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ABSTRACT Measurements of transport of triglycer-
ides (TG) in very low density lipoproteins (VLDL)
were carried out in 59 patients by injection of radioac-
tive glycerol, determinations of specific activities of
VLDL-TG for 48 h thereafter, and treatment of the data
by multicompartmental analysis. The patients were
divided into three groups: normal weight (89-120%
ideal weight), mildly obese (120-135% ideal weight),
and markedly obese (135% ideal weight). They had
varying levels of VLDL-TG ranging from normal to
markedly elevated. In many subjects, there was a posi-
tive correlation between concentrations and transport
of VLDL indicating that overproduction of VLDL-TG
contributed to hypertriglyceridemia. In others, and par-
ticularly in several markedly obese subjects, transport
rates were greatly increased without significant hyper-
triglyceridemia, suggesting that they had enhanced
capacity to clear TG. In all groups, however, there were
patients whose degree of hypertriglyceridemia seemed
out of proportion to their transport rates. This finding
and the fact that many patients have increased secretion
of VLDL-TG without elevated plasma TG suggests that
both overproduction of VLDL-TG and insufficient en-
hancement of clearance contributed to the development
of hypertriglyceridemia.

The data showed a poor correlation between trans-
port rates determined by our multicompartment analy-
sis and single-exponential analysis used previously by
other investigators (r = 0.46); this comparison was not
improved by segregating patients according to their
degree of obesity. Although two conversion pathways
(fast and slow synthetic paths) were required to fit the
data, there was no correlation between transport rates
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and the ratio of the two pathways. Also, despite the
known pathway of conversion of VLDL to low density
lipoprotein, no correlation was found between VLDL-TG
transport rates and estimated low density lipoprotein-
cholesterol concentrations.

INTRODUCTION

Elevations of very low density lipoproteins (VLDL)!
with hypertriglyceridemia are among the most common
forms of hyperlipidemia. Underlying mechanisms for
increased plasma VLDL are poorly understood. Some
investigators have postulated that overproduction of
VLDL is the predominant mechanism (1-5) while
others have concluded that defective VLDL removal or
degradation is of more importance (6—10). Most likely
hypertriglyceridemia is heterogeneous in its patho-
genesis, but at the moment there are uncertainties that
preclude any final assessment. These uncertainties
stem, in part, from differences in methods used by
various investigators and from the limited number of
subjects examined in most series. In this study, we have
used a new approach to the quantification of the turn-
over of VLDL triglycerides (VLDL-TG) after injection
of labeled glycerol, taking into account the complexity
of the kinetics of the system, something not always
recognized in previous studies. The development and
validation of the multicompartmental analysis used in
this study are described in the accompanying paper
(11). Here we present results in a large group of sub-
jects, 59 in all, with varying levels of plasma triglycer-
ide (TG) and varying degrees of obesity. In this series
studied under a common protocol and metabolic ward
conditions, hypertriglyceridemia was commonly as-

! Abbreviations used in this paper: apoB, apoprotein B;
FCR, fractional catabolic rate; HDL, high density lipoprotein;
IDL, intermediate density lipoprotein; IW, ideal body weight;
LDL, low density lipoprotein; TG, triglyceride; VLDL,
very low density lipoprotein.
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sociated with overproduction of VLDL-TG. However,
increased production was not always accompanied by
hypertriglyceridemia. Several markedly obese, normo-
lipidemic subjects showed significantly increased pro-
duction but a comparable increase in removal (fractional
catabolic rate). Finally, there was variability in capacity
to clear VLDL-TG, indicating that a relative impair-
ment in removal mechanisms augmented hypertriglyc-
eridemia in some cases.

METHODS

Studies were carried out on the Special Diagnostic and Treat-
ment Unit (metabolic unit), Veterans Administration Hospital,
San Diego, Calif. Patients were divided into three categories:
(a) normal weight (89-120% of ideal weight), (b) mildly obese
(121-135% ideal weight), and (c) markedly obese (>136% of
ideal weight). Each group included some normolipidemic
patients and some patients with triglyceride levels as high as
300-800 mg/dl. Several of the obese subjects had slight ab-
normalities in glucose tolerance but none had fasting hyper-
glycemia. None had liver or gastrointestinal disease. Some of
the patients had a history of atherosclerotic disease (previous
myocardial infarction or peripheral vascular disease), but none
had had a recent infarct nor were any in congestive heart
failure. None of the subjects had been on reducing diets or
drugs affecting plasma lipids for at least 2 mo before the study.
At time of study, none of our patients with fasting hypertri-
glyceridemia had fasting chylomicronemia (Type V hyperlipo-
proteinemia) or estimated concentrations of low density lipo-
protein (LDL) cholesterol >210 mg/dl, a level indicative of
Type IIB according to Fredrickson and Levy (12). A total of 59
patients was studied. Informed consent was obtained from
each patient.

Patients were admitted at least 7 d before the study and put
on measured weight-maintenance diets (40% of calories as fat,
mostly lard), to insure steady state at the time of study. These
diets, before initiation of the test diet, consisted of solid foods,
liquid formula, or a combination of the two (13). Fat was
eliminated from the diet 36 h before study to eliminate con-
tributions from dietary chylomicrons and their degradation
products, but the carbohydrate and protein intake were con-
tinued as frequent small feedings (every 3 h) of liquid formula.
This technique, which was developed in our laboratory (14),
has been employed recently by Reardon et al. (15) for meas-
uring turnover of apoprotein B (apoB); it insures constant
levels of VLDL-TG throughout the study. It might be noted
that this approach to the steady state is different from that
used in several previous studies that were carried out during
fasting. As mentioned in the companion paper (11), a small
rise in VLDL-TG during the 1st 12-18 h of formula feeding
was sometimes noted; but thereafter, a steady state was
achieved. In almost all cases, this rise was <10% of the value
at the beginning of the study, i.e., the value obtained after an
overnight fast.

After intravenous injection of radioactive glycerol (1,3-1*C-
labeled or 2-®H-labeled, or both) plasma VLDL was isolated
at time intervals and the specific activity of TG glycerol was
determined (11). Calculation of plasma VLDL-TG transport
was carried out by multicompartmental analysis according to
the techniques described in detail in our companion paper
(11). In these calculations, it was assumed that the entire “tail”
of the specific activity curve was entirely due to the slow
synthesis pathway. In the Results section, a comment will be
made about effects of assuming that a portion of the tail is due
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to a slowly turning-over component of VLDL-TG (see com-
panion paper [11)).

For determination of VLDL-TG transport, the mass of
VLDL-TG in the plasma compartment was multiplied by the
fractional catabolic rate (FCR) estimated by multicompart-
mental analysis. Plasma mass of VLDL-TG was calculated
from VLDL-TG concentration and the estimated plasma
volume. The method of calculation of plasma volume was
essentially that described by Nikkila and Kekki (16) and em-
ployed the following equation: plasma volume (liters) = (ideal
weight [kilograms] x 0.045) + (excess weight [kilograms]
% 0.010). Ideal weight was calculated from life insurance
tables (17). The factor 0.045 assumes that the plasma volume
is equal to 4.5% of ideal body weight (18). Excess weight is
equal to total body weight minus ideal weight and is assumed
to represent mainly adipose tissue. The factor 0.010 assumes
that plasma volume in excess adipose tissue is 1% of its mass:
this value was derived from the extensive studies of Alexander
et al. (19) on plasma volume in obese subjects.

Turnover of VLDL-TG also was estimated from the apparent
log-linear phase of decline in specific activity of VLDL-TG
after the peak of the curve as described by Farquhar et al. (20).
The slope of the log-linear phase was estimated by eye, as done
by previous workers, and might differ slightly in some cases
from the maximal rate of decline as estimated by computer.
For estimation of VLDL-TG turnover by this method, the
mass of VLDL-TG in the plasma compartment was multiplied
by the FCR derived from t,;, of the apparent log-linear decline
in specific activity.

LDL-cholesterol was approximated by the following equa-
tion: LDL-cholesterol (milligram per deciliter) equals total
cholesterol minus (VLDL-cholesterol plus high density lipo-
proteins [HDL]-cholesterol), where VLDL cholesterol was
measured directly and HDL-cholesterol was estimated ac-
cording to the equations developed by Myers et al. (21). Al-
though these equations do not provide an exact estimate of
HDL-cholesterol, values should be accurate enough for our
purposes (Results). The value estimated for LDL-cholesterol
would, in fact, include cholesterol in both LDL and intermedi-
ate density lipoprotein (IDL) fractions.

RESULTS

Complete numerical data for all subjects divided into
three groups (normal weight, mildly obese, and mark-
edly obese) including both normolipidemic and hyper-
lipidemic subjects, are on repository with the National
Auxiliary Publication Service and they are available to
the reader upon request.?

Because patients were of very different heights and
weights, it was necessary to try to arrive at an appropri-
ate method for normalization of the results so that a
meaningful comparison among the various groups could
be made. For this purpose, transport rates for VLDL-TG

2 An Appendix has been deposited with the National
Auxiliary Publications Service (NAPS) as NAPS document
03409. This information may be ordered from ASIS/NAPS,
Microfiche Publications, P. O. Box 3513, Grand Central
Station, New York 10017. Remit in advance, in U. S. funds,
$3.00 for microfiche copy, or for photocopy, $5.00 up to 20
pages plus 25¢ for additional pages. Outside the U. S. and
Canada add postage of $3.00 for photocopy and $1.00 for
microfiche. Checks should be made payable to Microfiche
Publications.
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are expressed in absolute terms (milligrams per hour)
and then normalized in three different ways: (a) mil-
ligrams per hour per deciliter plasma volume, (b) mil-
ligrams per hour per kilogram total body weight, and
(c) milligrams per hour per kilogram ideal body weight
(IW). In Figs. 1-3, the different modes of normalization
are compared. A common method for normalizing
VLDL-TG transport data is to express them as milli-
grams per hour per kilogram of total body weight. Fig. 1
compares data expressed in this way with absolute
transport rates (milligrams per hour). The data for both
the mildly and markedly obese subjects clearly fall
below and to the right of the data for subjects of
normal weight. Calculation of the flux rates per kilogram
total body weight, thus, may be misleading. In obese
subjects, it decreases outputs to inordinately low
values, as compared to absolute outputs. In other words,
dividing outputs by a large mass of adipose tissue could
obscure real increases in production of VLDL-TG, a
process presumably confined to the liver and intestine.
Of course, the large mass of adipose tissue may indirectly
play a role in increased VLDL production (e.g., by
releasing excess FFA). If, however, the adipose tissue
is not itself producing VLDL, then including its mass
in the denominator will in effect cancel out such in-
direct effects. Thus, even when the adipose tissue is
involved in the pathologic state with respect to VLDL
production, its mass should not be used in the
denominator.

Fig. 2 plots transport rates expressed as milligrams
per hour per kilogram IW against absolute rates. The
plot reveals a tight correlation across a wide range of
transport rates for subjects of all degrees of obesity.
Fig. 3 compares transports expressed as milligrams per
hour per kilogram IW with that expressed as milligrams
per hour per deciliter plasma volume. Again, there was
a high degree of correspondence for these two modes of
normalization for subjects of all weights. Thus, trans-
ports estimated by either of the latter two methods of
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FIGURE 2 Comparison of VLDL-TG transport normalized
per kilogram of ideal weight (milligrams per hour per kilo-
gram IW) vs. uncorrected absolute values (milligrams per
hour).

normalization would seem to be preferable to correction
to kilograms of total body weight. In the subsequent
presentation, the data will be normalized to either IW
or deciliters of plasma volume when not expressed in
absolute terms.

As indicated under Methods, the data presented in
this section have not been corrected for the possible
presence of a slowly turning-over component in plasma
VLDL-TG. The companion paper (11, Eq. 7) suggests
a procedure for estimating maximum contribution of
this component. The calculation makes use of the cho-
lesterol/TG ratio in VLDL. Ifitis assumed that this ratio
for VLDL on the normal degradative pathway is 0.18
and that for a slower turning-over VLDL (e.g., 8-VLDL)
is 0.83, the mass contribution of the latter can be esti-
mated from the observed cholesterol/TG ratio. From
Eq. 7 (11), the FCR for VLDL-TG can be corrected for
the slow plasma component. This would yield a lower
value for FCR than would be obtained by assuming that
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the tail is derived entirely from the slow synthesis path-
way. This correction has been estimated for all studies,
and the mean percentage of decrease in FCR for all 59
patients was 7+7% (SD). Because the correction was
relatively small and because no trends were noted for
any of the groups, it has not been applied to this data;
i.e., the entire tail of the curve was assumed to have
been caused by the slow synthesis pathway.

In Fig. 4, a comparison is made of VLDL-TG trans-
port as determined by multicompartmental analysis
(11) and by the method in which the initial slope after
the peak is assumed to be first order (20). For all
patients combined, the correlation between the two
methods was poor (r = 0.45). In no single subcategory
was the correlation good. It might be noted that the
correlation was poor even for subjects of normal weight.
However, the data obtained by these two methods of
calculation did not show a completely random relation-
ship and the correlation was, in fact, statistically signif-
icant (P < 0.05) for the whole group.

In Fig. 5, VLDL-TG concentrations in subjects of
normal weight are plotted against transport rates. These
data are compared with those obtained by Havel et al.
(6) who made direct measurements of VLDL-TG pro-
duction across the splanchnic bed using catheter tech-
niques; their methods are free of many of the ambigui-

10,300 °o  NORMAL WEIGHT a

10,200 & MILD OBESITY

4,400F 4 MARKED OBESITY

4,300} N
3000
2800
2600 |
2400} s
2200}

16
veoL )

2000 °

1600 -

1900 - “

(mg/h)

1200 .

1000 |

VLDL - TG TRANSPORT (R

800 .

600F AR

2001

s L .

1600 2000

o] 400 800 1200 2400 2800
VLDL-TG TRANSPORT
( Single-exponential analysis, mg/h)
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analysis. The following correlation coefficients (r) were
noted: For normal weight subjects, r = 0.55; for mildly obese,
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FIGURE 5 Transport rates vs. concentrations of VLDL-TG
in subjects of normal weight (on the left). These data are
compared with those of Havel et al. (6) (on the right) which
were obtained by direct splanchnic measurements. For the
data on the left, the correlation (r) between transport
rates and concentration was 0.85.

ties associated with tracer methods. For most subjects
with VLDL-TG concentrations in the normal range
(i.e., in those with VLDL-TG <200 mg/dl), transport
rates were similar in the two studies. In the study of
Havel et al. (6), most patients with normal TG levels
had production rates <15 mg/h per kg IW. A comparable
level of transport was noted in 14 of our 18 patients
with VLDL-TG <200 mg/dl; the 4 remaining patients
had higher transport rates as did the others with distinct
hyperlipidemia. Examination of our data thus revealed
that patients with hypertriglyceridemia generally had
increased transport of VLDL-TG. However, it was not
always greater than that in subjects who were able to
maintain near normal VLDL-TG. In other words, at
similar transport rates the FCR could be variable. In-
deed, the FCR for our subjects of normal weight varied
between 0.072 and 0.298 h~!. The relatively high FCR
of several subjects with VLDL-TG production in the
range of 15-20 mg/h per kg IW accounted for the fact
that they had only modest hyperlipidemia. In the
limited number of hypertriglyceridemic patients stud-
ied by Havel et al. (6), a variable pattern was noted.
Although flux rates in hypertriglyceridemic patients
were frequently greater than controls, this increase was
not consistent in that some patients with increased
plasma levels had outputs that were equal to or only
slightly above those of control subjects. Thus, there
was again considerable variability in FCR which con-
tributed significantly to steady-state concentrations of
VLDL-TG.

Plots of concentrations vs. transport are shown for
patients with mild obesity and marked obesity in Fig. 6.
For subjects with mild obesity, the relation between
these two parameters again was variable. Six subjects
had VLDL-TG <200 mg/dl, and their transport rates
were essentially normal (range 9.8-16.9 mg/h per kg
IW). Two other patients with hypertriglyceridemia also
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FIGURE 6 Transport rates vs. concentrations of VLDL-TG
in mildly obese and markedly obese subjects. Correlations
(r) between transport rates and concentrations were 0.94 and
0.17, respectively. The former was statistically significant
(P < 0.05), while the latter was not.

had relatively normal transport rates (10.7 and 12.3
mg/h per kg IW), whereas in the others with increased
VLDL-TG, transport was relatively high. One patient
with mild obesity had a production rate (147 mg/h per
kg IW) that was =10-fold normal, while his VLDL-TG
concentration was increased in proportion (to 1,523
mg/dl). It is of interest to note that his FCR was main-
tained near the normal range, i.e., 0.202 h-; thus,
despite severe overproduction, this patient’s removal
mechanisms were not supersaturated.

In markedly obese subjects (Fig. 6, right side), the
relation between transport and concentration showed
even greater variability. Several subjects had especially
increased rates of transport with only mild or no in-
creases in plasma levels; in the five most notable pa-
tients of this type, FCRs were unusually high, ranging
from 0.278 to 0.737 h™.. Thus, despite their severe
overproduction, their capacity to remove VLDL-TG
was greatly enhanced, and clearly their removal capac-
ity was not supersaturated. This phenomenon was not
present in all the patients, however, and a few had
VLDL-TG levels that were disproportionately high for
their transport rates suggesting a clearance defect.

Fig. 7 examines the relation between VLDL-TG
flux rates and the ratios of contribution of fast and slow
input compartments (11). As secretion rates increase,
there is the possibility that one pathway might become
predominant. Indeed, in several patients with high
transport rates, ratios of fast to slow paths were relatively
low suggesting a preponderance of the slow pathway.
However, with this exception, no correlation was noted
between total flux and the ratio of fast to slow pathways
in the remainder of the patients.

We also considered the possibility that the cholesterol:
triglyceride ratio might be correlated with the rate
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A significant correlation could not be demonstrated.

of influx of VLDL-TG. In other words, when secretion
rates of VLDL-TG are high, each particle might be
enriched with TG, thereby producing a low ratio of
cholesterol to TG. The plot shown in Fig. 8, therefore,
compares flux rates with cholesterol:triglyceride ratios.
A weak correlation is present for subjects of normal
weight which is in accord with the proposed notion;
however, no correlation was found in the other groups,
and clearly other factors also affect the ratio in circulat-
ing VLDL-TG.

It is generally thought that lipolysis of VLDL-TG
causes production of progressively smaller lipoproteins
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with the end product of this degradative cascade being
LDL. Therefore, an increased influx of VLDL might in
turn lead to increased LDL. To examine this possibility,
VLDL-TG transport was plotted against estimated
LDL cholesterol, and no correlation was found between
these two parameters for any single group or for all
patients; in other words, increase influx of VLDL-TG
was not necessarily associated with increased steady-
state LDL-cholesterol levels.

DISCUSSION

Although both overproduction and defective removal
of VLDL-TG may play a role in causation of hyper-
triglyceridemia, there has been continuing controversy
as to which is most commonly responsible. In this
study, multicompartmental analysis of VLDL-TG ki-
netics following injection of labeled glycerol was em-
ployed in an attempt to distinguish between these two
mechanisms for hypertriglyceridemia and to determine
which is predominant.

Farquhar et al. (20) introduced the use of radioactive
glycerol as a precursor for investigation of VLDL-TG
kinetics, and they have employed it in a series of stud-
ies on causation of hypertriglyceridemia (1, 2, 22, 23).
Their studies were carried out for relatively short
periods in fasting patients; specific activities of
VLDL-TG were usually estimated for 12 h after injec-
tion of [*H]glycerol. In their work, they have assumed
a caternary model for VLDL kinetics, i.e., a single path-
way for glycerol incorporation into plasma VLDL and
a homogenous VLDL-TG pool in plasma decaying in
a simple, first-order fashion. To approximate this decay,
they drew the best-fit, first-order slope through the
points just after the initial peak of the specific activity
curve of VLDL-TG. This approach has been adopted by
several groups of investigators, and particularly by
Nikkila and Kekki (3, 24, 25).

In their original study, Farquhar et al. (20) observed
that the decay curve for VLDL-TG specific activity did
not always remain monoexponential but often showed
a late flattening, a result not compatible with their pro-
posed model. Nikkila and Kekki (3, 24, 25) also recog-
nized that TG-specific activity curves were not con-
sistently log-linear throughout the full extent of their
decay (3), and the data that departed markedly from
log-linear decay were excluded by these workers. They
assumed that for the remaining patients single-expo-
nential analysis should provide a reasonable approxi-
mation. It should be emphasized that in most of these
previous studies, decay curves were followed for only
12-18 h, whereas the departure from log-linear decay
is often not readily apparent until later times.

Using single-exponential analysis, Farquhar et al. (1,
2, 20, 22, 23) have suggested that most instances of
hypertriglyceridemia are due to increased influx of
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VLDL-TG. Specifically, they concluded that concen-
trations of VLDL-TG are roughly proportional to influx
rates up to a relatively fixed point of saturation of TG
removal mechanisms. With any further increase in in-
flux rates, plasma TG levels would increase very rapidly.
According to this concept, therefore, VLDL production
rate is the critical determinant of plasma TG concen-
trations. Nikkila and Kekki (3, 24, 25), from their stud-
ies, have been in agreement that most cases in hypertri-
glyceridemia are associated with an overproduction of
VLDL-TG. They have not concurred, however, with
the postulate that plasma TG concentrations are deter-
mined almost solely by rates of TG influx but have
suggested instead that removal rates are also an impor-
tant factor. Although they contend that the relation be-
tween production and concentration of plasma TG ad-
heres to saturation kinetics, they propose that satura-
tion curves in different individuals exhibit considerable
variability, i.e., that some people remove TG more ef-
fectively than others at the same production rates.
According to this view, concentrations of plasma TG
are regulated by the interaction between production
and removal rates.

A somewhat different view of the pathogenesis of
hypertriglyceridemia has been offered by Havel et al.
(6) and Boberg et al. (9, 26). These workers performed
direct measurements of splanchnic production of
VLDL-TG in both normal and hypertriglyceridemic
subjects. They found that many patients with elevated
plasma TG did not have an enhanced influx of VLDL-TG
and thus advanced the view that hypertriglyceridemia
rarely originates from overproduction of VLDL-TG,
but more often from defective degradation. Although
the data of Havel et al. (6) disclosed that some of their
patients with high TG had elevated secretion of
VLDL-TG (Fig. 5), most others had VLDL-TG outputs
in the normal range suggesting a removal defect. Taken
as a whole, the data of Havel et al. (6) and Boberg et al.
(9) have been interpreted as strong evidence for the
predominance of faulty removal in the inducement of
hypertriglyceridemia.

A similar but more tentative conclusion was drawn
by Quarfordt et al. (27), who carried out multicompart-
mental analysis of specific activity curves of VLDL-TG
after injection of a radioactive fatty acid. Using a multi-
compartmental model, which was a precursor to that
employed in these investigations, these workers found
little or no increase in the total transport of VLDL-TG
in several patients with raised plasma TG. They, there-
fore, concluded that some patients can have defective
removal of VLDL-TG. However, because the number
of their patients was limited, care was taken not to
generalize on the mechanism for increased TG in
plasma.

This study represents an extension of the work of
Farquhar et al. (20), in using labeled glycerol as a pre-
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cursor, and of Quarfordt et al. (27), in making use of
multicompartmental analysis. The model used in this
investigation should provide a better representation of
true VLDL-TG kinetics than previous models because
it is based on an expanded picture of the VLDL-TG
decay curve and because it incorporates new informa-
tion about lipoprotein and apoprotein kinetics that was
previously unavailable. Moreover, our approach differs
in another way from previous ones. To follow the
specific activity curve for 48 h and yet maintain a steady
state in VLDL-TG concentrations, a continuous input
of dietary calories was required. Because most former
studies were done during the fasting state overa shorter
interval of time, differences in technique between ours
and previous work might make a meaningful compari-
son tenuous. However, the fact that VLDL-TG trans-
port in fasting normolipidemic subjects was similar
to that found in fasting normolipidemic subjects
using more direct methods, such as the studies of
Havel et al. (6) (Fig. 5), suggests that transport rates
under our conditions of study are not markedly differ-
ent from those obtained after a relatively short period
of fasting.

Our results indicate that markedly obese subjects
were prone to increased transport of VLDL-TG com-
pared to normolipidemic, normal-weight subjects. This
overproduction is consistent with results of several
prior studies in both man and animals (28-31). How-
ever, the importance of obesity as a cause of in-
creased VLDL-TG flux may have been overlooked be-
cause of the method used for expressing results (32).
A common method for expressing production rates
is to divide absolute outputs by total body weight.
As shown in Fig. 1, with this approach absolute pro-
duction rates may be converted to misleadingly low
values in obese subjects. Virtually all of the excess
body weight in obesity resides in adipose tissue,
which does not contribute to VLDL production, at
least directly. Thus, if an obese patient and a non-
obese subject who both had the same fat-free body
weight and identical absolute production rates of
VLDL-TG were compared per unit of total body
weight, the obese subject would appear to have a
lower secretion rate. By the same token, if transport
per unit weight were found to be identical, this
would actually correspond to greater absolute rates in
the obese subjects. Therefore, we suggest that it
would be preferable to express transport data per
kilogram of IW which was shown to be closely cor-
related to absolute transport rates.

We might now explore the relations between en-
hanced VLDL-TG transport and elevated plasma con-
centrations. Several of our patients, particularly the
markedly obese, had remarkably high transport rates
(even exceeding those reported previously) and yet
they had normal or only minimally elevated VLDL-
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TG levels. A similar phenomenon has been recog-
nized previously; for instance, Wolfe and Ahuja (33)
infused glucose and fructose in hypercaloric amounts
to human subjects and frequently found marked in-
creases in splanchnic secretion of VLDL-TG without
development of hypertriglyceridemia.

Thus, their patients and many of ours with over-
production of VLDL-TG seem to have been protected
from hypertriglyceridemia because they could increase
their clearance rates simultaneously. This observation
implies that the relation between concentration and
transport of VLDL-TG does not fit simple saturation
kinetics, and certainly, a single saturation curve for
removal does not apply to all patients. Presumably,
only patients with faulty clearance or limited capacity
to increase clearance will become hypertriglyceri-
demic when secretion of VLDL-TG is enhanced.

This is not to say that defective degradation of
VLDL is necessarily the predominant mechanism by
which hypertriglyceridemia develops. Most of our
patients who had hypertriglyceridemia, whether nor-
mal or obese, also had an increased transport of
VLDL-TG. Only an exceptional patient had appre-
ciable elevation of plasma TG with a normal VLDL-
TG transport rate. Therefore, overproduction of
VLDL-TG must contribute to hypertriglyceridemia
in most patients. There was, nevertheless, consider-
able variability in capacity to remove TG from the
circulation, which is to say the FCR was variable
from patient to patient. Those with overproduction and
rapid clearance were protected from hypertriglyceri-
demia while those with overproduction and a low
FCR developed hypertriglyceridemia. With the excep-
tion of a few patients who had extreme overproduc-
tion or a severe defeat in removal, it appears that
most patients with hypertriglyceridemia have two
defects in TG metabolism: an absolute increase in
VLDL-TG production and a relative defect in TG
degradation. Whether a compensatory increase in TG
removal in response to increased production is “nor-
mal” is not entirely clear. Support for this concept
can be found in patients in our three groups who
had relatively high VLDL-TG flux with normal plasma
TG and in several others in the recent report of
Wolfe and Ahuja (33) who failed to develop signif-
icantly elevated TG despite stimulation of VLDL-TG
secretion with glucose or fructose infusion. Appar-
ently, only patients with an inherently low FCR or an
inability to adjust FCR will develop appreciably
hypertriglyceridemia when challenged with an in-
creased load of VLDL-TG. While in the final analy-
sis it may be difficult to define what constitutes a
“normal” or “abnormal’” catabolic response to a given
load of VLDL-TG, the general concept of the necessity
for a combined defect for development of most
cases of hypertriglyceridemia would appear valid.
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As yet, the basis for defective removal of VLDL-TG
in patients with endogenous hypertriglyceridemia has
not been determined. Although VLDL-TG is thought
to be degraded by lipoprotein lipase, a deficiency of
this enzyme has never been identified in patients
with increases in VLDL without fasting chylo-
micronemia (34-36). We have shown that such pa-
tients can rapidly clear 10- to 20-fold increments in
influx of TG when it is associated with chylomicrons
(37). Delayed clearance of TG, therefore, seems to be
limited largely to VLDL in these patients. This
suggests that the basic abnormality may lie in the
structure or composition of the VLDL particle itself,
although no such abnormality has been demonstrated.
An alternative explanation could be that lipoprotein
lipase is faulty in its action upon VLDL and yet
normal in its interaction with chylomicrons. The bio-
chemical events leading to overproduction of VLDL-
TG also are understood poorly. In obesity, several
factors could contribute to excess influx of VLDL-TG.
First, ingestion of increased calories of any type,
which are required for maintenance of the obese
state, may offer the liver and gut an excess of sub-
strate for synthesis of VLDL-TG (38). Second, FFA
levels and fluxes are elevated in obesity, and these
could provide another excess of precursor for VLDL-
TG (29, 39-42). Finally, insulin levels are often
enhanced in obesity, and this has been proposed
to stimulate VLDL-TG synthesis (2, 22, 43-47). Thus,
our finding of increased fluxes of VLDL in marked
obesity could have several bases. On the other hand,
the secretion of excess TG in patients of near
normal weight is more difficult to explain. In this
group, there were no obvious differences from
those without hypertriglyceridemia, and while we
must conclude that most of our hyperlipidemic
subjects have a metabolic abnormality causing excess
synthesis of VLDL-TG, the nature of this defect
remains to be elucidated.

Because degradation of VLDL is thought to be the
major source of LDL (48, 49), patients with increased
synthesis of VLDL might be expected to have ele-
vated plasma LDL. Certainly, some patients with
hyperlipidemia have increases in both VLDL and LDL
(Type IIB hyperlipoproteinemia). However, we found
no correlation between transport of VLDL-TG and con-
centrations of LDL. There are at least two possible
explanations for this lack of correlation. First, excess
synthesis of VLDL-TG need not always be asso-
ciated with increased influx of VLDL-apoB. This
possibility has been invoked by other workers (50, 51)
including a preliminary report using the same metho-
dology as employed in this work (52). Second, the
“remnant” of VLDL may be removed by pathways
other than conversion to LDL, particularly in hyper-
lipidemic subjects, as suggested for man by the work

Very Low Density Lipoprotein Triglyceride Transport in Man

of Sigurdsson et al. (49), Reardon et al. (15), and
Berman et al. (53), and for rats by Faergeman
et al. (54).
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