78.4
77.9
77.5
85.8
83.3
69.5
83.8
81.3
80.0
83.6
75.6
82.1
83.5
82.4
75.9

53.1
65.9
60.8
69.9
72.0
68.0
64.7
65.1
-

81.4
74.5
66.4
61.8
67.8
41.9
77.1
77.1
76.8
47.7
52.9
61.3
67.6
70.4
70.3
65.6
66.0
75.7
80.5
71.5

* T = Test, C = Control
2 M = Male, F = Female
3

Data = % Digestibility of Fat (without accounting for fat complexed as fecal soap)

4

Data = % Dietary Fat Complexed as Fecal Soap
Data = % Digestibility of Fat (including fat complexed as fecal soap)

^Data = % Digestibility of Protein

