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INVESTIGATION OF BIOTRANSFORMATION PROCESSES M) Check for updates
AND PHARMACOLOGICAL ACTIVITY OF VIOLURIC ACIDS AND THEIR
METABOLITES IN IN VIVO EXPERIMENTS

Konstantin A. Krasnov™, Kristina A. Feklistova, Alexandra A. Krasnova, Semen S. Gaft, Vliadimir T. Papp, Marina V. Melikhova,
Natalia A. Belyakova

Golikov Research Center of Toxicology, St. Petersburg, Russia

Introduction. 5-Hydroxyiminobarbituric (violuric) acid and its derivatives exhibit pronounced anti-hypoxic, hepatoprotective, cytoprotective,
actoprotective, and other properties, making this group of compounds a promising field for pharmaceutical research. Data on the metabolism
of violuric acids (VAs) are of significant practical and theoretical importance for the tracking of pharmacokinetics and substance distribution
within the organism, in which process metabolites serve as markers of biochemical processes involving endogenous substrates.

Objective. To determine the structure of violuric acid metabolites and perform their quantitative assessment in an in vivo experiment.
Materials and methods. The studied substances (VAs) and their metabolites (purpuric acids) were synthesized at the Golikov Research
Center of Toxicology. Their structure and purity were confirmed by nuclear magnetic resonance (NMR) spectroscopy, high-performance liquid
chromatography (HPLC), and spectrophotometry (SP). Metabolism and anti-hypoxic activity were studied using a model of hemic hypoxia
induced by a lethal dose of sodium nitrite in outbred male white rats. Solutions of violuric acids for in vitro studies and administration to animals
were prepared in distilled water with the addition of tris(oxymethyljaminomethane (TRIS), while purpurates in the form of salts were dissolved
in distilled water. The dosages of the test substances for rats ranged from 50-75 mg/kg for intraperitoneal administration and 50-100 mg/
kg for intragastric administration. The reference substance (amtizole succinate) was administered to animals at a dose of 100 mg/kg. A 0.9%
sodium chloride solution, administered at a volume of 1 mL per animal, was used as a control. Quantitative analysis of the substances and
their metabolites in biological media was performed by HPLC with SP detection.

Results. It was established that the studied substances (violuric acid, 2-thiovioluric acid, 1-butylvioluric acid, and 1-(4-bromophenyl)violuric
acid) are metabolized in the animal organism to form the corresponding derivatives of purpuric acid (purpurates), whose structure was con-
firmed by counter synthesis. Violuric acids and their metabolites are primarily excreted in the urine. It was demonstrated that 1-butylvioluric
acid and its metabolite N,N’-dibutylpurpuric acid exhibit pronounced anti-hypoxic activity in the model of acute sodium nitrite poisoning,
preventing mortality in 100% of animals, whereas the reference antihypoxant amtizole only prolongs survival time (by 23%).

Conclusions. The formation of purpurates is a characteristic pathway of metabolic transformation for the violuric acid scaffold. These me-
tabolites exhibit pronounced activity and, in all likelihood, can contribute to the overall biological effect of violuric acids.
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N3YYEHWE NPOLLECCOB BUOTPAHC®OPMALINN N ®PAPMAKOJTIOTMYECKOW AKTUBHOCTH
BMONYPOBbIX KUCJIOT N UX METABOJIUTOB B 3KCINEPUMEHTAX IN VIVO

K.A. KpacHos™, K.A. ®eknnctoBa, A.A. KpacHosa, C.C. ladT, B.T. Nann, M.B. Menuxosa, H.A. Bensikoa

Hay4HO-KNMHNYECKMin LIeHTP Tokcukonorumn um. C.H. Nonnkosa ®PenepanbHOro Meamko-ouonormdeckoro areHTcTea, CankT-IMeTepbypr,
Poccuga

BeepeHune. 5-OkcnMmHobapbuTypoBas (B1onypoBasl) K1UCIoTa U ee MPON3BOAHbIE MPOSBASIOT BblpaXkeHHble aHTUIMMOKCUYECKIE, rena-
TOMPOTEKTOPHbIE, LUTOMPOTEKTOPHbIE, aKTOMPOTEKTOPHbIE 1 APYrie CBONCTBA, YTO AENaET 3Ty rpynny BELLECTB MEPCNEKTVBHLIM MNOMEM
nns hapMaLeBTUHECKNX M3bickaHWiA. [JaHHble 0 MeTabosname BMONypoBbIX K1cnoT (BK) npeactaBnatoT 60/blyto NPakTUHEcKyo 1 Teo-
PETUHECKYIO 3HA4YMMOCTb, MO3BOSIAS OTCNEXMBaTb (HapMakoOKMHETUKY W pacnpefeneHne BeLecTBa B OpraHuamMe, npudeM Metabonmtbl
cny>kaT Mapkepamm BUOXMMNHECKIX MPOLLECCOB, MPOTEKAOLLMX MPU y4acTUM SHAOMEHHbIX CybCTpaToB.

Llenb. YcTaHOBNEHNE CTPYKTYPbI NPOAYKTOB MeTabonmamMa BUOYPOBbLIX KUCOT U UX KONMYECTBEHHAS OLIEHKA B SKCMNepUMeHTe in vivo.
Marepuansl n metoppl. Viccnenyemblie BelllecTsa (BK) 1 npoaykTbl X MeTabonnama (nypnypoBble KUCAO0TbI) Oblnn CUHTE3NPOBaHb! Ha 6a3e
Hay4HO-KnMHM4eCcKoro LeHTpa Tokenkonorim nm. C.H. fonvkosa ®efepanbHoro Meanko-61Monorn4eckoro areHTcTsa, X CTPYKTypa 1 |m-
CTOTa NoATBePXXAeHbl MeToAaMU AAePHOro MarHUTHOro peaoHaHca (AMP), BbICOKOIMMEKTUBHOM XXMAKOCTHOW XpomaTtorpadum (BOXKX)
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n cnektpocotomeTpum (CD). MeTabonnam 1 aHTUIMNOKCUYECKYIO aKTUBHOCTb M3y4ann Ha MOAENN MEMUYECKOW MUMOKCUW, BbI3BaAHHOW
CMepTeNbHOW [030M HUTPUTA HaTpUs, Ha 6ecnopofHbIx 6ebix Kpbicax-camuax. PacTBopbl BUOYPOBbLIX KUCAOT A4N15 UCCNefoBaHni in vitro
1 BBEAEHNS XXMBOTHbIM FOTOBWUMM B ANCTUNMPOBAHHON BOAE C AobaBkon Tpuc(okeumetun)ammHometana (TPVIC), a nypnypartsl, ©cnonb-
3yemble B (DOpMe Conen, pacTBOPAM B ANCTUNAMPOBAHHON Boae. [JO3NPOBKM NCCnedyemMblX BELLECTB AN KPpbIC cocTaBnanm 50-75 mr/kr
npv BHYTPUOPIOLWNHHOM 1 50-100 MI/KF Npy BHYTPYXXENYA0HHOM BBEAEHMN. DTaNOHHOE BELLECTBO (aMTN30M CyKLMHAT) BBOAWAM XKNBOT-
HbiM B fo3e 100 MI/Kr. B ka4ecTBe KOHTPOAS MCMONb30Bann pacTBop xfopuaa Hatpus 0,9%, KOTOpbIM BBOAWM B 0Obeme 1 M Ha XKNBOT-
Hoe. KonnyecTBeHHbIV aHann3 BELLECTB U X MeTaboNnTOB B Brocpenax ocyulecteneH metogom BOXKX ¢ CO-aeTekTMpoBaHNEM.
PeaynbTartbl. YCTaHOBNEHO, YTO MCCeayeMble BeLecTBa (BMONypoBasi, 2-TMOBMONypoBas, 1-byTunsuonyposas 1 1-(4-6pomdeHnn)smo-
JlypoBasi KUCAOTbI) B OpraHn3mMe »KMBOTHbIX METAB0NN3MPYIOTCSA C 06pas3oBaHNEM COOTBETCTBYHIOLLMX MPOV3BOAHbLIX MyPMyPOBOWA KMCAOTbI
(nypnypatoB), CTPYKTYypa KOTOpbIX Bblna AokasaHa BCTPEeYHbIM CMHTE30M. BK 1 npoayKThl nx MeTabonmama BblIBOAATCHA NPEUMYLLIECTBEHHO
¢ Mo4on. MNMokasaHo, 4To 1-byTuneronyposas kucnota n ee metabonut N,N’-gubyTvnnyprnypoBas KMcnoTa Ha MOLENN OCTPOro OTPaBeHS
NaNO, 06nafatoT BblpaXEHHOW aHTUrMMOKCMHYECKOM aKTUBHOCTLIO, NpefoTepalast rvbes 100% XKUBOTHbIX, TOMAa Kak 9TasloHHbIN aHTu-
FMANOKCaHT AMTU30 NNLLb NPOANEBAET BPEMS KU3HU (Ha 23%).

BbiBogbl. O6pasoBaHvie NyprnypaToB SBASETCS XapakTepHbIM HanpasaeHnem MetTabonmny4eckoi TpaHchopmaLmm ckaddonia B1osypoBbIx
KUCNOT. [JaHHble MeTabonnTbl 06NaaatoT BbIPaXKEHHOM aKTMBHOCTBLIO 1, MO BCEV BUOAMMOCTU, MOTYT y4acTBOBaTb B POPMMPOBaHMN OBLLIErO
Bronornyeckoro achdekTa B1NOypPoBbIX KNCOT.

KntoueBble cnoBa: BUONypoBas KNC0Ta; MPOV3BOAHbIE; METAb0NN3M; MypPnypPOBbIE KUCNOTbI; KPbIChl; aHTUIMAOKCaHTbl; BOXKX; amTn3on
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INTRODUCTION

Antihypoxants, antioxidants, adaptogens, actoprotec-
tors, and other pharmacological agents that enhance
the body’s adaptive capabilities play a significant role in
modern pharmacology. Drugs from these pharmaceu-
tical classes — primarily antihypoxants — are widely
used in various medical fields, such as surgical prac-
tice [1], cardiology [2], neurology [3, 4], sports and ex-
treme medicine [5], psychiatry [6], in cases of traumatic
brain injury and cerebrovascular disorders [7, 8], treat-
ment of liver intoxications [9], and many other areas [10].
Consequently, the development of new anti-hypoxic
drugs and the search for novel approaches in the thera-
py of hypoxic conditions remain highly relevant [11].

Priority directions in the search for antihypoxants
focus on original groups of synthetic heterocyclic com-
pounds, among which are found substances capable of
engaging additional mechanisms to enhance the body’s
adaptive reserve. In this regard, 5-hydroxyiminobarbitu-
ric acids, also referred to as violuric acids (VAs), repre-
sent a group of heterocyclic oximes offering promising
pharmacological properties [12].

The simplest derivative of this series is the unsubsti-
tuted violuric acid (VA1), whose structure is presented in

Figure 1. This substance was investigated in a previous
study,' in which its high antidotal efficacy in models of
hemic hypoxia induced by carbon monoxide and meth-
emoglobin-forming poisons (sodium nitrite, aniline, etc.)
was established, surpassing standards such as unith-
iol, amtizole, gutimine, and methylene blue. VA1 also
demonstrated good results in models of hypobaric and
hypercapnic hypoxia. Another derivative of this series,
2-thiovioluric acid (VA2), similarly exhibited antidotal ac-
tivity in nitrite-induced hemic hypoxia. Furthermore, VA2
showed a pronounced protective effect in a model of
nitric oxide-induced pulmonary edema.? 1-Butylvioluric
acid (VA3), used in the form of a zinc complex, dem-
onstrated a protective effect in carbon monoxide poi-
soning, surpassing the known drug acizol, as well as
showing a therapeutic effect in animals poisoned with
neurotoxic agents [12].

For VA1 and its analogs, certain antioxidant and
membrane-stabilizing properties, as well as the abil-
ity to increase hemoglobin stability in vitro, have been
noted at the biochemical level [12, 13].° In addition to
the aforementioned types of activity, various derivatives
within the VA series have demonstrated hepatoprotec-
tive, antimicrobial, antiviral, analgesic, tranquilizing, and
other properties [14]. It is worth noting separately that

" Burbello AT. Barbituric Acid Derivatives — A New Class of Compounds for the Prevention and Treatment of Nitrocompound Poisonings. Abstract of Doctoral

Dissertation (Dr. Med. Sci.). St. Petersburg, 1991 (In Russ.).
2 Ibid.
s lbid.
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Figure prepared by the authors based on original data

Fig. 1. Structural formulas of violuric acids and salt
derivatives of purpuric acid.

1-(@-bromophenyl)violuric acid (VA4) was officially regis-
tered as a hepatoprotective drug”.

This collectively positions violuric acids as a pharma-
cologically promising group, serving as a basis for the
development of new drugs, particularly antihypoxants,
actoprotectors, and antidotal agents, which are highly
relevant for modern medicine. However, the biological
targets and mechanisms of action of violuric acids re-
main unknown to date. Consequently, given the crucial
role of drug metabolism data for screening and pharma-
ceutical development [15], investigating the patterns of
distribution and biotransformation of violuric acids in vivo
is of significant practical importance.

The aim of this study is to determine the structure of
violuric acid metabolites and perform their quantitative
assessment in an in vivo experiment.

MATERIALS AND METHODS
Physicochemical analysis

To confirm the molecular structure of the synthesized
substances, nuclear magnetic resonance (NMR) spec-
troscopy was used. 'H and ®*C NMR spectra were
recorded in DMSO-d; on a Bruker Avance 400WB
spectrometer operating at 400 MHz and 100 MHz, re-
spectively. Electronic spectra of the synthesized sub-
stances in the UV and visible regions were recorded
on a Shimadzu UV-1800 scanning spectrophotometer
using standard quartz cuvettes. Analysis of the purity
of the synthesized substances, along with their identifi-
cation and an assessment of their quantitative content
in the biological media of experimental animals, was
performed by high-performance liquid chromatography
(HPLC) on a Shimadzu LC-20 Prominence chromato-
graph equipped with an autosampler and a diode array
spectrophotometric detector. Separation was carried
out on a Chromolith Performance-RP reversed-phase
monolithic column having a length of 10 cm and at a
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Figure prepared by the authors based on original data

Fig. 2. Absorption spectra of 1-butylvioluric acid
(black) and its metabolite (red) at a concentration of
9x10-° mol/L for each substance (water, pH 7.0)

column temperature of 40°C. The eluent flow rate was
5 mL/min, using a mobile phase of acetonitrile (phase A)
and a 0.1% aqueous ammonium acetate solution
(phase B) in a gradient elution mode. The gradient con-
ditions were: A 1-30% (0-3 min), A 30% (3-5 min).

The analytical characteristics of the investigated sub-
stances and their metabolites, used for their identifica-
tion and quantitative analysis in biological media, are
presented in Table 1.

As an illustration, Figure 2 presents the electronic
spectra of 1-butylvioluric acid (VA3) and its metabolite,
N,N’-dibutylpurpurate (M3).

Synthesis of test and reference substances

The synthesis of all investigated substances was per-
formed at the Golikov Scientific and Clinical Center of
Toxicology. Violuric acids (VAs) were synthesized ac-
cording to the general method described in patent [14].
The VA synthesis scheme consisted of two stages. In the
first stage, the corresponding barbituric acid derivatives
were obtained from substituted ureas and malonic ester.
In the second stage, the target VAs were produced from
these derivatives via nitrosation. The purity of the syn-
thesized substances was not less than 98%. Purpuric
acid in the form of its ammonium salt (M1, murexide) was
a commercial product of AR (analytical reagent) grade
(LenReaktiv, Russia). All other substances used in the
work were commercially available products. The me-
tabolites of violuric acid derivatives — 2,2’-dithiopurpu-
ric acid (M2) and N,N’-dibutylpurpuric acid (M3) — were
obtained in the form of ammonium and potassium salts,

4 State Register of Medicines. Moscow: Ministry of Health of Russia, Pharmaceutical Information Foundation; Marketing Authorization No. LP-00444 dated
September 1, 2017 (In Russ.). https://grls.rosminzdrav.ru/Grls_View_v2.aspx?routingGuid=89b99d38-99b5-45b1-a65d-565936e3ded0
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Table 1. Spectral and chromatographic characteristics of violuric and purpuric acids

Substance A, Nm E - M"xcm™ RT, min
VA1 311.0 24,800 0.289
VA2 349.0 22,300 0.300
VA3 312.0 18,700 0.617
VA4 314.0 14,900 0.910
M1 521.0 10,400 0.300
M2 568.5 19,500 0.340
M3 528.5 12,900 1.832
M4 526.5 10,000 1.920

Table prepared by the authors based on original data

Note: ) — absorption maximum wavelength; E__ — molar extinction coefficient at the absorption maximum; RT — retention time.

respectively, according to the method described in refer-
ence [16], at a purity of not less than 95%.

Synthesis protocol for the sodium salt of N,N’-di-
(4-bromophenyl)purpuric acid (M4). 0.005 mol (1.56 g)
of 1-(4-bromophenyljvioluric acid (VA4) and 0.005 mol
(1.41 g) of 1-(4-bromophenyl)barbituric acid [14] were
dissolved in 10 mL of DMSO (dimethyl sulfoxide) at
50°C. 0.01 mol of ammonium acetate dissolved in 3 mL
of methanol was added to this solution with stirring. The
resulting mixture was stirred for 1 h at 50°C, then diluted
with 25 mL of a 3% aqueous sodium bicarbonate solu-
tion and left for 1 h at room temperature for precipitate
formation. The resulting precipitate was isolated using
a Schott filter, washed with 10 mL of a 1% aqueous so-
dium bicarbonate solution, followed by 5 mL of distilled
water, and then air-dried to constant weight. 1.35 g of a
dark red powder of M4 with a decomposition tempera-
ture above 250°C was obtained. The yield of purpurate
M4 was 78% of the theoretical at a purity of not less
than 95%.

'H NMR spectrum (DMSO-d,), chemical shift (5), mul-
tiplicity in parts per million (ppm): 7.23 (4H, Ar), 7.66 (4H,
Ar), 10.5-11.5 broad singlet or br.s (2H, 2NH). *C NMR
spectrum (DMSO-d,), 8C, ppm: 121.1 (C° + C*), 131.5
4C,), 131.6 (4C,), 135.2 (4C,), 149.9 (2C*0), 165165
br.s 4CO).

The drug amtizole, used as a reference antihypoxant,
was synthesized in the form of its succinate according
to the method described in patent [17]; the purity of the
preparation was not less than 98%.

The structure and purity of all synthesized substanc-
es were confirmed by NMR and HPLC methods.

Animals and housing

Experiments were conducted on outbred male white rats
aged three months, weighing 200-240 g, procured from

the Rappolovo Laboratory Animal Nursery (Kurchatov
Institute). The animals were housed under standard con-
ditions with a 12-h light/dark cycle with ad libitum provi-
sion of standard rat chow and drinking water. Animals
were randomized by weight when assigned to experi-
mental groups.

Determination of violuric acids and their
metabolites in rat urine

The study was conducted on 16 animals, which were
divided into 4 groups of 4 individuals for each test
substance. Administration was performed using an
atraumatic gastric tube. Derivatives VA1 and VA2 were
administered to animals at a dose of 80 mg/kg body
weight as 5% aqueous suspensions with the addition
of 2% Tween-80, while derivatives VA3 and VA4 were
administered at a dose of 100 mg/kg body weight as
1% aqueous solutions with the addition of tris(oxymethyl)
aminomethane (TRIS).

Following substance administration, the animals were
placed in metabolic cages for urine collection, where
they were housed for 24 h without access to food, while
access to water was not restricted. Urine was collected
at specified time intervals (4, 8 and 24 h) with volume
recording. The obtained urine samples were stored in
a freezer at —10°C for subsequent HPLC analysis. The
methods for quantitative analysis of VAs and their me-
tabolites in urine were developed and validated in ac-
cordance with domestic and international guidelines.®

For quantitative analysis, urine was diluted twofold
with distilled water and analyzed by HPLC at an injection
volume of 10 pL. Calibration solutions of the correspond-
ing standards were chromatographed in parallel. A linear
relationship between the chromatographic peak area
and the concentration of the analyte was established in
the range of 0.1-50 pg/mL. The quantitative content of

5 Beregovykh VV. Validation of analytical methods for drug manufacturers. Standard enterprise guideline for the production of medicinal products. Moscow; 2008

(In Russ.).
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the compound in urine samples was calculated based
on the chromatographic peak area and corresponding
analytical characteristics as listed in Table 1.

Investigation of the metabolism of 1-butylvioluric
acid (VA3) based on analysis of rat blood plasma
and organs

The study was conducted on 20 animals, with 2 indi-
viduals per time point (15, 30, 60, 120, 180 min). To in-
vestigate the biotransformation and distribution of VA3 in
vivo, the animals were divided into 2 groups of 10 indi-
viduals each, based on the route of administration: intra-
peritoneal (Group 1) and intragastric (Group 2). The dos-
age of VA3 in both cases was 50 mg/kg body weight;
the test substance was administered to the animals as
a 1% aqueous solution with the addition of 0.7% TRIS.
Following the specified time intervals, the animals were
euthanized by decapitation. After collecting whole blood
(4-6 mL) from the rats, plasma was separated from
erythrocytes by centrifuging the blood at 6000 rpm.
Internal organs (liver and kidneys) were also collected.
Plasma samples and organs were frozen immediate-
ly after collection and stored at —10°C for subsequent
HPLC analysis.

Preparation of Blood Plasma Samples for HPLC
Analysis. 0.5 mL of rat blood plasma was placed into
a centrifuge tube with the addition of 1.0 mL of metha-
nol, mixed, and the protein precipitate was separated by
centrifugation for 5 min at 16,000 rpm. The supernatant
was separated and analyzed by HPLC at an injection
volume of 30 pL. The content of substances VA3 and
M3 in the blood plasma samples was determined from
the chromatographic peak area using the correspond-
ing analytical characteristics provided in Table 1. The
method for calculating the concentration of VA3 and its
metabolite M3 in blood plasma was validated in accord-
ance with domestic and international guidelines.®

Preparation of liver tissue samples for HPLC analysis.
0.5 g of rat liver sample was ground in an agate mortar
to produce a homogeneous paste. The ground material
was mixed with 1 mL of methanol, transferred to a cen-
trifuge tube, and centrifuged for 5 min at 16,000 rpm.
The supernatant was separated and analyzed by HPLC,
with an injection volume of 30 pL. Preparation of kidney
tissue samples for HPLC analysis was performed in the
same manner as for the liver.

The content of substance VA3 and its metabolite M3
in the liver and kidney samples was determined from the
chromatographic peak area using the corresponding
analytical characteristics provided in Table 1.

To study the anti-hypoxic activity of 1-butylviolu-
ric acid (VA3) and its metabolite, potassium N,N’-
dibutylpurpurate (M3), four experimental groups (n = 6)
were formed: No. 1 — control; No. 2 — reference

standard; Nos. 3 and 4 — test groups. The study was
conducted using a model of hemic hypoxia induced by
a lethal dose of sodium nitrite, in accordance with meth-
odological guidelines for the investigation of anti-hypox-
ic agents.” The protective activity was assessed under
conditions of prophylactic intraperitoneal administration
of the substances. The drug amtizole, recognized as
one of the most universal antihypoxants [18], was used
as the reference substance.

Control animals in group No. 1 were administered
1 mL of a 0.9% sodium chloride solution. Animals in
group No. 2 were administered amtizole succinate at a
dose of 100 mg/kg as a 10% aqueous solution. Animals
in groups No. 3 and No. 4 were administered with the
test substances VA3 and M3, respectively, as 7.5%
aqueous solutions, at substance dosages of 75 mg/kg.

Sodium nitrite (AR grade, LenReaktiv, Russia) was
administered to rats subcutaneously as a 2% aque-
ous solution 30 min after the administration of the
test substances. The dose of sodium nitrite was
100 mg/kg, which is 25% higher than the lethal dose
for rats (LD,,, = 80 mg/kg). During the experiment, the
animals were housed in enclosures of 6 individuals each
for free observation of the clinical picture.

The clinical manifestations of the action of sodium
nitrite and the test substances were recorded during the
experiment. Animal death was recorded at the moment
of cardiac arrest. Observations of surviving animals were
conducted for 3 days. The criteria for the efficacy of the
test substances were the increase in animal survival time
and the survival percentage compared to the control.
Statistical processing (calculation of mean value and ab-
solute error) of the data was performed using Microsoft
Office Excel software.

RESULTS AND DISCUSSION

The design of the in vivo study was primarily aimed at
identifying the qualitative composition of violuric acid
metabolites while minimizing the number of animals
used in the experiments.

The determination of metabolites in animal urine was
conducted following intragastric administration of the
corresponding substances VA1-VA4. The urine collec-
tion time points were chosen to assess the initial, inter-
mediate, and final stages of excretion. When analyzing
the urine composition of the experimental animals by
HPLC, corresponding derivatives of purpuric acid M1-
M4 were detected in all cases, alongside the unchanged
compounds VA1-VA4. The corresponding structures are
presented in Figure 1.

Identification of purpurates in urine was performed
in each case by comparing the retention time on the
chromatogram and the diode-array spectrum with syn-
thesized reference substances M1-M4. As noted earlier,

5 Ibid

7 Lukyanova LD, ed. Methodological recommendations for the experimental study of drugs proposed for clinical investigation as anti-hypoxic agents. Moscow:

USSR Ministry of Health, 1990.
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purpurates possess characteristic absorption spectra in
the UV and visible regions (Table 1 and Fig. 2), which
allowed for their unambiguous identification in biological
media using the synthesized standards M1-M4.

Quantitative indicators of the excretion of violuric
acids and their metabolites in rat urine over the corre-
sponding time intervals are presented in Table 2 and
Figure 3.

The obtained results indicate that the formation of
purpurates is a general pattern of biotransformation for
violuric acids in the rat organism. Among the substanc-
es considered, 1-butylvioluric acid (VA3) undergoes
the most extensive metabolism, with 47% excreted in
urine as N,N’-dibutylpurpurate (M3) and 53% excreted
unchanged. The substrate least prone to metabolism is
1-(4-bromophenyl)violuric acid (VA4), for which the con-
version rate to its metabolite is only 15%.

The observed metabolic transformation of violu-
ric acids is quite unusual and can even be considered
unique. Judging by the structure of the formed purpu-
rates, the biotransformation of violuric acids involves the
condensation and cross-linking of two fragments of the
original molecule. This cannot be classified among the
well-known pathways of xenobiotic metabolism, such as
oxidation, hydrolysis, conjugation, and other common
transformations [19]. Since, given the low substrate con-
centration in the organism, the random cross-linking of
two VA3 molecules seems unlikely, this transformation
apparently requires a specific biochemical mechanism.
This is particularly relevant since such a reaction is not
characteristic for violuric acids in in vitro solutions, even
at significantly higher concentrations.

To explain the ongoing process, we propose a
mechanism schematically depicted in Figure 4. From
a chemical standpoint, it is evident that one of the
reaction stages involves the reduction of the oxime
group in VA3. However, it is more challenging to ex-
plain how the reduced intermediate couples with the
original molecule under physiological conditions.
Here, the complexing properties known to be pos-
sessed by violurates [20] may play a key role. As a
result of complex 1 formation with a multivalent metal
cation (e.g., iron, zinc, calcium, or another cation), two
VA molecules are grouped around a single coordinat-
ing center. Subsequent enzymatic reduction of the
oxyimino group, forming intermediate 2, and its con-
densation via a nucleophilic substitution mechanism
appears to be a logical continuation of the process,
leading to the formation of a new chelating system —
the purpurate molecule M.

According to preliminary data,® substance VA3 was
of the greatest interest among the VA1-VA4 derivatives
in terms of its anti-hypoxic activity and was therefore
selected for in-depth investigation. In the course of the
present work, we assessed the concentration kinetics
of 1-butylvioluric acid (VA3) and its metabolite (M3) in
rat blood plasma following intragastric and intraperito-
neal administration of VA3. The results are presented in
Table 3.

Metabolite M3 appeared in the blood plasma as early
as 15 min at a concentration of 0.10 mg/L after intragas-
tric- and 0.38 mg/L after intraperitoneal administration of
1-butylvioluric acid, indicating rapid metabolism (Fig. 5).
Furthermore, judging by the fact that the maximum

Table 2. Average amounts of parent substances and their metabolites excreted in urine following intragastric

administration of violuric acids

Excreted in urine, mg/kg Total excreted over 24 h
Parent Products in
substance urine Time period, h % of
(dose, mg/kg) mg/kg administered
0-4 4-8 8-24 dose
VA1 4.27 4.37 0.30 8.94 11.2+18
VA1 (80)
M1 1.57 1.76 0.37 3.70 4.63 + 0.91
VA2 1.25 0.30 0.28 1.83 2.29 +0.35
VA2 (80)
M2 0.27 0.071 0.023 0.36 0.45+ 012
VA3 8.35 3.24 1.83 13.42 18.42 + 2.26
VA3 (100)
M3 4.94 4.99 2.32 12.25 12.256 + 1.92
VA4 512 0.91 0.18 6.21 6.21 £ 1.45
VA4 (100)
M4 0.95 0.12 0.012 1.08 1.08 £+ 0.34

Table prepared by the authors based on original data

& Search for anti-hypoxants and actoprotectors in the series of violuric acid derivatives: research report / Head: Krasnov KA; Executors: Krasnova AA, Lapina NV,
Ivnitsky YuYu, et al.; Golikov Scientific and Clinical Center of Toxicology. St. Petersburg, 2024. Reg. No. SRW 124022400178-1.
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Fig. 3. Excretion kinetics of violuric acids and their metabolites in rat urine following intragastric administration:
data are presented as mean values; Q% — mass amount of excreted substance as a percentage of the administered dose

0 0
R Ne - N
>N ~ 0 07X NH
)\ I /k
N
0 N o — T 0 N 0
M 4

1

(H] H
O N\\/o
N "~q i i
o] /_ R N R
o o ~HNOH N = Ng
i NH, ‘ / - )\ | )\
™~ N\ K ~
Py | Ztn N o o N
07 N — H Z0n H
H
2 M

Figure prepared by the authors based on original data

Fig. 4. Hypothetical mechanism of violuric acid transformation into purpurate in vivo

concentration of M3 did not exceed 0.75 mg/L, no sig-
nificant accumulation of the metabolite in the blood was
observed, which was associated with its faster elimina-
tion via the kidneys into urine compared to the parent

EXTREME MEDICINE | 2026, VOLUME 28, No 2

substance. The purpurate was also detected in the liv-
ers and kidneys of rats. The maximum concentration
after intraperitoneal administration was reached after
1 h, i.e., later than in the blood. The maximum purpurate
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Table 3. Concentration of substances in blood plasma following intragastric and intraperitoneal administration

of 1-butylvioluric acid

Concentration, mg/L
Time, min Substance
Intragastric administration Intraperitoneal administration

VA3 16.6 + 2.5 70.8 £ 19.5
15

M3 0.10 £ 0.05 0.38 + 0.40

VA3 274 +3.9 29.3+£53
30

M3 0.13 +£0.03 0.74 +0.24

VA3 16.9+27 87+23
60

M3 0.43 + 0.11 0.75+0.19

VA3 55+12 1.9+05
120

M3 0.35+0.14 <0.05

VA3 39+12 1.8+0.5
180

M3 0.09 = 0.02 < 0.005

Table prepared by the authors based on original data
Note: VA3 — 1-Butylvioluric acid; M3 — N,N’-Dibutylpurpuric acid.

content in the liver homogenate was 0.46 mg/kg, which
is 1.6 times lower than in the blood, while in the kidneys
it was 1.23 mg/kg, which is 1.6 times higher than in the
blood.

To address the question of the biological activity of
metabolite M3, we conducted an experimental study,
which demonstrated that this product possesses pro-
nounced anti-hypoxic activity in the hemic hypoxia mod-
el in rats. Prophylactic administration of potassium N,N’-
dibutylpurpurate (M3) completely prevented the death of
animals that received a lethal dose of sodium nitrite. A
similar protective effect was demonstrated by 1-butylvi-
oluric acid (VA3) (Table 4).

The clinical picture of poisoning in rats developed
25-30 min after the subcutaneous administration of ni-
trite. Ataxia and dyspnea, followed by convulsions and

807 —&— intraperitoneal administration

70 --4k-- intragastric administration

0 50 100 150 200
Time, min

Figure prepared by the authors based on original data

death of the animals were observed in the control group.
In rats pre-treated with substances VA3 and M3, symp-
toms of poisoning were also noted; however, these were
less pronounced and practically disappeared 2 h follow-
ing nitrite injection. Starting from the 4™ h, all animals in
these groups appeared completely healthy. Under the
same conditions, the reference drug amtizole did not
prevent animal death, only prolonging their survival time
by 23%.

Thus, it is established that M3 is an active metabo-
lite of acid VA3 and likely plays a role in the develop-
ment of the latter’s pharmacological effect. This result
also indicates that purpurates, whose biological activity
has not been previously investigated, may be of inter-
est as potential agents for the treatment of poisoning by
methemoglobin-forming agents.

0.87 —&— intraperitoneal administration
0.7 4 --4k-- intragastric administration
I
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Fig. 5. Concentration kinetics of 1-butylvioluric acid (left) and its metabolite (right) in rat blood plasma following

its intraperitoneal and intragastric administration
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Table 4. Protective efficacy of substances in rats under conditions of lethal sodium nitrite poisoning

Mean survival time
Substance Dose, mg/kg Survival rate, %
min (£ AX) % of control
Control (water) - 0 461 (+ 4.1) 100
Amtizole succinate 100 0 56.8 (+ 4.5) 123
VA3 75 100 No mortality
M3 75 100 No mortality
Table prepared by the authors based on original data
Note: AX — absolute error of values; «—» — administered 1 mL of water without the active substance.

CONCLUSION

1. Violuric acids are metabolized in animals’ organisms,
yielding corresponding derivatives of purpuric acid.

2. The biotransformation mechanism of violuric ac-
ids into purpurates involves reduction of the oximino
group and cross-condensation with a molecule of the
original substrate.
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