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Abstract Apheresis is a treatment option for patients with
severe hypercholesterolemia and coronary artery disease. It
is unknown whether such therapy changes kinetic parame-
ters of lipoprotein metabolism, such as apolipoprotein B
(apoB) secretion rates, conversion rates, and fractional cat-
abolic rates (FCR). We studied the acute effect of apheresis
on metabolic parameters of apoB in five patients with drug-
resistant hyperlipoproteinemia, using endogenous labeling
with D

 

3

 

-leucine, mass spectrometry, and multicompartmen-
tal modeling. Patients were studied prior to and immedi-
ately after apheresis therapy. The two tracer studies were
modeled simultaneously, taking into account the non-
steady-state concentrations of apoB. The low density lipo-
protein (LDL)-apoB concentration was 120 

 

6

 

 32 mg dl

 

2

 

1

 

prior to and 52 

 

6

 

 18 mg dl

 

2

 

1

 

 immediately after apheresis
therapy. The metabolic studies indicate that no change in
apoB secretion (13.9 

 

6

 

 4.9 mg kg

 

2

 

1

 

 day

 

2

 

1

 

) is required to fit
the tracer and apoB mass data obtained before and after
apheresis and that in four of the five patients the LDL-apoB
FCR (0.21 

 

6

 

 0.02 day

 

2

 

1

 

) was not altered after apheresis. In
one subject the LDL-apoB FCR temporarily increased from
0.22 day

 

2

 

1

 

 to 0.35 day

 

2

 

1

 

 after apheresis. The conversion
rate of very low density lipoprotein (VLDL)-apoB to LDL-
apoB is temporarily decreased from 76 to 51% after aphere-
sis and thus less LDL-apoB is produced after apheresis.
We conclude that an acute reduction of LDL-apoB concen-
tration does not affect apoB secretion or LDL-apoB FCR,
but that apoB conversion to LDL is temporarily de-
creased. Thus, in most patients the decreased rate of de-
livery of neutral lipids or apoB to the liver does not result
in an upregulation of LDL receptors or in decreased apoB
secretion.
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In patients with drug-resistant hyperlipoproteinemia
and coronary artery disease extracorporeal elimination of
low density lipoprotein (LDL) by apheresis is a therapeutic
option to lower elevated cholesterol levels. In such patients,

 

apheresis is usually performed on a weekly or biweekly basis
to achieve an average LDL-cholesterol concentration be-
low 100 mg dl

 

2

 

1

 

. Different techniques are available for
extracorporeal elimination of LDL particles, all of which
are based on the elimination of apolipoprotein B (apoB)-
containing lipoproteins (1). Clinical studies indicate that
the decrease in cholesterol induced by apheresis has a bene-
ficial influence on the course of coronary artery disease (1).

Apheresis also offers the opportunity to study the ef-
fects of exogenously induced modifications of plasma
lipoprotein concentrations on apoB metabolism. We
have previously shown that regular LDL apheresis does
not alter apoB metabolism in the long term (2). From
this study, however, it cannot be deduced whether or not
LDL apheresis acutely and reversibly alters apoB meta-
bolic parameters.

There is in vitro evidence that LDL receptor activity in-
creases after apheresis (3). If the catabolic pathways of LDL
operate at saturation at baseline (before apheresis) then a
decrease in LDL pool size (status after apheresis) might
be expected to increase the LDL fractional catabolic rate
(FCR). However, even if the catabolic pathways are not
saturated at baseline, an abrupt decrease in LDL plasma
concentration will reduce the supply of lipid substrate to
the liver. This in turn could result in an upregulation of
LDL receptor activity and thus an increased FCR.

In the experiments described in this article we study
apoB metabolism in five patients with drug-resistant hy-
perlipoproteinemia before and immediately after aphere-
sis. ApoB metabolism was studied using endogenous label-
ing with D

 

3

 

-leucine and multicompartmental modeling
(4), taking into account the changing apoB pool size. The
aim of the study was to determine whether acute changes
in LDL-apoB concentration would affect apoB metabolic
parameters.

 

Abbreviations: apo, apolipoprotein; FCR, fractional catabolic rate;
FSR, fractional synthetic rate; IDL, intermediate density lipoprotein;
LDL, low density lipoprotein; VLDL, very low density lipoprotein.
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MATERIALS AND METHODS

 

Study protocol

 

Five male patients with drug-resistant hyperlipoproteinemia
participated in the study. On the basis of clinical findings, family
history, lipid concentrations, and exclusion of apoB-3500 (famil-
ial defective apoB), patients 2, 4, and 5 were classified as having
heterozygous familial hypercholesterolemia, while patients 1 and
3 were diagnosed with severe combined hyperlipoproteinemia.
The characteristics of these patients, including apoE phenotype,
are shown in 

 

Table 1

 

. All patients had coronary artery disease
proven by angiography. In all patients LDL concentrations were
resistant to dietary and drug therapy [no achievement of NCEP
(National Cholesterol Education Program) goal (LDL-cholesterol 

 

,

 

100 mg dl

 

2

 

1

 

) despite maximal combination therapy], and had
therefore been included in our apheresis program (weekly
apheresis). Patients with additional secondary causes of hyperlip-
idemia were excluded from this study. Four to 6 weeks prior to
each kinetic study the patients stopped taking lipid-lowering
drugs (simvastatin or atorvastatin), but continued their diet
[AHA (American Heart Association) step 1 or 2] and other med-
ications. In each patient apoB metabolism was studied twice.
The first kinetic study was performed 7 days after the last apher-
esis, characterizing the status prior to apheresis. The apheresis
scheduled for that day was canceled. The second kinetic study
was started 2 h after the end of a regular, fully completed apher-
esis. The 2-h gap was chosen to allow plasma volume to adjust.
The two studies were separated by at least 6 weeks. In patient 5
the order of the studies was reversed. None of the patients had a
significant change in body weight between the two studies.
Apheresis was performed by immunoadsorption (5) in three pa-
tients and heparin precipitation (6) in the other two patients.
Both systems preferentially eliminate LDL and only to a small
degree very low density lipoprotein (VLDL) and intermediate
density lipoprotein (IDL). Immediately after apheresis LDL-
cholesterol is decreased by approximately 60%, while serum tri-
glycerides and HDL-cholesterol are decreased by 40 and 15% re-
spectively (Table 1). Triglycerides and HDL-cholesterol return to
baseline in less than 24 h (7).

Details of the procedure for the kinetic studies have been
published previously (2, 4). After subjects had fasted for 10 h, a
bolus of D

 

3

 

-leucine (isotopic purity, 99%; Cambridge Isotope
Laboratories, Woburn, MA) was given (5.0 mg kg

 

2

 

1

 

). After the
leucine bolus, the subjects remained fasting for another 16 h,
during which period 20 samples were drawn. The subjects were
then allowed to continue their regular diet, and subsequent fast-

ing samples were drawn over the next 3 –7 days. Samples were
drawn for assays of plasma amino acid and for VLDL-, IDL-, and
LDL-apoB leucine enrichment. Aliquots for determination of
VLDL-, IDL-, and LDL-apoB pool sizes were drawn on three to
five occasions during the course of each kinetic study. The Ethics
Committee of the Ludwig-Maximilians University (Munich,
Germany) approved the study and all patients gave written in-
formed consent.

 

Analytical methods

 

VLDL (d 

 

,

 

 1.006 g ml

 

2

 

1

 

), IDL (d 1.006–1.019 g ml

 

2

 

1

 

), and
LDL (d 1.019–1.063 g ml

 

2

 

1

 

) were isolated by sequential ultra-
centrifugation as previously described (4). ApoB concentrations
were measured in VLDL, IDL, and LDL fractions by immuno-
nephelometry, using commercially available tests (Behring, Mar-
burg, Germany). Cholesterol and triglycerides were measured
using commercially available tests (Boehringer, Mannheim, Ger-
many). VLDL-, IDL-, and LDL-apoB pool sizes were determined
by multiplying the measured apoB concentration by the estimated
plasma volume (0.04 

 

3

 

 body weight). ApoB-100 was isolated at
each time point from each lipoprotein fraction by precipitation
with butanol-isopropyl ether as previously described (8). The
precipitated apoB was dried under nitrogen and then hydro-
lyzed in 12 

 

n

 

 HCl for 16 h at 110

 

8

 

C. Plasma amino acid enrich-
ment was determined from 0.2 ml of plasma after isolation by
cation-exchange chromatography (AG50W-X8; Bio-Rad, Her-
cules, CA). Amino acids obtained from the plasma samples or
from the hydrolyzed apoB precipitates were derivatized with 

 

N

 

-

 

tert

 

-butyl-dimethylsilyl-

 

N

 

-methylfluoracetamide (Fluka, Buchs,
Switzerland). Leucine isotope ratios were determined by gas
chromatography-mass spectrometry (Trio 1000; Fisons Instru-
ments, Manchester, UK) (9). Enrichment was calculated by the
method of Cobelli, Toffolo, and Foster (10) and converted to
tracer/tracee ratios.

 

Kinetic analysis

 

VLDL-, IDL-, and LDL-apoB tracer data were analyzed by a
multicompartmental model (

 

Fig. 1

 

). The model is identical to
the model used to describe the long-term effects of apheresis on
apoB metabolism (2). The model consists of a precursor com-
partment (compartment 1, forcing function) and an intracellu-
lar delay compartment accounting for the synthesis of apoB and
the assembly of lipoproteins (compartment 2). Compartments
10 through 14 are used to account for the kinetics of the VLDL-
apoB fraction. Compartment 10 represents rapidly turning over
lipoproteins. Particles in this compartment can be transported

TABLE 1. Characteristics of study patients

 

Patient Age
ApoE

Phenotype Cholesterol

 

a

 

Triglycerides

 

a

 

LDL-Chol.

 

a

 

HDL-Chol.

 

a

 

LDL-Chol.

 

b

 

LDL-Chol.

 

c

 

y mg dl

 

2

 

1

 

1 61 3/3 311 119 246 41 196 59
2 43 3/4 469 221 387 38 245 112
3 58 3/4 298 414 193 23 126 56
4 47 3/3 233 84 173 42 138 60
5 51 3/3 328 86 272 39 220 105

Mean 

 

6

 

 SD 52 

 

6

 

 8 NA 328 

 

6

 

 87 185 

 

6

 

 140 254 

 

6

 

 84 37 

 

6

 

 8 185 

 

6

 

 52 79 

 

6

 

 29

 

a

 

Concentrations were obtained before regular apheresis therapy was started; in subjects 2 and 5 concentra-
tions were obtained without concomitant lipid-lowering drug therapy, while patients 1 and 3 were receiving lovasta-
tin (40 mg day

 

2

 

1

 

) and patient 4 was receiving simvastatin (40 mg day

 

2

 

1

 

) therapy; however, all patients were without
concomitant lipid-lowering drug therapy during both turnover studies.

 

b

 

LDL-cholesterol concentration during preapheresis study (7 days after last apheresis).

 

c

 

LDL-cholesterol concentration at beginning of postapheresis study; at that time patients were without con-
comitant lipid-lowering drug therapy for 4–6 weeks.
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into the delipidation chain (compartments 11 through 13) or
shunted directly into the IDL fraction (compartment 20) or the
LDL fraction (compartment 30). Compartments within the de-
lipidation chain can either be transferred into a slowly turning
over VLDL compartment (compartment 14) or to the next com-
partment of the chain. As in previous models using a delipida-
tion chain (11–14) it was assumed that the same fraction of each
compartment is transferred to the next compartment of the
chain and to the slowly turning over compartment. These con-
straints are necessary to ascertain the system identifiability of the
model (15). IDL can either be formed from the last compart-
ment of the delipidation chain (compartment 13) or directly
from the shunt compartment. IDL data were modeled similarly
to VLDL, that is, with a delipidation chain (compartments 20 –
22) and a slowly turning over compartment (compartment 23).
This feature was necessary to describe the relatively broad peak
of the IDL data. For the same reasons as given above with the
VLDL fraction the fraction of apoB removed from the chain was
the same for each compartment. LDL-apoB was described by
one compartment (compartment 30) and originated either

from the IDL delipidation or was shunted directly from the fast
turning over VLDL. It is assumed that plasma leucine (compart-
ment 1) is the source of the leucine that is incorporated into apoB.
A four-compartment model was used to fit the plasma leucine
tracer/tracee ratios. These parameters were then used as a forcing
function in the apoB model.

The SAAM II program (SAAM Institute, Seattle, WA) was used
to fit the model to the observed tracer data. Metabolic parame-
ters for apoB-100 are subsequently derived from the best fit. The
fractional catabolic rate (FCR) of VLDL-apoB is the weighted av-
erage (related to mass distribution) of the FCR of the individual
VLDL pools. The FCR of each VLDL pool is the sum of individ-
ual rate constants, thus including conversion to IDL and LDL as
well as removal from plasma.

In those studies performed immediately after apheresis the
apoB pool size (plasma concentration) increased throughout
the study. To account for this non-steady-state condition, the
apoB tracer data were modeled simultaneously with the apoB
mass data. Therefore, the sample points in the model, corre-
sponding to VLDL, IDL, and LDL tracer/tracee data, were func-

Fig. 1. Multicompartmental model of apoB metabolism. Compartment 1, plasma leucine tracer/tracee ratio
(forcing function); compartment 2, delay compartment (synthesis of apoB and secretion); compartments 10
through 14, VLDL-apoB; compartments 20 through 23, IDL-apoB; compartment 30, LDL-apoB (for details
see Materials and Methods).

 

TABLE 2. ApoB concentration in VLDL and LDL fractions

 

VLDL-ApoB
LDL-ApoB

Patient Preapheresis Postapheresis Preapheresis
Postapheresis

 

a

 

 
(2 h)

Postapheresis

 

b

 

(45–65 h)
Postapheresis

 

b

 

 
(108–145 h)

 

mg dl

 

2

 

1

 

mg dl

 

2

 

1

 

1 4.5 4.5 136 52 83 116
2 8.7 5.9 143 68 110 138
3 18.1 3.8 110 36 48 82
4 5.1 5.1 68 32 58 74
5 5.4 5.4 145 72 128 143

Mean 

 

6

 

 SD 8.4 

 

6

 

 5.7 4.9 

 

6

 

 0.8 120 

 

6

 

 32 52 

 

6

 

 18 85 

 

6

 

 34 111 

 

6

 

 32

 

a

 

LDL-apoB concentration 2 h after completion of apheresis (start of kinetic study).

 

b

 

LDL-apoB concentration determined 45–65 h (108–145 h, respectively) after completion of apheresis.
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tions of the tracer mass in each compartment divided by the
mass of apoB (leucine equivalent) in the corresponding com-
partment.

Nonlinear fractional rate constants were not required to fit
the tracer/tracee data obtained before apheresis (7 days after
last apheresis). Because apheresis reduces LDL concentration,
the FCR of LDL-apoB may also change. To account for this possi-
bility a nonlinear fractional rate constant was included in the
compartment model to fit the data obtained immediately after
apheresis. The parameters determined with the study before
apheresis were used as baseline values for the study per formed
after apheresis. It was assumed that the LDL-apoB FCR may in-
crease temporarily and return to baseline (preapheresis study).
The following function describes possible increases in LDL-apoB
FCR:

 

Eq. 1)

 

where 

 

k

 

(0, 30) equals the LDL-apoB FCR, 

 

A

 

1

 

 equals the LDL-
apoB FCR at baseline, 

 

A

 

2

 

 equals the incremental increase in the
LDL-apoB FCR, 

 

A

 

1

 

 

 

1

 

 

 

A

 

2

 

 equals the maximal LDL-apoB FCR
after apheresis, and 

 

a

 

 is an exponent describing how rapidly the
LDL-apoB FCR returns to baseline. Both the maximal FCR and

k 0,30( ) A1 A2exp at2( )
15

 

the rate at which the FCR returns to baseline are adjustable pa-
rameters estimated during model fitting.

 

RESULTS

ApoB concentrations obtained during both kinetic studies
are shown in 

 

Table 2

 

. Although LDL-apoB concentrations
were increasing during the turnover study performed imme-
diately after apheresis in all patients, there was some varia-
tion with respect to the rebound kinetics (Table 2).

Plasma leucine tracer/tracee ratios were similar in all
subjects and did not differ from previously published data
in hyperlipidemic and normolipidemic subjects (4, 16).
Furthermore, in all five patients plasma leucine tracer/
tracee ratio curves were not different between the two ki-
netic studies (data for subject 3 are shown in 

 

Fig. 2

 

).
For each patient the preapheresis tracer/tracee data

were analyzed first. Linear fractional rate constants pro-
vided good model fits to the tracer and apoB concentra-
tion data. The postapheresis study was analyzed with the
parameters obtained during the preapheresis study as
baseline values. Furthermore, the LDL-apoB FCR could
increase transiently above that value (returning to base-
line with time), and thus be nonlinear. However, only in
one of the five patients was an increase in LDL-apoB FCR
necessary to simultaneously describe the tracer and apoB
mass data (

 

Table 3

 

). In this patient (patient 1), the LDL-
apoB FCR temporarily increased from 0.22 day

 

2

 

1

 

 to 0.35
day

 

2

 

1

 

 but returned to baseline within 4 days. In the four
other patients a constant LDL-apoB FCR described both
sets of tracer and apoB mass data (Table 3, 

 

Fig. 3

 

). In all
subjects, the LDL-apoB leucine tracer/tracee ratio in-
creased to a higher value in the postapheresis study, re-
flecting the smaller pool of LDL-apoB postapheresis.

While the FCR and fractional synthetic rate (FSR) are
identical in the steady state these parameters may differ in
non-steady-state situations such as described here. The
FCR as expressed above refers to the fraction of apoB
being removed irreversibly from the LDL fraction, while
the FSR refers to the ratio of LDL-apoB production (flux

Fig. 2. Plasma leucine tracer/tracee ratio in a representative sub-
ject (patient 3). Observed values (symbols) and model-predicted
values (lines) are shown. Although the two tracer studies were sepa-
rated by 6 weeks it was assumed for the modeling that the apheresis
was performed at 120 h, and thus the data between 0 and 119 h rep-
resent preapheresis data, while the data shown between 120 and
280 h represent postapheresis data.

 

TABLE 3. Metabolic parameters

 

FCR
Conversion (VLDL to LDL)

 

c

 

Patient Secretion 
VLDL-
ApoB

LDL-ApoB 
Preapheresis

LDL-ApoB
Postapheresis Preapheresis Postapheresis

 

mg kg

 

2

 

1

 

 day

 

2

 

1

 

day

 

2

 

1

 

%

 

1 12.5 6.96 0.22 0.35 97 61
2 22.2

 

a

 

6.38

 

b

 

0.23 0.23 61 97
3 13.9 1.93

 

b

 

0.21 0.21 67 16
4 10.7 5.28 0.22 0.22 56 36
5 10.0 4.65 0.17 0.17 97 46

Mean 

 

6

 

 SD 13.9 

 

6

 

 4.9 5.04 

 

6

 

 1.96 0.21 

 

6

 

 0.02 0.24 

 

6

 

 0.07 76 

 

6

 

 20 51 

 

6

 

 30

Metabolic parameters were obtained by modeling of tracer and mass data; FCR, fractional catabolic rate; con-
version relates to percentage of apoB that is converted from VLDL to LDL.

 

a

 

ApoB production was different during both studies (22.2 vs. 15.8 mg kg

 

2

 

1

 

 day21).
b VLDL-apoB FCR was different during both studies (6.38 vs. 6.69 day21 and 1.93 vs. 9.12 day21) because

VLDL-apoB concentrations changed (Table 2; for details see text).
c Fraction of secreted apoB that eventually reaches the LDL fraction.
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of apoB into the LDL fraction) and the LDL pool size. Al-
though the FCR remains constant in four patients, FSR in-
creases after apheresis (0.21 6 0.02 vs. 0.31 6 0.17 day21).
The FSR returns to baseline as LDL-apoB concentration
reaches steady state.

Because of the non-steady-state conditions after apheresis
the net amount of apoB leaving the LDL fraction is de-
creased postapheresis (Table 4). Thereafter, this flux
gradually increases and returns to baseline. The LDL-
apoB concentration rebounds because the flux of apoB
from the LDL fraction (FCR 3 pool size) is less than the
flux of apoB into the LDL fraction from VLDL and IDL
(apoB secretion 3 conversion rate).

The fraction of VLDL-apoB secreted that eventually
reaches the LDL fraction decreased after apheresis in four
of five patients (76 6 20% vs. 51 6 30%). At the same

time the amount of VLDL-apoB irreversibly removed from
plasma and thus not converted to LDL-apoB increased. In
one patient (patient 2) whose VLDL-apoB concentration
decreased after apheresis, VLDL-apoB production also
fell. In this patient the conversion rate of VLDL- to LDL-

Fig. 3. VLDL-apoB (squares), IDL-apoB (diamonds), and
LDL-apoB (circles) leucine tracer/tracee ratios for all subjects.
Observed values (symbols) and model-predicted values (lines)
are shown. In each panel, the study performed before apheresis
is depicted on the left, and the study performed immediately
after apheresis is shown on the right. For all patients the tracer/
tracee ratio increased to a higher peak value in the study after
apheresis, reflecting the lower apoB concentration. (A) The pa-
tient in whom the LDL-apoB FCR increased after apheresis, while
no characterization of the change in LDL-apoB FCR was neces-
sary to describe the data in the other patients (B-E). The parame-
ters characterizing the predicted values are shown in Table 3.

TABLE 4. ApoB flux from the LDL fraction (mg kg21 day21)

Postapheresis

Patient Preapheresis After 2 h After 24 h After 48 h

1 12.1 7.4 7.5 8.7
2 13.4 6.3 9.5 11.1
3 9.4 3.1 4.5 5.5
4 6.0 2.8 3.9 4.8
5 9.7 4.8 6.2 7.2

Mean 6 SD 10.1 6 2.8 4.9 6 2.0 6.3 6 2.3 7.5 6 2.5
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apoB increased and the amount of apoB removed from
plasma as VLDL decreased. In another patient (patient
3), who also displayed a fall in VLDL-apoB concentration,
VLDL apoB production did not change (Table 3).

DISCUSSION

In this study we describe the acute effects of LDL apher-
esis on apoB metabolism. In four of five patients the
acute reduction in LDL-apoB mass by almost 60% did not
affect apoB secretion or catabolism. In one subject the
LDL-apoB FCR temporarily increased by 50%. Further-
more, the fraction of secreted apoB that finally reaches
the LDL fraction is temporarily reduced after apheresis,
from 76 to 51%, and thus LDL production is temporarily
decreased.

LDL apheresis results in an acute reduction in LDL
pool size that decreases the flux of lipid substrate to the
liver. Theoretically, this could induce an upregulation of
LDL receptors and thus an increased LDL-apoB FCR. Al-
ternatively, a decreased flux of lipid to the liver could also
result in a decreased secretion of apoB-containing lipopro-
teins. Finally, intrahepatic regulatory mechanisms could
compensate for the decreased net flux of lipid. If such
compensation were complete, no changes in intravascular
apoB metabolism would be observed. Our results indicate
that in most patients the acute reduction in plasma LDL-
apoB neither upregulates LDL receptors nor downregu-
lates apoB secretion, which is consistent with previous
studies describing an upregulation of intrahepatic lipid
synthesis after apheresis (17, 18). However, this also indi-
cates that acute regulation of the LDL receptor is not cou-
pled to that of cholesterol synthesis in these patients with
low basal LDL-apoB FCR. In patients with normal LDL re-
ceptor function this may be different and it cannot be ex-
cluded that an acute change in LDL concentration will
result in an increased removal of the remaining LDL.

The finding that less VLDL-apoB is converted to LDL-
apoB after apheresis probably relates to the fact that
VLDL and LDL particles are competing for the same re-
moval mechanisms (19). Because after apheresis there are
relatively more VLDL than LDL particles (compared with
baseline), VLDL are preferentially removed from plasma
rather than converted to LDL, and thus less apoB reaches
the LDL fraction.

The study also emphasizes that it is necessary to strictly
differentiate between FCR and FSR in non-steady-state sit-
uations, such as the one examined here. While the FCR
(the fraction of apoB being irreversibly removed from the
LDL fraction) remains constant in four of the five patients,
the FSR (ratio of apoB flux into the LDL fraction to apoB
mass in LDL fraction) necessarily increases after apheresis
to warrant the rebound of LDL-apoB concentration. The
FSR is increased despite the decreased conversion rate of
VLDL to LDL. The change in conversion rate (VLDL to
LDL) also affects LDL-apoB production. While total apoB
secretion remains constant after apheresis, LDL produc-
tion (in absolute terms) is reduced and returns to base-

line to the extent that the VLDL-to-LDL conversion rate
returns to baseline.

The question of whether lipoprotein concentration reg-
ulates apoB secretion has also been evaluated with in vitro
experiments (20), although the results are not unequivo-
cal. In vivo, this hypothesis can be addressed only by using
a system in which apoB is removed exogenously from the
plasma, because changes induced by drugs or diet (en-
dogenous changes) necessarily result in altered metabolic
parameters. Compared with in vitro experiments, how-
ever, only the effect of relatively small changes in apoB
concentration can be studied in vivo.

A previously published study looked at the effects of a
single apheresis on apoB metabolism, using a similar ap-
proach (21). Immediately after apheresis the secretion
rate was unchanged, but the FCR was described as being
increased. However, the non-steady-state conditions were
not taken into consideration in interpreting the tracer
data. If steady state is erroneously assumed, the FCR or se-
cretion rate must necessarily change, if pool sizes changes.

By 1977 it had already been shown (22), using a differ-
ent approach, that the LDL FCR does not change with
plasmapheresis in patients with familial hypercholester-
olemia: 7 days after reinjection of radiolabeled LDL a
plasmapheresis was performed. This induced a shift but
no change in the slope of the LDL decay curve. In an-
other study Eriksson et al. (23) assumed that apoB metab-
olism remains unaffected by plasmapheresis and calcu-
lated metabolic parameters from the rebound of the
plasma concentration after such a procedure. Because
these parameters were close to those determined under
steady state conditions using a tracer technique, this
study gave indirect evidence that apoB metabolism is not
affected by plasmapheresis or apheresis. On the other
hand, in a previous study we have shown that LDL-apoB
parameters established from the LDL-apoB rebound
after apheresis and those established with tracer technol-
ogy in the same patients are not concordant, the most
likely explanation being that apheresis affects parameters
of apoB metabolism (24). And, indeed, while plasma
apoB secretion is constant, LDL-apoB production is de-
creased after apheresis because less VLDL is converted to
LDL.

While we could not find any differences in rate con-
stants established before and after apheresis therapy, we
cannot exclude the possibility that differences in some pa-
rameters may become significant only if considerably
larger groups of patients are studied. Furthermore, the
methodology used in these studies may not be sensitive
enough to detect small changes in the LDL FCR (25). Be-
cause LDL-apoB metabolism could be described only by a
one-pool model (a more complex model was not sup-
ported by the data), subtle changes in LDL-apoB metabo-
lism may also be missed. Furthermore, given the presence
of noise in the data, it is necessary to use data obtained
over a reasonable time period to estimate the LDL-apoB
FCR with precision. Therefore, changes in parameter
values occurring over short periods of time may not be de-
tected. In addition, the removal pathways from the VLDL
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and IDL fractions could also be nonlinear, however; this
was not required to fit the experimental data.

Although the model used to describe the tracer data
(Fig. 1) appears relatively complicated, it can be reduced
to a few important features: a) a rapidly turning over pool
of VLDL, which shunts apoB directly into the IDL and
LDL fractions, and thereby accounts for the rapid appear-
ance of tracer in these lipoprotein fractions, b) a VLDL
and IDL delipidation chain, c) slowly turning over com-
partments for VLDL and IDL, and d) a single compart-
ment for LDL. Such a model has been used previously to
describe apoB metabolism in patients undergoing aphere-
sis therapy (2). The kinetic parameters established in this
study are well within the range of previously published pa-
rameters of apoB metabolism in patients with hyperlipo-
proteinemia (2, 24, 26–28). The results of studies using
endogenous and/or exogenous tracers indicate that in
patients with heterozygous familial hypercholesterolemia
the LDL-apoB FCR is consistently low (0.1–0.3 day21 vs.
0.3–0.7 day21 in normal subjects), while in patients with
other forms of hyperlipoproteinemia the results of kinetic
studies are not as clear. Overproduction and/or decreased
catabolism of LDL usually characterize these patients. In
the patients described here, apoB secretion is in the nor-
mal range while the LDL-apoB FCR is decreased, consistent
with the diagnosis of heterozygous familial hypercholester-
olemia or severe combined hyperlipoproteinemia.

The results of this study indicate that an acute reduc-
tion of LDL-apoB does not affect the apoB secretion rate
and the VLDL- or LDL-apoB FCR. However, more VLDL
are removed from plasma and fewer are converted to LDL
compared with the preapheresis state, and thus the pro-
duction rate of LDL-apoB is decreased.

In summary, our studies show that in most patients apher-
esis does not acutely alter secretion or catabolism of apoB-
containing lipoproteins. In one patient the LDL-apoB
FCR was temporarily increased after apheresis, probably
reflecting an upregulation of LDL receptor activity, which
may be one possible compensatory mechanism. This
mechanism, however, may be activated only if intrahepatic
mechanisms fail to compensate for the decreased net flux
of lipid to the liver induced by apheresis.

We appreciate the help of our apheresis patients and the staff
of the apheresis unit at Ludwig-Maximilians University Medical
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