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Abstract: The management of pharmacokinetics and pharmacodynamics of drugs constitutes an 

approach for personalizing pharmacotherapy. This can be achieved by controlling xenobiotic 

metabolism. This research aimed to study the possibility of controlling the biotransformation of 

substances in the body through targeted regulation of intracellular signal transduction. By UPLC-

MS/MS, the effect of JNK inhibitors on the metabolism of venlafaxine xenobiotic by liver cells was 

investigated in vitro.  The blocking of JNK in hepatic homogenate cells containing the antidepressant 

was accompanied by an increase in the intensity of its biotransformation. There was a significant 

increase in forming a single pharmacologically active metabolite of O-desmethylvenlafaxine in the cell 

suspension and its further chemical conversion. Data from experiments indicate marked induction of 

venlafaxine metabolism by the JNK inhibitor. These properties of JNK inhibitors can be used to develop 

a novel approach to the characterization of antidepressant treatment. Also, the results indicate the 

prospect of studying activity modifiers of intracellular signaling molecules (in particular, mitogen-

activated protein kinases) to develop methods of controlling the process of xenobiotic transformation 

and create a novel class of pharmaceuticals - targeted drug metabolism regulators. 

Keywords: metabolism of xenobiotics; drugs; intracellular signal transduction; signaling molecules; 

JNK; Р450. 
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1. Introduction 

The high prevalence of depressive disorders in the population determines the 

widespread use of antidepressants, including venlafaxine, in the medical practice [1,2]. This 

drug (which is the racemate of R- and S-enantiomers) is one of the most effective modern 

antidepressants, the therapeutic effect of which is realized by blocking the reuptake of serotonin 

noradrenaline and dopamine [3,4]. However, the insufficient effectiveness of its use in some 

cases and the side effects encountered [5-9] make it relevant to develop personalized 

approaches to venlafaxine therapy, including modifying pharmacokinetics and 

pharmacodynamics [10,11]. 

The introduction of pharmacological substances into the body is accompanied by a 

complex process of their interaction with the body's tissues, participation in chemical reactions, 

and often pronounced modification by metabolizing systems [10-12]. Biotransformation of 

xenobiotics can occur with the participation of various enzymes. However, most frequently, 
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metabolism is performed in liver cells using cytochrome Р450 [10,13]. P450 has many 

functionally different isoforms capable of causing fundamentally different changes to the target 

substances. In particular, venlafaxine is metabolized with the isoenzyme CYP2D6 to a single 

pharmacologically active metabolite of O-desmethylvenlafaxine (O-DVLF) [14,15]. In 

addition, the blood content of this compound is a prognostic criterion that determines the 

effectiveness of venlafaxine treatment (despite his self-reported antidepressant activity) 

[15,16]. 

In turn, all cell functions are known to be realized involving the intracellular signaling 

transduction system [17-19]. However, the role of individual signaling molecules, including 

mito-genactivated protein kinase JNK (c-Jun N-terminal kinase) [20], in regulating the 

xenobiotic-metabolizing function of relevant cells has not yet been studied. At the same time, 

JNK activity modifiers have recently been actively investigated for their pharmacological 

properties. Neuroprotective, anti-inflammatory, hemopoietic, and other effects were revealed 

[21-23]. The discovery of the ability to control the intensity and types of the transformation of 

the substances in the body by targeted regulation of intracellular signal transduction (including 

JNK-pathway) can serve as the basis for the development of a novel approach to the modulation 

of pharmacokinetics and pharmacodynamics of drugs and the creation of personalized 

pharmacotherapy technologies. 

The work aimed to investigate the possibility of controlling the biotransformation of 

venlafaxine by targeted regulation of intracellular signal transduction in hepatic cells using the 

JNK inhibitor. 

2. Materials and Methods 

2.1. Chemicals and drugs. 

Venlafaxine (Aarti Industries, India); IQ-1S (11H-Indeno1,2-bquinoxalin-11-one 

oxime sodium) (Montana State University, Bozeman, Montana, USA); heparin (Biochemie, 

Austria); insulin (Actrapid HM, Novo Nordisk, Denmark); analytical standards of venlafaxine 

hydrochloride and O-desmethylvenlafaxine (Alsachim, France); DMEM; fetal bovine serum 

(FBS); L-glutamine; dimethyl sulfoxide; ammonium formate; formic acid; acetonitrile; ethyl 

acetate; ammonia solution; trypan blue (all manufactured by Sigma-Aldrich, USA). 

2.2. Animals and experimental design.  

All animal experiments were carried out following the U.K. Animals (Scientific 

Procedures) Act, 1986 and associated guidelines, EU Directive 2010/63/EU for animal 

experiments. The study was approved by the Institute’s local Ethics Committee. Experiments 

were carried out on C57B1/6 mice (n=26) at the age of 2-2.5 months, weighing 20-22 g. 

Animals of the 1st category  (conventional mice) were obtained from the Experimental 

Biological Models Department of Goldberg Research Institute of Pharmacology and 

Regenerative Medicine (Tomsk, Russia) (certificate available). The animals were removed 

from the experiment (sacrificed) using CO2 cameras. 

As the xenobiotic-metabolizing test system, mouse hepatic homogenate was used. The 

JNK inhibitor IQ-1S was added to the cell suspension in vitro. Its final concentration was 5 μM 

and 15 μM. After 30 min, venlafaxine at a dose of 150 ng/ml was added to the homogenate. 

Then, after 30 min, 1, 2, 4, and 24 h in tissue culture, the content of venlafaxine (VLF), and its 
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main metabolite O-desmethylvenlafaxine (O-DVLF) was determined [5,24]. The control was 

a hepatic homogenate containing an equivalent amount of venlafaxine and a JNK inhibitory 

solvent (dimethyl sulfide, final concentration 0.15%).  

2.3. Tissue homogenization and incubation. 

The liver of the experimental animals was dissociated with a glass tissue homogenizer 

in a culture medium of the following composition: 70% DMEM, 30% fetal calf serum, 280 

ng/ml L-glutamine, 5 IU/ml heparin, 5 μg/ml insulin. The resulting homogenate was filtered 

(30 μm filter, Miltenyi Biotec, Germany), washed twice by centrifugation (1000 rpm for 10 

min), and evaluated viability for cells with trypan blue. The cell concentration was adjusted to 

8 × 107 / ml (viable cells) and incubated in thermo-shaker TS-100 (Biosan, Latvia) at 37°C. 

2.4. Identifying VLF and O-DVLF 

2.4.1. Sample preparation.  

The sample preparation method was based on the principle of liquid-liquid extraction 

with ethyl acetate of the target component from the biological test matrix. In 2 ml Eppendorf 

tubes, 200 μl of the prepared homogenate was placed, 30 μl of 25% ammonia solution and 

1000 μl of ethyl acetate were added, stirred on a vortex shaker at 2500 rpm for 5 min. The tubes 

were then centrifuged at 10,000 rpm for 5 min, the upper fraction was collected in a volume of 

650 μl, placed in a vial, and chromatographic analysis was performed. 

2.4.2. UPLC-MS/MS analysis. 

The VLF  and O-DVLF detection was conducted by high-performance liquid tandem 

mass spectrometry (HPLC-MS/MS) [15,25] based on a Nexera XR liquid chromatograph 

(Shimadzu, Japan) with the Nucleodur C18 Gravity column (50 × 2.0 mm, 3 μm, 100 Å) 

(Macherey-Nagel, Germany) and the AB Sciex QTrap 3200 tandem mass spectrometer (AB 

Sciex, USA). The software Analyst 1.6 and MultiQuant 2.1 were used to collect and process 

chromatography data, respectively. 

The analytes were identified in MRM (multiple reaction monitoring) modes. The value 

of m/z for the VLF ion (parent ion) is 278.09, the value of m/z for the basic ion product is 58. 

The value of m/z for the ion O-DVLF (parent ion) is 264.1, the value of m/z for the basic ion 

product is 57.9. The chromatographic analysis was performed in isocratic mode. The 

composition of the moving phase is acetonitrile (eluent B) and an aqueous solution of 5 mm 

ammonium format with the addition of 0.1% formic acid (eluent A) in a ratio of 80:20. The 

flow rate was 0.30 ml/min—injection volume 1 μl. The column was thermostated at 40 ° C. 

Average venlafaxine retention time 1 min, O-DVLF - 0.85 min. Total chromatography time 

was 2 min. Quantitative analysis was carried out by absolute calibration by constructing a 

calibration relationship in the coordinates “nominal concentration of analyte - peak area” using 

the software package MultiQuant 2.1. The chromatographic peak area (arbitrary unit) and 

concentration (C, ng/ml) VLF and O-DVLF. 

2.5. Statistical analysis. 

Data were obtained in three series of experiments. Two measurements were taken each 

time. The results were processed by variation statistics using the STATISTICA 6.0 assay 
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package using the non-parametric Mann-Whitney U test. The values are presented in the form 

of mean arithmetic and standard error of the mean (M ± SEM), the reliability of the differences 

between the groups was noted at p < 0.05 [26]. 

3. Results and Discussion 

3.1. Method validation. 

The UPLC-MS/MS method used to quantify VLF and O-DVLF was tested. After its 

optimization, the appropriate calibration curves were constructed. They demonstrated perfect 

linearity in the range of 10.0–6000  ng/mL (at nine concentration levels of calibration 

solutions). The correlation coefficients (r) for VLF and O-DVLF were 0.99928 and 0.99918, 

respectively (typical equation: VLF: у = 453.821х – 435.833; O-DVLF: у = 25.908x – 24.132) 

(Fig. 1).  

Chromatograms of blank samples contained low-intensity peaks at the time of analyte 

retention. However, their signal was < 20% of the response of the analyte at the “lower limit 

of quantification” (0.5 ng/ml), which indicated that there was no effect of endogenous 

components of the biological matrix under study (test system) on the area of   VLF and O-

DVLF peaks. 

 
Figure 1. VLF and O-DVLF calibration curves in the hepatic homogenate of C57B1/6 mice. 

3.2. VLF analysis. 

The addition of VLF (150 ng/ml) to hepatic homogenate was accompanied by an 

expected decrease in its concentration during the experiment. Calculation of the 

chromatography data (Table 1) showed that by 24 h, its content in the cell suspension was 

135.99 ± 3.73 ng/ml (Figure 2, a). The preliminary introduction of the JNK inhibitor into the 

test system expressed increased the intensity of xenobiotic metabolism. In both cases (5 μM 

and 15 μM IQ-1S), there was a statistically significant decrease in VLF content at 30 min, 1 

and 2 h after cell culture was added (Figure 2, b). In addition, when IQ-1S was used at a 

concentration of 15 μM, the amount of the substance detected after 24 hours was also lower 

than in control.  

Thus, the blockade of JNK was accompanied by induction of venlafaxine metabolism, 

for the biotransformation of which the enzymes of the P450 family are known to be responsible 

[13-15]. 
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Table 1. Chromatographic analysis of VLF and O-DVLF in the hepatic homogenate of С57B1/6 mice after 

venlafaxine administration. 1 - without an inhibitor; 2 - with JNK inhibitor (5 μM), 3 - with JNK inhibitor (15 

μM), (M ± SEM). 

Time VLF O-DVLF 

Peak area, 

arb. unit 

Concentration (C), 

ng/ml 

Peak area, 

arb. unit 

Concentration (C), 

ng/ml 

30 min 1 62418.33 ± 320.29 145.45 ± 1.38 716.88 ± 20.35 1.35 ± 0.05 

2 62780.00 ± 706.60 139.32 ± 1.02* 819.54 ± 7.52* 1.60 ± 0.02* 

3 61945.00 ± 297.40 139.27 ± 0.57* 797.96 ± 8.91* 1.54 ± 0.02* 

1 h 1 65377.83 ± 1757.38 148.51 ± 2.90 949.10 ± 9.40 1.76 ± 0.07 

2 61673.50 ± 445.80* 139.89 ± 1.38* 999.74 ± 12.21* 1.94 ± 0.04* 

3 62563.83 ± 1165.91 138.65 ± 0.86* 1098.90 ± 22.39* 2.23 ± 0.05* 

2 h 1 65937.33 ± 451.33 147.26 ± 0.91 748.2 ± 42.36 1.43 ± 0.09 

2 60792.33 ± 568.66* 136.01 ± 0.42* 972.7 ± 11.1* 1.93 ± 0.03* 

3 61082.50 ± 224.77* 135.36 ± 0.41* 925.54 ± 16.93* 1.82 ± 0.04* 

4 h 1 62755.15 ± 468.83 139.98 ± 1.07 836.90 ± 5.13 1.62 ± 0.01 

2 63382.67 ± 1246.84 136.07 ± 1.79 984.72 ± 24.53* 1.90 ± 0.06* 

3 63275.67 ± 1443.64 136.93 ± 1.71 903.03 ± 23.63* 1.82 ± 0.05* 

24 h 1 60867.40 ± 1666.73 135.99 ± 3.73 864.22 ± 10.76 1.68 ± 0.02 

2 59717.17 ± 1908.70 129.20 ± 2.13 889.44 ± 18.96 1.73 ± 0.05 

3 56697.17 ± 1233.69 126.83 ± 2.78* 783.80 ± 8.16* 1.50 ± 0.02* 

* - differences of indicator with control (1) at p < 0.05  

 
Figure 2. VLF chromatograms 30 min, 1, 2, 4, and 24 h after venlafaxine administration to the hepatic 

homogenate. Here and in figure 4: a - a suspension of cells without an inhibitor; b - a suspension of JNK 

inhibitor cells (15 μM). 
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Figure 3. O-DVLF chromatograms 30 min, 1, 2, 4, and 24 h after venlafaxine administration to the hepatic 

homogenate. 

3.3. O-DVLF analysis. 

The introduction of venlafaxine into hepatic homogenate was accompanied by the rapid 

appearance of O-DVLF in the study material. The metabolite content per 30 min was 1.35 ± 

0.05 ng/ml. Subsequently, an increase in the studied parameter was observed. However, the 

increase in the concentration of O-desmethylvenlafaxine was not linear. Analysis of 

chromatographic data (Table 1) indicated that the value reached a maximum of 1 hour after the 

antidepressant was added to the cell suspension (1.76 ± 0.07 ng/ml). When it was determined 

for 2 h, some decrease of O-DVLF content in liver homogenate was recorded, indicating the 

further transformation of O-desmethylvenlafaxine with the formation of N-

desmethylvenlafaxine and/or other inactive metabolites of the initial compound by this term 
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[14, 15]. At the same time, an increase in the concentration of O-DVLF was observed at 4 and 

24 h of the study, comparable in level with that at 1 h after the introduction of venlafaxine into 

the hepatic homogenate (Table 1; Figure 3, a). 

Thus, the dynamics of the level of O-DVLF content in the test system reflected not only 

the intensity of its formation but also the nature of further transformations of O-

desmethylvenlafaxine. 

The addition of the JNK inhibitor to the culture medium had a pronounced effect on the 

biotransformation of the xenobiotic under study. Regardless of the protein kinase blocker dose 

used, a significant acceleration of venlafaxine metabolism and an increase in O-DVLF content 

in the hepatic homogenate were recorded. The concentration of O-DVLF was 118.5%, 110.2%, 

135.0%, 117.3%, and 114.1%, 126.7%, 127.3%, 112.3% by 30 min, 1, 2, 4 h with 5 μM and 

15 μM "IQ-1S," respectively (Table 1; Figure 3, b). The parameter under study reached the 

highest value after 1 h when introducing the JNK inhibitor (2.23 ± 0.05 ng/ml) into the cell test 

system. At the same time, its value by 30 min, 2, and 4 h was higher using a 5 μM activity 

modifier of this MAP kinase. The absence of unambiguous regularity in the change in 

chromatographic analysis data (Table 1) reflecting the content of O-DVLF in the cell 

suspension when using different concentrations of the JNK inhibitor confirms the complex 

transformations and conversions of venlafaxine and O-DVLF [15,27] in the test system used 

under the influence of probably different metabolizing systems (primarily different isoforms 

P450 [10,13]). Moreover, 15 μM of the JNK inhibitor caused a more intense metabolism of the 

antidepressant. The smaller values of the detectable O-desmethylvenlafaxine by 30 min, 2, 4 h 

were probably due to its faster further conversion [3,14]. This was supported by a reduction in 

O-DVLF concentration in the test system by 24 h of follow-up using a 15 μM JNK inhibitor 

(up to 89.3% from the control value). 

The findings suggest the involvement of the JNK-mediated pathway [18,22,23] in the 

regulation of metabolizing xenobiotics of liver cell function. In particular, the role of this 

secondary messenger concerning the transformation of one of the most effective 

antidepressants - venlafaxine [24,27], is reduced to the inhibition of the process of its 

biochemical modifications. The results of experiments indicate the induction of the metabolism 

of this drug under the influence of the JNK inhibitor (Figure 4).  

 

 
Figure 4. Mechanism of induction of venlafaxin metabolism with the JNK inhibitor. 
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The mechanism of the detected action of the protein kinase blocker is its participation 

in the regulation of the activity of not only the isoenzyme CYP2D6 (responsible for the 

formation of O-desmethylvenlafaxine), but also CYP2C19, CYP3A4, and CYP2C9 (the 

functioning of which is accompanied by the appearance, first of all, of inactive metabolites N, 

O-diosmethylvenlafaxine and their glucuronide conjugates) [3, 14]. The discovered properties 

of the JNK inhibitor can be used to develop a fundamentally novel approach to personification 

and increase the effectiveness of antidepressant therapy with venlafaxine [15,16,24,28]. Based 

on the revealed phenomena, the inactivation of JNK in liver cells can increase the level of drug 

transformation intensity in “weak metabolisants” (persons with a low level of CYP2D6 

expression, or in patients with liver diseases [4,5,14]) to that normal to such in the norm 

(“extensive metabolisants” of venlafaxine). 

4. Conclusions 

The experimental data indicate pronounced drug metabolism-inducing properties of the 

JNK inhibitor. These protein kinase activity modifier effects can be used to develop 

personalized approaches to venlafaxine antidepressant therapy. Also, the fundamental 

possibility of controlling the metabolism of pharmacological substances by modifying the 

activity of intracellular signaling molecules can serve as the basis for the creation of a novel 

class of pharmaceuticals - “targeted regulators of xenobiotics metabolism”. 
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