
molecules

Article

Isolation and Structure Determination of
Echinochrome A Oxidative Degradation Products

Natalia P. Mishchenko 1,* , Elena A. Vasileva 1 , Andrey V. Gerasimenko 2 ,
Valeriya P. Grigorchuk 3, Pavel S. Dmitrenok 1 and Sergey A. Fedoreyev 1

1 G.B. Elyakov Pacific Institute of Bioorganic Chemistry, Far Eastern Branch of the Russian
Academy of Sciences, Vladivostok 690022, Russia; vasilieva_el_an@mail.ru (E.A.V.);
paveldmitrenok@mail.ru (P.S.D.); fedoreev-s@mail.ru (S.A.F.)

2 Institute of Chemistry, Far Eastern Branch of the Russian Academy of Sciences, Vladivostok 690022, Russia;
gerasimenko@ich.dvo.ru

3 Federal Scientific Center of the East Asia Terrestrial Biodiversity, Far-Eastern Branch of Russian
Academy of Sciences, Vladivostok 690022, Russia; kera1313@mail.ru

* Correspondence: mischenkonp@mail.ru; Tel.: +8-423-231-40-50

Academic Editor: Marina DellaGreca
Received: 18 September 2020; Accepted: 16 October 2020; Published: 18 October 2020

����������
�������

Abstract: Echinochrome A (Ech A, 1) is one of the main pigments of several sea urchin species
and is registered in the Russian pharmacopeia as an active drug substance (Histochrome®),
used in the fields of cardiology and ophthalmology. In this study, Ech A degradation products
formed during oxidation by O2 in air-equilibrated aqueous solutions were identified, isolated,
and structurally characterized. An HPLC method coupled with diode-array detection (DAD)
and mass spectrometry (MS) was developed and validated to monitor the Ech A degradation
process and identify the appearing compounds. Five primary oxidation products were detected
and their structures were proposed on the basis of high-resolution electrospray ionization mass
spectrometry (HR-ESI-MS) as 7-ethyl-2,2,3,3,5,7,8-heptahydroxy-2,3-dihydro-1,4-naphthoquinone
(2), 6-ethyl-5,7,8-trihydroxy-1,2,3,4-tetrahydronaphthalene-1,2,3,4-tetraone (3), 2,3-epoxy-7-ethyl-2,3-
dihydro-2,3,5,6,8-pentahydroxy-1,4-naphthoquinone (4), 2,3,4,5,7-pentahydroxy-6-ethylinden-1-one
(5), and 2,2,4,5,7-pentahydroxy-6-ethylindane-1,3-dione (6). Three novel oxidation products
were isolated, and NMR and HR-ESI-MS methods were used to establish their structures as
4-ethyl-3,5,6-trihydroxy-2-oxalobenzoic acid (7), 4-ethyl-2-formyl-3,5,6-trihydroxybenzoic acid (8),
and 4-ethyl-2,3,5-trihydroxybenzoic acid (9). The known compound 3-ethyl-2,5-dihydroxy-1,4-
benzoquinone (10) was isolated along with products 7–9. Compound 7 turned out to be unstable; its
anhydro derivative 11 was obtained in two crystal forms, the structure of which was elucidated using
X-ray crystallography as 7-ethyl-5,6-dihydroxy-2,3-dioxo-2,3-dihydrobenzofuran-4-carboxylic acid
and named echinolactone. The chemical mechanism of Ech A oxidative degradation is proposed. The
in silico toxicity of Ech A and its degradation products 2 and 7–10 were predicted using the ProTox-II
webserver. The predicted median lethal dose (LD50) value for product 2 was 221 mg/kg, and, for
products 7–10, it appeared to be much lower (≥2000 mg/kg). For Ech A, the predicted toxicity and
mutagenicity differed from our experimental data.

Keywords: histochrome; echinochrome A; oxidative degradation; HPLC–DAD–MS; NMR

1. Introduction

Histochrome® is a solution of the sodium salt of naturally occurring quinone echinochrome
A (7-ethyl-2,3,5,6,8-pentahydroxy-1,4-naphthoquinone) for intravenous injections and infusions,
manufactured in ampoules (Supplementary Materials, Figure S1). Histochrome is registered in

Molecules 2020, 25, 4778; doi:10.3390/molecules25204778 www.mdpi.com/journal/molecules

http://www.mdpi.com/journal/molecules
http://www.mdpi.com
https://orcid.org/0000-0001-7616-574X
https://orcid.org/0000-0001-7526-026X
https://orcid.org/0000-0003-2929-8472
http://dx.doi.org/10.3390/molecules25204778
http://www.mdpi.com/journal/molecules
https://www.mdpi.com/1420-3049/25/20/4778?type=check_update&version=3


Molecules 2020, 25, 4778 2 of 17

Russia as an antioxidant drug. It is used in cardiology for the treatment of coronary heart disease and
for restriction of the necrosis zone in myocardial infarction (state registration number P N002363/01),
and in ophthalmology for the treatment of dystrophic diseases of the retina and cornea, macular
degeneration, primary open-angle glaucoma, diabetic retinopathy, hemorrhages to vitreous humor,
retina, and anterior chamber, and discirculatory disorders in the central artery and retinal vein
(state registration number P N002363/02). Histochrome has no known analogues, and it simultaneously
blocks a number of free-radical reactions, neutralizes reactive oxygen species (ROS), nitric oxide,
and peroxide radicals, chelates metal ions, inhibits lipid peroxidation, and regulates antioxidant
enzyme levels [1].

Echinochrome A (Ech A, 1) is one of the main pigments of various sea urchin species [2–4]
(Figure 1). Ech A isolated from the sand dollar Scaphechinus mirabilis (purity >98%) is registered in
the Russian pharmacopeia as an active drug substance under the international non-patented name
pentahydroxyethylnaphthoquinone (state registration number P N002362/01).
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Currently, more and more papers focused on elucidating the mechanisms underlying the 
diverse biological effects of Ech A are being published. Ech A was found to protect rat 
cardiomyoblasts and isolated cardiomyocytes from the effects of cardiotoxic compounds 
doxorubicin, tert-butyl hydroperoxide, and sodium nitroprusside, which cause an increase in ROS 
formation and depolarization of mitochondrial membranes [5]. In rat cardiomyoblast cells, Ech A 
dose-dependently increased the mass of mitochondria and the content of mitochondrial DNA and 
activated mitochondrial biogenesis, increasing the expression of the main regulators of the metabolic 
function of mitochondria [6]. Ech A was also found to activate mitochondrial biogenesis in skeletal 
muscle, increasing the endurance of rats during physical activity by increasing the number of 
mitochondria [7]. Being an inhibitor of the sarcoplasmic/endoplasmic reticulum Ca2+ ATPase 2a 
(SERCA2A) receptor, which is responsible for pumping calcium ions from the cytosol into the 
sarcoplasmic reticulum, Ech A prevented ischemic damage of the myocardium, reducing the area of 
myocardial infarction [8]. By reducing the level of intracellular ROS and regulating the expression of 
pro- and antiapoptotic proteins, Ech A protected human cardiac progenitor cells against oxidative 
stress [9]. This may be the basis for a simple and effective strategy to enhance myocardial 
regeneration by increasing the survival of transplanted cardiac cells under oxidative stress induced 
by ischemic damage. Ech A was found to be an effective agent for promoting cell proliferation and 
maintaining the stemness of hematopoietic stem and progenitor cells [10]. Ech A is also beneficial for 
human CD34+ progenitor cells from peripheral blood to maintain their self-renewal potential and 
function during ex vivo expansion. The efficacy of Ech A in a model of hemorrhagic and ischemic 
stroke in rats has been demonstrated [11,12]. It was found that the drug can cross the blood–brain 
barrier into the cerebrospinal fluid. Ech A also exhibited an antidiabetic effect due to antioxidant and 
hypoglycemic activities [13,14]. A study demonstrated that Ech A inhibits acetylcholinesterase and 
exhibits dose-dependent antiradical activity against nitric oxide, which opens up its possible use in 
the treatment of neurodegenerative diseases [15]. The therapeutic potential of Ech A in the treatment 
of various inflammatory diseases has been demonstrated in numerous studies: in a model of 
experimental colitis in mice [16], in an experimental model of bleomycin-induced pneumonia in 
immature rats [17], in children aged 7–12 years old with chronic inflammatory lung diseases [18,19], 
and in adolescents with erosive gastroduodenitis [20,21]. 

Figure 1. Chemical structure of echinochrome A (7-ethyl-2,3,5,6,8-pentahydroxy-1,4-naphthoquinone,
Ech A).

Currently, more and more papers focused on elucidating the mechanisms underlying the diverse
biological effects of Ech A are being published. Ech A was found to protect rat cardiomyoblasts
and isolated cardiomyocytes from the effects of cardiotoxic compounds doxorubicin, tert-butyl
hydroperoxide, and sodium nitroprusside, which cause an increase in ROS formation and depolarization
of mitochondrial membranes [5]. In rat cardiomyoblast cells, Ech A dose-dependently increased the
mass of mitochondria and the content of mitochondrial DNA and activated mitochondrial biogenesis,
increasing the expression of the main regulators of the metabolic function of mitochondria [6]. Ech A
was also found to activate mitochondrial biogenesis in skeletal muscle, increasing the endurance of
rats during physical activity by increasing the number of mitochondria [7]. Being an inhibitor of the
sarcoplasmic/endoplasmic reticulum Ca2+ ATPase 2a (SERCA2A) receptor, which is responsible for
pumping calcium ions from the cytosol into the sarcoplasmic reticulum, Ech A prevented ischemic
damage of the myocardium, reducing the area of myocardial infarction [8]. By reducing the level of
intracellular ROS and regulating the expression of pro- and antiapoptotic proteins, Ech A protected
human cardiac progenitor cells against oxidative stress [9]. This may be the basis for a simple and
effective strategy to enhance myocardial regeneration by increasing the survival of transplanted cardiac
cells under oxidative stress induced by ischemic damage. Ech A was found to be an effective agent
for promoting cell proliferation and maintaining the stemness of hematopoietic stem and progenitor
cells [10]. Ech A is also beneficial for human CD34+ progenitor cells from peripheral blood to maintain
their self-renewal potential and function during ex vivo expansion. The efficacy of Ech A in a model of
hemorrhagic and ischemic stroke in rats has been demonstrated [11,12]. It was found that the drug can
cross the blood–brain barrier into the cerebrospinal fluid. Ech A also exhibited an antidiabetic effect
due to antioxidant and hypoglycemic activities [13,14]. A study demonstrated that Ech A inhibits
acetylcholinesterase and exhibits dose-dependent antiradical activity against nitric oxide, which opens
up its possible use in the treatment of neurodegenerative diseases [15]. The therapeutic potential of Ech
A in the treatment of various inflammatory diseases has been demonstrated in numerous studies: in a
model of experimental colitis in mice [16], in an experimental model of bleomycin-induced pneumonia
in immature rats [17], in children aged 7–12 years old with chronic inflammatory lung diseases [18,19],
and in adolescents with erosive gastroduodenitis [20,21].
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Since the search for active compounds and the creation of new drugs is a long, expensive, and risky
process, one of the main modern pharmaceutical strategies is the use of registered drugs for a new
medical application. Considering the above variety of activities possessed by Ech A with an established
mechanism of action, the development of new dosage forms based on this substance seems promising.

To ensure the quality of active pharmaceutical substances and finished drug products, impurities
must be monitored carefully during process development, optimization, and changeover. The isolation,
characterization, and control of impurities in pharmaceutical substances are being reviewed with a
greater focus on national regulatory and international guidelines [22]. According to International
Conference on Harmonization (ICH) guidance Q3A(R2) and Q3B(R2), degradation products are
impurities resulting from a chemical change in the drug substance during manufacture and/or storage
of the drug product due to the effect of light, temperature, pH, water, or reaction with an excipient
and/or the immediate container closure system. Due to the presence of a large number of phenolic
hydroxyls, Ech A readily undergoes oxidative decomposition. The aim of this study was to isolate and
determine the structure of Ech A degradation products formed during the oxidation of its preparation
(Histochrome) by O2 in air-equilibrated aqueous solutions.

2. Results and Discussion

2.1. Isolation and Structure Elucidation of Echinochrome A Oxidative Degradation Products

According to our observations, in dry form and in the absence of oxygen in solution,
the pharmaceutical substance Ech A remains stable for several years. This was confirmed by us after
a 3 year stability study of the Ech A substance and Histochrome preparation in ampoules closed
under inert conditions. In aqueous solutions, the Ech A sodium derivative (Histochrome) readily
hydrolyzes and oxidizes (Figure S2, Supplementary Materials). Therefore, to provide the opportunity
to establish primary oxidation products, we did not use the onerous conditions recommended in the
ICH guidelines for degradation product studies. In this work, we studied the oxidation of Ech A
sodium derivative in air-equilibrated aqueous solutions.

An HPLC method coupled with diode-array detection (DAD) and mass spectrometry (MS) was
developed and validated to monitor the degradation of Ech A and to support the peak identification
procedure. The eluent system consisting of H2O (A)/MeCN (B) with the addition of 0.2% AcOH in a
gradient mode provided acceptable separation of Ech A and its oxidation products. The developed
LC method demonstrated good linearity, and the correlation coefficient for Ech A was found to be
0.9987. The limit of detection (LOD) and limit of quantification (LOQ) of Ech A were found to be
22 and 72 ng/mL, respectively. The analytical area of this method was established by the range of
experimental data satisfying the linear model. For Ech A (1), the corresponding range was determined
to be 72–600 ng/mL. The accuracy and reproducibility of the quantification procedure was evaluated
according to the results obtained for Ech A, shown in Table S1 (Supplementary Materials). The detection
wavelength 254 nm was chosen on the basis of the fact that all target compounds display intense
absorption in the region of 230–270 nm.

A solution of Ech A sodium derivative from an ampoule was diluted approximately 50-fold with
distilled water saturated with atmospheric oxygen, pH 7.2. In this solution, the molar ratio of Ech A to
dissolved O2 was 3:1. HPLC–DAD–MS analysis showed that, after 1 h in the air-equilibrated aqueous
solution, the first oxidation product of Ech A (1) was compound 2, with a retention time of 7.79 min
(Figure 2). The high-resolution electrospray ionization mass spectrum (HR-ESI-MS) of compound
2 presented a peak at m/z [M − H]− 299.0399 (calculated for [C12H11O9]− 299.0409). The increase in
molecular weight of 34 Da compared to Ech A indicates that compound 2 contained two additional
hydroxyl groups in the molecule. In its absorption spectrum, there was no absorption band at 468 nm
that is characteristic of Ech A, and absorption bands at 256, 321, and 391 nm were present, indicating a
decrease in the length of the conjugation chain in the molecule and, therefore, that oxidative changes
affected the quinonoid ring of Ech A. According to NMR data, the structure of compound 2 was
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previously established by us as 7-ethyl-2,2,3,3,5,6,8-heptahydroxy-2,3-dihydro-1,4-naphthoquinone
(Figures S12–S17, Supplementary Materials) [23].
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Figure 2. HPLC profiles of Histochrome (Ech A) oxidation products. Unmarked peaks are natural
impurities of the Ech A substance [24].

The presence of four aliphatic hydroxyl groups was confirmed by the preparation of tetramethyl
ether of compound 2 (m/z [M − H]− 355.1035, calculated for C16H19O9

− 355.1029) by methylation
with methyl iodide according to the procedure in [25] (Figure S3, Table S2, Supplementary Materials),
which also confirmed the structure of bis-gem-diol for compound 2.

It is interesting to note that, in the mass spectrum of the chromatographic peak with a retention
time of 7.79 min, along with the main peak at m/z [M − H]− 299, there were low-intensity peaks with
mass values m/z [M − H]− 263, 281, 237, and 253. These peaks were observed in all cases when the
ESI mass spectrum of compound 2 was obtained. On the basis of HR-ESI-MS (Table 1), structures of
compounds 3–6 were predicted (Figure 3).

Table 1. High-resolution electrospray ionization mass spectrometry (HR-ESI-MS) characteristics of the
chromatographic peaks of Ech A oxidation products at retention time 7.79 min.

Compound Peak Intensity
Relative to 2, (%) Formula Measured

m/z [M − H]−
Calculated

m/z [M − H]−

2 100 C12H12O9 299.0399 299.0409
3 3 C12H8O7 263.0192 263.0197
4 6 C12H10O8 281.0294 281.0303
5 2 C11H10O6 237.0397 237.0405
6 3 C11H10O7 253.0356 253.0356
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Figure 3. Primary oxidation products of Ech A (1); structures 3–6 were proposed on the basis of
HR-ESI-MS data.



Molecules 2020, 25, 4778 5 of 17

Prior to our studies, according to published data, the first oxidation product of Ech A was attributed
to structures such as the dihydrate of 5,6,8-trihydroxy-7-ethyl-1,2,3,4-tetrahydronaphthalene-1,2,3,4
-tetraone (3) [26] or monohydrate of 2,3-dihydro-2,3,5,6,8-pentahydroxy-2,3-epoxy-7-ethyl-1,4-naph
thoquinone (4) [27]. These compounds were present in combination with compound 2. A compound
with the brutto-formula C12H10O8 can exist both in the form of structure 4 and in the form of
keto-gem-diols 4a and 4b (Figure 4). The presence of those compounds in the mixture of oxidation
products was previously recorded by us using 1H- and 13C-NMR spectroscopy [23].
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For compounds 5 and 6, structures 2,3,4,5,7-pentahydroxy-6-ethylinden-1-one and 2,2,4,5,7-
pentahydroxy-6-ethylindane-1,3-dione were predicted, respectively. It is known that di- and
polycarbonyl vicinal compounds are prone to hydration; therefore, they are often isolated in the form
of gem-diols, and, in our case, compound 2 was predominant.

Additionally, structures of compounds 3–6 were confirmed by obtaining their methyl derivatives
by methylation with both methyl iodide and diazomethane, the MS data for which are provided in
Tables S2 and S3 (Supplementary Materials).

Compounds 3–6 were extremely reactive, as their formation was accompanied by the formation of
an intermediate ene-diol radical, superoxide anion radical, hydroxyl radical, and hydrogen peroxide.
It was not possible to isolate them from the mixture of Ech A oxidation products, and they continued
the chain reaction of oxidation of bis-gem-diol 2, even if O2 was removed from the reaction medium.
In the process of developing technology for the preparation of a Histochrome for injections (0.2 mg/mL
Ech A), we observed that even a small amount of O2 entering the drug solution in sealed ampoules
led to the appearance of product 2. Even the subsequent use of an inert medium (argon) did not stop
the process of Ech A oxidation, which led to the formation of products 2–10 and continued until the
complete discoloration of the red-brown Histochrome solution.

Twenty hours after the start of the reaction, the opaque dark red solution became transparent
yellow red. HPLC–MS analysis showed that approximately 50% of Ech A was consumed during
this time (Figure 2 and Figure S2, Supplementary Materials). Unreacted Ech A was removed from
the aqueous solution by extraction with chloroform, and the oxidation products were extracted with
ethyl acetate. Low-pressure reversed-phase chromatography on Toyopearl HW-40 gel of ethyl acetate
extraction revealed five oxidation products of Ech A with retention times of 7.79 (2), 5.32 (7), 5.67 (8),
6.89 (9), and 8.56 (10) min (Table 2). The absorption spectra of compounds 7–9 contained absorption
bands due to π→ π* transitions in the benzenoid core in the region of 310–370 nm, but there were no
absorption bands associated with π→ π* transitions in the quinonoid core in the region of 460–540 nm,
which indicated a cleavage of the quinonoid ring (Table 2, Figure 5).

Table 2. HPLC coupled with diode array detection (DAD) and MS parameters of Ech A (1) and its
oxidation products 2 and 7–10.

Compound Rt (min) Formula Measured m/z [M −H]− Calculated m/z [M − H]− λmax (nm)

1 10.71 C12H10O7 265.0352 265.0348 254, 338, 471
2 7.79 C12H12O9 299.0399 299.0409 256, 321, 391
7 5.32 C11H10O8 269.0304 269.0297 219, 271, 320
8 5.67 C10H10O6 225.0405 225.0399 270, 320
9 6.89 C9H10O5 197.0452 197.0450 228, 251, 333

10 8.56 C8H8O4 167.0343 167.0344 287
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It turned out that compound 7 was quite unstable in an acidic environment, and, after vacuum
evaporation in fractions with compound 7, product 11 was formed. According to the ESI-MS spectrum,
product 11 had an m/z 251 [M − H]−, which was 18 Da less than mass of compound 7. The absorption
band at 385 nm in the absorption spectrum of compound 11 indicated a longer π→ π* transition chain
in its molecule compared to compound 7. In the 1H-NMR spectrum of compound 11, we observed a
triplet (δH 1.24) and a quartet (δH 2.78) of an ethyl substituent, a broadened singlet of two hydroxyl
groups (δH 5.33), and a singlet of the hydroxyl group bound to carbonyl (δH 12.84) (Figure S18,
Supplementary Materials). The 13C-NMR spectrum of compound 11 contained 11 carbon signals:
two signals for the ethyl group (δC 12.8 and 17.2), three quaternary carbons (δC 106.3, 108.2, and
121.4), and seven quaternary carbons bound to oxygen (δC 151.2, 158.0, 159.9, 161.6, 171.0, and 177.8)
(Figure S19, Supplementary Materials). In the HMBC spectrum of compound 11, protons of the
ethyl group (δH 2.78) showed correlations with δC 121.4, 159.0, and 161.6 (Figure S20, Supplementary
Materials). These spectral data were insufficient to establish the structure of 11; however, it turned
out that compound 11 easily formed crystals and, as such, X-ray analysis was used to establish its
structure. Compound 11 showed polymorphism, with two types of crystals obtained from the same
system of solvents (EtOH–CHCl3 = 1:5 v/v). Recrystallization from these solvents simultaneously
provided crystals as dark-red plates (α-form) and as orange prisms (β-form) (Figure 6). Red crystals
were predominant (about 90%). Both crystal forms were a crystalline hydrate of 11 (Tables S4–S6,
Supplementary Materials).

Molecules 2020, 25, x 7 of 19 

7 
 

system with the space group Pī and cell parameters a = 4.7823(6) Å, b = 7.9520(9) Å, c = 14.4705(17) Å, 
and Z = 2, and the final R-value was found to be 0.0407 (Table S4, Supplementary Materials). 

. 

Figure 6. Molecular structure of echinolactone (11) in different crystal types (hydrogen bonds are 
shown as dotted lines). 

In the α- and β-forms of molecule 11, all atoms with the exception of the CH3 carbon atom of the 
ethyl group C12 were located in the same plane (Figure 6). The deviation from the plane did not 
exceed 0.138(2) Å. The main difference between the two forms was the dimensional orientation of the 
hydrogen atom H7 of the carboxyl group, which allowed us to consider the molecules of α- and β-
forms as stereoisomers (Figure 6); in the α-form, this atom participates in the formation of an 
intramolecular hydrogen bond, while, in the β-form, it participates in an intermolecular hydrogen 
bond. In both crystalline forms of 11, all the corresponding C–C and C–O bonds had close values 
(Table S5, Supplementary Materials). The torsion angles of C6–C7–C11–C12 in the α- and β-forms 
were 96.3(3)° and 83.4(2)°, respectively. The intermolecular hydrogen bonds of molecule 11 with H2O 
molecules played a decisive role in the formation of crystalline structures. In the α-form, the H2O 
molecules were linked to each other by Ow–H∙∙∙Ow hydrogen bonds in an infinite chain along the [0 
0 1] direction, and they combined isolated 11 molecules into a three-dimensional framework (Figure 
S21, Supplementary Materials). The coordination number of O atoms of H2O molecules in α-
C11H8O7∙H2O was 4. In the β-form, molecules of 11 were joined by O7–H7∙∙∙O3 bonds in pairs into a 
centrosymmetric bimolecular associate, and H2O molecules distributed their hydrogen bonds only 
between molecules of 11, combining pairs into flat ribbons that were infinite along the [1 –1 0] 
direction (Figure S22, Supplementary Materials). Ribbons were packed in corrugated layers parallel 
to the plane [0 0 1] (Figure S23, Supplementary Materials). The coordination number of O atoms of 
H2O molecules in β-C11H8O7∙H2O was 3. The triclinic β-form of C11H8O7∙H2O had a slightly higher 
density (1.664 g/cm3) at a temperature of T = 173(2) K than the monoclinic α-form (1.642 g/cm3) and 
could formally be considered as more stable. 

On the basis of X-ray data, 11 was assigned the structure of 7-ethyl-5,6-dihydroxy-2,3-dioxo-2,3-
dihydrobenzofuran-4-carboxylic acid, and this compound was named echinolactone. 

Compounds 7 and 8 turned out to be unstable under conditions of repeated chromatographic 
separation; therefore, to establish their structures, their stable methyl derivatives with m/z [M − H]− 
297 and 239, respectively, were obtained by methylation with diazomethane. 

On the basis of the 1H- and 13C-NMR spectra of the dimethyl ether of compound 7, methyl ether 
of compound 8, and of compound 9 (Table 3, Figure 7), it could be concluded that these compounds 
retained the same substituents as the Ech A benzenoid ring: an ethyl substituent, a free hydroxyl 
group, and hydroxyl groups, the protons of which were bound by an intramolecular hydrogen bond 
with the corresponding carbonyl groups, but the carboxyl group appeared. The differences in the 
NMR spectra of the Ech A oxidation products consisted of the chemical shifts of the substituents next 

Figure 6. Molecular structure of echinolactone (11) in different crystal types (hydrogen bonds are
shown as dotted lines).



Molecules 2020, 25, 4778 7 of 17

The α-form of 11 crystallized as monoclinic system with the space group P21/c and cell parameters
a = 4.7823(6) Å, b = 7.9520(9) Å, c = 14.4705(17) Å, and Z = 4, and the final R-value was found to be
0.0512 (Table S4, Supplementary Materials). The β-form of 11 crystallized as a triclinic system with
the space group Pı̄ and cell parameters a = 4.7823(6) Å, b = 7.9520(9) Å, c = 14.4705(17) Å, and Z = 2,
and the final R-value was found to be 0.0407 (Table S4, Supplementary Materials).

In the α- and β-forms of molecule 11, all atoms with the exception of the CH3 carbon atom of
the ethyl group C12 were located in the same plane (Figure 6). The deviation from the plane did not
exceed 0.138(2) Å. The main difference between the two forms was the dimensional orientation of
the hydrogen atom H7 of the carboxyl group, which allowed us to consider the molecules of α- and
β-forms as stereoisomers (Figure 6); in the α-form, this atom participates in the formation of an
intramolecular hydrogen bond, while, in the β-form, it participates in an intermolecular hydrogen
bond. In both crystalline forms of 11, all the corresponding C–C and C–O bonds had close values
(Table S5, Supplementary Materials). The torsion angles of C6–C7–C11–C12 in the α- and β-forms
were 96.3(3)◦ and 83.4(2)◦, respectively. The intermolecular hydrogen bonds of molecule 11 with H2O
molecules played a decisive role in the formation of crystalline structures. In the α-form, the H2O
molecules were linked to each other by Ow–H···Ow hydrogen bonds in an infinite chain along the [0 0
1] direction, and they combined isolated 11 molecules into a three-dimensional framework (Figure S21,
Supplementary Materials). The coordination number of O atoms of H2O molecules in α-C11H8O7·H2O
was 4. In the β-form, molecules of 11 were joined by O7–H7···O3 bonds in pairs into a centrosymmetric
bimolecular associate, and H2O molecules distributed their hydrogen bonds only between molecules
of 11, combining pairs into flat ribbons that were infinite along the [1 –1 0] direction (Figure S22,
Supplementary Materials). Ribbons were packed in corrugated layers parallel to the plane [0 0 1]
(Figure S23, Supplementary Materials). The coordination number of O atoms of H2O molecules in
β-C11H8O7·H2O was 3. The triclinic β-form of C11H8O7·H2O had a slightly higher density (1.664 g/cm3)
at a temperature of T = 173(2) K than the monoclinic α-form (1.642 g/cm3) and could formally be
considered as more stable.

On the basis of X-ray data, 11 was assigned the structure of 7-ethyl-5,6-dihydroxy-2,3-
dioxo-2,3-dihydrobenzofuran-4-carboxylic acid, and this compound was named echinolactone.

Compounds 7 and 8 turned out to be unstable under conditions of repeated chromatographic
separation; therefore, to establish their structures, their stable methyl derivatives with m/z [M −H]−

297 and 239, respectively, were obtained by methylation with diazomethane.
On the basis of the 1H- and 13C-NMR spectra of the dimethyl ether of compound 7, methyl ether

of compound 8, and of compound 9 (Table 3, Figure 7), it could be concluded that these compounds
retained the same substituents as the Ech A benzenoid ring: an ethyl substituent, a free hydroxyl group,
and hydroxyl groups, the protons of which were bound by an intramolecular hydrogen bond with the
corresponding carbonyl groups, but the carboxyl group appeared. The differences in the NMR spectra
of the Ech A oxidation products consisted of the chemical shifts of the substituents next to the carboxyl
group (Table 3); therefore, to establish the structure of compounds 7–9, it was necessary to establish the
nature of these substituents.Molecules 2020, 25, x 9 of 19 
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Table 3. NMR data of dimethyl ether of compound 7 (500 MHz for 1H and 126 MHz for 13C, δ, ppm,
J/Hz), methyl ether of compound 8, and of compound 9 (700 MHz for 1H and 176 MHz for 13C, δ,
ppm, J/Hz).

No.
Dimethyl Ether of 7 (CDCl3) Methyl Ether of 8 (Acetone-d6) 9 (Acetone-d6)

δC δH HMBC δC δH HMBC δC δH HMBC

1 107.7 107.2 109.4
2 106.3 109.3 144.4 10.70 (1H, s, OH) 1, 2
3 158.4 11.30 (1H, s, OH) 2, 3, 4, 5 159.7 13.36 (1H, s, OH) 2, 3, 4 144.5 8.01 (1H, s, OH)
4 124.0 124.2 126.3
5 150.7 6.53 (1H, s, OH) 3, 4, 5, 6 150.7 6.56 (1H, s, OH) 4, 5, 6 148.2 7.54 (1H, s, OH)
6 143.3 10.49 (1H, s, OH) 1, 5, 6 144.9 11.35 (1H, s, OH) 1, 5, 6 104.8 6.88 (1H, s, H) 1, 3, 4, 5, 9
7 16.2 2.76 (2H, q, J = 7.5, CH2) 3, 4, 5, 8 16.5 2.77 (2H, q, J = 7.5, CH2) 3, 4, 5, 8 17.7 2.73 (2H, q, J = 7.5, CH2) 3, 4, 5, 8
8 12.6 1.16 (3H, t, J = 7.5, CH3) 4, 7 12.5 1.17 (3H, t, J = 7.5, CH3) 4, 7 13.2 1.12 (3H, t, J = 7.5, CH3)
9 169.1 170.6 172.7

10 186.8 195.2 10.43 (1H, s, COH) 2, 3, 4
11 162.9

9-OCH3 53.0 3.88 (3H, s, OCH3) 1, 9 53.02 4.04 (3H, s, OCH3)
11-OCH3 52.2 3.82 (3H, s, OCH3) 10, 11

In the dimethyl ether of compound 7, the proton of the hydroxyl group at C-6 (δH 10.49) was
hydrogen-bonded to the carbonyl of the ester group at C-9 (δH 169.1), and the proton of the hydroxyl
group at C-3 (δH 11.30) was hydrogen-bonded to the carbonyl of the methylcarboxy group at C-10
(δC 186.8) (Figures S24–S26, Supplementary Materials). The signal at δC 162.9 ppm in the 13C-NMR
spectrum corresponded to the carbonyl of the ester group of the methylcarboxy fragment. Two singlets
with an integrated intensity of 3H each at δH 3.82 and 3.88 in the 1H-NMR spectrum corresponded to
the protons of methoxy groups at C-9 and C-11. In the 13C-NMR spectrum of compound 7 dimethyl
ether, there were two corresponding signals at δC 52.2 and 53.0 ppm. According to an analysis
of the NMR spectra of the dimethyl derivative, the structure of compound 7 was established as
4-ethyl-3,5,6-trihydroxy-2-oxalobenzoic acid.

The 13C-NMR spectrum of methyl ether of compound 8 contained a signal in a low field at
δC 195.2, the chemical shift of which was characteristic for the aldehyde carbon atom (Table 3,
Figure S28, Supplementary Materials). The singlet at δH 10.43 in the 1H-NMR spectrum of this
compound corresponded to the proton of the aldehyde group. According to NMR data of its methyl
derivative (Figures S27–S34, Supplementary Materials), the structure of compound 8 was established
as 4-ethyl-2-formyl-3,5,6-trihydroxybenzoic acid.

The 1H-NMR spectrum of compound 9 contained a singlet signal of the aromatic proton at
C-6 (δH 6.88), which corresponded to a signal at δC 104.8 ppm in the 13C-NMR spectrum (Table 3,
Figures S35 and S36, Supplementary Materials). The chemical shift of the proton of the hydroxyl
group at C-5 (δH 7.54) indicated that it was not bound by an intramolecular hydrogen bond as in
compound 8. Thus, the structure of compound 9 was established as 4-ethyl-2,3,5-trihydroxybenzoic
acid (Figures S35–S39, Supplementary Materials).

On the basis of the NMR data of compound 10 and its methyl derivative (Figures S40–S48,
Supplementary Materials), the structure of 10 was established as 3-ethyl-2,5-dihydroxy-1,4-
benzoquinone. This compound was previously described by Moore et al. as a natural pigment
of sea urchins of the genus Echinothrix [28]. However, it is likely that compound 10 was one of the
most stable oxidation products of Ech A obtained by the authors during the storage and repeated
chromatographic separation of sea urchin extracts. According to the conditions of our experiment,
the oxidation process was stopped when half of the Ech A was oxidized; thus, a very small amount of
10 was isolated.

2.2. Proposed Mechanism of Echinochrome A Oxidative Degradation

Many bioactive natural and pharmaceutical compounds that are α-hydroxyketones such as
oxolin, ascorbate, glyoxal, and cyclic ketones are susceptible to autooxidation [29]. It has been shown
that α-hydroxyketones auto-oxidize under physiological conditions via the enediol tautomer [30,31].
One condition which favors the formation of the enediol is the presence of a vicinal carbonyl group.
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The equilibrium is generally displaced in favor of the more thermodynamically stable ketol tautomer.
The autooxidation of such enediols, as well as tetrahydroxy-l,4-benzoquinone, ascorbate, and Ech A,
has been shown to involve the generation of intermediates such as carbon-centered free radicals and
ROS including the superoxide radical anion, hydroxyl radical, and hydrogen peroxide [23,30,32,33].
The mechanisms of the primary attack of triplet and singlet oxygen molecules on Ech A (1), the result of
which is bis-gem-diol 2 formation, were described in detail in previous studies [23,34]. Here, according
to the structures of the isolated products, we propose the scheme of the further Ech A oxidative
degradation process (Figure 8).
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Pracht et al. showed that splitting of the aromatic system of phenolic substances occurs only if the
first oxidation stage includes the formation of o-quinone [35]. Subsequent cleavage of the ring structure
can occur between two keto groups, as in our case, for example, in compounds 3, 4, 4a, and 4b, which
always presented together with compound 2 (Figures 3 and 4). It can be assumed that ring rupture
in the primary oxidation product 2 with loss of H2O and CO2 led to the formation of phthalonic
acid derivative 7. Compound 7, resulting from keto–enol tautomerism, gave echinolactone 11 upon
dehydration in an acidic medium and heating during the evaporation process. Establishment of the
structure of 11 using X-ray analysis played an important role in the elucidation of the structure of the
labile compound 7. Further sequential decarboxylation of 7 resulted in the formation of 8, a benzoic
acid derivative with an aldehyde group, and a benzoic acid derivative 9. Decarboxylation of 9 and
subsequent hydration and oxidation led to the formation of stable benzoquinone 10.

Thus, it was shown that the oxidative destruction of Ech A did not affect the benzenoid fragment of
its molecule. All transformations occurred only in the quinonoid ring with the formation of bis-gem-diol
2, further oxidation of which occurred upon cleavage of the dihydroquinonoid ring and led to the
formation of derivatives of phthalonic (7) and benzoic (8, 9) acids, as well as benzoquinone 10.

2.3. Predicted Toxicity of Echinochrome A and Its Oxidation Products

Obtaining information on the toxicity of compounds and their impurities is an important part of
the drug design development process. However, for impurities in particular, this information cannot
be obtained experimentally. In this case, in silico studies assist in evaluating the results.

The potential toxicity of Ech A and its oxidative degradation products was assessed with the
webserver ProTox-II. This virtual lab predicts the toxicity of small molecules on the basis of a total
of 33 models for the prediction of various toxicity endpoints such as acute toxicity, hepatotoxicity,
cytotoxicity, carcinogenicity, mutagenicity, immunotoxicity, adverse outcome (Tox21) pathways,
and toxicity targets [36].

The results of the predicted toxicity of the original Ech A molecule and its oxidative degradation
products are shown in Table 4.
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Table 4. Oral toxicity prediction results for Ech A and its degradation products. LD50, median
lethal dose.

Classification and
Target

Ech A and its Degradation Products

1 (Ech-B) 1 (Ech-Q) 2 7 8 9 10

Predicted toxicity class II IV III IV IV IV V
Predicted LD50, mg/kg 16 487 221 2000 2000 1800 2800

Organ Toxicity

Hepatotoxicity Inactive Inactive Inactive Inactive Inactive Inactive Inactive

Toxicity Endpoints

Carcinogenicity Inactive Inactive Inactive Inactive Inactive Inactive Inactive
Immunotoxicity Inactive Inactive Inactive Inactive Inactive Inactive Inactive

Mutagenicity Active Active Inactive Inactive Inactive Inactive Inactive
Cytotoxicity Inactive Inactive Inactive Inactive Inactive Inactive Inactive

The predicted LD50 value for the first major oxidation product 2 was 221 mg/kg (toxicity class
III), and the predicted acute toxicity for other oxidation products 7–10 was much lower (≥2000 mg/kg,
toxicity class IV–V), suggesting they cannot lead to serious toxic effects.

As shown above, structures 2 and 7–10 were unambiguously defined as nontoxic and there was
no doubt about the predicted toxicity results for these compounds. However, for derivatives of the
naphthazarin (5,8-dihydroxy-1,4-naphthoquinone) structure, to which Ech A belongs, it is not so simple.
Under various conditions, Ech A (1) can exist as a mixture of four tautomeric forms; however, only the
1,4-naphthoquinonoid forms Ech-B (ethyl in the benzene ring) and Ech-Q (ethyl in the quinonoid ring)
are energetically favorable (Figure 9) [23,37,38].
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Figure 9. Tautomeric forms of Ech A: Ech-B (ethyl in the benzene ring) and Ech-Q (ethyl in the
quinonoid ring).

As seen in Table 4, the Ech-B and Ech-Q formulas loaded in ProTox-II showed dramatically
different results for acute toxicity. For the Ech-B form, a toxic LD50 of 16 mg/kg and toxicity class II were
predicted; for Ech-Q, the LD50 was 487 mg/kg and the toxicity class IV was predicted. According to
our experimental data for the determination of intraperitoneal acute toxicity of the Ech A substance in
outbred mice, the LD50 was found to be 153.7 mg/kg (Table S7, Supplementary Materials) and toxicity
class III was determined, which was somewhere between the predicted values for Ech-B and Ech-Q,
confirming the benzenoid-quinonoid equilibrium of Ech A. However, the structure of bis-gem-diol 2
and of other products 3–6 indicated that only one of the possible tautomeric forms (Ech-B) of Ech A
was involved in the oxidation process.

We established the experimental cytotoxicity for two compounds, Ech A (1) and bis-gem-diol
2. The cytotoxicity of 1 and 2 was estimated by methylthiazolyltetrazolium bromide (MTT) assay
using pig embryo kidney (PK) cells and African green monkey kidney (Vero) cells. For Ech A (1), 50%
inhibition of cell viability was observed at 54.4 mkg/mL and 60.5 mkg/mL in PK and Vero cell lines,
respectively [39]. For compound 2, this value was found to be 140 mkg/mL in Vero cells; thus, it had a
weaker toxic effect on normal cells.
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With confidence scores of 0.77 and 0.82 for Ech-B and Ech-Q, respectively, it was predicted that
these compounds had mutagenic activity (Table 4). However, as shown in a comprehensive study of
the mutagenic properties of the Histochrome drug carried out in accordance with the requirements
of the Pharmacological Committee of the Russian Ministry of Health, Histochrome in the range
of 1.0–10 mg/kg does not have the ability to induce chromosomal damage in the bone marrow
cells of C57BL/6 mice, nor does it lead to an increase in the level of spontaneous gene mutations
in Drosophila or induce gene mutations in Salmonella typhimurium (Tables S8–S10, Supplementary
Materials). These results allowed us to conclude that Ech A does not exhibit mutagenic activity, at least
in the range of therapeutic doses. However, there is published evidence of mutagenic activity of Ech
A [33]. In this publication, the source of the drug was not clearly indicated, and neither were its
preparation method or purity. This once again confirms that the standardization of drug substances is
very important. For the implementation of its medicinal properties, not only the structure of the active
substance is important, but also the properties of the drug, determined by the technological process
used for its production.

3. Materials and Methods

3.1. Materials

Drug substance echinochrome A and drug product Histochrome were produced by G.B. Elyakov
Pacific Institute of Bioorganic Chemistry (Vladivostok, Russia). TSKgel Toyopearl HW-40 (TOYO SODA,
Tokyo, Japan), and Sephadex LH-20 (GE Healthcare Bio-Sciences AB, Uppsala, Sweden) were used for
column chromatography. HPLC-grade water and acetic acid were purchased from Panreac Quimica
(Barcelona, Spain). MeCN grade 0 was sourced from Cryochrom (Saint Petersburg, Russia). Other
solvents used in this study were of analytical grade. Deuterated solvents acetone-d6, CDCl3, CD3CN,
and Bruker® SampleJet NMR tubes WIMWG10007SJ (178 mm, cap, O.D. 5.0 mm) for NMR experiments
were purchased from Sigma (St. Louis, MO, USA).

3.2. Instruments

Ultraviolet (UV) spectra were recorded using a UV 1800 spectrophotometer (Shimadzu USA
Manufacturing Inc., Canby, OR, USA) and infrared (IR) spectra were obtained on an Equinox 55
Fourier-transform (FT) IR spectrophotometer (Bruker, Rheinstetten, Germany). HR-ESI-MS experiments
were carried out using a Shimadzu hybrid ion trap time-of-flight mass spectrometer (Kyoto, Japan).
The operating settings of the instrument were as follows: electrospray ionization (ESI) source potential,
−3.8 and 4.5 kV for negative and positive polarity ionization, respectively; drying gas (N2) pressure,
200 kPa; nebulizer gas (N2) flow, 1.5 L/min; temperature for the curved desolvation line (CDL) and heat
block, 200 ◦C; detector voltage, 1.5 kV; range of detection, 100–900 m/z. The mass accuracy was below
4 ppm. The data were acquired and processed using Shimadzu LCMS Solution software (v.3.60.361).
The 1H-, 13C-, and two-dimensional (2D) NMR spectra were recorded using NMR Bruker AVANCE
III DRX-700, AVANCE DRX-500, and AVANCE DPX-300 instruments (Bruker, Karlsruhe, Germany).
The chemical shift values (δ) and the coupling constants (J) are given in parts per million and in Hz,
respectively. HMBC spectra were optimized for 5 Hz coupling. The key NMR acquisition parameters
are shown in the Supplementary Materials.

The X-ray experiments for single crystals were performed using a Bruker SMART-1000
Charge-Coupled Detector (CCD) diffractometer (MoKα-radiation, graphite monochromator). Intensity
data were corrected for absorption using the multi-scan method. The structures were solved using
the direct methods and refined by the least-squares calculation in anisotropic approximation for
non-hydrogen atoms. Hydrogen atoms of ethyl groups after checking their presence in a difference
map were placed in geometrically idealized positions and refined in the riding-model approximation.
Hydrogen atoms of water molecules and hydroxyl groups were located in the difference Fourier maps
and refined with Uiso(H) = 1.5Ueq (O). Data collection and editing, as well as refinement of unit cell
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parameters, were performed with the SMART [40] and SAINT [41] program packages. All calculations
on the determination and refinement of the structures were carried out using the SHELXTL/PC
software [42,43].

3.3. HPLC–DAD–MS Analysis

HPLC–DAD–MS was performed using a system consisting of a CBM-20A system controller
(Shimadzu USA Manufacturing Inc., Canby, OR, USA), two LC-20 CE pumps (Shimadzu USA
Manufacturing Inc., Canby, OR, USA), a DGU-20A3 degasser (Shimadzu Corp., Kyoto, Japan),
an SIL-20A autosampler (Shimadzu USA Manufacturing Inc., Canby, OR, USA), a diode-matrix
SPD-M20A (Shimadzu USA Manufacturing Inc., Canby, OR, USA), and a mass-spectrometric detector
LCMS-2020 (Shimadzu Corp., Kyoto, Japan). The separation was carried out on a Discovery HS C18
column (150 × 2.1 mm, 3 µm particle size, Supelco, Bellefonte, PA, USA) with a Supelguard Ascentis
C18 pre-column (2 × 2.1 mm, 3 µm particle size, Supelco, Bellefonte, PA, USA) using a binary gradient
of H2O (A)/MeCN (B) with the addition of 0.2% AcOH at a flow rate of 0.2 mL/min and column
temperature of 40 ◦C. The gradient was as follows: 0–6 min, 10–40% (B); 6–11 min, 40–100% (B);
11–12 min, 100% (B), 12–13 min, 100–10% (B); 13–17 min, 10% (B). The chromatograms were recorded
at 254 nm. Mass spectra were taken in the electrospray ionization (ESI) mode at atmospheric pressure,
recording negative ions (1.50 kV) in the m/z range of 100–900 with the following settings: drying gas,
N2 (10 L/min); nebulizer gas N2 flow, 1.5 L/min; temperature for the curved desolvation line (CDL),
200 ◦C; temperature of heat block, 250 ◦C; interface voltage, 3.5 kV. Before analysis, samples were
filtered through a 0.2 µm polytetrafluoroethylene (PTFE) syringe filter. The injection volume was 5 µL.

3.4. HPLC Method Validation

Linearity of the method was established by using methanolic Ech A solutions containing
50–1500 ng/mL. Each linearity sample was injected in triplicate. The calibration curve was constructed
as linear regression analysis of the peak area versus concentration. The limits of detection (LOD) and
quantification (LOQ) of Ech A were calculated as concentrations at which the signal-to-noise ratio was
below 3 and 10, respectively. The accuracy of the method was established by recovery studies of Ech A
samples (100, 250, 500 ng/mL); data are provided in the Supplementary Materials (Table S1). Accuracy
was expressed as relative standard deviations (RSDs) and recoveries (%). Selectivity was confirmed
through peak purity studies using a DAD detector.

3.5. Oxidation Products Preparation and Isolation

Histochrome from an ampoule (10 mg/mL Ech A, 5 mL) was diluted with distilled water (250 mL),
balanced with atmospheric oxygen, to obtain a solution with an Ech A concentration of 0.2 mg/mL,
pH 7.2. The oxidation was carried out in the light without stirring at ambient temperature. The process
was monitored by HPLC–DAD–MS. When approximately 50% of the Ech A was consumed (after 20 h),
the reaction was stopped by adding hydrochloric acid to pH 2. Unreacted Ech A was removed
from solution by extraction with chloroform. The oxidation products were extracted with ethyl
acetate, the solvent was removed under reduced pressure, and the residue was chromatographed on a
Toyopearl HW-40 TSKgel column in a gradient of 10–50% ethanol containing 0.5% formic acid. From
fractions eluted with 10–30% ethanol compounds were extracted with ethyl acetate and the solvent was
evaporated. As a result, compounds 2, 9, and 10 were isolated. Fractions eluted with 30–50% ethanol
were concentrated in vacuo at 50 ◦C; as a result, echinolactone 11 was obtained from the fraction of
compound 7.

A small portion of oxidation products (10 mg) was dissolved in cold MeOH and treated with
diazomethane in diethyl ether on ice as described [44]. The reaction process was controlled by
HPLC–DAD–MS. After 1 h, the solvent was removed in vacuo, and the residue was subjected to
column chromatography on Sephadex LH-20 eluting with CHCl3/EtOH 8:1. As a result, dimethyl ether
of 7 and methyl ether of 8 were obtained.
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7-ethyl-2,2,3,3,5,6,8-heptahydroxy-2,3-dihydro-1,4-naphthoquinone (2): C12H12O9; UV (ethanol) λmax

256, 320, 391 nm; ESI-MS m/z: 299 [M − H]−; HR-ESI-MS m/z: 299.0399 [M − H]− (calculated for
[C12H11O9]− 299.0409).

4-ethyl-3,5,6-trihydroxy-2-oxalobenzoic acid (7); C11H10O8; UV (CH3CN–H2O) λmax 219, 271, 320 nm;
ESI-MS m/z: 269 [M − H]−; HR-ESI-MS m/z: 269.0304 [M − H]− (calculated for [C11H9O8]− 269.0297).

Dimethyl ether of compound 7: light-yellow powder; C13H14O8; UV (CH3CN–H2O) λmax 224, 250,
324, 384 nm; IR (CDCl3) νmax 3520, 3156, 2975, 2956, 2937, 2878, 2855, 1734, 1683, 1632, 1595 cm−1;
ESI-MS m/z: 297 [M − H]−; 1H- and 13C-NMR (see Table 3).

4-ethyl-2-formyl-3,5,6-trihydroxybenzoic acid (8); C10H10O6; light-yellow powder; UV (CH3CN–H2O)
λmax 270, 320 nm. ESI-MS m/z: 225 [M − H]−; HR-ESI-MS m/z: 225.0405 [M − H]− (calculated for
[C10H9O6]− 225.0399).

Methyl ether of compound 8: C11H12O6; light-yellow powder; UV (CH3CN–H2O) λmax 238, 303,
369 nm; IR νmax (CDCl3) 3011, 2959, 2935, 2878, 2865, 1668, 1634, 1611 cm−1. ESI-MS m/z: 239
[M − H]−; HR-ESI-MS m/z: 239.0570 [M −H]− (calculated for [C11H11O6]− 239.0555); 1H- and 13C-NMR
(see Table 3).

4-ethyl-2,3,5-trihydroxybenzoic acid (9); C9H10O5; light-yellow powder; UV (CH3CN–H2O) λmax

228, 251, 333 nm; IR νmax (CCl4) 3352, 2960, 2928, 2875, 2855, 1642 cm−1. ESI-MS m/z: 197 [M − H]−;
HR-ESI-MS m/z: 197.0452 [M−H]− (calculated for [C9H9O5]− 197.0450); 1H- and 13C-NMR (see Table 3).

3-ethyl-2,5-dihydroxy-1,4-benzoquinone (10); C8H8O4; light-yellow powder; UV (CH3CN–H2O) λmax

228 nm, literature 228 nm [28]; IR νmax (CDCl3) 3366, 2976, 2935, 2878, 1731, 1641 cm−1. ESI-MS m/z: 167
[M −H]−; HR-ESI-MS m/z: 167.0343 [M −H]− (calculated for [C8H7O4]− 167.0344). 1H-NMR (700 MHz,
CDCl3) δ, ppm (J, Hz): 1.21 (3H, t, J = 7.5, CH3), 2.49 (2H, q, J = 7.5, CH2), 6.01 (1H, s, H), 7.54 (2H, s,
OH); 1H- and 13C-NMR data of dimethyl ether of 10 (see Figures S43–S48, Supplementary Materials).

Echinolactone (7-ethyl-5,6-dihydroxy-2,3-dioxo-2,3-dihydrobenzofuran-4-carboxylic acid, 11):
C11H8O7; UV (ethanol) λmax (logε ): 215 (3.4), 331 (2.8), 385 (2.8) nm; IR νmax (CDCl3) 3483, 1838, 1698,
1581 cm−1; ESI-MS m/z: 251 [M − H]−; EI-MS m/z: 252 [M]+. 1H-NMR (300 MHz, CDCl3), δ, ppm: 1.24
(3H, t, J = 7.5, CH3), 2.78 (2H, dd, J = 7.5, CH2), 5.24, (1H, s, OH), 12.88 (1H, s, OH). 13C-NMR (75 MHz,
CD3CN), δ, ppm: 13.3, 17.8, 106.9, 108.8, 121.9, 151.7, 158.6, 160.5, 162.2, 171.5, 178.4.

The main crystal data, data collection, and refinement parameters are presented in Table S4
(Supplementary Materials). The selected geometric parameters of 11 crystal forms are given in
Table S5 (Supplementary Materials). The hydrogen-bond geometry parameters are listed in Table S6
(Supplementary Materials). Crystallographic data for the structures in this study were deposited to
the Cambridge Crystallographic Data Center as supplementary publication No. CCDC 1,822,816 and
1822821; copies of the data can be obtained, free of charge, via an application to CCDC, 12 Union Road,
Cambridge CB2 1EZ, UK, (fax: +44 1223 336,033 or e-mail: deposit@ccdc.cam.ac.uk).

3.6. In Silico Toxicity Studies

The potential acute toxicity, hepatotoxicity, carcinogenicity, immunotoxicity, mutagenicity,
and cytotoxicity of Ech A and its degradation products via oral administration were assessed using
ProTox-II [36].

4. Conclusions

In this study, Ech A degradation products formed during oxidation by O2 in air-equilibrated
aqueous solutions were identified, isolated, and structurally characterized. During the oxidation of Ech
A, transformation was found to occur only in the quinonoid ring, with the formation of a hydrogenated
quinonoid cycle with two carbonyl groups and two pairs of geminal hydroxyl groups. The further
oxidation of bis-gem-diol occurred with the cleavage of the dihydroquinonoid ring and a chain of
subsequent decarboxylations.

The HPLC method with DAD and MS detection was developed and validated to monitor the Ech
A degradation process and to identify the appearing compounds. The structural studies and obtained
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HPLC–MS parameters of the main Ech A oxidation products are of great interest from the point of
view of investigation of the chemical properties of drug substances and for developing methods for
monitoring the quality of drugs and food additives obtained from sea urchin pigments, in addition to
their stability.

In recent years, there has also been a growing interest in the environmental significance of methods
to characterize the destruction of pharmaceutical compounds and study their toxic properties in order
to avoid the accumulation of these compounds in nature.

The in silico toxicity studies performed using ProTox-II webserver revealed that Ech A oxidative
degradation products do not exhibit mutagenic properties, and their toxicity values were much lower
than that of Ech A. This means that the spontaneous formation of these degradation products in
preparations using Ech A would not be harmful to patients.

Supplementary Materials: The following are available online: Figure S1. The UV-Vis spectrum of Histochrome
(blue) and Echinochrome A (black) in ethanol solution containing 1 mM HCl; Figure S2. Change in the concentration
of echinochrome A during the oxidation of a 1% histochrome solution; Table S1. Accuracy and reproducibility of
the quantification of echinochrome A (1) using HPLC method; Figure S3. HRESIMS (negative mode) data for
methyl ethers of Ech A oxidation products obtained by methylation with methyl iodide; Table S2. HRESIMS
(negative mode) data for methyl ethers of Ech A oxidation products obtained by methylation with methyl iodide;
Table S3. ESIMS (negative mode) data for methyl ethers of Ech A oxidation products obtained by methylation
with diazomethane; Figures S4 and S5. IR spectrum (CDCl3) of compound 7 dimethyl ether; Figures S6 and S7. IR
spectrum (CDCl3) of compound 8 methyl ether; Figures S8 and S9. IR spectrum (CDCl3) of compound 10; Figures
S10 and S11. IR spectrum (CDCl3) of compound 11; Figure S12. 1H NMR spectrum (300 MHz, acetone-d6) of
7-ethyl-2,2,3,3,5,6,8-heptahydroxy-2,3-dihydro-1,4-naphthoquinone (2); Figure S13. 13C NMR spectrum (75 MHz,
acetone-d6) of 2; Figure S14. HMBC spectrum (300 MHz, acetone-d6) of 2; Figures S15–S17. HMBC correlations of 2
(enlarged); Figure S18. 1H NMR spectrum (300 MHz, CDCl3) of echinolactone (11); Figure S19. 13C NMR spectrum
(75 MHz, CD3CN) of echinolactone (11); Figure S20. HMBC spectrum (300 MHz, CD3CN) of echinolactone (11);
Table S4. Selected crystal data and refinement parameters for α- and β- forms of C11H8O7•H2O; Table S5. Selected
geometric parameters (Å) for α- and β- forms of C11H8O7•H2O; Table S6. Hydrogen-bond geometry (Å, ◦) for
α- and β- forms of C11H8O7•H2O; Figure S21. Overall packing for α-C11H8O7•H2O viewed along the a-axis
direction; Figure S22. A plot of band for β-C11H8O7•H2O; Figure S23. Overall packing for β-C11H8O7•H2O
viewed along the a-axis direction; Figure S24. 1H NMR spectrum (500 MHz, CDCl3) of dimethyl ether of
compound 7; Figure S25. 13C NMR spectrum (126 MHz, CDCl3) of dimethyl ether of compound 7; Figure S26.
HMBC spectrum (500 MHz, CDCl3) of dimethyl ether of compound 7; Figure S27. 1H NMR spectrum (700 MHz,
CDCl3) of methyl ether of 4-ethyl-2-formyl-3,5,6-trihydroxybenzoic acid (8); Figure S28. 13C NMR spectrum
(175 MHz, CDCl3) of methyl ether of 8; Figure S29. HMBC spectrum (700 MHz, CDCl3) of methyl ether of 8;
Figures S30–S34. HMBC correlations of methyl ether of 8 (enlarged); Figure S35. 1H NMR spectrum (700 MHz,
acetone-d6) of 4-ethyl-2,3,5-trihydroxybenzoic acid (9); Figure S36. 13C NMR spectrum (175 MHz, aceton-d6) of 9;
Figure S37. HMBC spectrum (700 MHz, aceton-d6) of 9; Figures S38 and S39. HMBC correlations of 9 (enlarged);
Figure S40. 1H NMR spectrum (700 MHz, CDCl3) of 3-ethyl-2,5-dihydroxy-1,4-benzoquinone (10); Figure S41.
13C NMR spectrum (175 MHz, CDCl3) of 10; Figure S42. HSQC spectrum (700 MHz, CDCl3) of 10; Figure S43. 1H
NMR spectrum (700 MHz, CDCl3) of dimethyl ether of 10; Figure S44. 13C NMR spectrum (175 MHz, CDCl3) of
dimethyl ether of 10; Figure S45. HMBC spectrum (700 MHz, CDCl3) of dimethyl ether of 10; Figures S46–S48.
HMBC correlations of dimethyl ether of 10; Table S7. Histochrome toxicity values (intraperitoneal administration);
Table S8. Accounting for chromosomal aberrations in mammalian bone marrow cells; Table S9. The results of a
study of the mutagenic effect of the histochrome drug on indicator strains in the Ames test; Table S10. The results
of the study of the ability of the histochrome drug to induce dominant lethal mutations in the germ cells of mice.

Author Contributions: Conceptualization, N.P.M.; formal analysis, V.P.G. and P.S.D.; investigation, E.A.V., N.P.M.,
A.V.G., V.P.G., and P.S.D.; project administration, N.P.M. and P.S.D.; resources, V.P.G.; software, A.V.G.; supervision,
S.A.F.; writing—original draft, N.P.M. and E.A.V.; writing—review and editing, S.A.F. All authors have read and
agreed to the published version of the manuscript.

Funding: This research received no external funding.

Acknowledgments: The study was carried out on the equipment of the Collective Facilities Center “Far Eastern
Center for Structural Molecular Research (NMR/MS) PIBOC FEB RAS”. The X-ray measurements were performed
on the equipment of the Collective Facilities Center “Far Eastern Center of Structural Studies”, Institute of
Chemistry FEB RAS.

Conflicts of Interest: The authors report no conflicts of interest. The authors alone are responsible for the content
and writing of this article.



Molecules 2020, 25, 4778 15 of 17

References

1. Mishchenko, N.P.; Fedoreev, S.A.; Bagirova, V.L. Histochrome: A New Original Domestic Drug. Pharm. Chem.
J. 2003, 37, 48–52. [CrossRef]

2. Mischenko, N.P.; Fedoreyev, S.A.; Pokhilo, N.D.; Anufriev, V.P.; Denisenko, V.A.; Glazunov, V.P. Echinamines
A and B, First Aminated Hydroxynaphthazarins from the Sea Urchin Scaphechinus mirabilis. J. Nat. Prod.
2005, 68, 1390–1393. [CrossRef]

3. Vasileva, E.A.; Mishchenko, N.P.; Tran, V.T.T.; Vo, H.M.N.; Bui, L.M.; Denisenko, V.A.; Fedoreyev, S.A.
Quinoid Pigments from the Sea Urchin Astropyga radiata. Chem. Nat. Compd. 2017, 53, 356–358. [CrossRef]

4. Hou, Y.; Vasileva, E.A.; Carne, A.; McConnell, M.; Bekhit, A.E.-D.A.; Hou, Y. Naphthoquinones of the
spinochrome class: Occurrence, isolation, biosynthesis and biomedical applications. RSC Adv. 2018, 8,
32637–32650. [CrossRef]

5. Jeong, S.H.; Kim, H.K.; Song, I.-S.; Lee, S.J.; Ko, K.S.; Rhee, B.D.; Kim, N.; Mishchenko, N.P.; Fedoreyev, S.A.;
Stonik, V.A.; et al. Echinochrome A Protects Mitochondrial Function in Cardiomyocytes against Cardiotoxic
Drugs. Mar. Drugs 2014, 12, 2922–2936. [CrossRef]

6. Jeong, S.H.; Kim, H.K.; Song, I.-S.; Noh, S.J.; Marquez, J.; Ko, K.S.; Rhee, B.D.; Kim, N.; Mishchenko, N.P.;
Fedoreyev, S.A.; et al. Echinochrome A Increases Mitochondrial Mass and Function by Modulating
Mitochondrial Biogenesis Regulatory Genes. Mar. Drugs 2014, 12, 4602–4615. [CrossRef] [PubMed]

7. Seo, D.Y.; A McGregor, R.; Noh, S.J.; Choi, S.-J.; Mishchenko, N.P.; Fedoreyev, S.A.; Stonik, V.A.; Han, J.
Echinochrome A Improves Exercise Capacity during Short-Term Endurance Training in Rats. Mar. Drugs
2015, 13, 5722–5731. [CrossRef]

8. Kim, H.K.; Youm, J.B.; Jeong, S.H.; Lee, S.R.; Song, I.-S.; Ko, T.H.; Pronto, J.R.; Ko, K.S.; Rhee, B.D.; Kim, N.;
et al. Echinochrome A regulates phosphorylation of phospholamban Ser16 and Thr17 suppressing cardiac
SERCA2A Ca2+ reuptake. Pflügers Archiv. Eur. J. Physiol. 2014, 467, 2151–2163. [CrossRef]

9. Park, J.H.; Lee, N.-K.; Lim, H.J.; Mazumder, S.; Rethineswaran, V.K.; Kim, Y.-J.; Jang, W.B.; Ji, S.T.; Kang, S.;
Kim, D.Y.; et al. Therapeutic Cell Protective Role of Histochrome under Oxidative Stress in Human Cardiac
Progenitor Cells. Mar. Drugs 2019, 17, 368. [CrossRef]

10. Park, G.-B.; Kim, M.-J.; Vasileva, E.A.; Mishchenko, N.P.; Fedoreyev, S.A.; Stonik, V.A.; Han, J.; Lee, H.S.;
Kim, D.; Jeong, J.-Y. Echinochrome A Promotes Ex Vivo Expansion of Peripheral Blood-Derived CD34+

Cells, Potentially through Downregulation of ROS Production and Activation of the Src-Lyn-p110δ Pathway.
Mar. Drugs 2019, 17, 526. [CrossRef]

11. Gusev, E.I.; Stonik, V.A.; Martynov, M.I.; Guseva, M.R.; Shchukin, I.A.; Agafonova, I.G.; Mishchenko, N.P.;
Fedoreev, S.A. An influence of histochrome on the dynamics of neurological disorders and MRT-picture in
experimental hemorrhagic stroke. Zhurnal Nevrol. i psikhiatrii im. S.S. Korsakova 2005, 105, 61–66.

12. Kim, R.; Hur, D.; Kim, H.K.; Han, J.; Mishchenko, N.P.; Fedoreyev, S.A.; Stonik, V.A.; Chang, W. Echinochrome
A Attenuates Cerebral Ischemic Injury through Regulation of Cell Survival after Middle Cerebral Artery
Occlusion in Rat. Mar. Drugs 2019, 17, 501. [CrossRef] [PubMed]

13. Mohamed, A.S.; Soliman, A.M.; Marie, M.A.S. Mechanisms of echinochrome potency in modulating diabetic
complications in liver. Life Sci. 2016, 151, 41–49. [CrossRef]

14. Soliman, A.M.; Mohamed, A.S.; Marie, M.A.S. Comparative study between the hypoglycemic and antioxidant
effects of echinochrome on type 1 and type 2 diabetes mellitus. Res. J. Biol. 2016, 4, 1–9.

15. Lee, S.R.; Pronto, J.R.D.; Sarankhuu, B.-E.; Ko, K.S.; Rhee, B.D.; Kim, N.; Mishchenko, N.P.; Fedoreyev, S.A.;
Stonik, V.A.; Han, J. Acetylcholinesterase Inhibitory Activity of Pigment Echinochrome A from Sea Urchin
Scaphechinus mirabilis. Mar. Drugs 2014, 12, 3560–3573. [CrossRef]

16. Oh, S.-J.; Seo, Y.; Ahn, J.-S.; Shin, Y.Y.; Yang, J.W.; Kim, H.K.; Han, J.; Hou, Y.; Fedoreyev, S.A.; Stonik, V.A.;
et al. Echinochrome A Reduces Colitis in Mice and Induces In Vitro Generation of Regulatory Immune Cells.
Mar. Drugs 2019, 17, 622. [CrossRef]

17. Lebed’ko, O.A.; Ryzhavskii, B.Y.; Tkach, O.V.; Kuznetsova, M.S.; Guseva, O.E. Influence of oral administration
echinochrome A on structural-metabolic disorders, bleomycin-induced in the rat lung early stage postnatal
ontogenesis. Far East Med. J. 2016, 3, 93–97.

18. Kozlov, V.K.; Kozlov, M.V.; Guseva, O.E.; Lebedko, O.A.; Morozova, N.V. Antioxidative activity of
echinochrome A in case of chronic inflammatory lung diseases in children. Pacific Med. J. 2009, 3,
116–117.

http://dx.doi.org/10.1023/A:1023659331010
http://dx.doi.org/10.1021/np049585r
http://dx.doi.org/10.1007/s10600-017-1988-1
http://dx.doi.org/10.1039/C8RA04777D
http://dx.doi.org/10.3390/md12052922
http://dx.doi.org/10.3390/md12084602
http://www.ncbi.nlm.nih.gov/pubmed/25196935
http://dx.doi.org/10.3390/md13095722
http://dx.doi.org/10.1007/s00424-014-1648-2
http://dx.doi.org/10.3390/md17060368
http://dx.doi.org/10.3390/md17090526
http://dx.doi.org/10.3390/md17090501
http://www.ncbi.nlm.nih.gov/pubmed/31466244
http://dx.doi.org/10.1016/j.lfs.2016.03.007
http://dx.doi.org/10.3390/md12063560
http://dx.doi.org/10.3390/md17110622


Molecules 2020, 25, 4778 16 of 17

19. Kozlov, V.K.; Kozlov, M.V.; Lebedko, O.A.; Yephimenko, M.V.; Guseva, O.E.; Morozova, N.V. Influence of
echinochrome A on some parameters of systemic free-radical status and t-cell immunity under chronic
inflammatory lung diseases in children at the period of remission. Far East Med. J. 2010, 1, 55–58.

20. Anufrieva, A.V.; Lebedko, O.A.; Berezina, G.P.; Kozlov, V.K. Effect of echinochrome A on biogenesis of free
radicals in the gastric mucosa of adolescents with erosive gastroduodenitis. Far East Med. J. 2012, 1, 78–81.

21. Anufrieva, A.V.; Lebed’ko, O.A.; Berezina, G.P.; Kozlov, V.K. Correction of free radical disordes at erosive
gastroduodenitis. Health. Med. Ecol. Sci. 2014, 3, 13–15.

22. Sengupta, P.; Chatterjee, B.; Tekade, R.K. Current regulatory requirements and practical approaches for
stability analysis of pharmaceutical products: A comprehensive review. Int. J. Pharm. 2018, 543, 328–344.
[CrossRef] [PubMed]

23. Novikov, V.L.; Shestak, O.P.; Mishchenko, N.P.; Fedoreev, S.A.; Vasileva, E.A.; Glazunov, V.P.; Artyukov, A.A.
Oxidation of 7-ethyl-2,3,5,6,8-pentahydroxy-1,4-naphthoquinone (echinochrome A) by atmospheric oxygen
1. Structure of dehydroechinochrome. Russ. Chem. Bull. 2018, 67, 282–290. [CrossRef]

24. Mishchenko, N.P.; Fedoreev, S.A.; Glazunov, V.P.; Denisenko, V.A.; Krasovskaya, N.P.; Glebko, L.I.;
Maslov, L.G.; Dmitrenok, P.S.; Bagirova, V.L. Isolation and Identification of Impurities in the Parent
Substance of Echinochrome and in the Drug Histochrome. Pharm. Chem. J. 2004, 38, 50–53. [CrossRef]

25. Rao, P.S.; Reddy, P.P.; Seshadri, T.R. Methylation of hydroxy flavonols using methyl iodide and potassium
carbonate. Proc. Math. Sci. 1940, 12, 495. [CrossRef]

26. Kuhn, R.; Wallenfels, K. Dehydroechinochrom. Ber. Deutsch. Chem. Gesel. (A und B Ser.) 1942, 75, 407–413.
[CrossRef]

27. Malinovskaya, G.V.; Chizhova, A.Y.; Anufriev, V.P.; Glazunov, V.P.; Denisenko, V.A. The chemistry of
naphthazarine derivatives. Russ. Chem. Bull. 1999, 48, 1587–1589. [CrossRef]

28. Moore, R.E.; Singh, H.; Scheuer, P.J. Isolation of Eleven New Spinochromes from Echinoids of the Genus
Echinothrix. J. Org. Chem. 1966, 31, 3645–3650. [CrossRef]

29. Hovorka, S.W.; Schoneich, C. Oxidative Degradation of Pharmaceuticals: Theory, Mechanisms and Inhibition.
J. Pharm. Sci. 2001, 90, 253–269. [CrossRef]

30. Hoffmann, M.E.; Ciampi, D.B.; Durán, N. The autooxidation of 2,3,5,6-tetrahydroxy-2,5-cyclohexadiene-
1,4-dione under physiological conditions. Cell. Mol. Life Sci. 1987, 43, 217–220. [CrossRef]

31. Dántola, M.L.; Vignoni, M.; Capparelli, A.L.; Lorente, C.; Thomas, A.H. Stability of 7,8-Dihydropterins in
Air-Equilibrated Aqueous Solutions. Helvetica Chim. Acta 2008, 91, 411–425. [CrossRef]

32. Herrmann, N.; Heinz, N.; Dolg, M.; Cao, X. Quantum chemical study of the autoxidation of ascorbate.
J. Comput. Chem. 2016, 37, 1914–1923. [CrossRef] [PubMed]

33. Lebedev, A.V.; Levitskaya, E.L.; Tikhonova, E.V.; Ivanova, M.V. Antioxidant properties, autooxidation, and
mutagenic activity of echinochrome a compared with its etherified derivative. Biochem. (Moscow) 2001, 66,
885–893. [CrossRef]

34. Novikov, V.L.; Shestak, O.P. Thermal and photochemical oxidation of 2-acetylcyclopentanone with
atmospheric oxygen. Russ. Chem. Bull. 2012, 61, 1099–1110. [CrossRef]

35. Pracht, J.; Boenigk, J.; Isenbeck-Schröter, M.; Keppler, F.; Schöler, H.F. Abiotic Fe(III) induced mineralization
of phenolic substances. Chemosphere 2001, 44, 613–619. [CrossRef]

36. Banerjee, P.; O Eckert, A.; Schrey, A.K.; Preissner, R. ProTox-II: A webserver for the prediction of toxicity of
chemicals. Nucleic Acids Res. 2018, 46, W257–W263. [CrossRef]

37. Berdyshev, D.V.; Glazunov, V.P.; Novikov, V.L. 7-Ethyl-2,3,5,6,8-pentahydroxy-1,4-naphthoquinone
(echinochrome A): A DFT study of the antioxidant mechanism. 1. Interaction of echinochrome A with
hydroperoxyl radical. Russ. Chem. Bull. 2007, 56, 413–429. [CrossRef]

38. Glazunov, V.P.; Berdyshev, D.V.; Novikov, V.L. 7-Ethyl-2,3,5,6,8-pentahydroxy-1,4-naphthoquinone
(echinochrome A): A DFT study of the antioxidant mechanism 2.* The structure of monosodium salts
of echinochrome A and their reactions with the hydroperoxyl radical. Russ. Chem. Bull. 2010, 59, 43–54.
[CrossRef]

39. Fedoreyev, S.A.; Krylova, N.V.; Mishchenko, N.P.; Vasileva, E.A.; Pislyagin, E.A.; Iunikhina, O.V.; Lavrov, V.F.;
Svitich, O.A.; Ebralidze, L.K.; Leonova, G.N. Antiviral and Antioxidant Properties of Echinochrome A.
Mar. Drugs 2018, 16, 509. [CrossRef]

40. SMART; Bruker AXS Inc.: Madison, Wisconsin, USA, 1998.
41. SAINT; Bruker AXS Inc.: Madison, Wisconsin, USA, 2003.

http://dx.doi.org/10.1016/j.ijpharm.2018.04.007
http://www.ncbi.nlm.nih.gov/pubmed/29635054
http://dx.doi.org/10.1007/s11172-018-2071-1
http://dx.doi.org/10.1023/B:PHAC.0000027646.78310.37
http://dx.doi.org/10.1007/BF03170712
http://dx.doi.org/10.1002/cber.19420750417
http://dx.doi.org/10.1007/BF02496418
http://dx.doi.org/10.1021/jo01349a040
http://dx.doi.org/10.1002/1520-6017(200103)90:3&lt;253::AID-JPS1&gt;3.0.CO;2-W
http://dx.doi.org/10.1007/BF01942860
http://dx.doi.org/10.1002/hlca.200890046
http://dx.doi.org/10.1002/jcc.24408
http://www.ncbi.nlm.nih.gov/pubmed/27316823
http://dx.doi.org/10.1023/A:1011904819563
http://dx.doi.org/10.1007/s11172-012-0149-8
http://dx.doi.org/10.1016/S0045-6535(00)00490-2
http://dx.doi.org/10.1093/nar/gky318
http://dx.doi.org/10.1007/s11172-007-0067-3
http://dx.doi.org/10.1007/s11172-010-0043-1
http://dx.doi.org/10.3390/md16120509


Molecules 2020, 25, 4778 17 of 17

42. Sheldrick, G.M. SHELXT– Integrated space-group and crystal-structure determination. Acta Crystallogr. Sect.
A Found. Adv. 2015, 71, 3–8. [CrossRef]

43. Sheldrick, G.M. Crystal structure refinement with SHELXL. Acta Crystallogr. Sect. C Struct. Chem. 2015, C71,
3–8. [CrossRef] [PubMed]

44. Moore, R.; Singh, H.; Chang, C.; Scheuer, P. Polyhydroxynaphthoquinones: Preparation and hydrolysis of
methoxyl derivatives. Tetrahedron 1967, 23, 3271–3305. [CrossRef]

Sample Availability: Samples of the compounds are not available.

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1107/S2053273314026370
http://dx.doi.org/10.1107/S2053229614024218
http://www.ncbi.nlm.nih.gov/pubmed/25567568
http://dx.doi.org/10.1016/S0040-4020(01)92297-5
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results and Discussion 
	Isolation and Structure Elucidation of Echinochrome A Oxidative Degradation Products 
	Proposed Mechanism of Echinochrome A Oxidative Degradation 
	Predicted Toxicity of Echinochrome A and Its Oxidation Products 

	Materials and Methods 
	Materials 
	Instruments 
	HPLC–DAD–MS Analysis 
	HPLC Method Validation 
	Oxidation Products Preparation and Isolation 
	In Silico Toxicity Studies 

	Conclusions 
	References

