1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny Yd-HIN

o NATIG,

R HE

N WS)))\

D)

NS

NIH Public Access

Author Manuscript

Published in final edited form as:
Metabolism. 2013 March ; 62(3): 369-375. doi:10.1016/j.metabol.2012.08.008.

Linkage between C-reactive protein and triglyceride-rich
lipoprotein metabolism

Nuntakorn Thongtang?P”, Margaret R. Diffenderfer?, Esther M.M. O0i2¢, Bela F. Asztalos?,
Gregory G. Dolnikowski?, Stefania Lamon-Fava?, and Ernst J. Schaefer?

a_jpid Metabolism Laboratory, Tufts University, Boston, MA, USA PFaculty of Medicine, Siriraj
Hospital, Mahidol University, Bangkok, Thailand ¢School of Medicine and Pharmacology,
University of Western Australia, Perth, WA, Australia

Abstract

Objective—Inflammation plays an important role in atherosclerosis. Elevated C-reactive protein
(CRP) levels are associated with a greater risk of cardiovascular disease. Our goal was to study
CRP metabolism, and to determine its relationship with lipoprotein metabolism using stable
isotope methodology.

Material/Methods—Eight subjects with combined hyperlipidemia underwent a 15-h primed-
constant infusion with deuterated leucine. CRP was purified from the plasma density fraction
greater than 1.21g/ml by affinity chromatography. Lipoprotein fractions were separated by
sequential ultracentrifugation. Isotope enrichment was determined by gas chromatography/mass
spectrometry.

Results—The subjects had mean LDL-C levels of 147.5mg/dl and mean CRP levels of 3.4mg/ I.
The mean CRP production rate (PR) was 0.050+0.012mg/kg/day and the mean CRP fractional
catabolic rate (FCR) was 0.343+0.056 pools/day (residence time 2.92days). CRP pool size (PS)
was significantly related to production (r=0.93; p<0.001), but not FCR. CRP PS was also related
to body mass index (r=0.79; p=0.02). There was a significant association between CRP FCR and
TRL apoB-100 FCR (r=0.74, p=0.04), as well as between CRP PS and TRL apoB-48 FCR
(r=-0.90, p=0.002), indicating linkage between CRP and TRL metabolism.

Conclusion—The main determinant of plasma CRP levels was CRP production rate. Moreover a
significant linkage between CRP metabolism and both TRL apoB-100 and apoB-48 catabolism
was noted.
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1. Introduction

C-reactive protein (CRP) is a member of the pentraxin family of proteins. It contains five
identical, non-convalently associated protomers arranged symmetrically around a central
pore. CRP is a major acute phase reactant produced by hepatocytes. The concentration rises
rapidly (4-6h), and markedly (as much as 1000 folds) after acute tissue injury or
inflammation [1]. It is widely accepted that inflammation plays a clinically significant role
in the development and progression of atherosclerosis [2]. Clinical studies also support a
link between chronic inflammation and coronary heart disease [3,4]. As a marker of
inflammation, CRP has been included in some cardiovascular risk stratification and
treatment guidelines [5]. In a 2010 meta-analysis, high sensitivity CRP (hs-CRP) was found
to be an independent predictor of cardiovascular disease [6]. CRP has also been linked to
insulin resistance, obesity, and metabolic syndrome [7,8]. Weight loss has been shown to
decrease hs-CRP levels in obese and diabetic patients [9,10]. In addition, weight loss
improves cardiovascular risk factor and reduces triglyceride (TG) levels [11]. Studies show
that weight loss reduces VLDL-TG secretion rate [12] and intrahepatic triglyceride (IHTG)
content [13-15]. Moreover several lipid lowering drugs such as statin, fibrates, and
ezetimibe decrease both CRP and lipid levels. Our goal was to investigate the potential
interrelations between CRP metabolism, and the metabolism of lipoprotein apolipoproteins
B-100, B-48, and A-I using stable isotope methodology [16]. The detail of CRP isolation
method was also shown in this study.

2. Methods
2.1. Study Subjects and Design

Eight subjects with combined hyperlipidemia, five men and three postmenopausal women
without hormonal replacement therapy, were recruited for the study. Plasma lipid criteria for
enrollment were LDL-C levels =2160mg/dl, TG levels =150mg/dl, and low high density
lipoprotein cholesterol (HDL-C) levels (<40mg/dl in men, and <50mg/dl in women).
Exclusion criteria were as follows: age<40years, smoking, thyroid dysfunction, liver or
kidney disease, diabetes mellitus, stroke, myocardial infarction in the past 6months, and
current use of medications known to affect lipid metabolism. Subjects were instructed to
follow the therapeutic lifestyle changes diet as recommended by the National Cholesterol
Education Program Adult Treatment Panel 111 (NCEP ATP I1l1) throughout the study. After
11weeks on the therapeutic lifestyle diet, subjects had 12h fasting blood samples drawn for
the measurement of plasma lipids and CRP concentrations. Plasma was separated at 10009
for 30min at 4°C and stored at —70°C until used. At this time subjects were admitted to the
General Clinical Research Center of Tufts Medical Center and underwent a stable isotope
study. Subjects were fed hourly for 20h with small identical meals starting 5h before and
continuing throughout the infusion. A primed-constant infusion of 10umol/kg body weight/h
deuterated leucine ([5,5,5-2H3] L-leucine; C/D/N Isotopes, Pointe-Claire, Quebec, Canada)
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was carried out for 15h. Blood samples were collected in EDTA tubes just before the
infusion (Oh) and at 30, 35, 45minand 1, 1.5, 2, 3, 4, 6, 9, 12, 14, 15h during the infusion.
The details of the study design and apolipoprotein metabolism results were published
previously [17]. All study participants provided written informed consent, and the study
protocol was approved by the Institutional Review Board of Tufts University-School of
Medicine and Tufts Medical Center.

2.2. Lipid and Apolipoprotein measurements

Plasma total cholesterol (TC) and TG were measured by automated enzymatic assays
standardized through the Centers for Disease Control [18]. Plasma LDL-C and HDL-C
concentrations were measured directly with kits from Equal Diagnostics (Exton, PA) and
Roche Diagnostics (Indianapolis, IN), respectively. Sequential density ultracentrifugation in
a Beckman ultracentrifuge (Beckman, Palo Alto, CA) was used to separate each lipoprotein
fraction from 5ml of plasma from each infusion time point as follows; triglyceride rich
lipoproteins (TRL) d <1.006g/ml, intermediate density lipoprotein (IDL) d= 1.006—
1.019g/ml, low density lipoprotein (LDL) d=1.019-1.063, and high density lipoprotein
(HDL) d=1.063-1.21g/ml. Apolipoprotein B (apoB) concentrations in plasma, and in the
TRL and IDL fractions were measured by ELISA using polyclonal antibodies from
BioDesign (Saco, ME). LDL apoB concentrations were calculated by subtracting TRL and
IDL apoB from total plasma apoB levels. ApoB-48 concentrations were assessed by running
TRL fractions on SDS-PAGE gels, stained with 0.1% Coomassie blue R-250, and the
relative proportion of apoB-48 was assessed by densitometric scanning. Plasma CRP
concentrations were measured using a high-sensitivity immunoturbidimetric assay (Kamiya
Biomedical Company, Seattle, WA). The averages of 8 infusion time points (1, 2, 3, 4, 6, 9,
12, and 15h) were used in the calculation.

2.3. CRP isolation

CRP was isolated from the d>1.21g/ml fraction of each time point by affinity
chromatography and gel electrophoresis. Briefly, EDTA was removed from the samples by
an overnight dialysis against 0.05M Tris-buffered saline, pH 8 at 25°C. The EDTA-free
d>1.21g/ml protein fractions were then incubated with immobilized p-aminophenyl
phosphoryl choline resin (Thermo Scientific, Rockford, IL) in a chromatography column for
1h at room temperature. The bound fraction, which contained CRP, was eluted with Tris
buffer containing 2mM EDTA. The CRP monomer unit was separated by 12%
monogradient SDS-PAGE gel electrophoresis for 17h at 50 V, transferred to polyvinylidene
fluoride membranes, and visualized with 0.1% Coomassie blue R250. Purified human CRP
(Meridian Life Science, Inc, ME) and a molecular weight standard (Biorad, Hercules, CA)
were used to identify the isolated CRP monomer bands. CRP immunoblotting and protein
identification by LC/MS/MS, using in-gel digestion and A Sequest search of the NCBI non-
redundant protein database, confirmed the presence and purity of the isolated CRP proteins.
Antibody to human CRP was obtained from Meridian Life Science, Inc, ME.

During the process of CRP monomer isolation on the SDS-PAGE gel; we found a protein
band running just above the CRP band (Fig. 1). This protein has a size of approximately
25kDa according to the molecular weight control standards. We used the in-gel digestion
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LC/MS/MS method, and A Sequest search of the NCBI non-redundant protein database, to
identify and confirm that this protein was serum amyloid P. This protein has a molecular
weight similar to CRP and also binds to phosphoryl choline; therefore it elutes with CRP
during chromatography column isolation. For this reason it is vital to further purify CRP
using SDS-PAGE gel after the affinity chromatography column.

2.4. Isotopic enrichment measurements and Kinetic analysis

Isolated CRP bands were excised from the membrane, hydrolyzed in 12N HCI at 110°C for
24h, and evaporated to dryness. Amino acids were converted to heptafluorobutyramide
derivatives and analyzed by a gas chromatography/ mass spectrometry (Agilent
Technologies 6890/5973N). Selected ion monitoring at n/z 349 (derivatized leucine — HF-)
and m/z 352 (derivatized d3-leucine — HF-) was used to determine the areas under the
chromatographic peaks of each ion. Mole percentage enrichment for each sample was
calculated from the areas under the curve and converted to tracer—tracee ratio as previously
described [19]. The Simulation Analysis and Modeling Il (SAAM 1) program was used for
determination of CRP kinetic parameters. The model that was used for the analysis had input
into a precursor pool and then input and catabolism from a single plasma pool.

2.5. Statistical analyses

Plasma lipid, apolipoproteins, and CRP concentrations were checked for their distributions.
Data were expressed as meanzSD if they were normally distributed, and median
(interquartile range) if they were non-normally distributed. CRP kinetic parameters of male
and female subjects were compared using independent sample T test. The correlation
between CRP kinetic parameters and apolipoprotein Kinetic parameters was determined by
Spearman’s Rho analyses. All analyses were performed using the SPSS statistical Package
(SPSS, Chicago, IL).

3. Results

The eight subjects studied had a mean age of 55.4+8.4years. The mean body mass index
(BMI) was 28.3%3.3kg/mZ.

Table 1 shows non-fasting plasma lipids, apolipoproteins and CRP levels of the study
participants. The mean LDL-C was 147.5mg/dl while the mean HDL-C was 34.9mg/dl.
Median TG level was 254.5mg/dl and median CRP level was 2.7mg/I.

Individual CRP Kinetic parameters of the study subjects are shown in Table 2.

Our CRP and apolipoprotein kinetic data for all subjects are shown in Table 3. CRP had a
mean residence time of 3.5days while TRL apoB-100 and TRL apoB-48 had a residence
time of 0.27 and 0.36days respectively. Fig. 2 shows leucine tracer/ trace (t/t) ratios of CRP
and the association of these CRP t/t ratios with HDL apoA-I and LDL apoB t/t ratios.

CRP PS was significantly related with CRP PR (r=0.93, p= 0.001), but not CRP FCR
(r=0.14, p=0.74). In addition, CRP PS was significantly correlated with BMI (r=0.79,
p=0.02). Moreover we documented a significant association between TRL apoB-100 FCR
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and CRP FCR (r=0.74, p=0.04), as well as a significant inverse correlation between TRL
apoB-48 FCR and CRP PS (r=-0.90, p=0.002) (Fig. 3A, B). In addition, there was a
significant association between CRP FCR and HDL-C concentrations (r=0.86, p=0.007), as
well as between CRP FCR and HDL apoA-1 PR. (r=0.79, p=0.02) (Fig. 3C, D).

Multivariate linear regression analysis for correlation between CRP FCR and HDL-C, and
CRP FCR and HDL apoA-1 PR adjusted for TRL apoB-100 FCR was performed. Model 1:
HDL-C and TRL apoB-100 FCR: The beta-coefficients for HDL-C and TRL apoB-100 FCR
were 0.009; p=0.38, and 0.036, p=0.19 respectively. Model 2: HDL apoA-I PR and TRL
apoB-100 FCR. The beta-coefficients for HDL apoA-I PR and TRL apoB-100 FCR were
-0.196; p=0.61, and 0.091, p=0.059 respectively.

There were no significant associations between TRL apoB-48 FCR and CRP FCR (r=-0.21,
p=0.61), and TRL apoB-100 FCR and CRP PS (r=—-0.048, p=0.91). In addition, there was no
significant relationship between CRP metabolism and LDL apoB-100 metabolism.

4. Discussion

CRP has been shown to be an independent risk factor for cardiovascular disease [6]. The
protein is synthesized in the liver in response to infection, trauma, systemic inflammation,
and also excess liver fat. CRP levels can be significantly reduced by both weight loss and
statin therapy [9,20-22]. CRP binds to phosphoryl choline, and this characteristic allows for
its isolation from lipoprotein free plasma (density>1.21g/ml) using phosphoryl choline
affinity column chromatography. However another protein, serum amyloid P, has similar
binding characteristics and is therefore isolated at the same time as CRP. The separation of
these two proteins (see Fig. 1) which have similar molecular weight requires an additional
gel electrophoresis step using 12% SDS PAGE.

Vigushin and colleagues have studied the metabolism of radiolabeled CRP in humans and
reported a CRP FCR of 0.9 pools/day (residence time of 1.11days) in control subjects [23].
They documented that patients with various disease states (rheumatoid arthritis, systemic
lupus erythematosis, infection, and cancer) had similar CRP FCR values as controls,
indicating that the elevated CRP levels observed in these patients were due to increased
production rates [23]. Mauger and colleagues have studied human CRP metabolism using a
primed constant infusion of deuterated leucine and a very similar CRP isolation method to
what we used, except that they isolated CRP from the 1.25g/ml infranatant fraction, and
used 16% SDS PAGE for the additional purification step [24]. These investigators did not
mention serum amyloid P in their paper as a potential contaminant. They reported that CRP
PR was a significant determinant of plasma CRP levels [24]. Moreover they noted that CRP
production was significantly correlated with waist circumference and interleukin-6 levels,
and inversely correlated with HDL-C levels [24].

The focus of our research on CRP metabolism was somewhat different. Our goal was to
ascertain whether CRP metabolism was linked to the metabolism of apolipoproteins A-I,
B-48, and apoB-100 within plasma lipoproteins in the fed state. Like the previous
investigators [24] we also noted that CRP PR was a significant determinant of plasma CRP
concentrations. We also saw a significant correlation between CRP PS and BMI. Moreover
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the CRP kinetic parameters that we have reported are similar to those of Mauger and
colleagues [24]. They reported mean CRP PR and FCR values of approximately 2.1mg/day
and 0.40 pools/day (residence time 2.70 days), respectively. We reported mean CRP PR and
FCR values of approximately 4.4mg/day and 0.34 pools/day (residence time 3.5days). It
should be noted that Mauger and colleagues studied relatively young healthy subjects with
mean CRP levels of 2.22mg/l, while our subjects were older and had mean CRP values of
4.1mg/l, which may account for the higher production rates that we observed. In our view
endogenous labeling of proteins is much more likely to provide more accurate measures of
plasma kinetics than studies using radiolabeled proteins.

The novel features of our study are that we documented the following significant
relationships: 1) CRP PS was inversely linked to TRL apoB-48 FCR (r=-0.90, p=0.002), 2)
CRP FCR was linked to TRL apoB-100 FCR (r=0.74, p=0.04), and 3) CRP FCR was linked
to both HDL-C levels (r=0.86, p=0.007) and HDL apoA-I production rate (r=0.79, p=0.02).
We saw no significant relationships between CRP metabolism and LDL apoB-100
metabolism. Moreover the links between CRP metabolism and HDL metabolism were no
longer significant after correcting for the relation with TRL apoB-100 FCR while the
correlation between CRP FCR and TRL apo-100 FCR still remained borderline significant
in multivariate regression analysis.

CRP metabolism has been linked to liver fat deposition [25-27], and therefore altered
uptake of TRL would be predicted to affect CRP metabolism. Moreover CRP levels are
higher in obese subjects [28,29], who often have elevated TG levels and decreased levels of
HDL-C [30]. It is also known that obese subjects often have overproduction of CRP,
decreased fractional catabolism of TRL apoB-100 and apoB-48, as well as enhanced
fractional catabolism of HDL apoA-I [31,32]. In our view as previously mentioned the
amount of liver TG is a key driver of CRP production and its relationship to excess BMI.
Moreover the amount of lipid in the liver is determined by 1) the amount and uptake of lipid
via chylomicron remnants containing apoB-48, 2) the endogenous liver TG synthesis from
fatty acids, 3) the secretion of TG by the liver onto VLDL apoB-100 containing lipoproteins,
as well as 4) the liver uptake of lipoproteins containing TG, mainly VLDL apoB-100
particles. In the fasting state most of the serum TG is found on VLDL apoB-100 containing
lipoproteins, and their levels in our studies are determined mainly by VLDL apoB-100
fractional catabolism (r=—0.726, p=0.04), and not production (r=0.62, p=0.10).

Consistent with prior studies CRP PS was significantly correlated with CRP production and
not fractional catabolism. The next strongest association that we observed was an inverse
correlation between CRP PS and TRL apoB-48 FCR. These data suggest to us that delayed
clearance of chylomicron remnants probably is associated with elevated chylomicron levels
and enhanced delivery of TG to the liver; resulting in excess liver fat and increased CRP
production. Finally we noted a significant association of CRP FCR with TRL apoB-100
FCR. This association still remained after multivariate analysis, while the link between HDL
apoA-Il and CRP metabolism disappeared. Why this linkage occurred is unclear except that
both CRP and TRL apoB-100 are catabolized by the liver, and their catabolism appears to be
regulated by common mechanisms.

Metabolism. Author manuscript; available in PMC 2015 February 03.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Thongtang et al.

Page 7

A previous study shows that subjects with higher physical activity and consuming healthy
diets have significantly higher HDL-C, lower apoB and lower CRP levels than subjects who
are physically inactive and consuming non-healthy diets [33]. Weight loss and statins lower
CRP levels. However it is not clear how these interventions lower CRP levels in humans. It
is known that statins enhance the clearance of apoB containing lipoproteins [34,35]. Future
research needs to be carried out to further understand human CRP metabolism and its
linkage to plasma lipoprotein metabolism.

A major limitation of our study was its small sample size. Its strength is that it is a carefully
carried out human study using state of the art stable isotope technology with endogenous
labeling of CRP and apolipoproteins.

In conclusion, our data indicate a linkage between CRP and TRL metabolism, and that
optimizing TRL levels may be important for maintaining normal CRP levels and controlling
coronary heart disease risk.
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Fig. 1.
CRP isolation on 12% SDS page gel. The first lane is CRP control; Lanes 2—7 contain

eluents from chromatography column; Lane 8 is molecular weight standard. CRP protein
bands were located below serum amyloid P protein bands on the gels. The two proteins were
both isolated from chromatography column and have similar sizes. SDS-Page gel
electrophoresis is necessary in the process of isolating these two proteins after
chromatography column.
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Leucine tracer/trace ratio of CRP, HDL apoA-I and LDL apoB-100 during a 15-h primed-

constant infusion with deuterated leucine.
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Page 12

Correlation between CRP, apolipoprotein B and HDL metabolism. (A) Correlation between
TRL apoB-100 FCR and CRP FCR. (B) Correlation between TRL apoB-48 FCR and CRP
pool size. (C) Correlation between CRP FCR and HDL-C concentration. (D) Correlation
between CRP FCR and HDL apoA-I production rate. FCR, fractional catabolic rate; PR,
production rate; PS, pool size; HDL, high density lipoprotein; apoA-I, apolipoprotein A-l;

TRL, triglyceride rich lipoprotein; apoB, apolipoprotein B.

Metabolism. Author manuscript; available in PMC 2015 February 03.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duasnuely Joyny vd-HIN

Thongtang et al.

Non-fasting plasma lipid, Apolipoprotein B, and CRP concentrations of the study participants.

Table 1

Parameters

Results (n=8)

Total cholesterol (mg/dl)
Triglyceride (mg/dl) *
LDL-C (mg/dl)

HDL-C (mg/dl)

VLDL apoB (mg/dl)
TRL apoB-48 (mg/dl)
IDL apoB (mg/dl)

LDL apoB (mg/dl)

CRP (mg/l) *

233.9+24.5
254.5 (235.5, 362.4)
147.5+25.0
34.9+5.93
9.90+2.46
0.65+0.27
3.30+1.00
96.6+12.2
2.70(1.43, 5.73)

Values are expressed as mean+SD or *median (interquartile range).

LDL-C, low density lipoprotein cholesterol; HDL-C, high density lipoprotein cholesterol; VLDL, very low density lipoprotein; apoB,

apolipoprotein B; TRL, triglyceride rich lipoprotein; IDL, intermediate density lipoprotein.
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Table 3

Comparison of CRP kinetics with lipoprotein Kinetics.

Protein Pool size, mg Fractional catabolicrate, pools’day  Production rate, mg/kg/day  Residencetime, days
CRP 13.31+3.78 0.343+0.056 0.050+0.012 3.5+0.6

TRL apoB-100 37628 4.13+0.55 17.3+x1.6 0.27+0.03

LDL apoB-100 3726+365 0.25+0.02 10.7+0.8 4.3+0.4

TRL apoB-48 24.9+4.0 2.88+0.24 0.84+0.13 0.36+0.02

HDL apoA-I 4000345 0.26+0.02 12.2+0.9 3.91£0.2

Data are expressed as mean+SEM.

LDL-C, low density lipoprotein cholesterol; HDL-C, high density lipoprotein cholesterol; VLDL, very low density lipoprotein; apo,
apolipoprotein; TRL, triglyceride rich lipoprotein; IDL, intermediate density lipoprotein.
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