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Modifications of proteoglycans, subendothelial retention of low-density lipoproteins 
(LDL) and their subsequent oxidation initiate the development of atherosclerosis. 
Therefore, detection of lipoprotein entrapment in the arterial wall is an important 
feature for the analysis of the mechanisms of atherosclerosis. The administration of 
fluorescent-labeled LDL in vivo is a breakthrough way to assess the traffic of LDL in 
the arterial wall. The present study demonstrated the feasibility of visualizing LDL in 
carotid ligation-induced intimal thickening of arterial wall after intravenous 
rhodamine-labeled LDL injection in mice. Kinetics of rhodamine-labeled LDL showed 
similar characteristics as native LDL and labeled-LDL could be detected both by 
spectrophotometric and microscopic analysis. Kinetics analysis of rhodamine-labeled 
LDL revealed that the labeled LDL was present in almost all tissue, predominantly in 
the liver, 6 hours after injection. Rhodamine-labeled LDL was visualized in intimal 
thickening of carotid 6 to 18 hours after injection, indicating that the LDL was actively 
trapped in the arterial wall. In conclusion, rhodamine-labeled LDL would be a useful 
tool to investigate the development of atherosclerosis. 

 
Retention of lipoproteins, such as low-density lipoproteins (LDL), in the arterial wall is 

an important mechanism in the development of atherosclerosis. One hypothesis, known as 
“response-to-retention” hypothesis, states that LDL are trapped in diffuse intimal thickening 
(DIT) of the arterial wall. In this early stage of atherosclerosis, LDL would bind to the 
extracellular matrix on proteoglycans (PGs)(1). In vitro studies suggest that the elongation of 
chondroitin sulfate (CS) chains on PGs is essential for PGs to bind LDL (2-5). Recently we 
showed that CS chains were elongated during the development of atherosclerosis in LDL 
receptor knockout mice (6). Thus, inhibition of LDL trapping in the arterial wall represents a 
potential strategy for the treatment of atherosclerosis. To investigate the role of LDL 
trapping during the initiation process of atherosclerosis, we need a method that clearly 
monitors the traffic of lipoprotein through the arterial wall. For decades, labeled LDL has 
been a tool for the assessment of tissue distribution and degradation of LDL. Studies using 
radioisotopes and fluorescent labeled lipoproteins have provided a huge contribution for the 
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observation of cellular binding and uptake of lipoproteins in culture dishes as well as in 
animal models. Iodine-125 (125I) is one of the radioisotopes which is widely used to label 
LDL (7, 8). Nowadays, fluorescent dyes are used preferentially to label LDL, because of 
their lower cost, ease of disposal, similar sensitivity to radioisotopes, feasibility of multicolor 
labeling, and finally for their easy detection by fluorescent imaging devices (9). Rhodamine 
is a fluorescent compound commonly used in biological applications, including for labeling 
proteins and nucleic acids. The fluorescence of rhodamine is pH independent, photo- and 
chemically stable. Moreover, its excitation and emission wavelengths (500-600 nm) are 
within a range where the autofluorescence of cells is negligible (10, 11). Rhodamine-labeled 
LDL has been used to observe the lipoprotein distribution in various tissues (12-15). 
However, until now rhodamine-labeled LDL has not been used to monitor early 
atherosclerosis process in mice. 

In this paper, we investigated the feasibility to detect arterial lipoprotein retention in a 
mouse model of intimal thickening using rhodamine-labeled LDL which was prepared by 
conjugation of rhodamine B NHS (N-hydroxysuccinimidyl) ester with LDL. This method 
may have potentials as a prognostic tool to identify whether the arterial wall is 
atherosclerosis-prone and as a monitoring tool to investigate the role of LDL during 
development of atherosclerosis. 

 

MATERIAL AND METHODS 

Lipoprotein preparation 
LDL (density=1.020 to 1.063) was isolated by differential ultracentrifugation of 

EDTA-plasma from healthy donor. LDL was dialyzed against PBS, sterilized through 
0.45m filters and kept at 4oC. Concentration of purified LDL was measured by Bradford 
analysis. 
Lipoprotein labeling 

The labeling protocol of LDL was modified from a previous one (16). Rhodamine B 
NHS ester (prepared by Medicinal Chemistry, Kobe Pharmaceutical University, Kobe, 
Japan) was diluted in DMSO at 10 mg/ml. LDL (2 mg/ml) was dissolved in fresh 0.1M 
sodium bicarbonate pH 8.3 before stirring with 1 mg amine-reactive rhodamine B NHS ester 
for 1 hour. Hydroxylamine 1.5M pH 8.5 was used to stop the binding reaction. Free dyes 
were removed by filtering the solution in sephadex G-25 equilibrated with phosphate 
buffered solution (PBS). Rhodamine-labeled LDL was kept in the dark in 0.01% NaN3 at 
4oC. Labeling of LDL was confirmed by electrophoresis using 1% agarose gel (universal 
gel/8, Helena Laboratories, Saitama, Japan). Conditions for electrophoresis were 90V for 1 
hour at room temperature. Rhodamine-labeled LDL were visualized on the gels under UV 
light and photographed. Finally, the gels were stained for total protein detection with 
Coomassie Brilliant Blue R-250 (ICN Biomedicals, Ohio).  
Animal experiment  

The use of animals in the present study was approved by the Animal Facility of Kobe 
Pharmaceutical University, Kobe, Japan. Eight weeks old male C57BL/6JJc1 mice (n=44, 
20-25 g, CLEA Japan) were anesthetized by inhalational isoflurane (Merck). The left 
common carotid artery was ligated near bifurcation with the use of 7-0 silk (Akiyama 
Seisakusyo, Japan). The wound was sutured, and animals were fed standard CRF-1 mouse 
chow (Charles River Laboratories International, Inc., Wilmington, MA) for two weeks. 
Injection of rhodamine-labeled LDL (~300g) was performed intravenously through the 
femoral vein under isoflurane anesthesia. Mice which didn’t receive any injection or an 
injection with unbound rhodamine B NHS ester were used as negative controls. Mice were 
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sacrificed 1 and 30 minutes, 2, 6, 12, 18, 24 and 50 hours after injection. Serum and organs 
(liver, adipose tissue, kidney, aorta, and heart) were collected. Tissues were frozen in liquid 
nitrogen and kept at -80oC until analysis. Carotid artery, liver, heart and lymph node were 
fixed in 4% PFA for 2 hours then dehydrated with 30% sucrose before to be frozen in OCT 
compound.  
 Fluorescence assay 

Tissues were homogenized in phosphate buffered saline by using a glass homogenizer 
(Wheaton) for aorta and polytron homogenizer PT3100 (Polytron Kinematica, USA) for liver, 
adipose tissue, kidney and heart. Homogenized samples were applied in duplicate in 96-well 
plates. Relative fluorescence units were measured with a Fluoromark microplate reader 
(Bio-Rad Laboratories, California) (excitation wavelength: 544 nm; emission wavelength: 
590 nm). Concentration of rhodamine-labeled LDL in each tissue was calculated using a 
standard curve and normalized to the weight of the tissue. Equilibrium distribution ratio (Kp 
value) was measured as the ratio of the concentration of labeled LDL in tissue and in serum 
(CTissue/CSerum ratio). Graph of KpTissue versus time was used to observe the slope 6 hours after 
injection (calculated as (Y2-Y1)/(X2-X1)). 
 Microscopic analysis 

Carotid artery, liver, heart and lymph node were cut in 5m thick slices and kept 
protected from light. Samples were directly mounted and fluorescence was observed under 
Keyence microscope (BZ-8100, Keyence Corp., Osaka). Immunostaining for ApoB (1:100 
dilution, 600-101-111, Rockland Immunochemicals), F4/80 (1:250 dilution, MCA497GA, 
ABD Serotec) and von Willebrand Factor (1:100 dilution, A0082, DAKO) were done in 
sections cut within a distance of 5-30m from the section where rhodamine-labeled LDL 
was detected. 

 

RESULTS 

We used rhodamine B NHS ester (5-carboxytetraethylrhodamine succinimidyl ester, the 
structure is shown in Fig. 1A) to label LDL. Rhodamine B NHS ester was constituted by 
rhodamine B as a main structure and NHS ester which was covalently bound to the amino 
groups of the protein. Conjugation of Rhodamine B NHS ester with LDL was done at room 
temperature in sodium bicarbonate buffer. We performed agarose gel electrophoresis to 
demonstrate that the labeling procedure had not altered lipoprotein integrity (15). Under UV 
light, labeled LDL clearly appeared (Fig. 1B) suggesting that the fluorescent dye were 
conjugated. In protein detection staining using Coomassie Brilliant Blue, labeled LDL 
showed only slightly higher electrophoretic mobility compared to native LDL (Fig. 1C), 
suggesting that the labeling procedure did not caused any oxidation. 

 
 
 
 
 
 
 
 
 
 
 

Figure 1.  
Rhodamine for the labeling of 
LDL. (A) The structure of 
Rhodamine B NHS ester; (B) 
electrophoresis of unlabeled and 
labeled-LDL under UV light 
and (C) after Coomassie 
Brilliant Blue R-250 staining. 
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Rhodamine-labeled LDL concentration in serum rapidly decreased within two hours after 
injection. The concentration then slowly decreased from 6 hours to an undetectable level at 
50 hours after injection (Fig. 2A). In all tissues, rhodamine-labeled LDL concentration 
showed a peak at 6 hours, except in adipose tissue where the peak was at 30 minutes (Fig 
2A-F). From the log[CSerum] versus time graph, we found that the serum level of 
rhodamine-labeled LDL fell in a monophasic manner with t1/2 of 7.69 hours. The evolution of 
CTissue/CSerum ratio in function of time in each tissue is shown in figure 2G-K. Both in liver 
and aorta, CTissue/CSerum ratio increased significantly with high slope (0.74 and 0.18 in liver, 
0.06 and 0.01 in aorta, at first 2 hours and from 2 until 6 hours after injection, respectively) 6 
hours after injection. The increasing of CTissue/CSerum ratio indicated that the LDL was 
accumulated in tissue. The CLiver/CSerum ratio decreased 18 hours after injection, while the 
CAorta/CSerum ratio still increased. In adipose tissue, kidney and heart, CTissue/CSerum ratio were 
constant, suggesting that there were a balance between arterial, tissue and venous LDL 
concentration at each time point. This result also indicated that LDL did not accumulate in 
adipose tissue, kidney and heart. 

Figure 2. Kinetics of rhodamine-labeled LDL. Rhodamine-labeled LDL concentration in serum (A), 
liver (B), adipose tissue (C), kidney (D), aorta (E), and heart (F) 1, 30 minutes, 2,  6, 12, 18, 
24 and 50 hours after intravenous injection. The ratio of Rhodamine-labeled LDL 
concentration in tissue and in serum (CTissue/CSerum) 1, 30 minutes, 2, 6, 12, 18 and 24 hours 
after injection in liver (G), adipose tissue (H), kidney (I), aorta (J) and heart (K) 
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The distribution of rhodamine-labeled LDL in liver, heart and lymph node is shown in 
figure 3A. Red signal from rhodamine were distributed evenly in all surface of liver from 6 
to 18 hours. After 24 hours, the rhodamine signal decreased. In heart, no rhodamine signal 
was observed at each time point, except inside the vessels (shown at 24 hours). On the other 
hand, in lymph node, rhodamine-labeled LDL was concentrated in the edge of tissue, which 
is defined as the superficial cortex. The signal increased from 6 until 18 hours, but it 
decreased at 24 hours after injection. The binding of rhodamine-LDL in liver was confirmed 
by the co-localization of rhodamine signal with apoB (Fig. 3B). In liver, rhodamine-LDL 
was located inside F4/80 positive cells (Fig. 3C), suggesting the uptake of LDL into liver 
macrophages. 

 
Figure 3. Rhodamine-labeled LDL in liver, heart and lymph node. (A) Distribution of 

rhodamine-labeled LDL in liver, heart and lymph node 6, 18 and 24 hours after 
rhodamine-labeled LDL injection. Rhodamine signal co-localized with apolipoprotein B 
immunofluorescence (B) and inside F4/80 positive cells (C) in liver 6 hours after injection 
of rhodamine-labeled LDL.   

 
 
Figure 4A shows the traffic of rhodamine-labeled LDL in ligated carotid artery at 1 

minute, 6, 12, 18 and 24 hours after injection. The blue auto-fluorescence was used to 
identify internal elastic lamina in carotid artery. LDL was visualized in the intimal 
thickening of the carotid at 6 hours until 18 hours after injection, showed by the red color 
inside the internal elastic lamina. This result indicated that LDL diffused from lumen through 
the endothelial cells and was trapped in the intimal thickening at least for 12 hours (from 6 
until 18 hours after injection). Twenty four hours after injection, LDL was not observed in 
the arterial wall anymore. At that time, rhodamine signal was only seen in the lumen of 
carotid artery. To determine whether the rhodamine signal was located within LDL particles, 
we determined the location of apoB in carotid artery by immunofluorescence. Figure 4B 
shows that apoB signals were co-localized with rhodamine indicating that rhodamine B NHS 
ester was bound with LDL. 
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Figure 4. Rhodamine-labeled LDL in carotid artery. (A) Distribution of rhodamine-labeled LDL in 

carotid ligation of mice 1 minute, 6, 12, 18 and 24 hours after injection. Blue 
auto-fluorescence was used to identify the structure of carotid artery. (B) Apolipoprotein B 
immunofluorescence was co-localized with rhodamine signal in carotid artery 6 hours after 
injection of rhodamine-labeled LDL. 

 

DISCUSSION 

This study demonstrated the possibility to use rhodamine-labeled LDL as a tool to 
observe the retention of lipoproteins in vascular wall intimal thickening in mice. Time course 
investigation of intravenous bolus of rhodamine-labeled LDL showed the retention of LDL 
in vascular wall, which corresponded to the initiation of atherosclerosis development. 

We first investigated kinetics of rhodamine-labeled LDL in mice. Every drug or solution 
administered to the body flows in a balance between rate of arterial, tissue and venous 
concentration. The tissue concentration (CTissue) increases when the arterial concentration 
exceeds a rate for which it leaves the venous blood (CSerum)(17). Here we used CTissue/CSerum 
ratio as an equilibrium distribution ratio, commonly abbreviated as Kp value (17, 18), to 
observe the relative concentration of rhodamine-labeled LDL in each tissue and each time 
point.  

We confirmed that liver was the main organ to retain rhodamine-labeled LDL, which is 
consistent with previous reports for LDL kinetics (7, 19-21). The LDL concentration in liver 
remained high until 18 hours even when the serum concentration decreased, as indicated by 
the increasing CLiver/CSerum ratio. This may indicate that the rhodamine-labeled LDL was 
transferred actively into the liver through the LDL receptors(19). After 18 hours, the 
CLiver/CSerum ratio decreased, which correlated with the decreasing of red fluorescent signal 
observed under microscope 24 hours after injection. 

E59 



D. S. MAYASARI et al. 

Next, we focused on kinetics of rhodamine-labeled LDL in the aorta. Sniderman et al. (7) 
showed that 125I can be detected in aorta only 52 hours after injection. In contrast, we could 
detect rhodamine-labeled LDL in aorta as early as 30 minutes after administration. The 
concentration in aorta was at the highest at 6 hours then decreased gradually. However, the 
ratio of CAorta/CSerum gradually increased, even after 18 hours. The transfer of LDL into the 
aorta occurs independently of LDL receptors (22), and the relationship between serum LDL 
concentration and influx of LDL into the aorta is linear (23). The increasing of the slope in 
the ratio of CAorta/CSerum strongly indicated that the rhodamine-labeled LDL was actively 
trapped in the aorta. Taken together, those kinetics both in the liver and in the aorta indicated 
that the rhodamine-labeled LDL exhibited a similar behavior as the native LDL, and that it 
was a sensitive tool to observe the distribution in details in the aorta. 

The carotid artery is prone to atherosclerosis because of the high shear stress due to the 
disturbance of blood flow near the carotid bifurcation. Complete ligation near the bifurcation 
induces rapid proliferation of smooth muscle cells, leading to extensive neointima formation 
with preserved endothelial cell layer(24). In the present study, neointima formation was used 
to mimic the early human atherosclerosis, which is usually called DIT. Because most 
laboratory animals do not develop distinct DIT like humans do, we induced the proliferation 
of smooth muscle cells by performing carotid ligation. An alternative procedure consists in 
mechanically inducing endothelial denudation by passing a flexible wire through the carotid 
artery (25). However, using this method, the denudation of endothelial cells increases the 
uptake and the removal of LDL in the arterial wall (8, 26). It seems that the diffusion of 
lipoproteins through the arterial wall in the mechanically induced endothelial cells 
denudation model does not mimic the human DIT. Therefore, we performed carotid ligation 
to achieve DIT without denudation of endothelial cells. We confirmed that the endothelial 
cell layer was preserved in the ligated carotid artery (Fig. 5). 

 
Intact endothelial cells showed by the expression of von Willebrand Factor in the lumen side 
of intimal thickening. Rhodamine-

Figure 5. 
labeled LDL (showed by arrows) appeared as the red 

color inside the intimal thickening. 

 CS chains 
len

 
Labeled LDL was visualized in intimal thickening of carotid artery from 6 hours until 18 

hours after injection inside the internal elastic lamina (Fig. 4A). This observation indicates 
that labeled LDL was specifically trapped in DIT and that the amount of trapped labeled 
LDL was sufficient to be seen by a microscopy analysis. Retention of LDL in arterial wall is 
promoted by the elongation of CS chains in proteoglycan (5). The modification of

gth could therefore be indirectly observed by using injection of labeled LDL. 
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Retention of lipoprotein in arterial wall is not only due to the high concentration of serum 
LDL, but also to the reduction of lipoprotein egress (1, 27). The efflux route of LDL is the 
endothelial cells, through which they reach back the lumen (28). In this study, reduction of 
lipoprotein in arterial wall began 24 hours after injection of rhodamine-labeled LDL. The 
dec

o assess the size of CS chains. Finally, injection of rhodamine-labeled LDL 
may become a breakthrough method to identify whether the arterial wall is prone to 
atherosclerosis. 

e thank Dr. Kumiko Ueda for her helpful discussion on the kinetics study of labeled 
LDL. 
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reasing of labeled LDL can be explained by the egress of lipoprotein, meaning that LDL 
was leaving the arterial wall to the lumen.  

Taken together, injection of rhodamine-labeled LDL would be a useful method to 
analyze the trapping of LDL in the arterial wall. Based on the “response-to-retention” 
hypothesis, this method may be applied in investigating the mechanisms of the early phase of 
atherosclerosis in mice which underwent carotid ligation. Moreover, given that trapping of 
LDL is promoted by the elongation of CS chains in the arterial wall, this procedure may be 
an indirect tool t
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