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Abstract Bile acid and plasma endogenous triglyceride
kinetics were determined under standardized dietary con-
ditions in 47 hyperlipidemic subjects with the aid of [*C]cho-
lic acid, [*C]chenodeoxycholic acid, and [*H]glycerol, re-
spectively. On the basis of their lipoprotein pattern the pa-
tients were separated into three groups characterized by
hyperlipoproteinemia (HLP) type Ila (» =19), type IIb
(n = 6), and type IV (n =22). In keeping with previous
reports from this laboratory the total bile acid formation
in HLP type IV (19.5 = 2.2 umol kg~'d™!, mean + SEM)
exceeded that encountered in type Ia (10.7 = 0.9 umol
kg™'d™!, P < 0.005). This difference was mainly due to an
increased synthesis of cholic acid in type IV HLP (12.7
+ 1.7 pmol kg™'d™ vs. 6.1 = 0.5 umol kg™'d™*, P < 0.005).
Bile acid formation in type 1Ib HLP was essentially within
the limits recorded for type Ila. Apparent plasma triglyc-
eride formation (as calculated from the 10-hr radio-
activity decay curve) averaged 10.5 = 0.7 umol kg~*hr™! in
type IIa HLP and was significantly higher in type IIb (20.7
+ 1.9 wmol kg~thr™!, P < 0.001) and in type IV (22.1 = 1.4
pmol kg~'hr™!, P < 0.001). The apparent fractional turnover
rate of plasma triglyceride in type IV HLP (0.147 = 0.011
hr-') was lower than that encountered in type Ila (0.188
+0.008, P <0.01) and in type IIb (0.177 £ 0.011 hr™?).
The apparent production of plasma triglycerides and the
formation of cholic acid correlated in type Ila (r = +0.69,
P <0.001) and in type IV HLP (r = +0.70, P < 0.001). A
similar pattern was seen for total bile acid formation, while
chenodeoxycholic acid showed a correlation to apparent tri-
glyceride synthesis only in type IV HLP. It is suggested
that an increased formation of plasma triglycerides — moni-
toring very low density lipoprotein synthesis—is linked to
an enhanced degradation of cholesterol to bile acids and
that there is an integrated regulation of the metabolism
of these two parameters.

Supplementary key words cholesterol * cholic acid * cheno-
deoxycholic acid * low density lipoprotein * very low density
lipoprotein

Hyperlipoproteinemia (HLP) is the result of an im-
balance between the formation and degradation of
either the lipoprotein in toto or any of its constituents.
The type 1V lipoprotein pattern (1) has been reported
to be due to overproduction of very low density lipo-
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protein (VLDL) (2-5), decreased clearance of VLDL
(6—10), or both (11-13). As evidenced by studies in
heterozygous familial hypercholesterolemia (HLP type
I1a), elevation of the serum low density lipoprotein
(LDL) level is linked to an impaired fractional turn-
over of the LDL particles (14, 15).

Several studies have indicated abnormalities in cho-
lesterol and bile acid metabolism in primary HLP (16~
26). Type 1la and type 1Ib HLP are both associated
in general with a subnormal production of cholic acid
(C), while total bile acid formation and the net choles-
terol “balance” remain within normal limits (22, 26). A
different pattern is often encountered in type IV HLP,
which is frequently though not invariably characterized
by an enhanced formation of bile acids, particularly
cholic acid, and an increased net steroid balance (22,
26). The heterogeneous pattern of bile acid (22) and
VLDL (2-13) formation in patients with type IV HLP
initiated the present investigation, in which the metab-
olisms of both bile acids and plasma endogenous tri-
glyceride were studied simultaneously under standard-
ized conditions in patients with three types of HLP. The
heterogeneity concerning these two variables in type
IV patients is confirmed. The data also suggest the
existence of a close correlation between the two param-
eters, indicating an integrated regulation of their
metabolism. A preliminary report of some of these
findings has been given (27).

METHODS

Subjects

The patients (n = 47) were those consecutively ad-
mitted because of primary HLP at the time of the in-

Abbreviations: C, cholic acid; CD, chenodeoxycholic acid; GBD,
gallbladder disease (cholelithiasis, cholecystitis, cholecystectomy);
HLP, hyperlipoproteinemia; LDL, low density lipoprotein; VLDL,
very low density lipoprotein.
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vestigation. They were separated into three groups on
the basis of their lipoprotein pattern (see below). None
showed evidence of intestinal, hepatic, or renal disease,
hyper- or hypothyroidism, or addiction to alcohol or
narcotics. Patients with obesity (body weight exceeding
120% of ideal), HLP type III or type V were excluded.
A few patients were not included due to nonaccept-
ability of their triglyceride elimination curves (see be-
low). An oral cholecystogram was obtained in all non-
cholecystectomized subjects. Basal data and clinical
diagnoses of the patients are listed in Table 1 and
lipid levels in Table 2. Genetic analysis (28), carried
out in some of the patients, revealed familial hyper-
cholesterolemia in patients no. 2, 8, 9, 11, 18, and 19,
tamilial combined hyperlipidemia in patients no. 20
and 25, and HLP of polygenetic origin in patient no.
13. Patient no. 27 had familial type IV HLP.

Experimental procedure

The patients were hospitalized during the study.
For 4-7 days before and during the investigation they
were maintained on a standardized diet of natural
type. About 40% of the energy content was supplied as
fat, most of which contained saturated fatty acids. The
major part of the carbohydrates, which accounted for
39% of the calories, was supplied as starch. The energy
intake, calculated from standard foodstuff tables,! was
adjusted to keep the body weight constant. The intake
of cholesterol was about 0.5 mmol/day in each subject.

The first part of the experimental protocols covered
the determination of bile acid kinetics. The sodium
salts of [*C]cholic acid (C) (4 uCi) and [**C]cheno-
deoxycholic acid (CD) (4 nCi) dissolved in water were
administered orally as a mixture in the morning be-
fore breakfast. Four to five samples of duodenal bile
were collected from each subject at intervals of 2—4
days. Cholecystokinin was administered intravenously
and samples of concentrated bile (5—10 ml) were ob-
tained through a thin polyvinyl tube. The specific
radioactivities of C and CD were determined in each
sample.

A few days after the end of the bile sampling period,
the subjects received an intravenous injection of [*H]glyc-
erol (40 uCi), dissolved in 10 ml of saline, in the
morning after an overnight fast. Venous blood samples
were drawn from an indwelling catheter in the op-
posite arm at intervals of 30 min from 2 to 6 hr and
thenat 7, 8, and 10 hr after the injection of the isotope.
A meal was served after the 8 hr sample. The radio-
activity in plasma triglycerides was determined in all

! Abramson, E. 1971. Kosttabell. Liromedelsforlagen AB, Stock-
holm, Sweden.

samples, and the level of the plasma triglycerides was
measured in specimens obtained at 0, 2, 4, 6, and 8 hr.
Venous blood samples were drawn several times
during the experimental period and analyzed for cho-
lesterol, triglycerides, and lipoprotein pattern.

Material

[24-*C]Cholic acid (138 nCi/mg) and [24-'*C]cheno-
deoxycholic acid (138 uCi/mg) were purchased from
New England Nuclear Corp., Boston, MA. The radio-
chemical purity of the labeled bile acids was ascer-
tained by radioautography of thin-layer chromato-
grams. [2-*H]Glycerol (200 pCi/umol) was obtained
from the Radiochemical Centre, Amersham, England.
Prior to use, the material was evaporated to dryness
in vacuo in order to eliminate [*H]water. Cholecysto-
kinin was obtained from the Gastrointestinal Hor-
mone Research Group, Department of Chemistry,
Karolinska Institutet, Stockholm, Sweden.

Methods

Cholesterol and triglycerides were measured with a
Technicon AutoAnalyzer (Technicon Instruments
Corp., Tarrytown, NY). Lipoprotein phenotyping was
performed according to WHO recommendations (1)
as described earlier (22). The upper normal limit was
set at 7.2 mmol/] for total cholesterol, at 5.2 mmol/l
for B-lipoprotein cholesterol, and at 2.0 mmol/l for
triglycerides. Glucose tolerance was determined with
an intravenous glucose tolerance test (29), k values
below 0.9 being considered abnormal.

Measurements of bile acid kinetics

The duodenal bile samples were hydrolyzed with
1 M KOH in closed steel tubes for 12 hr at 110°C.
The deconjugated bile acids were extracted with ethyl
ether after acidification, and their methyl esters were
separated by thin-layer chromatography (30). The
separation of bile acids was complete, and only trace
amounts of deoxycholic acid contaminant were oc-
casionally observed in the CD fraction. One aliquot
was then quantitated by gas-liquid chromatography
after preparation of the trimethylsilyl derivatives. A
1.5% SE-30 column was used. Another aliquot from
this extract was analyzed for radioactivity by liquid
scintillation spectrometry. On the basis of the specific
radioactivity curve from the 45 time points obtained,
the fractional turnover rate, pool size, and rate of
synthesis were determined for C and CD according
to the principles described by Lindstedt (31). The mean
standard error of the fractional turnover rate was 7%
and 8% for C and CD, respectively, and the correla-
tion coefficients ranged from 0.961 (P < 0.05) to
1.000 (P < 0.001) for both bile acids. All studies were
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TABLE 1. Basal data on the individual patients
Body Weight
Glucose
Patient Relative Tolerance, Previous History,
Number Sex, Age kg (% of ideal)* k-value Present Symptoms®
Hyperlipoproteinemia type Ila
1. KL M 65 82 110 0.6
2. KE M 55 76 113 2.9 IHD, GBD, xanthoma
3. KJ M 57 73 99 1.3
4. KH M 49 65 93 1.4
5. ES M 48 68 88 1.4
6. EH M 43 86 105 1.3 IHD, HT
7. B] M 34 83 117 0.7 IHD
8. BLg M 33 70 93 1.3
9. BLn M 32 66 83 1.5
10. EA F 63 73 120 2.4 IHD, xanthelasma
11. AR F 58 53 86 1.8 IHD, xanthoma, xanthelasma
12. AW F 58 46 77 1.3 IHD, GBD
13. KW F 57 73 109 2.1 HT
14. GB F 56 52 87 1.4
15. GN F 64 55 82 0.8
16. IB F 54 70 111 GBD
17. MM F 48 63 95 1.1 GBD
18. EHn F 41 46 92 1.6
19. 1E F 24 60 95 1.6
Hyperlipoproteinemia type 11b
20. PP M 65 70 96 1.0 IHD
21. EO M 57 73 94 DM
22. HR M 30 83 115 1.3
23. VL F 56 81 114 1.6 HT, GBD
24. MD F 54 59 92 1.4 HT, GBD
25. LP F 54 68 111 1.0 Xanthelasma
Hyperlipoproteinemia type IV
26. HH M 66 87 109 1.2 IHD, GBD
27. HE M 61 87 110 0.9 HT
28. JM M 57 82 91 0.8 IHD, GBD
29. TL M 55 84 111 1.4 HT
30. KP M 55 89 120 1.6 IHD
31. KB M 54 69 91 1.2
32. GG M 51 80 99 1.8
33. SG M 50 91 108 0.9
34. PK M 50 76 109 0.7
35. KEd M 44 64 93 1.4 HT
36. GL M 42 73 106 1.4
37. HL M 39 84 111 0.8
38. RK M 54 76 109 1.4 GBD
39. SM M 49 83 114 1.0
40. LA M 58 83 106 0.6 IHD, GBD
41. NH M 53 77 100 DM, HT, IHD
42. SR M 68 69 109 0.5 IHD
43. EC F 65 60 97 1.5 HT, GBD
44. M] F 69 60 98 0.9 HT, GBD
45. AG F 68 71 101 1.3 IHD, HT, GBD
46. JT F 59 60 94 IHD, HT, DM
47. AF F 51 66 110 1.0

thus adequately fitted with a single exponential func-
tion. Further details of this method have been given

in a previous paper (22).
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Measurements of plasma triglyceride turnover
The method used was described originally by Far-
quhar et al. (32) and later by Nikkild and Kekki
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TABLE 1. (Continued)
Body Weight Abnormal
Glucose
Patients Relative Tolerance
(Number) Age kg (% of ideal)® (% of ideal) (% of ideal)
Hyperlipoproteinemia type 1la
M (9 46 = 4° 74 £ 3¢ 100 £ 4° 2
F (10) 52=x4 59 x 3¢ 96 * 4 1
Total (19) 49=%3 66 + 3 98 + 3 3
Hyperlipoproteinemia type I1Ib
M (3 51 =11 75 + 4 102 £ 7 1
F (3 55=x1 69 = 6 106 £ 7
Total ( 6) 535 79+4 104+4 1
Hyperlipoproteinemia type IV
M 17y 53=x2 80 = 106 = 3 6
F (5 62=%3 632/ 1003 1
Total (22) 55 % 2 76 £ 20 105+ 2 7
 Calculated as weight (kg) x 100%.

height (cm) — 100

® IHD, ischemic heart disease; HT, hypertension; DM, diabetes mellitus; GBD, gallbladder

disease.
¢ Mean + SEM.

? Significantly different from males with the same lipoprotein pattern, P < 0.05.
¢ Significantly different from males with the same lipoprotein pattern, P < 0.01.
fSignificantly different from males with the same lipoprotein pattern, P < 0.001.
¢ Significantly different from type Ila patients, P < 0.01.

(11, 33, 34). Plasma was separated immediately by
centrifugation and 2-ml samples of each specimen were
extracted with 25 ml of chloroform-methanol 2:1
(v/v). NaCl (0.5%, 5 ml) was added, the tubes were
shaken vigorously for 5 min and left at 4°C overnight.
The chloroform phase (separated by centrifugation)
was washed once with 5 ml of a mixture containing
chloroform-methanol-0.5% NaCl 3:47:50 (v/v/v),
and subsequently treated with silicic acid to eliminate
the phospholipids. The residue obtained after filira-
tion and evaporation of the solvent was analyzed for
radioactivity by liquid scintillation counting. As evi-
denced by thin-layer chromatography, more than 95%
of this label accumulated in the triglyceride fraction.

Radioactivity was plotted against time on a semi-
logarithmic scale and the curve was analyzed with a
digital computer. Curves clearly composed of more
than one exponential slope and cases where the tri-
glyceride concentration showed systemic changes
(more than +5% of initial value) during the investiga-
tion were rejected, as recommended by Nikkild and
Kekki (33, 34). Altogether three patients with type
I1a, one with type IIb, and three with type IV HLP were
excluded from the study for such reasons. It is worth
noting that the bile acid kinetics in these subjects
showed a pattern similar to that of the other subjects
with corresponding types of HLP.

The apparent fractional turnover rate of endoge-
nous plasma triglyceride (&, hr™!) was determined from

the exponential descending slope of the plasma radio-
activity curve. Ten to twelve time points were obtained
in each study, and the standard error of the individual
fractional turnover rate determinations averaged 0.011
(6%), 0.012 (6%), and 0.010 (7%) in HLP type Ila,
I1b, and IV, respectively. The correlation coefficients
ranged from 0.914 to 0.989 (P < 0.001 in all cases)
and thus these patients displayed single-exponential
decay curves (with the exception of the subjects ex-
cluded as mentioned above). Neglecting the errors
that might be attributed to the possible emergence of
a slow exponential component after 10 hr (cf Dis-
cussion), a value for endogenous plasma triglyceride
production (the apparent triglyceride production rate)
was calculated as described by others (11, 33, 34). The
apparent plasma triglyceride production rate (V),
expressed in wmol kg~'hr™! was obtained from the
equation V' X 45-ks-b. The factor 45 represents the dis-
tribution space of plasma triglycerides, supposed to
equal the total plasma volume, i.e., 4.5% of ideal body
weight. Factor s is the mean plasma triglyceride con-
centration (mmol/l) during the experiment; factor b
is used to correct for overweight and is calculated
from the equation b = [(4500 + a-¢)/(100 + ¢)}/45. In
this expression a represents the plasma volume per kg
adipose tissue (9.7 ml for males and 10.8 ml for fe-
males) (35) and ¢ is the excess of relative body weight
(RBW - 100) (11, 32, 33). RBW was calculated as
[body weight (kg)/(height (cm) — 100)] x 100. The
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2T0Z ‘6T aunr uo ‘1sanb Aq 610 J'mmm woly papeojumoq


http://www.jlr.org/

ASBMB

JOURNAL OF LIPID RESEARCH

I

TABLE 2. Plasma lipids and triglyceride kinetics in the individual patients
Plasma Triglyceride
Plasma Apparent
Patient Cholesterol Fractional Apparent
Number, Concentration Concentration Turnover Rate Formation
Sex mmol-[71¢ mmol-171* hr! pmol-kg™!-hr!

Hyperlipoproteinemia type Ila

1. M 8.5 1.6 0.232 15.5
2. M 12.0 1.8 0.170 12.5
M 8.9 L5 0.206 13.9
4. M 9.1 1.3 0.187 10.9
5 M 8.5 1.2 0.159 8.6
6. M 8.4 1.5 0.179 12.4
7. M 7.8 1.3 0.225 11.7
8. M 7.8 1.0 0.131 5.9
9. M 9.6 1.0 0.208 9.9
10. F 9.1 1.3 0.165 8.4
11. F 11.2 1.5 0.224 15.1
12. F 6.3 1.2 0.234 12.7
13. F 8.7 1.1 0.157 7.3
14. F 8.7 0.7 0.215 6.8
15. F 7.5 1.0 0.174 7.8
16. F 10.4 1.1 0.234 10.7
17. F 8.0 1.5 0.218 14.7
18. F 8.6 1.9 0.113 9.7
19. F 8.4 0.8 0.147 5.3
Hyperlipoproteinemia type I1b

20. M 7.5 24 0.213 23.0
21. M 8.6 4.0 0.153 27.5
22. M 7.6 3.9 0.146 23.1
23. F 8.1 2.1 0.190 16.3
24. F 7.9 2.1 0.192 18.2
25. F 7.9 2.3 0.168 16.0
Hyperlipoproteinemia type 1V

26. M 6.9 3.7 0.149 23.2
27. M 7.8 4.5 0.166 31.2
28. M 5.6 2.1 0.202 19.2
29. M 8.6 4.1 0.167 28.5
30. M 6.5 2.1 0.185 15.3
31. M 5.3 34 0.135 20.6
32. M 5.8 4.0 0.121 21.8
33. M 7.6 3.0 0.195 24.8
34. M 7.2 4.3 0.063 11.5
35. M 7.1 3.2 0.194 28.0
36. M 6.4 2.2 0.170 15.9
37. M 6.5 3.2 0.153 20.4
38. M 6.9 5.0 0.059 12.3
3. M 7.7 3.8 0.192 29.6
40. M 7.1 3.1 0.202 32.1
41. M 7.7 3.1 0.157 21.9
42. M 4.1 2.3 0.204 19.9
43. F 5.8 3.8 0.210 35.8
44. F 5.1 4.6 0.112 23.3
45. F 6.1 8.3 0.061 16.8
46. F 5.8 5.9 0.072 19.2
47. F 7.9 6.7 0.056 15.8

standard error of the individual triglyceride syn-
thesis calculation (considering both error in fractional
turnover rate and triglyceride variability) averaged
9%, 9%, and 10% in HLP type 1la, IIb, and IV,
respectively.

1008 Journal of Lipid Research Volume 19, 1978

In seven patients—two with type Ila and five with
type IV HLP— VLDL was isolated by ultracentrifuga-
tion at d 1.006 g/ml (36), and the radioactivity decay
in this fraction was analyzed in parallel to that of total
plasma. The apparent formation of VLDL triglyceride
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TABLE 2.

(Continued)

Plasma Triglyceride

Plasma Apparent
Cholesterol Fractional Apparent
Patients Concentration Concentration Turnover Rate Formation
(Number) mmol-17'2 mmol-171¢ hr™? pmol-kg™'-hr™!
Hyperlipoproteinemia type Ila
M (9 9.0 = 0.4° 1.4 +0.1° 0.189 * 0.011° 11.3 = 1.0°
F (10) 87 +04 1.2 = 0.1 0.188 = 0.013 99+ 1.1
Total (19) 8.9 £ 0.3 1.3 £ 0.1 0.188 + 0.008 10.5 = 0.7
Hyperlipoproteinemia type Ilb
M (3 79 %04 3.4 x£0.5° 0.171 = 0.021 24.5 + 1.59
F (3 8.0 = 0.1 2.2 +0.1¢ 0.183 + 0.008 16.8 = 0.7¢
Total ( 6) 8.0+0.2 2.8 £ 0.4 0.177 = 0.011 20.7 = 1.9°
Hyperlipoproteinemia type IV
M a7 6.7 £ 0.3° 3.4 %02 0.160 = 0.011°¢ 22.1 = 1.5°
F ( 5) 6.1 = 0.5%" 5.9 + (.840h 0.102 £ 0.029/ 22.2 = 3.67
Total (22) 6.6 = 0.20% 3.9 % 0.3° 0.147 = 0.0117 22.1 + 1.4

2To convert mmol/l to mg/dl multiply cholesterol concentrations by 38.7 and triglyceride
concentrations by 0.1 X mol wt of triglyceride (e.g., 88.5 for triolein).

5 Mean = SEM.

¢ Significantly different from males with the same lipoprotein pattern, P < 0.05.

“ Significantly different from males with the same lipoprotein pattern, P < 0.01.

¢ Significantly different from corresponding group with type Ila pattern, P < 0.05.

! Significantly different from corresponding group with type Ila pattern, P < 0.01 or P < 0.005.
? Significantly different from corresponding group with type Ila pattern, P < 0.001.

" Significantly different from corresponding group with type IIb pattern, P < 0.05.

i Significantly different from corresponding group with type Ilb pattern, P < 0.005.

averaged 18.9 = 4.5 umol kg~'hr™! and that of total
triglyceride 20.4 = 4.0 wmol kg~'hr~'. There was a
highly significant correlation between the two deter-
minations (r = +0.98, P < 0.001).

Statistical analysis

Data are presented as mean + SEM. Significances
of differences were evaluated by Student’s ¢ test.
Linear regressions were calculated by the method of
least squares, and their significances were tested by
estimating the correlation coefficient, r (37).

RESULTS

Bile acid kinetics

Data on the formation, pool size, and fractional
turnover of the bile acids are listed in Table 3. The
mean synthesis of cholic acid in the 22 patients with
type IV HLP (0.95 + 0.11 mmol d?) exceeded that in
the 19 patients with type 1Ia (0.42 = 0.04, P < 0.001).
Although less pronounced, a difference was found
also in the formation of chenodeoxycholic acid, which
averaged 0.52 = 0.05 mmol d™! in type IV and 0.30
+ 0.04 mmol d7' in type IIa HLP (P < 0.001). Total
bile acid production (C + CD) was twice as high on
the average in type IV as in type Ila patients. The

values recorded in type IIb HLP were similar to those
in type Ila. The fractional turnover of C and CD did
not vary significantly in relation to sex or type of HLP.
The formation of C and that of C and CD combined,
expressed in absolute amounts, were higher in males
than in females with the type Ila pattern, while no
such sex differences were seen among the patients with
a type IIb or type 1V lipoprotein pattern (Table 3).

In the patients with type 11a HLP, body weight cor-
related positively with the formation of C (r = +0.65,
P <0.01) and (C+CD) (r = +0.54, P <0.05) but
not with that of CD. No such relationships were found
in HLP type IIb or 1V. In all the subgroups, the forma-
tion of C, CD, and (C + CD) was unrelated to plasma
concentrations of cholesterol and triglycerides, and to
the presence of glucose intolerance or gallbladder dis-
ease (GBD).

The pool size of the two primary bile acids (C + CD)
was significantly larger in type IV HLP (4.01 * 0.32
mmol) than in type IIa HLP (2.52 = 0.41 mmol, P
< 0.01) and type 1Ib HLP (2.43 + 0.48 mmol, P
< 0.025). This was true also when comparing type IV
and type Ila patients without gallbladder disease
(P < 0.02), and was mainly due to an augmented pool
size of C (Table 3).

Bile acid synthesis was also calculated as pmol formed
per kg body weight per day. As is evident from Table 3,
the differences between type I1a and type IV HLP in
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53.3
13.2
19.2

8.8
15.2

17
3.20
0.79
1.36
0.53
1.00
0.88 = 0.11¢
0.58 *+ 0.07°
0.72 + 0.07

9.0
13.1
5.3
3.3
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4.9 + 0.7°
44+08
46+ 0.5
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0.208
0.261
0.642
0.294
0.555
0.118
0.335
0.329 + 0.034°
0.274 = 0.032
0.300 + 0.024

0.48
0.62
0.79
0.32
0.47
0.20
0.27
0.37 £ 0.05°
0.25 = 0.04
0.30 = 0.04

2.31
2.37
1.22
1.07
0.84
1.70
0.80
1.40 = 0.47°
0.94 = 0.13
1.16 + 0.23

7.6

16.4
40.2
8.0
12.6
11.1
6.9 = 0.8
5.5 = 0.5
6.1 = 0.5
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0.160
0.320
0.668
0.372
0.836
0.120
0.440
0.375 + 0.065
0.391 + 0.080
0.383 = 0.051

0.58
1.13
2.41
0.48
0.90
0.33
0.74
0.52 + 0.07°
0.33 + 0.04°
0.42 = 0.04

3.59
3.54
3.61
1.29
1.07
2.74
1.67
1.75 = 0.40°
1.02 = 0.15
1.36 = 0.22

(10)

Total (19)

(9

M

F
Hyperlipoproteinemia type 1Ib

Hyperlipoproteinemia type 1la

43. F
44. F
45. F
46. F
47. F

©® ¥
_ N
+HH 4

O - -
- —

0.81 = 0.08
0.85 = 0.26
0.83 = 0.12

0.392 = 0.180
0.365 + 0.095

0.338 £ 0.111

0.29 + 0.03
0.29 = 0.05

0.29 = 0.11

1.14 = 0.48
0.84 £ 0.16
0.99 + 0.23

0.338 = 0.101
0.574 = 0.197

0.456 = 0.112

0.52 = 0.05
0.55 + 0.19
0.54 = 0.09

1.76 = 0.46
1.13 = 0.31
1.44 = 0.29

(3
(3
Total ( 6)

M
F

219+ 8.0
19.5 + 2.9¢

18.8 = 1.8°

1.43 = 0.16%

1.50 = 0.15¢
1.38 = 0.48°

6.8 = 0.6%1

7.0 x 0.6°
6.5+ 1.7

¢ Significantly different from
! Significantly different from

¢ Significantly different from corresponding group with type Ila pattern,
g y P g group YP! P

¢ Significantly different from corresponding group with type Ila pattern, P < 0.001.

0.352 = 0.062
0.389 + 0.094
0.360 = 0.051

0.55 + 0.05°f

0.41 = 0.10
0.52 + 0.05%

11.9 = 1.3¢
15.5 + 6.3¢
12.7 = 1.7¢

0.450 + 0.069
0.487 = 0.123
0.459 * 0.059

0.97 + 0.37¢
0.95 + 0.11¢

0.95 = 0.11¢
b Significantly different from males with the same lipoprotein pattern, P < 0.05.

2.31 = 0.19%
corresponding group with type Ila pattern, P < 0.05 or P < 0.02.
P < 0.01 or P < 0.005.

2.38 = 0.21
2.08 + 0.48°

(17)
( 5)

Total (22)
2 Means = SEM.

M

F

corresponding group with type 1Ib pattern, P < 0.05.

Hyperlipoproteinemia type 1V

the formation of C (6.1 0.5 vs. 12.7 = 1.7 umol
kg~'d™!, P < 0.005), CD (4.6 + 0.5 vs. 6.8 = 0.6 wmol
kg~'d™!, P <0.01), and (C + CD) (10.7 = 0.9 vs. 19.5
+ 2.2 pmol kg~'d™?, P < 0.005) are still present after
correction for body weight.

Triglyceride kinetics

The plasma triglyceride concentration averaged
1.3+0.1, 2.8 £+ 0.4, and 3.9 = 0.3 mmol/l in the pa-
tients with type Ila, IIb, and IV lipoprotein pattern,
respectively. Apparent triglyceride formation in HLP
type Ila (10.5 £ 0.7 wmol kg~'hr™') was significantly
less than that recorded in HLP type IIb (20.7 + 1.9
pmol kg~thr™!, P <0.001) and in HLP type IV (22.1
+ 1.4 umol kg~thr7}, P < 0.001) (Table 2). As a gen-
eral tendency, the apparent biosynthesis of triglyc-
erides was higher in males than in females. The ap-
parent fractional turnover rate of serum triglycerides
as determined over 10 hr was on the average approxi-
mately the same in HLP type 11a (0.188 + 0.008) and
type IIb (0.177 = 0.011), while it was significantly
lower in the patients with the type IV lipoprotein pat-
tern (0.147 + 0.011, P < 0.01) vs. those with type 1Ia
(Table 2).

The apparent triglyceride production correlated sig-
nificantly with the triglyceride plasma concentration
in HLP type 11a (r = +0.70, P < 0.001) and type IIb
(r = +0.83, P < 0.05), but not in type IV (r = —0.18).
No relationship to serum cholesterol, glucose intol-
erance, or the presence of GBD was found for ap-
parent triglyceride synthesis or fractional turnover
rate.

Relationship between apparent triglyceride
formation and bile acid synthesis

In Fig. 1, C production in umol kg™'d~! is plotted
against apparent triglyceride formation in umol
kg~'hr™!. These two parameters correlated significantly
intype Ila(r = +0.69,P < 0.001), type IV (r = +0.70,
P < 0.001), and in the total series of patients (r = +0.70,
P < 0.001), but not in type Ilb HLP. As is evident
from Fig. 1, however, the lack of correlation in type
I1b is mainly caused by patient no. 23, whose exclusion
yields a correlation coefficient of +0.61. A correla-
tion was also found between the apparent biosynthesis
of triglyceride and CD in type IV HLP and in the
combined series (Table 4). Total bile acid production
was significantly related to apparent triglyceride for-
mation in HLP type Ila, type IV, and in the total
number of patients. As seen in Table 4, the relation-
ship between apparent triglyceride synthesis and C
formation also applies in the male subgroups of type
ITa and type IV patients.

A slight correlation between C pool size and ap-

Angelin et al. Bile acid kinetics and triglyceride metabolism 1011
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Fig. 1. Relationship between apparent triglyceride synthesis (umol kg 'hr™') and cholic acid formation
(#mol kg~'d™!) in HLP type Ila (upper left, n = 19), type Ilb (upper right, n = 6), type 1V (lower left,
n = 22), and the total series (lower right,n = 47). R indicates the calculated correlation coefficient, n.s. = not
significant. Equations of the regression lines are given in Table 4.

parent triglyceride synthesis was seen in type 1la HLP
(r = +0.48, P < 0.05), otherwise no significant rela-
tionships between bile acid pool size and triglyceride
formation were seen in the different types of HLP.

DISCUSSION

In the present work, [24-'*C]-labeled C and CD
were used in the determination of bile acid kinetics,
whereas in a previous study (22) [24-*C]-labeled C
and randomly tritiated CD were used. This change
in experimental design was made to avoid the small
errors inherent in using [3H]-labeled CD (38), and
probably explains the slightly lower figures for CD
formation seen in the present investigation. However,
the findings on bile acid kinetics in HLP in the present
study are in good agreement with those seen earlier
(22), with a higher elimination of cholesterol as bile
acid in type IV compared to type Ila HLP. The two
groups also differed with regard to the composition
of the bile acids synthesized, the formation and pool

1012  Journal of Lipid Research Volume 19, 1978

size of C being more dominant in type IV HLP. Total
bile acid production was about the same in HLP type
IIa and type 1Ib. Under the conditions used, differ-
ences in bile acid formation have been found to re-
flect reciprocal differences in net steroid balance, i.e.,
cholesterol biosynthesis (26).

The possibility of performing detailed studies con-
cerning bile acid kinetics in relation to VLDL metabo-
lism is hampered by the difficulties inherent in the
estimation of VLDL production. VLDL synthesis in the
liver is influenced by factors such as plasma free fatty
acid and insulin levels, which show diurnal variations.
No method so far available gives a proper evaluation
of the 24-hr VLDL formation under physiological con-
ditions, i.e., when the subjects have an ordinary intake
of food. With most techniques used, the subjects have
been studied in the postabsorptive state or when fed a
low-fat diet. Furthermore, the studies in general only
measure the synthesis during part of the day.

In the present study, the endogenous [*H]glycerol
labeling technique originally described by Farquhar
et al. (32) was used to estimate plasma triglyceride
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formation. As the patients were studied in the post-
absorptive state, the newly synthesized triglycerides
should represent VLDL triglycerides. In accordance
with this contention, formation of total plasma tri-
glyceride and VLDL triglyceride correlated closely (cf
Methods), as has been described previously by others
(39, 40). The validity and reliability of the [*H]glycerol
labeling technique have been supported (32, 33, 39—
41) as well as questioned (42, 43). According to Havel
(42) and Havel and Kane (43) the [*Hlglycerol tech-
nique underestimates VLDL triglyceride formation
in the normal range but gives reliable data at high
levels of plasma triglycerides. Techniques based on
the incorporation of radioactive glycerol into triglyc-
eride appear to be less affected by the re-entry of
labeled molecules (recycling) than methods based on
fatty acid incorporation (44). Thus, in agreement with
earlier studies (32—34, 39-41), the radioactivity curves
of the present investigation with very few exceptions
closely adhered to a log-linear decay (cf. Methods).
However, the present studies were carried out over
a 10-hr time period, and the possible emergence of a
slow component of the curve after about 15 hr as has
been suggested by some preliminary reports (45-47)
cannot be excluded. Such data would require multi-
compartmental analysis for resolution as has been dis-
cussed for fatty acid labeling techniques (48). If so,
the current data concerning apparent triglyceride pro-

duction rate may not be a true index of VLDL tri-
glyceride formation. The magnitudes of such errors
inherent to the present technique are difficult to eval-
uate. The glycerol labeling technique as used in the
present study has however been found to give data
comparable with those obtained by an independent
lipolytic rate procedure (40, 41). Furthermore, pre-
liminary data on VLDL triglyceride formation in
normo- and hypertriglyceridemic patients as calculated
from multicompartmental analysis afier glycerol label-
ing (47) appear to be in reasonable agreement with
those seen in the present work.

The apparent plasma triglyceride turnover rate as
determined during 10 hr in the patients with HLP
type IIa was within the range reported for healthy
controls (11, 13, 39). The values obtained in type IIb
and type IV HLP were higher and similar to those
observed for other patients with these disorders (11).
However, the pattern seen in type IV patients was
heterogeneous, with some patients exhibiting low frac-
tional turnover rates, and no overall positive relation-
ship between triglyceride concentration and forma-
tion, suggesting the presence of subpopulations with
different triglyceride kinetics. The metabolism of
VLDL has also been studied by means of autologous
radioiodinated VLDL particles (13). It was clear that
the turnover of the VLDL apoB, which correlated
positively to that of the VLDL triglyceride, was nor-

TABLE 4. Correlations between the apparent synthesis of plasma triglycerides (TG)
and the formation of cholic acid (C), chenodeoxycholic acid (CD), and (C + CD)

Correlation Significance
Coefficient of Correlation, Equation of the
Patient Subgroup x y r P Regression Line
Hyperlipoproteinemia TG® Cc? +0.694 <0.001 y=0.47x + 1.25
type Ila (n = 19) TG Cp® +0.341 N.S.c
TG (C + CD) +0.588 <0.01 y=0.72x + 3.21
Hyperlipoproteinemia TG C -0.119 N.S.
type 1Ib (n = 6) TG CD -0.171 N.S.
TG (C + CD) -0.183 N.S.
Hyperlipoproteinemia TG C +0.701 <0.001 y = 0.84x — 5.89
type IV (n = 22) TG CDh +0.667 <0.01 y = 0.28¢x + 0.63
TG (C + CD) +0.714 <0.001 y=112x — 5.28
Total (n = 47) TG C +0.702 <0.001 y = 0.59¢ — 0.82
TG CDh +0.546 <0.001 y =0.20x + 2.20
TG (C + CD) +0.690 <0.001 y = 0.79x + 1.37
Hyperlipoproteinemia TG C +0.920 <0.001 y =079 — 2.04
type Ila, males (n = 9) TG CD +0.577 N.S.
TG (C+ CDh) +0.861 <0.01 y = 1.20x — 1.76
Hyperlipoproteinemia TG C +0.665 <0.01 y = 0.56x — 0.44
type IV, males (n = 17) TG CD +0.562 <0.05 y = 0.22¢x + 2.08
TG (C+ CD) +0.656 <0.01 y = 0.78c + 1.61

¢ Expressed as umol kg™ hr™l,
® Expressed as umol kg~ d™.
¢ N.S., not significant.
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mal in HLP type Ila (heterozygous familial hypercho-
lesterolemia) and significantly less than in HLP types
IIb, 1V, and V. The combined evidence from the re-
ports cited above (including the present study) in-
dicates that overproduction of VLDL is of major im-
portance for the development of hypertriglyceridemia
in most patients; however, in others a defective clear-
ance may be the determining factor.

In the two major groups of patients studied (HLP
type Ha and 1V), the apparent formation of plasma
triglycerides in the postabsorptive state as determined
over 10 hr correlated closely to the production of bile
acids as determined under ordinary dietary conditions
during the preceding week. With the limitations in-
herent to the techniques used as discussed above, the
combined evidence from this study strongly indicates
that an increased formation of VLDL is associated
with an enhanced degradation of cholesterol as bile
acids. The mechanism(s) behind this relationship can-
not be decided from the present study, but some al-
ternative explanations may be considered.

The liver continuously delivers cholesterol to be in-
corporated into lipoproteins, excreted in the bile, or
converted to bile acids. The outflow of cholesterol
from the liver is balanced by hepatic cholestero-
genesis and by an inflow of lipoprotein cholesterol.
On the basis of data reported for the VLDL produc-
tion and the triglyceride/cholesterol ratio of the VLDL
particles (49), it appears that several mmol of VLDL
cholesterol enter the circulation each day. Unless lipo-
protein cholesterol is effectively reutilized in the
hepatic formation of VLDL, an enhanced biosynthesis
of such particles may result in an increased hepatic
cholesterogenesis and an elevated cholesterol balance.
In agreement with this contention we have recently
shown that the activity of 3-hydroxy-3-methylglutaryl
CoA reductase —the rate-limiting enzymatic step in
hepatic cholesterol biosynthesis—is increased in most
patients with type IV HLP, whereas the enzyme activ-
ity in HLP type Ila is within the normal range.* As
mentioned above, previous studies from our laboratory
have also shown an enhanced net steroid balance in
patients with type IV HLP (26). Thus, an increased
hepatic formation of VLDL cholesterol may be asso-
ciated with an enhanced degradation of lipoprotein
cholesterol.

As suggested by Sodhi (50, 51) there may be at least
two pools of hepatic cholesterol, one anabolic contain-
ing cholesterol aimed for lipoprotein synthesis and
one catabolic containing cholesterol from lipoprotein

z Ahlberg, J., B. Angelin, I. Bjérkhem, K. Einarsson, and B.
Leijd. Hepatic cholesterol metabolism in normo- and hyperlipid-
emic patients with cholesterol gallstones. J. Lipid Res., in press.
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breakdown aimed for elimination as bile acids and
neutral steroids. This hypothesis is however not fully
supported by the observations that de novo synthesized
cholesterol is preferred for the synthesis of bile acids
in the rat (52, 53) as well as in man (54)%; this seems to
be more pronounced for C than for CD (55).2 Thus,
the covariation between the apparent formation of
plasma triglyceride and the synthesis of bile acids —es-
pecially that of C—may at least in part be due to
the sharing of a pool of newly synthesized cholesterol,
available both for lipoprotein synthesis and bile acid
formation. Some support for this view is also gained
from the results reported in the accompanying pa-
per (56), suggesting that experimentally induced al-
terations primarily affecting bile acid metabolism
appear to be associated with changes in plasma triglyc-
eride metabolism. Finally, the possibility that the for-
mation of plasma triglycerides and the bile acid pro-
duction vary independently but in parallel because of
the influence of a common regulatory factor, e.g.,
insulin or free fatty acid concentration, must of course
be considered.

To summarize, the results of the present study sug-
gest an integrated regulation of the synthetic rate of
VLDL triglyceride and the degradation of cholesterol
to bile acids. Such a relationship may offer an explana-
tion for the high bile acid biosynthesis often seen in
patients with HLP type IV. Moreover, it may account
for the reduced production of bile acids seen in hyper-
triglyceridemic patients treated with clofibrate (57),
nicotinic acid (58), or by weight reduction (22), con-
ditions reported to be associated with decreased VLDL
formation (11, 59, 60). Further studies are however
needed to characterize this apparent relationship and
may lead to a better understanding of some of the
mechanisms involved in the development of hyper-
lipoproteinemia.fiff
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