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Interaction of aging and dietary fat in the regulation
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Abstract These studies were undertaken to examine the effect
of aging on low density lipoprotein (LDL) metabolism in the male
hamster. When the hamsters were maintained on a low-cholesterol,
low-triglyceride diet, rates of LDL transport in the various tis-
sues of the body and plasma LDL-cholesterol concentrations re-
mained constant over the entire life span (1-24 months) of the
hamster. In contrast, rates of de novo cholesterol synthesis fell
50~97% in the various tissues of the body during the transition
from rapid body growth in the young animal to the stable adult
size. Thus, changes in tissue requirements for cholesterol over the
life span of these animals were met by an appropriate adjustment
in the rate of de novo synthesis rather than by alterations in LDL
transport. When animals were fed a diet enriched in cholesterol
and saturated triglycerides, rates of LDL production increased,
total body LDL receptor activity was suppressed, and plasma
LDL-cholesterol levels rose. Older animals, however, were not
more susceptible than young animals to the detrimental effects
of these dietary fats. Bl These studies support the view that ag-
ing per se has no effect on LDL transport by the liver or other
tissues. Rather, the progressive rise in plasma LDL-cholesterol
levels seen in Western man is likely due to the consumption of
a diet enriched in cholesterol and saturated triglyceride which in-
creases the LDL-cholesterol production rate and suppresses
receptor-dependent LDL transport.— Spady, D. K., and J. M.
Dietschy. Interaction of aging and dietary fat in the regulation
of low density lipoprotein transport in the hamster. J. Lipid Res.
1989. 30: 559-569.
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In Western societies plasma total cholesterol levels typi-
cally rise from values of 50-100 mg/dl at birth to levels of
200-300 mg/dl by middle age (1-5). Most of this increase
in plasma sterols is due to a rise in cholesterol carried in
the low density lipoprotein (LDL) fraction (2). Since this
elevated concentration of LDL in plasma has been iden-
tified as a major risk factor in the development of athero-
sclerosis and coronary heart disease, it is critically impor-
tant to understand why plasma LDL levels increase with
age, and how best to prevent this rise.

The concentration of LDL in plasma is a function of the
rate at which LDL enters the vascular space, ie., the LDL
production rate, and the rate at which LDL is removed

from the plasma by receptor-dependent and receptor-in-
dependent pathways in the various tissues of the body (6-8).
Little direct evidence is available regarding the effect of ag-
ing per se on any of these parameters of LDL metabolism.
Nevertheless, it is generally accepted that plasma LDL
levels rise with aging primarily because of a gradual loss
of LDL receptors. For example, in one recent study an anal-
ysis was carried out of LDL apoB metabolism in healthy
subjects, aged 20 to 70 years, that had been reported in
29 publications (9). This analysis showed that the fractional
catabolic rate (FCR) of LDL decreased as a function of
increasing age, suggesting that a fall in LDL receptor ac-
tivity was responsible for the rise in plasma LDL levels.
In a second study, the FCR of LDL was also found to
decrease with age but, in addition, a simultaneous increase
in the rate of LDL production was noted (10).

Thus, there seems to be little doubt that aging is as-
sociated with an increase in the plasma concentration of
LDL-cholesterol and, further, that this increase is correlated
with a reduction in the fraction of plasma LDL that is de-
graded per unit time. Unfortunately, it is now recognized
that the FCR will necessarily decrease in any situation
where the plasma LDL-cholesterol concentration increases,
even if LDL receptor activity is constant (7). For example,
an increase in LDL production will raise the plasma LDL-
cholesterol concentration and decrease the FCR even when
receptor-dependent LDL transport remains constant or ac-
tually increases slightly (7). Hence, it is unclear from these
data whether aging has any effect on whole-body receptor
activity in vivo.

There are other studies carried out in vitro, however, that
do suggest that LDL receptor activity may decline with ag-
ing. For example, it has been reported that the binding,
uptake, and degradation of LDL decreases with aging in
cultured human diploid fibroblasts (11). In addition, LDL

binding to crude liver membranes seems to disappear with

Abbreviations: LDL, low density lipoprotein(s); FCR, fractional cata-
bolic rate; d, density.
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aging in dogs and swine (12). It has never been shown,
however, that such binding of LDL to hepatic membranes
actually reflects the rate of receptor-dependent LDL trans-
port by this organ under in vivo conditions. Indeed, in these
studies the LDL-cholesterol level was apparently not
elevated in the older animals, as would have been antici-
pated if all LDL receptor activity in the liver had been lost.
Thus, although there is no doubt that plasma LDL levels
rise with aging in Western societies, it is not entirely cer-
tain whether this is due to a gradual loss of LDL receptor
activity, to a progressive increase in the rate of LDL for-
mation, or to some other unrecognized event.

The situation is further complicated by the fact that it
is not even clear whether these observed changes in LDL
metabolism are due to aging per se or are the result of some
dietary or other environmental factor. Indeed, it is now
recognized that plasma total cholesterol and LDL-choles-
terol levels remain low throughout life in several species,
including humans, when maintained on a low-cholesterol,
low-triglyceride diet (13-16). On the other hand, dietary
cholesterol and saturated triglycerides are known to raise
plasma LDL-cholesterol levels in all species, including
humans (17-20).

The present studies were designed to specifically investi-
gate whether aging alone has any effect on receptor-depen-
dent LDL transport or whether the observed changes in
LDL metabolism resulted primarily from the intake of cer-
tain dietary lipids. These studies were made possible be-
cause of access to a colony of hamsters that had been main-
tained on carefully controlled diets essentially their entire
life span. Furthermore, we have previously found that the
male hamster closely resembles man with respect to rates
of hepatic cholesterol synthesis (21-23), the relative impor-
tance of receptor-dependent and receptor-independent
LDL transport (6, 24), and the response of the plasma
LDL-cholesterol to dietary additions (20, 25). Hence, direct
in vivo measurements were made of the rates of cholesterol
synthesis and LDL transport in the major organs of groups
of these animals at ages that varied from 1 to 24 months.
Furthermore, these measurements were carried out in
animals that had been maintained on either a low-fat diet
or on diets containing small amounts of cholesterol and
saturated triglycerides.

MATERIALS AND METHODS

Animals and diets

Most of the studies were performed in male Golden
Syrian hamsters of the F1B strain that were obtained from
BioBreeders (Watertown, MA). When purchased from Bio-
Breeders, the animals ranged in age from 2 months to 22
months. Mid-gestational females were also obtained and the
male offspring were weaned onto control diet at about 3
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weeks of age. In this manner it was possible to study
animals that ranged in age from 1 month to 24 months, a
period of time that essentially equaled the natural life span
of this species. At BioBreeders the animals were maintained
in colony cages with free access to Purina Rodent Labora-
tory Chow (Richmond, IN) and drinking water. This diet
contained only 0.02% cholesterol and 4.5% triglyceride
(w/w). The fatty acid profile of this diet, determined by
gas-liquid chromatography of the methyl esters, was 13%
16:0, 6% 18:0, 27% 18:1, 45% 18:2, and 5% 18:3. Upon
arrival at our facility the animals were kept in colony cages,
given free access to the same diet, and subjected to light
cycling (dark from 3 AM to 3 PM and light from 3 PM to
3 AM). All experiments were carried out during the mid-
dark phase of the light cycle. In some studies animals were
fed Purina rodent chow that had been enriched with 0.06%
cholesterol and 20% saturated triglyceride (w/w). This diet
was prepared by dissolving the cholesterol in warm hydro-
genated coconut oil and then blending the mixture into the
ground chow with a commercial food mixer. The fatty acid
profile of the hydrogenated coconut oil was 15% 8:0 and
10:0, 46% 12:0, 20% 14:0, 9% 16:0, and 8% 18:0. Some
studies were performed on male hamsters of various ages
that had been obtained from other suppliers including
Harlan Sprague-Dawley (Indianapolis, IN) and Charles
River Laboratories (Wilmington, MA).

Determination of cholesterol synthesis rates in vivo

As previously described (22, 26) animals were killed 1
hr after the intravenous administration of [*H]water (ap-
proximately 100 mCi). Aliquots of plasma were taken for
the determination of body water specific activity, and sam-
ples of the various organs were taken for the isolation of
digitonin-precipitable sterols. In the case of the small in-
testine and the remaining carcass, the entire tissue was
saponified and brought to an exact volume. Aliquots were
then taken for the isolation of digitonin-precipitable sterols.
Rates of sterol synthesis are expressed as the nmol of
[*H]water incorporated into digitonin-precipitable sterols
per hr per g of tissue (nmol/hr per g) or per whole tissue
(nmol/hr per organ).

Determination of tissue LDL uptake rates in vivo

The hamster LDL used in these studies was isolated from
the plasma of normocholesterolemic donors by preparative
ultracentrifugation in the density range of 1.020-1.055 g/ml
and labeled with either ['*I]tyramine cellobiose (27) or '*']
(28). The hamster LDL in this density range contained
almost exclusively apoprotein B-100 on polyacrylamide gels.
Lipoproteins were used within 48 hr of preparation and
were filtered through a 0.45-um Millipore filter immediately
prior to use. As previously described (24, 29) rates of tis-
sue LDL uptake were determined using a primed-contin-
uous infusion of ['#Ityramine cellobiose-labeled LDL.. The
radioactivity present in the priming dose, relative to the
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radioactivity infused each hour, was adjusted so as to main-
tain a constant specific activity of LDL in plasma over the
experimental period. The infusions of ['%*I]tyramine cel-
lobiose-labeled LDL were continued for 4 hr, at which time
each animal was administered a bolus of '*!I-labeled LDL
and then killed 10 min later by exsanguination through the
abdominal aorta. Samples of various organs were quickly
rinsed and weighed, and were assayed for radioactivity in
a gamma counter along with aliquots of plasma. The
amount of labeled LDL in each organ at 10 min (**'I dpm
per g of tissue divided by the specific activity of '*'I in the
plasma) and at 4 hr (the '*°I dpm per g of tissue divided
by the specific activity of %[ in the plasma) was then cal-
culated and has the units of ug of LDL-cholesterol per g.
The increase in the tissue content of LDL-cholesterol with
time represented the rate of LDL uptake and has the units
of pg of LDL-cholesterol per hr per g of tissue (ug/hr per
g) or per whole organ (ug/hr per organ) (29).

Cholesterol content of liver, plasma, and bile

The hepatic content of free and esterified cholesterol was
determined using silicic acid/celite columns as previously
described (30). Plasma LDL-cholesterol concentrations
were determined by simultaneously centrifuging plasma at
densities of 1.020 and 1.063 g/ml. The cholesterol content of
the top one-third of each tube, as well as the total plasma
cholesterol concentration, was assayed colorimetrically as
previously described (30). The cholesterol, phospholipid, and
bile acid content of hepatic bile was also determined (21).

Calculations

Plasma LDL-cholesterol levels were greatly elevated in
animals fed cholesterol and saturated triglycerides. In order
to relate changes in tissue LDL-cholesterol uptake in the
organs of these animals to changes in LDL receptor ac-
tivity, the experimentally determined uptake rates were su-
perimposed on kinetic curves defining rates of LDL up-
take in the various tissues of the body as a function of the
plasma LDL-cholesterol concentration (C,) in control ham-
sters. These curves were constructed using appropriate
values for *K,,, *J™, and *P, where *K,, and *J™ equal the
apparent Michaelis constant and maximal transport veloc-
ity, respectively, for the receptor-dependent process and *P
equals the apparent uptake constant for receptor-
independent LDL transport (6, 20). Using these curves,
LDL uptake rates measured at any LDL-cholesterol con-
centration could be converted directly to *J™ values
(receptor activity) and these values are presented as per-
centages of the appropriate control values.

In order to define why the plasma LDL-cholesterol con-
centration (C;) changed with aging and dietary manipu-
lations, the curves defining the relationship between C, and
the level of maximal receptor-dependent LDL-cholesterol
transport (*J™) and the rate of LDL-cholesterol produc-

tion (Ji) in the whole animal were constructed using the
following equation (see Fig. 7) (8, 31):

(Jt _ tjm _ tPth)
+
N D D S YD )
2*P

In these calculations the appropriate values in the equa-
tion were determined directly in groups of control hamsters
(as described in reference 6). These values equaled *J™ of
7,560 pg/hr per kg body weight; *K,, of 100 mg/d]; J, of
1,650 pg/hr per kg; and *P of 10.8 ug/hr per kg per mg/dl.
In Fig. 7 these values defining whole body LDL receptor
activity (*J™) and LDL-cholesterol production (J;) in the
control group were set equal to 100%, and changes induced
by aging or diet are shown relative to these control values.

Where appropriate, mean values + 1 SE for groups
of data are shown. Statistical differences in mean values
were calculated using one-way analysis of variance followed
by Dunnett’s test for comparing multiple groups to a
control group.

RESULTS

Studies were first undertaken to examine the effect of ag-
ing on lipoprotein metabolism and de novo cholesterol syn-
thesis in the individual organs and in the whole animal.
In these studies animals were maintained on commercial
rodent diet which is essentially devoid of saturated triglycer-
ides and cholesterol, both of which are known to alter LDL
receptor activity and sterol synthesis in the liver (20, 25).
Fig. 1 shows body weights and plasma cholesterol levels
in male hamsters ranging in age from 1 month to 2 years.
As illustrated in panel A, body weight increased from 38
g at 1 month to 147 g at 6 months and then very gradually
declined to 125 g at 24 months of age. As shown in the bot-
tom panel, plasma total cholesterol decreased slightly from
90 mg/dl] at 1 month to 75 mg/dl at 6 months and there-
after remained essentially constant throughout life. Plasma
cholesterol carried in the density fraction 1.020-1.063 g/ml
(LDL) remained constant at about 26 mg/d] throughout
life. Cholesterol in thed > 1.063 g/ml andd < 1.020 g/ml
fractions also was relatively constant throughout life.

Rates of LDL transport were quantitated in vivo in these
same animals and these data, expressed as the pg of LDL-
cholesterol taken up per hr per g, are shown in Table 1.
At 1 month of age rates of LDL transport per g of tissue
were highest in the liver (23 + 2 pg/hr per g) and adrenal
gland (19 + 2 pg/hr per g) and the transport rates in these
two tissues remained essentially constant throughout life.
At 1 month of age the small intestine, spleen, kidney, and
lung transported LDL at somewhat lower rates (3.1 to 9.6
pug/hr per g) and again these rates remained essentially cons-

Spady and Dietschy Aging and LDL transport 561

2T0Z ‘6T aunr uo ‘1sanb Ag 610" Jj-mmm woly papeojumoq


http://www.jlr.org/

ASBMB

JOURNAL OF LIPID RESEARCH

I

150 |- A. - s 4
\
/ ‘\.
F .
E,:, 100 + .
%3
5 50 |- ]
g =
o L 1 L 1
100}
B.
as i\} T;)TAL
< ~
i e iy
bz
3
5& % _E--g /d >1.063 ]
< % ~~-§ .3 LYY a
é% 25 -Q“én-’g'“’tg 5 5 .
£ N d+1.020-1.063
da<i080F —a—& A
o L i L

0 6 12 18 24
AGE (months)

Fig. 1. Body weight and plasma cholesterol concentrations in hamsters
of various ages. Animals were maintained throughout life on rodent diet.
Body weight, total plasma cholesterol, and the distribution of plasma
cholesterol among various density classes were determined at the differ-
ent ages between 1 and 24 months. Each value represents the mean 1
SE for data obtained in six animals except for the 24-month-old animals
where there were only four animals.

tant throughout life. Very low rates of LDL uptake were
observed in the testes, skeletal muscle, adipose tissue, and
brain (< 0.1 to 1.5 pg/hr per g) at 1 month. In the case
of the testes, skeletal muscle, and adipose tissue, uptake
rates were slightly higher at 1 month of age than at subse-
quent time points; however, transport rates in these tissues
were so low as to be at the limits of detection by the method.

Rates of de novo cholesterol synthesis were quantitated in
vivo in a second identically treated group of animals again
ranging in age from 1 month to 24 months, and these data
are shown in Table 2. The data are expressed as the nmol
of [*H]water incorporated in vivo into digitonin-precipitable
sterols per hr per g of tissue. At 1 month, the highest rates
of synthesis per g of tissue were seen in the adrenal gland
(1,509 + 275 nmol/hr per g) and liver (988 + 174 nmol/hr
per g). The brain and small intestine synthesized cholesterol
at the somewhat lower rates of 367 + 22 nmol/hr per g and
308 + 17 nmol/hr per g, respectively, while synthesis rates
of 27 to 148 nmol/hr per g were seen in the lungs, kidney,
testes, skeletal muscle, adipose tissue, and remaining car-
cass. However, in contrast to the rates of LDL transport,
which remained essentially constant throughout life, rates
of sterol synthesis were 2- to 36-fold higher in the tissues
of the young, rapidly growing animals compared to the
adult animals of more constant size. Only in the small in-
testine, where rapid cell turnover continues into adult life,
did rates of sterol synthesis continue essentially unchanged
throughout the 2 years.

We have previously found that approximately 22 hydro-
gen atoms of the cholesterol molecule are derived from
water during biosynthesis from acetyl-CoA (22, 32). Thus,
these rates of [*H]water incorporation into cholesterol could
be converted to absolute rates of cholesterol synthesis (ug
of cholesterol formed per hr) and compared directly to the

TABLE 1. Rates of LDL uptake per g of tissue in hamsters of various ages

Age (Months)

Tissue 1 3 6 12 18 24
wg/hr per g

Liver 23 + 2 24 + 2 24 + 2 22 + 1 21 + 2 25 + 3
Small intestine 96 + 1 8.6 + 1 78 + 1 8.3 + 1 6.2 + 1 7.0 + 1
Adrenal gland 19 ¢+ 2 17 + 1 18 + 1 12 + 1° 16 + 2 14 + 3
Testes 1.5 + 0.2 0.4 + 0.1° 0.5 + 0.1° 0.4 + 0.1° 0.4 + 0.1° 0.4 + 0.1°
Spleen 8.7 + 1 9.1 + 1 8.1 +1 7.8 + 1 76 + 1 89 + ¢
Kidney 3.1 £ 0.3 3.1 £ 03 2.8 £ 0.4 3.1 +£03 3.2 £ 02 3.0 £ 05
Lung 6.5 + 0.7 5.7 + 0.8 5.3 + 0.5 3.9 + 0.4° 41 + 0.3° 4.6 + 0.4
Skeletal muscle 0.3 + 0.1 0.1 £ 0.1 0.1 + 0.1 0.1 £ 0.1 0.1 + 0.1 0.1 + 0.1
Adipose tissue 0.2 + 0.1 0.1 + 0.1 0.1 + 0.1 0.1 + 0.1 0.1 + 0.1 0.1 + 0.1
Brain < 0.1 < 0.1 < 0.1 < 0.1 < 0.1 < 0.4

Male hamsters were maintained throughout life on rodent diet. Rates of homologous LDL uptake were determined in vivo using a primed-continuous
infusion of ['#I]tyramine cellobiose-labeled LDL as described in Materials and Methods. The data are expressed as the pg of LDL-cholesterol taken
up per hr per g of tissue. Each value represents the mean + 1 SE for data obtained in six animals except for the 24 month-old-animals where there

were only four animals.

“Significantly different from the corresponding value for 1-month-old animals at the P < 0.05 level.
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TABLE 2. Rates of cholesterol synthesis per g of tissue in hamsters of various ages
Age (Months)
Tissue 1 3 6 12 18 24
nmol/hr per g
Liver 988 + 174 121 + 13 87 + 18 115 + 44 39 + 5 238 + 71
Small intestine 308 + 17 234 + 17 288 + 26 304 t+ 30 269 + 22 300 + 31
Adrenal gland 1509 + 275 761 + 27 532 + 43 407 + 20 325 + 66 396 + 70
Testes 106 + 16 32 + 2 32 + 3 28 + 2 29 + 1 33 + 3
Spleen 66 + 14 22 + 24 + 3 29 + 4 16 + 2 28 + 3
Kidney 125 + 8 18 + 2 20 + 3 18 + 3 14 + 1 27 + 1
Lung 148 + 23 42 + 13 34 1+ 4 36 + 7 31 £ 2 28 + 3
Skeletal muscle 32 + 6 0.9 £+ 0.1 0.8 + 0.1 1.2 + 0.4 0.7 £ 0.1 1.2 + 0.3
Adipose tissue 27 £ 5 1.3 £+ 0.3 1.0 £+ 0.1 0.8 + 0.3 0.4 + 0.2 1.3 + 0.3
Brain 367 + 22 45 + 2 30 + 3 23 + 1 20 + 2 22 + 2
Carcass 94 + 6 36 + 1 31 + 2 24 + 2 22 + 2 22 ¢+ 1

Male hamsters were maintained throughout life on rodent diet. Rates of sterol synthesis were determined in vivo using [*H]water as described
in Materials and Methods. The data are expressed as the nmol of [*H]water incorporated into cholesterol per hr per g of tissue. Each value represents
the mean + 1 SE for data obtained in six animals except for the 24-month-old animals where there were only four animals. All values in the 3-24-month-old
animals were significantly lower than the corresponding values in the 1-month-old animals at the P < 0.05 level except for the small intestine where

the values in the 3-24-month-old animals did not differ significantly from the 1-month value.

mass of cholesterol derived from LDL uptake in each tis-
sue. Fig. 2 shows the rate of cholesterol acquisition, in ug
of cholesterol per hr per g tissue weight, from de novo syn-
thesis and LDL uptake in the liver, small intestine, and re-
maining carcass as a function of age. As shown in panel
A, at 1 month of age the liver acquired more cholesterol
from de novo synthesis (34 ug/hr per g) than from LDL
uptake (23 pg/hr per g). Thereafter, hepatic LDL uptake
remained constant while de novo cholesterol synthesis fell
dramatically as the animals reached constant adult size so
that, for the remaining 2 years, the liver derived only about
15% as much cholesterol from local synthesis as from LDL
uptake. As shown in panel B, in the small intestine about
equal amounts of cholesterol were derived from de novo
synthesis and LDL uptake at all ages. Rates of cholesterol
acquisition were very low in the remaining carcass (all tis-
sues taken together except liver and small intestine) and
most of this cholesterol was provided by de novo synthesis
(panel C). It should be pointed out that cholesterol acqui-
sition per g of tissue was very high in some tissues of the
carcass such as the endocrine organs but, due to the small
size of these organs, they contributed little to total body
cholesterol synthesis or LDL turnover.

The contribution of de novo synthesis and LDL uptake to
whole organ and whole body cholesterol balance through-
out life is shown in Fig. 3. Rates of cholesterol synthesis
and LDL uptake for the liver, small intestine, remaining
carcass, and whole body (all normalized to 100 g body
weight) are presented as a function of age. Again, rates of
cholesterol synthesis fell markedly as body weight pla-
teaued, especially in the liver and carcass. When normal-
ized to 100 g body weight, LDL uptake rates also declined

with aging in the liver, small intestine, and whole animal.
These reductions, however, were due entirely to the fact
that the relative weights of the liver and small intestine,
the two most important sites for LDL catabolism, fell by
about 50% between 1 month and 6 months of age. Since in
the steady-state, the sum of these LDL-cholesterol uptake
rates for the various tissues of the body (total body LDL-
cholesterol uptake) equals the rate of LDL production, it
is apparent that the rate of LDL-cholesterol production per
100 g body weight also decreased with aging. This figure
also illustrates that the liver of the adult hamster accounts
for 70-80% of total body LDL turnover, but for only about
10% of total body cholesterol synthesis.

The content of cholesterol in the liver and of cholesterol,
phospholipid, and bile acid in gallbladder bile were also
measured in animals used for the determination of LDL
transport. As illustrated in Fig. 4, hepatic free cholesterol
was unchanged with aging whereas the hepatic cholesteryl
ester content increased slightly in animals 12 months of age
and older (panel A). The molar percent of cholesterol in
gallbladder bile remained essentially constant throughout
life (panel B).

Since aging had no effect on LDL transport as long as
the animals were raised on a diet essentially devoid of cho-
lesterol and saturated fat, the next group of studies was un-
dertaken to see whether old animals were more susceptible
than young animals to the hypercholesterolemic effects of
these two dietary lipids. As shown in Fig. 5, groups of
animals ranging in age from 2 to 23 months were fed the
standard rodent diet enriched with 0.06% cholesterol and
20% saturated triglyceride (hydrogenated coconut oil), Af-
ter 1 month on these diets plasma LDL-cholesterol levels,
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Fig. 2. Rates of tissue cholesterol acquisition from de novo synthesis
and LDL uptake per g of tissue in hamsters of various ages. Animals were
maintained throughout life on rodent diet, and rates of cholesterol syn-
thesis and LDL transport were measured at various ages as described in
Tables 2 and 3. The values for cholesteral synthesis (pg/h per g) were
calculated from the absolute rates of [*H]water incorporation into
cholesterol assuming that 22 pg atoms of H were derived from body water
during the biosynthesis of each gmol of cholesterol. The data in panel
C includes all tissues other than the liver and small intestine. Each value
represents the mean + 1 SE for data obtained in six animals except for
the 24-month-old animals where there were only four animals.

rates of LDL-cholesterol production, and rates of LDL
catabolism were quantitated in vivo. As shown in panel A,
plasma LDL-cholesterol levels in control animals remained
constant at around 26 mg/dl throughout life. In contrast,
plasma LDL-cholesterol levels equaled about 120 mg/dl in
the 3-month-old animals that had been fed the cholesterol
and saturated triglyceride diet for 1 month. The diet-
induced rise in LDL-cholesterol levels was somewhat less
in the 6- to 18-month-old animals (LDL-cholesterol con-
centrations of about 75 mg/dl) and even less in the 24-
month-old animals (LDL-cholesterol concentration of
about 70 mg/dl). As a corollary, suppression of total body
LDL receptor activity (panel B) and stimulation of LDL-
cholesterol production rates (panel C) were also greatest
at 3 months of age.

Out-bred male Golden Syrian hamsters also were ob-
tained from two other suppliers and maintained on rodent
diet and drinking water ad libitum for varying periods of

564 Journal of Lipid Research Volume 30, 1989

time up to 18 months of age. Data on hamsters obtained
from Harlan Sprague-Dawley are summarized in Fig. 6.
Again in these animals, as in the animals obtained from
BioBreeders, plasma LDL-cholesterol concentrations and
rates of LDL transport in the liver and other tissues re-
mained constant between 3 months and 18 months of age.
Groups of these animals were also weaned onto rodent diet
enriched with 0.06% cholesterol and 20% hydrogenated
coconut oil, and were maintained continuously on these
diets for varying periods of time up to 18 months of age.
As seen in the above studies, where animals of various ages
were challenged with dietary cholesterol and saturated fat
for 1 month, the highest level of plasma LDL-cholesterol
and the greatest suppression of hepatic LDL transport were
found in animals 2 to 4 months of age. Thus, whether chal-
lenged for only 1 month or maintained continuously on the
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Fig. 3. Rates of tissue cholesterol acquisition from de novo synthesis
and LDL uptake per whole organ and per whole body in hamsters of var-
ious ages. The values for cholesterol synthesis were calculated as described
for Fig. 2 and were then multiplied by whole organ weights that had been
normalized to 100 g of body weight. The data in panel C represent all
tissues taken together except for the liver and small intestine. Each point
represents the mean + 1 SE for data obtained in six animals except for
the 24-month-old animals where there were only four animals.
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Fig. 4. The effect of age on hepatic and biliary cholesterol levels. Sam-
ples of liver and gallbladder bile were obtained from the animals used
for the determination of LDL transport rates. Each point represents the
mean t+ 1 SE for data obtained in six animals except for the 24-month-
old animals where there were only four animals.

high fat diet, the younger animals responded more dramat-
ically to the dietary challenge with a more marked increase
in LDL-cholesterol production rates and greater suppres-
sion of LDL receptor activity. The reason plasma LDL
levels were highest at 2 to 4 months of age is probably due
to the greatly increased food consumption (and thus cho-
lesterol intake) per kg body weight in these rapidly grow-
ing animals. Indeed, body weight nearly quadrupled be-
tween 6 weeks and 6 months of age. Thereafter, body
weight, as well as plasma LDL levels, remained relatively
constant throughout the remainder of adult life (Figs. 1 and
5). In fact, plasma LDL levels might have continued to rise
throughout adult life in animals fed the high fat diet if food
consumption could have been increased to produce a pro-
gressive weight gain (as occurs in Western man).

DISCUSSION

These studies demonstrated that the rates of LDL uptake
and catabolism in the various organs of the body and the

plasma LDL-cholesterol concentration remained essentially
constant over the entire life span of the male hamster when
these animals were maintained on a low-cholesterol, low-tri-
glyceride diet. In contrast, a diet enriched with saturated
triglyceride and a small amount of cholesterol dramatically
increased plasma LDL-cholesterol levels both by increas-
ing the rate of LDL-cholesterol formation and by suppress-
ing whole-animal receptor activity. Furthermore, when
challenged with a diet enriched in cholesterol and saturated
triglyceride for 1 month, older animals were no more sus-
ceptible to the detrimental effect of these lipids on LDL
metabolism than were younger animals. In fact, when
animals were weaned onto the diet containing cholesterol
and saturated triglyceride and maintained on this diet for
life, plasma LDL-cholesterol levels increased to about 125
mg/dl at 3-4 months of age and then gradually declined
to about 80 mg/dl over the subsequent 12 to 15 months.
Thus, in this model, aging per se had no adverse effect on
LDL metabolism nor were aged animals more sensitive to
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Fig. 5. Effect on LDL metabolism of challenging bamsters of various
ages with dietary cholesterol and triglyceride for 1 month. Animals rang-
ing in age from 2 to 23 months were fed rodent diet enriched with 0.06%
cholesterol and 20% hydrogenated coconut oil for 1 month at which time
plasma LDL-cholesterol concentrations, total body receptor-dependent
LDL transport, and LDL production rates were quantitated in vivo. Each
point represents the mean + | SE for data obtained in six animals ex-
cept for the 24-month-old animals where there were only four animals.
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Fig. 6. Effect on LDL metabolism of raising hamsters on diets enriched
with cholesterol and saturated triglyceride. In these studies male wean-
ling hamsters were continuously fed rodent diet enriched with 0.06%
cholesterol and 20% hydrogenated coconut oil for varying periods of time
up to 18 months of age. Plasma LDL-cholesterol concentrations, total body
receptor-dependent LDL transport, and LDL production rates were then
determined as in Fig. 5. Each point represents the mean + 1 SE for data
obtained in six animals.

the detrimental effects of dietary cholesterol and saturated
triglyceride.

In considering the effects of aging on whole-animal LDL
metabolism it is important to take into account the age-
related changes in relative organ weights. Thus, although
rates of LDL transport per g of tissue remained constant
throughout life in all organs (Table 1), the relative weights
of the liver and small intestine, the two most important sites
of receptor-dependent LDL catabolism, decreased by near-
ly 50% during the transition from rapid body growth in
the young animal (1 month of age) to constant adult size
(6 months of age). As a result, whole-animal LDL uptake
per 100 g animal declined during this time period (Fig. 3);
however, because of a corresponding decrease in the rate
of LDL production per 100 g animal, plasma LDL-cho-
lesterol concentrations remained constant. During adult
life, relative organ size, whole-animal LDL uptake, and
LDL production all remained essentially constant.

These results are similar to those reported in other spe-
cies. For example, it was found that plasma LDL-cholesterol
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levels were essentially constant throughout life in monkeys
maintained on low-cholesterol, low-triglyceride diets (13,
33). Similarly, the plasma LDL-cholesterol concentration
was found to be identical in immature and adult dogs (12).
On the other hand, several investigators have noted a
definite increase in plasma LDL-cholesterol levels with ag-
ing in the rat, even when these animals were fed a low-
lipid diet (34-36). The rat, however, is unique in that body
weight continues to increase throughout life in most strains
causing a significant decrease in the liver-to-body weight
ratio. However, under conditions where body weight is
constant, plasma cholesterol levels remain relatively cons-
tant, even in the rat (37, 38).

Unfortunately, in most studies of this type it has been
difficult to compare the effect of aging on the plasma LDL-
cholesterol concentration among different animal species
either because the animal or human subjects were on diets
containing different levels of lipids or because insufficient
data were obtained to determine what specific event in LDL
metabolism had been altered. Furthermore, only very re-
cently has it become possible to measure the four major
parameters of LDL metabolism that dictate steady-state
LDL-cholesterol concentrations, and to understand the
quantitative interaction of these parameters (7, 8).

Clearly the two most powerful determinants of circulating
levels of plasma LDL-cholesterol are the rate of entry of
LDL-cholesterol into the plasma space, i.e., the LDL pro-
duction rate (J,), and the level of whole-animal receptor-
dependent transport capacity (*J™) for removing LDL-
cholesterol from the plasma. The effect of varying each of
these parameters independently on the plasma LDL-cho-
lesterol concentration can be easily calculated and the re-
sults of such calculations in the hamster are illustrated by
the solid lines in Fig. 7. For example, if receptor activity
was progressively lost but the production rate was kept con-
stant at 100%, then the plasma LDL-cholesterol concentra-
tion would increase along the lower curve until it reached
approximately 160 mg/dl when there was no receptor-de-
pendent LDL transport remaining. Conversely, if receptor
activity was kept constant at 100% but the production rate
was increased, the plasma LDL-cholesterol concentration
would move directly upward in this graphic presentation.

Superimposed on these standard kinetic curves are the
data from the present studies. As is apparent, the group
of hamsters that had been maintained throughout their
adult life on the low-fat, rodent diet manifested no change in
any of these three parameters. However, when the animals
were placed on the high-fat diet containing both cholesterol
and saturated triglyceride, there was an increase in the
production rate and a loss of receptor activity so that the
plasma LDL-cholesterol concentration rose into the range
of 75-120 mg/dl. The high fat diet used in these studies (ro-
dent chow supplemented with 0.06% cholesterol and 20%
hydrogenated coconut oil) was selected to study a specific
problem, ie., the effect of aging on sensitivity to the two
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Fig. 7. The effect of aging on the plasma LDL-cholesterol concentra-
tion in the hamster. This diagram illustrates how the plasma cholesterol
concentration changes under circumstances where there has been an al-
teration in either receptor-dependent LDL-cholesterol transport out of
the plasma (horizontal axis) or a change in the rate of LDL-cholesterol
production. The two solid curves show the manner in which the plasma
LDL-cholesterol concentration would be expected to change if there were
an alteration in total body receptor-dependent transport activity (*J™)
under circumstances where the production rate (J,) was either normal or
twice normal. In this diagram the normal values for *J™ (7,560 ug/hr per
kg) and J, (1,650 ug/hr per kg) have been set at 100% of relative activity.
The experimental values found in the animal groups of different ages are
superimposed on these curves.

lipid components of the diet most active in elevating plasma
LDL levels (cholesterol and saturated fatty acids). This diet,
of course, is not completely analogous to Western diets in
that Western diets contain a higher proportion of unsatu-
rated fatty acids. Both saturated and unsaturated fatty acids
appear to influence LDL metabolism independently in the
hamster. For example, when cholesterol is present in the
diet, the further addition of unsaturated fatty acids tends
to increase LDL receptor activity while saturated fatty acids
suppress receptor activity (25). On the other hand, both
types of fatty acids increase the rate of LDL production.
Thus, compared to the high fat diet used in these studies,
a diet containing equal amounts of unsaturated and satu-
rated fatty acids would produce a smaller rise in circulat-
ing LDL levels because of slightly less suppression of whole-
body receptor activity.

The situation may be similar in humans. Although
pooled data from human LDL turnover studies show that
the FCR for LDL falls with aging, it is now apparent that
this is largely the result of overproduction of LDL with satu-
ration (and not down-regulation) of LDL receptor activity
(7, 39-41). Since these human subjects were presumably
on the high-fat diets typical of Western man, and since such
dietary lipids are known to increase LDL-cholesterol
production rates, even this increase in the entry of LDL-
cholesterol into the plasma pool is probably diet-induced

and not a manifestation of aging. It should be noted that
when human subjects, such as the Tarahumara Indians of
Mexico, live out their lives on a diet that is very low in both
cholesterol (71-75 mg/day) and saturated triglyceride (2%
of total calories), the mean plasma cholesterol level remains
low and apparently does not signficantly increase with ag-
ing (14), as'is true for the hamster fed a similar low-fat diet.

Thus, based on these many indirect studies in humans
(39-41), monkeys (33), dogs (12), and some species of rat
(37, 38), and on the direct measurements of LDL trans-
port carried out in the rat (42) and in the hamster in the
present study, it appears very likely that there is no direct
effect of aging per se on receptor-dependent LDL trans-
port in any species, including humans. Rather, the progres-
sive increase in LDL-cholesterol levels that is seen is almost
certainly the consequence of diet-induced changes in both
LDL.-cholesterol production rates and whole-body LDL
receptor activity.

Finally, these studies also provide additional quantitative
information on the importance of de novo cholesterol syn-
thesis and LDL-cholesterol uptake as sources for tissue
cholesterol. As anticipated from previous studies in the
hamster and other species (23, 24, 29, 43), essentially
70-80% of plasma LDL-cholesterol is taken up by the liver.
Hence, the sterol needs of the extrahepatic tissues of the
body must be met almost entirely through local cholesterol
synthesis (Fig. 3, panel C). All cells have an ongoing re-
quirement for cholesterol that is used for the synthesis of
membranes and, in some cases, steroid products. Choles-
terol requirements for membrane synthesis are particularly
high during periods of rapid growth. For example, the fetus
of the rat synthesizes cholesterol at a rate that is 5-fold
greater than the adult animal when these rates are ex-
pressed per kg of body weight (44). There are similar high
rates of synthesis during the period of rapid growth after
birth, as shown in the present studies, where the body
weight of the hamster increased from 38 g at 1 month of
age to 147 g at 6 months of age. This represents a net in-
crease in total body cholesterol of approximately 200 mg,
assuming that the average cholesterol content of tissues is
1.5-2 mg/g. Even in the absence of dietary cholesterol, this
increment in total body cholesterol could easily be ac-
counted for by the fact that the rate of total body cholesterol
synthesis (per 100 g animal) was 4-fold higher at 1 month
of age than at 6 months of age when body weight had
plateaued (Fig. 3). This increased rate of sterol synthesis
in the rapidly growing, young animal was even greater in
specific tissues such as the liver (11-fold), brain (12-fold),
fat (27-fold), and skeletal muscle (35-fold). In contrast, rates
of sterol synthesis remained high throughout life in organs
such as the small intestine, where rapid cell turnover oc-
curs continuously, and in the endocrine organs, which re-
quire cholesterol for steroid hormone synthesis. Thus,
changing tissue requirements for cholesterol over the life
span of these animals were met entirely by appropriate
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changes in the rates of local cholesterol synthesis while the
rates of LDL-cholesterol uptake remained essentially
constant. B
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