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Age-related decreases in tissue sterol acquisition are
mediated by changes in cholesterol synthesis and
not low density lipoprotein uptake in the rat

Eduard F. Stange and John M. Dietschy
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Southwestern Medical School, Dallas, TX 75235

Abstract The present investigation compared plasma choles-
terol levels and lipoprotein profiles, and absolute rates of sterol
synthesis and low density lipoprotein (LDL) uptake in various
organs of immature (4 weeks old) and mature (15 weeks) rats.
The plasma cholesterol level and its distribution among the
major lipoprotein density fractions were similar in both groups.
Using [*H]water as a substrate for measuring sterol sgrnthesis in
vivo, the content of newly synthesized cholesterol (*H-labeled
digitonin-precipitable sterols; [*H]DPS) was several fold higher
in all tissues of the young, compared to the old, rats when
normalized per g of tissue. In contrast, whole-body [*H]DPS
content was identical at 29.5 and 29.3 umol/hr in young and
old rats, respectively, despite a 4.4-fold difference in body weight
(102 vs. 453 g). The importance of different organs to total-
body sterol synthesis remained similar with increasing age al-
though the skin (11 vs. 24% of total) rather than the small bowel
(15 vs. 8%) became the second most important organ after the
liver (49 vs. 45%) in the older animals. When LDL uptake was
determined in these same organs, using a constant infusion tech-
nique, the rates of clearance were higher only in the adrenal
glands, adipose tissue, and skin of the young animals; whereas
these rates were essentially the same in the liver and gastroin-
testinal tract, the two organs that are quantitatively most im-
portant for LDL catabolism. Even when these clearance rates
were normalized to the whole organ or to 100 g of body weight,
the differences in LDL uptake in the two age groups were minor
compared to the major decrease in rates of cholesterol synthesis
that were observed with aging. Finally, calculation of absolute
rates of tissue cholesterol acquisition from both sources indicated
that, in most organs, the majority of tissue cholesterol was derived
from local synthesis rather than from LDL uptake in both age
groups and that, with increasing age, total cholesterol acquisition
decreased several-fold primarily as a consequence of the dimin-
ished rate of sterol synthesis.B These studies demonstrate that
with growth and aging in the rat there is a dramatic decrease
in the rate of tissue cholesterol synthesis while the uptake of
LDL-cholesterol remains essentially unchanged.—Stange, E. F.,
and J. M. Dietschy. Age-related decreases in tissue sterol ac-
quisition are mediated by changes in cholesterol synthesis and
not low density lipoprotein uptake in the rat. J. Lipid Res. 1984.
25: 703-713.
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During the growth of an animal there is continuous
need for cholesterol for the synthesis of new membranous

structures so that, on average, about 1.5 g of sterol is
accumulated in the body for every 1000 g of new tissue
that is laid down (1). Even when the mature animal is no
longer in a rapid growth phase, most cells continue to
require a supply of cholesterol to meet continued needs
for membrane synthesis (as in tissues like the intestine
and bone marrow), membrane lipid turnover, and the
synthesis of sterol products (as in the liver and endocrine
glands). Such needs generally are met either by the syn-
thesis of cholesterol within a given tissue or by the uptake
of cholesterol from the extracellular environment through
either molecular diffusion (2) or the receptor-dependent
or -independent uptake of cholesterol carried in different
classes of lipoproteins (1). Recently it has become possible
to quantitate both of these processes in the various organs
of intact animals.

All tissues manifest at least some synthetic ativity, al-
though these rates may vary as much as 200-fold among
the different organs (3). In different species, including
man to the extent data are available, the highest rates of
cholesterol synthesis (expressed per g wet weight) are
usually found in organs such as liver, intestine, and the
endocrine glands, while the lowest rates are found in
tissues such as brain, striated muscle, and adipose tissue
(1, 3, 4). Such rates are regulable in nearly all of the
organs under circumstances where sterol flux across the
cells of a particular tissue is changed. For example, in-
creasing or suppressing the diffusion of molecular cho-
lesterol into the intestinal epithelial cells decreases or
enhances, respectively, the rates of cholesterol synthesis
in these cells (5-7). Similarly, either increasing or de-
creasing the amount of cholesterol delivered to the he-
patocyte in the chylomicron remnant also is associated
with an appropriate reciprocal change in the rate of sterol
synthesis by the liver (8, 9). Finally, limiting the availability

Abbreviations: LDL, low density lipoproteins; DPS, digitonin-pre-
cipitable sterols; rLDL, LDL from rat plasma; HMG. 3-hydroxy-3-
methylglutaryl.
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of low density lipoprotein (LDL)-cholesterol for transport
into certain peripheral organs is, again, associated with
an appropriate increase in the rate at which these various
organs synthesize sterol (10-12).

Just as nearly every organ can synthesize cholesterol,
these same tissues can also take up cholesterol carried in
LDL by either receptor-dependent or -independent
mechanisms. In animals such as the rat, rabbit, hamster,
and man, receptor-dependent uptake accounts for from
two-thirds to three-fourths of total LDL degradation from
the plasma space (13). As in the case of cholesterol syn-
thesis, the highest rates of LDL uptake (expressed per g
wet weight) are found in organs like liver, intestine, and
the endocrine glands, and the majority of this uptake is
receptor-dependent (14, 15). Similarly, the lowest rates
are seen in brain, muscle, and adipose tissue, and this
minimal uptake appears to be mediated by a receptor-
independent mechanism.

Thus, the generalization can now be made that cho-
lesterol synthesis and the uptake of sterol carried in li-
poproteins act in concert to meet the needs of a particular
organ. Both processes occur at high rates in tissues re-
quiring a great deal of cholesterol such as the cells of the
intestinal crypts, liver, and endocrine glands while cor-
respondingly lower rates for both processes are found in
organs such as skin, muscle, adipocytes, and brain that
require little cholesterol (12-15). Nevertheless, of these
two processes, cholesterol synthesis is by far the most
important. In so far as quantitative data are now available,
for example, only about 2-30% of the cholesterol ac-
quired by most organs comes from the uptake of LDL
(13-16); the great majority comes from the de novo syn-
thesis.

If cholesterol homeostasis in cells is to be maintained,
then these processes of cholesterol acquisition must be
regulable. Data obtained in a variety of isolated cells stud-
ied in vitro suggest that there is coordinated regulation
of these various processes (17-19). Enhanced entry of
cholesterol into the cells, for example, is associated with
suppression of both cholesterol synthesis and LDL re-
ceptor activity, as well as with an increase in the rate of
cholesterol esterification. Now, however, there is a variety
of observations suggesting that such coordinated regu-
lation does not take place in the differentiated tissues of
live animals but, rather, that these processes are under
independent regulation. For example, rates of hepatic
cholesterol synthesis can be varied as much as 200-fold
in some species without altering the rate of hepatic LDL
uptake, the circulating levels of LDL-cholesterol, or
whole-animal turnover of LDL-protein (13, 20). Similarly,
altering the flux of molecular cholesterol across the ab-
sorptive cells of the intestine changes the rate of choles-
terol synthesis in these cells as much as 10-fold, yet LDL
uptake by these same cells remains essentially constant
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(7, 16). Thus, under most physiological circumstances
that have been studied in vivo, a change in the flux of
cholesterol into or out of a particular cell is met by a
change in the rate of cholesterol synthesis in that cell
rather than by a change in the rate of uptake of LDL.
Only in extreme circumstances where changes in the rate
of cholesterol synthesis cannot compensate (or are inhib-
ited) for changes in cholesterol flux does the cell alter its
rate of LDL transport (21, 22).

Another important model for studying these regulatory
events is the growing animal. During the transition from
rapid growth in the young animal to more stable weights
in the adult, there must be marked changes in the need
for cholesterol by every organ in the body. Since in most
species there is essentially no accumulation of cholesterol
in the various tissues nor changes in circulating levels of
LDL during the transition from the rapid growth phase
to maturity, it is apparent that there must be marked
changes in the rates of cholesterol acquisition by the var-
ious organs during this transition.

The present studies were designed to examine these
regulatory events. Using newer techniques, rates of cho-
lesterol synthesis and LDL uptake were measured in vivo
in the major tissues of young, rapidly growing rats and
in much larger, more mature animals. From these mea-
surements, it was determined that during the transition
from rapid growth to maturity, the decreased needs for
cholesterol in nearly every organ were met by a marked
decrease in the rate of cholesterol synthesis in that organ
while the rates of LDL uptake remained essentially con-
stant.

MATERIALS AND METHODS

Animals

The male Sprague-Dawley-derived rats (CD®™ (SD)BR,
Charles River Breeding Laboratories, Wilmington, MA)
were kept in a room with alternating periods of light
(1500-0300 hr) and darkness (0300-1500 hr) and were
fed plain rat chow (Wayne Laboratory Animal Diets, Al-
lied Mills, Inc., Chicago, IL) ad libitum for 10 days before
being used in the experiments. At the time of the ex-
periments the young (growing) and old (mature) animals
were 30 and 89-103 days old and weighed approximately
100 and 450 g, respectively (Table 1).

Determination of sterol synthesis in vivo

As described previously in detail (3, 12), the rats were
administered intravenously 50 mCi of [*H]water between
0900 and 1100 hr (mid-dark period) and were killed
exactly 1 hr later. The abdomen was opened and blood
was drawn for the determination of plasma water specific
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TABLE 1. Mean organ weights in the young and old rats

Tissue Young Rats Old Rats
g wet weight

A. Whole animal 101.6 *2.7 453.0 * 6.7
B. Liver 47 +0.1 13.1 +=0.6
C. Adrenal gland 0.01 £+ 0.001 0.02 + 0.002
D. Small bowel 65 +0.3 13.1 =0.8
E. Stomach 09 0.1 1.8 0.1
F. Colon 2.1 =0.1 48 *+0.7
G. Lung 0.8 +0.03 1.6 =+ 0.07
H. Spleen 0.5 +0.02 0.7 *0.06
I. Skin 154 +0.4 51.6 *+2.2
J.  Kidney 0.5 *=0.01 1.4 +=0.04
K. Testis 0.4 *=0.01 1.5 +=0.03
L. Carcass 55.2 +2.0 265.3 *4.8

This table lists the mean animal and organ weights for the exper-
imental animals used in the studies shown in Figs.2 and 3. The carcass
contained all the tissues not otherwise listed in this table. The values
represent the means + 1 SEM for six rats.

activity (23). The following organs were sampled and
weighed: liver, adrenal gland, small bowel with contents,
stomach, colon, lung, spleen, skin, kidney, testis, and car-
cass, which contained all of the other tissues not listed.
In addition, medial thigh muscle and retroperitoneal fat
also were sampled. Gastric and colonic contents were
discarded. The entire small intestine, carcass, skin, and
adrenal glands, as well as aliquots of the other tissues,
were saponified in alcoholic KOH. The digitonin-precip-
itable sterols (DPS) were isolated and assayed for radio-
activity as described (23).

Determination of tissue LDL clearance
(uptake) in vivo

Homologous rat LDL (rLDL) was isolated as detailed
previously (20) in the density range of 1.030-1.055
g/ml from donors fed a low cholesterol diet. The rLDL
preparation was then labeled with [**Clsucrose (24), di-
alyzed overnight against 0.9% NaCl, and filtered through
a 0.22-um Millipore filter immediately before use. The
rLDL tissue clearance was measured during a constant
infusion of ['*C]sucrose-labeled rLDL using a procedure
validated recently in both hamster (14, 25) and rat (13).
Groups of rats were fitted with femoral vein catheters
and kept in restraining cages during the infusion period.
Young and old rats received a priming dose of 500,000
and 1,000,000 dpm, respectively, of the same rLDL
preparation and were then administered a constant in-
fusion that delivered 17% of the initial bolus each hr to
maintain a constant specific activity in plasma. This in-
fusion rate was based on the whole body turnover rate
of rLDL (20) and resulted in a stable plasma rLDL specific
activity between 2 hr (70 = 4 and 50 + 1 dpm/ul in
young and old animals, respectively) and 5 hr (73 + 8
and 50 *+ 2 dpm/ul, respectively) of the experimental
period. Groups of animals were killed at these time points

and the organs listed in Table 1 were removed, weighed,
and sampled. Aliquots of these organs, along with the
plasma samples, were saponified, neutralized, solubilized,
and assayed for radioactivity (with quench correction) as
described (14, 20). Although preliminary studies did not
reveal any diurnal variation in LDL clearance, these mea-
surements were also made at approximately the mid-dark
phase of the light cycle.

Determination of the distribution of cholesterol in
plasma lipoproteins

Pooled plasma from each group was anticoagulated
with EDTA and equal volumes were adjusted to the den-
sities of 1.006, 1.030, 1.055, 1.095, and 1.210 g/ml and
centrifuged simultaneously at 165,000 g for 24 hr. The
cholesterol concentration in the top 4 ml of each cen-
trifuge tube, as well as in an aliquot of the plasma pool,
was then measured colorimetrically (26).

Calculations

For the in vivo sterol synthesis experiments it was nec-
essary to determine the mean specific activity of plasma
water during the 1-hr experiment. This value was ex-
pressed as the dpm of *H per nmol of water and was
calculated from the following equation (23):

(dpm’H/ml plasma)(1.09)
(nmol water/ml water)(0.92 ml water/ml plasma) ’

The term 1.09 corrects the value found at the end of
the 1-hr period to the mean plasma water specific activity
during the experiment.

The rates of sterol synthesis (or newly synthesized sterol
content) were calculated as the nmol of [*H]water in-
corporated into DPS per hr per g of tissue (nmol/hr per
g) using the following relationship (12):

(dpm[*H]DPS)
(1 hr)(g tissue weight)(sp act body water) '

For the in vivo rLDL uptake experiments the tissue
spaces at each time point during the constant infusion (2
and 5 hr) were determind by dividing the radioactivity
in 1 g of each organ (dpm/g) by the steady state con-
centration of radioactivity in the plasma (dpm/ul); thus,
the space of distribution had the units ul/g (27). Since
the rLDL accumulates in each organ as a linear function
of time (14, 15), the tissue clearance of rLDL was cal-
culated from the slope of the best-fit linear regression
curve of the relationship between the tissue space and
time, and was expressed as ul/hr per g (14). Finally, when
this clearance value was multiplied by the amount of
rLDL-cholesterol in 1 ul of plasma, the absolute rates of
rLDL-cholesterol uptake per hr per g of tissue were ob-
tained.
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LIPOPROTEIN CHOLESTEROL CONCENTRATION

The data represent means = 1 SEM for the number
of animals used in each study. The linear regression curves
were fitted by the method of least squares. The statistical
comparison was based on the Student’s t-test.

RESULTS

In an initial set of experiments, plasma cholesterol levels
and the lipoprotein-cholesterol concentration in various
density fractions were measured in two groups of rats.
One group was young and rapidly growing (30 days old,
weighing 97 + 4 g) while the second group contained
more mature animals (89-103 days old, weighing 422
+ 6 g). As shown in Fig. 1, with increasing age there was
no significant change in total plasma cholesterol levels
between the young (66.3 mg/dl) and old (62.2 mg/dl)
rats. In addition, the plasma cholesterol distribution
among the different plasma lipoprotein density classes
was similar in both groups of rats. Thus, these findings
effectively eliminated age-related differences in lipopro-
tein profiles as a potential cause for changes in sterol
synthesis or LDL uptake that might be found in these
two groups of animals.

@ YOUNG RATS

Total Plasma Cholesterol :

66.3% 2.7 mg/dl
20

10

(mg/dl)

OLD RATS

Total Plasma Cholesterol:
62.2 1.1 mg/dl

T

30

20

10

1006 1030 1055 1095 1210
LIPOPROTEIN DENSITY (g/ml)

Fig. 1. Distribution of plasma cholesterol among five lipoprotein
density fractions in young (panel A) and old (B) rats. Pooled plasma
was adjusted to the densities of 1.006, 1.030, 1.055, 1.095, and 1.210
g/ml and centrifuged simultaneously at 165,000 g for 24 hr. The
cholesterol concentration was then assayed in the top fractions and
expressed as the plasma concentration (mg/dl) of the respective density
class. The data represent the means of two separate pools of plasma
from each age group. Total body weight was 97 + 4 g and 422 + 6
g for the young and old rats, respectively.
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With this information available, the absolute rates of
sterol synthesis were next determined in vivo in two sim-
ilar groups of animals using [*H]water. As is apparent in
Fig. 2, the content of newly synthesized sterol found in
14 tissues of the two groups of animals gave a profile
similar to that already reported in female rats weighing
approximately 200 g (12). There were high levels of newly
synthesized cholesterol in the liver, adrenal glands, and
various portions of the gastrointestinal tract while much
lower values were found in more peripheral tissues. How-
ever, although the relative distribution of synthetic activity
was similar in the two groups of animals, the content of
[PH]DPS present in each g of tissue in the older animals
(panel B) was signifiantly less than the values found in
the actively growing, younger rats (panel A). Thus, the
liver and small intestine, two of the most important organs
for synthesis, manifested rates of synthesis in the older
rats that were less than one-third of the rates found in
the growing animals. There were even more marked dif-
ferences observed in more peripheral tissues such as fat
and muscle where the content of [*H]DPS in the older
rats was less than 15% of that seen in the young animals.

It should be noted that, in this type of study, there is
transfer of some newly synthesized cholesterol from one
organ to another, even within the 1-hr interval over which
these rates were assayed (12). For practical purposes, all
[*H]DPS appearing in blood comes from the liver; hence,
the content of [*H]DPS in the blood (Fig. 2) in the young
and old animals was proportional to the content of
[PH]DPS in the liver of these respective groups (12). Some
of the [PH]DPS in the blood is then taken up, by exchange
or by net lipoprotein transport, and contributes to the
content of [*H]DPS in the different organs. Since the
synthesis of cholesterol in the liver, and hence the content
of [PH]DPS in the blood, is so much lower in the older
animals, a component of the lower content of [*H]DPS
in some of the peripheral tissues may be attributed to
lower rates of uptake of [*H]DPS from the blood rather
than to lower rates of synthesis. However, these small
sources of error in determining rates of cholesterol syn-
thesis can be corrected for by utilizing previously pub-
lished equations (12). When this is done, the absolute
rates of synthesis occurring in vivo are still very much
lower in the older animals, relative to the young rats,
and amount to, for example, 158 versus 593 nmol/hr
per g in the intestine, 3 versus 60 nmol/hr per g in the
fat tissue, and 3 versus 21 nmol/hr per g in the skeletal
muscle. Only in the adrenal gland are these corrections
significant since <10% of the [*H]DPS found in this organ
in the rat is derived from synthesis; most is taken up from
circulating high density lipoproteins (12, 28).

When each of these values was multiplied by the ap-
propriate organ weight (Table 1), the [*’H]DPS content
of each organ, as well as the rate of whole-animal cho-
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Fig. 2. Content of newly synthesized sterol in the various tissues of young (panel A) and old (B) rats. All
animals were killed 1 hr after the intravenous administration of [*H]water and the tissues were removed,
weighed, and assayed for their content of [*H]DPS. These contents were expressed as the nmol of [*H]water
incorporated into DPS per hr per g of tissue. The bulk of the adipose tissue (fat) and skeletal muscle remained
with the residual carcass except for the small aliquots that were used to assay for [*H]DPS content. The mean
body weights of these groups are given in Table 1. The data represent the means + 1 SEM for results obtained
in six animals of each age group. The values are significantly different for every organ between the two groups

at the P < 0.05 level.

lesterol synthesis, was obtained for the two groups of rats.
As shown in Fig. 3, the absolute rate of [*H]water in-
corporation into DPS equaled 29.5 and 29.3 umol/hr in
the young and old rats, respectively. These values com-
pared to a previously reported value of 31.6 umol/hr
found in animals of intermediate size between the young
and old rats used in the present study (3). Thus, when
normalized to a constant body weight of 100 g, the rate
of [*H]water incorporation into sterols by the whole an-
imal dropped dramatically from 29.1 to 15.8 to 6.5 umol/
hr per 100 g body weight as the animals aged and reached
mean weights of 102 g, 200 g, and 453 g, respectively.

The relative contribution of each organ to cholesterol
synthesis in the whole animal is similar in the young and
old rats, as is also apparent in Fig. 3. For example, of
the total [*H]DPS formed, 49% and 45%, respectively,
was found in the liver of the young and old rats. Similar
contents of [*H]DPS were found in many of the extra-
hepatic tissues. The two important exceptions were the
intestine and skin. With aging, the amount of newly
formed sterol found in the small bowel decreased from
15% of the total to only 8%, while that found in skin
nearly doubled from the 11% seen in the young animals
to the 24% found in the old rats.

With the rates of sterol synthesis in vivo defined in the
organs of these two groups of rats, direct measurements
were next made of the rates of LDL uptake by these
same organs under identical in vivo conditions. The data
in Fig. 4 illustrate the rates of LDL clearance from the
plasma per hr by 1 g of each major tissue. Two points
warrants emphasis. First, in the two organs that are quan-
titatively most important in the rat for the degradation
of rLDL, the liver and intestine (15), the rate of LDL
uptake was essentially unaffected by aging. Thus, the
liver from the young and old rats cleared rLDL at rates
of 51 and 53 ul/hr per g, respectively, while the intestine
from both groups of rats took up rLDL at the identical
rate of 17 pl/hr per g. Second, aging did result in re-
ductions in the mean uptake of rLDL by the adrenal
gland (285 vs. 81 ul/hr per g) and by adipose tissue, skin
and testis, all of which manifested essentially undetectable
rates of LDL uptake in the older animals.

When these values were multiplied by the respective
organ weights, the rates of rLDL clearance per hr by
each organ were obtained, and these data are shown in
Fig. 5. As is apparent, the values for the clearance of
rLDL increased in nearly every organ with growth; these
increases reflected primarily increases in organ size that
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Fig. 3. Content of newly synthesized sterol in the various whole organs of young (panel A) and old (B) rats.
These values equal the product of the tissue [*H]DPS content (nmol/hr per g) shown in Fig. 2 and whole organ
weight (Table 1). The mean absolute value of the total body [*H]DPS content is also shown for each group of
animals and represents the umol of [*H]water incorporated into DPS per hr.

were out of proportion to any changes that were observed
in the rate of rLDL clearance per g of tissue (Fig. 4).
However, the relative importance of each organ to rLDL
degradation remained nearly constant with growth. For
example, of the total rLDL clearance found in these ten
organs, 50% and 62%, respectively, was detected in the
liver of the young and old animals, while 24% was iden-
tified in the small bowel in both groups. Similarly, with
the exception of skin, the percentage contribution of the
remaining organs to rLDL degradation was small and
essentially equal in the young and old rats.

DISCUSSION

These studies demonstrate that during the transition
from the very active growth phase seen in young rats
weighing only about 100 g to the more stable phase of
less rapidly growing animals weighing about 450 g, the
rate at which the body synthesizes cholesterol declines
markedly by about 80% (when normalized to a constant
body weight). In contrast, the rate of LDL uptake by the
major organs remains essentially constant, as do the levels

708 Journal of Lipid Research Volume 25, 1984

of both total and LDL-associated cholesterol in the plasma
of these two groups of animals. This observation rep-
resents yet another example of the independent regulation
of rates of tissue cholesterol synthesis and LDL uptake,
and again emphasizes the primary role of regulating rates
of cholesterol synthesis in order to meet changing de-
mands for cellular cholesterol.

In the initial set of experiments it was established that
the plasma cholesterol concentration and its distribution
among the different lipoprotein density classes were sim-
ilar (Fig. 1) in the growing and mature animals. This
finding is consistent with previous reports that plasma
cholesterol levels in the rat are stable during the first 6
months of life and, thereafter, increase only to a variable
degree in different strains of rats (29-34). For example,
the LDL-cholesterol concentration has been reported to
be either increased (32, 33) or unchanged, even in se-
nescent rats 22 months of age (34). The finding of similar
concentrations of cholesterol in the major lipoprotein
classes in the two groups of animals used in these studies
is important since plasma lipoproteins may serve as one
of the regulators of sterol synthesis (10) and, possibly,
receptor-mediated LDL uptake in various extrahepatic
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Fig. 4. Rates of clearance (uptake) of rLDL by the various tissues of young (panel A) and old (B) rats. The
rats were fitted with femoral vein catheters and given a bolus of labeled homologous rat LDL followed by a
constant infusion of the same lipoprotein to keep the plasma SA stable during the experiment. Groups of rats
(n = 5) were killed at 2 and 5 hr and the tissues were processed as described in Materials and Methods. The
rLDL tissue clearance (ul/hr per g) was calculated from the increase in the tissue space (ul/g) in each organ
with time. Total body weight was 100 = 2 g and 410 + 5 g for the young and old rats, respectively. The data
represent the slope = 1 SEM of the best fit regression line.

tissues (17). Thus, the changes in rates of sterol synthesis
observed in the various organs of the older rats cannot
be attributed to a concomitant increase in plasma cho-
lesterol levels but, rather, were probably a response to
the diminished demand for cellular cholesterol as the rate
of tissue growth diminished. This age-related decline in
sterol synthesis rates has been described previously in
tissues such as the liver (35, 36) and skin (37) using tech-
niques based upon the measurement of the activity of
3-hydroxy-3-methylglutaryl-CoA reductase or the incor-
poration of ['*ClJacetate into sterols as indicators of the
rate of cholesterol synthesis. The [*H]water technique
used in the present investigation confirmed these obser-
vations in vivo and, in addition, further showed that the
content of newly synthesized [*H]DPS was lower in every
organ of the mature animal when expressed per g of
tissue.

However, in a broader context, the effect of aging on
cholesterol synthesis in the whole animal must take into
account not only the changes that occur in rates of sterol

synthesis when expressed per g of tissue, but must also
take into consideration changes that occur with respect
to whole organ weight and with respect to the relative
contribution of that organ to the whole-animal weight.
The effects of growth on all three of these factors is taken
into account when the absolute values of the [*H]DPS
content are calculated per organ per 100 g of whole-
animal body weight, as has been done in Table 2 (columns
1 and 2). As is apparent, in nearly all organs the rates of
sterol synthesis are 3- to 9-fold higher in the young rats
than in the older animals. Only in skin is this difference
only 2-fold. Thus, whether the data are expressed per g
of tissue or per whole organ (normalized to a constant
body weight), the transition from rapid body growth to
more stable body weights is accompanied by a marked
decrease in the rate of sterol synthesis in all major organs.

These findings are in contrast to the effects of aging
on rates of LDL uptake and degradation. In the liver
and small bowel, the two organs that account for 60-
65% of total LDL turnover in the rat (13), the rates of
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Fig. 5. Rates of clearance (uptake) of rLDL by the various whole organs of young (panel A) and old (B) rats.
These values equal the product of the rLDL tissue clearance (ul/hr per g) shown in Fig. 4 and the whole organ

weight (Table 1) of each tissue.

LDL uptake are identical in the young and old animals
(Fig. 4). This is also true for other organs such as kidney,
lung, and colon. Since >90% of this uptake is receptor-
mediated (except in the intestine (16)), this finding in-

TABLE 2. Tissue [*H]DPS content and LDL clearance in young
and old rats normalized to a constant body weight of 100 g

Tissue [*H]DPS Content Tissue rLLDL Clearance

Young Rats Old Rats Young Rats Old Rats

nmol | hr per organ per
100 g body weight

ul!hr per organ per
100 g body weight

A. Liver 14306 2935 232 151
B. Small bowel 4308 501 111 49
C. Carcass 3868 744

D. Skin 3146 1585 64 8
E. Blood 2016 367

F. Colon 677 190 15 8
G. Stomach 316 89 ~0 ~0
H. Lung 178 27 8 2
I. Spleen 103 16 19 13
J.  Kidney 73 8 9 9
K. Testis 50 10 0.8 ~0
L. Adrenal 8 1 3 0.3

The data in this table represent the whole organ [*H]DPS content
(Fig. 3) and rLDL clearance (Fig. 5) normalized to 100 g body weight.

710 Journal of Lipid Research Volume 25, 1984

dicates that the number of LDL receptors per g of tissue
remains essentially constant during the transition from
rapid to slow growth (13). Decreases in LDL uptake with
aging were found only in the adrenal gland, adipose tissue,
and skin, and none of these tissues is quantitatively very
important in whole-animal LDL turnover (Fig. 5). When
the rates of LDL clearance in each organ are normalized
to a constant body weight (Table 2), the clearance of
LDL by the liver decreased from 232 to 151 ul/hr per
100 g body weight and by the intestine from 111 to 49
ul/hr per 100 g body weight. These differences, it should
be emphasized, were due to the fact that the liver and
intestine represented 4.7% and 6.4%, respectively, of total
body weight in the small rats but only 3.0% and 2.9%,
respectively, in the large animals (Table 1). Hence, the
older animals had a slightly lower rate of clearance of
LDL from the plasma (normalized to 100 g body weight)
than the smaller animals; this difference reflects the rel-
atively smaller size of the liver and intestine in the large
animals and not a change in the number of LDL receptors
per g of tissue.

A slightly lower fractional catabolic rate for the clear-
ance of '**I-labeled LDL also has recently been reported
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in large rats (521 g, 0.055/hr) compared to smaller an-
imals (252 g, 0.069/hr) (38). Unfortunately, these mea-
surements were flawed by the fact that they were made
using LDL of human origin which reacts very poorly with
the rat LDL receptor (20, 39). When such measurements
are made utilizing rLDL, the fractional catabolic rate
actually equals approximately 0.21-0.24 (20, 40). How-
ever, taken together, these various data demonstrate that
during the transition from a rapidly growing to more
mature animal, the uptake of LDL by the various organs
and the plasma LDL levels remain essentially constant
under circumstances where the diminished needs for ste-
rol by the various tissues is compensated for by profound
decreases in the rates of cholesterol synthesis.

Finally, the two sets of data obtained in these studies
provide the basis for quantitating the importance of local
cholesterol synthesis and the uptake of cholesterol carried

in LDL as sources for tissue sterol acquisition. The rates
of [*H]water incorporation into DPS can be converted
to ug of cholesterol synthesized per hr in 1 g of each
organ assuming that 1.45 ug atoms of carbon are incor-
porated into the cholesterol molecule per ug atom of *H
that appears in [*’H]DPS (3, 26). Similarly, by multiplying
the rates of LDL clearance in each organ by the con-
centration of LDL-cholesterol in 1 ul of plasma, the ug
of cholesterol taken up per hr in 1 g of each tissue also
can be obtained. Thus, as shown in Fig. 6, in the young
animals the rates of tissue cholesterol acquisition from
these two sources varied from approximately 100 ug/hr
per g in the liver to only 1 to 2 ug/hr per g in muscle.
Furthermore, in nearly all of the tissues, most of this
sterol was acquired from local synthesis rather than from
LDL uptake. The important exceptions to this are the
adrenal gland and spleen where lipoprotein uptake was
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Fig. 6. Rates of tissue cholesterol acquisition from sterol synthesis and rLDL uptake in young (panel A) and
old (B) rats. The values for cholesterol synthesis (ug/hr per g) were calculated from the absolute rates of
[*H]water incorporation into DPS (after correcting for uptake from blood (12)) using the factors 1.45 (C/*H
incorporation ratio) and 18 (the number of acetyl-CoA units incorporated per molecule of cholesterol) as
detailed in reference 12. The data for rLDL-cholesterol uptake are based on the tissue clearances (ul/hr per
g) as shown in Fig. 4 and the LDL cholesterol concentration in plasma of the respective age group. The open
columns denote the amount of sterol derived from synthesis and the hatched bars denote the amount derived
from rLDL uptake for the various organs. These calculations do not take into account the uptake of cholesterol
from other lipoprotein sources such as high density lipoproteins (e.g., the adrenal glands) or chylomicrons (e.g.,

the liver).
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quantitatively more important. With aging, the rates of
tissue cholesterol acquisition decreased markedly (panel
B) and this decrease was accomplished almost entirely by
a decrease in the rate of cholesterol synthesis. It should
be noted that these calculations do not take into account
other sources for cholesterol in particular organs, e.g.,
the uptake of chylomicron-cholesterol by the liver (9) and
of HDL-cholesterol by the adrenal gland (28).

Thus, these observations provide additional support
for the concept that there is independent regulation of
cholesterol synthesis and receptor-mediated LDL uptake
in most tissues. Marked changes in cholesterol balance
across the intestine (16), liver (15), or other tissue cells
is accommodated for by appropriate reciprocal changes
in rates of cholesterol synthesis while the rate of LDL
uptake remains essentially unchanged. This accounts for
the observation that in many species, including man, the
plasma LDL-cholesterol levels remain remarkably con-
stant under conditions where marked changes in choles-
terol balance have been induced by dietary, surgical, or
drug manipulations (41-43). Only under circumstances
where adaptive responses of the biosynthetic pathway are
exceeded (or blocked) are changes in tissue LDL uptake
and, hence, levels of circulating LDL cholesterol, found
(21, 22). These studies do not rule out the possibility that
there may be important changes in LDL receptor activity
in much older animals that may account for age-related
increases in plasma LDL-cholesterol levels. Such changes,
however, must be much smaller and not related directly
to the much greater reductions in cholesterol synthetic
activity that accompany such aging. Bl
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