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Abstract
Purpose: Rapid noninvasive delineation of necrotic myocardium in ischemic regions is very
critical for risk stratification and clinical decision-making but still challenging. This study aimed to
evaluate the necrosis avidity of radioiodinated hypocrellins and its potential for rapidly imaging
necrotic myocardium.
Procedures: The aggregation constants of four natural hypocrellins were analyzed by UV/vis
spectroscopy. Then, they were radiolabeled with iodine-131 by iodogen oxidation method.
Necrosis avidity of iodine-131-labeled hypocrellins was evaluated in rat models with reperfused
liver infarction and muscular necrosis by gamma counting, autoradiography, and histopathology.
Their pharmacokinetic properties were examined in normal rats. The potential of iodine-131-
labeled hypomycin A ([131I]HD) for early imaging of necrotic myocardium was explored in rat
models with reperfused myocardial infarction. Finally, the possible mechanism of necrosis
avidity was investigated by in vitro DNA binding and in vivo blocking experiments.
Results: The aggregation constants of four hypocrellins were all much smaller than that of
hypericin, a most studied necrosis avid agent. The radiochemical purities of the four radiotracers
after purification were all greater than 95 %, and more than 90 % of tracers remained intact after
incubation in rat serum for 24 h. Among the four tracers, [131I]HD exhibited the highest necrotic
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to viable tissue uptake ratio and the fastest blood clearance. The necrotic myocardium could be
clearly visualized 4 h after injection of [131I]HD by single-photon emission computed
tomography/X-ray computed tomography (SPECT/CT). DNA binding studies suggested that
HD could bind to DNA through intercalation. Blocking studies demonstrated that uptake of
[131I]HD in necrotic muscle could be significantly blocked by excess unlabeled HD and ethidium
bromide with 67 and 60 % decline at 6 h after coinjection, respectively.
Conclusions: [131I]HD can be used to rapidly visualize necrotic myocardium. The necrosis avidity
mechanism of [131I]HD may be attributed to its binding to the exposed DNA in necrotic tissues.

Key words: Hypocrellins, Necrosis avidity, Self-aggregation, Necrotic myocardium imaging,
DNA intercalation

Introduction
Myocardial infarction (MI) remains the predominant cause
of morbidity and mortality all over the world. Seasonable
myocardial revascularization is currently recognized as the
most effective therapeutic method for MI. However, this is
not always the case for MI patients. For instance, myocardial
revascularization may induce myocardial reperfusion injury
[1] and contribute to an extension of infarct size [2] for
patients with substantial necrotic myocardium. Therefore,
assessment of myocardial viability is essential before
revascularization to guide clinical decision-making.

Necrosis avid agents (NAAs) refer to a category of
compounds that can selectively accumulate in the necrotic
tissues [3], which plays an important role in evaluating
myocardial viability and prognosis by noninvasively identifying
necrotic myocardium [4]. Several NAAs, including
[99mTc]pyrophosphate [5], [111In]antimyosin [6], and
[99mTc]glucarate [7], have been clinically evaluated for visualiz-
ing necrotic myocardium. However, they have failed to be used
widespreadly in clinical practice in consideration of low target-to-
background ratio at early stage or limited imaging time window.

Recently, hypericin (Hyp, Fig. 1a), a potent and prominent
NAA, has become a hotspot of research. It had been
demonstrated that [123I]Hyp could bind selectively to necrotic
myocardium and could be used for imaging of necrotic
myocardium [8–10]. However, because of the polyaromatic
nature, Hyp is poorly soluble and easily forms supramolecular
aggregates in aqueous solution, making it easily accumulate in
mononuclear phagocyte system (MPS) such as lung and liver
[11–13]. The high uptake in lung and liver not only will
increase the radiation burden to normal tissues but also cause
interference in the detection of necrotic myocardium, espe-
cially in the apex cordis and inferior wall of the left ventricle
due to their close proximity to the liver. Therefore, it is
desirable to reduce the uptake of NAA in the liver, which
should improve the quality for imaging necrotic myocardium.

It has been reported that reducing the conjugated system
of aromatic molecules with fused rings can lower their
capacity to form self-aggregates [14]. This finding led us to
believe that hypocrellins with five conjugated rings might
display less degree of aggregation compared with Hyp with

eight conjugated rings. Moreover, splitting of fused rings
often could yield new drugs with similar activity in drug
research. For example, a series of analgesics with simplified
structure and reduced addiction have been successfully
developed by splitting the five-membered ring morphine.
Similarly, hypocrellins sharing peri-hydroxylated polycyclic
quinones with Hyp might still retain necrosis avidity. Based
on the above, we speculated that hypocrellins might possess
less aggregation capacity and still retained necrosis avidity.

In the present study, we selected four hypocrellin
compounds, namely hypocrellin A (HA), hypocrellin B
(HB), hypocrellin C (HC), and hypomycin A (HD) (Fig. 1a),
and assessed their aggregation capacity by determining their
aggregation constants (Kα). After they were labeled with
I-131, in vitro necrosis avidity was evaluated in necrotic
cells and in vivo biodistribution was determined in rats with
reperfused liver infarction and muscular necrosis. The
potential of I-131-labeled HD ([131I]HD) for early imaging
of necrotic myocardium was explored in rat models with
reperfused MI. Finally, the possible mechanism of necrosis
avidity was investigated by in vitro DNA binding and
in vivo blocking experiments.

Materials and Methods
General

Compounds HA, HB, HC, and HD were isolated from the
fungus sacs of Hypocrella bambusae with purity of over
98 % [15]. Hyp (purity 9 98 %) was purchased from Purui
Technology (Chengdu, China). Sodium iodide (Na[131I]I)
was supplied by HTA Co., Ltd. (Beijing, China) with
radionuclidic purity of greater than 99 % and radioactivity
concentration of 740 MBq/ml. All other reagents and
solvents were obtained from commercial suppliers and used
without further purification. For the in vitro cell and ex vivo
animal studies, radioactivity uptake was measured using a
WIZARD2 2470 automated gamma counter (PerkinElmer,
Waltham, MA). Kunming mice (male, 25–30 g) and
Sprague-Dawley rats (male, 230–250 g) were purchased
from Nantong University (Nantong, China) and feed in
Experimental Animal Center, Jiangsu Academy of
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Traditional Chinese Medicine (Nanjing, China). All animals
were given 0.12 % potassium iodide in drinking water from
3 days before the experiment till the end of experiment to
protect the thyroid gland from taking up free I-131, and all
animal studies were approved by the Institutional Animal
Care and Use Committee.

Determination of Aggregation Constants

The self-aggregation constants of HA, HB, HC, HD, and
Hyp were measured by a Cary 60 UV–vis spectrophotometer
(Agilent Technologies, Santa Clara, CA) according to the
method reported by Pietrzak et al. [11]. Measurements were
conducted as a function of concentration ranging from 1.0 ×
10−8 to 5.0 × 10−4 M at 20 °C and at the wavelength range of
300–700 nm. The isodesmic model was applied for
nonlinear regression analysis according to Eq. (1):

A λ;Cð Þ ¼ εM λð Þ−εA λð Þ½ � þ 2KαC þ 1−
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4KαC þ 1

p

2K2
αC

þ εA λð ÞC ð1Þ

where A(λ, C) is absorbance at wavelength λ of the measured
samples at total concentration of C in solution; ɛM(λ) and
ɛA(λ) are the extinction coefficients for the monomeric and
the aggregated compounds, respectively; and Kα is the
aggregation constant. The degree of aggregated molecules
αagg can be obtained according to Eq. (2):

αagg ¼ 1−
2Kαcþ 1−

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4Kαcþ 1

p

2K2
αc

2
ð2Þ

where Kα is the self-aggregation constant and c is the total
concentration of the compound.

Radiolabelling and In Vitro Stability

Radioiodination was conducted by adding a DMSO solution
of each hypocrellin (0.2 mg/ml) and Na[131I]I solution (4:1,
v/v) into a tube coated with 50 μg iodogen. The mixture was
incubated at 45 °C for 30 min and then removed from
iodogen-coated tube to terminate the reaction. The radio-
chemical purity was determined by paper chromatography
(PC). Whatman No. 1 filter paper was used as stationary
phase and 0.1 M hydrochloric acid as developing solvent.
The results were presented as percentage of radioactivity of
each I-131-labeled hypocrellin relative to the total radioac-
tivity. Purification was performed by a reverse-phase Sep-
Pak plus C18 cartridge column (Waters, Milford, MA). After
purification, each I-131-labeled hypocrellin was redissolved
in a mixture of propylene glycol and polyethylene glycol
400 (1:1, v/v) for cell and animal studies.

For in vitro stability assay, 100 μl of each I-131-labeled
hypocrellin preparation was added into 900 μl of rat serum
and the mixture was incubated for 24 h at 37 °C. The
radiochemical stabilities of samples at different incubating
time were analyzed by PC as described above.

In Vitro Cell Binding Assays

The human hepatocellular carcinoma cell line HepG2 was
obtained from the Shanghai Institute of Cell Biology and
cultured in Dulbecco’s modified Eagle medium (KeyGen
Biotech, Nanjing, China) supplemented with 10 % fetal
bovine serum and 1 % (v/v) penicillin/streptomycin at 37 °C
in a humidified atmosphere containing 5 % CO2.

The HepG2 cells were seeded into a 6-well culture plate
at a density of 5 × 105 cells/well and incubated overnight.
After being washed with phosphate-buffered saline (PBS),
cells were incubated for 1 h at 57 °C to induce necrosis [16]

Fig. 1 a Chemical structures of hypericin (Hyp), hypocrellin A (HA), hypocrellin B (HB), hypocrellin C (HC), and hypomycin A
(HD). b Fraction of aggregated molecules αagg as a function of concentration of Hyp, HA, HB, HC, or HD in 50 % water–DMSO
mixture. The lines were acquired by fitting the concentration-dependent UV/Vis data with the isodesmic model.
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and at 37 °C as a control. For assessment of the uptake of I-
131-labeled hypocrellins in viable and necrotic cells, the
cells were transferred into 4-ml Eppendorf tubes and
coincubated at 37 °C for 1 h with 0.037 MBq of each I-
131-labeled hypocrellin. After centrifugation (12,000 r/min,
10 min), cells were washed twice with cold PBS to remove
the unbound tracers. The radioactivity content in cell pellets
was measured using a γ counter and expressed as the
percentage uptake per 108 cells. All experiments were
carried out in triplicate.

Pharmacokinetic Studies

Pharmacokinetic studies were performed in normal rats.
After intravenous administration of 3.7 MBq of each I-131-
labeled hypocrellin (n = 5), 10 μl of blood samples was
collected via a tail incision at 5 min, 10 min, 30 min, 1 h,
2 h, 3 h, 4 h, 5 h, 6 h, 8 h, 12 h, and 24 h post injection (p.i.),
respectively. Radioactivity of blood samples was measured
with a γ-counter, and corrections were made for physical
decay. Radioactivity concentrations in blood samples were
calculated and expressed as megabecquerel per liter (MBq/l).
The major pharmacokinetic parameters including area under
the curve (AUC(0–t), AUC(0–∞)), elimination half-life (t1/2z),
peak time (Tmax), clearance (CLz), peak concentration
(Cmax), and apparent volume of distribution (Vz) were
calculated by the noncompartment modeling using Drug
and Statistics for Windows 2.0 software.

Animal Models of Necrosis

Rat model with reperfused liver infarction (RLI) and/or
muscular necrosis (MN) and rat model with reperfused MI
were, respectively, established according to the method
described in our previous report [17, 18].

Biodistribution Studies and Blocking Experiment

Biodistribution studies were performed in rats with RLI and
MN. After intravenous injection with 3.7 MBq of each I-
131-labeled hypocrellin, rats were sacrificed at 6 or 12 h p.i.
(n = 5 per time point). Blocking experiments were performed
in rats with MN to verify the specificity of [131I]HD uptake.
For the blocking studies, rats were coinjected with 3.7 MBq
of [131I]HD and excess HD or ethidium bromide (EB)
(20 mg/kg) and then sacrificed at 6 h p.i. (n = 5 per group).
The organs of interest were sampled, weighed, and counted
for radioactivity by a γ counter. Uptake of the tracers was
calculated as percentage of injected dose per gram of tissue
(% ID/g).

After γ counting, tissues of normal liver, necrotic liver,
and partially necrotic muscle were cut into sections of 30 μm
using a cryostat microtome (Shandon Cryotome FSE;
Thermo Fisher Scientific, Waltham, MA) and thaw-

mounted on glass slides. These sections were exposed to a
high-performance phosphor screen (PerkinElmer, Waltham,
MA) for 4–8 h. Then, the images were acquired by scanning
the screen using a Cyclone Plus Phosphor Imager
(PerkinElmer). After autoradiography, the sections were
stained with hematoxylin and eosin (H&E) according to
the routine procedure and digitally photographed.

SPECT/CT Imaging and Postmortem Verification

Rats with MI or sham operation were anesthetized by
intraperitoneal injection of 10 % chloral hydrate and placed
in supine position. SPECT/CT imaging was performed at 4 h
after intravenous administration of 7.4 MBq of [131I]HD or
[131I]Hyp. The SPECT/CT system (Philips Precedence 6;
Philips, Eindhoven, The Netherlands) consisted of a variable
angle dual detector equipped with pinhole collimators and a
multislice spiral CT component. Images were acquired by
the following acquisition parameters: static image matrix
size 128 × 128, continuous acquisition 30 frames × 25 s/
frame, and CT (120 kV, 240 mA). SPECT/CT images were
fused using Syntegra software.

After the scan of SPECT/CT, rats were immediately
sacrificed and organs of interest were collected, weighed,
and counted for radioactivity as described above. The hearts
isolated from rats with MI were rinsed with saline and cut
into slices of 2 mm in the axial plane. After incubation in
2 % triphenyltetrazolium chloride (TTC) solution at 37 °C
for 15 min, the TTC-stained slices were digitally
photographed and then cut into 30-μm slices for autoradi-
ography studies as described above.

DNA Binding Studies

The DNA binding characteristics of HD were studied by
measuring changes in UV–visible absorption spectra of fixed
concentration of HD with the addition of increasing amounts
of DNA. HD was dissolved in 25 % DMSO–Tris-HCl buffer
(pH 7.40) mixture. Equal amounts of calf thymus DNA (ct-
DNA) were gradually added, and the mixtures incubated at
25 °C for 5 min. The absorption spectra of the mixtures were
measured using a Cary 60 UV–vis spectrophotometer
(Agilent Technologies, Santa Clara, CA) in the wavelength
range of 300–700 nm. The binding constant (Kb) was
calculated by the following Eq. (3) [19]:

DNA½ �= εa−ε f
� � ¼ DNA½ �= εb−ε f

� �þ 1=Kb εb−ε f
� � ð3Þ

where [DNA] is the concentration of ct-DNA; the terms ɛa,
ɛb, and ɛf correspond to the apparent extinction coefficient
and extinction coefficient of free and fully bound compound,
respectively, and can be calculated from the Lambert–Beer’s
law (ε = A / [compound]). A plot of [DNA] / (ɛa − ɛf) versus
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[DNA] gives Kb as the ratio of slope (1 / (ɛb − ɛf)) to
intercept (1 / Kb (ɛb − ɛf)).

Ethidium bromide (EB) fluorescence quenching experi-
ments were performed to further investigate the binding
mode between HD and DNA. The experiment monitored
changes in emission intensity of EB bound to DNA as a
function of added compound concentration. The ct-DNA
was pretreated with EB in a ratio of [DNA]/[EB] = 4 at
25 °C for 10 min. After HD was added to the mixture,
emission spectra were measured by a Cary Eclipse Fluores-
cence Spectrophotometer (Agilent Technologies, Santa
Clara, CA) in the region of 550–750 nm using an excitation
wavelength at 540 nm. The Sterne-Volmer constant (KSV)
was calculated according to Eq. (4) [20]:

F0=F ¼ 1þ KSV Q½ � ð4Þ

where F0 and F are the fluorescence intensities in the
absence and presence of HD and [Q] is the concentration of
HD.

Statistical Analysis

Quantitative results were expressed as mean ± standard
deviation (SD). Using the Student’s t test, p values less than
0.05 were considered statistically significant.

Results

Determination of Aggregation Constants

The concentration-dependent transitions from monomeric to
aggregated hypocrellins and Hyp and the calculated regres-
sion lines according to the isodesmic model are presented in
Fig. 1b. The aggregation constants of HA, HB, HC, HD, and
Hyp were 81,370 ± 1101, 32,373 ± 809, 90,641 ± 1047,
36,151 ± 1070, and 199,695 ± 241, respectively. Compared
to Hyp, aggregation constants of HA, HB, HC, and HD
decreased about 59.25, 83.79, 54.61, and 81.90 %, respec-
tively. This indicated that the aggregation capability of
hypocrellins was much lower than that of Hyp.

Radiolabeling and In Vitro Stability

The radiolabeling yields of I-131-labeled HA ([131I]HA), I-
131-labeled HB ([131I]HB), I-131-labeled HC ([131I]HC),
and [131I]HD determined by PC were 85.8 ± 2.1, 74.5 ± 1.8,
82.3 ± 1.9, and 97.2 ± 2.0 %, respectively. The radiochemi-
cal purities of the tracers after purification were all greater
than 95 %. More than 90 % of tracers remained intact after
incubation in rat serum for 24 h at 37 °C, indicating that all
the tracers had favorable in vitro stability.

In Vitro Cell Binding Assays

The uptakes of four iodine-131-labeled hypocrellins in
necrotic and viable cells are presented in Table 1. The
uptake of [131I]HA, [131I]HB, [131I]HC, and [131I]HD in
necrotic cells was 3.11, 5.12, 6.39, and 7.37 times as much
as that in viable cells, respectively. These results demon-
strated that the four I-131-labeled hypocrellins all could
selectively bind to necrotic cells.

Pharmacokinetic Studies

The major pharmacokinetic parameters are presented in
Table 2. The elimination half-life of [131I]HD was 9.05 h,
which demonstrated a slightly faster clearance from the
blood than [131I]HA, [131I]HB, [131I]HC, and [131I]Hyp with
elimination half-lives of 10.28, 9.78, 12.17, and 31.20 h
[21], respectively.

Biodistribution Studies in Rats with RLI and MN

The biodistribution results of four I-131-labeled
hypocrellins in rats with RLI and MN are shown in
Table 3. The uptakes of all tracers in necrotic liver and
muscle were much higher than those in normal liver and
muscle, respectively, at both 6 and 12 h p.i. Among the
four tracers, [131I]HD demonstrated the highest necrotic-to-
normal liver ratios (3.27 and 6.18 for 6 and 12 h p.i.,
respectively) and necrotic-to-normal muscle ratios (5.56
and 5.49 for 6 and 12 h p.i., respectively). All tracers
showed lower uptakes in the examined normal organs at
12 h p.i., but there is only a limited clearance of
radioactivity from mostly normal organs from 6 to 12 h p.i.

Autoradiography and Histochemical Staining

Autoradiographs and corresponding H&E staining images of
30-μm liver and muscle slices are presented in Fig. 2.
Autoradiography and corresponding H&E staining showed
that the uptakes of four I-131-labeled hypocrellins in
necrotic liver were much higher than that in normal liver at
both studied time points, which was consistent with the

Table 1. Uptake of [131I]HA, [131I]HB, [131I]HC, and [131I]HD in HepG2
cells

% Uptake/108 cells

[131I]HA [131I]HB [131I]HC [131I]HD

Viable cells 0.47 ± 0.07 0.43 ± 0.06 0.46 ± 0.08 0.43 ± 0.07
Necrotic cells 1.46 ± 0.16 2.20 ± 0.18 2.94 ± 0.25 3.17 ± 0.37
N/V cells 3.11 5.12 6.39 7.37

Data are % uptake/108 cells and expressed as mean ± SD
N necrotic, V viable
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results of biodistribution. Moreover, the necrosis avidity of
four I-131-labeled hypocrellins was further confirmed by the
fact that higher radioactivity uptakes were observed in the
necrotic muscle areas than in the viable areas.

SPECT/CT Imaging

Due to the higher necrotic-to-normal tissue ratios and
favorable pharmacokinetic properties, [131I]HD was chosen
for SPECT/CT imaging and compared with [131I]Hyp.
Figure 3a displays the representative coronal and transver-
sal SPECT/CT images of rats with MI and control rats with
sham operation at 4 h after administration of [131I]HD or
[131I]Hyp. Obvious hotspot was observed in the heart of a
rat with MI while not in the heart of a rat with sham
operation after administration of [131I]HD. In contrast,
hotspots were visualized in the hearts of both a rat with MI
and a sham-operated rat after administration of [131I]Hyp.
This suggested that [131I]HD could differentiate necrotic
myocardium from viable myocardium at 4 h p.i., while it
was not the case for [131I]Hyp, which was consistent with
our previous results [22].

Postmortem Analysis

The radioactivity uptake ratios of organs of interest after
SPECT/CT imaging are shown in Fig. 3b. The uptake of
[131I]HD in necrotic myocardium (1.54 ± 0.15 % ID/g) was
about 5.58 times that in viable myocardium (0.29 ± 0.05 %
ID/g), while uptake of [131I]Hyp in necrotic myocardium
(1.75 ± 0.31 % ID/g) was 3.38 times that in viable
myocardium (0.58 ± 0.13 % ID/g). Moreover, [131I]HD had
higher necrotic myocardium-to-lung/blood/liver ratios than
[131I]Hyp (p G 0.01). Autoradiographs and corresponding
TTC staining images of heart slices from rats with MI are
presented in Fig. 3c. The intense signal of autoradiography
was localized in necrotic areas as evidenced by TTC
staining, which confirmed the preferential accumulation of
[131I]HD and [131I]Hyp in the necrotic area of myocardium.

DNA Binding Studies

The UV–visible absorption spectra of HD in the absence and
presence of increasing amounts of ct-DNA are shown in Fig. 4a. It
was reported that hypochromism was generated through an
intercalative mode of binding between an aromatic chromophore

Table 2. Major pharmacokinetic parameters of [131I]HA, [131I]HB, [131I]HC, and [131I]HD obtained by noncompartmental modeling after intravenous
injection of 3.7 MBq of each tracer in normal rats (n = 5)

Parameters Unit Pharmacokinetic parameter values

131I-HA 131I-HB 131I-HC 131I-HD

AUC(0–t) MBq/L h 128.99 ± 15.73 205.29 ± 17.99 317.61 ± 15.54 87.94 ± 7.08
AUC(0–∞) MBq/L h 157.66 ± 25.47 252.81 ± 38.96 388.25 ± 49.83 101.95 ± 4.49
t1/2z h 10.28 ± 3.20 9.78 ± 2.40 12.17 ± 3.07 9.05 ± 1.68
Tmax h 0.10 ± 0.00 0.08 ± 0.00 0.08 ± 0.00 0.10 ± 0.04
CLz L/h/kg 0.10 ± 0.01 0.06 ± 0.01 0.04 ± 0.01 0.15 ± 0.01
Cmax MBq/L 35.92 ± 4.32 36.74 ± 1.64 79.03 ± 7.68 26.28 ± 4.93
Vz L/kg 1.38 ± 0.32 0.82 ± 0.13 0.61 ± 0.08 1.91 ± 0.40

Data are expressed as mean ± SD

Table 3. Biodistribution of [131I]HA, [131I]HB, [131I]HC, and [131I]HD in rats with reperfused liver infarction and muscular necrosis at 6 and 12 h p.i.

Organ [131I]HA [131I]HB [131I]HC [131I]HD

6 h 12 h 6 h 12 h 6 h 12 h 6 h 12 h

Blood 0.65 ± 0.07 0.38 ± 0.03 0.85 ± 0.10 0.56 ± 0.08 0.97 ± 0.10 0.72 ± 0.15 0.59 ± 0.02 0.32 ± 0.05
Brain 0.01 ± 0.00 0.01 ± 0.00 0.01 ± 0.00 0.01 ± 0.00 0.04 ± 0.01 0.02 ± 0.00 0.03 ± 0.10 0.01 ± 0.00
Thyroid 0.13 ± 0.02 0.12 ± 0.03 0.19 ± 0.05 0.21 ± 0.02 0.19 ± 0.06 0.18 ± 0.04 0.18 ± 0.03 0.14 ± 0.04
Lung 0.14 ± 0.01 0.10 ± 0.01 0.65 ± 0.12 0.24 ± 0.05 0.57 ± 0.06 0.37 ± 0.06 0.72 ± 0.02 0.52 ± 0.06
Heart 0.05 ± 0.02 0.04 ± 0.01 0.17 ± 0.04 0.05 ± 0.01 0.15 ± 0.04 0.23 ± 0.07 0.32 ± 0.08 0.27 ± 0.03
Spleen 0.30 ± 0.05 0.24 ± 0.02 0.65 ± 0.08 0.17 ± 0.03 0.89 ± 0.14 0.51 ± 0.15 1.02 ± 0.04 0.64 ± 0.07
Stomach 0.43 ± 0.00 0.30 ± 0.01 0.46 ± 0.10 0.46 ± 0.04 0.61 ± 0.16 0.18 ± 0.03 0.22 ± 0.03 0.19 ± 0.03
Pancreas 0.18 ± 0.02 0.10 ± 0.03 0.21 ± 0.06 0.11 ± 0.01 0.27 ± 0.08 0.26 ± 0.04 0.30 ± 0.04 0.24 ± 0.03
Intestine 0.20 ± 0.06 0.13 ± 0.03 0.25 ± 0.04 0.20 ± 0.05 0.33 ± 0.04 0.36 ± 0.05 0.20 ± 0.04 0.19 ± 0.06
Kidney 0.49 ± 0.04 0.46 ± 0.11 0.33 ± 0.10 0.19 ± 0.03 0.49 ± 0.14 0.40 ± 0.05 0.37 ± 0.04 0.25 ± 0.06
Nor. L. 0.38 ± 0.01 0.31 ± 0.04 0.44 ± 0.10 0.36 ± 0.04 0.94 ± 0.15 0.84 ± 0.06 0.55 ± 0.14 0.51 ± 0.10
Nec. L. 0.53 ± 0.10 0.91 ± 0.05 0.85 ± 0.17 1.32 ± 0.19 1.49 ± 0.23 2.36 ± 0.09 1.71 ± 0.14 3.04 ± 0.46
Nor. M. 0.06 ± 0.01 0.05 ± 0.01 0.07 ± 0.01 0.05 ± 0.01 0.09 ± 0.02 0.06 ± 0.01 0.08 ± 0.02 0.06 ± 0.02
Nec. M. 0.26 ± 0.05 0.19 ± 0.03 0.34 ± 0.06 0.25 ± 0.04 0.36 ± 0.08 0.26 ± 0.04 0.43 ± 0.11 0.32 ± 0.10

Data are % ID/g, expressed as mean ± SD (n = 5)
Nor. L. normal liver, Nec. L. necrotic liver, Nor. M. normal muscle, Nec. M. necrotic muscle
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and the base pairs of DNA [23]. In our present study, with
increasing concentrations of ct-DNA, the absorption spectra
revealed a Bhypochromic^ effect, which demonstrated that HD
might bind to DNA through an intercalativemode. It was reported
that the Kb of a compound binding to DNA by intercalation was
usually in the range of 104–106 M−1 [24]. The Kb of HD with ct-
DNAwas found to be 7.36 × 104M−1, which is within the typical
range.

The fluorescence quenching profile of EB-DNA after addition
ofHD is shown in Fig. 4b. The fluorescence intensity of EB-DNA
complex gradually decreased with increasing concentrations of
HD, suggesting that EB bound toDNAcould be partially replaced
by the HD. The KSV value of HD was 5.2 × 104 M−1. This
suggested that the interaction mode of HD with DNA should be
intercalation, which was consistent with the result of absorption
spectroscopy study.

Blocking Experiment

As shown in Fig. 5a, compared with the unblocked group,
about 67 and 60 % of the uptake of [131I]HD in necrotic

muscle was blocked by coinjection of excess HD and EB,
respectively. Uptakes of [131I]HD in viable muscles had no
significant differences among all groups (p 9 0.05). The
results were further confirmed by autoradiography and H&E
staining (Fig. 5b). These results demonstrated that [131I]HD
should share the same specific target with HD and EB.

Discussion
The present study demonstrated that hypocrellins displayed
less aggregation capability compared with hypericin, which
may explain the lower uptake of radioiodinated hypocrellins
in the MPS organs such as lung and spleen, etc. relative to
radioiodinated hypericin [21]. Moreover, all four
[131I]hypocrellins still retained necrosis avidity, and
[131I]HD could identify necrotic myocardium at 4 h p.i.,
which was earlier than that of [131I]Hyp. The necrosis
avidity mechanism of [131I]HD may be due to its binding to
the exposed DNA in necrotic tissues.

Aggregation of Hyp in aqueous solvent is driven largely
by π–π interactions and hydrophobic effect of the nearly

Fig. 2 Autoradiographs (auto) and corresponding H&E staining images of 30-μm liver and muscle slices at 6 and 12 h post
injection of [131I]HA, [131I]HB, [131I]HC, and [131I]HD, respectively. Nor. L normal liver, Nec. L necrotic liver, P. N. M partially
necrotic muscle, N necrotic area, V viable area
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planar π-conjugate aromatic core [25]. Reducing the size of
aromatic core or distorting π-conjugated system will weaken
π–π stacking interaction between molecules, making the
formation of aggregates more difficult [14, 26]. With this in
mind, we evaluated the self-aggregation ability and necrosis
avidity of four hypocrellins, aiming to find novel NAAs with
less aggregation. Our present study demonstrated that
hypocrellins displayed less aggregation compared with Hyp
and [131I]hypocrellins still retained necrosis avidity, which
suggested that the strategy to seek for NAAs with less
aggregation by splitting polycyclic Hyp was feasible.

The exposed DNA can serve as a molecular target for
NAAs [27]. In this study, in vitro DNA binding studies
indicated that HD could bind to DNA by intercalation. The
in vivo blocking experiments demonstrated that uptake of
[131I]HD in necrotic tissues could be significantly blocked
by cold HD or EB, a typical DNA intercalator. This
suggested that the necrosis avidity mechanism of [131I]HD

might be due to its binding to the exposed DNA in necrotic
tissues.

Some efforts have been made to develop molecular
probes targeting exposed DNA. For example, propidium
iodide is a routine DNA binding dye used as a marker for
necrosis in flow cytometry. However, there appears to be no
report on its application in whole-body in vivo necrosis
imaging. Other DNA binding agents to image necrosis in
living organisms included Hoechst-IR and Gd-TO. Hoechst-
IR, consisting of a near-infrared IR-786 dye conjugated to
Hoechst 33258, could visualize tissue necrosis by fluores-
cence imaging [28]. Gd-TO could visualize not only acute
necrosis but also the clearance of necrotic debris from the
infarcted myocardium [29]. However, both of them suffer
from potential toxicity problems. Hypocrellins have been
used as active components of drug and food additives.
Therefore, a necrosis imaging probe based on hypocrellin
may have good safety.

Fig. 3 a Coronal and transverse SPECT/CT images in rats with sham operation (control) or myocardial infarction (MI) at 4 h
after intravenous injection of [131I]HD and [131I]Hyp, respectively. b The uptake ratios of necrotic myocardium-to-normal
myocardium/lung/blood/liver for [131I]HD and [131I]Hyp. c Autoradiographs (auto) and corresponding TTC staining images of
myocardial slices for [131I]HD and [131I]Hyp. Infarcted areas are clearly visible as pale, while viable areas are stained red.
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Although the blocking study results demonstrated a
relatively high level of nonspecific accumulation of tracer
in the tissues studied, this would not affect the viability of
this imaging approach because hotspot was clearly

visualized in the heart of rat with MI while not in the heart
of rat with sham operation 4 h after injection of [131I]HD. Ex
vivo autoradiography in combination with TTC staining
confirmed that the uptake of [131I]HD was mainly located in
infarcted myocardium. This suggested that the Bhot spot^ in
the heart of rat with MI resulted from the specific uptake of
[131I]HD in infarcted myocardium. Therefore, [131I]HD
could be used for imaging MI and held the potential to
assess myocardial viability. However, as observed in some
of the images in Fig. 2, large necrotic regions within tissue
will likely show little or no accumulation of tracer due to the
absence of tissue vasculature. In addition, the level of
[131I]HD binding to necrotic tissue will likely be dependent
upon tissue perfusion and percentage of necrotic cells within
the tissue. Consequently, these factors may limit the
assessment of myocardial necrosis and its clinical relevance,
which is also currently faced by other necrosis imaging
tracers. Therefore, the correlation between the imaging
characteristics of myocardial necrosis and in vitro histopath-
ological analysis remains to be further evaluated.

[123I]Hyp had been demonstrated to be a potential tracer
for the detection of necrotic myocardium [8–10]. However,
due to its high blood pool activity, [123I]Hyp could not
delineate necrotic myocardium until 9 h p.i. [10]. Although
[99mTc]glucarate can visualize necrotic myocardium at 3 h
p.i. [30], it only works within the first 9 h after the onset of
MI because of the rapid disintegration of histones which is
thought to be the target of [99mTc]glucarate [31]. Our present
study revealed that [131I]HD could enable visualization of
necrotic myocardium at 4 h p.i. in rats with about 24 h of
reperfusion after MI. This indicated that [131I]HD not only
had a comparable imaging speed but also had an extended
imaging time window compared with [99mTc]glucarate.

In the present study, I-131 was used for preliminary
screening of compounds and imaging studies. However,
iodine-131 is rarely used primarily or solely for diagnosis
because of its long physical half-life and the burden of its
beta radiation on normal tissues. Considering the optimal

Fig. 4 a UV–visible absorption spectra of HD (1.0 × 10−5 M)
with the addition of increasing amounts of ct-DNA (0, 0.41,
0.82, 1.23, 1.64, 2.05, 2.46 × 10−5 M). The arrow indicates
gradually decreased absorbance upon increasing ct-DNA
concentration. b Fluorescence emission spectra of EB bound
to DNA in the absence and presence of increasing amounts
of HD ([DNA] = 5.6 × 10−5 M, [EB] = 1.4 × 10−5 M, [HD] = 0,
0.34, 0.68, 1.02, 1.36, 1.70, 2.04, 2.38, 2.72 × 10−5 M). The
arrow shows gradually decreased fluorescence intensity
upon increasing amounts of HD.

Fig. 5 a Uptake of [131I]HD in unblocked (NB), HD blocked (HD-B), or EB blocked (EB-B) normal (nor) and necrotic (Nec)
muscles. The results are presented as % ID/g at 6 h after coinjection. b Autoradiographs (auto) and corresponding H&E staining
images of 30-μm muscle slices. N necrotic area, V viable area. **p G 0.01 (uptakes of [131I]HD in necrotic muscle compared with
the unblocked group).
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SPECT imaging characteristics of Tc-99m, labeling the HD
with Tc-99m would be more appropriate for imaging of
necrotic myocardium. Simultaneously, the necrosis avidity
mechanism of HD needs to be further clarified.

Conclusion
The present study demonstrated that hypocrellins displayed less
self-aggregation and still retained necrosis avidity. [131I]HD
could visualize necrotic myocardium at 4 h p.i., earlier than that
of [131I]Hyp. The necrosis avidity mechanism of [131I]HD may
be due to its binding to the exposed DNA in necrotic tissues.
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