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Abstract  

Introduction: Zinc is an essential trace element with well-known physiological functions. Although 

various zinc salts are available, novel zinc complexes with organic ligands remain of pharmacological 

interest. Pharmacokinetic studies are essential to clarify the contribution of the zinc ion and organic ligand 

to their biological activity. 

Materials and Methods: The pharmacokinetics of bis(N-allylimidazole) zinc diacetate (ALL) components 

were studied in 66 BALB/c mice. The compound was administered once intraperitoneally at 25 mg/kg. 

Blood, brain, liver, pancreas, kidneys, and spleen were collected at 0, 0.083, 0.25, 0.5, 1, 1.5, 2, 3, 4, 6, and 

24 h, with 6 animals per time point. N-allylimidazole was quantified using a validated HPLC-MS/MS 

method, while zinc was determined by atomic absorption spectrometry. 

Results and Discussion: ALL likely dissociates into N-allylimidazole and zinc under physiological 

conditions, resulting in distinct pharmacokinetic profiles. N-allylimidazole was detected in all tissues, 

including the brain. The Tmax for most tissues was 0.25 h, indicating rapid systemic distribution. The 

highest concentration was observed in the kidneys (Cmax 7907.58 µg/g), suggesting their involvement in 

ligand excretion. In the liver, N-allylimidazole showed prolonged retention, with a T1/2 of 14.5 h and 

AUC(0–24) of 11168.41 µg·h/mL. After correction for endogenous zinc, the highest zinc concentrations 

were detected in the liver (60.21 µg/g), pancreas (57.52 µg/g), and spleen (54.80 µg/g). 

Conclusion: ALL administration resulted in rapid systemic distribution of both components. N-

allylimidazole penetrated highly perfused tissues, including the brain and kidneys, whereas zinc 

accumulated in the liver, pancreas, and spleen. Distinct tissue distribution and elimination profiles, together 

with equilibrium calculations, support complete in vivo dissociation of the complex. 
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Introduction 

Zinc is an essential trace element required for normal cellular, tissue, and organ function. It is 

incorporated into nearly 3,000 proteins and 300 enzymes, contributing to structural stability and 

facilitating interactions with diverse biomolecules. Beyond its catalytic role, zinc stabilizes 

protein domains and membrane complexes and regulates gene expression, cell proliferation, 

differentiation, apoptosis, and immune responses.  

Zinc also plays a central role in intracellular signaling. Zn2+ influx from the extracellular 

space or release from intracellular stores can act as a primary messenger by modifying cellular 

responses, whereas increases in cytosolic Zn2+ function as a secondary messenger. Changes in 

cytosolic Zn2+ modulate kinases, phosphatases, transcription factors, and other signaling 

proteins, thereby regulating pathways involved in growth, inflammation, antioxidant defense, 

tissue repair, and stress adaptation. 

In adults, total body zinc is approximately 1.5–3 g, with the largest fractions in skeletal 

muscle and bone, and significant pools in the skin, liver, prostate, and blood cells. In plasma, 

most zinc is protein-bound, predominantly to albumin, whereas the free fraction is minimal. The 

bound pool governs zinc transport and tissue distribution, while the small free fraction supports 

rapid exchange and signaling. 

Intracellular free zinc concentrations are maintained at non-toxic picomolar levels (Kocyła 

et al. 2018) through binding to metallothioneins (MTs) and sequestration in specialized storage 

compartments termed zincosomes. Zinc homeostasis is primarily regulated by two transporter 

families: 14 importers of the SLC39 family (ZIP), which increase cytosolic zinc levels, and 

10 exporters of the SLC30 (ZnT) family, which reduce cytosolic zinc promoting efflux or 
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sequestration into organelles such as the Golgi apparatus and lysosomes (Kimura and Kambe 

2016; Lin et al. 2017). 

Zinc fingers (ZNFs) are compact domains stabilized by coordination of a zinc ion with 

cysteine and/or histidine residues. Many ZNFs mediate sequence-specific binding to nucleic acid 

motifs, enabling precise transcriptional regulation and also participate in post‑translational 

signaling cascades. Their functional diversity encompasses embryonic development, cell 

differentiation, maintenance of genomic stability, and immune regulation. Dysregulation or 

mutation of ZNFs is associated with inherited disorders and cancer; for example, knockdown of 

ZNF307 enhances hepatocellular carcinoma proliferation and invasiveness by reducing 

apoptosis-related proteins such as caspase-3 and BCL-2 (Liang et al. 2017). 

ZNFs are also critical regulators of pluripotency, differentiation, and somatic cell 

reprogramming (Qian and Wu 2025). In neuronal development, ZNF18 interacts with promoters 

of genes involved in neuronal maturation and dopamine secretion (Park et al. 2025). 

Dysregulation and aggregation of zinc‑binding proteins may contribute to neurodegenerative 

disorders, including Parkinson’s disease (Brahmachari et al. 2019), while regulatory mutations 

in ZNF512B have been implicated in amyotrophic lateral sclerosis (Jiang et al. 2021). 

As a cofactor for more than 300 enzymes (Costa et al. 2023), zinc is involved in a wide 

range of physiological processes and is the only metal present across all enzyme classes 

(Andreini et al. 2006). Structurally, zinc stabilizes protein secondary and tertiary structures, 

ensuring proper folding and activity of oligomeric enzymes (Thompson 2022). 

Representative zinc-dependent enzymes include carbonic anhydrase, alcohol 

dehydrogenase, Cu/Zn-superoxide dismutase, matrix metalloproteinases, and histone 

deacetylases (Hou et al. 2021). 

Chronic zinc deficiency, whether inherited or acquired, leads to clinically significant 

disorders. Acquired deficiency may result from inadequate intake, malabsorption, increased 

requirements, or excessive losses. Hereditary zinc deficiency is most commonly associated with 

mutations in SLC39A4 (ZIP4) and manifests as alopecia, diarrhea, and acrodermatitis 

enteropathica (Stiles et al. 2024). Severe deficiency syndromes, such as Prasad’s syndrome, are 

characterized by growth retardation, delayed puberty or hypogonadism, iron-deficiency anemia, 

and hepatosplenomegaly (Demirel et al. 2011).  

The prevalence of zinc deficiency is estimated at 10-20% depending on the region (Skalny 

et al. 2022). Because the body lacks substantial zinc storage capacity, regular dietary intake is 

essential. Treatment of acquired deficiency typically involves oral zinc supplementation, 

including zinc oxide and zinc salts such as acetate, gluconate, aspartate, orotate, and sulfate. Zinc 

oxide exhibits lower bioavailability, particularly when taken on an empty stomach, due to its 

limited solubility compared with other formulations (Wegmüller et al. 2014).  

Zinc acetate not only corrects deficiency but also exhibits antiviral activity against hepatitis 

A virus and may reduce disease progression (Gómez-Zorrilla et al. 2025; Kanda et al. 2025). 

Zinc acetate lozenges have been shown to shorten the duration of acute respiratory viral 

infections (Hemilä et al. 2016). In experimental models of hepatocellular carcinoma, zinc acetate 

induces apoptosis (Hashimoto et al. 2022). In diabetic rat models, zinc acetate combined with 

caffeic acid improves metabolic parameters, including body weight, insulin secretion, and 

glycogen storage (Matowane et al. 2023). Zinc sulfate has demonstrated protective effects in 

renal ischemia–reperfusion injury by reducing apoptosis and pyroptosis (Guo et al. 2024), 

preserving ovarian function (Dong et al. 2023), and attenuating muscle atrophy by inhibiting 

excessive autophagy (Yu et al. 2025). 

Despite their clinical use, inorganic zinc salts are limited by relatively low bioavailability and 

gastrointestinal adverse effects, whereas organic zinc complexes generally exhibit improved 

tolerability and pharmacokinetic profiles. 

Zinc complexes with N-alkenylimidazoles are of particular interest due to their diverse 

pharmacological activities. Acyzol (bis(N-vinylimidazole) zinc diacetate), used as an antidote 

for carbon monoxide and combustion product poisoning, exhibits antihypoxic, antioxidant, 

hepatoprotective, cardioprotective, and immunomodulatory properties (Shakhmardanova and 

Galenko-Yaroshevskii 2017; Aliev et al. 2019; Parshina et al. 2019).  

Pilim-1 (bis(N-isopropenylimidazole) zinc diacetate) and ALL bis(N-allylimidazole) zinc 

diacetate) demonstrate antihypoxic, antimicrobial, and regenerative effects (Shakhmardanova 

and Galenko-Yaroshevskii 2017; Lebedeva et al. 2023). Topical application accelerates wound 

healing and improves tissue architecture more effectively than reference drugs (Lebedeva et al. 

2023). Pilim-1 additionally exhibits anti-inflammatory, analgesic, and antiulcer effects in animal 

models (Galenko-Yaroshevsky et al. 2024a, 2024b). Antitumor activity has also been reported 

for zinc chloride complexes with N-alkenylimidazoles (Tyurin et al. 2026). 

The pharmacological activity of metal complexes depends on their chemical structure and 

pharmacokinetic properties, including absorption, distribution, metabolism, and excretion. For 
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zinc complexes, biological effects are closely related to coordination state, lipophilicity, and 

membrane  permeability.  A  key  consideration is  stability  in  biological  media:  whether  the  

coordination structure remains intact, whether the compound reaches target tissues, and whether 

therapeutically effective concentrations are maintained. If dissociation occurs, biological effects 

may result from free zinc ions and ligands rather than the intact complex, potentially altering 

efficacy and safety due to excess free zinc. Pharmacokinetic studies are therefore essential to 

determine whether N-alkenylimidazole ligands enhance bioavailability, prolong systemic 

circulation, or promote selective tissue accumulation. 

Such data are critical for elucidating mechanisms of action, optimizing dosing strategies, and 

supporting further development of these compounds as therapeutic agents. Accordingly, this 

study aims to characterize the pharmacokinetic parameters of bis(N-allylimidazole) zinc 

diacetate (ALL) following systemic administration in BALB/c mice. 

Materials and Methods 

Investigated compound 

The zinc complex ALL was synthesized at the A.E. Favorsky Irkutsk Institute of Chemistry, 

Siberian Branch of the Russian Academy of Sciences (Russia). 

Stability constant calculations 

The constant of formation of the zinc complex ALL was calculated ab initio with density functional 

theory (DFT) using Gaussian 16 software package (Frisch, et al. 2016). The thermochemical 

parameters were calculated using the MN15 functional in conjunction with 6-311+G(2df,2p) basis 

set. The solvent (water) effects were accounted for by the polarizable continuum model (PCM). 

Animals 

The study was conducted in 66 BALB/c mice weighing 20–22 g. Animal housing and handling 

were carried out in accordance with GOST 33044–2014 “Principles of Good Laboratory 

Practice,” approved by Order No. 1700-st of the Federal Agency for Technical Regulation and 

Metrology (November 20, 2014). The experimental protocols were approved by the Local Ethics 

Committee of Sechenov University (Minutes No. 03-26 of 6 February 2026). 

Study design 

The study design is presented in Figure 1. 

  

Figure 1. Pharmacokinetic Parameters of a Zinc Complex with N‑Allylimidazole study design.  

 

The complex compound was administered intraperitoneally (i.p.) at a dose of 25 mg/kg. After 

the animals were euthanized by cervical dislocation, the following biological samples were 

collected: blood, brain, liver, pancreas, kidneys, spleen at the following time points  
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0, 0.083, 0.25, 0.5, 1, 1.5, 2, 3, 4, 6, 24 h with 6 animals for each time point. After collection, 

blood samples were centrifuged to obtain plasma. 

Homogenization procedure 

To perform a quantitative assessment of the drug content in the biological material, sample 

preparation was first carried out in order to obtain a purified organic extract. Each organ was 

placed in an individual tube containing ceramic beads, to which a volume of saline corresponding 

to the organ was added – 1.5 mL for the brain, pancreas, spleen, and kidneys, and 4 mL for the 

liver – and was homogenized using a FastPrep-24 homogenizer. Homogenization occurred 

through the collision of the special beads, following the ball-mill principle. Centrifugation of the 

sample took place simultaneously. 

Sample preparation for N-allylimidazole 

After homogenization was complete, the tubes together with their contents were left to settle for 

10 minutes – yielding the homogenate. Next, 350 µL of the homogenate was transferred into a 

separate tube, one and a half volumes of acetonitrile (525 µL) were added, and the contents were 

mixed using a laboratory vortex and centrifuged for 10 minutes at 12,000 rpm. The clear, 

colorless supernatant was transferred into a clean 1.5 mL tube. The resulting extracts were stored 

until analysis at -20 °C. 

350 µL of the blood plasma was transferred into a separate tube, one and a half volumes of 

acetonitrile (525 µL) were added, and the contents were mixed using a laboratory vortex and 

centrifuged for 10 minutes at 12,000 rpm. The clear, colorless supernatant was transferred into 

a clean 1.5 mL tube. The resulting extracts were stored until analysis at -20 °C. 

Sample preparation for Zn 2+ 

The homogenate was mixed on a laboratory vortex to the greatest possible homogeneity; the 

sample weight was approximately the same for all sample types and amounted to ~ 0.4 ± 0.05 g. 

Next, concentrated nitric acid (70%, “Komponent-Reaktiv”, chemically pure grade) was added 

to the weighing bottles in a volume of 1 mL, and high-temperature mineralization of the samples 

was carried out in a microwave oven for ~ 20 minutes using two sequential heating modes (12 

minutes at 560 W, then 8 minutes at 400 W). The resulting mineralizate was quantitatively 

transferred from the weighing bottles into disposable polypropylene tubes and diluted with 

deionized water to a final volume of 15 mL. 

Quantitative determination of N-allylimidazole by HPLC-MS/MS 

For the chromatographic separation and determination of N-allylimidazole in plasma samples, a 

system consisting of an Agilent Infinity II 1260 high-performance liquid chromatograph 

equipped with a gradient pump, column thermostat, degasser, autosampler, and an Agilent 6490 

tandem quadrupole mass spectrometer (MS/MS) was used. 

The following reagents and materials were used: acetonitrile (HPLC grade ≥99.9%), formic 

acid (≥99%), purified water (Milli-Q) for HPLC, N-allylimidazole reference standard, and intact 

plasma samples. 

To prepare mobile phase (MP) A, 2.0 mL of formic acid were placed into a 1000 mL 

volumetric flask, the volume was made up to the mark with acetonitrile, and mixed. To prepare 

MP B, 2.0 mL of formic acid were placed into a 1000 mL volumetric flask, the volume was made 

up to the mark with purified water, and mixed. 

To validate the method and further quantify, model reference standards prepared by mixing 500 

µL of the corresponding working solution with 500 µL of intact plasma were used, after which 

sample preparation was carried out as described above. The concentrations of the obtained standard 

calibration solutions corresponded to the following concentration range: 1, 5, 10, 25, 50, 100, 250, 

500, 1000, 2500 ng/mL. ESI-MS/MS parameters were optimized to achieve the highest sensitivity 

of the method: precursor ion 109.1; product ion 41.2; gas temp 350 °С; gas flow 7 L/min; sheath 

gas flow 8 L/min; ion spray voltage 5500; collision energy 25. 

Quantitative determination of Zn2+ by atomic absorption spectrometry (AAS) 

AAS analysis of the samples for Zn content was performed using a KVANT.Z atomic absorption 

spectrophotometer (CORTEC, Russia) equipped with an electrothermal atomizer. The analytical 

signal was measured in the absolute signal intensity registration mode. To construct the 

calibration curve, working standard metal (Zn) solutions were used, prepared by appropriate 

dilution of the primary State Standard Sample (SSS) solutions. As the control material, the 

certified reference material GBW07601 (Shanghai Institute of Nuclear Research, PRC) was 

used, prepared according to the same sample preparation procedure as the test samples. For 

atomization, a graphite cuvette with a non-pyrolytic coating was used. The light source was an 
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“LT-6M” hollow-cathode lamp manufactured by CORTEC; the wavelength for Zn 

measurements in the experiment was 307.6 nm.  

A 10 µL aliquot, with the addition of the chemical modifier Pd(NO3)2 (Merck, Germany) for 

improved sensitivity to zinc. 

Pyrolysis stage III – 400 ℃, atomization stage 1810 ℃. Lamp current: 20 mA. 

At the end of the pyrolysis stage and the beginning of the atomization stage, the inert gas 

(argon) flow was stopped. Dosing of microvolumes of the solutions into the furnace was carried 

out using an automatic dispenser. 

Statistical analysis 

Statistical analysis was performed in R, version 4.4.3, using the Bear package for non-

compartmental analysis. The following pharmacokinetic parameters were calculated: Cmax, Tmax, 

λz, T1/2, AUC0–t, AUC0−∞, MRT0–t, and MRT0−∞. 

Results  

Development and validation of the HPLC-MS/MS method 

The methods were validated in accordance with the rules for conducting bioequivalence studies 

of drugs within the Eurasian Economic Union (approved by decision No. 85 of the Council of 

the Eurasian Economic Commission of 03 November 2016) for the following validation 

parameters: specificity, limit of quantification, linearity, analytical range, precision 

(repeatability), accuracy, transfer effect, matrix effect, stability. All obtained values complied 

with the regulatory documentation requirements. 

The HPLC-ESI-MS/MS method was developed on a chromatographic column for ultra 

HPLC “Waters Symmetry C18”, C18, 250 × 4.6 mm, 5 μm. An Eclipse Plus C18 2.1 × 12.5 mm, 

5 μm protective column was used to protect the main column from biological sample related 

substances. The MP composition was selected as follows to obtain a positively charged parent 

ion of N-allylimidazole: MP A 0.2% formic acid in purified water, MP B 0.2% formic acid in 

acetonitrile. The gradient program was as follows: 5% B (0.00–1.00 min), 5–70% B (1.00–4.00 

min), 70% B (4.00–4.50 min), 70-5% B (4.50–5.00 min); the flow rate was set at 0.5 mL/min. 

The column temperature was 40 °С, injection volume 10 μL. To select the multiple reaction 

monitoring transition for N-allylimidazole detection, the mass spectrum was recorded and the 

most intense product ion 41.2 was selected (Fig. 2).  

 

A 

 
B 

Figure 2. Mass spectrum of N-allylimidazole (A) and it`s multiple reaction monitoring transition (B). 

 

ESI-MS/MS parameters were optimized to achieve the highest sensitivity of the method: 

precursor ion 109.1; product ion 41.2; gas temp 350 °С; gas flow 7 L/min; sheath gas flow 8 

L/min; ion spray voltage 5500; collision energy 25. 

The retention time of N-allylimidazole was approximately 4.4 min, and typical 

chromatograms of blank and blood plasma are shown in Figure 3. 

Linearity was assessed over the range of 1–2500 ng/mL using calibration standards prepared 

at ten concentration levels (Fig. 3). Lower limit of quantification (LLOQ) and upper limit of 

quantification (ULOQ) were 1 and 2500 ng/mL, respectively. 
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For each level, the concentration was back-calculated from the calibration curve, and the 

deviation from the nominal value was determined (Table 1).  

 
A 

B

C 
Figure 3. Typical high performance liquid chromatography with electrospray ionization tandem mass-spectrometry 

chromatograms of blank (A), blood plasma with the study drug at concentrations of 1 ng/mL (LLOQ) (B) and 500 ng/mL 
(C). 

 

 

Figure 4. Calibration curve for the determination of N-allylimidazole from validation cycle 1. 

 

The deviation of the back-calculated concentrations did not exceed ±15% at any level (±20% 

at the lower limit of quantification), thereby satisfying the acceptance criteria of Decision No. 

85. 

Accuracy and precision were determined at five concentration levels (1, 5, 500, 1000 and 

2500 ng/mL) with five replicates per level in each of three analytical runs. Precision was 

https://doi.org/10.18413/rrpharmacology.12.1240
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expressed as the relative standard deviation (RSD) and accuracy as the relative bias from the 

nominal concentration (Table 2).  
Table 1. Linearity of the HPLC-MS/MS method for N-allylimidazole: mean back-calculated concentrations of the 

calibration standards and their deviation from nominal values 

Nominal concentration, 

ng/mL 
Run 

Mean back-calculated 

concentration, ng/mL 
Deviation from nominal, % 

1 

1 0.93 -7.32 

2 0.93 -7.00 

3 0.95 -4.67 

5 

1 4.67 -7.22 

2 4.67 -6.53 

3 4.71 -5.80 

10 

1 10.61 +6.08 

2 10.11 +1.07 

3 10.09 +0.90 

25 

1 24.16 -3.28 

2 23.97 -4.12 

3 24.32 -2.71 

50 

1 50.66 1.32 

2 50.63 1.27 

3 50.09 0.17 

100 

1 109.53 9.53 

2 108.89 8.89 

3 105.35 5,35 

250 

1 234.57 -6.17 

2 230.35 -7.86 

3 240.87 -3.65 

500 

1 481.48 -3.70 

2 484.96 -3.01 

3 483.68 -3,26 

1000 

1 1029.14 2.91 

2 1009.69 0.97 

3 1022.17 2.22 

2500 

1 2494.00 -0.24 

2 2514.11 0.56 

3 2521.16 0.85 

Table 2. Within-run and between-run accuracy and precision of the HPLC-MS/MS method for N-allylimidazole (five 

replicates per run; n = 30 for the between-run estimate) 

Nominal 

concentration, 

ng/mL 

Run 

Measured 

concentration, mean, 

ng/mL 

SD, ng/mL RSD, % Accuracy, % 

1 

Run 1 0.8991 0.0489 5.43 −10.09 

Run 2 0.9092 0.0422 4.64 −9.08 

Run 3 0.8936 0.0137 1.54 −10.64 

Between-run 0.9007 0.0359 3.99 −9.93 

5 

Run 1 4.6094 0.3596 7.80 −7.81 

Run 2 4.7674 0.3765 7.90 −4.65 

Run 3 4.9221 0.1857 3.77 −1.56 

Between-run 4.7663 0.3237 6.79 −4.67 

500 

Run 1 519.4690 21.0033 4.04 +3.89 

Run 2 515.0226 15.1179 2.94 +3.00 

Run 3 507.6513 12.0704 2.38 +1.53 

Between-run 514.0476 16.0753 3.13 +2.81 

1000 

Run 1 894.2876 24.4565 2.73 −10.57 

Run 2 919.7362 44.6340 4.85 −8.03 

Run 3 932.0455 45.9653 4.93 −6.80 

Between-run 915.3564 40.1074 4.38 −8.46 

2500 

Run 1 2558.4443 50.8051 1.99 +2.34 

Run 2 2536.2342 36.2342 1.43 +1.45 

Run 3 2514.8543 30.1744 1.20 +0.59 

Between-run 2536.5109 41.3773 1.63 +1.46 
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In all cases, the within-run and between-run precision (RSD) did not exceed 8%, and the bias 

remained within ±15% of the nominal value, in accordance with the acceptance criteria of 

Decision No. 85. LLOQ of the method was determined based on the data of the calibration curve, 

accuracy and precision. The minimum concentrations of N-allylimidazole in blood plasma in the 

analytical ranges for which quantitative determination of N-allylimidazole with RSD and 

accuracy values of no more than 20% is possible were taken as the basis for the LLOQ. The 

lower limit of the quantitative determination of the method was 1 ng/mL for N-allylimidazole. 

During the assessment of the transfer effect, samples of ULOQ, intact blood plasma samples 

and LLOQ were sequentially analyzed. On chromatograms of intact blood plasma samples, the 

N-allylimidazole area values corresponded to the acceptability criterion (Analyte transfer ≤ 20% 

of LLOQ). 

To determine the matrix effect in the quantitative analysis of N-allylimidazole, the matrix 

effect coefficient (ME, %) was calculated, which is expressed as the ratio of the peak of the 

analyte added to the intact plasma (matrix) to the peak area of a standard calibration solution 

without a matrix. All solutions were sampled using the method described above. The effect of 

the matrix was calculated at 1 ng/mL and 2500 ng/mL (Table 3). 

Table 3. Calculation of the effect of the biological matrix on the quantitative determination of N-allylimidazole in blood 

plasma at the levels of LLOQ and ULOQ 

Nominal concentration, 

ng/mL 
ME, % Mean, % SD RSD, % 

1 

91.24 

91.57 9.19 10.04 

91.38 

92.70 

100.96 

98.48 

74.68 

2500 

107.81 

104.52 3.01 2.88 

102.07 

107.58 

100.42 

103.57 

105.71 

The following types of stability were confirmed: stability of prepared samples at ambient 

temperature and autosampler temperature, stability during triple freezing and defrosting, stability 

during deep freezing. The relative error values obtained correspond to the acceptability criterion 

(in the range from -15% to +15%) (Table 4). 

Table 4. Conditions and period of storage of N-allylimidazole samples for stability assessment 

Storage conditions Period of storage 

 

Result, % from nominal  
Compliance with the 

acceptability criterion 

(relative error ≤ 15%) 

At ambient temperature 24 h 
LLOQ 89,1% 

ULOQ 113% 
Yes 

At the autosampler 

thermostat temperature 

of 2–8 °C 

24 h 

 

LLOQ 87,3% 

ULOQ 106% 
Yes 

Freezing at –80 °C, 

thawing at ambient 

temperature in three 

replicates 

At least 36 hours in 

the frozen state, and at 

least 6 hours in the 

thawed state 

 

LLOQ 87,7% 

ULOQ 95% Yes 

At –80 °C 96 h 
LLOQ 89,3% 

ULOQ 97,1% 
Yes 

Partial validation was performed for each biological tissue sample, including confirmation of 

specificity and linearity for model samples prepared using homogenates of the corresponding 

organs. For brain, liver, pancreas, kidneys, spleen the following correlation coefficients were 

obtained 0.994, 0.998, 0.996, 0.995, 0.999. 

Validation of the AAS method for zinc quantification 

For validation of the AAS method, cross-validation was performed against a previously validated 

ICP-MS method (Miroshnikov et al. 2020). Additionally, to demonstrate the suitability of the 
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analytical method for the purposes of this study, partial validation was performed using spiked 

samples containing the biological matrix under study and a known added amount of certified 

zinc reference material (GBW07601, Shanghai Institute of Nuclear Research, PRC). During the 

validation of the AAS method, the following analytical parameters were determined: specificity, 

linearity, precision (repeatability), accuracy. Partial validation data for plasma is shown in Figure 

5 and Table 5 below. Linearity was estimated for the concentration range from 1 to 15 µg/mL. 

For all the studied biological samples, the correlation coefficient was within the range of 0.991–

0.995. 

 
Figure 5. Calibration curve for the determination of Zn. 

 

Accuracy and precision were determined at three concentration levels (1, 7, 15 µg/mL) with 

five replicates per level. The data was expressed as it described for N-allylimidazole. 

Table 5. Accuracy and precision of the AAC method for Zn  

Nominal 

concentration, 

µg/mL 

Measured 

concentration,  

µg/mL 

Measured 

concentration, 

mean, µg/mL 

SD (n=5) RSD, % 
Accuracy, 

% 

1.00 

0.86 

0.91 0.05 5.52 8.69 

0.86 

0.92 

0.95 

0.97 

7.00 

7.13 

7.41 0.26 3.56 5.85 

7.84 

7.38 

7.29 

7.41 

15.00 

15.77 

15.67 0.23 1.49 4.46 

15.75 

15.68 

15.88 

15.27 

Pharmacokinetic parameters 

To quantify the components of a complex compound in biological samples, HPLC-MSMS 

and AAS methods were used to determine N-allylimidazole and Zn, respectively. Biological 

samples from 6 animals for each time point were collected at the following time points after 

single intraperitoneal administration: 0, 0.083, 0.25, 0.5, 1, 1.5, 2, 3, 4, 6, 24 h and are 

prepared in accordance with the procedure described above. Tissue concentrations were 

normalized to organ weight. For this purpose, each measured concentration of the 

components of the complex compound was converted into the content in the homogenate, 
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taking into account dilution, and finally presented for calculating pharmacokinetic 

parameters as the ratio of the component content to the weight of an individual organ. The 

pharmacokinetic curves and calculated parameters for N-allylimidazole and zinc are shown 

on Table 6, 7 and Figures 6-8. 

Table 6. Pharmacokinetic parameters of N-allylimidazole in plasma and tissues (brain, liver, pancreas, kidneys, and 

spleen) of BALB/c mice after a single intraperitoneal administration of bis(N-allylimidazole) zinc diacetate (ALL) (25 

mg/kg) 

Biological 

sample 

Organ 

weight, g 

(M ± s.d.) 

λz 

(h⁻¹) 

Cmax 

(ng/mL, 

plasma; 

ng/g, 

tissue*) 

Tmax 

(h) 

T1/2 

(h) 

AUC0−t 

(ng·h/mL) 

AUC0−∞ 

(ng·h/mL) 

MRT0−t 

(h) 

MRT0−∞ 

(h) 

Plasma - 0.86 1919.96 0.08 0.81 875.56 877.26 0.49 0.5 

Kidney 0.24±0.04 0.84 7907.58* 0.25 0.82 8571.87 8702.02 1.07 1.16 

Brain 0.37±0.03 0.95 3693.86* 0.25 0.73 4718.97 4753.81 1 1.05 

Spleen 0.22±0.07 1.29 4606.19* 0.25 0.54 6736.15 6742.87 0.95 0.96 

Liver 0.47±0.14 0.05 959.95* 6 14.5 11168.41 14793.76 10.25 18.74 

Pancreas 0.13±0.04 1.37 3661.35* 0.25 0.51 2024.88 2057.64 0.5 0.55 

Note: * – recalculated concentrations in tissues, taking into account the dilution during homogenization and normalized 

to the organs weight. 

Table 7. Pharmacokinetic parameters of zinc in plasma and tissues (brain, liver, pancreas, kidneys, and spleen) of 

BALB/c mice after a single intraperitoneal administration of bis(N-allylimidazole) zinc diacetate (ALL) (25 mg/kg) 

Biological 

sample 

Organ 

weight, 

g (M ± 

s.d.) 

λz 

(h⁻¹) 

Cmax 

(µg/mL, 

plasma; 

µg/g, 

tissue*) 

Tmax 

(h) 

T1/2 

(h) 

AUC0−t 

(µg·h/mL) 

AUC0−∞ 

(µg·h/mL) 

MRT0−t 

(h) 

MRT0−∞ 

(h) 

Plasma - 0.18 2.05 1.50 3.78 9.20 9.33 5.00 5.32 

Kidney 0.24±0.04 0.24 32.77* 0.25 2.90 175.98 176.81 5.34 5.45 

Brain 0.37±0.03 NA NA NA NA NA NA NA NA 

Spleen 0.22±0.07 0.002 54.80* 0.08 NA 343.84 8389.49 10.50 NA 

Liver 0.47±0.14 0.04 60.21* 0.25 15.99 273.99 391.65 9.69 20.92 

Pancreas 0.13±0.04 0.07 57.52* 1.00 9.69 449.66 540.10 8.14 13.14 

Note: * – recalculated concentrations in tissues, taking into account the dilution during homogenization and normalized 

to the organs weight 

Discussion 

Given zinc’s pivotal role in numerous physiological processes, the development and 

pharmacological evaluation of zinc‑containing compounds continues to attract considerable 

research interest. Zinc salts are available commercially in multiple formulations. 

Bis(vinylimidazole) zinc diacetate (Acyzol), formulated for parenteral administration, is used 

clinically as an antidote for carbon monoxide poisoning and has demonstrated antihypoxic and 

cardioprotective properties (Aliev et al. 2019). In experimental models of hepatotoxicity, Acyzol 

reduced the severity of cytolytic, cholestatic, and mesenchymal‑inflammatory lesions and 

supported recovery of hepatic function (Shakhmardanova et al. 2017). Nobelzin® (zinc acetate 

dihydrate), administered orally as tablets, is approved for the treatment of Wilson’s disease, a 

genetic disorder of impaired hepatic copper excretion, in which it reduces further dietary copper 

absorption (Weiskirchen 2025). In Japan, the indication for Nobelzin® was expanded in 2017 to 

include hypozincemia (Ezoe et al. 2024). Early zinc deficiency commonly presents with taste 

disturbance (dysgeusia); administration of Nobelzin® at 50 mg/day improved taste sensitivity in 
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patients with dysgeusia and documented hypozincemia after 12 weeks of therapy (Shintani et al. 

2023). Despite the availability of effective oral zinc preparations, injectable zinc formulations 

suitable for correction of zinc deficiency are lacking. The development of parenteral zinc 

formulations that provide high bioavailability and markedly increase systemic zinc 

concentrations therefore remains a relevant and timely research objective. 

 
Figure 6. Concentration–time profile of N-allylimidazole (A) and Zn (B) in plasma. 

 

 

Figure 7. Concentration–time profile of N-allylimidazole (A) and Zn (B) in brain, kidneys, pancreas, spleen. 

 

 

 
Figure 8. Concentration–time profile of N-allylimidazole (A) and Zn (B) in liver. 

 
 

The measured maximal concentrations (Cmax) of the N-allylimidazole ligand were in the range of 

1-8 ppm, which corresponds to a molar value of 9–73 mol/L (Table 3). The maximal zinc 

concentrations were in the range of 3–82 ppm, corresponding to 45–1250 mol/L (Table 4). After 

subtracting the endogenous zinc level, the Cmax was in the range of 31–921 mol/L. Given the initial 
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molar ligand content of twice that of zinc, there was apparently a significant lack of ligand compared 

to zinc. One obvious suggestion could be that most of the ligand was in the form of a complex with 

zinc. The formation constant of the ALL complex from zinc diacetate and ligand in neutral water was 

calculated to be 370, which is a fairly low value. According to equilibrium, even if all zinc was free, 

at the maximal zinc concentration in plasma, the complex concentration could only reach 4 x 10⁻⁶ 

μmol/L, which is negligible. Acetate anions have an even lower association constant with zinc(II). 

Thus, the original complex is completely dissociated during biodistribution, due to dilution, at least. 

However, most zinc is present in plasma as an albumin complex, with a constant formation of about 

10⁷ (Falcone and Faller 2023). At the endogenous zinc level of 14 mol/L, the free zinc cation Zn2+ 

in the form of the aqua complex is in the concentration of 2.3 nmol/L, e.g. 0.02% of the total zinc. In 

other studied organs, the average concentration of free zinc cation (Zn2+) is also at similar low levels, 

ranging from 0.6 to 2.5 nmol/L (Krezel and Maret 2006). The formation constant of the complex 

([ZnL2]2+) of N-allylimidazole (L) with zinc(II) aqua complex (Zn2+) was calculated to be 2.1x105. 

The concentrations of the complexes [ZnL2]2+ and [ZnL]2+ in plasma were then calculated and plotted 

against time (Fig. 9). The concentrations of the complexes are several orders of magnitude lower than 

the concentrations of the ligand and zinc, and are below the detection limit even at the initial time. 

The concentration of the monoligated complex is below the nanomolar level, while the concentration 

of the bisimidazole complex is below the picomolar level. This pattern is also observed in other 

organs. 

 

 

Figure 9. Concentration–time profile of total zinc (Zn), zinc corrected for endogenous level (Zn*), zinc(II) aqua complex 

(Zn2+), N-allylimidazole (L) and its complexes with aqueous Zn2+ (ZnL and ZnL2) in plasma. 

 

At the beginning, after the administration of the complex ALL, the N-allylimidazole ligand 
concentration was higher than the total zinc concentration, corrected for the endogenous level 

(Zn*). Then, the ligand concentration rapidly decreased to zero, while the zinc concentration 

increased (up to 1.5 h) and then slowly decreased (Fig. 7). The high metabolic rate of N-

allylimidazole, compared to zinc, is also confirmed by measurements in other organs studied. N-

allylimidazole was detected in all examined biological matrices, including the brain, indicating 

that the ligand can cross the blood-brain barrier. The Tmax value was 0.25 h in almost all matrices, 

consistent with rapid systemic absorption and prompt tissue distribution. The kidneys showed 

rapid accumulation and very high concentrations (Cmax 7907.58 µg/g), suggesting renal 

involvement in ligand elimination, likely in unmetabolized form. In the liver, Cmax was lower 

(959.95 µg/g), but the elimination half-life (T1/2) was prolonged (14.5 h) and AUC0–24 reached 

11168.41 µg·h/mL; this reflects a Tmax of 6 h, whereas ligand concentrations in other organs had 

already declined to near zero by that time. Together, these parameters indicate slow hepatic 

accumulation and prolonged retention of N-allylimidazole. 

The measured zinc concentrations were consistent with published data. After subtraction of 

endogenous zinc levels, the highest post-dose concentrations were observed in the liver (60.21 

µg/g), pancreas (57.52 µg/g), and spleen (54.80 µg/g). Administration of the ⁶⁸Zn isotope 

similarly showed pronounced zinc accumulation in these organs (Yasuno et al. 2011).  

The increased zinc content in the liver after intraperitoneal administration of the organic zinc 

complex may reflect the liver’s major role in metal homeostasis, as well as dissociation of the 

complex in vivo followed by hepatic sequestration of the released zinc ion. The liver may also 

serve as a primary site of redistribution and transient zinc storage after systemic absorption. The 

increased zinc content in the spleen may reflect its role as a secondary compartment for zinc 

redistribution and sequestration after systemic administration. Given the spleen’s involvement 
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in blood filtration and immune cell turnover, this accumulation may also be associated with 

uptake by reticuloendothelial cells and the physiological demand for zinc in immune processes. 

The increase in pancreatic zinc content is likely due to both higher bioavailability and efficient 

tissue delivery, as well as the ability of β-cells to actively accumulate zinc for insulin synthesis 

and storage (Sisnande et al. 2020). Zinc retention in the pancreas may additionally be supported 

by zinc transporters, metallothioneins, and the formation of intracellular zinc-containing 

complexes. 

Although N-allylimidazole can cross the BBB, changes in brain zinc concentration were 

minimal across time points. The BBB tightly regulates the brain microenvironment and 

maintains zinc homeostasis, so zinc enters the brain mainly through controlled transport systems, 

including ZIP and ZnT transporters, as well as locally released synaptic zinc. When BBB 

integrity is compromised, for example during inflammation, trauma, or ischemia, permeability 

increases and ionic Zn2+ may enter brain tissue, where it can exert neurotoxic or modulatory 

effects (Qi and Liu 2019). The detection of the ligand in the brain, together with the lack of a 

comparable zinc signal, suggests that the two components may distribute independently in vivo. 

This pattern is consistent with the idea that the organic moiety crosses the blood-brain barrier 

more readily than zinc, whereas the metal ion remains under tighter homeostatic control and has 

more restricted CNS entry. However, further studies are needed to clarify the circulating form 

of zinc and the extent to which complex dissociation contributes to tissue distribution. It should 

be noted that AUC0–∞ values for the spleen, liver, and pancreas exceeded AUC0–24 values, 

indicating pronounced tropism of the compound for these organs and suggesting that a longer 

observation period would be needed for trace element levels to return to physiological values. In 

addition, interanimal variability in endogenous zinc content may have contributed to the results 

and cannot be fully controlled. Future studies should therefore compare the pharmacokinetics of 

zinc complexes and zinc salts to better assess the contribution of the organic moiety to the 

distribution profile of the administered trace element. 

Conclusion 

The pharmacokinetic analysis demonstrated rapid systemic distribution of N-allylimidazole and 

zinc after a single intraperitoneal administration of the complex at a dose of 25 mg/kg to BALB/c 

mice. N-allylimidazole penetrated efficiently into highly perfused tissues, including the brain 

and kidneys, whereas zinc preferentially accumulated in the liver, pancreas, and spleen. The 

marked differences in the tissue distribution and metabolic rates of the ligand and zinc, as well 

as the calculations of equilibrium, suggest a complete dissociation of the complex in vivo. 

Prolonged retention of both components in the liver, along with substantial zinc accumulation in 

the pancreas and spleen, may be relevant to the biological activity of the compound and warrants 

further investigation in efficacy studies. 
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