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Abstract 

Background  The aim of the study was to develop a technique for quantitative determination of rat urine metabolites 
by HPLC–MS/MS, which can be used to search for biomarkers of acute intoxication with organophosphates (OPs).

Results  The content of metabolites in the urine of rats exposed to a single dose of paraoxon (POX1x); interval, twice 
daily administration of paraoxon (POX2x); exposure to 2-(o-cresyl)-4H-1, 3, 2-benzodioxaphosphorin-2-oxide and par-
aoxon (CBPOX) was investigated. New data were obtained on the content in the urine of intact rats as well as rats in 3 
models of OP poisoning: 3-methylhistidine, threonine, creatine, creatinine, lactic acid, acetylcarnitine, inosine, hypox-
anthine, adenine, 3-hydroxymethyl-butyrate and 2-hydroxymethyl-butyrate.

Conclusions  The proposed assay procedure is a simple and reliable tool for urine metabolomic studies. Within 
1–3 days after OP exposure in all three models of acute intoxication, the concentration of metabolites in rat urine, 
with the exception of adenine, changes similarly and symmetrically, regardless of the method of poisoning mod-
eling, in all three models of acute intoxication. Further studies are needed to determine the specificity and reliability 
of using urinary metabolite concentration changes as potential biomarkers of acute organophosphate intoxication.
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Graphical Abstract

Background
The clinical manifestations of acute human exposure to 
OP can be accurately reproduced in rodents and non-
human primates. Guinea pigs and nonhuman primates, 
like humans, have low levels of circulating carboxylester-
ases and are therefore the most appropriate animal mod-
els for studying OPs intoxication [1]. Laboratory rats are 
also used in experiments with OPs [1]. However, this spe-
cies has physiological peculiarities, in particular the pres-
ence of high plasma carboxylesterase (CE) activity. In this 
regard, suppression of blood plasma CE activity in rats 
may improve the adequacy of experimental models in 
studying the mechanism of action of OPs.

In 2019, Goncharov N.V. et  al. developed 2 models of 
acute OP poisoning in rats, with preliminary inhibition of 
carboxylesterases by administration of 2-(o-cresyl)-4H- 
1, 3, 2-benzodioxaphosphorin-2-oxide (CBDP) or frac-
tional administration of total dose of studied OPs [2]. The 
above models allow effective evaluation in rats of various 
aspects of OPs toxicity comparable to human poisoning, 
including effects on blood biochemistry, nervous system, 
cardiovascular system and renal function [1, 3–5].

In modern diagnostics, the importance of non-invasive 
procedures for assessing functional status, including the 
analysis of metabolite content in body fluids, is increas-
ing. It is therefore of interest to evaluate the prospects of 

using urinary metabolites as biomarkers of OPs exposure 
using three models of poisoning. In addition, for most of 
the 11 metabolites we selected, there is no information 
on changes in their concentrations in the urine of rats 
after acute exposure to organophosphate.

The objective of this study was to develop a compre-
hensive methodology for the analysis of metabolites 
in rat urine in three models of acute OP poisoning. To 
achieve this goal, we employed high-performance liquid 
chromatography with tandem mass spectrometric detec-
tion (HPLC–MS/MS).

The metabolites in the present study were selected 
after analyzing the existing techniques for their deter-
mination in urine. The content of 3-methylhistidine in 
human urine is used to assess muscle protein metabo-
lism and degradation [6]. In this regard, increased 
urinary excretion of 3-methylhistidine is observed in 
inflammatory processes. Threonine is an amino acid 
involved in the process of protein synthesis and the 
formation of other amino acids, regulates the liver, cen-
tral nervous, cardiovascular and immune systems, and 
promotes tissue repair. Creatine is an energy substrate 
required for adenosine triphosphate (ATP) regenera-
tion [7]. Creatinine, being the final product of creatine 
breakdown, reflects impaired renal function. Lactic 
acid is a product of anaerobic breakdown of glucose in 
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muscle tissues and is responsible for the utilisation of 
excess nitrogen in muscle. Increased levels of lactate in 
the urine indicate hyperuricaemia. Acetylcarnitine pro-
motes the transport of essential fatty acids across cell 
membranes and thus may play a role in normalising 
intracellular lipid metabolism and regulating periph-
eral nerve function and regeneration [8]. Inosine stim-
ulates the synthesis of adenine nucleotides, increases 
the activity of some enzymes of the Krebs cycle. Ino-
sine and adenine are considered as potential diagnostic 
markers of chronic atrophic gastritis [9]. Hypoxanthine 
is one of the breakdown products of ATP and can be 
considered as an indicator of reduced oxygen content 
in certain organs and tissues [10], as well as a marker 
of radioactive exposure [11]. In chronic renal failure, 
reabsorption of adenine may be impaired, leading to 
its excretion in the urine. Measurement of urinary 
adenine levels can be used as an indicator of impaired 
purine metabolism. Thus, the choice of adenine as a 
metabolite in rat urine is justified due to the potential 
effect of organophosphate compounds on renal struc-
ture and function [5]. 3-Hydroxymethylbutyrate is a 
metabolic product of leucine, which is responsible for 
protein synthesis and is obtained from food. 2-Hydrox-
ymethylbutyrate found in the urine of patients with 
phenylketonuria [12], lactoacidosis and ketoacidosis 
[13]. 2-Hydroxymethylbutyrate is formed mainly by 
ketogenesis and metabolism of valine, leucine and iso-
leucine [14]. The list of urine metabolites is presented 
in Table 1.

Methods
Animals
The study was conducted on male rats (Rattus norvegi-
cus) of the outbred Wistar line, weighing 200–240 g. The 
animals were housed in cages and maintained in rooms 
with controlled temperature and humidity, with a 12-h 
light–dark cycle and free access to food and water. All 
animal housing, experimental procedures, and manipu-
lations were conducted in strict accordance with the 
requirements of the national bioethics guidelines and 
in alignment with the recommendations of Direc-
tive 2010/63/EC of the European Parliament and of the 
Council of the European Union of 22 September 2010 
on the protection of animals used for scientific purposes 
and the European Convention for the Protection of Ver-
tebrate Animals Used for Experiments or Other Scientific 
Purposes. The Bioethics Committee of the I.M. Sechenov 
Institute of Evolutionary Physiology and Biochemistry 
of the Russian Academy of Sciences granted permission 
to conduct experiments with animals. Ethical approval 
number 13-k-a, dated 15 February 2018.

Materials
Acetonitrile for high-performance liquid chromatogra-
phy was purchased from Panreac (Spain), HPLC grade 
methanol (J.T. Baker, Netherlands), and ammonium for-
mate (Acros organics, Belgium). Paraoxon, formic acid, 
creatinine, creatine, acetylcarnitine hydrochloride, hypox-
anthine, threonine, inosine, lactic acid, 3-Methylhistidine, 
2-hydroxymethylbutyrate, 3-hydroxymethylbutyrate and 
paraoxon-ethyl were purchased from "Sigma-Aldrich"  
(USA). Deuterated (D-3) 2-(2-carboxyethyl)-1,1,1- 
trimethylhydrazinium (purity 99.9%), 2-(o-cresyl)-4H-1,3,2-
benzodioxaphosphorin-2-oxide (purity 99.5%) were  
synthesised by the laboratory staff, the purity of the  
obtained substances was confirmed by NMR spectroscopy 
and HPLC–MS/MS.

Experiment
Experiments on modeling of intoxication of rats were 
carried out in the Research Institute of Hygiene, Occu-
pational Pathology and Human Hygiene and Ecology of 
the Federal Medical and Biological Agency of Russia in 
2016–2018 within the framework of the project of Rus-
sian Science Foundation № 16–15-00199 "Development 
of effective means of prevention, therapy and preven-
tion of delayed consequences of poisoning by organo-
phosphorus compounds". In this study rats were divided 
into 4 groups of 6 animals each. The computer program 
Research randomizer (https://​rando​mizer.​org) was used 
for randomisation when forming the groups. The method 
of toxicant administration was a single subcutaneously 
injection. In the present study, three animal poisoning 
models were used: 1. Single injection of paraoxon (POX) 
at LD50 dose (POX1x); 2. Fractional injection of POX at 
doses of 110 µg/kg + 150 µg/kg, 60 min apart; 3. Single 
injection of CBDP inhibitor (3.3 µg/kg) and POX (0.15 
µg/kg) at 60 min apart (Table 2). Control group rats was 
treated with physiological solution subcutaneously. The 
study duration was 7 days. Daily urine samples were col-
lected in Techniplast® Metabolic cages for mice and rats 
(Braintree Scientific, USA) to which the animals were 
pre-adapted to prevent stress.

Daily urine samples were collected before OP admin-
istration (background) and on days 1, 3 and 7 after poi-
soning. Samples were frozen and stored at (- 18 ºC) until 
analysis.

HPLC–MS/MS analysis
To evaluate the effects of POX and CBDP in rats, a series 
of biochemical parameters were selected for determina-
tion in urine.

Samples were analysed using a Shimadzu LC-20 liquid 
chromatograph equipped with a Shimadzu LCMS-8050 

https://randomizer.org
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electrospray ionisation (ESI) mass spectrometric detec-
tor. Data processing was performed using the Labsolu-
tion "Quant browser".

Chromatographic separation was performed using 
a Zorbax SB-C8 column (Agilent), length 150 mm, col-
umn diameter 4.6 mm, sorbent particle diameter 1.8 μm. 

Table 1  List of metabolites selected for analysis of their content in rat urine

Metabolites Gross formula Molecular weight, Da Structural formula

3-Methylhistidine C7H11N3O2 169.181

Threonine C4H9NO3 119.119

Creatine C4H9N3O2 131.133

Creatinine C4H7N3O 113.118

Lactic acid C3H6O3 90.078

Acetylcarnitine C9H17NO4 203.236

Inosine C10H12N4O5 268.226

Hypoxanthine C5H5N5 136.112

Adenine C10H13N5O4 135.127

3-Hydroxymethylbutyrate C5H10O3 118.131
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Mobile phase: component A—solution of 0.1% formic 
acid and 10 mM ammonium formate in deionised water; 
component B—solution of 0.1% formic acid and 10 mM 
ammonium formate in methanol. Eluent flow rate: 0.4 
cm3/min. Column thermostat temperature: 40°C. Sam-
ple compartment thermostat temperature: 5°C. Sample 
injection volume: 5 µl. The elution programme was as 
follows: 0.0—1.0 min 5% B; 1.0—7.0 min 5—90% B; 7.0—
10.0 min 90% B; 10.1—15.0 min 5% B.

Mass spectrometric detection was performed in mul-
tiple reaction monitoring (MRM) mode. Flow rate: des-
iccant gas—10 dm3/min; auxiliary gas—10 dm3/min. 
Atomiser pressure, 3 dm3/min; desiccant gas tempera-
ture, 300 ºC; auxiliary gas temperature, 350°C; capillary 
voltage, 3500 V; fragmenter voltage, 120 V.

The retention times and MRM transitions (precursor-
ion > product-ion) are presented in Table 3. The chroma-
tograms of the metabolites are shown in Figs. 1 and 2.

To assess the suitability of the methodology, the inter-
run accuracy and precision of the results obtained were 
evaluated. Controls were performed within 4 cycles at 

the concentration levels of each analyte: lower limit of 
quantification, mid-range, and concentration near the 
upper limit of the quantification range.

Sample preparation for analysis
Due to the fact that the detectable levels of the metabo-
lites in rat urine were quite high, sample preparation was 
reduced to the dilute-n-shoot technique.

Sample preparation was carried out as follows. A 2.0 
cm3 Eppendorf tube was filled with 0.3 cm3 of urine 
sample and 0.9 cm3 of acetonitrile containing D3-2-(2-
carboxyethyl)-1,1,1,1-trimethylhydrazinium used as an 
internal standard (IS). The resulting sample was diluted 
tenfold and 1000-fold. Similar preparation was carried 
out in parallel for blank urine sample.

Statistics
Data processing was performed in GraphPad Prism 
8.4.3. The data were checked for normality of distribu-
tion (Kolmogorov–Smirnov test). Due to the small size of 
the groups (less than 10 animals), nonparametric statis-
tics was used. Data are presented as medians and 5–95 
percentiles (descriptive statistics). One-factor analysis 
of variance (Kruskal–Wallis test) and Dunn’s multiple 
comparisons test (Dunn’s multiple comparisons test) for 
multiple comparisons (comparison of each background 
with the "control") were used to compare background 
values of metabolites (comparison of each background 
with the "control"). Two-factor analysis of variance (2way 
ANOVA) and Dunnett’s multiple comparisons test (Dun-
nett’s multiple comparisons test) were used to evaluate 
the effect of time elapsed after exposure and intoxication 
pattern. Results were considered statistically significant 
at p < 0.05.

Results
HPLC–MS/MS analysis
The values of the achieved metrological performance of 
the developed technique are presented in Table  4. The 
standards of accuracy (85–115%) and precision (< 15%) 
were met, indicating the stability of the chosen analysis 
technique.

Comparison of the results of metabolites content 
determination in the urine of rats. Prior to the study, 
daily urine was collected from rats of all groups and ana-
lysed according to the described methodology to estab-
lish background levels of biochemical parameters in 
the absence of exposure to OPs and other stress factors 
(Table 5).

One-factor analysis of variance (one-way ANOVA) 
revealed no statistically significant differences between 
the background values of the groups, indicating cor-
rect randomisation of laboratory animals. To gain 

Table 2  Animal groups (models of acute OP exposure) and 
doses of paraoxon and other compounds

Group Substance administered (dose)

Control Injection saline

POX1x – Model 1 Paraoxon, once (0.25 µg /kg)

POX2x – Model 2 Paraoxon, twice 60 min apart (0.11 µg /kg and 0.15 µg 
/kg)

CBPOX– Model 3 Single administration of CBDP (3.3 µg /kg) and par-
aoxon (0.15 µg /kg) 60 min apart

Table 3  Retention times and MRM transitions of the investigated 
metabolites

Indicator (ionisation) Rt, min MRM transition (precursor-
ion > quantitative/qualitative 
product-ions)

3-methylhistidine( +) 3.8 170.1 > 109.15 / 126.2

Threonine( +) 4.0 120.0 > 74.1 / 56.1

Creatine( +) 4.5 132.0 > 44.1 / 90.05

Creatinine( +) 4.6 114.0 > 44.1 / 86.1

Lactic acid(-) 6.1 89.0 > 43.1 / 45.05

Acetylcarnitine( +) 6.5 204.0 > 85.1 / 145.15

Inosine( +) 8.1 269.0 > 137.1 / 110.1

Hypoxanthine( +) 8.3 137.0 > 110.1 / 119.1

Adenine( +) 8.9 136.0 > 119.1 / 92.05

3-Hydroxy methylbutyrate (-) 9.3 117.0 > 59.1 / 41.2

2-Hydroxy methylbutyrate (-) 10.0 117.0 > 71.15

D3-2-(2-carboxyethyl)-1,1,1,1-
trimethyl hydrazinium ( +)

4.9 150.0 > 61.15 / 62.15
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insight into the physiological fluctuations of metabo-
lite concentrations in rat urine, all background values 
and values of control animals at different times of the 
experiment were combined into a large control group 
(n = 42). The spread of values from minimum to maxi-
mum was taken as a normal (or physiological) inter-
val (indicated by the dotted line in the figures with 
the dynamics of changes after the administration of 
toxicants).

In one day after exposure to OPs, a rather significant 
decrease in the concentration of acetylcarnitine, threo-
nine, isomers of 3-hydroxymethylbutyrate and hypoxan-
thine in urine was observed (almost 50-fold decrease). 
Also, one day after poisoning, an increase in urine creati-
nine (by 30%), creatine (2.5-fold), lactic acid (threefold) 
and inosine was noted. The increase in inosine content 

was uneven depending on the group—about 10% for 
POX1x, 50% for POX2x, 40% for CBPOX.

On the third day after poisoning, a decreased concen-
tration of 3-methylhistidine (at 50%); threonine, acetyl-
carnitine; hypoxanthine and 3-hydroxymethylbutyrate 
was still observed in the urine of rats. The concentration 
of creatine and creatinine in urine remained elevated 
twofold or more in all groups of rats exposed to OPs, 
regardless of the poisoning model used. On the sev-
enth day after exposure to OP, the content of almost all 
metabolites in the urine of rats stabilised and did not dif-
fer from background and control values, except for threo-
nine and 3-hydroxymethylbutyrate, the concentrations of 
which remained significantly reduced.

Figures  3 and 4 show the dynamics of changes in the 
concentration of the analysed metabolites in urine at 
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Fig. 1  Mass chromatograms of metabolites in rat urine: a 3-methylhistidine; b L-threonine; c Creatine; d Creatinine; e Lactic acid; f Acetylcarnitine. 
An additional file shows this in more detail (see Additional file 1)
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different times after OPs exposure. In these figures, each 
point corresponds to the median, and the dotted line 
indicates the physiological interval of change in metab-
olite concentration according to the data of the pooled 
control (n = 42).

The data presented in Table  6 also allow us to draw 
three main intermediate conclusions:

Adenine should be excluded from further considera-
tion for the search of biomarkers of OPs intoxication. The 
used models of exposure to OP and time after adminis-
tration do not affect the concentration of this metabolite 
in rat urine.

For all other metabolites mutual influence of factors 
(time and model of OP administration) is observed, 
which was the expected result.

The effect of observation time after OP administration 
on the concentration of metabolites is more pronounced 
than the intoxication model (for 3-methylhistidine, cre-
atinine, and inosine), and only time (but not the nature 
of the toxicant) affects the concentration of 2-hydroxy-
methylbutyrate. This is also expected since different poi-
soning models but not different toxicants were used for 
the experiment.

The results obtained in our study are interesting for 
diagnostics because they allow us to confidently distin-
guish healthy animals from those exposed to OP both 
immediately after exposure and after some time. Table 7 
shows the direction and degree of intensity of changes 
in the content of metabolites in urine after exposure to 
toxicants.
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Fig. 2  Mass chromatograms of metabolites in rat urine: g Inosine; h Hypoxanthine; i adenine; j 3-hydroxybutyrate; k 2-hydroxybutyrate; 
l Deuterated (D-3) 2-(2-carboxyethyl)-1,1,1,1-trimethylhydrazinium. An additional file shows this in more detail (see Additional file 2)
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Of the metabolites in Table  7, creatine is of interest 
from the point of view of ease of diagnosis because a sig-
nificant increase in the concentration of this metabolite 
is easier to trace, but, on the other hand, it is difficult to 
operate on an increase in its concentration without an 
understanding of the urine volume and density obtained. 
It is possible that the increase in creatine concentra-
tion (as well as creatinine) is associated with a decrease 
in water intake in the first to third day after poisoning, 
which may have caused a decrease in urine volume and 
an increase in urine density. It should also be noted that 
the second metabolite contained in the urine of rats in 
increased concentration during 1–3 days after poisoning 
was inosine.

The results obtained in the present study indicate that 
all three models of acute intoxication of rats with par-
aoxon lead to significant changes in the content of ten 

metabolites in the urine of rats early after poisoning. 
For further study as potential biomarkers of acute OPs 
intoxication it is reasonable to use six of them, which 
are presented in Table  7. The developed methodology 
for the determination of organophosphates in urine can 
also be used to assess the content of similar metabolites 
in human urine in cases of acute organophosphorus pes-
ticide poisoning.

Discussion
3‑Methyl‑histidine
3-Methylhistidine (3-MH) is a metabolite produced in 
the body by enzymatic methylation of histidine dur-
ing peptide bond synthesis and methylation of actin and 
myosin. 3-MH is a post-translationally modified amino 
acid excreted with urine [15]. In this regard, 3-MH is 
considered as one of the suitable biomarkers that can 

Table 4  Analytical characteristics of the methodology for the determination of urine metabolites

Urine metabolites Measuring range, µMol/L Detection accuracy (between cycles) Detection 
precision 
(between cycles)

3-methylhistidine 0.3—5.9 92.6—110.2% 7.4—10.9%

L-threonine 4.2—83.9 88.1—109.9% 5.4—11.7%

Creatine 0.4—7.6 90.7—108.1% 6.1—14.5%

Creatinine 4.4—88.4
mMol/L

86.7—113.1% 6.4—11.6%

Lactic acid 55.5—1110.1 87.7—108.9% 7.0—11.1%

Acetylcarnitine 24.6 – 492.0 89.5—105.2% 5.2—13.2%

Inosine 1.9—37.3 89.2—108.7% 6.9—11.7%

Hypoxanthine 18.4—367.3 88.1—108.7% 5.1—12.5%

Adenine 18.5 – 370.0 86.3—110.3% 6.1—11.0%

3-Hydroxymethylbutyrate 21.2—423.3 87.3—111.4% 7.7—10.3%

2-Hydroxymethylbutyrate 21.2—423.3 89.0—110.7% 7.1—14.4%

Table 5  Metabolite content in rat urine before exposure to OP (n = 6). Data are presented as median and 5–95 percentile interval

Metabolite Concentration, μMol/L

Control POX1x POX2x CBPOX

3-Methyl-histidine 1.10 (0.92; 1.21) 1.10 (1.02; 1.13) 1.27 (0.92; 1.34) 1.03 (0.74; 1.51)

L-Threonine 33.3 (29.8; 35.3) 33.5 (31.6; 38.5) 32.8 (29.8; 32.9) 32.2 (31.9; 32.7)

Creatine 1.21 (1.19; 1.30) 1.21 (1.21; 1.32) 1.29 (1.15; 1.31) 1.20 (1.19; 1.23)

Creatinine (mMol/L) 4.16 (4.10; 4.17) 4.21 (3.39; 4.95) 4.26 (3.75; 4.32) 4.51 (3.75; 4.64)

Lactic acid 656 (649; 657) 649 (591; 670) 636 (618; 666) 650 (647; 670)

Acetyl carnitine 330 (330; 360) 349 (344; 380) 404 (191; 563) 258 (237; 445)

Inosine 5.40 (5.00; 6.50) 5.25 (4.50; 7.30) 4.90 (4.80; 5.90) 5.80 (4.70; 5.90)

Hypoxanthine 54.0 (51.8; 58.4) 54.0 (36.0; 69.0) 58.3 (53.5; 62.2) 54.7 (53.8; 61.3)

Adenine 36.7 (35.7; 37.5) 33.3 (13.0; 88.0) 37.3 (37.1; 44.7) 35.6 (35.2; 37.4)

3-hydroxy-methylbutyrate 112 (109; 113) 121 (107; 132) 106 (101; 115) 108 (107; 116)

2-hydroxy-methylbutyrate 67.0 (60.8; 72.0) 64.1 (60.8; 75.8) 65.7 (62.6; 67.3) 65.0 (61.8; 67.9)
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Fig. 3  Dynamics of metabolite content changes in rat urine: a 3-methylhistidine; b Threonine; c Creatine; d Creatinine; e Lactic acid; f 
Acetyl-carnitine. The vertical bars at each point on the graph denote the interquartile range. An additional file shows this in more detail (see 
Additional file 3)
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Fig. 4  Dynamics of changes in the content of metabolites in rat urine: g Inosine; h Hypoxanthine; i Adenine; j 3-hydroxymethylbutyrate (3-HMB); 
k 2-hydroxymethylbutyrate (2-HMB). The vertical bars at each point on the graph denote the interquartile range. An additional file shows this 
in more detail (see Additional file 4)
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be used to detect high protein degradation. Its excretion 
level is also increased in diseases associated with mus-
cle wasting and in the elderly [16–19]. The appearance 
of 3-methylhistidine in urine may serve as a marker of 
increased muscle protein catabolism [20].

The normal concentration of 3-MH in the urine of 
healthy adults is in the range of 3.63–69.27 μmol/mmol 
creatinine, its mean concentration in urine is 15–20 
μmol/mmol creatinine, and in plasma at 2.85 μM (0.0–
5.9 μM) [16].

In our study, single poisoning with OPs in all 3 mod-
els resulted in a decrease in 3-MH concentration in 
the urine of rats at 3 days after exposure. No differ-
ences from control values were observed 1 and 7 days 
after poisoning. Exposure to OPs in our studies led to 
the development of classical clinical signs of poison-
ing, including muscle fascialisations etc. In this regard, 
the more expected effect was an increase in urinary 
excretion of 3-MH, but a decrease in its excretion was 
observed. It is not possible to give an explain for this 
fact without the use of additional diagnostic tools. It 
seems most likely that the increase of 3-MH concen-
tration in the urine of rats after poisoning occurred 

earlier, within several (2–12) hours after exposure to 
OPs. Similar facts were noted earlier in the study of 
acute poisoning of rats by monocrotophos. In this case, 
the 3-MH content in urine significantly increased 2.5 h 
after poisoning and continued to increase for 10 h after 
poisoning. The 3-MH level decreased, but not to nor-
mal, 24 h after poisoning [21].

Threonine
Threonine (Thr) is used for glycine synthesis dur-
ing endogenous production of L-carnitine in the liver 
and brain [22, 23]. There are a limited number of pub-
lications on the rate of Thr metabolism in rats, and 
the reference range of urinary excretion has not been 
established. Urinary excretion of Thr in rats under 
dietary intake is considered to be low and nitrogen bal-
ance becomes less positive as the L-threonine content 
of the diet decreases from 120 to 60–30 mg per kg body 
weight per day. Only 29% of Thr released from whole 
body protein is degraded and the remainder is resyn-
thesized into protein [24].

In our study, 1 and 3 days after exposure to OP in all 
models of poisoning, the concentration of Thr in the 
urine of rats was significantly decreased. By 7 days after 
poisoning, the Thr content in urine approached the "nor-
mal" limits, remaining reduced. This fact is interesting 
considering that many toxicants such as lead [25], nickel 
[26] or hydrazine [27] in acute poisoning of rats usually 
lead to increased urinary excretion of L-threonine, which 
is a particular manifestation of aminoaciduria. Unfortu-
nately, we were unable to find publications that evaluated 
urinary excretion of L-threonine under the influence of 
other OPs. In this regard, additional studies are needed 
to explain the mechanism of Thr concentration decrease 

Table 6  Two-factor analysis—effect of 3 models of OP poisoning and time after administration on the concentration of metabolites in 
rat urine

Models of poisoning (POX1x; POX2x; 
CBPOX)

Time after exposure Interaction of factors

3-Methyl-histidine P = 0,0433 P < 0,0001 P < 0,0001

L-Threonine P < 0,0001 P < 0,0001 P < 0,0001

Creatine P < 0,0001 P < 0,0001 P < 0,0001

Creatinine (mMol/L) P = 0,001 P < 0,0001 P < 0,0001

Lactic acid P < 0,0001 P < 0,0001 P < 0,0001

Acetyl carnitine P < 0,0001 P < 0,0001 P < 0,0001

Inosine P = 0,001 P < 0,0001 P < 0,0001

Hypoxanthine P < 0,0001 P < 0,0001 P < 0,0001

Adenine P = 0,421 P = 0,265 P = 0,870

3-hydroxy-methylbutyrate P < 0,0001 P < 0,0001 P < 0,0001

2-hydroxy-methylbutyrate P = 0,052 P < 0,0001 P = 0,001

Table 7  Metabolites in rat urine after exposure to OP. Data are 
presented as a percentage of the median of control values

Metabolite 1 day 3 day 7 day

L-Threonine 14.7–24.8% 13.8–22.6% 78.3–89.6%

Creatine 258–309% 188.6–280% 94–99%

Inosine 122–154% 122–128% 102–124%

Acetylcarnitine 6.1–18.2% 3.3–13% 79–115%

Hypoxanthine 1.7–3.1% 0.7–8.9% 81.7–101%

3-hydroxy-methylbutyrate 2.8–11.9% 10–18.3% 36.7–46.8%
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in acute POX poisoning. The reference range of Thr con-
centrations in the urine of intact rats established in our 
work may be useful in this regard.

Creatine and creatinine
The main metabolic role of creatine is to combine with 
the phosphoryl group via the enzyme creatine kinase to 
form phosphocreatine, which is used to regenerate ATP. 
The cyclic form of creatine, creatinine, exists in equi-
librium with its tautomer and with creatine [28]. Some 
creatine and creatine phosphate are broken down in the 
body to creatinine, which is subsequently excreted by 
the kidneys. Endogenous creatine synthesis is a two-
step process. In the first step, L-arginine:glycine ami-
dinotransferase (AGAT) catalyses the conversion of 
glycine and arginine to ornithine and guanidinoacetate 
(GAA); guanidinoacetate methyltransferase (GAMT); 
and in the second catalyses the S-adenosylmethionine-
dependent methylation of GAA to creatine [29]. In a rat 
experiment, it has been shown that GAA is produced 
in vivo by rat and human kidneys [29]. Kidneys require 
phosphocreatine and creatine, and they also express a 
significant amount of creatine kinases, including isoen-
zymes of BB-CK and u-mtCK [30].

In our study, we observed a significant symmetrical 
increase in urinary excretion of creatine and creati-
nine in all models of poisoning on days 1 and 3 after 
exposure to OPs. By day 7, the urinary concentrations 
of these metabolites returned to the reference range. 
Similar changes in the concentration of creatine and 
creatinine in the urine of rats during acute OP poi-
soning were described earlier. Acute poisoning of rats 
with soman at a dose of 0.67 × LD after 24 h has been 
shown to result in foci of rhabdomyonecrosis in the 
diaphragm, with a concomitant increase in urinary 
creatine excretion (300% of control) and total serum 
creatine kinase in serum (280% of control) [31]. The 
instrumentation of our study does not allow a precise 
determination of the origin of creatinuria and creatin-
inuria in rats. In this regard, an explanation is possible 
both in terms of increased levels of protein catabolism 
and muscle biodegradation and increased local synthe-
sis of these metabolites by the kidneys. Further stud-
ies involving molecular diagnostic tools are needed to 
answer this question.

Lactic acid
Lactic acid is an organic acid whose molecule consists 
of two optical isomers, L-lactic acid and D-lactic acid. 
The L-isomer is the most abundant in living organisms. 
In animals, L-lactate is constantly formed from pyruvate 
under the action of the enzyme lactate dehydrogenase 

during fermentation during normal metabolism and 
exercise. Its concentration does not increase until the 
rate of lactate production exceeds the rate of its excre-
tion. This is regulated by a number of factors including 
monocarboxylate transporters, lactate concentration, 
LDH isoform and tissue oxidative capacity [32].

It is lactate, not glucose, that is preferentially metabo-
lised by neurons in the brain in mice, rats and humans 
[33, 34]. Lactic acid acts as a general acidogen, and its 
high levels in blood, urine, brain and other tissues can 
lead to the development of metabolic acidosis, which 
occurs when arterial blood pH falls below 7.35. In our 
study, in all 3 models of OPs poisoning, a significant 
increase in the concentration of lactic acid in rat urine 
was observed after 24 h. However, after 3 and 7 days the 
content of this metabolite in urine returned to the lim-
its of physiological norm, which most likely indicates the 
development of metabolic acidosis in animals in the early 
period after exposure to OPs.

Acetyl‑L‑carnitine
Acetylcarnitine is the most common natural derivative 
and is formed by the reaction:

The main function of L-carnitine is to transport acti-
vated long-chain fatty acids from the cytosol to the mito-
chondrial matrix, where their b-oxidation takes place. 
After activation of fatty acids with a CoA group, the 
resulting acyl-CoA groups are converted to carnitine 
esters, when this reaction is catalysed by carnitine palmi-
toyl-transferase (CPT1). Carnitine esters can then cross 
the membrane via an additional transporter [35, 36].

Urinary excretion levels of carnitine esters and ace-
tylcarnitine in rats were determined in an experiment 
with kidney perfusion for 30 min with Krebs–Henseleit 
bicarbonate buffer with 5 mM glucose [37]. The 30/ ~ M 
(- [methyl)H] carnitine reabsorption was about 96% 
during the first 10 min. At a concentration of 750/ ~ M, 
reabsorption decreased to 40%. The tubule reabsorption 
maximum Tmax was about 170 nmol/min per kidney. 
Thus a disproportionately high excretion of carnitine or 
carnitine esters formed in the kidney was found in rat 
urine compared with the same derivatives by ultrafiltra-
tion [37].

Unfortunately, we were unable to find published stud-
ies evaluating changes in acetylcarnitine excretion with 
urine in animals and humans under the influence of 
OPs. It is known that carnitine homeostasis in the body 
depends on glomerular filtration of free carnitine and its 
reabsorption by renal tubules. For example, with progres-
sive kidney disease, glomerular function decreases and 
plasma carnitine concentrations increase. Subsequent 

acetyl − CoA + carnitine ⇋ CoA + acetylcarnitine,
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decline in renal function may lead to accumulation of 
acylcarnitines in plasma [38]. The methodology of our 
study did not involve simultaneous determination of the 
analysed metabolites in blood. We found a significant 
decrease in the level of acetylcarnitine excretion with 
urine during the first 3 days after OPs poisoning. Further 
studies are needed to answer the question whether this 
fact means inhibition of endogenous carnitine synthesis 
in the kidneys or generally reflects a systemic decrease in 
metabolism due to poisoning.

It is also an open question whether the decrease in the 
excretion of this metabolite is a consequence of the active 
involvement of carnitine in metabolic detoxification pro-
cesses in response to OPs poisoning. This may be due to 
the fact that some researchers consider L-carnitine as an 
antioxidant [39]. This function of carnitine seems contra-
dictory, due to the fact that carnitine enhances fatty acid 
metabolism, thereby promoting the formation of ROS in 
the electron transport chains of mitochondria [40]. How-
ever, there are publications indicating that L-carnitine 
determines NO formation and also activates the antioxi-
dant enzymes superoxide dismutase (SOD) and catalase 
in response to neurotoxicity induced by 3-nitropropro-
pionic acid [41]. It has been found that L -carnitine can 
directly chelate transition metals Fe2+ and Cu+, prevent-
ing their involvement in ROS formation [42]. L -carnitine 
is also able to reduce the formation of free radicals by 
inhibiting their enzymes xanthine oxidase and NADPH-
oxidase, responsible for the formation of free radicals, 
which are of high biological relevance under various 
stress conditions [40]. In addition, carnitine is involved in 
maintaining mitochondrial integrity, including the mito-
chondrial electron transport chain, under stress condi-
tions. In this regard, some researchers consider carnitine 
as a mitochondria-specific antioxidant responsible for 
maintaining mitochondrial integrity and regulating ROS 
and ROS signalling [40]. The protective effect of L -car-
nitine and its derivatives on the antioxidant systems of 
the body has been shown in various models of oxidative 
stress/toxicity induced by various toxicants and neuro-
toxic agents [42]. In view of the above facts, elucidation 
of the molecular mechanisms of carnitine and its deriva-
tives under the influence of OPs is a promising task for 
future studies.

Inosine
Inosine is present in all living organisms, including bac-
teria, plants in mammalian animals and humans. Inosine 
can be produced by gut bacteria. Inosine has been shown 
to activate peroxisome proliferator-activated receptor 
(PPAR)-gamma in human colon epithelial cells. Inosine 
can also be biosynthesised from inosinic acid by interac-
tion with cytosolic purine-5’-nucleotidase. Inosine can be 

converted to hypoxanthine and ribose-1-phosphate by 
interaction with purine nucleoside phosphorylase [43]. 
Animal studies have shown that inosine has neuroprotec-
tive properties [44, 45], and exogenous inosine therapy 
enhances mucosal barrier functions to the development 
of experimental colitis in rodents [46].

The metabolism and excretion levels of inosine in rats 
were experimentally studied as early as 1982 [47]. After 
intravenous administration of twice labelled inosine to 
rats, the authors monitored the uptake and subsequent 
metabolism of purine and ribose molecules. More than 
95% of inosine was eliminated from blood plasma within 
5 min and 99% within 20 min. Approximately 50% of the 
total amount of 160 µmol was rapidly excreted into the 
liver and kidneys. The largest amount, 21 µmol/g wet 
weight, was excreted by the kidneys, about 10 times more 
than by the heart, lungs and liver. The lungs and heart 
accounted for only 3% [47]. Thus, it can be seen that 
excretion of inosine by the kidneys in rats is the most sig-
nificant compared to other pathways.

In our study, the concentration of inosine in rat urine 
was significantly increased 1–3 days after exposure to 
OPs. At the same time, it is interesting to note that the 
concentration of hypoxanthine in the urine of animals 
during the same periods of observation, on the contrary, 
decreased. It is likely that this is a consequence of inhi-
bition of the enzymatic activity of PNP, which metabo-
lises inosine to hypoxanthine and guanosine to guanine, 
in each case forming ribose phosphate. This mechanism 
is known to be one of the enzymes of the nucleotide sal-
vage pathway. It is also known that the de novo purine 
synthesis pathway can be interrupted by the action of 
some chemotherapeutic drugs, such as methotrexate 
[48]. In this regard, the question of how POX poisoning 
in any single poisoning model affects the mechanisms of 
purine biosynthesis remains open and requires further 
investigation.

Hypoxanthine
Urinary excretion of hypoxanthine is a sensitive method 
for studying nucleotide metabolism, probably because it 
has a high renal clearance approaching the glomerular 
filtration rate [49] and also because hypoxanthine is rel-
atively stable in the urine. Hypoxanthine excretion cor-
relates well with creatinine excretion, whereas xanthine 
excretion does not [50]. In this regard, some researchers 
believe that the hypoxanthine/creatinine concentration 
ratio is a reasonable estimate of hypoxanthine excretion 
and correlates well with total excretion [51]. It is interest-
ing to note that in our study, hypoxanthine concentration 
in rat urine did not correlate with creatinine excretion 
level and was significantly reduced within 1–3 days after 
exposure to OPs in all 3 poisoning models. We cannot 
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explain this fact on the basis of the methodology used; 
further studies in this direction are needed.

The most frequent references to the increase in renal 
excretion of hypoxanthine as a result of the development 
of physiological dysfunction are found in the results of 
published studies. For example, experimental intermit-
tent hypoxaemia (IH) in piglets results in increased uri-
nary excretion of hypoxanthine (p < 0.04) after 60 min 
[52]. Interestingly, hypoxanthine has been shown in vitro 
to alter antioxidant defences and induce lipid peroxida-
tion in rat kidney; however, in the presence of allopuri-
nol and antioxidants, some of these changes in oxidative 
stress are prevented [53]. Hypoxanthine at a concentra-
tion of 10.0 μM increased catalase (CAT) and superoxide 
dismutase (SOD)activities in the renal cortex of 15-, 30- 
and 60-day-old rats, SOD activity in the renal medulla of 
60-day-old rats and thiobarbituric acid (TBA-RS) levels 
in the renal medulla of 30-day-old rats compared to con-
trols [53].

3‑Hydroxy‑methyl‑butyrate (HMB)
HMB (beta-hydroxy beta-methyl butyric acid, 3-hydroxy-
3-methylbutanoic acid) is a naturally occurring organic 
compound produced in many mammals and humans. 
The amino acid leucine, which is not incorporated into 
muscle protein, is eventually oxidised via intermediates 
such as HMB, which is actively involved in the regulation 
of skeletal muscle protein turnover [54–56].

Thus, HMB is synthesised in humans through the 
metabolism of L-leucine, a branched-chain amino acid. 
In healthy individuals, approximately 60% of dietary L 
-leucine is metabolised after a few hours, with an aver-
age of 5% (2–10%) of dietary L-leucine being converted 
to HMB [57, 58]. HMB is excreted by the kidneys, with 
approximately 10–40% of the ingested dose excreted 
unchanged in the urine The remaining 60–90% of the 
dose is retained in tissues or excreted as HMB metabo-
lites [59].

Comparatively recently, HMB was thought to be 
detectable in plasma after oral administration of leu-
cine in sheep and pigs, but not in Sprague–Dawley rats, 
which is the standard preclinical model [56]. Studies on 
the absorption, distribution, metabolism and excretion 
of radiolabelled leucine at a low dose (3 mg/kg) or high 
dose (1000 mg/kg) of 14C -leucine in rats have been pub-
lished. The results indicate the appearance of 14C -HMB 
in plasma and urine of rats after oral administration of 
14C-leucine. 14C-leucine appears in plasma as 14C-α-
ketoisocaproic acid (KIC) with a slower time interval 
than 14C-HMB, the putative product of KIC [56]. Thus, 
the authors clearly demonstrated endogenous production 
of HMB from leucine in adult rats as in a standard pre-
clinical animal model.

The results of our study showed a significant decrease 
in HMB concentration in the urine of rats at all obser-
vation periods after poisoning (1, 3 and 7 days) regard-
less of the poisoning model used. To explain this fact, it 
is necessary to carry out additional studies, in particular, 
to determine the mechanisms of inhibition of metabolic 
pathways of HMB biosynthesis.

Conclusions
A novel methodology for the multi-target quantification 
of 11 metabolites in rat urine has been developed. The 
proposed assay procedure is a simple and reliable tool 
for urine metabolomic studies. Its applicability showed 
good performance in detecting changes in the content 
of metabolites in the urine of rats during their acute 
intoxication with paraoxon-ethyl in three models of acute 
exposure to OP. The results obtained in the present study 
indicate that all three models of acute intoxication of rats 
with paraoxon lead to significant changes in the content 
of ten metabolites in the urine of rats early after poison-
ing. Six of the ten metabolites may be recommended for 
further study as potential biomarkers of acute OP intoxi-
cation. The technique of organophosphorus compounds 
determination in urine can also be used to estimate the 
content of similar metabolites in human urine in acute 
poisoning by organophosphorus pesticides.
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