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Summary. The human organism is exposed to numerous processes that

generate reactive oxygen species (ROS). ROS may directly or indirectly

cause oxidative modification and damage of proteins. Protein oxidation is

regarded as a crucial event in the pathogenesis of various diseases ranging

from rheumatoid arthritis to Alzheimer’s disease and atherosclerosis. As a

representative example, oxidation of low density lipoprotein (LDL) is

regarded as a crucial event in atherogenesis. Data concerning the role of

circulating oxidized LDL (oxLDL) in the development and outcome of

diseases are scarce. One reason for this is the shortage of methods for

direct assessment of the metabolic fate of circulating oxLDL in vivo. We

present an improved methodology based on the radiolabelling of apoB-100

of native LDL (nLDL) and oxLDL, respectively, with the positron emitter

fluorine-18 (18F) by conjugation with N-succinimidyl-4-[18F]fluorobenzo-

ate ([18F]SFB). Radiolabelling of both nLDL and oxLDL using [18F]SFB

causes neither additional oxidative structural modifications of LDL lipids

and proteins nor alteration of their biological activity and functionality,

respectively, in vitro. The method was further evaluated with respect to the

radiopharmacological properties of both [18F]fluorobenzoylated nLDL and

oxLDL by biodistribution studies in male Wistar rats. The metabolic fate

of [18F]fluorobenzoylated nLDL and oxLDL in rats in vivo was further

delineated by dynamic positron emission tomography (PET) using a dedi-

cated small animal tomograph (spatial resolution of 2 mm). From this

study we conclude that the use of [18F]FB-labelled LDL particles is an

attractive alternative to, e.g., LDL iodination methods, and is of value to

characterize and to discriminate the kinetics and the metabolic fate of

nLDL and oxLDL in small animals in vivo.

Keywords: Low density lipoprotein – Bolton-Hunter type reagent –

LDL radiolabelling – Protein oxidation – Small animal positron emission

tomography.

1 Introduction

It is well known that oxidative modifications in the struc-

ture of proteins are implicated either in the etiology,

progression, or manifestation of various inflammatory,

neurodegenerative, and metabolic diseases ranging from

rheumatoid arthritis to Alzheimer’s disease and athero-

sclerosis. In the living organism the steady-state level of

oxidized protein reflects the balance between the rate of

protein oxidation by reactive oxygen species (ROS) on the

one hand and the rate of oxidized protein degradation on

the other (Stadtman and Berlett, 1998). This balance is a

complex function of ROS-generating systems, enzymatic

and non-enzymatic antioxidant defense systems, and pro-

teases that degrade oxidized proteins. Elevated levels and

accumulation of oxidized proteins in several body com-

partments can either reflect an accelerated increase in

the rate of ROS generation, a decrease in proteolytic

activities, or simultaneous changes in all of these factors

(Stadtman and Berlett, 1998; Stadtman and Levine, 2003).

This endorses the concept of ‘oxidative stress’ originally

established 20 years ago (Sies, 1985).

Eventually, oxidative modification of proteins can inter-

fere with critical cellular functions and affect enzyme

function and cellular signalling. In this line, apolipoprotein

(apo) B-100, the major protein of human low density

lipoproteins (LDL), is of particular pathophysiological

importance. Oxidative modification of apoB-100 by

ROS is widely regarded as a crucial event in the athero-

genic process – the ‘‘oxidative modification hypothesis of
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atherosclerosis’’ (Ross, 1999; Stocker and Keaney, 2004).

For apoB-100 these modifications, e.g., covalent binding

of lipid peroxidation and glycoxidation products, respec-

tively, or, probably much more important, direct oxidation

of amino acid side chain residues, are thought to strik-

ingly change its structural and functional properties that

finally result in the formation of new epitopes. The latter

are specifically recognized by scavenger receptors, fol-

lowed by an excessive uptake and accumulation of LDL

particles in macrophages, vascular smooth muscle cells,

and endothelial cells in an unregulated fashion that can

lead to foam cell formation (Dhaliwal and Steinbrecher,

1999; Heinecke, 2002). The presence of foam cells in the

vascular wall is considered to be the first morphological

substrate of atherosclerosis (Ross, 1999). Recently, direct

oxidation of LDL apoB-100 has been measured in LDL

particles recovered from human aortic vascular lesions

(Pietzsch and Bergmann, 2003; Pietzsch et al., 2004a).

Moreover, direct oxidation of LDL apoB-100 has been

measured in circulating LDL in vivo in conditions which

are accompanied by rapidly developing atherosclerosis

including hypercholesterolemia, impaired glucose tol-

erance, diabetes, and rheumatoid arthritis (Pietzsch

et al., 2000; Pietzsch et al., 2004b; Julius and Pietzsch,

in press).

Despite the evidence from experimental and clinical

studies concerning the importance of oxidized LDL

(oxLDL), the role of circulating oxLDL particles in the

development of atherosclerosis in vivo is still a matter of

debate. Furthermore, the diagnostic significance of circu-

lating oxLDL in blood in several human pathologies is

poorly understood. One reason for this is the lack of sen-

sitive and specific radiolabelling methods, which would

allow direct assessment of intravascular transfer and ca-

tabolism of oxLDL in vivo.

Radiolabelling of whole lipoproteins or individual apo-

lipoproteins has been established as an essential tool for

determination of the kinetics of lipoprotein metabolism in

humans and animals in vivo (Hugh et al., 1996; Burnett

and Barrett, 2002). Various radionuclides have been used

to label LDL. However, investigations to evaluate locali-

zation, clearance, and biological effects of modified LDL,

e.g., acetylated LDL and oxidized LDL, respectively, have

used extensively iodine-125 and iodine-131 (Sasaki and

Cottam, 1982; Raymond et al., 1986; van Berkel et al.,

1991; Ottnad et al., 1992; Chang et al., 1993; De Rijke

et al., 1994; Bjornheden et al., 1998; Shaish et al., 2001).

The value of radiolabelled lipoproteins as tracers for bio-

logical studies is based on the assumption that their bio-

logical properties are not altered by the labelling proce-

dure or by the radioisotope itself. Recently, several

authors clearly demonstrated that most commonly used

radioiodination methods such as iodogen, chloramine-T,

or iodine monochloride lead to oxidative modification of

both the lipid and the protein moiety of LDL, affecting

their lipid and apolipoprotein integrity, interaction with

LDL receptors or scavenger receptors, and in vivo clear-

ance (Khouw et al., 1993; Romero et al., 2001; Sobal

et al., 2004). As explicitly stated in these studies, it has

to be realized that radioiodinated LDL no longer reflect

the native LDL (nLDL) particle or, when obtained from

in vitro oxidation experiments, the initially characterized

modified LDL particle (Khouw et al., 1993; Romero

et al., 2001; Sobal et al., 2004). Consequently, the use

of radioiodinated LDL labelled via direct iodination has

striking disadvantages. Particularly, it does not allow to

differentiate kinetics and behaviour of native and oxidized

LDL in vivo (Sobal et al., 2004).

Very recently, we proposed a novel methodology for

no-carrier-added (n.c.a.) labelling of LDL with the

positron emitter fluorine-18 (18F) using the Bolton-

Hunter-type reagent N-succinimidyl-[4-18F]fluorobenzo-

ate ([18F]SFB) (Pietzsch et al., 2004c). We have shown that

radiolabelling of both nLDL and oxLDL using [18F]SFB

caused neither additional oxidative structural modifica-

tions of LDL lipids and proteins nor alteration of their

biological activity and functionality in vitro, respectively

(Pietzsch et al., 2004c). In this study we extend our earlier

observations by investigation of the in vivo catabolism of

both [18F]FB-nLDL and [18F]FB-oxLDL in biodistribu-

tion experiments and dynamic small animal PET studies

in male Wistar rats. Results suggest that the use of radio-

labelling of both nLDL and oxLDL using [18F]SFB is of

value to characterize and differentiate the metabolic fate

of native and oxidized LDL in vivo.

2 Materials and methods

2.1 LDL isolation and oxidation

Native LDL (density 1.006–1.063 g=mL) were isolated from the plasma of

healthy, normolipidemic, normoglycemic male volunteers by very fast

ultracentrifugation (VFU) as previously described (Pietzsch et al.,

2004c). The isolated LDL were free of albumin and other contaminating

plasma proteins (Pietzsch et al., 1995). LDL apoB-100 was measured by

immunoelectrophoresis using ‘ready-to-use’ agarose gels (Sebia, Issy-les-

Moulineaux, France). LDL cholesterol content was assayed enzymatically

using CHOD-PAP test kits (Roche, Mannheim, Germany). Immediately

before oxidation of LDL, EDTA, and salt from the density gradient were

removed using a size exclusion column (Econo-Pac 10DG, Bio-Rad) and

phosphate-buffered saline (PBS, 10 mM sodium phosphate, 150 mM

sodium chloride, pH 7.2) as the eluent. For oxidation, aliquots of native

LDL (600�g apoB-100=mL, equal to 1.2�M LDL) were subjected to a

well characterized iron-catalyzed oxidation system containing 10�M
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bovine hemin chloride and 100�M H2O2 at 37�C for 40 hours in the dark

(Pietzsch, 2000; Pietzsch and Bergmann, 2004).

2.2 Measurement of parameters of apoB-100 oxidation

Before to and after the radiolabelling procedure, the extent of LDL apoB-

100 oxidation was evaluated by determination of relative electrophoretic

mobility (REM), generation of autofluorescence products at 360=430 nm,

total carbonyl group content, and by determining the formation of highly

specific products of oxidation of positively charged protein amino acid

residues, �-glutamyl semialdehyde and �-aminoadipic semialdehyde,

which by reduction form 5-hydroxy-2-aminovaleric acid (HAVA) and

6-hydroxy-2-aminocaproic acid (HACA), respectively (Kopprasch et al.,

1998; Pietzsch, 2000; Pietzsch et al., 2004c). The content of total carbonyl

groups, HAVA, and HACA in LDL is expressed as mol=mol apoB-100.

2.3 Radiolabelling of nLDL and oxLDL with [18F]SFB

Synthesis of [18F]SFB was performed as described previously (Wuest et al.,

2003). No-carrier-added (n.c.a.) [18F]SFB was obtained in decay-corrected

radiochemical yields of 44–53% and radiochemical purity of >95%,

respectively, within 40 min after end of bombardment (Wuest et al.,

2003). Both nLDL and oxLDL were radiolabelled with [18F]SFB as

follows (cf. Pietzsch et al., 2004c). [18F]SFB was first evaporated under

a stream of nitrogen. 1 mL LDL (0.12 mg apoB-100=mL) in phosphate-

buffered saline (PBS; 10 mM sodium phosphate, 150 mM sodium chloride,

pH 7.2) was added to dried [18F]SFB. The reaction mixture was incubated

for 20 min at room temperature. To remove unreacted [18F]SFB and radio-

active by-products, particularly, [18F]fluorobenzoic acid formed by com-

peting hydrolysis, the complete solution (1 mL) was eluted over a size

exclusion column (Econo-Pac 10DG containing Bio-Gel P6, 10 mL bed

volume; Bio-Rad) with a flow rate of 2.5 mL=min using PBS as the eluent.

The purification was followed by measurement of [18F]-radioactivity,

apoB-100 concentration, and total cholesterol concentration in each frac-

tion collected (0.25 mL fraction size). Furthermore, aliquots of both the

reaction mixture and the fractions corresponding to [18F]fluorobenzoylated

LDL ([18F]FB-LDL) were subjected to SDS-PAGE as reported elsewhere

(cf. Pietzsch et al., 2004c). Finally, the fractions containing purified

[18F]FB-LDL (total product volume ranged between 0.5 and 1 mL) were

sterilized by filtration over a Millipore GS filter.

2.4 Cell culture and lipoprotein uptake

The perpetuation of the biological activity in terms of specific cellular

binding and uptake of both radiolabelled [18F]FB-nLDL and [18F]FB-

oxLDL was assessed in human hepatocyte carcinoma cell line HepG2

and human monocyte cell line THP-1, respectively (cf. Pietzsch et al.,

2004c).

2.5 In vivo stability and biodistribution studies

All animal experiments were carried out with male Wistar rats (Kyoto-

Wistar strain; aged 6 weeks; 160–170 g) according to the guidelines of the

German Regulations for Animal Welfare. The protocol was approved by

the local Ethical Committee for Animal Experiments. Animals were kept

under a 12 h light-dark cycle and fed with commercial animal diet and

water ad libitum.

For biodistribution studies, the animals were injected into the tail vein

under light ether anaesthesia. The injection volume of either [18F]FB-LDL

or [18F]FB-oxLDL (0.8–1.2 MBq; radiochemical purity 96%; PBS, pH

7.2) was 0.5 mL. Biodistribution was determined in groups of eight rats

sacrificed 5 and 60 min post injection (p.i.), respectively, by heart puncture

under ether anaesthesia. Organs and tissues of interest were rapidly

excised, weighed, and the radioactivity was determined (Cobra II gamma

counter, Canberra-Packard, Meriden, CT, USA). The accumulated radio-

activity in organs and tissues was calculated as the percentage of the

injected dose per gram tissue (% ID=g tissue).

For metabolite analysis, animals were anesthetized with urethane

(1.3 g=kg body weight) and catheters were placed into both the right

external jugular vein and the right common carotid artery. A volume of

0.5 mL of either [18F]FB-LDL or [18F]FB-oxLDL (10 MBq; radiochemical

purity 96%; PBS, pH 7.2) was injected in the vein. At 5, 10, 30, and

60 min after injection blood samples (0.3 mL) were taken from the arteria.

The depleted blood volume was compensated for by injection of saline.

60 min after injection the animals were sacrificed and urine samples were

taken (0.5 mL). Blood samples were centrifuged at 4�C (2000� g for

10 min). Both plasma and urine samples were deproteinated with the

twofold volume of 45% methanol containing 5% TFA.

The plasma and urine samples were analysed by HPLC. The HPLC

system (HP1100, Agilent Technologies, Waldbronn, Germany) was

equipped with a guard-column (ZORBAX 300SB-C18, 4.6� 12.5 mm,

5�m), a semi-preparative column (ZORBAX 300SB-C18, 9.4� 250 mm,

5�m), a variable-wavelength UV detector and a radio-chromatography

detector (Canberra-Packard, Meriden, CT, USA). Typically, 50–200�L

(10–20 kBq) plasma or urine were injected and compounds were separated

using gradient conditions at 40�C and a flow rate of 2 mL=min. Solvent A

comprised of acetonitrile with 0.04% TFA, solvent B comprised of water

with 0.05% TFA. The gradient steps were: 0–10 min 10% to 20% A,

10–15 min 20% to 80% A, 15–19 min 80% A. For UV-detection the

wavelength of 214 nm was used. The reference compounds N-4-[18F]fluoro-

benzoyl-glycine (4-[18F]fluorohippurate), 4-[18F]fluorobenzoic acid, and

[18F]SFB, eluted on this system with retention times of 14.4, 18.9, and

19.7 min.

2.6 Dynamic small animal PET studies

Dynamic small animal PET studies were performed with a dedicated PET

scanner for small animals (microPET P4, CTI Concorde Microsystems,

Knoxville, TN, USA). The scanner has a field-of-view (FOV) of 8 cm

axially by 22 cm transaxially and operates in 3-dimensional list mode. The

raw data were sorted into three-dimensional sinogram data and converted

to two-dimensional format by Fourier rebinning (FORE). Iterative image

reconstruction was performed using two-dimensional ordered subsets

expectation maximization (OSEM) (Defrise et al., 1997; Liu et al.,

2001). Image reconstruction was carried out with attenuation correction.

Corrections were applied for variability in line of response detection

efficiency (normalization) and random coincidences. The spatial resolution

obtained with this reconstruction ranged from 2.2 to 2.3 mm. No correc-

tion for recovery and partial volume effects was applied. The scanner was

cross-calibrated with an activimeter for 18F. For imaging studies, animals

were anesthetized with urethane (1.3 g=kg body weight) and catheters

were placed into the right external jugular vein or, alternatively, into the

femoral vein. The animals under urethane anesthesia were then positioned

and immobilized supine with their medial axis parallel to the axial axis of

the scanner with thorax and abdominal region (organs of interest: heart,

liver, kidneys, bladder) in the center of FOV. For the purpose of photon

attenuation correction, a transmission scan was carried out for 18 min

before tracer administration. The radiotracers were then administered as

a 0.5 mL bolus via the catheters within 15 seconds. In a typical experi-

ment, either [18F]FB-LDL or [18F]FB-oxLDL (10 MBq; radiochemical

purity 96%; PBS, pH 7.2) was injected. Simultaneously with tracer injec-

tion, dynamic PET scanning was started for 60–120 min using the follow-

ing time intervals (frames) for sinogram generation: 12� 10 s, 6� 30 s,

5� 300 s, 3� 600 s, and 4� 900 s. Images were analysed by assigning

3-dimensional regions-of-interest (ROI) over the heart region (majorily

representing the cardiac blood pool), the liver and the kidneys using the

ROIFinder software package developed by Poetzsch and colleagues

(Poetzsch et al., 2003). From these ROIs time-activity-curves (TACs)

representing the total 18F-radioactivity concentration in a defined volume

and expressed as radioactivity concentration, percent of maximum were
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obtained from the PET images in each rat. At the end of the PET studies

the rats were sacrificed by intravenous application of KCl and whole-body

static PET scans were performed afterwards.

3 Results

3.1 Radiolabelling of LDL

Both native LDL (nLDL) and oxidized LDL (oxLDL)

were radiolabelled with the positron emitter 18F by con-

jugation with [18F]SFB (Pietzsch et al., 2004c). Figure 1

shows the proposed reaction scheme. The maximum

degree of binding was achieved after 20 min of incubation

at room temperature using 0.12 mg apoB-100=mL in

phosphate-buffered saline (10 mM sodium phosphate,

150 mM sodium chloride) at pH 7.2. The coupling reac-

tion of both nLDL and oxLDL with n.c.a. [18F]SFB

resulted in radiolabelled LDL particles that were comple-

tely separated by gel filtration from unreacted [18F]SFB

and radioactive by-products, e.g., [18F]fluorobenzoic acid

(Fig. 2). In agreement with former results, in purified

radiolabelled LDL particles more than 96% of total 18F

radioactivity (decay-corrected) could be recovered in the

intact apoB-100 molecule (Pietzsch et al., 2004c) (Fig. 3).

Of note, no fragmentation or aggregation of LDL apoB-

100 occurred during the hemin-catalyzed oxidation or the

radiolabelling procedure (Fig. 3). Only trace amounts

(<1% in total) of other radiolabelled apolipoproteins,

particularly, apoE were found. A maximum of 2% of

LDL-bound 18F radioactivity was extractable with an

ice-cold chloroform:methanol mixture (2:1, v=v) and

found to be either non-covalently associated with the lipid

layer or bound to phospholipids containing primary amino

groups. The total radiochemical yield (corrected for

decay, related to [18F]SFB) was 32 � 11% for [18F]FB-

nLDL and 28 � 9% for [18F]FB-oxLDL, respectively.

In a typical experiment, 800 MBq of [18F]SFB could

be converted into 180 MBq (30%, decay-corrected) of

Fig. 1. Proposed reaction scheme of selective [18F]fluorobenzoylation of LDL apoB-100 at its chemically accessible glutamate amino-terminal

residue at pH 7.2

Fig. 2. Representative elution patterns of [18F]FB-nLDL (solid line) and [18F]FB-oxLDL (dotted line) on a DG 10 size exclusion chromatography

column. LDL were radiolabelled and chromatographed as described in the Methods section. The insert shows co-elution of apoB-100 content of

[18F]FB-nLDL (solid line) and [18F]FB-oxLDL (dotted line), respectively

392 J. Pietzsch et al.



[18F]fluorobenzoylated LDL within 45 min, including

size-exclusion chromatography purification. The purified

[18F]fluorobenzoylated LDL had an effective specific

radioactivity in the range of 200–500 GBq=�mol for both

[18F]FB-nLDL and [18F]FB-oxLDL (each related to

apoB-100; Mr 516.000, without carbohydrate content) at

the time of in vitro and in vivo studies. Furthermore, both

[18F]FB-nLDL and [18F]FB-oxLDL showed high in vitro

stability at several time points (30 min, 2 h, and 4 h after

radiolabelling) using PBS (pH 6.5 to 7.5) and blood

plasma as the solvent at 37�C. At each time point after

labelling more than 96% of total [18F]-radioactivity

(decay-corrected) could be recovered in the intact apoB-

100 molecule (cf. Pietzsch et al., 2004c).

3.2 In vitro investigations

Non-specific as well as specific parameters of LDL apoB-

100 oxidation were determined in nLDL and oxLDL

before and after the radiolabelling procedure (Table 1).

As expected, exposure of native LDL particles to hemin

(Fe3þ-protoporphyrin IX) as pro-oxidant lead to the

formation of oxidized LDL particles accompanied by a

marked increase of all oxidation parameters measured.

The levels of these parameters found in this experiment

correspond well to data published elsewhere (Pietzsch,

2000; Pietzsch and Bergmann, 2004; Sobal et al., 2004). T
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Fig. 3. Representative SDS polyacrylamide gel electrophoresis pattern of

a complete separation of [18F]FB-oxLDL. The figure shows radioactivity

distribution as determined by radioluminography using a BAS 5000

scanner (FUJIX, Tokyo, Japan). Lane 1 is the reaction mixture, lanes 2

to 6 represent individual fractions obtained from DG 10 size exclusion

chromatography column. Arrows indicate the apoB-100 band
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Importantly, for all parameters measured no significant

differences were found between both radiolabelled nLDL

and oxLDL particles and their non-radioactive counter-

parts. These results indicate, that under the pre-analytical

and the coupling conditions employed, and in contrast to

data on iodinated LDL as published by others, radiolabel-

ling of LDL by [18F]SFB did not lead either to adverse

oxidation of nLDL particles or to additional adverse oxi-

dative modification of oxLDL particles (Sobal et al.,

2004).

The perpetuation of the biological activity of both radio-

labelled [18F]FB-nLDL and [18F]FB-oxLDL in vitro was

determined by cell binding and uptake studies as pub-

lished elsewhere (Pietzsch et al., 2004c). In general,

human hepatoma cell line HepG2 is considered the classic

LDL receptor bearing cell type and is an accepted model

for the examination of cellular binding and uptake of

native LDL particles. On the other hand, when differen-

tiated to macrophages after stimulation with phorbol

esters, monocytic THP-1 cells are considered scavenger

receptor bearing human cells and are an accepted model

for the examination of cellular interaction with modified

LDL, particularly oxLDL. In agreement with former

results, the present binding experiments reveal a specific

binding and uptake of [18F]FB-nLDL to HepG2 cells and,

on the other hand, a specific binding and uptake of

[18F]FB-oxLDL to THP-1 cells (Fig. 4). Molar excess

(500�g=mL) of unlabelled nLDL and oxLDL, respec-

tively, essentially inhibited cellular binding and uptake

of their corresponding radiolabelled analogues. On the

other hand, native LDL does not appear to have any influ-

ence on the binding and uptake of oxLDL and vice versa

(data not shown in detail). In the presence of either

10�g=mL of polyinosinic acid (poly I) or 10�g=mL

fucoidan, two selective inhibitors of oxLDL binding to

scavenger receptors of class A (SR-A), binding of oxLDL

in THP-1 cells was inhibited by approximately 50%. As

expected, residual binding and uptake of oxLDL after

exposure to poly I and fucoidan, respectively, indicate that

other scavenger receptors besides SR-A are involved or

can compensate for interaction of THP-1 cells with

oxLDL. The results further indicate that with respect to

cellular binding and uptake radiolabelling of LDL by

[18F]SFB did not alter the biological activity and function-

ality of nLDL and oxLDL, respectively.

Fig. 4. Cellular uptake of [18F]FB-nLDL and [18F]FB-oxLDL after

2 hours in HepG2 cells (grey bars) and phorbol ester-stimulated

THP-1 cells (white bars). For binding and cell association assays cells

were incubated for 2 h at 4�C and 37�C, respectively, with either

[18F]FB-nLDL or [18F]FB-oxLDL (2.5–50�g of protein=mL in 125�L

of media with 50 mM Hepes, pH 7.4) in a total volume of 250�L as

published elsewhere (cf. (Pietzsch et al., 2004c). Non-specific binding

was determined by the addition of an excess (500�g=mL) of unlabelled

nLDL and oxLDL, respectively, and represented less than 20% of total

lipoprotein binding to both cell types. The extent of specific binding was

calculated by subtracting the non-specific binding of [18F]FB-nLDL and

[18F]FB-oxLDL, respectively, from total binding. Lipoprotein uptake for

2 hours was calculated as the difference between total cell-associated

lipoprotein (37�C) and membrane-bound lipoprotein (4�C). Additionally,

cellular uptake of [18F]FB-oxLDL was studied in the presence of either

10�g=mL of polyinosinic acid (poly I) or 10�g=mL fucoidan. Results

are expressed as means � SD of five independent experiments

Fig. 5. Representative radiochromatogram of urine metabolite analysis

60 min after injection of [18F]FB-oxLDL showing a dominant signal

(retention time 14.4 min) ascribed to N-4-[18F]fluorobenzoyl-glycine

and minor unidentified metabolites at retention times 15.4 and

17.9 min, respectively

394 J. Pietzsch et al.
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3.3 In vivo investigations

Radiochromatographic metabolite analysis of arterial

blood samples confirmed high stability of both [18F]FB-

nLDL and [18F]FB-oxLDL in vivo. At each time point

after injection more than 96% of total blood [18F]-radio-

activity (decay-corrected) was recovered in the plasma

protein pellet. In the plasma supernatants no low-molecu-

lar weight radioactive metabolites could be found. These

data are in good agreement with those showing high

in vitro stability of the [18F]fluorobenzoylated LDL parti-

cles as a function of time in PBS and blood plasma at

37�C as published elsewhere (Pietzsch et al., 2004c). In

contrast, urine analyses showed more than 98% of total

urine [18F]-radioactivity (decay-corrected) to be recovered

in the urine supernatant indicating the formation of low-

molecular weight radioactive metabolites. Subsequent

HPLC analysis of urine supernatant showed up to three

radioactive metabolites to be well separated under the

conditions employed; retention times were very reproduc-

ible (Fig. 5). After injection of either [18F]FB-nLDL or

[18F]FB-oxLDL the most abundant metabolite (maximum

intensity reached approximately 90% of total [18F]-radio-

activity) is cleanly separated with a retention time of

14.4 min, the same retention time as of the reference com-

pound N-4-[18F]fluorobenzoyl-glycine. The minor meta-

bolites (retention times were 15.4 and 17.9 min) have not

been identified. However, free 4-[18F]fluorobenzoic acid

or [18F]SFB was not detected.

Table 2 summarizes the distribution of [18F]-radioactiv-

ity (decay-corrected) in male Wistar rats after a single

intravenous injection of either [18F]FB-nLDL or

[18F]FB-oxLDL. Data were obtained at 5 and 60 min post

injection. Figures 6 and 7 show representative PET

images of male Wistar rats after a single intravenous

injection of either [18F]FB-nLDL or [18F]FB-oxLDL. Bio-

distribution studies revealed significant differences of

both blood clearance and tissue association of [18F]-radio-

activity between [18F]FB-nLDL and [18F]FB-oxLDL

(Table 2). These data could be confirmed by small animal

PET studies. From these studies, time-activity-curves

were obtained for the heart volume (majorily representing

the cardiac blood pool), the liver, and the kidneys. The

results from ROI analyses over these organs are given in

Figs. 8A–C, and agree well with the corresponding results

obtained from biodistribution experiments.

As a major result, after application of [18F]FB-oxLDL,

the disappearance of [18F]-radioactivity concentration

from the blood circulation proceeds at a very rapid rate.

At 5 min after injection more than 90% of injected dose is

already eliminated from the blood. Liver and kidneys are

mainly responsible for this removal. At 5 min after injec-

tion approximately 12% of the injected dose is liver-asso-

ciated. The [18F]-radioactivity concentration within the

liver declines very rapidly. A substantial fraction is

cleared by the kidneys and approximately 8% of the

injected dose is kidney-associated at 5 min p.i. The sub-

sequent decline of [18F]-radioactivity in the kidneys is

delayed in comparison to the liver. Overall, fast systemic

clearance of [18F]-radioactivity after injection of [18F]FB-

oxLDL in the rat is explained by the rapid hepatobiliary

and renal elimination of [18F]-radioactivity.

In contrast to [18F]FB-oxLDL, after first systemic

passage, a significant amount of intact [18F]FB-nLDL

Fig. 6. Representative whole-body coronal images

(maximum intensity projection) obtained from static

small animal PET scans showing [18F]-radioactivity

distribution at 120 min after injection of [18F]FB-

nLDL (left) and [18F]FB-oxLDL (right) in the sacri-

ficed rat

396 J. Pietzsch et al.
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remained in the circulation, amounting to 10% of the

injected dose per mL at 60 min after injection. Assuming

a total blood volume of approximately 4 to 5 mL this

equals 40% to 50% of the injected dose. This is consistent

with persisting pulmonary and splenic blood pools during

the whole course of the study. The disappearance of [18F]-

radioactivity concentration from the blood circulation

proceeds at a slower rate when compared with that of

[18F]FB-oxLDL. However, for this removal a progressive

liver uptake is mainly responsible. At 5 min after injection

approximately 42% of the injected dose is liver-asso-

ciated. For the liver, an obvious temporary accumulation

of [18F]FB-nLDL was observable. Furthermore, a pro-

gressive uptake of [18F]FB-nLDL in the kidneys also sig-

nificantly contributes to blood clearance, but is strongly

retarded when compared with the high kidney uptake and

transit of [18F]FB-oxLDL. On the other hand, uptake of

[18F]FB-nLDL in the kidneys occurred to considerably

lower extent and rate than in the liver. In addition, a major

fraction of [18F]FB-nLDL showed uptake and temporary

accumulation in the adrenal glands. On the other hand,

the low mean accumulation of [18F]-radioactivity in the

femoral bone after 5 and 60 min, respectively, is indicative

of a low in vivo defluorination of both [18F]FB-LDL and

[18F]FB-oxLDL.

4 Discussion

The present work reports on continuing experiments on

radiolabelling of apoB-100 of both native and oxidized

LDL with the positron emitter [18F] using the acylating

reagent [18F]SFB and the subsequent radiopharmacologi-

cal characterization of [18F]fluorobenzoylated LDL parti-

cles in vitro and in vivo. Radiolabelling with [18F]SFB is

considered to be a validated method for the incorporation

of [18F] into proteins and peptides as published by others

and by ourselves (Vaidyanathan and Zalutsky, 1992;

Wester et al., 1996; Bergmann et al., 2002; Wuest et al.,

2003). For LDL apoB-100, our data indicate that radiola-

belling with [18F]SFB does not alter the biological activity

and functionality of nLDL and oxLDL, respectively,

in vitro. Of note, this radiolabelling procedure does not

Fig. 8. Time-activity curves showing kinetics of the [18F]-radioactivity

concentration during the entire study period of 120 min after injection of

either [18F]FB-nLDL (squares) or [18F]FB-oxLDL (circles) as calculated

from ROI analysis of dynamic small animal PET scans over the heart

(A, mainly representing the cardiac blood pool), the liver (B) and the

kidneys (C; open and closed symbols for left and right kidney, respec-

tively). Results are expressed as means � SD of three independent

experiments

398 J. Pietzsch et al.



lead either to adverse oxidation of nLDL particles or to

additional adverse oxidative modification of oxLDL par-

ticles. Therefore, this methodology is supposed to provide

a suitable radiotracer for differentiation of kinetics and

metabolic fate of nLDL and oxLDL in vivo. This hypothe-

sis could be confirmed by biodistribution experiments and

dynamic small animal PET studies in rats.

In the past, radiohalogenation of proteins and lipopro-

teins has been established as an essential tool for assess-

ment of their biological function in vitro and in vivo

(Shepherd et al., 1976; Wilbur, 1992). Especially, the

use of iodine radionuclides, principally iodine-125 and

iodine-131, for labelling of proteins and lipoproteins is

of widespread use. However, several authors showed that

most commonly used oxidative radioiodination proce-

dures such as iodogen, chloramine-T, or iodine mono-

chloride lead to severe structural modifications of various

proteins dramatically affecting their biological activity

and functionality (Ganguly, 1987; Thibault et al., 1995;

Bauer et al., 1996). Recently, for LDL the significant

oxidative modification of both the lipid and the apolipo-

protein moiety has been demonstrated (Khouw et al.,

1993; Romero et al., 2001; Sobal et al., 2004). As strongly

emphasized in these studies, it has to be considered that

radioiodinated LDL no longer reflect the native LDL par-

ticle or, when obtained from in vitro oxidation experi-

ments, the initially characterized modified LDL particle

(Khouw et al., 1993; Romero et al., 2001; Sobal et al.,

2004). Therefore, the valid use of iodinated LDL to

reflect kinetics and behaviour of native LDL as well as

to differentiate kinetics and behaviour of native and oxi-

dized LDL are severely limited (Sobal et al., 2004). These

limitations have to be considered for iodination of all

proteins subjected to investigation of mechanisms and

metabolic consequences of protein oxidation. Several

attempts have been made to overcome adverse modifica-

tion of proteins and lipoproteins by iodination such as the

use of mild oxidizing reagents (Sinn et al., 1988), the use

of antioxidants (Khouw et al., 1993), and the use of con-

jugative labelling employing Bolton-Hunter-type reagents

(Wilbur, 1992; Ross et al., 1993; Frantzen et al., 1995).

For the majority of proteins, the use of iodinated

Bolton-Hunter-type reagents such as N-succinimidyl-3-

(4-hydroxy-5-[125I]iodophenyl)propionate or N-succini-

midyl-4-[125I]iodobenzoate is supposed to be a promising

approach, because these n.c.a. systems for protein iodina-

tion prevent direct exposure of the protein to excess oxi-

dizing and reducing agents. However, high incorporation

of radioactivity into the LDL lipid moiety (>30%) limit

the use of the majority of iodinated Bolton-Hunter-type

reagents for radiolabelling of lipoproteins (Portman et al.,

1976; Shepherd et al., 1976; Malmendier et al., 1988,

Wilbur, 1992).

As an alternative, we propose the use of [18F]SFB.

Using this more hydrophilic fluorinated Bolton-Hunter-

type reagent apoB-100, the major protein of LDL, can

be specifically labelled via [18F]fluorobenzoylation in

the amino-terminus or the lysine side chain residues,

respectively. As a result, the total radiochemical yields,

effective specific radioactivities, and stability of [18F]FB-

nLDL and [18F]FB-oxLDL, respectively, are sufficiently

high for in vitro and in vivo investigations. Importantly,

only trace amounts of 18F radioactivity were incorporated

into the lipid moiety of the radiolabelled LDL particles.

More than 96% of the 18F radioactivity was covalently

coupled to apoB-100, the structural protein of LDL. The

mature apoB-100 consists of a single polypeptide chain of

4536 amino acids, and there is only one copy of the pro-

tein on each LDL particle (Scott, 1989). Therefore, the

metabolic fate of each LDL particle is paired for life with

that of its apoB-100 molecule. ApoB-100 has 357 lysine

side chain residues as well as its amino-terminus as

possible sites for [18F]fluorobenzoylation (Scott, 1989;

Segrest et al., 2001). The amino-terminal region of

apoB-100 is a hydrophilic, globular structure that extends

away from the lipid core of the lipoprotein and is chemi-

cally accessible (Chan, 1992; Segrest et al., 2001; Yang

et al., 2001). To minimize the number of different radio-

labelled apoB-100 species, reaction conditions at pH 7.2

were used throughout, thus strictly favoring selective [18F]-

fluorobenzoylation at the amino-terminus of the apoB-100

molecule (Pietzsch et al., 2004c). As shown for free amino

acids and a number of proteins, lysine side chain residues

become the preferred site for conjugation with [18F]SFB

not until nearly complete deprotonation of the "-amino

group under basic conditions (Gaudriault et al., 1992;

Bergmann et al., 2001; Johnstrom et al., 2002). For LDL,

this has been confirmed by reacting LDL particles with

stoichiometric amounts of unlabelled [19F]SFB and

measurement of coupled 4-fluorobenzoic acid residues to

different domains of apoB-100 using specific and sensi-

tive gas chromatography-mass spectrometry methodology

(Oltmanns et al., 1989; Pietzsch and Julius, 2001). Data

suggest that lysine side chain residues were nearly com-

pletely unreactive under the conditions employed, and, on

the other hand, the position of the radiolabel is the amino-

terminus in apoB-100 (Pietzsch et al., 2004c).

The ability to study the kinetics of lipoprotein metabo-

lism in both animal models of disease and human in vivo

using iodinated autologous and homologous LDL has
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added significantly to our understanding of the regulation

of plasma lipid levels in normal and dyslipidemic subjects

(Burnett and Barrett, 2002). However, with respect to the

investigation of the metabolism of oxidized LDL in vivo,

the use of radioiodine has some inherent limitations, e.g.,

over- or underestimation of fractional catabolic rates. The

relevance of these limitations varies greatly depending on

the type of studies being performed and the types of mod-

ified lipoproteins being studied (Ramakrishnan et al.,

1990; van Berkel et al., 1991; Atsma et al., 1991; Khouw

et al., 1993; Ling et al., 1997; Romero et al., 2001; Sobal

et al., 2004). Other approaches, e.g., using endogenous

labelling of LDL apoB-100 with stable isotope amino

acids, are limited in direct metabolic differentiation of

native and modified LDL and are virtually inapplicable

in small animal models (Pietzsch et al., 2000).

Fortunately, these limitations can be essentially elimi-

nated by the use of the present methodology. Our data

demonstrate that the use of [18F]SFB for radiolabelling

of LDL does not affect native and modified LDL speci-

men by initial or further oxidative modification or, with

respect to specific receptor-mediated cellular binding and

uptake, by alteration of their biological function in vitro.

Consequently, we hypothesized these findings to be suffi-

cient to allow the use of [18F]FB-nLDL and [18F]FB-

oxLDL in biodistribution experiments and dynamic small

animal PET studies in vivo.

As expected, in rats the major binding site of [18F]FB-

nLDL particles is in the liver. Rat hepatocytes express a

high number of LDL receptors that specifically bind to

human nLDL, even if human LDL show a lower affinity to

rat hepatocytes than rat LDL (Corsini et al., 1992).

Furthermore, interaction between apoB-100 and hepatic

lipase (HL) facilitates the LDL receptor-mediated uptake

of nLDL by cells where HL is present, such as hepato-

cytes and endothelial cells lining hepatic sinusoids and the

adrenal glands, respectively (Choi et al., 1998). This is

also consistent with our results which show a comparably

high uptake of nLDL in adrenal glands. Moreover, an

abundant binding of nLDL in the kidneys could be

observed. This may be explained by the specific uptake

of human nLDL in rat glomerular and, preferentially,

mesangial epithelial cells by LDL receptors (Zheng

et al., 1994; Groene et al., 1990; Grone et al., 1992). On

the other hand, during the whole study period of either

60 min for biodistribution experiments or 120 min for

dynamic small animal PET studies a significant fraction

of circulating intact [18F]FB-nLDL particles remained in

the blood compartment. This is also reflected by the per-

sisting pulmonary and spleenic blood pool of [18F]FB-

nLDL. As a first approximation, the observed residence

time of circulating human nLDL in rat blood compart-

ment is consistent with data from the literature.

In contrast, [18F]FB-oxLDL particles are nearly com-

pletely cleared from the blood compartment within the

first 5 min after injection. During this time a major frac-

tion of oxLDL is very rapidly cleared in the rat liver. This

behavior could be expected from findings reported by

others and, to the major part, is ascribed to scavenger

receptors class A (SR AI=AII) that are highly expressed

in Kupffer cells and sinusoidal endothelial cells, respec-

tively (van Berkel et al., 1991, Dhaliwal and Steinbrecher,

1999; Terpstra et al., 2000). Of note, both Kupffer and

sinusoidal endothelial cells represent the hepatic reticu-

loendothelial system (RES), as initially launched by

Aschoff (Aschoff, 1924). In rats the hepatic RES is con-

sidered to be the most important site of elimination of

nearly all tested soluble waste macromolecules including

modified LDL (Blomhoff et al., 1984; Seternes et al.,

2002; Nedredal et al., 2003). In addition to SR-A, rat

Kupffer cells highly express macrosialin (the rodent

homologue of human CD68) and the class B scavenger

receptor CD-36 that are also able to recognize oxLDL (de

Rijke et al., 1994; van Velzen et al., 1997; Terpstra et al.,

2000). These assumptions are consistent with the in vitro

finding showing cellular uptake of [18F]FB-oxLDL in

THP-1 cells to be inhibited only by approximately 50%

in the presence of either poly I or fucoidan. Poly I and

fucoidan are structurally different negatively charged

compounds that specifically compete with oxidatively

modified apoB-100 for binding to SR-A (Wang et al.,

2001). Their inhibition effect is attributed to their negative

charge indicating that binding of [18F]FB-oxLDL to THP-1

cells in part is mediated by oxidation-specific negatively

charged epitopes in oxLDL. As published by others, after

inhibition or deficiency of SR-A in THP-1 cells majorily

macrosialin and, to a minor extent, CD-36 can compen-

sate for recognition of oxLDL (Endemann et al., 1993;

Ramprasad et al., 1996; Wang et al., 2001; Sugano et al.,

2001).

Of interest, in the present study a substantial fraction of

oxLDL is also cleared in the kidneys. It has been shown

that most vertebrates have so-called scavenger endothelial

cells (endothelial cells endowed with the same RES-

function as sinusoidal endothelial cells) also in organs

other than the liver (Seternes et al., 2002). In particular,

these scavenger endothelial cells are also geared to endo-

cytosis of oxLDL. Their arsenal comprises several classes

of scavenger receptors distinct from the class A that, in an

alternating fashion, also stand in for specific oxLDL
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recognition and uptake. In rat kidneys, these endothelial

cell-scavenger receptors mainly comprise the lectin-like

receptor, LOX-1 (Ueno et al., 2003). Furthermore, rat

glomerular mesangial cells that also express scavenger

receptors like LOX-1 further contribute to oxLDL recog-

nition and uptake in the kidneys (Schlondorff, 1993; Lee

and Koh, 1994; Draude et al., 1999).

Our observations are further supported by metabolite

analysis. In the present study, after intravenous applica-

tion of [18F]FB-nLDL or [18F]FB-oxLDL no radioactive

metabolites were determined in plasma samples. At each

time point of analysis, more than 96% of total blood [18F]-

radioactivity (decay-corrected) can be ascribed to either

intact [18F]FB-nLDL or [18F]FB-oxLDL. On the other

hand, in urine samples low-molecular weight metabolites

were found. At 60 min after injection, more than 90% of

total [18F]-radioactivity (decay-corrected) in urine can be

ascribed to the formation of N-4-[18F]fluorobenzoyl-gly-

cine (4-[18F]fluorohippuric acid). It is suggested that, like

other 4-halobenzoic acids, N-4-[18F]fluorobenzoyl-gly-

cine is formed by biotransformation of free 4-[18F]fluoro-

benzoic acid by ATP-dependent acyl-CoA synthetase

and acylCoA:glycine N-acyltransferase, a process that

occurs mainly in rat liver and kidneys, followed by excre-

tion without further biotransformation in the bile and

urine, respectively (Poon and Pang, 1995; Laznicek and

Laznickova, 1999; Corcoran et al., 1999; Schwab et al.,

2001). It is likely that free 4-[18F]fluorobenzoic acid

becomes available for this process after endocytosis and

lysosomal degradation of apoB-100 of [18F]FB-nLDL and

[18F]FB-oxLDL, respectively. Additionally, in urine one to

two other radioactive metabolites could be found showing

low abundance (each <10% of total [18F]-radioactivity)

and indicating further minor metabolic pathways for

4-[18F]fluorobenzoic acid or [18F]FB-labelled amino

acids. These pathways await further investigation but pos-

sibly include the formation as well as hepatic and renal

handling of 4-[18F]fluorobenzoyl glucuronides or sul-

phates (Ghauri et al., 1992; Corcoran et al., 1999; Ishii

et al., 2002).

In summary, keeping in mind the intrinsic properties of

PET and the continuous developments of this technique,

particularly small animal PET, radiolabelling of LDL with

[18F]SFB represents a promising approach for character-

ization and discrimination of the kinetics and the meta-

bolic fate of native LDL and oxidatively modified LDL

in vivo. Our data show that in the rat both liver and kidney

form an efficient scavenger apparatus to remove oxLDL

modified by hemin-induced oxidation from the circula-

tion, thus protecting the organism against the atherogenic

action of these oxLDL in the blood compartment. From

the literature and the present in vitro and in vivo data we

suppose resident macrophages and endothelial cells in

both liver and kidney to be responsible for rapid and

complete scavenging of oxLDL. Of note, the 109.8 min

half-life of 18F may limit its use for some applications.

However, the present methodology allows syntheses,

plasma and metabolite analysis, and imaging procedures

that can be extended up to 6 h. This particularly facilitates

kinetic studies in a metabolic setting with a comparatively

fast LDL turnover, as is the case in most animal models,

including rodent models of disease (e.g., mice and rats

prone to atherosclerosis) (Bocan, 1998; Herrera et al.,

1999).

Considering the heterogeneity of oxidant processes of

sizable physiological relevance, e.g., transition metal cat-

alyzed oxidation, myeloperoxidase catalyzed reactions,

nitrosative or glycative stress, additional work is needed

to understand the nature of the original oxidative insult. In

this study, as a well-characterized experimental model for

transition metal catalyzed oxidation, in vitro oxidation of

LDL apoB-100 in the presence of the pro-oxidant hemin

(Fe3þ-protoporphyrin IX) was selected (Camejo et al.,

1998; Pietzsch, 2000; Pietzsch and Bergmann, 2004).

Hemin is a blood product and a source of iron. Free tran-

sition metals like iron and copper are strong catalysts for

oxidation reactions in the presence of hydroperoxides

(Welch et al., 2002; Gaetke and Chow, 2003). Because

the availability of free copper or iron in vivo is very low

and under tight control, the hemin model is considered to

be of high pathophysiological relevance (Grinberg et al.,

1999; Rae et al., 1999; Miller and Shaklai, 1999; Jeney

et al., 2002; Pietzsch and Bergmann, 2004). In this line,

major specific products of transition metal catalyzed oxi-

dation of positively charged protein amino acids are

�-glutamyl-semialdehyde (�GSA) and �-aminoadipyl-

semialdehyde (�ASA). Oxidation of LDL apoB-100 pro-

line and arginine residues to �GSA, which by reduction

forms 5-hydroxy-2-aminovaleric acid (HAVA), and oxida-

tion of LDL apoB-100 lysine residues to �ASA, which by

reduction forms 6-hydroxy-2-aminocaproic acid (HACA),

has been demonstrated in vitro (Pietzsch, 2000; Pietzsch

and Bergmann, 2004). Very recently, the concentrations of

HAVA and HACA in LDL apoB-100 were demonstrated

to be higher in LDL from early, intermediate, and

advanced atherosclerotic lesions, when compared with

LDL from normal aortic tissue (Pietzsch et al., 2004a).

Moreover, levels of HAVA and HACA were significantly

higher in circulating LDL recovered from subjects who

were at high atherosclerotic risk (Pietzsch et al., 2000,
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2004b; Julius and Pietzsch, in press). These findings

strongly support the hypothesis that pathways involving

transition metal catalyzed oxidation of LDL apoB-100 are

of pathophysiological significance for atherogenesis.

Furthermore, the magnitude of oxidative modification

is of ample importance. It has to be noticed that the

oxLDL particles used in the present study represent mas-

sively modified LDL particles. Assuming that in the living

organism oxLDL particles with a comparable extent of

oxidation may enter the circulation, e.g., by backward

diffusion from stable subendothelial atherosclerotic

lesions, by release from unstable plaques, or by diffusion

from inflammatory sites such as inflamed joints, these

massively modified LDL particles should be rapidly

removed from the blood by the mechanisms discussed

above. This would explain the very low levels of such

massively modified LDL particles in the circulation when

compared to other compartments like the arterial wall. On

the other hand, it is more likely that circulating oxLDL

comprise also particles with a lesser extent of oxidation

including the so-called minimally modified LDL that are

in part still recognized via the LDL receptor. To evaluate

a possible clinical significance of these different entities

of modified LDL further investigations are necessary.

These investigations should also provide information

about the impact of pathways of detoxification of food

ingredients or the influence of lipid-soluble dietary anti-

oxidants, e.g., tocopherols and polyphenols, on LDL oxi-

dation and in vivo metabolism of LDL (Frei and Higdon,

2003).
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