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These studies were conducted to determine relationships of plasma low-density lipoprotein (LDL) cholesterol concentrations 
and hepatic mRNA levels for apolipoprotein (apo) B, LDL receptor, and hepatic hydroxymethyl glutaryl coenzyme A (HMG CoA) 
synthase with plasma LDL apo B production and catabolic rates in baboons maintained on a low-cholesterol, low-fat chow diet 
and on a high-cholesterol, high-fat (HCHF) diet. Twelve baboons with LDL cholesterol levels ranging from low to high on the 
HCHF diet but with similar high-density lipoprotein (HDL) cholesterol levels were selected from a colony of selectively bred 
pedigreed baboons. LDL apo B turnover and hepatic mRNA concentrations for apo B, LDL receptor, and HMG CoA synthase 
were measured on a chow diet and again on a HCHF diet fed for 14 weeks. LDL apo B fractional catabolic rates decreased and 
production rates increased on the HCHF diet. Hepatic mRNA concentrations for apo B were not affected by the HCHF diet. 
Hepatic LDL receptor and HMG CoA synthase mRNA concentrations decreased on the HCHF diet as compared with the chow 
diet. LDL apo B fractional catabolic rate was negatively correlated with plasma cholesterol, LDL cholesterol, LDL apo B, and LDL 
apo B production and positively correlated with hepatic LDL receptor and HMG CoA synthase mRNA concentrations and with 
plasma LDL triglyceride to cholesterol ratio on the chow diet but not on the HCHF diet. LDL apo B production was positively 
correlated with plasma cholesterol, LDL cholesterol, and LDL apo B on the HCHF diet and negatively correlated with LDL 
triglyceride to cholesterol ratio on both chow and HCHF diets. Hepatic apo B mRNA concentrations were not correlated with 
either the fractional catabolic rate or production rate on either diet. When baboons were grouped by LDL cholesterol response, 
high responders had lower LDL apo B fractional catabolic rate and lower hepatic LDL receptor mRNA on the chow diet as 
compared with those having no or moderate response. On the other hand, high responders had high LDL apo B production on 
the HCHF diet as compared with those having no or moderate response. These results suggest that LDL catabolism regulates 
LDL cholesterol in plasma on the chow diet, and that hepatic LDL receptor mRNA concentrations are associated with LDL 
catabolic rate. However, LDL apo B production is the major determinant of LDL cholesterol in the plasma on a HCHF diet, and 
production of LDL apo B is not associated with hepatic apo B mRNA concentrations. 
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p LASMA LIPOPROTEIN concentrations, which are 
major determinants of atherosclerosis, I-3 differ consid- 

erably among individuals and are controlled by both genetic 
and dietary factors. Dietary cholesterol and fat increase 
plasma cholesterol levels in humans and experimental 
animals, but there are wide variations in responsiveness of 
plasma lipoproteins among mammalian species and among 
individuals within each species. In many species, including 
the baboon, saturated fat and cholesterol increase levels of 
low-density lipoprotein (LDL) and high-density lipoprotein 
(HDL). 4,5 Selective breeding has produced families of 
baboons that differ mainly in response of plasma LDL 
cholesterol concentration to dietary cholesterol and satu- 
rated fat. 4,5 

Complex segregation analyses of very-low-density lipopro- 
tein (VLDL) and LDL cholesterol concentrations have 
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provided strong evidence that there is a major gene locus 
that influences VLDL and LDL cholesterol concentrations 
in baboons fed a chow diet. 6 This major gene locus accounts 
for approximately 46% of the variability in VLDL and LDL 
cholesterol in baboons. 6 Thus, baboons with high and low 
levels of LDL cholesterol are useful for determining the 
predominant metabolic mechanism that regulates plasma 
LDL cholesterol concentration, and eventually the major 
gene that controls this mechanism. 

Since the hepatic LDL receptor is responsible for most of 
the removal of plasma LDL, the liver plays an important 
role in maintaining plasma LDL cholesterol homeostasis. 7 
In addition to the hepatic LDL receptor level, a number of 
other hepatic metabolic variables, such as cholesterol 
synthesis, apolipoprotein (apo) B synthesis, and bile acid 
synthesis, may help regulate plasma LDL cholesterol by 
modulating hepatic LDL receptor concentrations. 6 Any of 
these hepatic metabolic variables could account for the 
differences in LDL cholesterol concentrations among ba- 
boons. 

Our previous studies have suggested that high-LDL 
responding baboons have a higher LDL apo B production 
than low-LDL responding baboons) However, LDL apo B 
production may be related to a number of variables in the 
liver that affect LDL receptor expression. 7 The present 
studies were conducted to determine whether hepatic 
variables such as mRNA concentrations of LDL receptor, 
apo B, and hepatic hydroxymethyl glutaryl coenzyme A 
(HMG CoA) synthase are correlated with LDL apo B 
metabolic variables in the plasma on a low-cholesterol, 
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low-fat chow diet  and  on a high-cholesterol ,  h igh-fat  
( H C H F )  diet.  

MATERIALS AND METHODS 

Animals and Diets 

Twelve adult baboons (Papio sp.) that had LDL cholesterol 
concentrations ranging from low to high, but similar HDL concen- 
trations on both chow and HCHF diets, were selected from a 
colony of pedigreed baboons (Table 1). These baboons had been 
developed by several generations of selective breeding to have no 
detectable HDL1 or lipoprotein(a) in their plasma and to differ 
mainly in LDL cholesterol and LDL apo B concentrations. There- 
fore, differences in their hepatic variables should be related to 
LDL apo B metabolism. 

The animals were first studied on a chow diet (Monkey chow; 
Ralston Purina, Indianapolis, IN) and again after consuming an 
atherogenic diet enriched in cholesterol (1.7 mg/kcal) and fat 
(lard, 40% of total calories) for 14 weeks, s Animals were main- 
tained in individual cages during the metabolic studies and fed 
once per day with access to water at all times. 

The protocol of this experiment was approved by the institu- 
tional Animal Research Committee. The Southwest Foundation 
for Biomedical Research is accredited by the American Associa- 
tion for Accreditation of Laboratory Animal Care and is registered 
with the US Department of Agriculture. 

Isolation and Labeling of LDL 

Animals were studied in three blocks of four animals at one time. 
LDL for iodination and reinjection was isolated from the blood of 
the baboons after a 14- to 18-hour fast. The animals were 
immobilized with ketamine HC1 (10 mg/kg), blood was drawn from 
the femoral vein, and catheters were implanted to allow blood 
sampling without anesthesia during the turnover procedures. 
Blood (25 mL from each baboon) was collected into tubes 
containing EDTA (1 mg/mL), and plasma was obtained by 
centrifugation in a low-speed centrifuge (TJ6; Beckman Instru- 
ments, Palo Alto, CA). LDL was isolated by sequential ultracentri- 
fugation as previously described 8 and dialyzed against saline (0.15 
mol/L NaC1) containing EDTA (0.05 mol/L, pH 7.4) to remove 
potassium bromide. 

Protein content of LDL was measured by the Lowry procedure. 9 
A known amount of LDL (2 to 4 mg protein) was iodinated by the 

iodine monochloride procedure 1° with 1251 (ICN Chemicals and 
Radioisotope Division, Irvine, CA) as described previously, s Free 
iodide was removed by passing the labeled lipoproteins through a 
column of Sephadex G-50 and by further dialysis against saline 
(0.15 mol/L NaC1) containing EDTA (0.05 tool/L, pH 7.4) at 6°C 
with four to six changes. After dialysis, iodinated lipoproteins were 
characterized for radioactivity in trichloroacetic acid precipitate, 
lipids, and free iodide. Radioactivity in apo B was also measured 
after isopropanol precipitation as described by Egusa et al. it Most 
of the radioactivity ( >  95%) was recovered in the trichloroacetic 
acid-precipitable fraction as described previously, t2 and there was 
little detectable radioactivity ( <  0.5%) in the free-iodide fraction. 
Radioactivity in LDL apo B and lipids was 86.6% -+ 1.5% and 
5.9% ___ 0.7%, respectively, on the chow diet and 91.8% _+ 0.4% 
and 4.8% - 0.6% on the HCHF diet. The iodinated LDL had 
B-mobility on agarose gels, and all radioactivity was recovered in 
the band. Liver punch biopsies were also obtained when the 
animals had blood withdrawn, and hepatic mRNA levels were 
measured in individual samples. 

Lipoprotein Turnover Procedures 

For turnover studies, baboons were housed in individual cages 
and maintained on a tether system that allowed blood sampling 
without the use of anesthesia. Fasting baboons were injected with 
LDL protein 1.0 to 1.5 mg in 1.5 mL saline. Specific activity of LDL 
varied from 35 to 50 ~Ci/mg protein. Blood samples (6 mL) were 
drawn into tubes containing EDTA (1 mg/mL) at 5 and 30 minutes 
and at 1, 2, 4, 8, 12, 24, 48, 72, 96, 120, 168, and 216 hours. The 
baboons were fed after the 12-hour blood sample was obtained and 
were allowed to eat for an hour. In subsequent blood withdrawals, 
the fasting blood sample was obtained in the morning, after which 
the baboons were fed once per day. Blood samples were centri- 
fuged to obtain plasma. Each plasma sample (2.0 mL) was 
ultracentrifuged sequentially in L8-70, L8-70M, and L5-50 ultracen- 
trifuges (Beckman Instruments, Fullerton, CA) using 50.3 Ti 
rotors, and LDL was obtained by slicing the top 2.5-mL layer as 
described previously, s 

Urine samples were collected in a pan under the baboon cage 
and pooled at 6, 12, 24, 48, 72, 96, 120, 168, and 216 hours. 
Radioactivity in urine at these time points was measured by gamma 
counting a 1.0-mL sample and multiplying the counts by the urine 
volume. 

Radioactivity in a small aliquot (0.5 mL) of each plasma sample 

Table 1. Characteristics of Baboons Used in This Study 

Plasma Cholesterol (mg/dL) 

Baboon No. Sex/Age (yr) Weight (kg)* Chow HCHF 

LDL Cholesterol (mg/dL) LDL Apo B (mg/dL) 

Chow HCHF Chow HCHF 

1522 M/12.3 31.2 67 145 

1864 F/11.8 17.1 74 110 

4624 M/5.3 19.7 77 77 

4217 F/7.3 13.8 78 112 

3566 M/9.4 28.6 81 236 

920 M/13.7 29.3 84 165 

6451 M/4.3 18.7 91 154 

3349 M/9.8 33.4 98 135 

4736 M/4,6 14.8 101 244 

2315 F/10.8 18.2 111 245 

3699 F/9.2 16.0 116 164 

4726 M/4,7 14.1 117 295 

Mean ± SE 8.6 ± 1.0 21.2 ± 2.1 91 ± 4.9 174 ± 19.3t 36 

12 49 

34 44 

17 19 

26 17 

32 161 

14 49 

15 39 

45 50 

53 164 

6O 178 

58 34 

63 157 

± 1.7 80 ± 5.2 21 

8 26 

10 12 

10 12 

13 14 

24 60 

10 20 

10 26 

26 27 

27 60 

36 64 

36 29 

39 49 

-+ 0.9 33 -+ 1.7 

NOTE. HCHF diet was fed for 14 weeks, 

*Body weights were measured at the start of the experiment. 

1-Plasma cholesterol values were significantly increased (P < .0001) by the HCHF diet, 
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and lipoprotein fraction was determined using a gamma spectrom- 
eter (Nuclear-Chicago, Des Plains, IL). After radioactivity was 
determined, the same sample was used to precipitate apo B by 
adding an equal volume of isopropanol (Sigma Chemical, St Louis, 
MO) as described by Egusa et al. n The precipitate was washed 
with isopropanol and dissolved in 1N sodium hydroxide, n Radioac- 
tivity of the suspension was determined before incubating the 
suspension at 37°C until the pellet was completely dissolved. 
Protein content of the pellet was then measured by the Lowry 
method, 9 and radioactivity was determined using a gamma spec- 
trometer. 

Separation of Plasma Lipoproteins for Lipid and Apo B 
Measurements 

Blood samples collected at time 0 hours were centrifuged at low 
speed to obtain plasma. Lipoproteins were separated by density 
gradient ultracentrifugati0n using an SW 41 Ti rotor in a Beckman 
ultracentrifuge Model L5-50, L8-70, or L80-70M. The density 
gradient procedure was a modification of that reported by Red- 
grave et a113 as described in detail previously. 14 The refractive index 
was measured, and fractions were pooled on the basis of density. 14 
The densities of pooled fractions corresponded to VLDL and IDL 
(d < 1.019 g/mL), LDL (d 1.019 to 1.045), and HDL (d 1.045 to 
1.21). 

Measurement of Cholesterol, Triglyceride, and Apo B 

Cholesterol and triglyceride levels in plasma and lipoproteins 
were measured by enzymatic methods using kits (Sigma Chemical, 
and Wako Pure Chemical Industries, Richmond, VA). Apo B level 
in lipoprotein fractions separated by ultracentrifugation was mea- 
sured by the electroimmunoassay procedure reported by LaurelP 5 
as modified by Mott et al. 16 The antisera used for these assays were 
purchased commercially (Boehringer Mannheim, Indianapolis, 
IN) and were monospecific. Baboon serum was standardized 
against LDL (d 1.030 to 1.040 g/mL) isolated by ultracentrifuga- 
tion. Concentrations of apo B were well within the linear ranges of 
the assays. Two serum controls were assayed in duplicate in each 
row of 28 samples to check day-to-day variation in the assay. The 
sampl e values were calculated by the average peak heights using a 
standard curve prepared with- standard serum on the same plate. 
Coefficients of variation for apo B and apo A-I assays were less 
than 5%. 

Measurement of Hepatic mRNA Concentration 

Liver samples (0.05 to 0.2 g wet weight) were extracted with 
guanidine thiocyanate for measurement of total cellular RNA 
content. 17 mRNA concentrations were measured by a slot-blot 
procedure as previously described in detail, is To confirm the 
resuRs of slot-blot analysis, some of the same samples were also 
measured by RNase protection assay, which yielded similar values. 

Kinetic Analysis 

The CONSAIV119 computer program running on a 486 PC 
computer (IBM compatible) was used to fit the model to the 
turnover data. LDL apo B turnover data were analyzed using a 
two-compartment model. The model is characterized by a plasma 
compartment and an extravascular-exchange compartment. This 
model assumes that the plasma LDL apo B pool is kinetically 
homogeneous. We also assumed that all LDL apo B catabolism 
occurred via the plasma compartment. In previous studies, we have 
used a model proposed by Foster et al 2° to account for LDL 
heterogeneity. However, their model requires that urine radioactiv- 
ity data be integrated with plasma radioactivity data to support the 

presence of kinetic heterogeneity within the plasma LDL fraction. 
In the present study, urine radioactivity data were collected; 
however, the degree of radioactivity incorporated in smaller 
peptides and lipids in LDL was too great (9% to 14%) to permit the 
use of urine radioactivity data. High incorporation of radioactivity 
in other components in LDL means that radioactivity in the urine is 
derived from catabolism of those labeled components and from the 
labeled apo B. Therefore, we have analyzed LDL tracer data using 
the two-pool model that assumes kinetic homogeneity. In the 
absence of reliable urine radioactivity data, we cannot assess the 
impact of LDL heterogeneity on our findings. The fractional 
catabolic rates presented here therefore represent the average 
fractional catabolic rate of LDL particles in the LDL density 
fraction. 

LDL apo B production rates were determined by multiplying the 
LDL apo B fractional catabolic rate by the mass of LDL apo B in 
plasma. LDL apo B production rates are then expressed on a 
per-kilogram-weight basis. 

Statistical Analysis 

Data were log-transformed before analysis to meet the statistical 
assumptions better. The effect of the HCHF diet on each variable 
was analyzed using ANOVA with repeated measures. Associations 
between LDL cholesterol and apo B levels in plasma and lipopro- 
teins and the kinetic parameters and mRNA levels were calculated 
using univariate and multivariate regression analyses. Although the 
level of statistical significance was set at P less than .05, we also 
present differences at a P value less than .10 to obtain a better 
balance between type I and type II statistical errors. 

RESULTS 

Effect of HCHF Diet on LDL Lipids and Apo B 

The H C H F  diet increased plasma L D L  cholesterol 
concentrat ion twofold and L D L  apo B concentrat ion 1.5- 
fold (Table 1), but  did not  increase ei ther  the plasma or 
L D L  triglyceride concentrat ion (Table 2). These observa- 
tions suggest that L D L  became enriched with cholesterol in 
response to the H C H F  diet and that the L D L  triglyceride to 
cholesterol ratio decreased (Table 2). There  was no signifi- 
cant change in body weight of  the animals during both parts 
(chow and H C H F  diet studies) of the experiment  (data not  
shown). 

Effect of HCHF Diet on Metabolic Variables of LDL Apo B 

Mean values for catabolic rates and product ion rates for 
L D L  apo B are listed in Table  3. L D L  apo B fractional 
catabolic rate decreased by 21% on the H C H F  diet. L D L  
apo B production,  on the other  hand, increased by 25% on 
the H C H F  diet as compared  with the chow diet. 

Effect of HCHF Diet on Hepatic mRNA Concentrations for 
Apo B, LDL Receptor, and HMG CoA Synthase 

Mean values for hepatic m R N A  concentrat ions for apo 
B, L D L  receptor,  and H M G  CoA synthase on chow and on 
the H C H F  diet are listed in Table 4. Hepat ic  apo B m R N A  
concentrat ions on the chow diet did not  differ from those 
oh the H C H F  diet. However;  both hepatic  L D L  receptor  
and H M G  C o A  synthase m R N A  concentrat ions decreased 
on the H C H F  diet. 
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Table 2. Values for Plasma and LDL Triglyceride Concentrations and LDL Triglyceride to Cholesterol Ratio in Baboons on Chow 
and on a HCHF Diet 

Plasma Triglyceride (mg/dL) LDL Triglyceride (mg/dL) LDL Triglyceride to Cholesterol Ratio 

Baboon No. Chow HCHF Chow HCHF Chow HCHF 

1522 

1864 

4624 

4217 

3566 

920 

6451 

3349 

4736 

2315 

3699 

4726 

Mean ± SE 

41 41 11 10 0,92 0.20 

43 37 11 9 0.32 0.20 

37 24 9 5 0.53 0.26 

51 23 13 6 0.50 0.35 

21 29 5 8 0.16 0.05 

29 23 7 6 0.50 0.12 

28 28 7 6 0,47 0.15 

38 29 10 9 0.22 0.18 

20 30 6 12 0,11 0.07 

34 23 11 6 0.18 0.03 

20 37 5 7 0.09 0.21 

30 31 10 9 0,16 0.06 

32,67 ± 2.83 29.58 ± 1.76 8.75 ± 0,77 7,75 ± 2.09 0.35 ± 0.07* 0.16 ± 0.03 

*Different from chow (P = .001). 

Table 3. Values for Metabolic Variables for LDL Apo B in Baboons on 
Chow and on a HCHF Diet 

Fractional Catabolic Rate Production Rate 
(pools per day) (mg/kg/d) 

Baboon No. Chow HCHF Chow HCHF 

1522 1.23 0.54 4.53 6.46 

1864 1.45 0,99 6.67 5.46 

4624 1.45 0,76 6.67 4.20 

4217 1.40 1.16 8.37 7.47 

3566 0.79 0.79 8.72 20.15 

920 1.25 0.63 5.75 5.80 

6451 1.32 1.28 6.07 15.31 

3349 0,60 0.57 7.18 7.06 

4736 1.02 0.81 12.67 22.36 

2315 0.66 0.97 10.87 38.44 

3699 0.60 0.50 9.67 6.68 

4726 0.69 0.66 12.38 14.88 

Mean ± SE 1.04 ± 0.10 0.80 ± 0.07* 8.30 ± 0.76 12.02 ± 2.32t 

*Different from chow (P = .048). 

?Different from chow (P = .074). 

Relationship Between Plasma LDL Apo B Metabolic 
Variables and Plasma and Hepatic Variables 

Coefficients for the correlation of plasma LDL apo B 
catabolic rates and production rates with plasma and 
hepatic variables affecting LDL metabolism are listed in 
Table 5. Plasma LDL apo B production rate was positively 
correlated on both the chow and HCHF diets with plasma 
cholesterol, LDL cholesterol (illustrated graphically in Fig 
1, P = .000 for both chow and HCHF diets), and LDL apo 
B. LDL apo B production on chow and on the HCHF diet 
was negatively correlated with LDL triglyceride to choles- 
terol ratio (illustrated graphically in Fig 2, P = .000 for both 
the chow and HCHF diets). Plasma LDL apo B catabolic 
rate was negatively correlated with plasma cholesterol, 
LDL cholesterol (illustrated graphically in Fig 1, P = .000), 
and LDL apo B, and positively correlated with LDL 
triglyceride to cholesterol ratio (Fig 2, P = .034) on the 
chow diet but not on the HCHF diet. 

Plasma LDL apo B catabolic rate was positively corre- 
lated with hepatic LDL receptor mRNA concentrations 

Table 4. Values for Hepatic mRNA Levels for Apo B, LDL Receptor, and HMG CoA Synthase in Baboons on Chow and on a HCHF Diet 

Hepatic Apo B mRNA Hepatic LDL Receptor mRNA Hepatic HMG CoA Synthase mRNA 

Baboon No, Chow HCHF Chow HCHF Chow HCHF 

1522 0.66 1.27 1.25 1.25 0.76 0.76 

1864 1.54 1.10 0.32 0,18 0.74 0.11 

4624 0.88 1.50 0.42 0.14 1.11 0.37 

4217 0.84 1,90 1.49 0.29 0.76 0.21 

3566 1.20 1.22 0.36 0.15 0.59 0.24 

920 1,27 1.19 0.65 0.30 0.44 0.21 

6451 1.42 1.68 0.45 0.42 0.48 0.61 

3349 0.79 1.10 0.19 0.15 0.15 0.15 

4736 1.16 1.09 0.23 0.53 0.18 0.20 

2315 2.23 1.43 0.38 0.37 0.47 0.22 

3699 1.05 1.79 0.23 0.16 0.22 0.27 

4726 1.55 1.04 0.21 0.27 0,19 0.26 

Mean ± SE 1.22 + 0.12 1.36 ± 0.09 0.52 ± 0.12 0.35 - 0.09* 0.51 -+ 0.09 0.30 -+ 0.061" 

NOTE. Expressed in relative units compared with a standard sample from a control baboon. 

*Different from chow (P = .071 ). 

?Different from chow (P = .041). 
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Table 5. Correlation Coefficients of Variables Between Plasma LDL 
Apo B Metabolism and Plasma and Liver 

Plasma LDL Ape B Metabloic Variables 

Plasma and Prodution Rate Catabolic Rate 
Hepatic Variables Chow HCHF Chow HCHF 

Plasma 

Cholesterol +.883* +,782* - .789"  -,131 

LDL cholesterol +,883* +.818" - ,759"  - .074 

LDL apo B +.871" +.875" - .903"  - .132 

LDL triglyceride to 

cholesterol ratio - ,843"  - .862"  +,764" +.034 

Hepatic 

LDL receptor mRNA -,526§ +.033 +.6407 +.484 

Apo B rnRNA - .472 - .118 -.211 +.322 

HMG CoA synthase 

mRNA -.562§ - .007 - .730¢ +.065 

* P =  .000. 

tP  = .034. 

¢P = .007. 

§P = .053. 

and hepatic HMG CoA synthase mRNA concentrations on 
the chow diet, but not on the HCHF diet. LDL apo B 
production and catabolic rates were not correlated with 
hepatic apo B mRNA concentrations on either the chow or 
HCHF diet. Plasma LDL apo B production rates were 
negatively correlated with hepatic LDL receptor and he- 
patic H M G  CoA synthase mRNA concentrations on the 
chow diet, but not on the HCHF diet. 

KUSHWAHA ET AL 

Relationship Between Plasma Variables and Hepatic mRNA 
Levels 

Coefficients for correlation of plasma variables and 
hepatic mRNA concentrations are listed in Table 6. There 
was a negative correlation between hepatic LDL receptor 
mRNA and plasma cholesterol, LDL cholesterol, and LDL 
apo B on the chow diet, but not on the HCHF diet. 
Similarly, there was a significant and negative correlation 
between hepatic mRNA concentrations for HMG CoA 
synthase and plasma cholesterol, LDL cholesterol, and 
LDL apo B on the chow diet, but not on the HCHF diet. 
Hepatic apo B mRNA concentrations were not significantly 
correlated with plasma cholesterol, LDL cholesterol, or 
LDL apo B on either diet. 

Separation of Baboons by Plasma LDL Cholesterol Response 

The baboons were selected to represent a wide range of 
LDL cholesterol responses to the HCHF diet in a previous 
dietary challenge. Their LDL cholesterol responses to the 
HCHF diet in this study were similar (Table 1) and 
comprised three groups of four baboons each: no response, 
with minimal or no increase in LDL cholesterol and a range 
in challenge levels of 17 to 50 mg/dL; moderate response, 
with an increase of 10 to 37 mg/dL and a range in challenge 
levels of 39 to 49; and high response, with an increase of 94 
to 139 and a range in challenge levels of 157 to 178. Table 7 
lists a comparison of the metabolic variables among these 
three groups. 

The major difference between no-response and moderate- 
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Fig 1. (A and B) Relationship 
of LDL apo B production with 
LDL cholesterol concentration on 
the chow diet (O) and on the 
HCHF diet (O), (C and D} Relation- 
ship of LDL apo B catabolic rate 
with LDL cholesterol concentra- 
tion on the chow diet (IZ) and on 
the HCHF diet ( l ) .  Correlation 
coefficients and their significance 
are listed in Table 5. 
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Fig 2. (A and B) Relationship 
of  LDL apo B production with 
LDL triglyceride to cholesterol 
ratio on the chow diet (©) and on 
the HCHF diet {@). (C and D} 
Relationship of LDL apo B cata- 
bolic rate with LDL triglyceride 
to cholesterol ratio on the chow 
diet (El) and on the HCHF diet 
( I ) .  Correlation coefficients and 
their significance are l isted in 
Table 5. 
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response groups was in LDL apo B production. On the 
chow diet, baboons in the no-response group had higher 
LDL apo B production than those in the moderate- 
response group. However, on the HCHF diet, baboons in 
the no-response group had lower LDL apo B production 
than those in the moderate-response group (Table 7). 
Baboons in the no-response group had higher plasma LDL 
cholesterol and apo B on the chow diet than those in the 
moderate-response group. However, baboons in the no- 
response group had lower plasma LDL cholesterol and apo 
B on the HCHF diet than those in the moderate-response 
group. There was no difference in LDL apo B catabolic rate 
or hepatic LDL receptor mRNA concentrations between 
baboons in the no-response group and those in the moder- 
ate-response group. 

Baboons in the high-response group had higher LDL 
cholesterol and apo B on both the chow and HCHF diets 
than those in the no- or moderate-response group. Baboons 
in the high-response group had a lower triglyceride to 

cholesterol ratio on both the chow and HCHF diets than 
those in the no- or moderate-response groups. Baboons in 
the high-response group had higher LDL apo B production 
on both the chow and HCHF diets than those in the no- or 
moderate-response groups. On the other hand, baboons in 
the high-response group had a lower LDL apo B catabolic 
rate and lower hepatic LDL receptor mRNA concentration 
only on the chow diet than those in the no- or moderate- 
response group. 

In baboons having no or moderate response, there was a 
decrease in hepatic LDL receptor mRNA concentrations 
with a corresponding decrease in LDL apo B fractional 
catabolic rate on the HCHF diet as compared with the chow 
diet. On the other hand, in baboons having high response, 
there was no change in hepatic LDL receptor message or 
LDL apo B fractional catabolic rate on the HCHF diet as 
compared with the chow diet. Hepatic HMG CoA synthase 
mRNA concentrations were not affected by the degree of 
response, but were decreased by dietary cholesterol and fat. 

Table 6. Correlation Coefficients of Plasma Variables and Hepatic mRNA Levels Affecting LDL Metabolism 

Plasma Variables 

Cholesterol LDLCholesterol LDLApo B 
Hepatic mRNA Chow HCHF Chow HCHF Chow HCHF 

Apo B +.471 - . 406  +.426 - .490  +.374 - .310  

LDLreceptor  - . 6 0 2 *  +.002 - . 6 1 8 "  +.344 - .5995  +,369 

HMG CoA synthase - . 7 8 5 t  - . 162  - .669~ - .171 - . 7 3 3 t  - . 035  

*P < .05. 

TP < .01. 

~:P < .06, 
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Table 7. Metabolic Variables in Baboons Classified by Plasma LDL Cholesterol Response to the HCHF Diet 

No Response Moderate Response High Response 

Variable Chow HCHF Chow HCHF Chow HCHF 

Plasma C 92.3 -+ 9,5 122,0 +_ 18.5 79.0 + 5.3 143.5 + 11.9 102.5 + 8.0 225.0 ± 13.5 

Plasma TG 36.5 ± 6.5 28,3 ± 3,0 35.3 ± 4.0 32.3 ± 4.1 26.3 ± 3.5 28.3 -+ 2.0 

LDLC* 36.5 -+ 9.0 30,0 +_ 7.7 18.8 ± 5.1 45.3 _+ 2,2 52.0 _+ 7.0 165.0 ± 4.6 

LDL TG 9.3 ± 1.5 9.3 +- 1.0 9.0 +_ 1.0 7.8 -+ 1.0 7.8 _+ 1.5 8.8 _+ 1.0 

LDL TG/C t  0.3 -+ 0.1 0.3 _ 0.1 0.6 + 2.0 0.2 + 0,0 0.2 ± 0.0 0,05 ± 0.02 

LDL ape Bt  21.3 +- 6.0 21.3 ± 4.5 9.5 -+ 0.5 21.0 --- 3.5 31.5 ± 3.5 58,3 ± 3.0 

LDL C/ape B§ 1.8 +- 0.1 1.4 _+ 0.2 2.0 _+ 0.5 2.4 ± 0.5 1.6 +_ 0.2 2.8 +_ 0.1 

LDL ape B FCRII 1.0 + 0.3 0.7 +_ 0.2 1.3 ± 0.1 0.8 ± 0.3 0.8 ± 0.1 0.8 ± 0.0 

LDL ape B production¶ 7.97 -+ 0.6 6.4 -+ 0.8 5.8 ± 0.5 8.3 ± 4.7 11.1 -+ 0.9 21.5 ± 5.1 

LDL-R mRNA 0.6 +- 0.3 0.2 -+ 0.1 0.5 -+ 0.1 0.3 ± 0.1 0.3 +- 0.0 0.3 ± 0.1 

Ape B mRNA 0.9 ± 0,1 1.6 -+ 0.2 1.2 ± 0.2 1.3 -+ 0.3 1.5 -+ 0.3 1.2 ± 0.1 

HMG CoA synthase mRNA# 0.6 + 0.3 0.3 ± 0.0 0.6 _+ 0.1 0.42 + 0.1 0.4 +_ 0.1 0.2 + 0.0 

NOTE. Mean ± SE (n = 4). 

Abbreviat ions: C, cholesterol; TG, triglycerides; FCR, fractional catabolic rate; LDL-R, LDL receptor, 

*LDL is significantly different among groups on chow diet (P = .025), and plasma cholesterol is significantly different among groups on HCHF diet 

(P = .002). 

1"Significantly different among groups on chow diet (P = .039) and on HCHF diet (P = .000). 

tSignif icant ly different among groups on chow diet (P = .005) and on HCHF diet (P = .002). 

§Significantly different on HCHF diet (P = .013). 

ItLDL ape B FCR and hepatic LDL receptor mRNA concentrations are significantly different among groups on chow diet (P = .1). 

¶Significantly different among groups on chow diet (P = .001 ) and on HCHF diet (P = .002). 

#Levels in liver are significantly decreased by the HCHF diet in all groups (P = .014). 

D ISCUSSION 

Summary of Results 

These studies were conducted to determine whether 
LDL ape B catabolism or production plays a major role in 
regulating plasma LDL cholesterol in baboons on chow and 
HCHF diets, and whether hepatic LDL receptor and ape B 
mRNA concentrations are related to variables of plasma 
LDL ape B metabolism. Pedigreed baboons differing mainly 
in LDL cholesterol concentration were used for these 
studies, and therefore, differences in hepatic and plasma 
variables should be related to LDL cholesterol concentra- 
tions. The results indicate that the relationships differ with 
the dietary cholesterol and fat intake. On the chow diet, 
plasma LDL cholesterol concentrations were correlated 
with LDL ape B catabolic rates and with hepatic LDL 
receptor mRNA concentrations. These observations sug- 
gest that with minimal cholesterol and fat intake, hepatic 
LDL receptor mRNA concentration controls LDL choles- 
terol concentration. In contrast, on the HCHF diet, plasma 
LDL cholesterol concentrations were correlated with LDL 
ape B production rates but not with hepatic ape B mRNA 
concentrations. These observations suggest that with a 
cholesterol- and fat-enriched diet, LDL ape B production 
controls LDL cholesterol concentration. However, hepatic 
ape B transcription does not control ape B production. 
These correlations were also evaluated by analysis of data 
for baboon groups separated by plasma LDL cholesterol 
response to the HCHF diet. 

Role of Hepatic LDL Receptor in LDL Metabolism on Chow 
Diet 

The hepatic LDL receptor is the major mechanism for 
regulating plasma LDL cholesterol homeostasis. 7 The he- 

patic LDL receptor not only removes LDL cholesterol from 
plasma but also removes VLDL remnants. Since VLDL- 
remnant removal is inversely related to LDL production, 
the LDL receptor also regulates LDL production. 7 In the 
present studies, hepatic LDL receptor mRNA concentra- 
tions were negatively correlated with plasma LDL choles- 
terol concentrations and positively correlated with LDL 
ape B catabolic rates on the chow diet. LDL ape B catabolic 
rates were also negatively correlated with LDL ape B 
production rates (r = - .581,  P < .05; Fig 3) in baboons 
maintained on the chow diet. Thus, in baboons fed a 
low-cholesterol, low-fat chow diet, LDL receptor transcrip- 
tion explains a substantial portion of the variability in LDL 
cholesterol concentrations, and also a portion of the variabil- 
ity in LDL ape B catabolic and production rates. 

Role of Hepatic LDL Receptor in LDL Metabolism on 
HCHF Diet 

On the HCHF diet, both LDL ape B fractional catabolic 
rates and hepatic LDL receptor mRNA concentrations 
decreased as compared with levels on the chow diet. 
Therefore, the decrease in LDL ape B catabolic rate on the 
HCHF diet seems to be mediated by the decrease in hepatic 
LDL receptor mRNA concentration. Since LDL ape B 
production rate was also increased on the HCHF diet, 
production of LDL ape B might have been influenced by 
the LDL receptor. However, unlike results observed on the 
chow diet, hepatic mRNA concentrations of LDL receptor 
did not correlate with either the production or catabolic 
rates of LDL ape B on the HCHF diet. Thus, changes in 
LDL ape B production, which was the major determinant 
of plasma LDL cholesterol on t h e  HCHF diet, were not 
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Fig 3. Relationship of LDL apo 
B production rate with LDL apo B 
catabolic rate in baboons main- 
tained on the chow diet (©) and 
on the HCHF diet (O). Correla- 
tion coefficients and their signifi- 
cance are listed in Table 5. 
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explained by variability in hepatic LDL receptor concentra- 
tions, in contrast to the situation on the chow diet. 

Comparison of Results With Human Studies 

Kesaniemi and Grundy 21 measured LDL apo B turnover 
rates in human subjects fed a diet of mixed solid foods and 
liquid formula high in fat (40% of calories), whose LDL 
cholesterol levels varied from low to moderately high, 
similar to those of baboons used for this study. LDL 
cholesterol levels in the human subjects were regulated by 
LDL apo B production and not by LDL apo B catabolism. 
Thus, the results of these studies of baboons fed a HCHF 
(40% of total calories) diet are consistent with those of 
human subjects. 21 Baboons fed the HCHF diet are there- 
fore similar to humans in regulating plasma LDL choles- 
terol mainly by LDL apo B production. Glatz et a122 
conducted LDL apo B turnover studies in high- and 
low-responding humans and concluded that variability in 
the response of serum cholesterol to dietary lipids was 
related to variability in LDL production, as we found in 
baboons on the HCHF diet. However, in these human 
studies it was not possible to relate the production and 
catabolic rates to measures of hepatic mRNA concentra- 
tions of LDL receptor. 

Role of Hepatic Apo B mRNA in LDL Production 

Hepatic mRNA concentrations for apo B did not in- 
crease on the HCHF diet, despite increased LDL apo B 
production. These observations indicate that increased 
LDL apo B production on the HCHF diet was not caused 
by increased concentrations of mRNA for apo B. These 
results are consistent with a number of in vitro and in vivo 
studies of animals and humans reviewed by Dixon and 
Ginsberg. z3 In most of the in vivo studies, hepatic apo B 
mRNA concentrations were correlated with steady-state 
concentrations of plasma apo B, 18,23,z4 and it was not 
determined whether increased plasma and LDL apo B 
concentrations were related to an increase in LDL apo B 
production. The present studies therefore offer new apo B 
results, in that LDL apo B production rates were not 
correlated with hepatic mRNA levels. 

Parallel Responses of LDL Receptor and HMG CoA 
Synthase Transcription 

The key and rate-limiting enzyme of cholesterol biosyn- 
thesis is HMG CoA reductase. HMG CoA synthase is 
regulated in coordination with HMG CoA reductase in 
response to cholesterol delivery to hepatocytes, although 
the mechanism of regulation of these two enzymes differs in 
detail. Hepatic mRNA concentrations of HMG CoA syn- 
thase decreased on the HCHF diet. Like hepatic LDL 
receptor mRNA concentrations, hepatic HMG CoA syn- 
thase mRNA concentrations were positively correlated 
with LDL apo B catabolic rate and negatively correlated 
with plasma cholesterol, LDL cholesterol, and LDL apo B 
on the chow diet, but not on the HCHF diet. Thus, in 
response to dietary cholesterol and fat, H M G  CoA synthase 
mRNA concentrations in the liver are regulated in the same 
direction as hepatic LDL receptor mRNA concentrations. 

Possible Role of Bile Acid Metabolism in the Regulation of 
LDL Cholesterol Levels 

In these studies, increased LDL apo B production rates 
on the HCHF diet were not correlated with either the 
hepatic LDL receptor or apo B mRNA concentrations. 
Because increased apo B production was not associated 
with hepatic apo B mRNA concentrations, apo B output 
may be regulated posttranscriptionally as suggested by 
Dixon and Ginsberg. 23 Intracellular degradation of newly 
synthesized apo B in rat hepatocytes 25 and HepG2 cells 26 
represents the most likely translational locus at which apo B 
output may be regulated. Dixon et a126 reported that oleate 
stimulates the secretion of apo B by protecting the degrada- 
tion of nascent apo B in HepG2 cells. Similarly, availability 
of cholesteryl esters in the hepatocyte may also increase 
apo B secretion. 27 The present studies suggest that an 
increase in the cholesterol to triglyceride ratio in LDL was 
associated with an increase in apo B production on both the 
chow and HCHF diets (Fig 2). Decreased cholesterol 
absorption or increased bile acid synthesis in baboons may 
affect availability of cholesteryl esters in the liver and affect 
the posttranslational modification and secretion of apo B. 
Our previous studies suggest that low-responding baboons 
have lower cholesterol absorption than high-responding 
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baboons 28 and also have a greater accumulation of 27- 
hydroxycholesterol in the plasma and liver than high- 
responding baboons. 29 Fur ther  studies are required to 
determine if decreased cholesterol absorption and in- 
creased product ion of 27-hydroxycholesterol in livers of 
low-responding versus high-responding baboons are associ- 

ated with increased bile acid production, decreased availabil- 
ity of cholesteryl esters, and decreased apo B secretion. 
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