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Abstract 

Necrosis-avid agents possess exploitable theragnostic utilities including evaluation of 

tissue viability, monitoring of therapeutic efficacy as well as diagnosis and treatment 

of necrosis-related disorders. Rhein 

(4,5-dihydroxyl-2-carboxylic-9,10-dihydrodiketoanthracene), a naturally occurring 

monomeric anthraquinone compound extensively found in medicinal herbs, was 

recently demonstrated to have a newly discovered necrosis-avid trait and to show 

promising application in necrosis imaging. In this overview, we present the 

discovering process of rhein as a new necrosis-avid agent as well as its potential 

imaging applications in visualization of myocardial necrosis and early evaluation of 

tumor response to therapy. Moreover, the molecular mechanism exploration of 

necrosis avidity behind rhein are also presented. The discovery of necrosis avidity 

with rhein and the development of rhein-based molecular probes may further expand 

the scope of necrosis-avid compounds and highlight the potential utility of 

necrosis-avid molecular probes in necrosis imaging. 

Keywords: Rhein, necrosis avidity, molecular imaging, visualization of myocardial 

necrosis, monitoring of therapeutic efficacy, mechanism exploration 
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Introduction 

Necrosis avidity of small molecular compounds is a unique property with exploitable 

theragnostic potentials [1,2]. It has been more than 45 years since the first 

radiolabeled small molecular agent 
99m

Tc-pyrophosphate was found to be avid for 

necrotic myocardium [3]. During recent 25 years, a large number of small molecular 

compounds of high affinity for necrosis have been identified, developed and evaluated 

in animal models of different diseases including acute myocardial infarction (AMI), 

cerebral infarction, tumor, atherosclerosis, gastric ulcer, etc. [1,2,4-13], showing 

potential utilities in evaluation of tissue viability, monitoring of therapeutic efficacy as 

well as diagnosis and treatment of necrosis-related disorders [1,2,4-8]. These small 

molecular compounds sharing similar affinity for necrosis have been categorized by 

Ni et al. as necrosis-avid contrast agents (NACAs) or necrosis-avid compounds/agents 

(NACs/NAAs) [1,2,4-6], which are also adopted by others [10-16], although they do 

appear diverse in terms of chemical structures, physiochemical properties, 

mechanisms of action, potential applications, etc. [1,2,4-6,10-13,17].
 

Rhein (4,5-dihydroxyl-2-carboxylic-9,10-dihydrodiketoanthracene, Figure 1), a 

naturally occurring monomeric anthraquinone compound extensively found in 

medicinal herbs such as Rheum palmatum L., Polygonum multiflorum Tunb., Aloe 

barbadensis Miller and Cassia tora L., has been demonstrated to exhibit extensive 

pharmacological activities including hepatoprotective, nephroprotective, 

anti-inflammatory, antioxidant, anticancer, antidiabetic, antimicrobial, purgative, 

lipid-lowering effects, etc.[18-20]. More recently, based on our previous studies on 

necrosis avidity of bisanthracene nuclear anthraquinone compounds [21-43] and in 

pursuit for NAAs with improved physicochemical properties, pharmacokinetics and 

biodistribution, monomeric anthraquinone compound rhein was demonstrated to have 

a newly discovered necrosis-avid trait and to show promising applications in 

noninvasive visualization of myocardial necrosis and early monitoring of tumor 

response to therapy [44-49]. 
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In this mini-review, we present the discovering process of rhein as a new NAA as 

well as its potential applications in necrosis imaging including visualization of 

myocardial necrosis and early evaluation of tumor response to therapy. Moreover, the 

exploration on molecular mechanism of necrosis avidity of rhein are also presented. 

The discovery of necrosis avidity with rhein and the development of rhein-based 

molecular probes may further expand the scope of NAAs and highlight the potential 

utility of NAAs in necrosis imaging. 

Discovery of rhein as a new NAA 

The discovery of rhein as a new NAA was closely related to the research on necrosis 

avidity of bisanthracene nuclear anthraquinone compounds. Therefore, combing 

relevant background information helps to understand the discovering process of rhein 

as a new NAA. A schematic diagram of the discovery of necrosis avidity of rhein 

based on structural strategy is presented in Figure 2. Hypericin, a naturally occurring 

naphthodianthrone compound initially found in Hypericum perforatum L. and used as 

an antidepressant, antiviral and tumoricidal photosensitizer [50-53], was the first 

anthraquinone compound that had been found to have prominent necrosis avidity 

[54,55]. It has been used for determination of tissue viability ex vivo by its own 

intrinsic fluorescence [27,56,57] or for noninvasive visualization of myocardial 

necrosis as well as monitoring of treatment-induced tumor damage after being labeled 

with different radionuclides [58-61]. However, as a compound with polycyclic 

aromatic conjugated structure, hypericin is easy to form aggregates in aqueous 

environment, resulting in decreased targeting accumulation in necrotic tissues and 

unwanted uptake in mononuclear phagocyte system (MPS) organs [29,30]. Moreover, 

the high blood pool activity resulting from its slow plasma clearance would interfere 

with the visualization of myocardial necrosis, making necrotic myocardium 

unidentifiable until 9 h after injection of 
123

I-labeled hypericin (
123

I-hypericin) [58]. 

Therefore, it is desirable to find new NAAs with preferable physicochemical 

properties, pharmacokinetics and biodistribution for scintigraphic imaging. 

It was reported that reducing the size of π-conjugated plane and/or distorting 
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π-conjugated plane could improve aqueous solubility of small molecular compounds 

[62,63] or could decrease or even prevent the formation of molecule aggregations 

[64,65], thus potentially improving the physicochemical properties and biodistribution. 

Benzodianthrone compound protohypericin and median dianthrone compounds such 

as sennoside A and B, sennidin A and B as well as emodin dianthrone were 

subsequently evaluated in animal models of induced necrosis because the former has a 

reduced π-conjugated core and the latter lose the nearly planar π-conjugated core in 

contrast to hypericin [35,37-40]. Although these compounds exhibited significantly 

reduced uptakes in MPS organs, they also showed reduced or even dramatically 

reduced targeting accumulations in necrotic tissues [35,37-40]. This initially made us 

to think that a rigid polycyclic aromatic conjugated structure might be the necessary 

structure for this kind of compounds to maintain significant necrosis avidity. With this 

in mind, we synthesized two more water-soluble hypericin derivatives namely 

hypericin dicarboxylic acid and hypericin-2,5-disulfonic acid sodium and evaluated 

their potential for rapid imaging of necrotic myocardium [42,43]. Although more 

rapid visualization of necrotic myocardium could be achieved by using 
131

I-hypericin 

dicarboxylic acid (6 h after injection) or 
131

I-hypericin-2,5-disulfonic acid sodium (4 h 

after injection) than by using 
131

I-hypericin, a comparable (
131

I-hypericin dicarboxylic 

acid) or even higher (
131

I-hypericin-2,5-disulfonic acid sodium) liver uptake was 

observed in comparison to 
131

I-hypericin [42,43], which was still an interference with 

the accurate visualization of necrotic myocardium. 

On the other hand, in our attempts to find alternative NAAs, skyrin, a 

dianthraquinone compound consisted of two molecules of emodin coupled by a single 

bond, was found to exhibit not only a comparable necrosis avidity to hypericin but 

also a dramatically reduced self-aggregation capacity [41]. However, skyrin appeared 

to be unsuitable for necrosis imaging because it exhibited a significantly higher blood 

pool activity than hypericin [41]. Nevertheless, the discovery of necrosis avidity of 

skyrin further deepened our understanding of the structural requirements of NAAs 

and inspired our exploration of monomeric anthraquinone compounds with the hope 

of finding new NAAs with better physicochemical properties, pharmacokinetics and 
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biodistribution. 

Eight monomeric anthraquinones were selected to radiolabel with 
131

I and were 

preliminarily evaluated for their necrosis avidity in a mouse model of induced 

muscular necrosis [44]. All eight 
131

I-labeled anthraquinones (
131

I-anthraquinones) 

were found to have significantly higher uptakes in necrotic muscle than in viable 

muscle by comparing the results of autoradiography and triphenyltetrazolium chloride 

(TTC) staining [44]. Radioactivity quantitative study showed that 
131

I-rhein (Figure 1) 

exhibited higher uptake in necrotic muscle as well as higher uptake ratio between 

necrotic and viable muscle than other seven 
131

I-anthraquinones [44]. Biodistribution 

study indicated that 
131

I-rhein had a significant clearance from normal organs within 

24 h except for the excretory organs such as liver and kidneys [44]. Pharmacokinetics 

study demonstrated that 
131

I-rhein exhibited a blood elimination half-life of 8.20 h 

[44], which was significantly shorter than that of 
131

I-hypericin [42,43]. These results 

showed that monomeric anthraquinone compounds still retained necrosis avidity 

comparable to that of hypericin, and rhein could serve as a new necrosis-avid lead 

compound. 

Noninvasive visualization of myocardial necrosis 

The discovery of necrosis avidity of rhein has expanded its use for imaging of 

myocardial necrosis. In a rat model with reperfused AMI, we first explored the 

potential of 
131

I-rhein for rapid visualization of myocardial necrosis [44]. Single 

photon emission computed tomography/computed tomography (SPECT/CT) imaging 

demonstrated that an obvious hotspot was observed in the heart of rat with AMI but 

not in the heart of rat with sham operation at 6 h after administration of 
131

I-rhein 

(Figure 3A) [44]. Postmortem histopathological examination and autoradiography 

study showed that 
131

I-rhein was mainly concentrated in necrotic myocardium (Figure 

3C), with an uptake ratio of up to 14 times between necrotic and viable myocardium 

[44]. These results suggested that the obvious hotspot observed in the heart of model 

rat in SPECT/CT image was resulted from the selective uptake of 
131

I-rhein by 

necrotic myocardium, or in other words,
 131

I-rhein was capable of non-invasively 
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imaging necrotic myocardium by SPECT/CT scan [44]. Moreover, we found that it 

was impossible for 
131

I-hypericin to visualize necrotic myocardium by SPECT/CT 

imaging at 6 h after administration due to the high blood pool activity [42,44]. This 

highlighted the potential of rhein superior to hypericin as a new NAA for cardiac 

nuclear imaging. 

In order to develop a necrosis-avid molecular probe that is more suitable for clinical 

diagnosis, 
99m

Tc instead of 
131

I was used for labeling rhein [45]. Three 
99m

Tc-labeled 

rhein derivatives (Figure 1) were synthesized and evaluated in mouse models of 

induced muscular necrosis [45]. Although all three 
99m

Tc-labeled rhein derivatives 

exhibited significantly higher uptakes in necrotic muscle than in viable muscle and 

comparable necrotic-to-viable tissue uptake ratios, 
99m

Tc(EDDA)-HYNIC-2C-rhein 

presented much lower uptake in liver and spleen [45]. Thus, 

99m
Tc(EDDA)-HYNIC-2C-rhein was selected for further imaging study in a rat model 

with reperfused AMI. SPECT/CT imaging study demonstrated that an obvious hotspot 

was observed in the myocardium of model rat at 1 h post injection of 

99m
Tc(EDDA)-HYNIC-2C-rhein while no any meaningful uptake was observed in the 

myocardium of rat with sham operation at the same time point (Figure 3B) [45]. 

Postmortem histopathological examination and autoradiography study manifested that 

99m
Tc(EDDA)-HYNIC-2C-rhein specifically localized in the necrotic myocardium 

with a 4.9-fold necrotic-to-viable myocardium ratio [45]. These results support the 

potential use of 
99m

Tc(EDDA)-HYNIC-2C-rhein for rapid imaging of necrotic 

myocardium. 

Early monitoring of tumor response to therapy 

The favorable performance of 
99m

Tc(EDDA)-HYNIC-2C-rhein for rapidly imaging 

myocardial necrosis has promoted its use for early monitoring of tumor response to 

therapy. In vitro cell binding assay showed that 
99m

Tc(EDDA)-HYNIC-2C-rhein 

presented a significantly higher uptake in hyperthermia-induced necrotic A549 cells 

than in untreated A549 cells, and its uptake in the necrotic cells could be significantly 

blocked by HYNIC-2C-rhein, suggesting the specific avidity of 
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99m
Tc(EDDA)-HYNIC-2C-rhein for necrotic cells [46]. In a rat model bearing 

orthotopic liver W256 tumor, microwave ablation (MWA) therapy-induced tumor 

necrosis could be non-invasively visualized by SPECT/CT imaging at 4 h after 

injection of 
99m

Tc(EDDA)-HYNIC-2C-rhein [46]. In a subcutaneous W256 

tumor-bearing rat model treated with combretastatin A-4 disodium phosphate (CA4P) 

for 24 h, an obvious hotspot was observed in the tumor location at 5 h following 

injection of 
99m

Tc(EDDA)-HYNIC-2C-rhein, while no uptake was visible in the 

untreated tumor [46]. Moreover, it was demonstrated that the uptake of 

99m
Tc(EDDA)-HYNIC-2C-rhein in CA4P-treated tumor could be dramatically 

reduced by pre-injection of HYNIC-2C-rhein [46]. Postmortem histopathological 

examination and autoradiography study showed that CA4P treatment led to 

significantly increased tumor necrosis and the uptake of 

99m
Tc(EDDA)-HYNIC-2C-rhein was mainly located in the necrotic area within 

tumors [46]. These results suggested that 
99m

Tc(EDDA)-HYNIC-2C-rhein was able to 

reliably monitor treatment-induced tumor necrosis. 

Considering the higher spatial resolution and free of ionizing radiation with 

magnetic resonance imaging (MRI) relative to nuclear imaging, rhein-based MRI 

contrast agents have been developed and studied for early monitoring tumor response 

to therapy [47]. Three gadolinium complexes of rhein, named GdL1, GdL2, and GdL3 

(Figure 1), were synthesized by conjugating rhein with gadolinium 

2-[4,7,10-tris(carboxymethyl)-1,4,7,10-tetraazacyclododec-1-yl]acetic acid 

(Gd-DOTA) through differently lengthy linkers [47]. All the three contrast agents 

exhibited significantly higher longitudinal relaxivities than the commercially available 

Gd-DOTA [47]. Moreover, they showed high thermodynamic and kinetic stability in 

vitro as well as negligible cytotoxicity to A549 cells in the concentration range from 

0.025 mM to 1.0 mM [47]. As GdL1 presented the highest water solubility among 

them, it was selected for further study [47]. In vitro MRI showed significantly higher 

signal intensities in hyperthermia-induced necrotic A549 and HepG2 cells relative to 

untreated counterparts after being incubated with GdL1 for 30 min, suggesting higher 

uptake of GdL1 both in necrotic A549 and HepG2 cells than in untreated counterparts 
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[47]. In vivo MRI in rat models with induced liver necrosis showed that the necrotic 

liver presented obvious hyperintensity relative to normal liver at 0.5 to 12 h post 

injection of GdL1, with maximum necrotic-to-normal liver contrast appearing at 3 h 

post injection, which was consistent with the results of biodistribution in the same rat 

models after administration of 
64

CuL1 (Gd
3+

 was replaced by 
64

Cu for biodistribution 

analysis) [47]. Moreover, it was demonstrated that GdL1 presented a better imaging 

contrast between necrotic and normal liver as well as a longer imaging time window 

compared to Gd-DOTA [47]. All these results indicated that GdL1 as a 

necrosis-specific contrast agent was superior to Gd-DOTA, a typical non-specific 

extracellular contrast agent [47]. Thus, GdL1 was further explored for its potential in 

early monitoring of tumor response to therapy. MRI in a W256-bearing rat model 

demonstrated that tumor necrosis induced by CA4P treatment could be significantly 

enhanced and the boundary of tumor necrosis was clearly visible at 3 h after injection 

of GdL1 (Figure 4A) [47]. Therefore, GdL1 may serve as a potential MRI contrast 

agent for early evaluation of tumor response to necrosis-inducing therapies. 

The potential of these above-mentioned rhein-based MRI contrast agents for early 

monitoring of treatment response was further explored in rat models with liver MWA 

or liver tumor MWA. We first further examined the cytotoxicity of GdL1, GdL2, and 

GdL3 in HepG2 cells by the MTT 

(3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2-H-tetrazolium bromide) assay [48]. The 

results demonstrated that GdL3 was not as safe as GdL1 and GdL2 in the concentration 

range from 25 to 1000 μM [48]. Further comparison of GdL1 and GdL2 for imaging 

MWA-induced necrotic lesion in a rat model of liver MWA showed that much clearer 

visualization of the MWA lesion was observed both at 3 and 6 h post injection of 

GdL2 in contrast to GdL1 [48]. Thus, GdL2 was selected for further evaluation. It was 

demonstrated that GdL2 could enhance the ablated lesion in rats with liver MWA as 

early as 2 h post ablation and could maintain a stable contrast ratio of ablated lesion to 

normal liver until 24 h post ablation, which supported its potential use for early 

assessment of thermal ablation therapy response [48]. Then the capability of GdL2 to 

distinguish residual tumor from MWA lesion was evaluated in a rat model of liver 

Acc
ep

te
d 

M
an

us
cr

ipt



tumor with intentionally incomplete MWA. It was demonstrated that GdL2 could 

selectively enhance MWA-induced necrotic tumor while rendering residual viable 

tumor hyperintensity relative to normal liver at 3 h post injection (Figure 4B), thus 

allowing noninvasive identification of unaffected residual tumor [48]. Moreover, it 

was found that the optimal time window for visualizing the MWA lesion appeared at 

2.5 to 3.5 h post injection of GdL2 in rat models of liver tumor MWA [48]. In the 

subsequent comparative study of GdL2 and Gd-DOTA for the therapeutic evaluation 

of MWA, GdL2 showed significantly better contrast-enhanced imaging performance 

than Gd-DOTA [48]. All these results indicate that GdL2 has a considerable potential 

in early monitoring of tumor response to MWA [48]. 

Considering the significantly higher sensitivity and acceptable spatial resolution of 

positron emission tomography (PET) imaging compared to MRI, a rhein-based PET 

probe (
68

Ga-DOTA-rhein, Figure 1) has been developed by substituting the Gd
3+

 in 

GdL2 with positron radionuclide 
68

Ga
3+

 for early monitoring of therapy-induced tumor 

necrosis [49]. The initial biodistribution study in a mouse model of induced muscular 

necrosis demonstrated that 
68

Ga-DOTA-rhein exhibited a significantly higher uptake 

in necrotic muscle than in normal muscle at both 30 and 60 min post injection [49]. 

Autoradiography and TTC staining studies further confirmed the results of 

biodistribution, revealing the specific avidity of 
68

Ga-DOTA-rhein for necrotic tissues 

[49]. Micro-PET/CT imaging showed that an obvious hotspot was observed in the 

necrotic region of the left hind limb but not in the right normal hind limb at 1 h post 

injection of 
68

Ga-DOTA-rhein, suggesting that 
68

Ga-DOTA-rhein could be used for 

visualization of necrotic tissues in vivo [49]. In a S180 tumor-bearing mouse model, 

PET/CT imaging showed significantly higher radioactive uptake in the CA4P-treated 

tumors compared to the untreated tumors at 1 h post injection of 
68

Ga-DOTA-rhein 

[49]. The result of ex vivo biodistribution was consistent with the finding of PET/CT 

imaging [49]. The result of autoradiography further confirmed the higher uptake of 

68
Ga-DOTA-rhein in the CA4P-treated tumors than in the untreated tumors, which 

was closely related to the increased tumor necrosis induced by CA4P [49]. All these 

results indicated that 
68

Ga-DOTA-rhein could be used for early monitoring of tumor 
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necrotic response. 

Mechanism exploration of necrosis avidity behind rhein 

The exposure of intracellular DNA is a common hallmark of cell necrosis [1,66]. 

Exposed DNA can be targeted for developing molecular imaging probes that are 

specific to necrotic tissues [67-73]. As anthraquinone compounds are a well-known 

class of DNA intercalators [74,75], thus we speculated that the necrosis avidity of 

rhein might be resulted from its binding to exposed DNA in necrotic tissues. In vitro 

DNA binding studies demonstrated both rhein and its derivatives could bind to DNA 

in an intercalative manner with binding constants and quenching constants ranging in 

order of magnitude of 10
4 

M
-1 

[45,47,49,76], which fall within the typical range (10
4 
- 

10
6 

M
-1

) of binding constants that have been reported for compounds that bind to 

DNA by intercalation mode [77]. 

In order to examine the subcellular distribution of rhein, a clickable rhein-azide 

derivative was synthesized by introduction of an azide group at the position of 

carboxyl group of rhein, which retained the necrosis avidity similar to rhein and was 

amenable to bioorthogonal fluorescent labeling using click-chemistry (Figure 5A) 

[76]. In vitro cell binding studies indicated that both 
99m

Tc(EDDA)-HYNIC-2C-rhein 

and 
131

I-labeled rhein-azide
 
(
131

I-rhein-azide) exhibited significantly higher uptake in 

necrotic A549 cells than in viable A549 cells [46,76]. Although both 
131

I-rhein
 
and 

131
I-rhein-azide presented relatively higher uptakes in necrotic red cells than in viable 

red cells, their uptakes in necrotic red cells were significantly lower than those in 

necrotic A549 cells [76]. Considering that mature red cells are free of nucleus, the 

significantly higher uptake of rhein derivatives in necrotic A549 cells than in necrotic 

red cells might be closely related to the presence of the nucleus in necrotic A549 cells 

[76]. Cellular colocalization studies demonstrated that rhein-azide mainly 

accumulated in the nucleus and nucleolus of necrotic A549 cells while not in viable 

A549 cells (Figure 5B) [76]. As we know, the nucleus is the main existing place of 

intracellular DNA, which becomes accessible to binding by molecular probes after the 

rupture of cell plasma membrane integrity. Based on the above experiments, we 
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concluded that the specific avidity of rhein and its derivatives for necrotic cells might 

be due to their binding to exposed intracellular DNA. 

Furthermore, it was found that the uptakes of radiolabeled rhein derivatives in 

necrotic tissues could be significantly reduced by rhein itself or its unlabeled rhein 

derivatives, suggesting that the uptakes of rhein and its derivatives in necrotic tissues 

were target-specific [45,46,76]. Propidium iodide as a membrane-impermeable DNA 

staining reagent, which releases red fluorescence after insertion of double-stranded 

DNA, has long been used as a marker for necrosis in flow cytometry. In our studies, 

in vivo propidium iodide staining was used to verify DNA exposure in necrotic tissues 

[46,76]. It was demonstrated that a significantly higher red fluorescence intensity 

released by propidium iodide was observed in necrotic tissues than in normal tissues 

and that propidium iodide was mainly located in the nuclei of necrotic cells, which 

indicated that the loss of plasma membrane integrity of necrotic cells allowed the free 

access of propidium iodide to intracellular DNA, or in other words, the intracellular 

DNA became exposed in necrotic tissues [46,76]. In summary, we concluded that the 

necrosis avidity of rhein and its derivatives was to a large extent resulted from their 

binding to exposed DNA in necrotic tissues. 

Conclusions 

It has been more than 45 years since the first discovery of necrosis avidity of small 

molecular compounds. Rhein as a naturally occurring monomeric anthraquinone 

compound was recently demonstrated to have a newly discovered necrosis-avid trait, 

which has driven the development of rhein-based necrosis-avid molecular probes and 

their applications in necrosis imaging. By taking advantage of rhein-based molecular 

probes, rapid visualization of necrotic myocardium as well as early monitoring of 

tumor response to therapy could be successfully achieved. The necrosis-avid 

mechanism of rhein-based molecular probes was in a large part attributed to their 

binding to exposed DNA in necrotic tissues. Overall, the discovery of necrosis avidity 

of rhein and the development of rhein-based necrosis-avid molecular probes have 

further expanded the scope of NAAs and highlighted the potential utility of NAAs in 
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necrosis imaging. 

Future perspectives 

Although currently developed rhein-based molecular probes have shown promising 

potential for necrosis imaging, further evaluation and structural optimizations of 

rhein-based molecular probes are still necessary. For instance, in view of the high 

spatial resolution and free of ionizing radiation of MRI technology, rhein-based MRI 

contrast agents are expected to further expand their imaging applications in other 

necrosis-related diseases such as AMI and acute pancreatitis. However, due to the low 

sensitivity of MRI technology, a significantly higher dose of contrast agents compared 

to molecular probes used in SPECT or PET imaging is generally administrated for the 

contrast enhancement of MRI, which undoubtedly increases the water solubility 

requirement of MRI contrast agents. Moreover, Gd
3+

-based contrast agents may be 

subjected to potential toxicity risks [78,79]. Therefore, further structural optimizations 

to increase the relaxivities and/or increase the stability of rhein-based Gd
3+

-chelated 

MRI contrast agents are desirable, which help to reduce the dosage and/or the 

potential risks of these contrast agents [80]. On the other hand, considering the facts 

that PET is capable of offering well-defined, three-dimensional quantitative images of 

the biodistribution of molecular probes and has a higher sensitivity than other 

molecular imaging techniques, and that 
18

F can provide better spatial resolution for 

PET imaging than other positron emitters and enable lower radiation exposure to 

patients due to its unique properties [81,82], it could be an advisable alternative to 

construct rhein-based 
18

F-labeled PET molecular probes in the future studies. 
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Figure captions 

 

 

 

Figure 1. Chemical structures of rhein and rhein-based necrosis-avid molecular 

probes. 

 

 

Figure 2. Schematic diagram of the discovery of necrosis avidity of rhein based on 

structural strategy. 
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Figure 3. SPECT/CT imaging of rats with reperfused myocardium infarction (MI) or 

sham operation (Control) after intravenous injection of 
131

I-rhein (A) or 

99m
Tc(EDDA)-HYNIC-2C-rhein (B). Red arrows indicate the infarcted myocardium. 

(C) Postmortem analysis of myocardial sections harvested from model rats injected 

with 
131

I-rhein. (C1) Photograph of 2 mm thick TTC-stained myocardial slice. (C2) 

Autoradiograph of 50 μm frozen section made after TTC staining. (C3) Photograph of 

10 μm thick H&E-stained myocardial section made from myocardial tissues adjacent 

to those used for TTC staining. (C4) Microphotograph of region of interest in C3, 

proving the presence of necrosis. N = necrotic area; V = viable area. Scale bar = 100 

µm. (Adapted with permission from references [44,45]. Copyright 
©

 2016 Springer 

Nature and 2017 American Chemical Society, respectively). 
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Figure 4. (A) MR images of W256 tumor-bearing rats with CA4P treatment or not at 

pre-injection, 0 and 3 h post injection of GdL1 as well as corresponding photographs 

of H&E-stained tumor sections and micrographs (Micro) of regions of interest. White 

arrows indicate the necrotic areas of tumor. N = necrotic tumor; V = viable tumor. 

Scale bar = 50 µm. (B) Evaluation of GdL2 for distinguishing between residual tumor 

and MWA-induced tumor necrotic lesion. Rats bearing orthotopic liver W256 tumor 

subjected to intentionally incomplete MWA and received GdL2-enhanced MRI at 12 h 

after MWA treatment. T2-weighted and T1-weighted images were acquired prior to 

the injection of GdL2 and contrast-enhanced T1-weighted (CE-T1) images were 

acquired at 0 and 3 h post injection (upper panels). The corresponding photographs of 

gross section and H&E stained frozen section as well as micrographs (Micro1 = M1, 

Micro2 = M2) of regions of interest are shown in the bottom. Arrows indicate the 

MWA lesion and arrowheads indicate the residual tumor. N = necrotic tumor; V = 

viable liver; T = residual tumor. Scale bar = 50 µm. (Adapted with permission from 

references [47,48]. Copyright 
©

 2018 American Chemical Society and 2019 

International Society for Magnetic Resonance in Medicine, respectively). 
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Figure 5. (A) Chemical structures of clickable agents and reaction scheme for 

bioorthogonal fluorescent labeling of rhein-azide derivative. (B) Confocal imaging of 

fixed live (upper panels) and necrotic (middle and bottom panels) A549 cells after 

being co-stained with Alexa Fluor 488 (green) and DAPI (blue). Live A549 cells were 

treated with 100 µM rhein-N3 for 3 h and then were reacted with Alexa Fluor 488 

alkyne in CuAAC reaction buffer. Necrotic A549 cells were treated with 100 or 150 

µM rhein-N3 for 3 h and subsequently were reacted with Alexa Fluor 488 alkyne in 

CuAAC reaction buffer. (Reproduced from reference [76] with permission from the 

Centre National de la Recherche Scientifique (CNRS) and the Royal Society of 

Chemistry). 
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