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Abstract Many investigators, observing an apparent dilution
in the plasma specific activity (SA) of apolipoprotein B-100
(apoB) in low density lipoprotein (LDL) as compared with that
in very low density lipoprotein (VLDL) after injection of radio-
labeled VLDL, have formulated kinetic hypotheses incorporat-
ing the concept of de novo production of LDL to explain their
data in humans and other mammals. These hypotheses, with
rare exception, do not account for the kinetic heterogeneity
known to exist in the apoB of human VLDL on the basis of size
and in the apoB of rabbit VLDL on the basis of size and pres-
ence of apolipoprotein E. When a logical analysis of such kinetic
heterogeneity of apoB in plasma VLDL is performed, it be-
comes clear that the apparent dilution of the SA of apoB in LDL
relative to that in VLDL can be explained without the require-
ment for de novo production of LDL. Although this alternative
hypothesis, incorporating the concept of kinetic heterogeneity of
apoB in VLDL, does not exclude the process of de novo produc-
tion of LDL, which so many investigators have invoked to ex-
plain their data, it does raise a question as to the existence of
such a process since an alternative hypothesis can explain such
data just as well. Clearly, more experimental data on the kinetic
heterogeneity of human and other mammalian VLDL are needed
before a reasonable choice can be made between these two
hypotheses. —Shames, D. M., and R. J. Havel. De novo
production of low density lipoproteins: fact or fancy. J. Lipid Res.
1991. 32: 1099-1112.
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Isolated hepatic perfusion experiments with livers from
fed New Zealand white (NZW) and Watanabe heritable
hyperlipidemic (WHHL) rabbits have shown that very
little, if any, apolipoprotein B-100 (apoB) is secreted with
a density greater than 1.006 g/ml (1). We have incorpo-
rated this information into our analysis of in vivo kinetic
data on apoB metabolism in very low density lipoproteins
(VLDL), intermediate density lipoproteins (IDL), and
low density lipoproteins (LDL) obtained from experi-
ments in NZW and WHHL rabbits. The hypothesis of no
direct de novo production of either IDL or LDL apoB was
found to be consistent with all of our tracer and mass data
(2-5). Nevertheless, other investigators have interpreted

their in vivo kinetic data on apoB metabolism in the rab-
bit (6), miniature pig (7-9), monkey (10, 11), many
patients with hyperlipoproteinemia (12-25), and some
normal subjects (19, 22) to show significant de novo pro-
duction of IDL or LDL. These differences between our
conclusions and those of many other investigators may
reflect species variation in the metabolism of apoB;
however, an alternative explanation for this discrepancy
can also be considered. The finding of de novo production
of LDL could be an implication of the particular type of
kinetic hypothesis various investigators have chosen to fit
their data, and consequently, other kinetic hypotheses
that do not require de novo production of LDL but which
are equally consistent with their data may be found.
We have recently evaluated this possibility by taking the
alternative approach with respect to our own in vivo
kinetic data in normal and WHHL rabbits. We tested the
hypothesis that significant de novo production of LDL
(30% and 40%, respectively) exists in these rabbits (26).
The compartmental model we formulated, which incor-
porates the assumption of de novo production of LDL and
which we know to be erroneous for these animals, fitted
our kinetic and mass data nearly as well as the model in
which no de novo production of LDL was assumed. This
insight with respect to our own data raised the question
as to whether the many other kinetic studies in the litera-
ture purporting to show the existence of de novo produc-
tion of LDL could be reinterpreted to be consistent with
no de novo production of LDL. Some investigators using
compartmental modeling as a means of data analysis
have suggested that their requirement for de novo produc-
tion of LDL may be the result of a small, rapidly turning
over, hepatogenous pool of apoB in VLDL with enough

Abbreviations: SA, specific activity; apoB, apolipoprotein B-100;
VLDL, very low density lipoprotein; IDL, intermediate density lipo-
protein; LDL, low density lipoprotein, NZW, New Zealand white;
WHHL, Watanabe heritable hyperlipidemic; FH, familial hypercholes-
terolemia; FCR, fractional catabolic rate.
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conversion to LDL to explain the LDL mass (11, 21, 25).
Because of its small size, this pool would not be easily de-
tected with the tracer kinetic techniques commonly used,
even though significant transport of apoB could occur
along this pathway. To evaluate the requirment for de
novo production of LDL, we have submitted this hypothe-
sis as well as several others to a more formal analysis of
precursor-product relationships in the setting of the con-
version of apoB from VLDL to LDL. Our analysis shows
that the process of de novo production of LDL is not re-
quired to explain any of the above referenced data.

METHODS AND RESULTS

The types of kinetic approaches that purport to “show”
de novo production of LDL can be grouped for our analysis
into six categories. These are: 7) LDL production greater
than VLDL production; 2) apparent dilution of LDL
specific activity (SA) relative to VLDL SA after radio-
labeled VL.DL injection; 3) LDL production greater than
apoB transport from VLDL to LDL; 4) compartmental
modeling requiring an input into LDL to explain the
mass of apoB in LDL after the apoB tracer data in VLDL
and LDL have been accommodated; 5) LDL SA less than
IDL SA at time of peak LDL SA; and 6) early radioactiv-
ity in IDL and LDL relative to VLDL after injection of
radiolabeled amino acid precursors of apoB. Each of these
hypotheses suggesting de novo production of LDL has
been reevaluated in the context of alternative explana-
tions that do not require such a process.

1) LDL turnover greater than VLDL turnover

Soutar, Myant, and Thompson (12) estimated the
transport of LDL in three homozygous and two heterozy-
gous patients with familial hypercholesterolemia (FH)
after administration of radiolabeled LDL as the amount
of radioactivity excreted per 24-h period divided by the
LDL SA at the beginning of that period. VLDL transport
was estimated as the product of the VLDL apoB mass in
plasma multiplied by its fractional catabolic rate (FCR),
calculated as the best single slope through the apoB tracer
data in VLDL during the first 16 h after radiolabeled
VLDL injection. The apoB transport in LDL was calcu-
lated to be 72% greater than that in VLDL, on average,
in the three homozygous patients. Given the assumption
that all of the apoB in VLDL was converted to LDL,
de novo production of LDL was 42% (0.72/1.72) of LDL
transport. If some of the apoB were lost irreversibly as
VLDL or as IDL, then de novo production of LDL would
be greater than 42% of LDL transport.

In this analysis, kinetic homogeneity of VLDL and
LDL is assumed. If a second metabolic component is
present in VLDL with a rapid fractional turnover rate, its
steady state mass would be small and therefore missed in
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the kinetic analysis, provided that its apoB were radio-
labeled in proportion to apoB mass. Thus, even though a
significant transport of apoB from VLDL to LDL could
occur along this pathway, it would likely be missed. Con-
sequently, the production rate of apoB in VLDL could be
underestimated to an extent that it appeared to be less
than LDL transport. In fact, our initial estimate of apoB
production rate in the WHHL rabbit (3) was only 59%
of a later estimate obtained after we became aware of a
rapidly turning over component of apoB in VLDL repre-
senting only 3.3% of the apoB mass (4).

2) Apparent dilution of LDL specific activity relative
to VLDL specific activity after radiolabeled VLDL
injection

At least three groups of investigators (6-10) have pur-
ported to show de novo production of LDL by finding ap-
parent dilution in the SA of apoB in plasma LDL relative
to apoB SA in VLDL after radiolabeled VL.DL injection
(27). Mathematically this analysis takes the form of show-
ing that

E(C)”BLV dt
j(?oBVV dt

<1.0 Eq 1)

where Bry and Byvy represent the SA responses of apoB
in plasma LDL and VLDL, respectively (units of fraction
of administered dose per unit mass), after radiolabeled
VLDL injection. According to this analysis, if there is no
de novo production of LDL, Eq. 1 is equal to unity. Gold-
berg et al. (10) have defined a dilution fraction, DF, which
is given by

DF =1 — §&Buy dt Eq 2)
](?vadt

The value of this expression is the fraction of the LDL
production rate, which is derived from a direct or de novo
route.

There are two major problems with this analysis. The
first is the requirement for t = oo extrapolation along the
slope of the line through the terminal VLDL and LDL SA
data to evaluate the definite integrals shown in Egs. 1 and
2. It is relatively easy to increase significantly the value of
{eBry dt by simply extrapolating along a somewhat
smaller or more shallow final slope. This is especially easy
to do when the slope of the line through the terminal
points of the LDL SA data is small, as is often the case
with data from patients with FH (12-15, 19, 23), WHHL
rabbits (3-5), and miniature pigs (7-9).

To test the hypothesis that Eqs. 1 and 2 can assume a
wide variety of values under the above set of conditions,
a theoretical experiment was performed using data taken
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Fig. 1. ApoB SA data in plasma VLDL (A) and LDL () after injec-
tion of homologous radiolabeled VLDL into miniature pigs; from Fig. 1
of Huff et al. (7). Thin solid lines through data points represent best
biexponential fits to data. Heavy solid lines through LDL SA data
represent near superimposition of biexponential and triexponential fits
to these data, the former without constraints and the latter subjects to
the constraint that de novo production of LDL is 0. Dashed line repre-
sents the extrapolative implications of the triexponential function beyond
the time of the last datum. Evaluation of integrals of SA responses with
Eq. 2 suggests that de novo production rates of LDL are 62% and 0%
of total LDL transport when LDL data are fitted by the biexponential
and triexponential functions, respectively. Model fits to data over the
24 h of data collection (A) are compared to the extrapolative implica-
tions of each model beyond the interval of data collection (B).

from Fig. 1A of Huff and Telford (7). The data points por-
trayed in our Fig. 1A and B were taken from their figure
as accurately as possible. Using the CONSAM computer
program (28-30), we fitted biexponential functions to
both the VLDL and LDL SA data, as suggested by Huff
and Telford, corresponding to the solid lines though the
data. These functions were then integrated analytically
from t = 0 to o and their ratios were calculated as in
Egs. 1 and 2. In fact, when this was done, the dilution
fraction was calculated to be 62%, a value satisfyingly
close to that reported by Huff and Telford (7), given the
slight errors that might occur when numerical data are
extracted from a published graph of these data. Using the
CONSAM program, it is relatively easy to refit the LDL
SA data of Fig. 1 subject to the constraint that the value
of DF be 0, (Eq. 2) corresponding to no de novo produc-
tion of LDL. We performed this test assuming a triexpo-

nential equation for LDL, an assumption we feel is rea-
sonable given the fact that the IDL and LDL subsystems
would add at least one eigenvalue of complexity beyond
that found in the VLDL subsystem. The results of this
test are also shown in Fig. 1A where the heavy solid line
through the LDL SA data represents the near superimpo-
sition of the fits of the biexponential and triexponential
functions. It is clear that there is no significant difference
between the fits to the VLDL and LDL SA data gener-
ated by the hypotheses of 62% and 0% de novo produc-
tion of LDL (P > 0.5 by Fisher F statistic of residual var-
lance ratio). Nevertheless, there is a significant difference
between these two hypotheses beyond the data base as
shown in Fig. 1B where the LDL responses of each kinetic
hypothesis are extrapolated to 72 h as compared to 24 h
in Fig. 1A. Consequently, without additional information
on this system (such as additional SA data considerably
beyond the final 24-h time point or direct measurements
of de novo production of LDL from isolated hepatic per-
fusion experiments), a wide range of estimates of the
degree of de novo production of LDL is possible, all of
which are equally consistent with the data.

A further problem with Eqgs. 1 and 2 is the fact that
kinetic homogeneity of apoB in VLDL and LDL must be
assumed. This is clearly not the case in the rabbit, where
kinetic heterogeneity related to varying particle size in
VLDL (4) and the presence or absence of apoE (2-4) is
seen in VLDL, IDL, and even LDL. Kinetic hetero-
geneity is also seen in humans (31, 32), where particle size
is a strong determinant of the rate of metabolism and fate
of apoB in VLDL. It will be shown below that even if the
data were known to perfect precision and extended out in
time manyfold greater than is normally the case in experi-
ments such as those performed by Huff et al. (7-9) and
Goldberg et al. (10), Egs. 1 and 2 can lead to significant
errors in determining the presence and magnitude of de
novo production of LDL because of the failure to take ac-
count of the metabolic heterogeneity of apoB in plasma
(see Compartmental modeling).

3) LDL production greater than apoB transport from
VLDL to LDL

Tiwo groups of investigators have postulated the existence
of de novo production of LDL in the cynomolgus monkey
(10) and in patients with heterozygous FH (15) by at-
tempting to show that the transport of apoB from VLDL
to LDL is less than LDL production. These investigators
argued that if apoB transport in plasma VLDL (Ryy) in
units of mass per unit time is given by

RVV = ——— Eq 3)

where Byy is the SA of apoB in plasma VLDL after in-
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jection of radiolabeled VLDL in units of fraction of ad-
ministered dose per unit mass, and the fraction of apoB in
VLDL converted to LDL (Fy-1) is given by

§&°Bry dt
Fyop = — 0 Eg 4)

§&°Brrdt

where Bry and Bpp represent the plasma LDL SA re-
sponses (fraction of administered dose per unit mass) after
injection of radiolabeled VLDL and LDL, respectively,
then the rate of transport of apoB in VLDL to LDL is
given by

1 IQBLV dt
RyvFy-L = : Eq. 5)

fgova dt S(‘)‘OBLLdt

Furthermore, if the rate of LDL transport (Ryy) in units
of mass per unit time is given by

1
Ryp= Eg. 6)

& BLr dt

where By, is the apoB SA in plasma LDL after injection
of radiolabeled LDL in units of fraction of dose of radio-
labeled LDL per unit of mass, then the fraction of LDL
derived from VLDL is given by

FBryv dt
_ JoBw Eq. 7)

Rip §&°Byvy dt

RyvFyvaL

This expression, however, is the same as that of Eq. 1.
Thus, this analysis, using the simple algebra of integral
equations, shows that the independent data on LDL pro-
duction, as provided through Eq. 6, are redundant to the
information provided by VLDL and LDL SA data, ob-
tained after radiolabeled VLDL injection, for estimating
the fraction of LDL derived from VLDL. These data are
clearly necessary, however, for the estimation of the frac-
tion of apoB in VLDL that is converted to LDL. It is thus
seen that this technique must have the same limitations
with respect to calculation of de novo production of LDL
as that discussed in section 2. These limitations are those
of the extrapolative implications of the kinetic hypothesis
beyond the last datum and the assumption of kinetic
homogeneity.

4) Compartmental modeling

Perhaps the greatest body of information purporting to
show the existence of de novo production of LDL has
been developed using compartmental analysis of apoB
tracer data in VLDL and LDL after injection of radio-
labeled VLDL and LDL (11, 17, 20-25, 31). These studies
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have taken the general form of developing a compartmen-
tal model to fit the apoB tracer data in VLDL, IDL, and
LDL after injection of VLDL and LDL radiolabeled with
125T and '*'I. Once this has been accomplished, the steady
state solution is performed, and the calculated LDL mass
is often found to be too low to explain the measured LDL
mass, thus requiring an additional input into LDL. This
additional input is throught to be de novo (“direct”)
production of LDL. The percentage of de novo produc-
tion of LDL as compared to total LDL production, re-
ported by investigators using compartmental analysis in
different groups of patients, has varied widely, sometimes
being zero but often is greater than 50% (11, 17, 20-25,
31).

We have recently shown (26) that up to 30% de novo
production of LDL can easily be accommodated by a
compartmental model developed by us to describe apoB
tracer data in the NZW rabbit, where we have indepen-
dent information that no de novo production is present.
This percentage of de novo production of LDL can go up
to 40% in a model for apoB kinetics in the WHHL rabbit,
where again independent information is available that
little or no de novo production of LDL exists. Ths wide
compatibility of a compartmental model to the tracer and
steady state data under such different assumptions (either
0 or 30-40% de novo production of LDL) can be ex-
plained on the basis of different t = o0 extrapolations of
the model beyond the last datum according to the differ-
ent steady state hypotheses mentioned above.

Some of the investigators whose compartmental model-
ing has led them to suggest de novo production of LDL
have preferred to hypothesize instead a small but rapidly
turning over pool of VLDL particles with high conversion
to LDL. Using exogenous labeling techniques, this pool
is nearly “invisible” compared with the considerably
larger, more slowly turning over apoB pools in VLDL.
Consequently, the transport of apoB through this pool in
VLDL and its conversion to LDL are not detected with
conventional tracer techniques. Such a process of apoB
metabolism in VLDL and conversion to LDL implies sig-
nificant kinetic heterogeneity, a concept already well es-
tablished in the literature of apoB metabolism. As men-
tioned above, Packard et al. (31) and Stalenhoef et al. (32)
clearly documented kinetic heterogeneity of apoB in
humans on the basis of the particle size. We have also
shown such a process in VLDL on the basis of particle
size in NZW and WHHL rabbits (4) and have shown the
existence of both B,E and B particles, each with very
different kinetics and transition probabilities to LDL
(2-4).

In attempting to understand the nature of such a small,
nearly invisible pool of apoB in VLDL, hypothesized
above, within the framework of known kinetic heteroge-
neity of apoB in VLDL, we were led to perform a logical
analysis of kinetic heterogeneity in the apoB system. This
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Fig. 2. Compartmental models describing relationship between
precursor and product SA in metabolic systems exhibiting kinetic
homogeneity (A) and heterogeneity (B) of precursor. Uj, independent
production rate of material into compartment i from outside of system;
d;, fraction of injected dose of tracer bound to material in compart-
ment i; Ry, transport rate of material to compartment i from compart-
ment j; R;;, total transport rate of material out of compartment i and
A, t = o integral of SA response in compartment i.

analysis showed that kinetic heterogeneity in any precursor-
product system could result in the SA of the product being
less than that of the precursor without independent pro-
duction of the product. This is the same as saying that the
apparent dilution of the LDL SA response relative to the
VLDL SA response after radiolabeled VLDL injection
does not necessarily imply de novo production of LDL.
The same conclusion follows for compartmental modeling
where the counterpart of the apparent dilution of apoB
SA in LDL relative to that in VLDL is an LDL mass too
large to be explained on the basis of the conversion of
apoB tracer in VLDL to LDL.

A relatively simple way of formalizing the above argu-
ment takes advantage of the algebra of integral equations
and those relationships among these equations nicely
demonstrated by Goldberg et al. (10) and Le et al. (33).
In a general precursor product system where compart-
ment 1 is converted to compartment 2 but not necessarily

completely (Fig. 2A), and where the areas under the SA
responses (fraction of administered dose of radioactivity
per unit mass) for compartments 1 and 2 evaluated from
t = 0 to o are given by A, and A,, respectively, then

d
A = Eq. 8)

Ry

where d; is a unit dose of radioactivity injected into com-
partment i and R;; is the transport through this compart-
ment in mass per unit time. Also

R
A, = lA, Eq. 9

R22

where Rjj is the transport to compartment i from com-
partment j. When there is no independent input into com-
partment 2 other than transport from compartment 1,
R22 = Rgl, and A2 = AI-

Now let us hypothesize a simple precursor-product sys-
tem exhibiting kinetically different processes of conver-
sion of precursor to product where no independent pro-
duction of product exists, as shown in Fig. 2B. It is
assumed that compartments 1 and 2, both of which are
precursors of the product in compartment 3, are labeled
in proportion to mass. Consequently, the ratio, d,/d, is
equal to that of M;/M, where M, is the steady state mass
in compartment 1. To create kinetic heterogeneity in this
system, we will assume that A; < A,, which is the same
thing as assuming that the residence time of the precursor
in compartment 1 is shorter than the residence time of the
precursor in compartment 2. The relationship of the area
under the SA response of any compartment i, A;, to the
residence time of compartment i, t;, is obvious from a
generalization of Eq. 8, where L; is the fractional turn-
over rate of compartment i.

Eq. 10)

Since di/M; is the same for any compartment in the sys-
tem that is exogenously labeled in proportion to mass, it
is clear that A; is proportional to t;.

Let us now assume that the kinetic heterogeneity of the
precursor system is not known to the investigator, who in-
stead assumes a kinetically homogeneous system. Thus, a
mixture of individual SAs is measured as the precursor
SA. The area under the SA curve of this mixture of pre-
cursor SAs, Aj,q, is given by the average of the SAs of
the individual precursors weighted for relative mass (33).
Thus

MA; + M)A
Ay = kS 2l B diA; + doA,

M, + M,

Eq. 11)
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Using Eqgs. 9 and 11, the area under the SA response of
the product, A;, shown in compartment 3, is given by

A3=R31A1+&3A2

R03 R03

Eq 12)

since R3;/Ro3 and R33/Ry3 are proportional to the relative
masses generated in compartment 3 as result of R3; and
R3,, respectively.

If we define the fraction of the total transport of product
coming from precursors in compartments 1 and 2 as rj;
and rsy, respectively, where r;; = R31/Ro; and r3, =
R32/Rgs, then the ratio of the areas under the product and
precursor SA responses can be simply expressed as

A _ r3iA; + IsA _ r3 Ay + 1 - r3 A, Eg 13)

A1+2 d1A1 + dgAz dlAl + (1 - dl)A2

It is clear from this expression that when the fraction of
the total transport to product from a particular precursor
is equal to the fraction of the label or mass associated with
that precursor, that is, when r;; = d; = M/(M; + My)
then

A;
A1+2

=1 Eq 14)

Under these conditions, the area under the SA response
of the product is equal to that of precursor. However,
when the fraction of the total transport to product for a
given precursor is greater than its relative amount of label
or mass and when that particular precursor has a shorter
residence time than a second precursor, that is, when
rs; > d; [ie, r3; > My/(M; + My)] and A; < Ay, then

Az
A1+2

<1 Eq. 15)

and when r;; < d; [ie, r; < My/(M; + My)] and
A, < A,, then

A
Ajyo

>1 Eq. 16)

Thus, in this type of system, which exhibits kinetic
heterogeneity of precursor and no independent produc-
tion of product, the area under the product SA response
after injection of exogenously labeled precursor can be
equal to, less than, or greater than the area under the
precursor SA response. Consequently, when kinetic heter-
ogeneity of the precursor is a possibility, one cannot safely
infer de novo production of the product when the area
under the product SA response is less than that of the

1104 Journal of Lipid Research Volume 32, 1991

precursor. An apparent dilution of product SA relative to
precursor SA seen in integral equation analysis cor-
responds to the requirement for independent production
of product using compartmental analysis, because the
mass of the product is too large to be explained on the
basis of the conversion of precursor to product defined by
the tracer. It is clear from this analysis that a small,
rapidly turning over precursor pool in VLDL with a con-
version rate to LDL relatively greater than its relative
mass, hypothesized by a number of investigator to explain
a large LDL mass, is simply a particular case of kinetic
heterogeneity in VLDL, where the residence time of one
of the VLDL precursors is very short, resulting in an area
under the SA response that is vanishingly small and there-
fore not even detected in the measurement of the plasma
disappearance of the precursor.

Fig. 3 uses the simple model of Fig. 2B to show numeri-
cal examples describing situations where the SA of the
product is equal to (Fig. 3A), greater than (Fig. 3B), and
less than the SA of the precursor (Fig. 3C, D). Fig. 3D
gives a numerical example of this last situation occurring
when a fraction of the precursor turns over so rapidly
that it is not even detected in the precursor data, in this
case being only 1% of the apoB mass in VLDL.

Some investigators have hypothesized kinetic heteroge-
neity of the LDL system to explain their data in patients
with hyperlipoproteinemia (23, 34-36). We have observed
this phenomenon in NZW and WHHL rabbits and have
attempted to explain it on the basis of the presence or ab-
sence of apoE (2, 3). Such a process can magnify or
reduce any differences in apoB SA of LDL relative to
VLDL when kinetic heterogeneity in VLDL also exists.
An example of this effect is shown in Fig. 4A where the
weighted average of the SAs in the product is calculated
using Egs. 9 and 11. Here the apparent 21% enhancement
in product SA relative to precursor where kinetic
homogeneity of the precursor is assumed to exist (Fig. 3B)
can be converted into an apparent 9% dilution effect
when kinetic heterogeneity of the product is also assumed.
Alternatively, an apparent dilution in the SA of the
product of 34% (Fig. 3C) can disappear when kinetic
heterogeneity of product is also assumed, as shown in Fig.
4B. However, apparent dilution or enhancement of SA in
the product cannot occur as a result of kinetic heteroge-
neity in the product unless kinetic heterogeneity is also
present in the precursor system, as shown in Eq. 9.

A final point to be made about the use of compartmen-
tal modeling to estimate the magnitude of apparent direct
production of LDL has to do with the concept of hypothe-
sis testing. Using a software package such as the SAAM-
CONSAM computer program, it is relatively easy to test
hypotheses different from the first one found to fit the
data. As mentioned above, a typical strategy one often
uses in compartmental modelling is to hypothesize a sim-
ple model that is unique and consistent with all the apoB
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Fig. 3. Numerical examples of compartmental model describing a metabolic system exhibiting kinetic heterogeneity of precursor and no independent
production of product where the ratio of the t = % integrals of the product SA to the mixture of precursor SAs is unity (A), greater than unity (B),

less than unity (C), and considerably less than unity (D). The latter case is that of a rapidly turning over precursor pool with relatively small mass
but relatively large transport to product. Steady state amounts of material in each compartment shown at top of squares; compartment number in
center in bold type; and t = oo integrals of SA responses of compartments in parentheses at bottom of squares. Transport rates are underlined, rate
constants are italicized, and fractions of administered dose are at beginning of jagged arrows. A, is the t = oo integral of the SA response in compart-

ment i and A, is the t = o integral of the SA responses in compartments i and j taken as a mixture of SAs.

tracer data. One then performs a steady state solution,
perhaps assuming that the VLDL mass is known. If the
calculated LDL mass is less than the measured mass of
LDL, then de novo production of LDL is assumed to exist
and is easily calculable. However, one can proceed further
in this analysis. One can actually test the hypothesis that
de novo production does not exist by attempting to force
the rate constants of the model to a set of values whose
steady state solution is consistent with the measured LDL
mass without invoking de novo production of LDL. The
fit of the model to the tracer data will probably become
worse as compared with the situation where this steady
state constraint is not imposed. Nevertheless, the fit to the
tracer data subject to the steady state constraint that de

novo production is zero may be so close to the uncon-
strained fit to the data that a clear choice between the two
hypotheses is not possible on the basis of model consistency
with all available data. We have attempted to make this
point clear with out own data (26). However, when the as-
sumption that de novo production of LDL is zero yields
kinetic responses by the model that are systematically
different from the tracer and mass data, a further possibil-
ity is to increase the complexity of the kinetic heteroge-
neity of the precursor subsystem in the model to obtain
a better fit.

We have applied this strategy of alternative hypothesis
testing to a number of models already in the literature.
The most interesting of these is that of James et al. (23)
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Ag2 = .0219
125
Ag = 0.02
(.0125) (.05)
Product 1 Product 2
.0781 168
304
—34 _ 099
l Az
6.25 375
Ay = 0219
45
4 Ag.s = 0219
(.0125) (.05)
Product 1 Product 2
127 .02 A
—Sa4 =1.0
A2
9.5 B

Fig. 4. Numerical examples of compartmental model describing a
metabolic system exhibiting kinetic heterogeneity of both precursor and
product. The latter can result in the ratio of the t = oo integrals of the
product to precursor SA responses becoming less (A) or greater (B) than
that when kinetic homogeneity of the product is present as in Figs. 3B
and 3C, respectively. Same notation as in Fig. 3.

who have developed an elaborate model containing kinetic
heterogeneity of apoB in VLDL, IDL, and LDL to de-
scribe the conversion of apoB from VLDL to LDL and
compared their results in patients with FH with those in
normal subjects. Using their model, the authors estimated
that considerable de novo production of LDL occurred in
five FH patients without portocaval shunting. The largest
de novo production of LDL was calculated for their pa-
tient FH5, whose de novo production directly into IDL
and LLDL accounted for 66% of his total LDL transport.

1106 Journal of Lipid Research Volume 32, 1991

We reasoned that if we could test the hypothesis that es-
sentially no de novo production existed in this patient and
found it to be consistent with their data, then the hypothe-
sis of no de novo production would also fit the data from
their other patients, where the percent of LDL transport
arising from de novo production was considerably less.
Consequently, we used the authors’ model to generate a
set of perfect simulated data assuming initial conditions
corresponding to simultaneous injection of '*'I-labeled
VLDL, (Sf 60-400) and '**I-labeled VLDL, (S; 20-60).
To provide expected random fluctuations in these simulta-
tions, we randomized the data using a normally dis-
tributed table of random numbers (u = 0 and 0 = 1) as-
suming a fractional standard deviation of 0.1. We then
assumed that no de novo production of LDL was present
and attempted to adjust the constants of their model to fit
this assumption as well as the set of tracer data simulated
from their model and the mass data obtained from patient
FH5. We also sought to perform this test without chang-
ing the kinetics of the LDL subsystem.

Slight systematic deviations of the model responses
with the randomized simulated data set were produced by
this maneuver. However, by increasing the complexity of
the kinetic heterogeneity beyond that already present in
small VLDL (S¢ 20-60), we were able to obtain a set of
kinetic responses that were not significantly different from
those generated from their model which assumed a de
novo production rate of LDL of 66% (P > 0.1 by Fisher
F statistic of residual variance ratio).

The results of this analysis are shown in Figs. 5 and 6.
Their model, assuming a large de novo LDL and IDL
production, is shown in Fig. 5A and ours, assuming no
de novo production of LDL or IDL, is shown in Fig. 5B.
Compartment 13 (bold circle) in our model represents the
only difference in structure between these two models.
The responses of these two models compared with the
randomized data simulated from their model are shown
in Figs. 6A and 6B, respectively. It is clear from Fig. 6
that no rational choice is possible between their hypoth-
esis of 66% and ours of 0% de novo production of LDL
based on the consistency of each hypothesis with the data.
When integral equation analysis is applied to the re-
sponses of the model with no de novo production of LDL
(Fig. 6B), there is an apparent dilution of the LDL SA
relative to VLDL SA (as defined by Eq. 2) of 80% and
84%, corresponding to the S; 60-400 and S; 20-60
VLDL tracer injections, respectively. These integral
equation calculations serve as another example of the fact
that apparent dilution of LDL SA relative to VLDL SA
even of large magnitude does not necessarily imply de
novo production of LDL when a particular type of kinetic
heterogeneity of VLDL is present, as is clearly the case in
our modification of the model proposed by James et al.

(23).
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VLDL1

VLDL2

Fig. 5. Compartmental model formulated by James et al. (23) to describe the plasma kinetics of apoB in large (S; 60-400) and small (S; 20-60)
VLDL and its conversion to IDL and LDL. Model constants and steady state solution proposed by James et al. (A) to explain tracer and mass data
from patient FH5 assume considerable de novo production of IDL and LDL. Additions to model (compartment 13 and rate constants L(7,13) and
1(10,13) in bold lines), alternative set of values for rate constants and steady state solution proposed by us (B) to explain the same data set assume
no de novo production of IDL or LDL. Amounts (mg) of plasma apoB in each compartment shown at bottom of circles with compartment number
shown at top. Transport rates (mg/day) are underlined, and rate constants (day™!) are in italics. Compartment 12 represents extravascular compartment

for LDL.

5) LDL specific activity less than IDL specific activity
at time of peak LDL specific activity

A number of investigators (7-9, 13, 14, 37, 38) have
used a type of kinetic analysis first described by Zilversmit
(39) to determine the presence and estimate the fraction
of LDL transport derived from a de novo pathway after
injection of radiolabeled VLDL. This hypothesis, which
assumes kinetic homogeneity of the apoB in VLDL, sug-
gests that the ratio of the peak LDL SA to the IDL SA at
the same time provides a measure of the fraction of LDL
derived from IDL. Soutar, Myant, and Thompson (13,
14) found that this ratio was less than unity in most FH
homozygotes but not in FH heterozygotes or normal sub-
jects. Sigurdsson, Nicoll, and Lewis (37) studied seven
normal and seven hyperlipidemic subjects and found in
all that the LDL SA response crossed the IDL SA re-
sponse at or near the peak value for LDL SA, an observa-
tion they interpreted as the absence of de novo production
of LDL. Reardon, Fidge, and Nestel (38) studied four
normal and eleven hyperlipidemic subjects with the same
technique and obtained results similar to those of Sigurds-
son et al. (37). However, Huff and Telford (7) came to very
different conclusions when they applied this technique in
the miniature pig. They estimated that as much as 80%
of LDL was not derived from VLDL in these animals and

that this percentage was reduced significantly after treat-
ment with lovastatin and cholestyramine (8, 9).

As pointed out by Zilversmit (39), the use of this ana-
lytic technique assumes kinetic homogeneity in the pre-
cursor system. However, if kinetic heterogeneity is present
in IDL, the peak value for LDL SA may occur at, after,
or before the time at which the LDL SA response crosses
the IDL SA response in the absence of any de novo pro-
duction of LDL. The same can be said for the IDL SA re-
sponse relative to that for VLDL.

These relationships are clearly delineated in Fig. 7
where precursor and product SA responses A, B, C and
D are generated from the four models without de novo
production of LDL presented in Fig. 3A, B, C, and D,
respectively. Vertical lines are drawn through the product
SA responses at their peaks to demonstrate the relation-
ship of the peak SA of the product to the SA of the precur-
sor at this time. Only model A generates a set of precursor
and product SA responses that are correctly interpreted
with the Zilversmit technique. Using this technique, one
would conclude significant de novo production of product
from the responses in Fig. 7C and 7D when, in fact, such
responses are due solely to kinetic heterogeneity in the
precursor system. Finally, the paradoxical effect of the
peak SA in the product occurring after the product SA re-
sponse crosses that of the precursor as seen in Fig. 7B is
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Fig. 6. Theoretical set of randomized, normally distributed (¢ = 0, 0 = I, FSD = 0.1) apoB data generated from compartmental model proposed
by James et al. (23) to fit data obtained from their patient FH5 with homozygous, familial hypercholesterolemia. Top graphs represent apoB SA in
S; 60-400 VLDL (A), $; 20-60 VLDL ([), IDL (V), and LDL () after injection of radiolabeled §; 60-400 VLDL. Bottom graphs use same nota-
tion for data representing apoB SA in $; 20-60 VLDL, IDL, and LDL following injection of radiolabeled S¢ 20-60 VLDL. Lines through data
represent responses obtained from model in Fig. 5 using rate constants proposed by James et al. (23) which incorporate the concept of de novo produc-
tion of LDL (A) and those proposed by us which do not incorporate de novo production of LDL (B).

easily explainable by the kinetic heterogeneity in model B.
It is clear that the Zilversmit technique cannot be used
reliably to determine the presence and estimate the mag-
nitude of de novo production of LDL when kinetic heter-
ogeneity exists in VLDL or IDL. In fact, if the Zilversmit
technique is used to calculate the percentage of de novo
production of LDL from the IDL and LDL SA data shown
in Fig. 6B, a data set generated from a model without de
novo production of LDL, one estimates a value of either
86% or 81% of LDL production by the de novo route de-
pending on whether data from the S; 60-400 or Sy 20-60
VLDL tracer injections are analyzed.

6) Early tracer activity in IDL and LDL relative
to that in VLDL after injection of radiolabeled
amino acid precursors of apoB

Several groups of investigators have hypothesized sig-
nificant degrees of de novo production of IDL and LDL
to explain the early rise of radioactivity in apoB in IDL
and LDL relative to that in VLDL after injection of

1108 Journal of Lipid Research Volume 32, 1991

[*H]leucine (16, 18, 25) and ["°Se]selenomethionine (19).
The analysis presented above demonstrates that a rapidly
turning over precursor pool in VLDL with relative trans-
port to IDL and LDL greater than its relative mass in
VLDL could explain the early activity in and masses of
IDL and LDL without the assumption of de novo produc-
tion of IDL and LDL. Furthermore, even without invok-
ing the possibility of kinetic heterogeneity in VLDL, the
early rise of IDL and LDL radioactivity is also explain-
able on the basis of artifacts in the data resulting from in-
complete ultracentrifugal separation of kinetically distinct
components of apoB in VLDL, IDL, and LDL, as previ-
ously discussed by us (5).

DISCUSSION
We have shown that the hypothesis of de novo produc-

tion of LDL in animals and man which has been used to
explain the in vivo plasma kineties of apoB SA in VLDL,,
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Fig. 7. Specific activity responses of precursor and product corresponding to models A, B, C, and D in Fig. 3.
Vertical lines through peak SA response of product from each model define relationship to precursor SA at the same
time. Peak product SA equal to (A), greater than (B), and less than (C, D) precursor SA at same time is explainable
by kinetic heterogeneity in precursor system where relative transport rate of precursor to product is proportional
to (A), less than (B), and greater than (C, D) relative mass of precursor component with shorter residence time.

IDL, and LDL after injection of either endogenously or
exogenously labeled tracers is not required to explain
these data. The hypothesis of de novo production of LDL,
whether taking the form of a compartmental model or
some simplified measure of a compartmental model (e.g.,
integral equations, Zilversmit technique), explains an ap-
parent dilution in the SA of apoB in LDL relative to that
in VLDL or IDL by direct production of LDL, IDL, or
both. However, by making the assumption of kinetic het-
erogeneity in VLDL, known to exist on the basis of parti-
cle size in rabbit and man (4, 31, 32) and content of apoE
in the rabbit (2-4), the apparent dilution of SA of LDL
can be explained without the need for de novo production
of LDL. Even when no kinetic heterogeneity exists in
VLDL, de novo production of LDL may not be needed to
explain the data if the extrapolative implications of the
kinetic hypothesis beyond the last datum are changed
such that an apparent dilution of LDL SA over the time
course of the experimental data disappears when the in-
tegral of the LDL SA response is evaluated to t = oo.
This possibility of increasing the calculated area under

the LDL SA response by changing the extrapolative con-
sequences of the model is especially easy to accomplish
when the slope of the line through the terminal points of
the LDL data is relatively small, a finding seen in many
patients with hyperlipoproteinemia where the fractional
catabolic rate of LDL may be reduced.

The decrease in product SA relative to precursor SA as
a result of kinetic heterogeneity in the precursor system
rather than due to de novo production of product at first
seems paradoxical. However, this concept becomes obvi-
ous when one goes through the integral equation logic dis-
cussed in Eqgs. 8-16 and Figs. 2-4. Expressed in the sim-
plest terms, when there is kinetic heterogeneity in the
precursor system and when the relative transport of pre-
cursors to product is not identical to the relative masses
of the precursors, the area under the SA of the product
will be either less or greater than that of the mixture
of precursors when exogenous labeling of precursor(s) is
employed. In the former case this occurs when a precursor
with a short residence time has a rate of steady state trans-
port to product relatively greater than its relative mass as
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compared with the other precursors. The latter possibility
will occur when the same precursor has a transport to
product relatively less than its relative mass.

Direct tests of the hypothesis of de novo production of
LDL have mainly taken the form of isolated hepatic per-
fusion experiments in animals. These have yielded incon-
sistent results. In perfusates from normally fed animals,
VLDL are the predominant lipoprotein containing apoB
that accumulate, either during recirculating perfusions or
in the single pass mode. In normal rabbits (1), as noted
above, and guinea pigs (40), little or no newly synthesized
apoB accumulates in the usual density range of LDL. In
normally fed rats and nonhuman primates, some investi-
gators have found newly synthesized apoB in perfusate
LDL during single pass perfusions (41, 42)." In liver per-
fusates of cholesterol-fed rats and guinea pigs, accumula-
tion of LDL tends to be more pronounced, reflecting the
cholesterol enrichment of newly synthesized lipoproteins
from cholesterol-loaded livers (40, 44), although, as dis-
cussed elsewhere (40), gradual release of plasma LDL se-
questered in the space of Disse can complicate interpreta-
tion of the data obtained. Greater accumulation of LDL
in liver perfusates has not been observed in cholesterol-fed
African green or Japanese monkeys (45, 46), in which
some newly synthesized apoB accumulates in perfusate
LDL whether or not the animals have been maintained
on cholesterol-rich diets. A compelling inconsistency of
the hypothesis of de novo LDL production derived from
in vivo kinetic data has been found in cynomolgus mon-
keys by Goldberg et al. (47), who demonstrated the ab-
sence of radioactivity in LDL after intravenous injection
of [*H]leucine when conversion of VLDL to LDL was
halted by antibodies to lipoprotein lipase. It is worth
remembering that this was the same animal system em-
ployed to “demonstrate” de novo production of LDL (10)
using technique 2) discussed above.

The paradoxical observation of an increase in the in-
tegral of the apoB SA data in IDL relative to that in
VLDL after injection of exogenously labeled VLDL was
reported some time ago by Reardon et al. (38). This ob-
servation has been confirmed and explained by Le et al.
(33) using the delipidation cascade where sequential pools
in the cascade, because they have also been labeled ex-
ogenously, are enriched in SA relative to their immediate
precursor pool. However, even when Beltz et al. (25) used
a delipidation cascade of up to eight compartments, they
were unable to explain the relatively high apoB SA in IDL
without hypothesizing a sequestered pool of apoB with
IDL kinetics along the conversion pathway of VLDL to

'Lipoproteins isolated from Golgi fractions obtained from livers of
normally fed rats, which have been shown to be uncontaminated with
multivesicular bodies containing endocytosed lipoproteins, include very
few particles in the size range of plasma LDL or smaller (43).
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LDL. It is worth noting that the kinetic heterogeneity in
the precursor system exhibited in Fig. 3B is another
mechanism that will result in enrichment of the product
SA (in this case IDL). In fact, such a process, in combina-
tion with the delipidation cascade, is an alternative
hypothesis to that of a sequestered pool of IDL offered by
Beltz et al. (21, 25) to explain the unexpectedly high apoB
SA in IDL after injection of radiolabeled VLDL.

Huff et al. (8, 9) have considered the increase in apoB
SA in LDL relative to that in VLDL following injection
of radioiodinated VLDL in miniature pigs treated with
lovastatin and cholestyramine to be the result of a marked
decrease in the de novo production rate of LDL as com-
pared to that occurring in untreated animals. An alterna-
tive hypothesis that fits their data just as well is that
lovastatin and cholestyramine either reduce the kinetic
heterogeneity normally present in the VLDL of these
animals or change the relative disposition of these VLDL
particles such that their relative transport to IDL and
LDL is more proportional to their relative mass. Neither
of these two possible mechanisms requires the concept of
de novo production of LDL to explain their data.

As shown in Fig. 4, the increase or decrease in the in-
tegral of product SA relative to that of precursor SA when
kinetic heterogeneity of the precursor is present can be
magnified or reduced when kinetic heterogeneity of the
product is also present. Such confounding effects make it
imperative to delineate clearly any kinetic heterogeneity
in both precursor and product systems before an accurate
description of transport of precursor to product can be ob-
tained.

Finally, it 1s worth mentioning the confusing results
that can be produced by incomplete ultracentrifugal sepa-
ration of kinetically distinct components of apoB (5).
Such distortion of the tracer data can account for early ac-
tivity in IDL and LDL relative to VLDL after injection
of radiolabeled amino acid precursors of apoB which
could be interpreted to suggest de novo production of
LDL. Conversely, when such artifacts occur in data ob-
tained after injection of VLDL, radiolabeled exogenously,
the apparent dilution of LDL SA caused by kinetic heter-
ogeneity of VLDL or by de novo production of LDL
could be masked if LDL radioactivity were spuriously in-
creased by contamination with IDL or VLDL.

The logical analysis presented above cannot be used to
refute kinetic hypotheses which invoke the assumption of
de novo production of LDL to explain the data in any of
the animal or human studies discussed above. It does,
however, point out that other hypotheses based on kinetic
heterogeneity in VLDL can explain the data in these
studies just as well as the hypothesis of de novo production
of LDL. It is also important to note that the type of
kinetic heterogeneity in VLDL that can result in apparent
dilution of SA in LDL as compared to VLDL has been
documented in humans and rabbits (2-5, 31, 32). Clearly,
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better analytical techniques for assessing the degree of
metabolic heterogeneity that exists in apoB metabolism in
VLDL are needed before this question can be answered
definitively. Consequently, it seems to us that the wisest
approach at this time to the question of de novo produc-
tion of LDL is to proceed with caution, being always alert
to the fact that any conclusions drawn from the analysis
of kinetic data, no matter how intuitively obvious, are
hypothetical and therefore may require revision when
new data become available. We hope that our alternative
hypothesis which explains the apparent dilution of the SA
of apoB in LDL after injection of labeled VLDL on the
basis of kinetic heterogeneity of apoB in VLDL rather
than de novo production of LDL will encourage new types
of experiments, which will allow a definitive rejection of
one or the other of these hypotheses. B
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