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benchmark of the Public Health policy. On the contrary, 
the additional introduction of echocardiography in a 
large population screening programme seems to be 
too much expansive for the Public Health and for this 
reason not easily practicable, even if useful and not 
invasive. Even if we strongly believe that a saved life is 
more important than any cost-efficacy evaluation, the 
issue of the economical impact of this approach should 
be further assessed.

© 2013 Baishideng. All rights reserved.

Key words: Sudden cardiac death; Prevention; Athletes; 
Pre-participation screening; Screening

Core tip: The review underlines the different incidence 
of sudden cardiac death (SCD) and the reason of this 
discrepancy as well as the different kind of approach 
to competitive athletes in Italy and United States. We 
emphasize the importance of electrocardiogram (ECG) 
as a simple and economical diagnostic tool, consider-
ing the opportunity of implementing the pre-participa-
tion screening (PPS) with echocardiogram, in order to 
detect mild structural cardiac diseases. After a cost-
effectiveness analysis we finally suggest an innovative 
proposal in order to further prevent SCD: a rapid but 
focused echocardiogram assessment during the first 
PPS in addition to physical examination and ECG.

Borrione P, Quaranta F, Ciminelli E. Pre-participation screening 
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Abstract
Pre-partecipation screening is the systematic practice 
of medically evaluating large populations of athletes 
before participation in sport activities for the purpose 
of identifying abnormalities that could cause disease 
progression or sudden death. In order to prevent 
sudden cardiac death (SCD), cardiovascular screen-
ing should include a strategy for excluding high-risk 
subjects from athletic and vigorous exercise. There 
are two major screening programmes in the world. In 
the United States competitive athletes are screened 
by means of family and personal history and physical 
examination. In Italy there is a mandatory screening 
for competitive athletes, which includes a resting elec-
trocardiogram (ECG) for the detection of cardiac ab-
normalities. The most important issue to be addressed 
is whether a screened subject is really guaranteed that 
she/he is not suffering from any cardiac disease or at 
risk for SCD. Conceivably, the introduction of echocar-
diogram during the pre-participation screening, could 
be reasonable, despite the discrete sensitivity of ECG, 
in raising clinical suspicions of severe cardiac altera-
tions predisposing to SCD. It is clear that the cost-
benefit ratio per saved lives of the ECG screening is a 
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is a death that occurs within 1 h of  the onset of  symp-
toms”. Other definitions are commonly used, for ex-
ample Maron’s one: “SD is defined as a witnessed or un-
witnessed natural death occurring unexpectedly within 6 
h of  a previously normal state of  health”[1].

Most of  the sport related SDs (almost 90%) occur in 
subjects who have pre-existing and often clinically silent 
cardiac abnormalities[2]. In these circumstances the sud-
den cardiac death (SCD) is defined as “non traumatic, 
nonviolent, unexpected natural death of  cardiac origin 
occurring within 1 h of  the onset of  symptoms in a per-
son who does not have a previously recognized cardio-
vascular condition that would appear fatal”[1]. 

When considering athletes, sport related SCD occurs 
during or immediately after physical exercise. Hence, 
physical efforts are considered an important acute trigger 
factor (like emotional stress, environmental factors, sym-
pathetic-vagal imbalance, myocardial ischemia, hemo-
dynamic changes) able to interact with a substrate caus-
ing life threatening ventricular tachyarrhythmias[3]. The 
incidence of  SCD during sports is quite low and vari-
able among the different studies available in literature. 
Moreover, a distinction between older athletes (> 35 
years) and young athletes (< 35 years) is mandatory when 
analyzing SCD events. Indeed, in the former group the 
most important cause of  SCD is represented by prema-
ture coronary artery disease (CAD)[4,5]; less frequently by 
acquired valvular diseases and cardiomyopathies (i.e., hy-
pertrophic cardiomyopathy)[6]. The incidence of  SCD in 
this age group ranges from 1:15000 to 1:50000[7-9]. When 
considering younger athletes, autopsy-based studies and 
epidemiologic observations often revealed structural car-
diac abnormalities such as inheritable cardiomyopathies 
as well as congenital coronary artery anomalies[10]. Other 
relatively common causes of  SCD in subjects under 35 
years of  age are represented by: myocarditis, Marfan syn-
drome, valvular heart diseases, dilated cardiomyopathy, 
CAD, and myocardial bridge[2,11].

In addition, there is a growing number (from 2% to 
10%, up to 31% for Australian authors) of  unexplained 
death, even after autopsy, plausibly due to ionic-channel 
disorders such as short and long QT syndrome, ca-
thecholaminergic polymorphic ventricular tachycardia, 
or Brugada syndrome[12-14]. Finally, Haïssaguerre et al[15] 
recently reported that “among patients with an history 
of  idiopathic ventricular fibrillation, there is an increased 
prevalence of  early repolarization”, opening in this way a 
“new age”of  SCD identification.

The incidence of  SCD in young athletes ranges from 
2.1/100000 (Italy)[8] to 0.4-0.6 per 100000 athletes per 
year in the United States[16]. This discrepancy is mainly 
explained by the different sources of  information adopt-
ed. Indeed, in the United States available data have been 
obtained through the review of  public media reports and 
other available electronic resources, which could, obvi-
ously, underestimate the true incidence of  SCD. On the 
contrary, in Italy a prospective registry of  juvenile SD is 
regularly updated. In addition, it is necessary to consider 

other differences that could further justify the observed 
discrepancies; namely differences of  age (older athletes 
in the Italian series) and gender (larger proportion of  
females in the United States series). Smaller studies, 
performed as population based investigations, reported, 
also in the United States, an incidence of  either SCD of  
young individuals and athletes similar to that reported by 
Shen et al[17] in Italy. Similarly, Maron et al[18] in 2009 re-
ported an annual incidence of  SCD among United States 
high-school and college athletes roughly similar to that 
observed in Italy.

In any case, differences between Italian and United 
States data, constitute the basis of  the debate between 
two different approaches to pre-participation screening 
(PPS): (1) American Heart Association (AHA) consensus 
panel: (medical history and physical examination)[19]; and 
(2) European Society of  Cardiology (ESC) consensus 
panel (based on Italian PPS): medical history and physi-
cal examination plus a 12-lead electrocardiogram (ECG) 
with interpretation[20].

PPS
Both AHA and ESC recommend and emphasize the 
weight of  ECG screening, but the AHA 2007 update 
sustains the impracticability of  PPS with ECG in the 
United States because of  the lack of  logistical and eco-
nomical resources[21]. Actually, high schools athletes and 
Olympic athletes, usually undergo, in United States, a 
screening based on medical history and physical exami-
nation, which seems inadequate to prevent SD. This 
hypothesis is supported by a case record of  Maron ret-
rospectively analyzing 134 cases of  SD. This study con-
cluded that only 3% of  the SD were suspected through 
medical history and physical examination[2].

The contradiction of  this approach has been exten-
sively discussed in the recent literature. The most im-
portant issue is that professional athletes, already evalu-
ated during the years and most likely healthy, are more 
safeguarded when compared to young adolescents at the 
beginning of  their sport activity, when congenital or ge-
netic diseases typically arise[21]. This everlasting dispute, 
will hardly come to an end since it reflects two different 
philosophies as well as two different ways of  considering 
Public Health. Notably, in Italy PPS, after the abolition 
of  compulsory military service, is now the fundamental 
medical screening for apparently healthy youths. Indeed 
5 million of  athletes repeat the medical evaluation every 
year since it is compulsory for competitive sport.

PPS, in Italy, is a general medical screening and the 
cardiovascular system is deeply investigated, since most 
of  the sport related SD is of  cardiac origin[10]. It con-
sists in medical history, physical examination, spirom-
etry, urine analysis plus basal and after step test 12-lead 
ECG[22]. Second level investigations include: echocar-
diogram, stress test[23], 24 h ECG and ambulatory blood 
pressure monitoring; all requested in case of  clinical 
and/or electrocardiographic abnormalities. In Italy, all 
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athletes are evaluated accordingly to the current Cardio-
logic Protocols for Competitive Sports Qualification. 
This document indicates guidelines for all the cardio-
vascular diseases, including high risk early repolarization 
patterns, isolated left ventricle non-compaction as well 
as many other doubtful conditions[24].

The huge experience obtained with PPS in Italy, clear-
ly indicates that ECG, characterized by an excellent nega-
tive predictive value, when compared with only physical 
examination, is an essential tool to suspect or diagnose 
cardiac structural and electric channels pathologies[20,25]. 
The usefulness of  ECG as a preventive tool during PPS, 
is underlined by one of  the most significant studies of  
Corrado, showing how the annual incidence of  SCD in 
competitive athletes decreased by 89% in Italy, after the 
introduction of  PPS. In particular, SCD cases varied 
from 3.6/100000 athletes per year during the pre PPS pe-
riod (1979-1981) to 0.4/100000 athletes per year during 
the PPS period (1993-2004)[26]. In particular, Corrado et 
al[27] confirmed the efficacy of  ECG in the identification 
of  hypertrophic cardiomyopathy. Indeed, in a large popu-
lation-based study of  screening outcomes, the diagnostic 
power of  ECG was similar to that observed in a popula-
tion-based study in the United States, using echocardiog-
raphy[28]. Nevertheless, it’s comprehensible how difficult it 
is to identify, despite instrumental evaluation, many mild 
structural cardiac abnormalities, eventually associated 
with short and long-time hemodynamic and arrhythmic 
sequels. This observation gains even more strength when 
considering children and adolescents since such cardiac 
abnormalities are still not complicated and for this reason 
usually clinically silent[28,29]. 

Unfortunately, even if  ECG has to be considered the 
most reliable and feasible analysis to detect severe car-
diomyopathies[10,30,31] as well as ionic channel disorders[32] 
many asymptomatic pathologies could remain unrecog-
nized through standard PPS. For example, mitral valve 
prolapse (MVP) and bicuspid aortic valve (BAV), consid-
ered among the most common congenital cardiomiopa-
thies in the adult population (0.6% up to 2.4%, in the 
Framingham heart study, for MVP[33,34] and 0.5%-0.6% 
for BAV[35]) remain often undiagnosed through PE and 
ECG. With this regard, it is known that these valvulopa-
ties are frequently complicated by severe dysfunctions 
requiring cardio surgery[36-38], that more than 50% of  
BAV evolve to root or proximal ascending aorta dilata-
tion caused by wall vessel structural alterations, with 
possible spontaneous rupture and dissection[39,40] and 
that, occasionally, MVP and BAV are the only pathologi-
cal findings at the autopsy of  athletes death suddenly[2,41]. 
For these reasons, it has been proposed to implement 
standard PPS with echocardiography in order to allow 
a risk stratification as well as an adequate follow up and 
recommendations[42,43]. With this regard, it has to be 
considered that the overall prevalence of  mild cardiac 
pathologies in asymptomatic subjects has not been en-
tirely investigated.

Steinberger et al[44] reported a prevalence of  3.6% of  

cardiomiopathies among 357 asymptomatic children. 
More recently, we evaluated, with the introduction of  
echocardiography during the PPS, a large population 
(3100 athletes) of  active, asymptomatic, apparently heal
thy children and adolescents, finding a prevalence of  
1.8% of  previously unrecognized cardiomiopathies[45]. 
Taken together, these observations may suggest that the 
introduction of  echocardiogram during the PPS, could 
be reasonable, despite the discrete sensitivity of  ECG, 
in raising clinical suspicions of  severe cardiac alterations 
predisposing to SCD. Obviously, a 2.7% (our study) and 
3.6% (Steinberg’ study) of  prevalence of  structural car-
diac disease cannot justify the execution of  echocardio-
gram every year in competitive athletes. Nonetheless, it 
has to be underlined the usefulness of  echocardiogram 
in association with ECG in occasion of  the first visit 
since the early diagnosis and subsequent reparation of  
congenital lesions, reduce the risk of  future hemody-
namic and arrhythmic complications.

It is well known that ECG abnormalities are com-
monly found both in patients affected by potentially 
life-threatening congenital cardiac disorders and healthy 
highly trained subjects as a result of  the athletes’ hearth 
modifications. In the latter situation, it is usually neces-
sary to perform a differential diagnosis by means of  an 
echocardiography study. Sometimes, this analytical ap-
proach is not enough to reach a precise diagnosis and 
further evaluations are commonly requested. This situa-
tion is surely depressing for the athletes since they have 
to suspend their competitive or training programmes 
with potential detrimental effects on their competitive 
season. However, sports physicians have the legal duty 
to reach a definitive and correct diagnosis with any diag-
nostic tool available in order to ensure that the subject 
does not run unjustified and excessive risks. In case of  
uncertainty, sports physicians have the duty of  rejecting 
sports eligibility[10]. On the contrary, it has to be remem-
bered that a normal ECG have an high predictive nega-
tive value (96%)[46].

The last issue to be analyzed is the cost-effectiveness 
of  this approach. Despite the unquestionable useful-
ness of  a wide scale screening performed with echocar-
diogram on a large healthy population, it is obviously 
necessary to analyze the costs for Public Health. Recent 
data from the “National Centre for Health Statistics”[47]  
sustained the efficacy and the feasibility of  the PPS 
based on medical history, PE and basal ECG, both when 
considering the cost-benefit ratio and the saved lives. In 
literature, it has been described that ECG has a more 
favorable cost-effectiveness ratio per life saved among 
high school athletes when compared to the adoption of  
only medical history and PE[48]. The same conclusion 
was described by Wheeler et al[49] (cost effectiveness ratio 
of  $ 42900 per life year). In conclusion, it is clear that 
the cost-benefit ratio per saved lives of  the ECG screen-
ing is below $ 50000 which is a benchmark of  the Public 
Health policy[48-51]. 

Despite these observations, some United States au-
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thors still discourage the adoption of  ECG in routine 
PPS of  young athletes since its cost seems to be exces-
sive for the public health[52,53] (Tables 1 and 2).

Another viewpoint has been provided by the Israeli 
experience. Indeed, Israeli Sport Law implemented PPS 
in 1997. As reported in literature, they did not find any 
difference in the incidence of  SCD in athletes follow-
ing the introduction of  PPS. For this reason they con-
cluded that PPS is neither useful nor cost effective[54]. 
This divergence could be explained by the result of  a 
recent Asian study illustrating the main causes of  SCD 
in Israel: Marfan’s syndrome, anomalous coronary arter-
ies, catecholamine related arrhythmias and commotion 
cordis. All these pathologies are much more difficult to 
be detected by resting ECG when compared ti hypertro-
phic cardiomyopathy, dilated cardiomyopathy, valvular 
heart disease, ARVD, long QT syndrome and Brugada’s  
syndrome, all representing the most common cause of  
SCD in Europe and United States[55].

Undoubtedly, echocardiogram seems to be too much 
expansive for the Public Health and for this reason 
not easily practicable, even if  useful and not invasive. 
Partial solutions of  this issue have been proposed by 
Weidenbener et al[56] with the inclusion of  a single-view 
parasternal long and short-axis two-dimensional screen-
ing echocardiogram at an average cost of  $7.34 per ex-
amination. The effectiveness of  this approach has been 

confirmed during PPS[57] as well as for the follow up of  
other cardiovascular diseases such as hypertension in or-
der to evaluate left ventricular hypertrophy[58,59].

Even if  we strongly believe that a saved life is more 
important of  any cost-efficacy evaluation, the issue of  
the economical impact of  this approach should be fur-
ther assessed.
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Abstract
AIM: To describe confidence interval calculation for 
antidotal potency ratios using bootstrap method.

METHODS: We can easily adapt the nonparametric 
bootstrap method which was invented by Efron to con-
struct confidence intervals in such situations like this. 
The bootstrap method is a resampling method in which 
the bootstrap samples are obtained by resampling 
from the original sample.

RESULTS: The described confidence interval calcu-
lation using bootstrap method does not require the 
sampling distribution antidotal potency ratio. This can 
serve as a substantial help for toxicologists, who are 
directed to employ the Dixon up-and-down method 
with the application of lower number of animals to 
determine lethal dose 50 values for characterizing the 
investigated toxic molecules and eventually for charac-
terizing the antidotal protections by the test antidotal 
systems.

CONCLUSION: The described method can serve as a 
useful tool in various other applications. Simplicity of 

the method makes it easier to do the calculation using 
most of the programming software packages.

© 2013 Baishideng. All rights reserved.
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INTRODUCTION
To characterize toxic effects of  poisons and overdosed 
drugs, acute toxicity testing methods were developed in 
the beginning of  the 19th century. Trevan[1] first wrote 
up the concept of  lethal dose 50 (LD50) (medium lethal 
dose) in 1927. He also indicated that LD50 is not a bio-
logical constant, its precision depends on many factors 
(e.g., number of  animals used, sex, species, strain, age, 
diet, general health condition, route of  administration, 
stress, formulation, intra and inter laboratory variations, 
etc.). To express acute toxicity, LD50 is a good tool, and 
many government agencies still rely on these data. Many 
methods have been developed to characterize the toxic 
effects (acute toxicity) of  chemicals, and expressed as 
LD50 values and its 95% confidence limit and the slope 
of  the probit line, e.g., Litchfield and Wilcoxon[2], Bliss[3], 
Holland et al[4]. Up until the 90s, the Litchfield and Wil-
coxon[2] method was one of  the most frequently used 
tool for toxicologists to characterize acute toxicity, and 
the in vivo antidotal efficacy of  various antidotal systems.

An example, Pei et al [5], analyzed data for LD50 values 
of  paraoxon that is an organophosphorus (OP) type 
nerve agent, in the presence of  various antidotal systems 
by the method of  Litchfield and Wilcoxon, as adapted to 
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a computer program PHARM/PCS version 4.2. by Ber-
gol’ts et al[6]. The antidotal potency ratios (APRs) derived 
from the dose-response curves of  paraoxon were used 
to express the in vivo efficacy of  various OP antidotal 
systems to antagonize the lethal effects of  paraoxon 
(APR = LD50 of  paraoxon antagonized/LD50 of  para-
oxon unantagonized). Tests for the parallelism of  the 
dose-effect curves were done, and all statistical proce-
dures were performed at the 95% confidence level. The 
authors used six groups of  animals, 8 animals per groups 
(48 animals) for each LD50 value.

Since the Litchfield-Wilcoxon method requires a large 
number (40-50) of  animals, efforts were done to intro-
duce other LD50 determinations with a lesser number of  
animals. The up-and-down methods by Dixon[7], Bruce[8] 
can provide adequate estimation of  LD50 and approxima-
tion of  the 95% confidence interval by using as few as 6-9 
animals. When this method was compared with the tradi-
tional Litchfield-Wilcoxon method, excellent agreement 
was obtained for all the 10 molecules tested.

Another example: Petrikovics et al [9], determined LD50 
values for paraoxon by the method of  Dixon[6], and 
95% confidence limit was estimated by the method of  
Bruce[10]. For each experiment, 6-10 animals were used. 
The LD50 values were calculated from the equation of  
Log (LD50) = log (dose final) + k log (d) where dose final is 
the final dose administered, k is the tabular value from 
the table, and d is the interval between doses. APRs were 
expressed as a simple number (without confidence limit). 
APR = mean LD50 of  paraoxon antagonized/mean LD50 

of  paraoxon unantagonized.
Another example: Petrikovics et al[11], determined LD50 

for cyanide by the up-and-down method of  Dixon[7]. This 
method requires settings for the starting doses and the 
stage distances (dose difference between doses) for each 
test system. The software (based on “Implementation 
of  Dixon and Massey UPD”, Introduction to statistical 
Analysis, 1983, pp.434-438) provides information for the 
next dose for each stage, based on the mortality results 
for the given stage. The log dose difference of  0.1 was 
set up based on the earlier studies with cyanide (Petrikov-
ics et al[12], where the LD50 values were determined by 
the classic Litchfield-Wilcoxon[2] method. For each LD50 
values 10-18 were used. LD50 values were expressed as 
average ± 95% confidence limit by the software. APRs 
were expressed as a ratio of  average LD50 of  cyanide with 
antidotes and average LD50 of  cyanide without antidotes. 
Again, confidence limits for APR were not expressed.

MATERIALS AND METHODS
In a situation like this where the distribution of  the ratio 
is unknown, it is difficult to calculate the confidence in-
tervals using classical methods. However, we can easily 
adapt the nonparametric bootstrap method which was 
invented by Efron[13] to construct confidence intervals in 
such situations like this. The bootstrap method is a resa-
mpling method in which the bootstrap samples are ob-

tained by resampling from the original sample. A com-
prehensive coverage of  the bootstrap method can be 
found in Efron and Tibshirani[14]. Chernick[15], Shao and 
Tu[16], Davison and Hinkley[17], Manly[18] and Hayden[19] 
are also useful references.

There are several ways of  calculating bootstrap confi-
dence intervals. Briefly, one way of  calculating the boot-
strap confidence interval for APR given below:

To assume that the data set is coming from two samples 
which we call sample 1 and sample 2 to calculate the APR.

(1) Obtain a bootstrap sample X* = (X1
*, X2

*,……, 
Xn1

*) from the original sample 1 X = (X1, X2,……, Xn1). 
(2) Calculate logLD50 dose estimate using 

[page 389 Dixon (1969)];
(3) Obtain a bootstrap sample Y* = (Y1

*, Y2
*,……, 

Yn1
*) from the original sample 2 Y = (Y1, Y2,……, Yn1);
(4) Calculate logLD50 dose estimate using,

(5) Calculate the ratio,

(as the values are in log base 10);
(6) Repeat step 1 through step 5, a large number of  

times (B = 1000) to get a list of  values;
(7) Find the quantiles APR(α/2) and APR(1-α/2) for the 

list of  B ratio values. (APRα/2, APR1-α/2) is the 100 (1 - 
α)% confidence interval for the ratio. This confidence 
interval is usually called percentile bootstrap confidence 
interval.

RESULTS
We illustrate the method for LD50 ratio for the following 
two experiments (Figure 1). Figure 2 shows the histo-
gram of  the bootstrap distribution of  the APR. Quan-
tiles of  this distribution are used to derive the relevant 
confidence limits. In our illustration here we use the 95% 
confidence limit. LD50 dose estimate for the first experi-
ment is 7.834 and the LD50 dose estimate for the second 
experiment is 23.812. This gives the APR to be 0.32897. 
Therefore, the lower confidence limit, which is the 2.5th 
percentile of  the bootstrap distribution is 0.25821 and 
the upper confidence limit which is the 97.5th percentile 
of  the bootstrap distribution is 0.41714.

DISCUSSION
We used a simple method to construct the confidence 
interval for calculating APR derived from two LD50. The 
described nonparametric bootstrap method to deter-
mine confidence intervals can easily be constructed even 
in situations where the distribution of  the ratio is un-
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known. This presentation describes a calculation of  the 
bootstrap confidence interval for APR. This can serve as 
a substantial improvement for toxicologists, who are di-
rected to employ the Dixon up-and-down method with 
the application of  lower number of  animals to deter-
mine LD50 values for characterizing the investigated toxic 
molecules and eventually for characterizing the antidotal 
protections by the test antidotal systems. The described 
method can serve as a useful tool in various other ap-
plications. Simplicity of  the method makes it easier to do 
the calculation using most of  the programming software 
packages.

COMMENTS
Background
To characterize toxic effects of poisons and overdosed drugs, acute toxicity 
testing methods were developed in the beginning of the 19th century. To express 
acute toxicity, lethal dose 50 (LD50) is a good tool, and many government agen-
cies still rely on these data. Many methods have been developed to character-
ize the toxic effects (acute toxicity) of chemicals, and expressed as LD50 values 
and its 95% confidence limit and the slope of the probit line. To characterize 
antidotal efficacy of a given antidotal system, antidotal potency ratios (APRs) 
are calculated, that is the ratio of the LD50 of the toxic chemical with the test 
antidotal system and the LD50 of the toxic chemicals without any antidote(s) 
(control). The higher is the APR, the better is the antidotal system.
Research frontiers
When applying the classic Litchfield-Wilcoxon method for LD50 determination, 
a large number of animals (6-8 groups of animals, 6-8 animal/group = 36-64) 

are needed. To reduce the number of animals, new methods were developed, 
and the Dixon up-and-down method has become popular with its lower number 
of animal needed (8-18 animals/LD50). However, when the Litchfield-Wilcoxon 
method was adapted to a computer program PHARM/PCS version 4.2. by Tal-
larida and Murray, the APR was automatically expressed with 95% confidence 
limits by the software. There is a need for the 95% confidence limit determina-
tion with the Dixon up-and-down method when expressing APR values. Al-
though Bruce provided adequate estimation for it, this article introduces a more 
practical tool for filling this gap.
Innovations and breakthroughs
Previous methods to characterize acute toxicity and/or determining antidotal ef-
ficacy for antidotal systems needed to be transformed in order to (1) reduce the 
number of animals used for LD50 determination (2) calculate 95% confidence 
limits for APR with lower number of animals used. This article can serve as a 
substantial help for toxicologists, who are directed to employ the Dixon up-and-
down method with the application of lower number of animals to determine LD50 
values for characterizing the investigated toxic molecules and eventually for 
characterizing the antidotal protections by the test antidotal systems.
Applications
The described method can serve as a useful tool in various other applications. 
Simplicity of the method makes it easier to do the calculation using most of the 
programming software packages. Authors used a simple MATLAB code to illus-
trate the confidence interval for the given example.
Terminology
LD50 is the dose that kills 50% of the tested animal population. APR = LD50 of 
the toxic chemicals in the presence of the test antidotal system(s)/LD50 of the 
toxic chemical without any antidote(s) (control). APR is use to express in vivo 
efficacy for antidotal systems. Bootstrap method is a standard technique in 
which we take simple random samples with replacement from the original sam-
ple. With this, overlapping samples is permissible in this technique. Strength of 
the paper is the application of the bootstrap method to calculate a confidence 
interval for the LD50 ratio. Validation of the method proven practically and theo-
retically in the literature.
Peer review
This is a good practical method to express 95% confidence limits for APR de-
rived from the Dixon up-and-down method.
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Figure 1  Graph of the dose and the outcome (lived or died) for the first (A) 
and second (B) experiment.
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contain a very diverse RNA cargo, primarily short se-
quences 20-200 nt (such as miRNA and fragments of 
mRNA), however longer RNA species were detected as 
well, including full-length 18S and 28S rRNA.

CONCLUSION: We have successfully developed a set of 
reagents and a workflow allowing fast and efficient ex-
traction of exosomes, followed by isolation of RNA and its 
analysis by qRT-PCR and other techniques.

© 2013 Baishideng. All rights reserved.

Key words: Exosomes; Microvesicles; Cell culture media; 
Serum; RNA; Quantitative reverse transcription-poly-
merase chain reaction; Sequencing

Core tip: Exosomes are small vesicles (30-150 nm) per-
ceived to be carriers of the unique effector or signaling 
macromolecules (miRNA, ncRNA, mRNA and protein) 
between very specific cells within our body. The spec-
trum of current scientific interests ranges from studying 
the functions and pathways of exosomes to utilizing 
them in diagnostics and therapeutics development. 
Here we describe a complete exosome workflow solu-
tion: fast and efficient isolation of exosomes; extraction 
of their cargo; characterization of exosomal RNA con-
tent using quantitative reverse transcription-polymerase 
chain reaction and other techniques.
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Abstract
AIM: To develop protocols for isolation of exosomes 
and characterization of their RNA content.

METHODS: Exosomes were extracted from HeLa cell 
culture media and human blood serum using the Total 
exosome isolation (from cell culture media) reagent, 
and Total exosome isolation (from serum) reagent 
respectively. Identity and purity of the exosomes was 
confirmed by Nanosight® analysis, electron micros-
copy, and Western blots for CD63 marker. Exosomal 
RNA cargo was recovered with the Total exosome RNA 
and protein isolation kit. Finally, RNA was profiled us-
ing Bioanalyzer and quantitative reverse transcription-
polymerase chain reaction (qRT-PCR) methodology.

RESULTS: Here we describe a novel approach for ro-
bust and scalable isolation of exosomes from cell cul-
ture media and serum, with subsequent isolation and 
analysis of RNA residing within these vesicles. The iso-
lation procedure is completed in a fraction of the time, 
compared to the current standard protocols utilizing 
ultracentrifugation, and allows to recover fully intact 
exosomes in higher yields. Exosomes were found to 
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salts and cofactors, into the extracellular space. The types 
of  vesicles secreted are diverse and depend on the origin 
of  the cells and their current state, for example, trans-
formed, differentiated, stimulated, or stressed. Exosomes 
are a type of  microvesicle, 30-150 nm in size, that have 
received increased attention over the past decade[1-5]. 
Exosomes are secreted by all cell types in culture, and 
also found naturally in body fluids including blood, sa-
liva, urine, and breast milk, in very high numbers (108-1011 
per mL)[6,7]. Depending on the cell/tissue of  origin, many 
different roles and functions have been attributed to 
exosomes: Facilitators of  the immune response[8], anti-
gen presentation[6], programmed cell death, angiogenesis, 
inflammation, coagulation[9], morphogen transporters 
in the creation of  polarity during development and dif-
ferentiation[4], and mediation of  nontargeted effect of  
ionizing radiation[10]. Recent studies have demonstrated 
that exosomes are not only specifically targeted to recipi-
ent cells to exchange proteins and lipids or to trigger 
downstream signaling events, but also to deliver specific 
nucleic acid cargo for cell communication purposes. Va-
ladi et al[11] demonstrated that MC/9 and human mast cell 
line-1 mast cells secrete exosomes that contain mRNA 
from approximately 1300 genes and small RNAs, includ-
ing 121 unique microRNAs. The transfer of  exosomes to 
a donor cell showed that at least some mRNAs were full-
length, as they were translated in the recipient cell. Glio-
blastoma cells also secrete exosomes and microvesicles 
containing mRNA, miRNA and angiogenic proteins[12] - 
when taken up by host human brain microvascular endo-
thelial cells, mRNA molecules were translated and tubule 
formation by the target endothelial cells was stimulated. 
The spread of  oncogenes by exosomes and microvesicles 
secreted by tumor cells has also been reported[13]. Exo-
somes seem to play a crucial role in spreading pathogens 
such as prions and viruses from one cell to another[14-16]. 
Interest towards exosomes, from their function in the 
body to more practical applications, such as use in diag-
nostics and therapeutics development, has grown expo-
nentially in the last few years[17-19].

Critical to further our understanding of  exosomes, 
is the development of  reagents, tools and protocols for 
their isolation, characterization and analysis of  their 
RNA and protein contents. Several reports have been 
published to date, using quantitative reverse transcrip-
tion-polymerase chain reaction (qRT-PCR) and next gen 
sequencing for initial characterization of  the RNA con-
tent of  exosomes derived from human acute monocytic 
leukemia cell line, human umbilical vein endothelial cells, 
dendritic cells and human embryonic stem cell-derived 
mesenchymal stroma cells, as well as serum, saliva, pla-
centa and breast milk[14,20-22]. All these studies utilize ul-
tracentrifugation protocols[23] which are proven methods, 
producing clean exosome preparations. However, the ul-
tracentrifugation approach has numerous drawbacks: the 
method is highly labor intensive and time consuming (up 
to two days per preparation, for a protocol with sucrose 
gradient); one can not process more than 6 samples at a 

time (due to rotor limitation); it requires a large amount 
of  starting material; exosome yields are typically low; ex-
tensive training for personnel is needed; and the method 
overall is not very reliable.

Here we describe a novel approach for fast and effi-
cient isolation of  exosomes from cell culture media and 
blood serum, followed by recovery of  RNA cargo and 
its analysis by qRT-PCR. The procedure is completed in 
a fraction of  the time, compared to the current standard 
protocols utilizing ultracentrifugation, and allows to re-
cover fully intact exosomes in higher yields.

MATERIALS AND METHODS
Extraction of exosomes from serum and cell media 
using Total exosome isolation reagents
Cell culture media: Fresh cell media was harvested from 
HeLa cells, grown initially in the presence of  10% fetal 
bovine serum (FBS), and [after two phosphate buffered 
saline (PBS) washes] without FBS for the last 12 h. The 
cell media samples were then centrifuged at 2000 g for 30 
min to remove cell debris. The supernatant containing 
the cell-free cell media was transferred to a fresh con-
tainer and held on ice until use. Next, each sample was 
combined with 1/2th volume of  Total exosome isolation 
(from cell culture media) reagent (Invitrogen) and mixed 
well by vortexing until a homogenous solution was 
formed. The samples were incubated at 4 ℃ overnight, 
then centrifuged at 4 ℃ at 10000 g for 1 h. The superna-
tant was aspirated and discarded, and the exosome pellet 
was resuspended in PBS buffer, then stored at 4 ℃ short 
term (1-7 d) and -20 ℃ long term. 

Human blood serum: Frozen serum samples from differ-
ent donors were thawed in a water bath at room temper-
ature until samples were completely liquid, then centri-
fuged at 2000 g for 30 min to remove any cellular debris. 
The supernatant containing the cell-free serum was 
transferred to a fresh container and briefly held on ice 
until use. Next, each serum sample was combined with 
1/5th volume of  Total exosome isolation (from serum) 
reagent (Invitrogen) and then mixed well by vortexing 
until a homogenous solution was formed. The samples 
were incubated at 4 ℃ for 30 min, then centrifuged at 
room temperature at 10000 g for 10 min. The superna-
tant was aspirated and discarded, and the exosome pellet 
was resuspended in PBS buffer, then stored at 4 ℃ short 
term (1-7 d) and -20 ℃ for long term.

Isolation of exosomes from serum and cell media using 
ultracentrifugation protocols
Cell culture media: Using the same HeLa cell media 
that was prepared for the extraction of  exosomes using 
the Total exosome isolation reagent, above, exosomes 
were isolated according to the differential ultracentri-
fugation Basic Protocol 1 as described by Théry et al[23]. 
Briefly, HeLa cell media was centrifuged at 4 ℃ at 2000 g 
for 10 min and then 10000 g for 30 min to produce a cell-
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free conditioned medium. The pooled media was divided 
equally into each of  6 polyallomer tubes and centrifuged 
at 4 ℃ at 100000 g for 70 min. The subsequent pellet was 
re-suspended and washed with PBS followed by a second 
100000 g centrifugation. A low volume of  PBS was used 
to re-suspend the washed pellets and then they were com-
bined in pairs to result in three concentrated exosomes 
samples. These samples were then processed by isopycnic 
centrifugation using continuous sucrose gradients. The 
gradients were prepared using solutions of  0.25 mol/L 
and 2 mol/L sucrose in 20 mmol/L 4-(2-hydroxyethyl)-
1-piperazineethanesulfonic acid (HEPES), pH 7.3 as de-
scribed by Abe et al[24].

Once prepared, the sucrose gradients were overlaid 
with one of  the three concentrated exosome samples and 
then centrifuged at 4 ℃ at 110000 g for 16 h. Immediate-
ly after centrifugation, each of  the gradients was fraction-
ated using a peristaltic pump and fraction collector and 
each fraction was measured on a refractometer to identify 
those that contain exosomes based on the density range 
of  1.13-1.19 g/mL as defined by Record et al[25]. The re-
sulting set of  fractions were pooled within the respective 
sample and diluted 3-fold with 20 mmol/L HEPES, pH 
7.3 then centrifuged in polyallomer konical™ tubes at 
4 ℃ at 110000 g for 1 h to produce a final pellet consist-
ing of  purified exosome that was re-suspended in 200 μL 
PBS.

Human blood serum: Using the same human serum 
that was thawed for the extraction of  exosomes using 
the Total exosome isolation reagent, above, exosomes 
were isolated according to the differential ultracentrifuge 
Basic Protocol 2 as described by Théry et al[23]. Briefly, 
serum was diluted with an equal volume of  PBS and 
gently mixed until homogenous. Then the mixture was 
centrifuged at 4 ℃ at 2000 g for 30 min and 12000 g for 
45 min to produce a cell-free serum. The pooled se-
rum was divided equally into each of  the 6 polyallomer 
tubes and centrifuged at 4 ℃ at 110000 g for 2 h. The 
subsequent pellet was re-suspended and washed twice 
with PBS followed each time by centrifugation at 4 ℃ at 
110000 g for 70 min. A low volume of  PBS was used to 
re-suspend the washed pellets, resulting in three concen-
trated exosomes samples.

Western blot analysis
Exosome samples isolated from cell media or blood 
serum (1-5 μL) were mixed with 2 × non-reducing 
Tris-glycine SDS sample buffer (Novex), then heated 
at 75 ℃ for 5 min and loaded onto a 1.5 mm × 15 mm 
well 4%-20% Tris-Glycine gel (Novex). Benchmark pre
stained protein ladder (Invitrogen) was added to one 
well as a control to monitor the molecular weight of  
the protein samples. The gel was run under denaturing 
conditions at 150 V for 1.5 h then transferred to a mem-
brane using the iBlot instrument (Life Technologies). 
After transfer, the membranes were processed on the 
BenchPro 4100 (Life Technologies) with CD63 antibody 

diluted 100 µg × to 20 mL (Abcam). The WesternBreeze 
Chemiluminescence kit was utilized to label the mem-
brane. Membranes were then exposed to X-ray film for 
1-10 min and the film was analyzed.

RNA isolation
The Total exosome RNA and protein isolation kit (In-
vitrogen) was utilized for recovery of  RNA from both 
the concentrated exosome samples (reagent and ultra-
centrifugation) and control samples for each sample type 
- HeLa cell pellets (1 × 106 cells/pellet) for the HeLa 
cell culture and cell-free serum for the serum samples. 
Two hundred microlitre of  each sample (brought up to 
volume with PBS if  necessary) was combined with 205 
µL of  2× denaturing solution, vortexed to lyse, and then 
incubated on ice for 5 min. After incubation, 410 µL of  
Acid-Phenol: Chloroform was added to the mixture and 
vortexed for 30-60 s to mix. Samples were then centri-
fuged for 5 min at 10000 g at room temperature to sepa-
rate the mixture into aqueous and organic phases. Once 
centrifugation was complete, the aqueous (upper) phase 
was carefully removed without disturbing the lower phase 
or the interphase, and transferred to a fresh tube. One 
point twenty-five volumes of  100% EtOH was added to 
the aqueous phase for each sample then vortexed to mix. 
About 700 μL of  volume was placed onto spin column 
in a collection tube then spun at 10000 g for 15 s to move 
the sample through the filter cartridge. Samples were then 
washed once with 700 µL Wash Solution 1 × and 2 ×  
with 500 µL wash solution 2/3 (centrifuged at 10000 g 
for 15 s for each wash). After washing, filter was dried by 
spinning for an additional 1 min at 10000 g. The filter car-
tridge was transferred into a fresh collection tube and 50 
μL of  preheated (95 ℃) nuclease-free water was applied 
to the center of  the filter. Samples were centrifuged for 
30 s at 10000 g to recover the RNA, then a second 50 μL 
volume of  preheated (95 ℃) nuclease-free water was ap-
plied to the center of  the filter and centrifuged for 30 s at 
10000 g. After the second spin, the eluate containing the 
RNA was collected and stored at -20 ℃. A DNase treat-
ment was performed on RNA extracted from the HeLa 
cell pellet using the DNase-free kit (Ambion) to remove 
any contaminating DNA. DNase treatment was not 
performed on other samples as they had a much smaller 
sample input. After treatment, the sample was diluted to 
2 ng/μL and 1 μL of  each RNA sample was analyzed 
on the Agilent 2100 Bioanalyzer using the Agilent RNA 
6000 Pico kit (Series Ⅱ) to determine the mass of  RNA 
going into downstream analysis.

Reverse transcription and quantitative real-time PCR 
analysis of the RNA sequences isolated from exosomes
Reverse Transcription (RT) Master Mixes were prepared 
for each sample using either the High Capacity cDNA 
Reverse Transcription kit and protocol with random 
primers for mRNA or the TaqMan® MicroRNA Reverse 
Transcription Kit reagents and protocol (Applied Bio-
systems) with gene specific RT primers for five miRNA 
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targets (let7e, miR26a, miR16, miR24 and miR451). Ten 
microlitre of  the RT Master Mix was added to corre-
sponding wells in a 96-well plate, and 5 μL of  each sam-
ple was added to the master mix. Plates were covered with 
adhesive (non-optical) cover and spun down to remove 
air bubbles, and then placed into a 9700 thermocycler 
and incubated as follows: for mRNA - 25 ℃ for 10 min; 
37 ℃ for 120 min; and 85 ℃ for 5 min; for miRNA - 
 4 ℃ for 5 min; 16 ℃ for 30 min; 42 ℃ for 30 min; and 
85 ℃ for 5 min. Reactions were kept at 4 ℃ until use.

qPCR master mixes were prepared for each of  five 
microRNAs (let7e, miR26a, miR16, miR24 and miR451) 
and two mRNAs [glyceraldehyde-3-phosphate dehydro-
genase (GAPDH) and 18S] by combining 5 μL of  AB 
Universal PCR Master Mix Ⅱ, 2.5 μL; of  nuclease-free 
water, and 0.5 μL of  the 20 × Taqman Assay. After mix-
ing, 8 μL of  each master mix was placed into wells in a 
384-well plate (enough for triplicate reactions for each 
isolation replicate). Two microlitre of  each RT reaction 
was added in triplicate to the master mix of  each target 
and the plates were sealed with optical adhesive cover. 
Plates were spun down to remove air bubbles then placed 
into a 7900HT instrument and run using the following 
thermocycler protocol: 95 ℃ for 10 min; (95 ℃ for 15 s; 
60 ℃ for 60 s) 40 cycles. Once the run was complete, au-
tomatic Ct analysis was performed with SDSv2.3 software 
and average and standard deviation was calculated for 
each set of  isolations and qPCR reactions for each target.

RESULTS
Extraction of exosomes from cell media and serum
Isolation of  exosomes from cell culture media and body 
fluids is presently a tedious, non-specific, and difficult 
process. The widely used approach is based on ultracen-
trifugation in combination with sucrose density gradients 
or sucrose cushions to float the relatively low-density 
exosomes away from other vesicles and particles[23]. The 
protocols range in time from 8 to 30 h and require an ul-
tracentrifuge and extensive training to ensure successful 
isolation of  exosomes.

As a way to simplify and shorten exosome isolation, 
we developed two Total exosome isolation reagents that 
enable straightforward and reliable concentration of  in-
tact exosomes from cell culture media and blood serum 
samples. By tying up water molecules, the reagents force 
less-soluble components, such as vesicles, out of  solu-
tion. When the reagent is added to the biological sample, 
and solution is incubated at 4 ℃, the precipitated exo-
somes can be recovered by standard centrifugation at 
10000 g. The pellet is then resuspended in PBS or similar 
buffer and exosomes are ready for downstream end-
point analysis or biological studies on their pathways, 
functions and trafficking. 

We extracted exosomes from HeLa cell culture media 
and blood serum samples (derived from healthy human 
donors) using the Total exosome isolation reagents as 
well as the ultracentrifugation procedure[23], for compari-

son purposes. Sizing and quantification of  exosomes 
was performed with the NanoSight® LM10 instrument, 
following the manufacturer’s protocol. This instrument 
uses a laser light source to illuminate nano-scale par-
ticles (10-1000 nm) which are seen as individual point-
scatters moving under Brownian motion. The paths of  
the point scatters, or particles, are calculated over time to 
determine their velocity which can be used to calculate 
their size independent of  density. The image analysis 
NTA software compiles this information and allows 
one to automatically track the size and number of  the 
nanoparticles. Results are shown in Figure 1A and B for 
HeLa cell culture media, and Figure 2A and B for serum. 
The reagent method recovered a significant number of  
nanovesicles, in comparable or higher yields vs the ultra-
centrifugation procedures; All nanovesicles were smaller 
than 300 nm, most of  them being in the typical exosome 
size range of  30-150 nm. Similar results were obtained 
for cell media derived from THP-1 and Jurkat cell lines, 
1-10 mL sample volume input (data not shown).

Samples were next analyzed by Western blots with an-
tibody specific to CD63 - a well characterized exosomal 
marker[11,20,23]. Results are shown in Figure 1C for HeLa 
cell culture media and Figure 2C for serum - confirming 
that clean exosome populations were recovered with both 
protocols. CD9, TSG101, Annexin Ⅱ exosomal markers 
were also confirmed by Western blots (data not shown).

To further characterize samples obtained with the 
reagent, electron microscopy analysis was performed. Fi
gure 3A shows a representative image of  the unlabeled 
exosome, Figure 3B shows exosome immunolabeled 
with anti-CD63 antibodies followed by 10 nm protein A 
gold nanoparticles, and Figure 3C shows exosome im-
munolabeled with anti-CD81 antibodies followed by 10 
nm protein A gold nanoparticles. The exosomes recov-
ered with the reagent have typical appearance and size 
(about 100 nm[23]), and immunolabeling with anti-CD81 
and anti-CD63 antibodies, which are well known exo-
somal markers[20,23], was very efficient confirming that the  
nanovesicles recovered with the reagent are exosomes.

RNA isolation and analysis by Agilent 2100 Bioanalyzer 
and qRT-PCR
Next, we proceeded with the isolation and analysis of  the 
exosomal RNA cargo. The Total exosome RNA and pro-
tein isolation kit, developed specifically for this purpose, 
uses acid-phenol: Chloroform extraction to provide a 
robust, initial RNA purification step, followed by a final 
purification over a glass-fiber filter. Ethanol is added to 
samples that are passed through a filter cartridge con-
taining the glass-fiber filter, which immobilizes the RNA. 
The filter is washed, and the RNA is eluted with a low 
ionic-strength solution.

We followed this protocol to isolate RNA from exo-
somes derived from HeLa cell culture media and blood 
serum samples using both the Total exosome isolation 
reagents and ultracentrifugation procedure[23]. Subsequent 
analysis with Qubit fluorometer has shown that for exo-
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somes isolated from 100 mL of  HeLa cell culture media 
using the ultracentrifugation protocol, it is possible to re-
cover approximately 380 pg RNA. The reagent method 
resulted in isolation of  somewhat more exosomes from 
the same volume of  HeLa cell culture media, containing 
approximately 520 pg RNA.

RNA recovered from exosomes with the reagent and 
ultracentrifugation was next characterized by capillary 
electrophoresis using the Agilent 2100 Bioanalyzer, and 
a RNA Pico chip. Results are shown in Figure 4. For 
both types of  samples, profiles were similar: the major-
ity of  RNA content was small (< 200 nt), but there were 
some longer RNA species present including full-length 
18S and 28S rRNA. This is in agreement with earlier 
studies[11,12,20], indicating that exosomes primarily contain 
short RNA (such as miRNA) and degraded mRNA, but 
also some full-length molecules including mRNA > 1 kb 
long. Overall, the amount of  total RNA recovered, and 
specifically the small RNA fraction, is higher for the re-
agent method compared to ultracentrifugation protocol.

Finally, the levels of  five microRNAs (let7e, miR26a, 
miR16, miR24 and miR451) and two mRNAs (GAPDH 
and 18S) earlier reported to be present in exosomes[11,20], 
were analyzed by qRT-PCR. Results are displayed in Fig-
ure 1D for HeLa cell culture media and Figure 2D for 
human blood serum. Based on Ct values, 25-33 for the 
majority of  analytes, RNA isolation was efficient and the 
amount of  material recovered is sufficient for standard 
PCR analysis - RNA recovered from exosomes derived 
from 3 μL serum or 30 μL cell media is sufficient for 
one qPCR reaction. The reagent method recovered 
somewhat higher levels of  exosomes-compared to ultra-
centrifugation procedure, as indicated by 0.5-2 Ct shift 
up for different RNAs.

DISCUSSION
To conclude, we describe here a novel approach for 
fast and efficient isolation of  exosomes from cell cul-
ture media and blood serum, that can be followed by 
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HeLa cell culture media using the Total exosome isolation reagent (from cell culture media) and ultracentrifugation protocol-by Nanosight® LM10 instrument. The pro-
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C: Western blot analysis for the presence of exosomal marker protein CD63 in cell culture media derived samples. Exosomes from three separate HeLa cell culture 
media preparations (isolated with either the Total exosome isolation reagent (from cell culture media) or ultracentrifugation) were separated on a Novex 4%-20% 
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Figure 2  Exosomes isolated from serum using the reagent are comparable to ultracentrifugation preparations. A, B: Analysis of the exosomes recovered from 
human serum using the Total exosome isolation reagent (from serum) and the ultracentrifugation protocol-by Nanosight® LM10 instrument. The profiles are essentially 
very-finely segmented histograms, indicating the number of particles per mL (in millions) for each size in bins of 1 nm increment from 0 to 1000 nm; C: Western blot 
analysis for the presence of exosomal marker protein CD63 in blood serum derived samples. Exosomes from three separate serum preparations (isolated with either 
the Total exosome isolation reagent (from serum) or ultracentrifugation) were separated on a Novex 4%-20% Tris-Glycine Gel under denaturing, non-reducing condi-
tions. Standard Western blot procedures with anti-CD63 antibodies were used to detect human blood serum derived exosomal protein markers; D: Analysis of the exo-
somal miRNA and mRNA levels in human blood serum by quantitative reverse transcription-polymerase chain reaction (qRT-PCR). RNA was isolated using the Total 
exosome RNA and Protein Isolation kit from exosomes extracted using the Total exosome isolation reagent (from serum) and the ultracentrifugation protocol. Levels 
of five microRNAs (let7e, miR26a, miR16, miR24 and miR451) and two mRNAs [glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and 18S] were quantified by 
qRT-PCR using TaqMan assays and reagents.

A B C

Figure 3  Electron microscopy analysis of exosomes isolated from HeLa cell culture media with the Total exosome isolation reagent. A: Representative 
image of the unlabeled exosome; B: Exosome immunolabeled with anti-CD63 followed by 10 nm protein A gold nanoparticles; C: Exosome immunolabeled with anti-
CD81 followed by 10 nm protein A gold nanoparticles. For immunolabelling, exosome samples were precipitated undiluted at room temperature for 15 min to grids. 
Next, blocking with 0.5% bovine serum albumin was performed for 10 min. Labeling with anti-CD63 and anti-CD81 antibodies was carried out for 30 min. Following 
washing steps, Prot A Au were added and incubated for 15 min. After subsequent phosphate-buffered saline and water wash steps, embedding in 0.3% Uranyl acetate 
in methyl cellulose was finally performed, followed by electron microscop analysis of exosomes.
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recovery of  RNA cargo and its analysis by qRT-PCR or 
sequencing. The procedure is completed in a fraction of  
the time, compared to the current standard protocols 
utilizing ultracentrifugation, and allows recovery of  fully 
intact exosomes in higher yields. This is the first step 
towards developing standardized techniques and pro-
tocols for fast, high throughput and robust isolation of  
exosomes from various sample types and downstream 
analysis of  their constituents. We believe these reagents 
and workflows will be highly useful to scientists work-
ing on the edge of  cellular and molecular biology and 
focusing on analysis of  extracellular (circulating) RNA 
residing within the exosomes, microvesicles and protein 
complexes.

COMMENTS
Background
Exosomes are small (30-150 nm) vesicles containing unique RNA and protein 
cargo, secreted by all cell types in culture. They are also found in abundance 
in body fluids including blood, saliva, urine. At the moment, the mechanism of 
exosome formation, the makeup of the cargo, biological pathways and result-
ing functions are incompletely understood. One of their most intriguing roles is 
intercellular communication-exosomes function as the messengers, delivering 
various effector or signaling macromolecules between specific cells. There is an 
exponentially growing need to dissect structure and the function of exosomes 
and utilize them for development of minimally invasive diagnostics and thera-
peutics.
Research frontiers
Several reports have been published to date, using quantitative reverse tran-
scription-polymerase chain reaction (qRT-PCR) and next gen sequencing for 
initial characterization of the RNA content of exosomes derived from severals 
cell lines, as well as serum, saliva, placenta and breast milk. All these stud-
ies utilize ultracentrifugation isolation protocols which allow to produce clean 
exosome preparations, however, suffer from numerous drawbacks. Critical to 
further our understanding of exosomes, is the development of reagents, tools 
and protocols for their simple and robust isolation, characterization and analysis 
of their RNA and protein contents.
Innovations and breakthroughs
The authors developed the workflow allowing fast and efficient extraction of 
exosomes, followed by isolation of RNA and its analysis by qRT-PCR. The pro-
cedure is completed in a fraction of the time, compared to the current standard 
protocols utilizing ultracentrifugation, and allows to recover fully intact exo-
somes in higher yields.

Applications
The workflow presented here allows fast isolation of exosomes and down-
stream analysis of their constituents, thus enabling basic exosome research as 
well as development of minimally invasive diagnostic alternative to biopsies. 
Peer review
In this study, the authors describe a novel approach for fast and efficient extrac-
tion of exosomes from cell culture media and body fluids, and compare the 
effectiveness of isolation methods with ultracentrifigation protocol. This manu-
script is well organized and the experiments are well conducted. 
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Abstract
AIM: To validate the protocol described here to be 
used in future clinical trials related to the effect of laser 
therapy on dental pulp. 

METHODS: Histologically treated samples from eight 
human healthy premolar teeth obtained from the mid-
dle root level were distributed in four groups: group 1 
(G1) absolute control; group 2 (G2) only laser irradia-
tion; group 3 (G3) exposed only to orthodontics; and 
group 4 (G4) treated with orthodontics and laser. Laser 
treatment was performed at 830 nm wavelength, 100 
mW (energy 80 J/cm2, 2.2 J), for 22 s in the vestibular 
surface and 22 s in the palatal surface, 1 mm away 
from the dental root mucosa. Three staining methods 
were performed: hematoxylin-eosin (HE), Masson’s Tri-
chrome method and Gomori’s method.

RESULTS: The pulp histology parameters were evalu-

ated and the results classified in to 3 parts: an inflam-
matory response, soft tissue response (dental pulp) and 
hard tissue response (dentin and predentin). There was 
no inflammation (chronic or acute) in any of the evalu-
ated groups. The zones of pulp necrosis were found in 
one premolar of G3 and in one of G4; in groups G2 and 
G4 there was higher angiogenesis than in the other two 
groups. G4 group presented the highest level of vascu-
larization. A reduced nerve density was observed in G3. 
A G2 specimen showed increased nerve density. A high-
er rate of calcification was observed in G1 compared 
to G2. Denticles, either real or false, were observed in 
G1, G2 and G3. Sclerosis of dentin and focal dentin loss 
was observed among all the groups. Secondary dentin 
was present in one sample in G1 and G2. A necrosis 
zone was found in one sample of G3 and G4. No dif-
ferences between groups were observed in the odon-
toblast irregularity layer but the layer was wider in the 
group treated with laser only. A notable difference was 
detected in reduction of the cell-free layer between the 
groups G1 and G4. The findings in pulp tissue favor its 
adaptative response against dental movement induced 
by orthodontics. No definitive conclusions may be de-
rived as this is a pilot study. 

CONCLUSION: The protocol described here was shown 
to be an effective method to evaluate changes in dental 
pulp submitted to low level laser in teeth under orth-
odontic movement.

© 2013 Baishideng. All rights reserved.
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INTRODUCTION
Low level laser therapy (LLLT) causes positive effects 
to physiological bone remodeling[1-6] and its effects are 
considered positive and not cytotoxic for cells participat-
ing in induced dental movement, such as fibroblasts[7-12] 
osteoblasts[13-18], osteoclasts and pre osteoclasts[19,20]. La-
ser application during orthodontic treatment accelerates 
orthodontic induced movement[21-25] and reduces pain 
symptoms during the different treatment stages[26-30].

The orthodontic dental movement has an inflamma-
tory-like effect on pulp tissue, initially causing changes in 
blood flow[31-33], increasing the level of  angiogenic growth 
factors[34], central and peripheral angiogenesis[35] and 
generating changes in the odontoblastic layer[36]. Early 
biochemical changes include a reduction in the activity of  
alkaline phosphatase[37] and increased activity of  aspartate 
aminotransferase[38].

At the neuronal level, the expression of  substance P 
(SP) in response to orthodontic movement in pulp has 
been described as well as its potent action in neurogenic 
inflammation which is directly related to the pain sensa-
tion during orthodontic treatment[39].

Some studies in orthodontically treated teeth showed 
injuries such as root canal calcification[40] and degenera-
tion of  the odontoblastic layer due to blood flow altera-
tion, accompanied by edema with pulp vessel congestion 
and fibrotic changes in pulp tissue, including necrosis[41-43].

In vitro and animal model studies suggest that laser 
application during orthodontic movement may be able 
to accelerate pulp damage repair. Miyata et al[44] analyzed 
the effect of  low level laser on pulp tissue from an ex-
tracted third molar, finding that this irradiation activated 
the phosphorylation of  mitogen activated protein kinase 
(MAPK) and increased extracellular signals regulated by 
protein kinase (ERK). This MAPK/ERK activation is in-
dicative of  cell proliferation, differentiation and survival.

Abi-Ramia et al[45] published a study on the effect of  
LLLT on Wistar rats. They applied a 0.4 N force and la-
ser (Ga-Al-As of  830 nm, 100 mW, 18 J) on the control 
group. In this group, the authors found increased pulp 
vascularization and concluded that laser application dur-
ing orthodontic movement may help to repair pulp tissue.

The effect of  low level laser therapy used to acceler-
ate dental movement and reduce pain during orthodontic 
treatments on human dental pulp is not clear. The pur-
pose of  this pilot study is to first validate the modified 
protocol described here to be used in future clinical trials. 
Secondly, to describe the histological changes in human 
pulp tissue related to the effect of  low level laser therapy 
as used during the alignment and leveling stage of  orth-
odontic treatment. 

MATERIALS AND METHODS
Ethical issues
This study protocol number 124-010 was approved by 
the Ethics Committee of  the Universidad del Valle (Cali, 

Colombia), conforms to the principles of  the declaration 
of  Helsinki and all the patients signed informed consent 
before any intervention. 

According to the Colombian Ministry of  Health Res-
olution 8430 from 1993, this research study is classified 
in the category of  minimum risk for the patients.

Two patients treated at the orthodontics department 
of  dentistry of  the Universidad del Valle (23 and 25 years 
old) provided the sample of  eight first premolar teeth 
programmed to be extracted as part of  the orthodontic 
treatment. Histological sections taken from the middle 
root zone were obtained from the freshly extracted pre-
molar teeth.

The selected teeth should be completely healthy, 
without previous endodontic, orthodontic, whitening or 
restorative treatment, periodontally healthy and free of  
any trauma or fracture.

The premolar teeth were randomly assigned to four 
groups, as follows: (1) Control group (G1): Two healthy 
premolar teeth, without laser therapy and orthodontic 
treatment; (2) Laser treated group (G2): Two healthy pre-
molar teeth treated with laser without orthodontic treat-
ment; (3) Orthodontic group (G3): Two healthy premolar 
teeth submitted to orthodontic alignment with standard 
brackets but not laser treated. The extractions were carried 
out one month after initiating orthodontic treatment; and 
(4) Orthodontic and laser group (G4): Two healthy pre-
molar teeth were submitted to the same orthodontic treat-
ment as in G3. The laser treatment was performed after 
bracket bonding, following the protocol for therapeutic la-
ser use. The extractions were carried out one month later 
and a second laser dose was applied before the procedure.

Orthodontic initial stage
The patients were treated using a straight-wire technique 
with Synthesis® brackets (Ormco, S.A. de C.V. Mexico). 
All the brackets were bonded with Transbond XT® resin 
(Unitek, Monrovia, CA). The initial arch wire was Cu-
NiTi 0.014 inch.

Irradiation protocol
The healthy premolars in the corresponding groups to be 
laser treated were irradiated using a Photon Ⅱ Laser (Eq-
uipamentos DMC, Sao Carlos, Brazil) at a wavelength of  
830 nm, 100 mW (energy: 80 J/cm2, 2.2 J) at a distance 
of  1mm away from the mucosa in the vestibular and 
palatal surface each one for 22 s. This protocol has been 
shown to be effective for therapeutic purposes in previ-
ous studies[24,30]. 

Histological protocol
All the extracted teeth were treated following the same 
histological protocol by the same operator and read by a 
previously standardized pathologist. 

The histological protocol includes: (1) Immediately 
after extraction, the premolar is cross-sectioned in the 
middle part using a high speed hand piece and diamond 
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tronco-cone bur; (2) The two fragments obtained are 
immediately submerged in a recipient with a mixture of  
glutaraldehyde 2.5% and paraformaldehyde 3% in PBS 
(phosphate buffer saline) at 4 ℃. Each sample was fixed 
in a recipient with a key indicating the group number, 
specimen number, tooth number according to the inter-
national dental nomenclature and the histological treat-
ment date; (3) After the first week of  fixation, the speci-
mens are decalcified with a mixture of  citrate, EDTA and 
formate following a technique developed by Dr. Oscar 
Tamayo from the histology laboratory of  the Universidad 
del Valle (patent under process); (4) The specimens are 
washed in PBS 0.01 M during two days (4 wash outs per 
day); (5) The specimens are dehydrated in ethanol (70%, 
95%, 100%, plus Xylol) and then included in paraffin 
molds to be sectioned with microtome at the level of  
the cement-enamel junction in 5 micrometer slices; (6) 
The slices are extended in a water bath at 40 ℃ and dried 
out in a furnace for one hour at 56 ℃. The slide sheet 
are immersed in xylol and absolute ethanol (100%, 95%, 
70% and water); (7) Staining for general cell contents and 
angiogenesis evaluation is performed using hematoxylin-
eosin (HE); (8) The Masson’s Trichrome method staining 
is used to observe type Ⅰ collagen fibers; and (9) The 
Gomori’s method for reticulum staining is used to visual-
ize the reticulum fibers (Type Ⅲ collagen fibers).

RESULTS
Each descriptive parameter was classified in an ordinal 

scale as 0: absent, 1: low, 2: moderate, 3: severe, NC: not 
changed. 

Pulp histological findings
The pulp histology parameters were evaluated and the 
results are summarized in Table 1, classified in to 3 parts: 
an inflammatory response, soft tissue response (dental 
pulp) and hard tissue response (dentin and predentin), as 
recommended by Sübay et al[46]. 

Inflammatory response: There was no inflammation 
(chronic or acute) in any of  the evaluated groups, G1, 
G2, G3 and G4.

Soft tissue response: Connective tissue histological 
findings: The observations made under this three stain 
techniques applied to evaluate connective tissue fibrosis 
are summarized in Table 2. Figure 1A clearly shows pulp 
fibrosis. Zones of  pulp necrosis: Zones of  pulp necrosis 
were found in one premolar of  G3 and G4 (Figure 1B). 
Vascularization: There was more angiogenesis in the G2 
and G4 groups than in the other two groups. The group 
receiving orthodontic treatment plus laser presented 
with the highest level of  vascularization. Angiogenesis 
is observed under HE staining where the vascular endo-
thelium shows no muscular layer, a clear indication that it 
is only developing. Nerves: A reduced nerve density was 
observed in the orthodontic positive group (laser nega-
tive). A G2 specimen (laser treated) showed increased 
nerve density (Figure 1C). Presence of  calcification and 
denticles: A higher calcification was observed in G1 than 
in G2. No difference was detected in the orthodontic 
positive groups. Denticles, either real or false, were ob-
served in G1, G2 and G3 (Figure 1D, E). Fibroblast 
morphology: No descriptive alterations in histological 
findings were observed between groups in the morphol-
ogy of  fibroblasts.  

Hard tissue response (dentin and predentin): Histo-
logical findings in hard tissues are summarized in Table 3. 
Sclerosis of  dentin and focal dentin lost was observed in 
all the groups (Figure 1F, G). Secondary dentin was pres-
ent in one sample of  G1 and G2. A necrosis zone was 
found in one sample of  G3 and G4. Odontoblast layer: 
No relevant differences between groups were observed 
in odontoblast irregularities but the layer was wider in 
the group treated with laser only. No differences were 
detected regarding odontoblast vacuolization (Figure 1H, 
I). Acellular zone (Weil zone): A notable difference was 
detected in a reduction of  the cell-free layer between the 
groups G1 and G4. Cell-rich zone: Fibroblast prolifera-
tion was minimal in G1 group.

DISCUSSION
The present study performed in human premolar healthy 
teeth explored possible histological changes in the pulp, 
related to orthodontics and/or LLLT during the initial 

Domínguez A et al. Laser and dental pulp in orthodontic movement

Table 1  Soft tissue response

Histological findings G1 G2 G3 G4

Necrosis 0 0 1 1
0 0 0 0

Central angiogenesis 1 _ 1 _
Peripheral angiogenesis 1 1 _ 1
Central and peripheral _ 3 1 2
Vascular density 1 1 1 2

1 1 2 2
Nerve density 1 1 NC 1

1 2 NC NC
Calcifications 2 0 1 1

2 1 3 3
False denticles 1 1 0 0
Real denticles 1 1 1 0

 0: Absent; 1: Low; 2: Moderate; 3: Severe; NC: Not changed.

Table 2  Connective tissue histological findings

Staining G1 G2 G3 G4

Hematoxylin-eosin 1 1 1 2
1 2 3 2

Masson’s Trichrome method 2 1 1 2
2 1 2 2

Gomori’s method for reticulum 2 1 1 2
2 2 2 2

0: Absent; 1: Low; 2: Moderate; 3: Severe.



Figure 1  Photography. A: Showing necrotic areas in a slice of the group treated with orthodontics without laser (magnification × 10); B: Showing increased nerve 
density in the pulp of a laser irradiated specimen (magnification × 40); C: A control group premolar that shows a false denticle - denticle without epithelium (magnification 
× 10); D: A premolar from G3 group presenting a real denticle - with epithelium (magnification × 10); E: The arrows signal dentin and predentin sclerosis in a G2 speci-
men (magnification × 20); F: The arrows indicate focal predentin lost in a G1 premolar (magnification × 20); G: Irregularities in odontoblast layer.  The thickness of 
odontoblast layer is indicated with the arrow in this G2 premolar slice (magnification × 20); H: The arrows indicate the presence of odontoblast vacuolization in a speci-
men treated both with orthodontics and laser (magnification × 20); I: The red circle shows a normal Weil cell-free zone and the yellow circle marks a zone invaded by 
cells and blood vessels in a G4 premolar (magnification × 20). D: Dentine; P: Pulp; N: Necrosis; FD: False denticle; RD: Real denticle; PD: Predentin; OL: Odontoblast 
layer.
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phases or orthodontic treatment.
In their study, Villa et al[34] evaluated pulp-dentinal 

reactions after the application of  a 4 ounce intrusive 
orthodontic force to human maxillary first premolars in 
patients given the NSAID nabumetone. The root surface 
histological slides were stained with hematoxylin-eosin, 
Masson’s Trichrome method and Gomori’s method for 
reticulum. Masson’s Trichrome method was used to visu-
alize fibrin, fibrosis and type Ⅰ collagen fibers. Gomori’
s method for reticulum was used to visualize reticulum 
fibers (Type Ⅲ collagen fibers). Even although there was 
this difference, similar findings are described for the pulp 
tissue.

The most relevant results are those related to pulp 
vascularization; the scientific literature indicates that orth-
odontic dental movement affects pulp vascularization. 
Taking into account that the pulp is surrounded by rigid 

structures and the blood supply comes from the apical 
foramen, any change in blood flow or tissue pressure may 
affect the pulp integrity[39,47,48].

Vascular alterations have a direct impact upon pulp 
metabolism, especially changes in blood supply and angio-
genesis, as the research line of  Derringer has proved[49-51]. 

Angiogenesis is the formation of  new capillary struc-
tures through neovascularization. Angiogenesis stages 
include a breakdown of  vascular membrane, endothelial 
cell mitosis and migration to form new capillaries, as well 
as cell folding to preserve the vessel lumen[35].

The importance of  the increased vascularization 
found in the present study is that it accelerates the pulp 
repair, as described by Abi-Ramia et al[45] in 2010 in a re-
port about the effect of  LLLT in an animal model. The 
study was performed in 45 Wistar rats. The control group 
(n = 20 rats) received a 0.4 N stress for mesial movement 
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and laser irradiation from Ga-Al-As laser at 830 nm, 100 
mW, 18 J/cm2 4 s per point in the vestibular, mesial and 
palatal surfaces, perpendicular to the molar axis. The 
authors found transitory hyperemia in the pulp in this 
group and suggested that the application of  laser during 
orthodontic movement may accelerate pulp injury repair.

The same hypothesis is supported by the study of  
McDonald and Pitt Ford[52] made in maxillary permanent 
canine teeth; it suggests that the increment of  pulp blood  
flow is a consequence of  the inflammatory process trig-
gered by the force applied for dental movement. During 
this process, the increased blood supply and the presence 
of  inflammatory cells in the zone aim to repair the tissue. 

The results of  the present study show necrosis zones 
in G3 and G4. These zones can be the result of  the orth-
odontic induced movement, as suggested by Woloshyn et 
al[42], Perinetti et al[37] and Bauss et al[53]. It should also be 
considered that the result is a consequence of  the use of  
a high speed cutting bur when the teeth were cut into 2 
fragments. The possibilities of  a previous pulp necrosis 
related to dental trauma or leveling an alignment are ruled 
out due to a close verification process during experimen-
tation time. The alterations observed in the odontoblastic 
layer are consistent with those described in previous stud-
ies. Santamaria et al[54], after applying 0.4 N to produce 
mesial tipping in maxillary molar teeth of  rats, found 
hypertrophy of  odontoblasts, especially at the mesial area 
of  the coronal pulp. 

There are also previous reports about the proliferative 
effect of  LLLT on different cell lines, including odon-
toblasts[55-57]. In the present study, an irregular distribu-
tion of  the odontoblast layer in all groups was observed, 
compared to the absolute control group. The widening 
of  the odontoblast layer appears under LLLT stimulation 

compared to the control group. 
Reports presented by Stenvik et al[58] in teeth with a 

closed apex submitted to dental movement indicate few 
or no vacuolization of  the odontoblastic layer, indicat-
ing that the inflammatory changes generated by the 
orthodontic force are made without causing important 
degenerative breakdown in the odontoblasts. However, 
in the present study, vacuolization of  odontoblasts in all 
the groups studied was observed, including the control 
group. 

The reduction of  the cell-free zone (Weil) was notori-
ous when the control group G1 was compared to G4, 
especially in areas where more alterations were found in 
the odontoblast layer, agreeing with findings in previous 
reports[46,55,58].

In teeth under orthodontic movement with or with-
out LLLT, it is usual to observe a cell-rich zone inside the 
cell-free layer that is differentiated from the central pulp 
portion by the high number of  cells per area unit, mainly 
fibroblasts and undifferentiated mesenchymal cells, due to 
its proliferative effects on fibroblasts and collagen fibers. 
It is also known that this cell-rich zone is more abundant 
on irradiated teeth than in the control group[45]. In the 
present study, the difference was not relevant when the 
control group was compared to the experimental groups 
or among the experimental groups, probably due to the 
sample size. 

It is not possible to compare the present study re-
sults with other human studies as there are only reports 
from animal models[45] that show some evidence that 
orthodontic movement associated with LLLT enhances 
vascularization and therefore could accelerate pulp tissue 
repair. On the other hand, there are reports in human 
subjects indicating that LLLT has deleterious effects 
when the energy released is high enough to increase the 
temperature in the pulp camera above the threshold of  
5.5 ℃[59]. The present investigation suggests that the pulp 
tissue reacts in a way that tends to favor repair from the 
initial injury produced by the orthodontic force.

The most relevant contribution of  the present study 
is the number of  histological findings not previously 
shown in high quality slices in human pulp after applica-
tion of  LLLT in teeth under orthodontic movement. It 
is also relevant that this design and protocol might be 
applied to further studies using a sample of  at least 12 
dental specimens per group.

In conclusion, the protocol described here was 
shown to be an effective method to evaluate changes in 
human dental pulp tissue submitted to low level laser 
therapy on teeth under orthodontic movement. The 
findings made in pulp tissue favor its adaptative response 
against dental movement injury induced by orthodontics 
and this data should be validated in future randomized 
clinical trials.
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Abstract
AIM: To develop a method for studying myocardial 
area at risk (AAR) in ischemic heart disease in correla-
tion with cardiac magnetic resonance imaging (cMRI). 

METHODS: Nine rabbits were anesthetized, intubated 
and subjected to occlusion and reperfusion of the left 
circumflex coronary artery (LCx) to induce myocardial 
infarction (MI). ECG-triggered cMRI with delayed en-

hancement was performed at 3.0 T. After euthanasia, 
the heart was excised with the LCx re-ligated. Bifunc-
tional staining was performed by perfusing the aorta 
with a homemade red-iodized-oil (RIO) dye. The heart 
was then agar-embedded for ex vivo  magnetic reso-
nance imaging and sliced into 3 mm-sections. The AAR 
was defined by RIO-staining and digital radiography 
(DR). The perfusion density rate (PDR) was derived 
from DR for the AAR and normal myocardium. The MI 
was measured by in vivo  delayed enhancement (iDE) 
and ex vivo  delayed enhancement (eDE) cMRI. The 
AAR and MI were compared to validate the bifunctional 
straining for cardiac imaging research. Linear regres-
sion with Bland-Altman agreement, one way-ANOVA 
with Bonferroni’s multiple comparison, and paired t 
tests were applied for statistics.

RESULTS: All rabbits tolerated well the surgical pro-
cedure and subsequent cMRI sessions. The open-
chest occlusion and close-chest reperfusion of the LCx, 
double suture method and bifunctional staining were 
successfully applied in all animals. The percentage MI 
volumes globally (n  = 6) and by slice (n  = 25) were 
36.59% ± 13.68% and 32.88% ± 12.38% on iDE, and 
35.41% ± 12.25% and 32.40% ± 12.34% on eDE. 
There were no significant differences for MI determina-
tion with excellent linear regression correspondence 
(r global = 0.89; r slice = 0.9) between iDE and eDE. The 
percentage AAR volumes globally (n  = 6) and by slice (n  
= 25) were 44.82% ± 15.18% and 40.04% ± 13.64% 
with RIO-staining, and 44.74% ± 15.98% and 40.48% 
± 13.26% by DR showing high correlation in linear re-
gression analysis (r global = 0.99; r slice = 1.0). The mean 
differences of the two AAR measurements on Bland-
Altman were almost zero, indicating RIO-staining and 
DR were essentially equivalent or inter-replaceable. The 
AAR was significantly larger than MI both globally and 
slice-by-slice (P  < 0.01). After correction with the back-
ground and the blank heart without bifunctional stain-
ing (n  = 3), the PDR for the AAR and normal myocar-
dium was 32% ± 15% and 35.5% ± 35%, respectively, 
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which is significantly different (P < 0.001), suggesting 
that blood perfusion to the AAR probably by collateral 
circulation was only less than 10% of that in the nor-
mal myocardium.

CONCLUSION: The myocardial area at risk in ischemic 
heart disease could be accurately determined post-
mortem by this novel bifunctional staining, which may 
substantially contribute to translational cardiac imaging 
research.

© 2013 Baishideng. All rights reserved.
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Core tip: For developing therapeutic procedures/drugs 
aimed at modulating infarct size after coronary artery 
disease, it is important not only to measure myocardial 
infarction but also to know the extent of area at risk 
(AAR).  However, determination of the AAR both in vivo 
and ex vivo  can be challenging, and controversial. In 
this experiment we sought to develop a reliable method 
to accurately localize the culprit coronary occlusion for 
postmortem verification after in vivo  cardiac magnetic 
resonance imaging and to establish a new bifunctional 
staining as a standard reference for ex vivo  area at risk 
identification, which may substantially contribute to 
translational cardiac imaging research. 
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INTRODUCTION
Acute occlusion of  a coronary artery initiates an expand-
ing process of  myocardial infarction (MI) and this pro-
cess ends in complete necrosis of  the myocardial tissue 
within the perfusion bed if  without a prompt therapeutic 
intervention. To develop therapeutic procedures and/or 
drugs aimed at modulating infarct size, it is very impor-
tant not only to measure the MI size but also to know the 
extent of  perfusion defect zone after coronary occlusion, 
which is also known as the area at risk (AAR) of  myocar-
dium[1]. Since the AAR includes both infracted/nonviable 
and viable/salvageable myocardium, detection of  the 
AAR may provide an accurate index in clinical practice 
and preclinical research for diagnostic, therapeutic and 
prognostic assessment of  ischemic heart disease[2,3]. To 
define the AAR by both in vivo and ex vivo imaging can 
be challenging. Currently, the most widely used meth-
ods for in vivo AAR identification are contrast enhanced 

computed tomography[4] or cardiac magnetic resonance 
imaging (cMRI)[5], radionuclide perfusion imaging[6], and 
contrasted echocardiography[7]. However, determination 
of  the AAR proves difficult and controversial in clinical 
cardiology[8]. The T2-weighted cMRI may highlight myo-
cardial edema and therefore often overestimate infarct 
size, and sestamibi single photon emission computed 
tomography is limited by its low spatial resolution and 
radioactive nature. Compared to the AAR, MI can be 
evaluated in vivo by delayed enhancement (DE) cMRI, an 
established technique that is widely accepted in clinic to 
reveal acute and chronic MI in patients[9]. This technique 
has been validated in animal models with reperfused MI 
using extracellular contrast agents[10,11].

Experimentally, to validate in vivo imaging observa-
tions, a variety of  ex vivo methods have been developed 
and attempted to directly visualize and quantify the AAR 
and MI in animal experiments, because exact postmortem 
detection of  myocardial AAR and MI is deemed neces-
sary as the gold reference. A few decades ago, some in-
vestigators tried to assess the AAR through postmortem 
intracoronary injections of  colored industrial dyes[12] or 
barium gels[13], which stained the normal myocardium but 
left the AAR unstained. However, highly viscous injec-
tants and undetermined pressure could lead to inaccurate 
AAR delineation. Nowadays, widespread techniques used 
for determination of  coronary perfusion or AAR are blue 
dyes (typically Evans blue) and radiolabeled or colored 
microspheres, with which the heart is perfused at the 
end of  experiments after re-occlusion of  the coronary 
artery[1,14,15]. Triphenyltetrazolium chloride (TTC) histo-
chemical staining is usually combined with a blue dye for 
simultaneous visualization of  normal myocardium, AAR 
and MI[16]. These methods have their limitations. For in-
stance, the most commonly used water-soluble blue dye 
Evans-blue may precipitate out of  solution and affect the 
subsequent TTC staining[17] . These dyes are also prone to 
smearing during slicing, resulting in an ambiguous border 
definition[17]. The radiolabeled microspheres need the 
complex procedures and operators have to be exposed 
to radiation, in addition to the difficulty in some institu-
tions due to unavailable nuclear facilities. The colored 
microspheres require tissue lyses for counting without 
morphometry. Therefore, such analyses still remain tech-
nically challenging. 

To precisely recognize the location of  previously oc-
cluded coronary branch is crucial for subsequent ex vivo 
calculation of  AAR size. Few study detailed the technical 
information for accurate coronary re-ligation[18].   

Given the suboptimal features of  above-mentioned 
dyes and microspheres for visualizing the AAR in pre-
clinical study, we sought to: (1) develop a reliable method 
to accurately localize the previous coronary occlusion 
site for postmortem re-ligation; (2) establish a new bi-
functional staining as standard reference for ex vivo AAR 
evaluation; (3) validate the method by quantitative mea-
surement and morphometry; and (4) compare the AAR 
defined by the new staining to the cMRI findings at a 3.0 
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T clinic magnet with histological verifications. 
The above goals could have been realized only when 

has a prior-established methodology, i.e., an occlu-
sion/reperfusion based rabbit model of  acute MI and a 
technical platform for pre- and postmortem imaging co-
localization now become available[19,20]. The rabbit as a 
mediate size experimental animal can be easily handled, 
with favorable cost-effectiveness and compatibility to 
clinically available MRI facilities with the entire heart sec-
tion includable in a standard histological glass slide. The 
resulted outcomes are deemed pertinent to human pa-
tients[19,21]. 

MATERIALS AND METHODS
This experimental study was carried out according to 
a protocol (Figure 1) that was approved by the Animal 
Care and Use Committee of  KU Leuven, Belgium.

Preparation of red iodized oil dye
The custom-made bifunctional dye of  red iodized oil 
(RIO) was formulated by diluting 20 mg oil-red-O dye 
(Sigma-Aldrich) in 100 mL of  any brand of  commer-
cially available iodized oil such as Lipiodol ultra fluid 
(Guerbet, France), which is also known as ethiodized oil 
consisting of  about 30%-40% iodine and poppyseed oil 
originally used as a radio-opaque contrast agent to outline 
structures in radiological investigations or in combina-
tion for transarterial chemoembolization of  malignant 
tumors[22,23].

Animal model of acute reperfused myocardial infarction 
A total of  9 male New Zealand white rabbits (Animal 
House, KU Leuven, Belgium), weighing 3.2-4.0 kg, were 
included in this study. Animals were housed under stan-
dard laboratory conditions. 

The model of  acute reperfused MI was prepared by 
slight modification on a previously introduced method[19]. 
After sedation, endotracheal intubation and mechanical 
ventilation, the rabbit received intravenous (IV) injec-
tion of  pentobarbital (Nembutal, Sanofi Sante Animale, 
Brussels, Belgium) at 40 mg/kg per hour to maintain 
anesthesia during the open-chest operation to dissect 
the paricardium and expose the left circumflex coronary 
branch (LCx). For making a removable coronary ligation 
in vivo and precise re-ligation ex vivo, we used a 1/2 circle 
shape triangular needle (Sutura, Inc. Fountain Valley, CA, 
United states) with spring eyes at the end (Figure 2A). 

Two silk sutures could be easily placed through the sepa-
rate eyes (Figure 2B): the thicker one (2-0) was used for 
the LCx ligation that could be removed for reperfusion 
and the thinner one (5-0) was spared for later ex vivo LCx 
re-occlusion in order to perform postmortem bifunctional 
staining (Figure 2C). The acute reperfused MI was induced 
by tying the thicker suture with a detachable single knot for 
90 min, and LCx reperfusion was achieved by pulling the 
exteriorized end of  suture in the closed-chest condition as 
detailed previously[19]. The ECG (Accusync® 71, Milford, 
Connecticut, Unites states) was monitored to confirm 
the formation of  MI and to detect the occurrence of  
arrhythmia, which was treated by IV dose of  Xylocaine 
(AstraZeneca SA, Brussels, Belgium) at 2-4 mg/kg if  
needed. Buprenorfine hydrochloride (Temgesic; Schering-
Plough, Brussels, Belgium) of  0.216 mg was intramus-
cularly injected to relieve pain. All rabbits were allowed 
to recover and kept alive until cMRI scanning 24 h after 
LCx reperfusion.

cardiac magnetic resonance imaging 
The rabbit was gas-anesthetized through a mask with 2% 
isoflurane in the mixture of  20% oxygen and 80% room 
air and placed supinely in a plastic holder. Using a com-
mercial 8-channel phased array knee coil, the rabbit was 
subjected to cMRI at a 3.0 T clinical MRI scanner (Trio, 
Siemens, Erlangen, Germany) with a maximum gradient 
capability of  45 mT/m. The ECG and respiration were 
triggered and gated by a Small Animal Monitoring System 
(SA Instruments, Inc. Stony Brook, New York, United 
States). Two ECG surface electrodes were attached to the 
shaved thorax skin with apparently apical pulse and the 
left leg. The respiration control sensor was attached on 
the middle of  the rabbit abdomen. All data were acquired 
during free breathing of  the animal. After determining 
the cardiac axes with localizers, the DE cMRI using T1-
weighted 3-dimensional segmented k-space inversion re-
covery turbo fast low angle shot sequence was performed 
20 min after intravenous administration of  0.2 mmol/kg 
Gd-DOTA (Dotarem, Guerbet, France). Short-axis DE 
cMRI was acquired to depict the presence, location, and 
extent of  the MI. The imaging parameters were: TR: 396 
ms; TE: 1.54 ms; TI: 360 ms; FOV: 240 × 180 mm²; FA: 
15°; and in-plane resolution: 1.1 × 0.8 mm². The ex vivo 
higher resolution DE-cMRI was also obtained immedi-
ately after animal sacrifice using the same MRI unit with a 
wrist coil as previously described[19]. The DE cMRI using 
an extracellular nonspecific contrast agent has been ap-
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Figure 1  Flow chart of experimental protocol. cMRI: Cardiac magnetic resonance imaging; DE: Delayed enhancement; RIO: Red-iodized-oil; DR: Digital radiogra-
phy; HE: Hematoxylin-eosin.
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plied in both animal MI models and clinical patients as a 
gold standard technique for identification and quantifica-
tion of  the MI[10,11]. Therefore, the final MI size was also 
defined by in vivo and ex vivo DE-cMRI in this study.  

Postmortem bifunctional staining
Bifunctional staining of  the RIO dye refers to: (1) vi-
sualization, location and delineation of  the AAR by us-
ing its red staining function for further morphometric 
quantification; and (2) microangiographic examination of  
the AAR by using the digital radiography (DR) function 
to compare the perfusion density rate (PDR) between 
the AAR and normal myocardium. This staining served 
as a postmortem index for regional myocardial blood 
flow. Briefly, after the last in vivo cMRI, the rabbit was IV 
injected with Heparin at 300 IU/kg to prevent coagula-
tion. Under deep anesthesia and thoracotomy, the heart 
was excised with a section of  the aortic arch isolated and 
pericardial tissue trimmed. As shown in Figure 3A, a 
plastic catheter filled with 0.9% saline was inserted into 
the aorta and anchored with its tip 1 cm above the aortic 
valves. Care was taken to avoid air bubbles entering the 
catheter that was connected to a 10 mL syringe fixed on 
the injection bump (BD PILOT, Becton Dickinson Infu-
sion System, France). Under a perfusion pressure of  100 
mmHg, 10 mL saline was infused until the eluate from 
the coronary sinus became clear. The heart was rinsed to 
wash out remaining blood. Then, the 5-0 suture spared at 
the coronary occlusion site during open-chest operation 
was tightened for causing re-occlusion, and 4 mL of  RIO 
dye (Figure 3B) was infused through the aortic catheter 

for 15 min under the same pressure by using the same 
pump as mentioned above. The infusion was stopped 
when the normal myocardium was completely stained red 
by the RIO dye (Figure 3C). Upon this perfusion staining 
technique with the LCx re-ligated, the normal myocar-
dium stained brick red and the AAR remained uncolored. 
Afterwards, the heart was imbedded in agar solution for 
ex vivo cMRI, followed by serial sectioning into 6-8 slices 
of  3.0 mm thickness to match with the corresponding 
short axis cMRI images. Such stained heart sections were 
exposed by DR with a mammographic unit (Embrace; 
Agfa-Ge-vaert, Mortsel, Belgium) at 25 KV and 18 mA, 
and photographed by a digital camera before and after 24 
h of  fixation with 10% formalin. The fixed heart sections 
were imbedded into paraffin and processed for histol-
ogy with 5 micron thick hematoxylin-eosin (HE) stained 
slices for microscopic inspection.  

Imaging analysis 
The MI size on cMRI was determined in consensus 
by three authors with the built-in software of  Siemens 
workstation (SyngoMR A30). To facilitate cardiac mor-
phometric comparisons with different imaging methods, 
the dimension was calculated as a value relative to the 
entire left ventricular myocardium. The MI size (%) on 
DE cMRI was derived semi-automatically by computer to 
count all enhanced pixels with the signal intensity higher 
than two standard deviations above the mean of  image 
intensities in the remote NM, which were divided by all 
ventricular pixels on the same short-axis image. Digital 
photographs of  RIO-staining sections and DR images 
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B

C

Figure 2  Double suture method in rabbit model of reperfused myocardial infarction. A: A 1/2 circle shape triangular needle has spring eyes at the end; B: Two 
silk sutures were placed through separate eyes; C: The thicker suture (2-0) was used for the left circumflex coronary artery (LCx) ligation, which would be removed for 
reperfusion, and the thinner one (5-0) was spared for later ex vivo LCx re-occlusion in order to perform postmortem bifunctional staining.
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were transferred to a personal computer for planimetric 
analysis by using Image J 1.38x software (Research Ser-
vices Branch, NIH, Bethesda, MD, United States). The 
AAR defined as non-stained area by RIO-dye and non-
opaque area by DR was contoured with consensus on the 
computer screen. Due to partial volume effect and fatty 
tissue interference on DE cMRI, the apical and basal 
slices were excluded and the remaining slices (n = 25) ob-
tained from 6 rabbits were used for the comparisons of  
the corresponding bifunctional staining sections.

Perfusion density rate measurement
The measurement of  perfusion density rate (PDR%) 
measurement was performed on DR images of  the heart 
sections using the same Image J 1.38x software. The 
blank myocardial density refers to the DR density of  the 
heart tissues from control group (n = 3) without RIO dye 
staining. The AAR of  low density and the normal myo-
cardium of  high density were delineated in all sections (n 
= 25) with an operator-defined region of  interest. The 
mean gray value (GV) of  all sections were automatically 
generated and normalized by the background GV. PDR% 
refers to the increased perfusion density relative to back-
ground, which was calculated by the following formula: 
PDR% = (GVregion of  interest-GVblank myocardial density)/GVbackground 

× 100.

Statistical analysis
Numerical data were expressed as mean ± SD. Com-
parisons among multiple factors were performed using 

one way ANOVA, followed by the Bonferroni’s test to 
identify any differences between each two techniques. 
All tests were two tailed. The correlations were tested by 
Spearman’s method. The linear regression and the means 
of  Bland-Altman analysis were used for correlation and 
agreement, respectively. Correlations were described by 
the correlation coefficient with 95%CIs. A difference was 
considered statistically significant if  the P value was less 
than 0.05. The paired student t test was used for compari-
son of  the PDR between the AAR and MI. The statistical 
analyses were performed with Analyse-it® 2.14 for Excel 
and GraphPad Prisma® 5.0.

RESULTS
General outcomes
All animals survived the anesthesia, surgical procedures 
for inducing acute reperfused MI and subsequent cMRI. 
As one of  the critical steps, the double suture method 
was successfully applied in all animals, which ensured lat-
er bifunctional staining. The normal myocardium from all 
rabbits was well perfused by the RIO dye. Figure 4 dem-
onstrated a case with a large reperfused MI by different 
techniques. The hyperenhanced transmural MI appeared 
similarly on both iDE and eDE (Figure 4A, B), which 
was somewhat smaller than the AAR as an unstained 
region by RIO (Figure 4C) and non-opacified region on 
DR (Figure 4D). With this bifunctional staining, the large 
haemorrhagic MI appeared brown greyish (Figure 4C) af-
ter overnight Formalin fixation. The myocardial necrosis 
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Figure 3  Bifunctional staining methods. A: A plastic catheter filled with saline was inserted into the aorta and anchored with its tip 1 cm above the aortic valves, 
which was connected to a 10 mL syringe fixed in the injection bump. The heart was gently rinsed to wash out remaining blood, then the left circumflex coronary artery 
was re-ligated, and 2-4 mL of red iodized oil (RIO) dye was infused; B: Homemade RIO dye; C: Lateral view of the RIO perfused heart. The perfusion of RIO dye was 
stopped when the normal myocardium was stained completely scarlet red, while the area at risk remained unstained.
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Figure 4  An example of a reperfused hemorrhagic myocardial infarction (arrow) shown by cardiac magnetic resonance imaging and the area at risk dem-
onstrated with bifunctional staining method. A: The hyperenhanced transmural myocardial infarction (MI) was seen at the lateral wall on in vivo delay enhance-
ment (DE) cardiac magnetic resonance imaging (cMRI); B: The ex vivo DE cMRI was highly correspondent with A; C: In contrast to the normal myocardium with red 
staining, the area at risk (AAR) was shown as an unstained region, on which the brown grayish area indicates a large intramural hemorrhagic infarction after the 
fixation by Formalin; D: On digital radiography (DR), the AAR was shown as non-opacified region in contrast to the opacified normal myocardium. Notice that the AAR 
defined by red iodized oil-staining (RIO-staining) in C and DR in D was somewhat larger than the MI defined by in vivo DE cMRI in A and ex vivo DE cMRI in B; E: The 
hematoxylin-eosin (HE) stained macroscopic view was obtained from the corresponding histological section of A, B, C, and D; F: Photomicroscopic view of the HE 
stained slice (magnification, × 100) confirmed the presence of myocardial necrosis with hemorrhage and tissue reaction. h: Hemorrhagic infarction; n: Adjacent normal 
myocardium with inflammatory infiltration.
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with haemorrhage was finally confirmed by macro- and 
microscopic views of  HE stained slice (Figure 4E, F).  

magnetic resonance imaging findings
The location and extent of  the MI were clearly shown 
as the hyperenhanced region on DE cMRI in all cases. 
The percentage MI sizes globally (n = 6) and slice-by-
slice (n = 25) were 36.59% and 35.41% on in vivo DEc-
MRI (iDE), and 32.88% and 32.40% on ex vivo DEcMRI 
(eDE). There was no significant difference between iDE 
and eDE. Linear regression analyses showed an excellent 
correlation both globally and slice-by-slice between MI 
volumes on iDE and eDE (r = 0.89, 0.98) (Figure 5A, 
b). By Bland-Altman analysis, there was a 1.2% bias with 
95%CIs of  2.4% to 4.7% in global heart (Figure 5c) and 
0.5% bias with 95%CIs of  2.6% to 3.6% by slice (Figure 
5d), indicating high agreement of  the two measurement 
methods. 

Bifunctional staining findings with red-iodized-oil dye
The RIO dye was successfully formulated (Figure 3B). 
It showed homogenous distribution into the accessible 
cardiac tissues. After staining, the normal myocardium 
appeared scarlet red (Figure 3C) and rose red (Figure 4C) 

before and after formalin fixation and as more opacified 
region on DR images (Figure 4D), whereas the AAR 
showed as non-RIO-stained region on heart slices (Figure 
4C) and the less opacified region on DR image (Figure 
4D). By bifunctional staining, the percentage AARglobal 
was 44.8% ± 15.18% and 44.74% ± 15.98%, and per-
centage AARslice was 40.04% ± 13.64% and 40.48% ± 
13.26% by RIO-staining and DR, respectively. There was 
no significant difference between RIO-staining and DR 
(p = 0.9). Linear regression analyses showed an excellent 
correlation both globally and slice-by-slice between AAR 
volumes defined by RIO-staining and DR (r = 0.99, 1.0) 
(Figure 6a, b). The limits of  Bland-Altman agreement 
were 3.2%-3.0% (Figure 6C) by slice and 2.3%-1.8% (Fig-
ure 6D) in global measurements with RIO-staining and 
DR respectively. The mean difference was almost zero, 
indicating a very high agreement between RIO-staining 
and DR techniques. 

Comparing different techniques
The MI quantified from both iDE and eDE cMRI were 
significantly smaller than the AARRIO-staining and AARDR 
with bifunctional staining (P < 0.01; Figure 7), confirm-
ing that the final MI was smaller than ischemic region. 

Feng Y et al. Bifunctional staining of infarcted heart

h



Identity
Bias (-0.012)
95% limits of agree-
ment (-0.047-0.024)

 0.03

 0.02

 0.01

 0.00

-0.01

-0.02

-0.03

-0.04

-0.05

D
iff

er
en

ce
 (

eD
E-

iD
E)

0.1         0.2          0.3         0.4          0.5          0.6
Mean of all

Difference plot

33 September 26, 2013|Volume 3|Issue 3|WJM|www.wjgnet.com

However, the MI on eDE-cMRI correlated well with 
AARRIO-staining and AARDR (Figure 8), suggesting that the 
bifunctional staining with RIO dye could successfully de-
lineate and characterize the AAR.  

Perfusion density rate 
After aortic infusion with the RIO dye while the LCx was 
re-ligated, the PDR of  the normal myocardium and AAR 
became 354.89% ± 35.18% and 32.28% ± 15.06% rela-
tive to the equipment background. The PDR was signifi-
cantly lower in the AAR, i.e., only about 9.10% ± 3.93% 
of  the PDR in the normal myocardium (P < 0.001) (Fig-
ure 9), suggesting insufficient collateral coronary blood 
supply during the 90 min occlusion, leading to the rabbit 
model of  reperfused MI.

Discussion
We studied myocardial AAR in the rabbit heart after 90 
min of  LCx occlusion followed by reperfusion. The AAR 
refers to the myocardium without blood supply during 
coronary artery occlusion. The final MI was detected by 
in vivo and ex vivo DE cMRI. The main outcomes of  the 
present study are: (1) the newly developed method of  

bifunctional staining enabled reliable high-quality images; 
(2) both in vivo and ex vivo DE cMRI allowed visualization 
and quantification of  the MI; (3) though measured with 
different methods, the dimension of  the AAR was signif-
icantly larger than that of  the MI, suggesting the poten-
tial of  this method to help discriminate the well perfused 
normal myocardium from the non-perfused nonviable 
and/or less perfused by viable probably salvageable myo-
cardium; and (4) the PDR was 10 times lower in the AAR 
compared to the normal myocardium, suggesting that the 
bifunctional RIO dye may facilitate not only morphom-
etry but also perfusion quantification. 

The animal models of  reperfused MI have been ex-
tensively applied for cardiovascular research both in large 
and small animals. How to accurately re-ligate coronary 
artery branch to replicate the exact occlusion site prior 
to reperfusion appears crucial. The majority of  the au-
thors used the snare-loop method for coronary artery 
occlusion-reperfusion on the open-chest MI model with 
later postmortem vessel re-ligation[24]. Other studies de-
scribed re-occlusion of  coronary branches with a balloon 
catheter under the close-chest conditions[25]. However, 
there is a lack of  detailed information about how to imi-
tate postmortem the exact in vivo artery occlusion, which 
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is though a prerequisite for defining the AAR or ischemic 
area. We have previously introduced an effective method 
for in vivo LCx occlusion and reperfusion[19]. In this study 
we modified that method by using the double sutures to 

precisely co-localize LCx obstruction both in vivo and ex 
vivo. Within the same puncture, one suture was for in vivo 
coronary occlusion and reperfusion, and the other suture 
was left spared in vivo but tightened with a knot to re-
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occlude the coronary branch ex vivo. This double suture 
method was successfully validated in all animals, which is 
a critical step to ensure later bifunctional staining to ob-
tain the desired results as presented. 

In the cardiac imaging research on the ischemic heart 

disease using animal hearts, a most crucial issue is ad-
equate staining of  the AAR and discrimination between 
risk and non-risk zones, because a correctly defined 
borderline between the ischemic and necrotic zones will 
have a direct impact on MI diagnosis and therapeutic 
interventions. In this article we described a new bifunc-
tional staining method to define the AAR, which, to our 
best knowledge, has not been reported in the literature. 
Function 1 is to visualize the normal myocardium in red 
color but the AAR uncolored utilizing the oil-red-o com-
ponent of  the custom-made RIO dye, which facilitates 
morphometric delineation, quantification and compari-
son; whereas function 2 is to enable visualization and 
volumetric density measurement of  the non-opacified 
normal myocardium and the opacified AAR by utilizing 
the iodized oil component of  the RIO dye for making 
DR to extrapolate, quantify and evaluate the difference 
in hemodynamic features such as coronary vessel density, 
interstitial distribution space and/or regional myocardial 
blood flow/volume between the normal and ischemic 
myocardium.  

There have been some methods reported in the litera-
ture for postmortem delineation of  the AAR. Coronary 
infusion of  hydrophilic Evans-blue solution is the most 
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Figure 9  Comparison of perfusion density rate between area at risk and 
normal myocardium. Coronary artery occlusion caused a significant decrease 
of blood perfusion in ischemic region compared to non-ischemic region (P < 
0.001), resulted in a difference over 10 times in-between. AAR: Area at risk.
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common technique to stain the remote myocardium 
while the insulted coronary branch is re-ligated[25-27]. Ev-
ans-blue is a water-soluble intravital dye with strong albu-
min binding capacity and has been used in hemodynamic 
studies for decades[28,29]. More recently Evans-blue has 
been found with high necrosis avidity and used to clearly 
mark the well-reperfused necrotic tissues[30-32]. Therefore, 
there is a risk of  underestimation of  the AAR due to 
contamination of  the inwards diffused Evans-blue to the 
ischemic necrosis[15]. Some other groups tried to use TTC 
for demarcating the AAR, however TTC perfusion in-
duced severe tissue contraction, which may affect the ge-
ometry of  heart and might prevent subsequent successful 
dye perfusion[17]. Other studies used fluorescein dyes 
under dark background or radio- and color-labeled mi-
crospheres to define or quantify the AAR[33-35]. However, 
all these methods are only unifunctional and/or lacking 
required accuracy. The custom-made bifunctional RIO 
dye as introduced in this study appears a much better al-
ternative to Evans blue. The first component of  RIO dye 
is oil-red-O, which is a stable lipophilic pigment and can 
be easily diluted in any lipid media such as the iodized oil 
as the second component of  this dye. The distribution 
of  the RIO dye in the cardiac tissue after intracoronary 
infusion seems only pressure dependent rather than 
being diffusible afterwards driven by its concentration 
gradient due to the fact that a hydrophobic dye exists in 
the hydrophilic environment of  myocardium, resulting in 
a more accurate delineation of  the borders of  the AAR 
without infiltration of  the dye into the adjacent ischemic 
region.  

Suspension of  barium sulphate has also been used 
for postmortem coronary angiography[13,36]. However, the 
heavy particles tended to precipitate in its water media, 
leading to suboptimal perfusion to vascular bed with 
smaller vessels. As shown in this study, the second com-
ponent of  iodized oil in the RIO dye solved the problem 
well in DR and its quantification. Thus, the golden com-
bination of  the two dye components facilitated success-
fully the bifunctional staining and enabled comprehensive 
AAR study.

We have gained the following experiences: (1) hepa-
rinizing the animal prior to sacrifice and rinsing the 
coronary bed with normal saline beforehand proved ben-
eficial for the next bifunctional staining of  the AAR by 
RIO dye perfusion; (2) controlling adequate pressure and 
observing epicardial red coloration during dye infusion 
were crucial for the success of  procedure; and (3) fixing 
the heart sections with formalin overnight helped color 
differentiation between the normal myocardium (rose 
red) and AAR (gray or brown grayish depending on the 
degree of  hemorrhage) and later planimetric quantifica-
tion due to a clear borderline. 

Myocardial blood volume (capillary bed) and myo-
cardial blood flow can be determined by microsphere 
methods in animals after excision of  the heart[33,35]. Such 
methods, however, require cutting the myocardium into 
discrete samples, which may be a combination of  nor-

mal tissue, border zone, hyperemic tissue, and severely 
ischemic tissue. Thus, the processing of  selected tissue 
samples can bias the results as well as blur the exact rela-
tion to overall myocardial morphology. Although the de-
gree of  resolution for flow measurement could possibly 
be improved by cutting myocardium into smaller samples, 
this becomes tedious and impractical for studying flow 
throughout the heart. Besides, it is more difficult to get 
topographic information.

Using the PDR derived from microangiography on 
DR to indirectly evaluate vascular blood perfusion to 
viable and necrotic tissues has been reported[37]. In our 
experiment, The PDR was significantly lower in AAR, 
which was about 9% of  the normal myocardium. This 
finding is close to the results of  Connelly’s group on 
myocardium blood flow measured by radioactive micro-
spheres on the similar animal setting[38]. The other group 
showed that in the reperfusion MI dog model, myocardial 
samples with only mild (about 20%-30%) reductions in 
myocardial blood flow compared to non-ischemic re-
gions[39], which appears higher than our results probably 
due to the richer collaterals of  coronary artery in dogs 
than in rabbit[40]. The application of  this new staining 
method on our rabbit model was successful and can be 
translated to other species.  

Accurate quantitative measurement of  MI size is an 
important aspect of  cardiovascular research. The in vivo 
cMRI for accurate evaluation of  MI has been described 
previously in rabbit models[19]. In this study we have per-
formed the high resolution ex vivo cMRI with extensive 
postmortem evaluations on rabbit hearts, which were 
supported by histological staining and consistent to in vivo 
cMRI. The bifunctional staining could be incorporated 
into the study using clinically available MRI facilities to 
acquire outcomes that are more pertinent to human pa-
tients. 

Study limitations
First, the AAR was demarcated by intracoronarily infus-
ing the heart with the RIO dye after local re-occlusion. 
Such a procedure was time-consuming with possible 
technical failure to obtain homogeneous staining of  all 
accessible normal myocardium. Secondly, the postmor-
tem dye distribution may differ from in vivo blood perfu-
sion of  the normal myocardium when the related artery 
is occluded, because normal coronary flow is influenced 
by the intraventricular pressure so the flow in postmor-
tem infusion may not exactly simulate the in vivo flow 
pattern. Furthermore, in this experiment by using RIO 
dye, we could achieve accurate delineation of  the AAR 
postmortem, but we could hardly discriminate the MI 
from any ischemic but still viable tissues within the AAR. 
Considering these drawbacks, we have to further opti-
mize this experimental setting for determination of  both 
AAR and MI under both in vivo and ex vivo conditions.

In conclusion, this article introduced a novel bifunc-
tional staining method to accurately visualize and quantify 
AAR postmortem, which was successfully applied in rab-
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bit models with ischemia-reperfusion MI. The key advan-
tages include a newly developed bifunctional RIO dye, a 
new ex vivo staining method with greater color intensity in 
the remote normal myocardium and improved contrast 
for border delineation to obtain both morphometric and 
functional information for reliable AAR measurement. 
This methodology is deemed of  high research values and 
to substantially contribute to the translational research in 
cardiovascular sciences. 
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Abstract
Genes can be transferred using viral or non-viral vec-
tors. Non-viral methods that use plasmid DNA and short 
interference RNA (siRNA) have advantages, such as 
low immunogenicity and low likelihood of genomic in-
tegration in the host, when compared to viral methods. 
Non-viral methods have potential merit, but their gene 
transfer efficiency is not satisfactory. Therefore, new 
methods should be developed. Low-frequency ultra-
sound irradiation causes mechanical perturbation of the 
cell membrane, allowing the uptake of large molecules 
in the vicinity of the cavitation bubbles. The collapse of 
these bubbles generates small transient holes in the cell 
membrane and induces transient membrane permeabi-

lization. This formation of small pores in the cell mem-
brane using ultrasound allows the transfer of DNA/RNA 
into the cell. This phenomenon is known as sonopora-
tion and is a gene delivery method that shows great 
promise as a potential new approach in gene therapy. 
Microbubbles lower the threshold of cavity formation. 
Complexes of therapeutic genes and microbubbles im-
prove the transfer efficiency of genes. Diagnostic ultra-
sound is potentially a suitable sonoporator because it 
allows the real-time monitoring of irradiated fields. 

© 2013 Baishideng Publishing Group Co., Limited. All rights 
reserved.

Key words: Gene therapy; Cavity; Microbubbles; Con-
trast agent; Diagnostic ultrasound 

Core tip: Ultrasound causes cavitation bubbles to form 
cell membrane pores through which DNA/RNA are 
transferred. This phenomenon is known as sonopora-
tion. Microbubbles lower the threshold of cavity forma-
tion. Sonoporation is less toxic and not associated with 
tumorigenicity as compared with retroviral and adeno-
viral vectors. Sonoporation does not require surgical 
procedure and enhances gene transfer with lipofection. 
Current limitations of sonoporation are low efficiency of 
gene transfer and damage of target cells are The use of 
complexes with chemicals and diagnostic ultrasound are 
promising approaches to overcome these limitations.
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S, Sueishi M. Sonoporation: Gene transfer using ultrasound. 
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INTRODUCTION
Gene therapy is a promising approach to treat diseases 
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and is applicable to tissue engineering controlling dif-
ferentiation of  cells to form tissues[1,2]. Therapeutic genes 
are transferred using viral or non-viral vectors. Viral vec-
tors are mainly retroviral vectors, adenoviral vectors and 
adeno-associated vectors. Retroviral vectors are the cause 
of  tumorigenicity[3]. Adenoviral vectors provoke a severe 
systemic immune response[4]. Adeno-associated vectors 
do not cause major immune response, but they are not 
permissive to some types of  cells[5]. On the other hand, 
plasmid DNA does not induce host immune responses 
because exogenous proteins such as viral capsid proteins 
are not produced[6]. Moreover, plasmid DNA rarely in-
tegrates with the host genome upon introduction into 
target cells and not associated with tumorigenicity[3,7]. 
Plasmid DNA is safe for gene transfer therapy, but its 
transfer efficiency is low. Methods should therefore be 
developed to improve transfection efficiency of  plasmid 
DNA. Irradiation with low-output intensity ultrasound 
causes mechanical perturbation in the vicinity of  cavita-
tion bubbles. Collapse of  the bubbles generates small 
transient holes in the cell membrane and induces cell 
membrane permeabilization. The membrane poration 
(cavitation) increases the efficiency of  drug and gene de-
livery. This phenomenon, sonoporation, is a gene delivery 
technique that could potentially be used for gene therapy. 
Sonoporation, a method for targeted drug delivery and 
non-viral gene transfection, has new and advantageous 
possibilities. Sonoporation stimulates endocytosis of  
adno-associated virus and enhances efficiency of  gene 
transfer[8,9]. However, no clinical trials using sonoporation 
have been reported to date because it is not yet a satisfac-
tory technique for efficient and reliable gene transfer. In 
this chapter, we will review the potential application of  
sonoporation in gene therapy, with a focus on mircobub-
bles as a drug delivery agent. We will also discuss other 
non-viral delivery methods. Finally, we will outline the fu-
ture direction of  ultrasound-assisted gene delivery aiming 
at improvement of  sonoporation and enhancement of  
gene expression for clinical applications.

NON-VIRAL GENE DELIVERY
In this section, we review non-viral gene delivery meth-
ods. Gene therapy requires the delivery of  nucleic acid 
material to target tissues and its entry into target cells. 
Given that DNA and the cell membrane are both nega-
tively charged, electrostatic forces result in the repulsion 
of  DNA by the cell membrane. To overcome this limita-
tion, a physical or chemical approach needs to be applied. 
Another restriction of  gene transfer is the rapid degrada-
tion of  DNA by nucleases in the plasma after systemic 
administration. 

Electroporation
Electroporation is useful for gene transfer to primary 
cells. Primary cells are not introduced with genes with 
lipofection. Electroporation is the only method to intro-
duce genes to cells, auch as normal human dermal fibro-

blasts[10]. Electroporation, in which high-voltage electrical 
currents create transient pores on the cell membranes, 
allows the transport of  nucleic acid material into the 
cell[11]. Therapeutic genes are successfully transferred in 
vivo[12]. The electroporation method, however, has limita-
tions such as short range of  gene transfer, necessity of  a 
surgical procedure, and tissue damage. Distance between 
electrodes normally requires 1 cm and is not suitable for 
a large area. Placement of  internal electrodes requires a 
surgical procedure, and high voltage can damage tissue 
when applied. Therefore, less invasive methods are desir-
able. 

Lipofection
Chemical non-viral vectors have been studied because 
they are generally considered safer than viral vectors. In 
addition to safety, liposomes can transfer larger genes 
with less toxicity and are relatively easy to prepare. Cat-
ionic lipids and polymers form complexes with negatively 
charged DNA. The complexes protect the DNA from 
nucleases and increase the effectiveness of  transfection 
through the cell membrane. One major problem with 
lipofection is low efficiency of  gene transfer. Transfec-
tion efficiency of  lipofection is improved by condensing 
DNA with a double chain monovalent quaternary ammo-
nium lipid[13]. Still genes are not introduced to target cells 
efficiently. More efficient methods have been waited. 

Sonoporation
Sonoporation refers to the formation of  small pores in 
cell membranes by using ultrasound for the transfer of  
nucleic acid materials (Figure 1). The biological effects of  
ultrasound are categorized as thermal and non-thermal. 
Non-thermal effects are composed of  mechanical per-
turbation in the vicinity of  bubbles. Cavitation bubbles 
cause membrane poration[14]. High speed camera images 
reveal that the cell membrane is fractionated, and cavita-
tion bubbles are formed[15]. The cavitation bubbles induce 
cell death or permeability to allow the entry of  a drug or 
genes into the cells. Sonoporation is similar to electropor-
ation, wherein DNA is driven by an electrical force along 
the electric field. Sonoporation is mediated by passive 
diffusion. The transfer efficiency depends on ultrasound 
frequency and intensity[16]. The major advantages of  so-
noporation are its non-invasiveness and ability to transfer 
genes to internal organs without a surgical procedure[17]. 
Targeted gene transfer can be facilitated by ultrasound 
irradiation of  selected tissues after systemic administra-
tion[18]. 

SONOPORATION
Emergence of sonoporation
Drug delivery with ultrasound was first reported by 
Tachibana et al[16]. The delivery of  insulin on the skin 
surface when exposed to ultrasound energy in the range 
of  3000-5000 Pa or 5000-8000 Pa at 48 kHz for 5 min 
decreased blood glucose levels to 22.4% of  the control 
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in 120 min. It was postulated that insulin absorption in-
creased with ultrasound vibration after intradermal injec-
tion. This report is interesting because it demonstrates 
the potential of  ultrasound as a method to improve ab-
sorption of  therapeutic materials. With ultrasound, che-
motherapeutic agents are more efficiently absorbed in the 
mouse xenograft model of  cancer[19].

In vitro experiments are simplified models to investi-
gate the mechanisms of  sonoporation in vivo. Fechheimer 
et al[20] transferred plasmid DNA encoding the G418 
resistance gene to cultured mouse fibroblasts by sono-
poration. Colonies were observed after G418 was added 
to the media. This was the first report demonstrating that 
plasmid DNA can be transferred to cells in vitro by using 
ultrasound. Kim et al[21] also reported that rat joint cells 
can be successfully transfected with plasmid DNA. Plas-
mid DNA encoding green fluorescent protein (GFP) was 
injected as a reporter of  expression into the left ventricle 
of  mice percutaneously[22]. Mice were irradiated with 
transthoracic ultrasound at 1 MHz for 1 min. Histological 
examination showed GFP expression in the subendocar-
dial myocardium. Intraventricular co-injection of  siRNA 
and GFP exhibited reduced expression of  GFP in the 
coronary artery. These data indicate that plasmid DNA 
and siRNA can be introduced into cells in vivo by sono-
poration. 

Mechanism of sonoporation
Biophysical effects of  ultrasound include cavitation, ra-
diation pressure, and microstreaming[23]. Cavitation refers 
to the growth and collapse of  microbubbles. Radiation 
pressure is the force in the irradiation field. Microstream-
ing is the shear forces that exist near the microbubbles. 
Formation of  cavitation increases with a rising ultrasound 
intensity while the frequency decreases[24]. Mechanical in-
dex (MI) is defined as PRP/√F0 (PRP: peak rarefactional 
pressure; √F0: transmission center frequency)[25]. MI 
should be lower than 1.9 for clinical use of  ultrasound. 
Forsberg et al[26] reported that cavitation is unlikely to oc-
cur at an MI of  less than 0.7. Cavitation has been well in-
vestigated with ultrasound contrast agents because micro-

bubbles lower the threshold of  cavitation[27]. Zhou et al[28] 
developed a device to observe the behavior of  a single 
bubble near the cell membrane. The motion of  a single 
bubble was monitored with a high-speed camera. Cell 
membrane disruption was assessed by monitoring the 
transmembrane current. This study showed that a single 
microbubble expands and contracts with ultrasound irra-
diation. When the bubble collapses, the cell membrane is 
ruptured and a pore is generated. Changes in membrane 
permeability are directly correlated with the formation of  
pores. Carugo et al[29] reported that a standing wave is in-
volved in sonoporation in the absence of  microbubbles. 

Microbubbles
The presence of  microbubbles reduces the threshold 
of  cavitation. Microbubble contrast agents are spheres 
filled with gas and stabilized with shells. Their size ranges 
between 1 and 10 µm[30]. They are small enough to cir-
culate in blood vessels, but do not exit from the vessels. 
The contrast agents scatter ultrasound stronger than the 
surrounding blood and tissue. Thus, they are used as con-
trast agents for daily clinical practice. Tachibana et al[31] 
reported that albumin microbubbles (Albumex) acceler-
ate thrombolysis by ultrasound. This was the first report 
that microbubbles improve the effects of  ultrasound 
in tissues for purposes other than diagnostic imaging. 
Transfection of  plasmid DNA into rat joint cells was 
improved in the presence of  Albumex[21]. This report 
paved the way for the utilization of  ultrasound con-
trast agents in sonoporation. Microbubbles expand and 
contract in response to compression and rarefaction of  
ultrasound (Figure 2). The microbubbles collapse at the 
high-pressure phase, emitting shock waves that perturb 
the cell membrane and increase permeability. Qiu et al[32] 
reported that pores on the cell membrane, generated by 
sonoporation with microbubbles, ranged from 100 nm 
to 1.25 µm in size. Their experiments used 1 MHz ultra-
sound at low acoustic pressures from 0.05 to 0.3 MPa. 
The pores generated with sonoporation were examined 
by scanning electron microscopy. The size of  the pores 
enlarged with increased acoustic pressure or longer treat-
ment. They concluded that the pores formed with shear 
stress. Liquid microjet, visualized with a high-speed cam-
era in cultured cells exposed to single-shot short-pulsed 
ultrasound has been demonstrated[33]. Contrast agents are 
shells containing gas. Ultrasound scatters on the surface 
of  contrast agents, and are visible as high echo on the 
display of  diagnostic ultrasound. Physical and biological 
characteristics of  contrast agents are basically the same as 
those of  microbubbles. When a contrast agent (Levovist) 
was added to the media, the jet caused cell membrane 
damage. Interestingly, the cell membrane repair process 
suggests that the Ca2+-independent and Ca2+-trigger 
mechanisms are involved in rapid resealing. Positively 
charged microbubbles are more efficient in gene transfer 
than neutral ones[34]. It is hypothesized that positively 
charged microbubbles are more close to the cell mem-
brane to enable more efficient gene transfer. Plasmids are 
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Figure 1  Formation of cell membrane pores after ultrasound irradiation. 
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introduced into cells in vitro and in vivo with sonoporation 
with microbubbles more efficiently than liposome that is 
commonly used for transfection[35,36]. 

Clinical trials
To date, no clinical trials have been reported using sono-
poration. There are several reasons for this, including low 
transfer efficiency and difficulty in monitoring irradiated 
fields using sonoporators.

Limitations
Sonoporation harbors complicated aspects. Gene transfer 
efficiency is low with sonoporation. 37.5-50 µg of  plas-
mid should be applied to a single rat with sonoporation 
in vivo[34]. This limitation is one of  the reasons that so-
noporation has not been applied clinically as mentioned 
above. Another limitation is cell damage caused with so-
noporation. Miller et al[37] irradiated cells with 2.25 MHz 
continuous ultrasound for 1 min. When an ultrasound 
contrast agent (Definity, a perflutren lipid microsphere 
injectable suspension; Bristol Myers Squibb Medical 
Imaging, N. Billerica, MA) was added to the culture me-
dia, the irradiated cells underwent apoptosis. Enzymatic 
activity and mitochondrial membrane are changed after 
sonoporation[38]. Stresses to endoplasmic reticulum and 
mitochondria trigger apoptosis[39,40]. Sonoporation delays 
DNA synthesis to arrest cell cycle[41]. It should be noted 
that sonoporation itself  may cause apoptosis when it is 
applied to cancer with therapeutic genes[37]. 

FUTURE PROSPECTS
Microbubbles are expected to improve gene transfer at 
lower MI for the safety of  patients; therefore, micro-
bubbles may be suitable for sonoporation in human trials. 
Microbubbles are destroyed more efficiently with de-
creased pulse frequency and increased acoustic pressure 
and pulse length[42]. Care should be taken when applying 
in vitro data to in vivo studies because the effects of  MI on 
microbubble destruction might not be similar[43]. Standing 

wave may be another option to improve sonoporation. 
Real-time monitoring of  the irradiated field is desirable to 
introduce therapeutic genes to target tissues. Diagnostic 
ultrasound could therefore be used as a sonoporator. 

Cationic microbubbles
Wang et al[27] analyzed the protection of  plasmid DNA 
xenograft tumors in mouse hind limb after intravenous 
administration of  a complex of  plasmid DNA (luciferase) 
with cationic or neutral microbubbles. Luciferase activity 
was 3.8-fold stronger in complexes with cationic micro-
bubbles than in those with neutral microbubbles. Factors 
influencing the transfection efficiency were analyzed, 
and the superiority of  cationic microbubbles was more 
evident at lower doses of  microbubbles and plasmid 
DNA[34]. This strategy appears suitable for this applica-
tion because nucleic acids are negatively charged. It is 
expected that plasmid DNA or siRNA will interact and 
form better complexes with cationic microbubbles than 
with neutral microbubbles. 

Liposomal bubbles
It is difficult to modify surfaces of  microbubbles with 
functional molecules for targeting. On the other hand, 
liposomes are easy to modify for targeting. Suzuki et al[44] 
developed polyethylene glycol-modified liposomes con-
taining perfluoropropane, a contrast agent for ultrasound 
imaging. These so-called “bubble liposomes”, signifi-
cantly improved the transfection efficiency of  plasmid 
DNA encoding luciferase into cultured cells. The lucifer-
ase reporter plasmid was injected into the femoral artery 
of  mice. Two days after ultrasound irradiation, a signal 
was detected along the artery. These data suggest that 
the bubble liposome is a candidate for gene delivery both 
in vitro and in vivo. Bubble liposomes were transferred 
with the interleukin-12 gene in xenograft ovarian cancer 
mice, and the tumor sizes were reduced[45]. These animal 
experiments demonstrate that bubble liposomes may be 
applicable to clinical studies.

Diagnostic ultrasound
Sonoporators are typically used for sonoporation. One 
of  the problems with sonoporators is that the irradia-
tion field cannot be monitored. Diagnostic ultrasound 
is widely used in daily clinical practice. Diagnostic ultra-
sound is equipped with a display for image diagnosis. If  
diagnostic ultrasound could be utilized for sonoporation, 
therapeutic genes can be accurately introduced into the 
target fields. Miller and Quddus transfected cultured cells 
with plasmid DNA using diagnostic ultrasound[46]. They 
used a 3.5 MHz curved linear transducer of  diagnostic 
ultrasound. A contrast agent of  ultrasound (Optison) 
was added to the media. Although Optison may improve 
transfection efficiency, even without contrast agents, 
plasmid DNA was successfully introduced into cultured 
cells by using diagnostic ultrasound[47]. SiRNA of  frizzled 
(Fz)-9, a receptor of  the Wnt signaling pathway, trans-
ferred into cultured cells using diagnostic ultrasound sup-
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presses cell proliferation[48]. SiRNA of  Fz-9 transferred 
into cultured cells using lipofection also suppresses cell 
proliferation[49]. These 2 papers indicate that transfection 
efficiency of  siRNA with diagnostic ultrasound is com-
parable with that of  lipofection. Wang et al[27] investigated 
cell permeability of  Evans Blue in vivo with diagnostic ul-
trasound. They observed the dye in xenograft hepatoma. 
Interestingly, they reported that efficiency of  Evans Blue 
transfer was affected by MI sonication duration and dye 
dose. These data clearly demonstrate that ultrasound 
causes sonoporation, a biological process that is a prom-
ising new approach for the delivery of  DNA/RNA for 
gene therapy. 

CONCLUSION 
Sonoporation is able to introduce plasmids to cells. 
Sonoporation is less toxic method of  gene transfer as 
compared with retro viral vectors and adenoviral vectors 
because plasmids hardly causes immune response and are 
not associated with tumorigenicity. Sonoporation does 
not require surgical procedure and enhances gene transfer 
with lipofection. Current limitations of  sonoporation are 
low efficiency of  gene transfer and damage of  target cells 
are the use of  complexes with chemicals and diagnostic 
ultrasound are promising approaches to overcome these 
limitations. 
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Abstract
Translational medicine pursues the conversion of sci-
entific discovery into human health improvement. It 
aims to establish strategies for diagnosis and treat-
ment of diseases. Cancer treatment is difficult. Radio-
pharmaceutical research has played an important 

role in multiple disciplines, particularly in translational 
oncology. Based on the natural phenomenon of necro-
sis avidity, OncoCiDia has emerged as a novel generic 
approach for treating solid malignancies. Under this 
systemic dual targeting strategy, a vascular disrupting 
agent first selectively causes massive tumor necrosis 
that is followed by iodine-131 labeled-hypericin (123I-
Hyp), a necrosis-avid compound that kills the residual 
cancer cells by crossfire effect of beta radiation. In this 
review, by emphasizing the potential clinical applicabil-
ity of OncoCiDia, we summarize our research activities 
including optimization of radioiodinated hypericin Hyp 
preparations and recent studies on the biodistribu-
tion, dosimetry, pharmacokinetic and, chemical and 
radiochemical toxicities of the preparations. Myocardial 
infarction is a global health problem. Although cardiac 
scintigraphy using radioactive perfusion tracers is used 
in the assessment of myocardial viability, searching for 
diagnostic imaging agents with authentic necrosis avid-
ity is pursued. Therefore, a comparative study on the 
biological profiles of the necrosis avid 123I-Hyp and the 
commercially available 99mTc-Sestamibi was conducted 
and the results are demonstrated. Cholelithiasis or 
gallstone disease may cause gallbladder inflammation, 
infection and other severe complications. While study-
ing the mechanisms underlying the necrosis avidity of 
Hyp and derivatives, their naturally occurring fluoro-
phore property was exploited for targeting cholesterol 
as a main component of gallstones. The usefulness of 
Hyp as an optical imaging agent for cholelithiasis was 
studied and the results are presented. Multiple uses of 
automatic contrast injectors may reduce costs and save 
resources. However, cross-contaminations with blood-
borne pathogens of infectious diseases may occur. We 
developed a radioactive method for safety evaluation of 
a new replaceable patient-delivery system. By mimicking 
pathogens with a radiotracer, we assessed the feasibility 
of using the system repeatedly without septic risks. This 
overview is deemed to be interesting to those involved 
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in the related fields for translational research.

© 2013 Baishideng Publishing Group Co., Limited. All rights 
reserved.
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Core tip: Translational medicine converts scientific dis-
covery into clinical applications. Radiopharmacy has 
played a multidisciplinary role. Based on unique necro-
sis avidity, OncoCiDia presents a generic approach for 
management of cancers, on which recent results on its 
optimization are summarized. Myocardial infarction is a 
clinical problem. A comparative study between infarct 
avid iodine-131 labeled-hypericin and commercial 99mTc-
Sestamibi is presented. Cholelithiasis may cause biliary 
complications. The usefulness of Hyp as an optical im-
aging agent for cholelithiasis is demonstrated. Multiple 
uses of automatic contrast injectors may reduce costs 
but can cause cross-contaminations. We developed a 
radioactive method for safety evaluation of a new re-
placeable patient-delivery system.

Miranda Cona M, de Witte P, Verbruggen A, Ni Y. An over-
view of translational (radio)pharmaceutical research related to 
certain oncological and non-oncological applications. World J 
Methodol 2013; 3(4): 45-64  Available from: URL: http://www.
wjgnet.com/2222-0682/full/v3/i4/45.htm  DOI: http://dx.doi.
org/10.4329/wjm.v3.i4.45

INTRODUCTION
Translational medicine refers to the creativity of  joining 
knowledge from “bench to bedside” or from laboratory 
experiments to clinical trials for producing new drugs, 
devices, diagnostic and therapeutic options for patients. 
Hence, translational research is identified as a crucial 
interface between basic science and clinical medicine. 
It intends to discover better ways to solve real practical 
problems enhancing human health and well-being. An-
other current trend in translational medical research is to 
hybrid diagnosis and therapy into a combined approach 
as newly termed a “theragnostic” modality. 

In the area of  cancer therapeutics, transforming basic 
research results into clinical practice is becoming increas-
ingly important. Cancer is one of  the leading causes of  
mortality worldwide and little progress has been achieved 
in treating most of  the solid tumors, which could be re-
sistant to common therapies. Based on necrosis-avidity, 
OncoCiDia is a generic and unconventional theragnostic 
strategy recently introduced as a complementary modal-
ity to improve cancer treatability[1,2]. Unlike other cancer 
therapies directly attacking multimutant and refractory 
cancer cells, OncoCiDia may selectively treat solid malig-
nancies by massively necrotizing the tumors plus radioac-

tively cleansing their microenvironments, meanwhile the 
tumors under treatment can be visualized by nuclear scin-
tigraphy. Thus, a dedicated acronym OncoCiDia is cre-
ated to portray this cancer (Onco) management approach 
with both tumoricidal (Ci) and diagnostic (Dia) effects. 
It consists of  two sequential complementary treatments 
involving the intravenous application of  a vascular dis-
rupting agent (VDA) followed by systemic targeted ra-
diotherapy (STR) using a potent necrosis-avid compound 
iodine-131 labeled-monoiodohypericin (131I-Hyp). Fur-
thermore, to make this novel anticancer strategy clinically 
applicable, optimizations of  the procedures for labeling, 
purification and formulation of the radioiodinated hy-
pericin (Hyp) have been performed and the outcomes 
are summarized and commented in this overview article. 
Results on biodistribution, dosimetry, pharmacokinetic 
and, chemical and radiochemical toxicities of  OncoCiDia 
have been also presented, which hopefully may boost the 
advance of  this strategy into the clinic.

Myocardial infarction constitutes a health problem 
with large morbidity, mortality and economic burden[3]. 
Nuclear imaging based on myocardial perfusion tracers, 
which distribute in proportion to the regional myocardial 
blood flow, has played an important role in the assess-
ment of  tissue viability[4,5]. However, the development of  
diagnostic imaging agents with authentic specific avidity 
for necrosis has been a desired goal due to the numerous 
utilities they may offer. In earlier studies, the necrosis avid 
123I-Hyp has shown its potential usefulness as a diagnostic 
cardiac agent due to its notable uptake in necrotic tis-
sues[6,7]. In a more recent experiment, its biodistribution 
and targetability have been compared to those of  the 
commercially available myocardial perfusion tracer 99mTc-
Sestamibi and the results have been herein summarized.

Cholelithiasis is the medical term for gallstone disease. 
Gallstones are hard, rock-like collections, mainly from 
cholesterol and bile salts that build up in the gallblad-
der or bile duct. Eventually, they can cause gallbladder 
inflammation resulting in pain, jaundice, infection and 
other serious complications. Because the high affinity be-
tween cholesterol and the naturally occurring fluorophore 
hypericin has been reported[8,9], a preliminary in vitro study 
for assessing the potential suitability of  Hyp as an optical 
diagnostic imaging agent in patients with gallstones was 
performed and the results are presented in this work. 

Multiple uses of  automatic contrast injection systems 
during imaging procedures can reduce costs and save 
resources. However potential outbreak associated with 
cross-contaminations with blood-borne pathogens of  
infectious diseases through the contrast medium may oc-
cur. The Transflux contrast delivery system is a simple 
tube delimited by two one-way valves intended to deliver 
contrast media from a reservoir to the patient and with 
the need to only change the tubing in direct contact with 
the patient blood. It incorporates a safety zone and a 
one-way valve in the patient line that allow the delivery 
system and the vein to be flushed and the blood reflux 
to be prevented. By mimicking microbial pathogens 
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with a particulate radiotracer, we developed a radioactive 
method for quantitative safety evaluation of  this new 
replaceable patient-delivery system and the main findings 
are reported here. 

This overview paper is in the framework of  the full 
4-year doctoral training, in which translational research 
has been attempted as a key component for resolving im-
portant problems in diverse medical fields (Figure 1).

application OF Translational re-
search in theraGnostic oncology
Background
Cancer is a complex group of  malignant diseases influ-
enced by genetic and environmental factors. Over the 
past decades, the incidence and prevalence of  cancer 
have raised with an overall estimation of  about 20 million 
new cases by 2030[10]. The costs associated with cancer 
diagnosis, therapy, and follow-up have drastically soared. 
Conventional therapies including surgery, chemotherapy 
and external beam radiotherapy are often ineffective for 
treating resistant and disseminated solid malignancies. 
Novel and cost-effective approaches, once available, are 
essential to improve cancer treatability and curability. 

STR is a radiotherapy that makes use of  systemically 
administered radioactive compounds for delivering lethal 
radiation doses to the tumor while preserving normal tis-
sues. Several radioactive agents have been clinically used, 
for instance, radioiodine for thyroid cancer owing to its 
specific uptake by thyroid glandular tissues[11]; iodine-131 
metaiodobenzylguanidine for treating pheochromocy-
toma[12] and neuroblastoma[13]; Metastron (strontium-89 
chloride) as a palliative treatment in patients with bone 
metastases[14]; and radioactive microspheres for radioembo-
lization of  liver cancer[15]. Anti-CD20 monoclonal antibody 
(MoAb) conjugated to I-131 (tositumomab, Bexxar®)[16] or 
yttrium-90 (ibritumomab tiuxetan, Zevalin®)[17] for treat-
ing non-Hodgkins lymphoma, and somatostatin deriva-
tives labeled with bound indium-111, lutetium-177 or 

yttrium-90 for neuroendocrine tumors (NETs)[18,19] are 
lately introduced, constituting a step forward in tumor 
specific targeting.

However, most of  the above-mentioned cancer types 
represent a small proportion among the overall cancer 
cases. Malignant solid tumors, which represent the major 
cancer incidence worldwide, have been difficult to treat 
due to their histological diversity, disorganized angiogen-
esis and unpredictable mutations. Once carcinogenesis is 
established, tumor cells become resistant to therapies due 
to the multiple escape mechanisms facilitated by intrinsic 
mutations and/or overlapping molecular pathways. Even 
if  a proper radioactive MoAb is chosen, in most of  the 
cases, only small amounts of  injected dose (0.001%-0.1% 
/g) could accumulate in the tumor[20]. Low absorbed 
doses (1500 cGy) are subsequently reached in cancer cells 
that are much lower than the usually required doses (5000 
cGy) for getting therapeutic responses[21,22]. With soma-
tostatin derivatives-based radiopharmaceuticals character-
ized by high affinity for distinct receptors overexpressed 
in the tumor, short-term accumulation in the tumor and 
retention in normal tissues have also been reported[23]. 
Therefore, necrosis as a generic alternative target has been 
utilized for potential theragnostic applications (Figure 2).

Tumor necrosis treatment
Rather than hitting cancer cells undergoing numerous 
mutations[24,25] that cause uncontrollable growth and 
escape from annihilation, leading to post-therapeutic 
cancer resistant clones[24], an innovative anticancer ap-
proach called tumor necrosis treatment (TNT) was 
introduced[26,27]. Since the proportion of  dead tissue in 
fast-growing tumors can be more than 50% of  the total 
cancer volume due to tumor vascular deformation or 
insufficient blood supply[28,29], necrosis could become a 
generic target in almost all solid tumors. TNT approach 
uses radiolabeled MoAbs that spare normal tissue and 
target naturally occurring intracellular antigens (a com-
plex of  double-stranded DNA and histone H1-antigens) 
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Figure 1  Schematic structure of the translational 
research activities covered by the overview article. 
99mTc-sestamibi: Technetium-99m labeled-hexakis (2-me-
thoxyisobutylisonitrile); 99mTcDMP-HSA: Technetium-99m 
dimercaptopropionyl human serum albumin; 123/131I-Hyp: 
Iodine-123/iodine-131 labeled monoiodohypericin; MI: Myo-
cardial infarction; VDA: Vascular disrupting agent.
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present throughout tumor necrosis[30,31]. Unlike conven-
tional STR, it is a crossfire-dose therapeutic modality, in 
which the radiation dose deposited to cancer cells only 
comes from radionuclides on surrounding necrosis. 

Definition, etiology and pathophysiology of  necro-
sis: The term of  necrosis is originated from the Greek 
prefix “necros”, meaning “dead”. It constitutes an ir-
reversible process or “no return” status in the cell life[32]. 
Cell death by necrosis has been historically stereotyped 
as an unregulated process[33]. Any severe lesions caused 
by physical stresses, toxins, infections or genetically pro-
grammed injuries if  reaching a certain degree and receiv-
ing no intervention may alter physiological homeostasis, 
eventually leading to tissue or organ necrosis[34]. However, 
it turns increasingly evident that the multi-pathway cell-
death program apoptosis may not be the only cellular 
mechanism involved in regulating cell death[35]. Pro-

grammed necrosis or necroptosis has emerged as a spe-
cialized biochemical mechanism that can be induced by 
different stimuli such as tumor-necrosis factor receptors 
(TNFR1, TNFR2)[36], inactivation of  cysteine-aspartic 
acid proteases (caspase)[37] and caspase-8 mutations[38]. 
It becomes clear that necroptosis could be regulated 
by the kinase receptor-interacting protein 1 (RIPK1), 
which constitutes the molecular target of  necrostatins, an 
emerging class of  cytoprotective drugs inhibiting specifi-
cally necroptotic cells[37]. Recently, the kinase activity of  
RIPK3, a family member of  RIPK1, has also been re-
lated to programmed necrosis[39] (Figure 3).

Necrosis is commonly believed to be a passive pro-
cess since it involves no protein production, is not re-
strained by any homeostatic mechanisms, and includes 
almost negligible energy requirements. The necrotic cells 
can no longer retain the integrity of  the cell or cytoor-
ganelle membranes and perform inherent functions. Af-
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Figure 2  Flow diagram of the included re-
search topics. 99mTc: Technetium-99m; 111In: 
indium-111; 123I: Iodine-123; 131I: Iodine-131; 
C2H6O: Ethanol; DTPA: Diethylene triamine 
pentaacetic acid; Fab: Antigen-binding fragment; 
Gd: Gadolinium; ROS: Reactive oxygen spe-
cies; SPECT: Single photon emission computed 
tomography; TNT: Tumor necrosis treatment.

Figure 3  Schematic representation of the eti-
ology of necrosis. ROS: Reactive oxygen spe-
cies; TNT: Tumor necrosis treatment; RIPK1/3: 
Receptor-interacting protein kinase 1 and 3; 
TNFR1: Tumor-necrosis factor receptors 1.
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ter losing the ability to maintain homeostasis, biological 
fluids from the blood cross the damaged cell membrane 
and enter the intracellular space, leading to organelles en-
largement, production of  toxins and activating enzymes 
associated to the degradation of  cellular life molecules. 
The swollen organelles become nonfunctional, ceasing 
the synthesis of  proteins and ATP. The mitochondrial 
swelling causes cytolysis and the debris is discharged into 
the surroundings, which triggers tissue inflammation 
regulated by small proteins-cytokines, reactive oxygen 
species and certain immune system cells[40]. The organism 
interprets the presence of  the debris as signal of  tissue 
injury and reacts to defend itself. In response, immune 
system cells migrate into the site of  damage and combat 
the supposed invading microorganisms[40]. Dissociation 
of  ribosomes from the endoplasmic reticulum and nucle-
us disintegration with chromatin condensation take place 
in turn[41]. The dead cells eventually fade away because of  
the combination of  enzymatic denaturation and fragmen-
tation process, followed by polymorphonuclear leukocyte 
phagocytosis of  solid particles[42].

Preclinical studies and clinical trials on TNT: In a 
pioneer pre-clinical study conducted on a ME-180 human 
cervical carcinoma model with 131I-labeled TNT-1 MoAb, 
Chen et al[31] proved the effective and preferential target-
ing of  this radiotherapeutics within the tumor, which 
established the potential clinical usefulness of  TNT. To 
date, about 200 patients have been treated with TNT 
worldwide. A phase Ⅰ study of  131I-chimeric(ch) TNT-1/
B MoAb for the treatment of  advanced colon cancer was 
performed. The infusion of  131I-chTNT-1/B MoAb was 
well tolerated and showed no significant non-hematologic 
effects. Based on tumor cross-product response criteria, 
however, none of  the patients exhibited complete or 
partial response[43]. Phase Ⅰ and Ⅱ trials of  convection-
enhanced delivery of  131I-chTNT-1/B MoAb were con-
ducted on patients with high-grade adult gliomas, show-
ing promising therapeutic outcomes[44]. Similar results 
were found in a pivotal study in patients with advanced 
lung cancer treated with 131I-chTNT-1/B MoAB[45]. More 
recently, genetically engineered Fab’ and F(ab’) 2 con-
structs of  chimeric TNT (chTNT)-3 antibody labeled 
with indium-111 were prepared and preclinically evalu-
ated. The conjugates showed faster body clearance, better 
biodistribution but lower tumor uptake than the parental 
111In-labeled chTNT-3 in tumor-bearing mice[46].

To increase the amount of  MoAb binding-necrotic 
sites in the tumor, necrosis-inducing treatments (NITs) 
such as radiofrequency ablation were also used as starting 
complementary techniques[47].

However, myelosuppression due to unfavorable 
pharmacokinetic properties of  MoAbs constitutes an 
important dose limiting factor that prevents substantial 
improvement of  TNT-based modality[43,44].

OncoCiDia
OncoCiDia, also known as small molecule sequential du-

al-targeting theragnostic strategy[1], is a novel anticancer 
approach with great potential for treating solid tumors. 
Relying on a soil-to-seeds concept, it offers a one-stop-
shop for diagnostic imaging, treatment and follow-up[2]. 
Similar to the TNT approach, it is based on the natural 
phenomenon of  necrosis. However, instead of  using 
radioactive MoAb with large molecular size (150 kDa) 
and complex pharmacokinetics, it involves two small 
compounds (< 1 kDa) with pre-identified high and divert 
but complementary targetability. The intravenously (IV) 
administered VDA triggers selective tumor vascular shut-
down and subsequent central necrosis. However, a viable 
rim of  tumor cells in the periphery always exists as seeds 
for repopulation of  cancer cells[48]. 131I-Hyp is then IV 
injected, which preferentially localizes at the newly gener-
ated necrotic sites and acts as a cleansing shot to lethally 
irradiate residual tumor cells through a crossfire effect[2]. 
The small molecular size of  131I-Hyp makes it possible to 
permeate fast through tissues and target less accessible 
sites throughout the solid tumor. This may overcome the 
initial barriers faced by the systemic delivery of  MoAb, 
which limits diffusion from blood vessels and inhibits 
drug tumor penetration[21,49].

Vascular disrupting agents: Vascular disrupting agents 
(VDAs) are a novel category of  potential anticancer 
drugs that induce tumor vascular shutdown by destroy-
ing the endothelium of  tumor vasculature. It has been 
reported that blood vessels in tumors proliferate more 
rapidly than those in normal tissues[49]. Newly formed 
endothelial cells are more sensitive than mature ones 
that own a well-developed actin cytoskeleton and may 
retain the cell shape in spite of  depolymerization of  the 
tubulin cytoskeleton caused by the VDA[50]. After VDA 
administration, the occlusion of  blood-supplying vessels 
and capillary sprouts obstructs oxygen and nutrient sup-
ply to the tumor cells, compromising cellular integrity 
and eventually leading to hemorrhagic tumor necrosis[51]. 
Different groups of  VDAs have been developed, e.g., 
tubulin-binding agents cause microtubule depolymeriza-
tion by binding either the colchicine or vinblastine sites, 
whereas flavonoid derivatives selectively obstruct tumor-
related vessels due to their indirect pharmacodynamic 
effects[51]. VDAs can be obtained from nature such as 
combretastatins (CA4P, OXi-4503, and AVE-8062), col-
chicines (ZD6126) and phenylahistin (NPI-2358), whilst 
others are synthetic compounds (DMXAA, MN-029 and 
EPC2407)[51].

Hyp: Hyp is a red-colored anthraquinone derivative 
(naphthodianthrone), which is one of  the principal active 
compounds of  the genus Hyp (Clusiaceae) comprising 
roughly 450 species worldwide[52]. Hyp was initially found 
in the dark glands of  the flowering parts from Hyp perfo-
ratum L (St. John’s Wort)[53], an aromatic, perennial plant. 
Hyp can be also obtained from fungi Dermocybe[54] or 
from endophytic fungi growing in different plant spe-
cies[52]. However, the most commercially available Hyp 
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compounds are synthesized.
Hyp has been considered a vinylogous carboxylic 

acid. Its deprotonations are likely at the phenolic hydroxyl 
groups at the peri- and bay-regions having different acidi-
ties. In aqueous system the bay- and peri-regions show 
estimated pKa values of  1.7 and 12.5[55], respectively. Hyp 
showed a non-planar conformation owing to the repel-
ling interactions among the side chains of  the aromatic 
skeleton[56]. The proximity of  acidic and basic functional 
groups allows the formation of  intramolecular hydrogen 
bonds, which influence the tautomeric equilibria and 
acid-base properties[55]. Hyp has 16 conceivable tauto-
mers[57]. Among them, the most stable is the 7, 14-dioxoi-
somer[58]. Hyp dissolves in polar solvents over concentra-
tions of  10-3 mol/L, producing red fluorescent solutions. 
It is soluble in Dimethyl sulfoxide (DMSO), ethanol, 
pyridine, methanol, acetone, butanone, ethyl acetate and 
aqueous alkaline solutions[59]. It has been found in soluble 
form under physiological conditions due to the complex 
formation with biological macromolecules, mainly low-
density lipoprotein (LDL)[60]. 

Hyp is a natural product of  pharmaceutical interest 
due to its ever-expanding anti-inflammatory[61], antiretrovi-
ral[62], antimicrobial[63], antitumor[64] and antidepressive[65] 
activities. Recently, it has been found with a highly selec-
tive affinity for necrosis[6,7] (Figure 4).

The mechanisms associated with the necrosis avidity 

of  Hyp remain unknown and a number of  hypotheses 
have been proposed. Hyp specifically accumulates in ex-
posed sites of  degraded life molecules in the necrotic cell 
debris[66]. Binding to LDL[60] and serum or interstitial al-
bumins[67] have been put forward as potential interaction 
pathways. Hyp has also been found to show highly selec-
tive avidity for lipid components including cholesterol[8], 
phosphatidylserine and phosphatidylethanolamine[68] pres-
ent in the cell membrane bilayer.

Iodine isotopes: Iodine-123 (123I) is a halogen with a 
physical half-life of  13.1 h. It decays by electron capture 
to tellurium-123, emitting gamma radiation with a main 
energy of  159 kEV, which is exploitable for nuclear scin-
tigraphy, biodistribution and radiodosimetry studies. 

Iodine-131 (131I) with a decay half-life of  8.02 d is the 
most common iodine radioisotope utilized in medical ap-
plications owing to its relatively easy availability and low 
cost. It decays by emission of  beta minus electrons with 
a maximal energy of  606 kEV (89% abundance) and a 
tissue penetration of  0.6-2.0 mm[69] as well as 364 kEV 
gamma rays of  81% abundance. 131I destroys tissue by 
short-range beta radiation, causing DNA damage and cell 
death to the cell that takes up the tracer by self-dose ef-
fect and to other cells up to several micrometers away by 
cross-fire effect. 

Due to radioprotection reasons, 123I is frequently used 

50

Figure 4  Macroscopic digital imaging of a mouse with acute ethanol-induced necrosis in the liver and muscle having received 5.0 mg/kg hypericin in 
DMSO/PEG400/water (25:60:15, v/v/v). Under normal tungsten light, viable liver, intestines and muscle show normal appearances whereas hepatic infarction and 
muscle necrosis appear as white cheesy tissue (A1, B1, C1). With a UV light of 254 nm, a bright red fluorescence from liver (A2, B2) and muscle necrosis (C2) but a lack 
of fluorescent signal from the liver (A2, B2), viable muscle (C2) and other abdominal structures were observed (A2). DMSO: Dimethyl sulfoxide; PEG400: Polyethylene 
glycol 400; UV: Ultraviolet.
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as surrogate of  131I for labeling optimization, biodistribu-
tion and dosimetry studies with the mutually interpretable 
outcomes. 

Preparation of  123/131I -labeled-monoiodohypericin: 
Radioiodination via direct electrophilic substitution is a 
simple method based on in situ formation of  positively 
charged iodine (I+) using mild oxidants such as N-chloro 
para-toluenesulfonylamide (chloramine T), peracetic acid 
and 1,3,4,6-tetrachloro-3α, 6α-diphenyl glycoluril (Iodo-
gen). The radioactive iodine atom in an oxidized form 
replaces a hydrogen atom of  an activated aromatic ring. 
Since Hyp is a polycyclic aromatic quinone having hy-
droxyl substituents, it can be efficiently radioiodinated.

Two main methods for direct radiolabelling of  Hyp 
with iodine isotopes have been described. Bormans et al[70] 
reported a radioiodination procedure of  Hyp in ethanol 
using phosphoric acid and peracetic acid as oxidant for 
30 min. On high performance liquid chromatography 
(HPLC), radiochemical yields ranging between 70%-97% 
were achieved[70]. Sun et al[71] described a simple method, 
in which Hyp in DMSO is labeled with 131/123I using iodo-
gen as oxidant (either in a pre-coated tube or in powder 
form), at pH value between 6.5-7.5 for 2 to 10 min. La-
beling yields higher than 99% were attained as indicated 
by paper chromatography (PC).

However, although PC is useful for the purpose of  
identification due to its convenience and simplicity, we 
investigated the method developed by Sun and Ni us-
ing HPLC. This technique provides high resolution and 
allows identifying and quantifying small amounts of  
substances. Labeling conditions were screened for vary-
ing reaction parameters such as Hyp mass, Hyp/iodogen 
molar ratio and reaction time. Stability over time of  the 
radioactive Hyp was also checked. For radiochemical 
yield determination and purification, the effect of  differ-

ent mobile phases either in gradient or isocratic modes 
was studied on a quaternary HPLC system equipped with 
a Ultraviolet (UV) absorbance (254 nm) and radiometric 
detector. An XTerra® C18 column (4.6 mm × 150 mm, 5.0 
μm) and a flow rate of  1.0 ml/min were used for radio-
chemical yield analysis. On the other hand, an XTerra® 
C18 semi-preparative column (10 mm × 250 mm, 10 μm) 
and a flow rate of  3.0 ml/min were set for purification. 
The peak areas of  Hyp and radioiodinated Hyp were 
considered as response variables in this optimization test.

The preferred conditions for Hyp radioiodination 
were 2.0 mg Hyp in a molar ratio (Hyp: iodogen) of  
(3.4:1); 90/10, mL/L DMSO/50 mmol/L sodium 
phosphate buffer at pH 7.4 for 20 min. For radiochemi-
cal yield determination, a mobile phase consisting of  
acetonitrile/5 mmol/L ammonium acetate buffer pH 
7.0 in gradient mode (0 min: 5:95 v/v, 25 min: 95:5 v/v, 
30 min: 5:95 v/v) provided the best resolution between 
adjacent peaks. UV/radio-chromatograms showed un-
labeled Hyp and iodine-123-labeled monoiodohypericin 
(123I-Hyp) with t R of  19.18 ± 0.15 min and 22.13 ± 0.05 
min, respectively. Free iodide was not observed (Figure 
5A). 123I-Hyp was prepared with specific activity above 
50 GBq/µmol in a radiochemical yield of  95.4% and 
remained stable over 48 h at room temperature (Figure 
5B). As confirmed by mass spectrometry, the small dif-
ferences between the labeling yield obtained by PC and 
HPLC were due to the concurrent formation of  di-[(123I) 
iodohypericin in low percentage (approximately 3%), 
which was detected together with mono-(123I)] iodohypericin 
by PC.

After labeling, excessive reagents (unlabeled Hyp and 
iodogen) were removed by HPLC using acetonitrile/5 
mmol/L ammonium acetate buffer at pH 7.0 as mobile 
phase in a gradient mode (0 min: 75:25, v/v, 5 min: 75:25, 
v/v, 30 min: 90:10, v/v). Good separation between Hyp 
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Figure 5  High performance liquid chromatographic analysis of the non-purified iodine-123 labeled hypericin with Ultraviolet (254 nm) and radiometric 
detection. A: Ultraviolet-chromatogram of the starting reagent hypericin (Hyp) with a retention time of 19.18 min (upper part) and radiochromatogram (lower part) of 
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and radioiodinated Hyp peaks was achieved. 123I-Hyp was 
obtained with a radiochemical purity above 99.0%. How-
ever, broad peaks with long retention times for Hyp and 
radioiodinated Hyp were typically observed during the 
purification process. It seems once radioiodinated Hyp is 
mixed with unlabeled Hyp in a total mass of  about 2 mg, 
they might undergo partial retention in the HPLC system 
due to aggregate formation. Under physiological condi-
tions, such aggregates may show reduced necrosis affin-
ity and increased uptake in organs of  the mononuclear 
phagocyte system (MPS), hampering the potential clinical 
usefulness of  131I-Hyp for OncoCiDia.

Confronted problems: OncoCiDia has shown the best 
results using a mixture of  radioiodinated Hyp/unlabeled 
Hyp[1]. To overcome the limitations related to the purifi-
cation process, we recommended the clinical use of  the 
non-purified radioiodinated Hyp, which is attained with 
high labeling yields (> 95%). However, conditions for 
Hyp radioiodination require excess of  starting material 
at high concentrations of  DMSO, which also dissolved 
the oxidizing agent iodogen. As a result, both reagents 
remain in the formulation of  the non-HPLC purified 
radioiodinated Hyp, giving toxicity concerns. Moreover, 
the unlabeled Hyp present in the mixture is in a concen-
tration range of  10-3 mol/l, in which it may aggregate in 
biocompatible aqueous formulations. Regarding 123/131I-
Hyp, the incorporation of  an iodine atom into a molecule 
can also result in a more lipophilic and less water soluble 
derivative[72]. Under these circumstances, a proper deliv-
ery system is essential for preventing aggregate formation 
and subsequently ensuring efficient targeting to necrotic 
tumor. Another potential issue arises with the co-injec-
tion of  unlabeled Hyp which could influence 123/131I-Hyp 
on the biodistribution and targetability over time. Since 
the treatment of  solid tumors requires the preferential 
delivery of  a radiotherapeutic dose to the tumor while 
preventing normal tissues from undesired side effects[73], 
the dosimetry of  this co-injection approach has to be es-
timated, as well. These above-mentioned problems have 
been assessed or addressed below.

Formulation: For 123/131I-Hyp/Hyp, the co-solvency ap-
proach seems to be a good alternative due to its rapidness 
and simplicity. In preclinical investigations, a formula-
tion consisting of  water/ polyethylene glycol (PEG 400) 
(80/20, v/v) has been reported[1]. Pure DMSO as solvent 
for the poorly water soluble 123/131I-Hyp/Hyp has also 
been used[74]. However, further optimizations are needed.

In a recent study, we tested several delivery systems 
for 123/131I-Hyp/Hyp using macroscopic and microscopic 
techniques and the results are summarized in Table 1[75]. 
Overall, formulations with a water content below 40% 
showed red fluorescent solutions without aggregate 
formation. In contrast, formulations containing around 
70% water appeared as cloudy brownish solutions with 
reduced fluorescent properties. Animal studies confirmed 
the previous in vitro observations. For instance, when 

DMSO/PEG 400/water (25:60:15, v/v/v) was used as 
a vehicle, 123/131I-Hyp/Hyp showed low uptake in MPS 
organs, high necrosis affinity and striking tumoricidal 
effects days after OncoCiDia application. With 123/131I-
Hyp/Hyp in DMSO/saline (20:80, v/v), instead, radio-
activity accumulation in MPS organs but low uptake in 
necrotic tumor were found. Consequently, poor radiation 
dose was deposited in the tumor, leading to disease pro-
gression because of  rapid repopulation of  residual cancer 
cells at the tumor periphery after VDA attack[75].

However, earlier studies have reported that the 
common pharmaceutical solvents may have biological 
and pharmacological activity mainly when given undi-
luted[76-78]. Alternatively, the water-soluble sodium cholate 
(NaCh), a naturally occurring liver-produced surfactant 
with low toxicity, was assessed as a potential solubiliz-
ing agent for 123I-Hyp/Hyp in an animal model of  acute 
myocardial infarction (MI) (Cona et al[79]). The amphi-
philic NaCh molecule with hydrophilic and hydrophobic 
sides of  different solubility properties forms micelles, 
which act as emulsifier above the critical micellar con-
centration. Necrosis avidity of  123I-Hyp/Hyp dissolved 
in a NaCh solution and its favorable biodistribution were 
demonstrated (Figure 6). The suitability of  NaCh as a 
solubilizing agent of  123I-Hyp for hotspot imaging of  acute 
MI could be demonstrated (Cona et al[79]).

Biodistribution and dosimetry studies: Tissue distri-
bution of  123I-Hyp/Hyp was studied on animal models 
either of  reperfused partial liver infarction (RPLI)[80] or 
ethanol-induced muscle necrosis. Dosimetric extrapola-
tions of  131I-Hyp from animals to humans were attempt-
ed using biodistribution data of  123I-Hyp in RPLI animals 
in combination with Organ Level Internal Dose As-
sessment/Exponential Modeling software, microsphere 
model and human phantoms of  both genders.

123I-Hyp was accumulated at high concentrations in 
hepatic infarction and muscle necrosis but low uptake 
either in viable liver or muscle was detected (Figure 7), 
as previously reported[1,7,74,75]. Dosimetry studies revealed 
much higher (> 100 times) absorbed doses of  131I-Hyp in 
hepatic infarction than in normal liver (Cona et al[79]). Based 
on this finding, such doses seem to be much higher 
than those estimated with other radiotherapeutics under 
investigation or currently used in clinic (Table 2)[31,81-88]. 
This corroborates the high affinity for tumor necrosis as 
well as the tumor shrinkage and growth delay previously 
observed in animals bearing different engrafts tumors 
after a single treatment with OncoCiDia (Figure 8)[1,75,89].

In biodistribution studies, 123I-Hyp was cleared within 
24 h with reduced blood pool radioactivity. Thyroid, the 
dose limiting organ for 131I-labeled products, showed al-
most no radioactivity concentration due to the absence 
free iodide at earlier time points, suggesting in vivo stabil-
ity of  123/131I-Hyp. However, an increased uptake in the 
gland was detected, starting at the second day after tracer 
administration. In the lungs, a persistent 123I-Hyp uptake 
was found, leading to a moderately absorbed radiation 
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dose of  131I-Hyp. The highest levels of  radioactivity 
were found in the intestines, which constitute the major 
elimination pathway of  this radioactive compound. As a 
consequence, bowel structures received a high radiation 
dose, being identified as one of  the dose limiting organs 
for OncoCiDia. 

Effect of  added Hyp on biodistribution and tar-
getability of  123/131I-Hyp: In STR, it is known that the 
mass of  the unlabelled (carrier) compound present in the 
final radioactive solution can be critical for high specific 
activities that are required for maximal radioactivity ac-

cumulation in the disease site. In a recent investigation 
for OncoCiDia, we proved that the co-injection of  un-
labelled Hyp positively affected the necrosis uptake of  
the radioiodinated Hyp in RPLI rats[90]. Although both 
preparations of  123I-Hyp with micro- or Hyp-added dos-
ing showed similar tissue distributions and major hepato-
biliary excretion, it was found that the carrier-added 123I-
Hyp accumulated at higher concentrations in necrosis. 
Similarly, long retention into tumor necrosis for several 
weeks could characterize the carrier-added 131I-Hyp (Fig-
ure 8 case 2), which explains the striking therapeutic ef-
fects observed in the previous experiments[1,75,89].
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  Formulation Macroscopic digital imaging Microscopy

  DMSO/saline (20/80, v/v) Cloudy brownish solution, no fluorescence Massive formation of aggregates reduced fluorescent 
intensity

  DMSO/water (25/75, v/v) Cloudy brownish solution, no fluorescence Massive formation of aggregate reduced fluorescent 
intensity

  DMSO/D10W (25/75, v/v) Cloudy brownish solution, no fluorescence Massive formation of aggregates reduced fluorescent 
intensity

  DMSO/D20W (25/75, v/v) Cloudy brownish solution, no fluorescence Massive formation of aggregates reduced fluorescent 
intensity

  DMSO/serum (25/75, v/v) Cloudy brownish solution, moderate 
fluorescence signal

Massive formation of aggregates moderate fluorescent 
intensity

  DMSO/PEG 400/water (25/60/15, v/v/v) Bright red solution, highly fluorescent No aggregates formation; strong, homogeneous 
fluorescence

  EtOH/PEG 400/water (10/50/40, v/v/v) Dark red solution, moderate fluorescence Aggregate formation; moderate, heterogeneous 
fluorescence, 

  EtOH/PEG 400/water (10/60/30, v/v/v) Red solution, minimum  aggregation, high 
fluorescence 

Some aggregates; strong, homogeneous fluorescence 

  PEG 400/water (60/40, v/v) Red solution, high fluorescence Some aggregates; strong, homogeneous fluorescence 
  PEG 400/water (70/30, v/v) Bright red solution, highly fluorescent Some aggregates; strong, homogeneous fluorescence 
  PVP-10000 Dark red solution,  moderate fluorescence Aggregate formation; reduced fluorescence intensity
  PVP-29000 Dark red solution,  moderate fluorescence Aggregate formation; reduced fluorescence intensity
  β-Cyclodextrins Cloudy brownish solution, no fluorescence Massive formation of aggregates reduced fluorescent 

intensity

Table 1  Evaluation of physical properties of different formulations of 123Hyp/Hyp examined by macroscopic digital imaging 
under white light and ultraviolet light (254 nm) and by microscopy over a corresponding drop in bright field and fluorescence 
illumination mode

DMSO: Dimethyl sulfoxide; D10W: 10% dextrose; D20W: 20% dextrose; EtOH: Ethanol; PEG 400: Polyethylene glycol 400; PVP: Polyvinylpyrrolidone.  

Figure 6  Post-mortem analysis of infarcts and viable heart tissues from rabbits with acute reperfused myocardial infarction having intravenously received 
iodine-123 labeled hypericin/hypericin dissolved in a 0.07 mol/L solution of the liver-produced surfactant sodium cholate. A: A typical autoradiogram of 50-μm-
thick sections reveals higher tracer uptake in infarction than in viable myocardium. The color code bar indicates the coding scheme for the radioactivity; B: Microscopic 
images of 50-μm-thick sections confirm the selective affinity of the highly fluorescent iodine-123-labeled-hypericin/hypericin for acute myocardial infarction in contrast 
to the low fluorescent signal found in viable myocardium; C: The H and E-stained section corroborates the location of the viable myocardium tissue and the presence of 
myocardial necrosis characterized by scattered hemorrhage.
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Toxicity studies: OncoCiDia is a two-step anticancer 
strategy involving different compounds with potential 
chemical and/or radiochemical toxicities, which have 

been investigated, and possible solutions are herein pro-
posed.

Toxicity from VDAs can happen as a result of  the ef-
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Figure 7  Post-mortem study of necrotic and viable tissues in the liver and muscle from animal models either of reperfused partial liver infarction or ethanol-
induced muscle necrosis pre-injected with iodine-123 labeled hypericin/hypericin followed by 1% Evans blue solution. A, B: Muscle; C, D: Liver. The hepatic 
infarction (A1) and necrotic muscle (B1) retain Evans blue as blue hyper intense areas, with viable liver (C1) and normal muscle (D1) without staining. Autoradiograms of 
50-μm-thick sections show high tracer uptake in hepatic infarction (A2) and muscle necrosis (B2) but low accumulation either in viable liver (C2) or muscle (D2). The color 
code bar represents the code for the radioactivity concentration. By histology, the presence of hepatic infarction (A3) and muscle necrosis (B3) and the location of the vi-
able liver (C3) and muscle (D3) tissues are verified.
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fect of  VDAs either on tumor blood vessels or normal 
tissues. Lack of  complete specificity for tumor-related 
vasculature or downstream effects induced by cytokines 
and other released factors can contribute to the toxic 
signs or effects. A distinctive transient and acute toxicity 
pattern with minor cumulative side effects such as tumor 
pain, nausea and vomiting, headaches, vision changes, 
symptoms associated to serotonin release, neuromotor 
abnormalities and cerebellar ataxia, acute hemodynamic 
disturbances, abdominal pain, hypertension, and tachy-
cardia have been reported after VDA administration 
in clinical trials[91]. The degree and types of  the side ef-
fects might differ among flavonoids and tubulin-binding 
agents[91].

So far, combretastatin A-4 phosphate (CA4P), a syn-
thetic phosphorylated derivative of  the natural product 
combretastatin A-4, is a tubulin-binding agent that has 
been most extensively used in OncoCiDia experiments. 
In preclinical studies, intravenous CA4P at a dose of  10 
mg/kg has shown a complete and rapid vascular shut-
down of  the tumor with minimal effects at the well-per-
fused periphery[1,89]. However, some discrepancies have 
been noted in animal studies and clinical trials concerning 
the anticancer effect of  VDAs[92]. According to the Food 
and Drug Administration-approved rules for the correct 

dose calculation[93], such a dose of  10 mg/kg in rodents 
would be equivalent to 60 mg/m2 in humans. However, 
phase Ⅰ clinical trials of  CA4P have demonstrated a mini-
mal objective tumor response by using similar doses of  
52 to 68 mg/m2[94]. The reason for this difference is not 
yet clear but could be caused by either miscalculations 
of  the dose based on body surface area in mg/m2 or due 
to inaccurate dose translation from animal (mg/kg) to 
humans (mg/m2) in addition to the less likely interspecies 
differences. Based on our experiences, we believe that it 
may hamper the actual potentialities of  VDAs for getting 
desired anticancer effects in human patients if  the dose 
issues are not properly settled. To overcome the problem, 
an alternative option could be to increase the total inject-
ed dose of  CA4P but in an approach of  multiple small 
doses for preventing acute side effects[95]. Moreover, since 
cardiovascular toxicity seems to be with the most toxic-
ity concerns for CA4P[96], pretreatments with high doses 
of  intravenous diltiazem for preventing hypertension 
accompanied with amlodipine for secondary prophylaxis 
or nifedipine and atenolol for blocking tachycardia can 
be also applied[97,98]. Patients taking QT prolonging drugs, 
or with a history of  significant cardiovascular disease, 
hypokalemia or hypomagnesemia should be handled with 
great caution[99].
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  Therapeutics Dosimetry calculations Species Targeting tissue Pathology Dose to tumor
(mGy/MBq)

Ref.

  131I-Hyp OLINDA/EXM software RPLI rats Necrotic tissue Solid tumors 276–93600 [79]
  131I-Labeled TNT-1   
  monoclonal antibody

Organ uptake-time integration 
by trapezoid method

Whole body image analysis

Nude mice bearing 
ME-180 human 
cervical tumors

Histone fraction H1 
in necrotic tissues

Cervical 
carcinoma cell

366–3610 [31]

  131I-m-iodobenzylguanidine
  (MIBG)

MicroPET/CT 124I-MIBG
OLINDA/EXM software

Mice bearing A431 
human epithelial  

carcinoma xenografts

Norepinephrine 
transporter

Neuroblastoma 97–380 [80]

  131I- labeled monoclonal   
  antibody MN-14

MIRDOSE3 software Nude mice with 
intraperitoneal 
LS174T tumors

Carcinoembryonic 
antigen

Peritoneal 
metastases of 

colorectal origin

-16200 [89]

  131I-tositumomab SPECT/CT Imaging DPM  
Monte Carlo electron and 
photon transport program 

Humans CD20-positive B-cells Refractory B-cell 
NHL

2.81
(mean)

[81]

  177Lu-DOTA-AE105 Organ uptake-time integration 
by trapezoid method

Sphere model

Nude mice bearing 
colorectal HT-29 

tumor 

uPAR-positive HT-29 
xenograft

Colorectal cancer 5.8 [82]

  177Lu-pertuzumab Organ uptake-time integration 
by trapezoid method

Sphere model

BALB/c (nu/nu) 
Mice with HER-2–

overexpressing
xenografts

HER-2 tyrosine 
kinase receptor

Breast cancer -6900 [83]

  186Re-1-hydroxy- ethylidene-1,1  
  diphosphonic acid 

MIRDOSE 3.1 software Humans Bone mineral 
metabolite

Skeletal 
metastases

23–34 [84]

  90Y-ibritumomab tiuxetan PET/CT Imaging DPM 
89Zr-ibritumomab tiuxetan
OLINDA/EXM software

Humans CD20-positive B-cells Relapsing NHL 8.6–28.6 [85]

  90Y- DOTA0-DPhe1-Tyr3-  
  octreotide

SPECT/CT Imaging DPM 111In-
DOTA-TOC

Humans Somatostatin 
receptor subtype 2

NETs 4-31
(mean 10)

[86]

Table 2  Dosimetry aspects of different anticancer therapeutic agents under pre-clinical and clinical investigation

CT: Computed tomography; DOTA: 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid; 131I: Iodine-131; 177Lu: Lutetium-177; NETs: Neuroendocrine 
tumors; OLINDA/EXM: Organ level internal dose assessment/exponential modeling; PET: Positron emission tomography; 186Re: Rhenium-186; RPLI: 
Reperfused partial liver infarction; SPECT: Single-photon emission computed tomography; TNT: Tumor necrosis treatment; DPM: Dose planning method; 
NHL: Non-Hodgkin lymphoma; DOTA-TOC: 90Y- DOTA0-DPhe1-Tyr3-octreotide; 90Y: Yttrium-90.
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A study on plasma pharmacokinetics and cerebro-
spinal fluid penetration of  Hyp in rhesus monkeys was 
conducted. Intravenous administration of  2 mg/kg Hyp 
was well tolerated. At a dose of  5 mg/kg, a transient se-
vere photosensitivity rash was seen at 12 h that resolved 
within 12 d[100]. In a phase Ⅰ study to evaluate the safety 
and antiretroviral activity of  Hyp in thirty HIV-infected 
patients, weekly repeated Ⅳ doses of  0.25 or 0.5 mg/kg 
were tested. Eleven out of  twenty-three patients devel-
oped severe cutaneous phototoxicity[101]. In patients with 
recurrent malignant glioma, a newly developed water 
soluble formulation of  Hyp was Ⅳ given (0.1 mg/kg) for 
tumor visualization. Hyp application proved to be safe 
with no side effects[102]. Therefore, a low single dose of  
Hyp at < 0.2 mg/kg for OncoCiDia should be free of  
noticeable side effects.

I-131 has been used successfully for over 70 years to 
treat hyperthyroidism and papillary or follicular thyroid 
cancer and its proper therapeutic use is almost without 
side effects[103].

However, since accumulation of  radioactive iodine 
was observed in the thyroid, potential damage to the 
gland could occur due to unnecessary radiation over-

exposure. Therefore, patients undergoing OncoCiDia 
treatment should take a thyroid-blocking agent on a daily 
basis before, during and after radiopharmaceutical admin-
istration. Either Lugol’s solution consisting of  elemental 
iodine and potassium iodide in water or supersaturated 
potassium iodide solution or oral potassium iodide can 
be used for this purpose[104].

In a toxicity study with Hyp labeled with non-radio-
active iodine (127I), the animals tolerated well Ⅳ injections 
of  0.1 and 10 mg/kg without any signs of  clinical toxicity 
or obvious side effects. The median lethal dose (LD50) of  
20.26 mg/kg for 127I-Hyp was above 1000 times of  the 
experimental chemical dose of  131I-Hyp used in Onco-
Cidia, suggesting a wide safety margin with insignificant 
chemotoxicity[105]. 

On the other hand, radiation toxic effects could be 
an issue for 131I-Hyp. Experimental evidence indicated 
that persistent radioactivity retention mainly occurred in 
the intestines within few days after injection due to its 
hepatobiliary excretion[70,75,90]. The acute gastrointestinal  
syndrome is a main concern following irradiation of  the 
intestinal tract[106]. In a recent study, we tested the suitabil-
ity of  using a newly designed catheter to reduce intestinal 
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Figure 8  Difference in accumulation patterns of iodine-123/131 labeled hypericin/hypericin in tumor necrosis over time. Case 1: Ex-vivo analysis of necrotic 
tumors from rats with hepatic rhabdomyosarcoma (R1) in the first 24 h after the administration of iodine-123 labeled hypericin/hypericin (123I-Hyp/Hyp) in DMSO/PEG 
400/propylene glycol/water (25:25:25:25, v/v/v/v) followed by 1% Evans blue solution. At 24 h after 123I-Hyp/Hyp injection, the tumor necrosis is perfectly outlined by the 
Evans blue as a blue rim, with viable tumor residues and normal liver with almost no staining (A1). On the autoradiogram, a perfect match was seen between the high 
levels of 123I-Hyp/Hyp accumulated in the ring (A2) and the rim of Evans blue previously observed (A1). Histology analysis confirms the regions of the liver, necrotic and 
viable tumors (A3). Case 2: Single-photon emission computed tomography (SPECT), autoradiograms and histology in severe combined immunodeficiency mice bearing 
bilateral radiation-induced fibrosarcoma-1 subcutaneously having received combretastatin A-4 phosphate (CA4P) to induce tumor necrosis followed 24 h later by 131I-
Hyp/Hyp in DMSO/PEG 400/water (25:60:15, v/v/v). Twelve days after 131I-Hyp/Hyp administration, SPECT detects a persistent intense high radioactivity mainly inside 
the tumor necrotic core (arrow). Autoradiography (B2)1 and histology (B3) of the tumor after 30 d of tracer injection correspond well with the hotspot imaging on tumor (B1). 
1The color code bar indicates the coding scheme for the radioactivity. DMSO: Dimethyl sulfoxide; PEG 400: Polyethylene glycol 400.
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retention of  radioactivity after Ⅳ administration of  131I-
Hyp. Biodistribution and pharmacokinetics of  radioio-
dinated Hyp were also investigated in animals with and 
without catheterization. In general, the total radioactivity 
accumulated in the intestines was dramatically reduced 
by ten times in those animals with catheter placement. 
Improved tissue biodistribution and kinetic parameters 
of  123I-Hyp were also seen in cannulated animals. By us-
ing this approach, radiation overexposure because of  
prolonged excretion of  131I-Hyp can be prevented in the 
future clinical practice[107].

A safety study of  IV administered iodogen in DMSO 
was conducted in mice of  both sexes. LD50 was deter-
mined with iodogen/DMSO doses ranging from 40.0 to 
70.0 mg/kg. Toxicity at 30.0 mg/kg was tested for chang-
es in behavior, body weight, and serum biochemistry over 
14 d. Due to the toxicity concerns associated with the use 
of  DMSO, a high dose of  the solvent was also concur-
rently tested.

Good safety profile was demonstrated with iodogen 
in DMSO with LD50 values above 50.0 mg/kg and pure 
DMSO. No animal deaths, pathologies or clinical toxici-
ties were recorded after 30.0 mg/kg iodogen in DMSO, 
which is 3000 times the dose intended for possible hu-
man applications[108].

Overall these data put forward a solid indication for 
the manageable and tolerable safety of  OncoCiDia and 
potential upcoming clinically applicable formulations in 
terms of  both radiotoxicity and chemotoxicity.

Translational research on 
cardiac applications of iodinated 
hypericin 
Nuclear imaging for diagnosis of myocardial ischemia/
infarction
Coronary heart disease, in which MI is a major compo-
nent, represents the most common cause of  death in the 
Western world. To assess myocardial viability, nuclear 
imaging uses radiolabelled compounds recognizing spe-
cific structures, receptors or antigens to scrutinize the 
molecular process under physiological conditions in a 
noninvasive manner. Several myocardial perfusion trac-
ers for single photon emission computed tomography 
(SPECT) such as thallium-201 (201Tl) and technetium-
99m (99mTc) labeled agents (e.g., sestamibi and tetrofos-
min) are currently available in the clinic. They evenly dis-
tribute throughout the normal myocardium in proportion 
to the blood flow, depicting the dead/ischemic tissues 
as “black spot”. However, the development of  specific 
targeting agents with genuine necrosis affinity constitutes 
an important goal in the management of  cardiac patholo-
gies. They may allow early detection, delineation of  the 
infarcted or ischemic area, patient follow-up over-time 
and evaluation of  the response to revascularization thera-
pies[109]. Other cardiovascular diseases related to cardiac 

cell death could be identified including diverse cardio-
myopathy[110], myocardial inflammation, acute myocardi-
tis[111]. Acute or chronic diffuse myocardial damage due to 
cardiac transplant rejection could also be detected[112].

Various “hot spot” imaging tracers have been ex-
ploited for the visualization of  MI. Technetium (99mTc)-
pyrophosphate accumulates in necrotic myocardium by 
targeting the calcium phosphate present in the mitochon-
dria of  infarcted or harshly damaged myocardium[113]. 
99mTc-glucarate complex preferentially localizes into basic 
protein histones within denatured nuclei and subcellular 
organelles in the dead cardiomyocytes[114]. 111In-labelled 
monoclonal anti-myosin Fab specifically recognizes the 
intracellular heavy chain of  the exposed cardiac myosin 
of  severely damaged cells[115]. Unfortunately, overestima-
tion of  the infarct size due to poor specificity for distin-
guishing ischemic and necrotic tissues[116,117], and reduced 
diagnostic accuracy and low target to background ratio on 
scintigraphic images because of  the prompt dissociation 
of  the tracer in vivo and short-term accumulation at the 
damage site[7]  have been noticed.

123I-Hyp as a complementary necrosis avid cardiac 
scintigraphic agent 
By micro-single photon emission computed tomogra-
phy (µSPECT), the potential usefulness of  the necrosis 
avid 123I-Hyp for detection and quantification of  acute 
MI has been reported[118], which is essential for clinical 
management of  ischemic heart disease. In a more recent 
study[119], 123I-Hyp was compared with the commercial 
myocardial perfusion agent technetium-99m-labeled-
hexakis (2-methoxyisobutylisonitrile) (99mTc-Sestamibi) 
in organ distribution and targetability in rabbits with 
acute MI using dual-isotope simultaneous acquisition-
µSPECT/computed tomography and postmortem meth-
ods. 123I-Hyp underwent hepatobiliary excretion whereas 
99mTc-Sestamibi distribution was characterized by more 
rapid hepatorenal elimination. 99mTc-Sestamibi preferen-
tially accumulated in the normal myocardium, whereas 
123I-Hyp confirmed to be a necrosis specific agent that 
allowed hot spot imaging of  irreversibly damaged myo-
cardium or acute MI. Therefore, 99mTc-Sestamibi and 123I-
Hyp can be considered as a pair of  complementary trac-
ers for DISA-SPECT/CT in nuclear cardiology[119]. 

A translational application 
elicited from mechanism study on 
hypericin
Gallstone basics and pathologies
Cholelithiasis refers to the presence of  gallstones in the 
gallbladder. Although these supersaturated deposits of  
bile are initially formed within the gallbladder, they may 
distantly pass into other parts of  the biliary tract, reach-
ing the common bile duct, the cystic duct and the pan-
creatic duct. They can broadly vary in size and appear 
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as a single stone or as an assortment of  stones with dif-
ferent sizes. Gallstones generally come in three different 
types including cholesterol stones that represent about 
80%, pigment stones composed of  bilirubin, the yellow 
breakdown product of  normal heme catabolism found in 
bile, and mixed stones. Gallstones in the gallbladder may 
cause acute cholecystitis[120], an inflammatory condition 
distinguished by bile retention leading to secondary in-
fection by intestinal microorganisms, mainly Escherichia 
coli, Klebsiella, Enterobacter, and Bacteroides species[121]. 
Presence of  gallstones in the biliary tract can produce 
obstruction of  the bile ducts, leading to severe ascending 
cholangitis or pancreatitis, which can be life-threatening. 
Eventually, they can be very painful and may require 
surgical intervention to remove the gallbladder and/or 
stones.

Hypericin as an optical imaging agent for fluorescent 
detection of gallstones 
Since Hyp is primarily excreted via bile and its interaction 
with cholesterols has been proved[8,9], the potential use 
of  Hyp as an optical imaging agent for fluorescent detec-
tion of  gallstones in the clinic was explored. Cholesterol, 
pigment and mixed gallstones were derived from chole-
cystectomy patients. In vitro studies were conducted by 
incubating the gallstones with Hyp solutions at increasing 
concentrations (0-0.01 mg/ml) either in solvent or bile. 

Under UV light at 254 nm wavelength, red fluorescence 
was seen on stones previously incubated with Hyp, but 
this was not observed on only solvent or bile-treated 
gallstones (Figure 9). The intensity of  stone fluorescence 
depended on Hyp concentration. Although other tech-
niques like ultrasonography or cholescintigraphy scan 
with 99mTc-hepatobiliary iminodiacetic acid can usually 
detect gallstones, the use of  Hyp may aid fluorescent 
detection and removal of  gallstones during open and/or 
endoscopic cholecystectomy and cholangiotomy. In vivo 
studies are needed to prove whether it is a vital and appli-
cable approach. 

Safety evaluation of medical de-
vices using radiopharmaceutical 
approach
Potential contamination risk from multiple uses of a 
contrast injection pump 
Multiple uses of  automatic contrast injection systems for 
automatic delivery of  contrast media during enhanced 
imaging procedures can reduce costs and save resources. 
However, cross-contaminations with blood-borne patho-
gens of  infectious diseases may occur[122,123]. To avoid 
possible nosocomial outbreaks, the injection system in-
cluding the power syringes, filling and injecting set and 
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Figure 9  Macroscopic digital imaging of gallbladder stones which were extracted from patients. Stones previously incubated in DMSO/PEG400/water (25:60:15, 
v/v/v) for 72 h and set as control (A1, A2) lack of fluorescent properties (A3, A4). Stones treated for 72 h with a solution of Hyp in DMSO/PEG400/water (25:60:15, v/v/v) (B1, 
B2) reveals fluorescence (B3, B4) under the UV light of 254 nm. DMSO: Dimethyl sulfoxide; PEG 400: Polyethylene glycol 400; UV: Ultraviolet.
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the patient line has to be completely changed for each pa-
tient. However, this proves expensive and time consum-
ing due to the wasted surplus contrast materials in the 
setup from each exam, the consumptions of  disposable 
devices, and the long pauses for changing the entire set-
up per patient. To reduce material and costs, several insti-
tutions worldwide have been applying multiple usages of  
the syringes with automatic injectors for serial patients. 
Generally, these commercially available injection systems 
contain a special one-way-valve tube device. However, 
nosocomial outbreaks between patients are still a prob-
lem because of  contamination of  the injection system 
with blood-borne pathogen[124].

A radioactive method for assessing microbial safety of 
an infusion set
The purpose of  this experiment was to develop a ra-
dioactive method for quantitative safety evaluation of  a 
new replaceable patient-delivery system[125]. This system 
(Transflux™ Diepenbeek, Belgium) contains a safety 
zone composed by a tube and two one-way valves. It per-
mits to flush the whole injector system and the vein but 
prevents blood reflux during contrast-enhanced imaging. 
This system is replaced for each new patient, whereas the 
power syringes need to be changed only once a day after 
multiple uses for a series of  patients. It has been applied 
for years in many radiology units without any contamina-
tive infections reported, which though has to be experi-
mentally justified.

By mimicking pathogens with a diffusible radiotracer, 
we evaluated the feasibility of  using this system repeat-
edly without septic risks. The experiment was performed 
by intravenous injection of  99mTc-dimercaptopropionyl-
human serum albumin in rabbits previously connected via 
an endovenous catheter to an automatic contrast injection 
system. Protocols with normal saline and contrast agent 
plus saline loaded in the injection system were compared. 
By sampling and analyzing aliquots from the filling and 
injecting set, patient line and blood, it was checked if  the 
radiotracer from the patient line in contact with animal 
blood was able to cross the safety zone and reach the 
power syringes.

Overall, with both protocols, radioactivity was found 
in blood and in patient line but in none of  the samples 
from the filling-injecting set. This radioactive method ap-
pears accurate and reliable. The patient-delivery system 
proves safe and convenient, which is in line with the clini-
cal experiences collected to date. By replacing the patient 
delivery system, cross-contamination risks can be avoided 
without changing the main part of  injection system. This 
method can be applied for evaluation of  similar devices 
before human use.

CONCLUSION
Translational medicine aims at identifying solutions to 
specific health problems. Different but important diffi-
culties faced in cancer treatment, identification of  cardiac 

infarction, detection of  cholelithiasis and safety evalua-
tion of  medical devices might be considerably tackled by 
well-designed laboratory experiments. 

OncoCiDia presents an unconventional but general 
approach based on the necrosis avidity for treating multi-
focal and multitype malignant tumors. It uses a combined 
sequence of  a vascular disrupting agent for triggering 
massive tumor necrosis followed by the necrosis avid 131I-
Hyp to destroy remaining tumor cells. Some technical 
optimizations have been performed and herein demon-
strated to assist in introducing OncoCiDia to the possible 
clinical practice. The feasible Hyp radioiodination with 
good radiochemical yields and a proper formulation for 
in vivo applications have been investigated and discussed. 
The favorable biodistribution, dosimetry and pharmaco-
kinetic patterns as well as good in vivo tolerance and low 
toxicity of  radioiodinated Hyp have been exhibited in an-
imal experiments. In general, the genuine benefits of  131I-
Hyp distinguished by high and unprecedented long-term 
accumulation in tumor necrosis in the vicinity of  cancer 
cells and its convenient clearance mechanism through bile 
without renal retention could noticeably impact on can-
cer theragnostic management or open doors for handling 
a wide diversity of  cancers in future clinical practice.

Targeting necrosis may offer new opportunities for 
the management of  cardiac pathologies. The clinical in-
troduction of  radioactive necrosis-specific agents like 123I-
Hyp might play a complementary role in detection and 
quantification of  acute myocardial infarction. The com-
bination of  the genuine 123I-Hyp necrosis avidity with 
the preferential uptake of  the currently used commercial 
myocardial perfusion agent by normal myocardium might 
offer additional information in the clinical management 
of  this life-threatening pathology.

On the other hand, the use of  the fluorophore hy-
pericin as an optical imaging agent with low in vivo toxic-
ity could be an excellent diagnostic tool for the detection 
and removal of  gallstones in patients suffering from such 
common clinical conditions.

Finally, the risk of  accidental cross-contamination in 
medical devices can be minimized through safety evalua-
tion studies based on the inherent sensitivity of  radioac-
tive methods in preclinical animal experiments.
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Abstract
Bone marrow cells are capable of differentiation into 
liver cells. Therefore, transplantation of bone marrow 
cells has considerable potential as a future therapy for 
regeneration of damaged liver tissue. Autologous bone 
marrow infusion therapy has been applied to patients 
with liver cirrhosis, and improvement of liver function 
parameters has been demonstrated. In this review, we 
summarize clinical trials of regenerative therapy using 
bone marrow cells for advanced liver diseases including 
cirrhosis, as well as topics pertaining to basic in vitro  or 
in vivo  approaches in order to outline the essentials of 
this novel treatment modality.

© 2013 Baishideng Publishing Group Co., Limited. All rights 
reserved.
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Core tip: Bone marrow cells, which include multipotent 
progenitor cells, are capable of differentiation into liver 
cells. Autologous bone marrow infusion therapy has 
been applied to cirrhotic patients, and improvement 
of liver function parameters has been demonstrated. 

Although the efficacy of this treatment modality needs 
to be evaluated in more detail in a large number of 
patients, regenerative therapy using bone marrow cells 
for advanced liver diseases has considerable potential.

Saito T, Tomita K, Haga H, Okumoto K, Ueno Y. Bone mar-
row cell-based regenerative therapy for liver cirrhosis. World J 
Methodol 2013; 3(4): 65-69  Available from: URL: http://www.
wjgnet.com/2222-0682/full/v3/i4/65.htm  DOI: http://dx.doi.
org/10.4329/wjm.v3.i4.65

INTRODUCTION
Bone marrow cells (BMCs) are capable of  differentiating 
into liver cells[1-4] because they include stem cells known 
as multipotent adult progenitor cells[5,6]. These cells have 
been shown to produce albumin when cultured with he-
patocyte growth factor (HGF)[7] and various liver-specific 
proteins, including albumin, when cultured with mature 
hepatocytes[8]. Using cells obtained with a negatively se-
lective magnetic cell separation system for efficient sort-
ing of  rat BMCs enriched with stem cells, we have shown 
that BMCs differentiate into cells expressing liver-specific 
genes when cultured with mature hepatocytes or HGF[9]. 
As there is now much evidence indicating that BMCs can 
differentiate into cells resembling liver cells in vitro[6-11], the 
characteristics of  such BMCs are of  great interest in the 
context of  liver-regenerative medicine[12-14].

Liver cirrhosis is the end stage of  chronic liver dis-
ease, and is associated with many serious systemic com-
plications resulting from both liver failure and portal 
hypertension. This condition has a poor prognosis and 
is difficult to treat. Therefore, development of  an ef-
fective liver-regenerative therapy for liver cirrhosis is an 
urgent priority. Liver transplantation is the only curative 
remedy for cirrhotic patients, but is associated with many 
problems such as donor shortage, surgical complications, 
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rejection and high cost. As an alternative approach, re-
generative cell therapy using stem cells is now attracting 
attention. Multipotent stem cells present in bone marrow 
are a particularly promising candidate for this purpose. 
In this review, we summarize clinical trials of  liver-regen-
erative therapy using BMCs for advanced liver diseases 
including cirrhosis, as well as topics pertaining to basic in 
vitro or in vivo approaches in order to outline the essentials 
of  this novel treatment modality.

MIGRATION AND ENGRAFTMENT OF 
TRANSPLANTED BMCs TO THE INJURED 
LIVER IN STUDIES USING ANIMAL 
MODELS
Although BMCs can show liver cell lineage differentiation 
in vitro, an understanding of  the dynamics of  transplanted 
BMCs in vivo is essential for the development of  BMC-
based regenerative therapy. In this context, two impor-
tant issues need to be clarified: (1) How do transplanted 
BMCs migrate to and engraft in the liver? and (2) Is there 
a relationship between the degree of  liver damage and 
the extent of  migration of  transplanted cells? A previous 
study using model rats with carbon tetrachloride (CCl4)-
induced liver injury has demonstrated that transplanted 
BMCs derived from transgenic rats expressing green fluo-
rescent protein[15] in the spleen migrated to and remained 
in the periportal area of  the recipient’s damaged liver[16]. 
These transplanted cells expressed liver cell markers such 
as alpha-fetoprotein as well as Notch signaling markers 
for stem cells, suggesting that the BMCs retained in the 
recipient liver possess the potential to differentiate into 
liver cells.

Migration of  transplanted BMCs to the liver after in-
jection into the spleen has been compared in two models 
of  liver injury induced by administration of  CCl4 and 
2-acetylaminofluorene (2-AAF)[17], respectively, focusing 
particularly on differences in levels of  liver mRNA for 
growth factors such as HGF and fibroblast growth fac-
tor (FGF), which have been shown to be responsible for 
efficient liver cell lineage differentiation of  BMCs[9,18,19]. 
Interestingly, transplanted BMCs were found to engraft 
into CCl4-induced injured liver characterized by submas-
sive hepatic necrosis and induction of  high levels of  
HGF and FGF, but not into liver damaged by 2-AAF[20]. 
A higher degree of  HGF induction is characteristic of  
more severe liver damage[21,22]. These findings suggest 
that transplanted BMCs migrate more effectively to a 
liver with greater damage, and that this transplantation 
approach would be clinically promising for treatment 
of  advanced liver diseases. However, further studies are 
needed to clarify the factors produced by both BMCs and 
hepatocytes that contribute to better differentiation of  
BMCs into liver cells in vivo, thus improving the effective-
ness of  BMC transplantation.

HUMORAL FACTORS BENEFICIAL FOR 
LIVER REGENERATION AFTER BMC 
TRANSPLANTATION
The degree of  liver function and fibrosis, as well as sur-
vival rate, have been shown to improve significantly after 
BMC transplantation in animal models of  severe liver 
injury[23,24]. With regard to the mechanisms of  liver re-
generation resulting from BMC transplantation, many of  
the physiological and regenerative roles of  transplanted 
BMCs remain unclear. However, it can be said with cer-
tainty that humoral factors produced in the liver during 
the regenerative process after BMC transplantation have 
a crucial role in both improvement of  liver fibrosis and 
liver cell lineage differentiation of  stem cells originating 
from BMCs and hepatic epithelial stem cells. 

Improvement of  liver fibrosis results from fibrolysis 
through the proteolytic action of  BMC-induced factors. 
In this context, matrix metalloproteinase (MMP) activ-
ity is particularly noteworthy[25]. Sakaida et al[23] showed 
that BMC transplantation ameliorated liver fibrosis in the 
CCl4-induced liver-injury model, and that the fibrolytic 
change was attributable to MMP-9 secreted by BMCs 
that had migrated to fibrotic areas of  the liver.

The liver cell lineage differentiation of  BMCs occurs 
through the cooperative action of  a variety of  growth 
factors such as HGF or FGF induced in the injured 
liver[11,20,26]. Such differentiation may be accompanied by 
early elevation of  the apolipoprotein A1 level in serum 
and liver[27]. Administration of  FGF2 in combination 
with BMC transplantation synergistically ameliorates liver 
fibrosis in models of  liver injury induced by CCl4[28]. In 
addition, in severe liver injury where hepatocyte prolifera-
tion is strongly inhibited, hepatic stem cells such as oval 
cells are induced and show differentiation toward a liver 
cell lineage, thus leading to liver regeneration[29,30]. 

As BMC transplantation is successfully adaptable 
to cases of  severe liver injury, it has been hypothesized 
that transplanted BMCs interact with hepatic epithelial 
stem cells and influence the subsequent proliferation 
and differentiation of  stem cells. Studies of  the interac-
tion between BMCs and hepatic stem cells can provide 
new insight into the mechanisms of  recovery from se-
vere liver damage through liver regeneration after BMC 
transplantation. In this context, in vitro analysis using a 
system for co-culture of  BMCs and an established epi-
thelial hepatic stem cell line has been conducted. Haga et 
al[31] demonstrated that the expression of  FGF2 mRNA 
was upregulated in BMCs co-cultured with hepatic stem 
cells, and that expression of  mRNAs for both albumin 
and tyrosine aminotransferase, representative of  mature 
hepatic cells, became detectable in hepatic stem cells after 
culture with FGF2 protein. Thus, BMCs stimulate both 
proliferation and differentiation of  hepatic stem cells into 
the hepatocyte lineage, and FGF2 is one of  the factors 
produced by interaction with BMCs, which stimulates 



67 December 26, 2013|Volume 3|Issue 4|WJM|www.wjgnet.com

such differentiation. Cross-talk between bone marrow 
stem cells and hepatic epithelial stem cells may underlie 
the process of  liver regeneration, and this is an area of  
interest for future investigation. Figure 1 shows an over-
all representation of  the putative action of  transplanted 
BMCs in the regeneration of  damaged liver.

CLINICAL TRIALS OF BMC 
TRANSPLANTATION FOR ADVANCED 
LIVER DISEASES
BMC transplantation has received increasing attention as 
a promising therapy for advanced and severe liver diseas-
es such as cirrhosis. Clinical trials of  BMC administration 
to patients with advanced liver diseases have been per-
formed, and improvement of  liver function parameters 
such as the serum level of  albumin, Child-Pugh score 
or Model for Endstage Liver Disease score have been 
reported[32-40]. Another study has shown that intraportal 
administration of  autologous CD133+ BMCs and subse-
quent portal venous embolization of  right liver segments 
resulted in a 2.5-fold increase in the mean proliferation 
rate of  the left lateral segment, in comparison with con-
trols not receiving BM transfusion[41]. These findings 
suggest that transplanted BMCs have a potential role in 
liver regeneration and proliferate in the recipient liver. 
Recently, autologous BMC transplantation - a technique 
named autologous BMC infusion (ABMi) therapy - has 
been applied to multi-center patients with liver cirrhosis 
due to hepatitis C[42], hepatitis B[43] and excess alcohol 
intake[44] using almost the same protocol, and a series of  
studies have demonstrated improvement of  the serum 
albumin level, leading to improvement of  the Child-Pugh 
score.

Although BMC administration for advanced liver 
diseases including cirrhosis is an attractive strategy in the 
field of  cell therapy for liver regeneration, many concerns 
need to be addressed[45-47]. As in vitro and in vivo experi-
ments have clearly shown, BMCs induce fibrolysis and 
show hepatocyte differentiation, and they may interact 

with hepatic epithelial stem cells to aid their differentia-
tion into the hepatocyte lineage. However, it is still un-
clear how infused BMCs work to improve liver function 
in humans. A clinical trial of  ABMi for patients with 
cirrhosis demonstrated that the number of  AFP-positive 
cells increased significantly in the liver relative to the situ-
ation before ABMi[42]. In addition, ABMi appeared to 
induce hepatocyte proliferation in the liver, as expression 
of  proliferating cell nuclear antigen, a marker of  hepato-
cyte proliferation, was significantly increased after ABMi 
in comparison with the pretreatment situation. Although 
these findings suggest that transplanted BMCs have a po-
tential role in liver regeneration and proliferate in the re-
cipient liver, it remains unknown whether fully functional 
hepatocytes are induced by ABMi. The characteristics of  
stem cells present among BMCs that show hepatocyte 
differentiation require further elucidation.

The factors that determine the difference between ef-
fectiveness and non-effectiveness of  ABMi are unclear. 
Collateral circulation resulting from the portal vein dis-
organization that characterizes liver cirrhosis may affect 
the flow and effective migration of  infused BMCs to the 
liver, and thus migration of  infused cells to the liver may 
partly depend on the portal venous pressure. In addition, 
the expression levels of  cellular adhesion molecules as-
sociated with the attachment of  infused cells to liver tis-
sue may vary a great deal among patients. The long-term 
effectiveness of  this therapy in terms of  survival rate has 
not been demonstrated. These issues should be evaluated 
by a randomized controlled trial involving a large number 
of  patients. Additionally, other issues that impact the effi-
cacy of  this therapy, i.e., the long-term culture conditions 
optimal for stocking BMCs for repeated infusion, the op-
timal cell population to employ, the optimal number of  
cells to infuse, the effectiveness of  repeated infusion and 
the optimal route for cell delivery need to be investigated 
further. 

In conclusion, regenerative therapy using BMCs for 
advanced liver diseases including cirrhosis has consider-
able potential. Further studies are needed to develop a 
better method of  BMC transplantation that can contrib-
ute to improvement of  liver function and to clarify the 
long-term effectiveness of  this therapy.
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