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Abstract: Natural products (e.g., polyphenols) have been used as biologically active compounds for
centuries. Still, the mechanisms of biological activity of these multicomponent systems are poorly
understood due to a lack of appropriate experimental techniques. The method of tritium thermal
bombardment allows for non-selective labeling and tracking of all components of complex natural
systems. In this study, we applied it to label two well-characterized polyphenolic compounds, peat
fulvic acid (FA-Vil8) and oxidized lignin derivative (BP-Cx-1), of predominantly hydrophilic and
hydrophobic character, respectively. The identity of the labeled samples was confirmed using size
exclusion chromatography. Using ultra-high resolution Fourier transform ion cyclotron resonance
mass spectrometry (FT ICR MS), key differences in the molecular composition of BP-Cx-1 and FA-Vil8
were revealed. The labeled samples (PH]-FA-Vi18 (10 mg/kg) and [®H]-BP-Cx-1 (100 mg/kg)) were
administered to female BALB/c mice intravenously (i.v.) and orally. The label distribution was
assessed in blood, liver, kidneys, brain, spleen, thymus, ovaries, and heart using liquid scintillation
counting. Tritium label was found in all organs studied at different concentrations. For the fulvic
acid sample, the largest accumulation was observed in the kidney (Cmax 28.5 mg/kg and 5.6 mg/kg,
respectively) for both routes. The organs of preferential accumulation of the lignin derivative were
the liver (Cmax accounted for 396.7 and 16.13 mg/kg for i.v. and p.o. routes, respectively) and
kidney (Cmax accounted for 343.3 and 17.73 mg/kg for i.v. and p.o. routes, respectively). Our results
demonstrate that using the tritium labeling technique enabled successful pharmacokinetic studies on
polyphenolic drugs with very different molecular compositions. It proved to be efficient for tissue
distribution studies. It was also shown that the dosage of the polyphenolic drug might be lower than
10 mg/kg due to the sensitivity of the >H detection technique.

Keywords: fulvic acid; lignin; polyphenolic composition; tissue distribution; pharmacokinetics;

intravenous; oral; tritium label

1. Introduction

Natural medicines have been used for ages in Asia to prevent and treat diseases, and
in recent time, natural products garnered substantial appreciation in the West [1]. The
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main reason is their beneficial safety profile characterized by low toxicity and rare adverse
effects. At the same time, well-documented studies on the safety and efficacy of natural
products are very scarce. These parameters depend heavily on both the composition and
pharmacokinetics of components comprising these complex systems. Hence, there is an
urgent need to develop a pharmacological basis for estimation of the efficacy of natural
medicine products [2]. Of particular interest is bioavailability, which defines the rate
and extent of absorption of an active ingredient of an administered drug. Depending on
the administered dose, plant polyphenols are reported to exert protective or toxic action
associated with their antioxidant or pro-oxidant effects [3,4]. A better understanding
of pharmacokinetics and bioavailability of phytopharmaceuticals is a prerequisite for
establishing rational dosage regimens. In addition, data on absorption and distribution
of active ingredients in body fluids and tissues are a requirement in drug development,
regardless of the route of administration [5].

Natural products of polyphenolic nature are diverse and include plant polyphenols
(e.g., flavonoids, tannins), lignins, and humic substances (HS). Oxidized lignin derivatives
with antioxidant activity can serve as a promising source of natural polyphenolic addi-
tives, which could successfully replace synthetic and semisynthetic compounds used in
cosmetic, pharmaceutical, and polymer compositions [6,7]. BP-Cx-1 is a water-soluble
multicomponent composition of polyphenolic compounds derived from lignin [8]. BP-Cx-1
is used as a platform chemical for a number of compositions with different activities. For
example, BP-C3 is a formulation of BP-Cx-1 with iron complex, selenium, ascorbic acid,
and retinol. Long-term treatment with BP-C3 causes anticarcinogenic and geroprotective
activity in female SHR mice [9]. BP-C3 was found to reduce the toxic effect of 5-fluorouracil
on hematopoiesis and intestinal epithelium, evidenced by preserved organ/body ratios
for the lymphopoietic organs, reduced anemia, and survival of the intestinal crypts [10].
BP-C2 is a composition of BP-Cx-1 and ammonium molybdate, which acts as a radioprotec-
tor/radiomitigator [11].

HS possess antioxidant activity due to the presence of multiple phenolic groups [12-15].
They are also known to display antiviral activity, anti-inflammatory, and other types of
biological activity [16,17]. The prospects of fulvic acid use as a pharmaceutical excipient are
discussed explicitly in several publications by Mirza et al. [18,19]. Other authors suggest
using peat humic acids for different therapeutic applications [20]. Despite these multiple
reports on the prospects of medicinal applications of HS, the data on their pharmacokinetics
are very scarce, as shown in the recent reviews and references therein [21,22]. This is mostly
due to complexity of these natural mixtures.

Various methods were developed for studying pharmacokinetics of complex mixtures.
High-pressure liquid chromatography mass spectrometry techniques (HPLC MS) can be
used for specific and sensitive detection of individual active compounds in blood plasma,
taking into account their stereochemistry [23]. Different modifications of HPLC MS al-
low for simultaneous detection of up to ten individual components of plant extracts in
biological samples [24,25]. Still, a lack of single fragmentation pattern and of a library of
standard compounds prevent the broader use of these methods for studying the pharma-
cokinetics of complex mixtures. The most powerful analytical technique for non-target
analysis of natural complex mixtures is Fourier transform ion cyclotron resonance mass
spectrometry (FT ICR MS) [26-28]. It is characterized by an unprecedented resolving power
reaching 1,600,000 at m/z = 400 for a flagman 21 T instrument and root mean square mass
measurement accuracy below 100 ppb [29]. Its application in the analysis of HS [30,31]
and lignins [32,33] has provided for substantial advances in understanding the structures
of the molecular components that comprise these complex mixtures. This has enabled
dereplication studies of HS aimed at examining feasible structures responsible for biologi-
cal activity of HS, e.g., antiviral activity [34]. However, severe limitations of FT ICR MS in
identification of individual components of complex mixtures due to isomeric diversity [35]
hinders its application for pharmacokinetics studies.
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From this point of view, tritium thermal bombardment, which enables incorporation
of the tritium label into carbon backbone by exchanging non-labile H-atoms with *H-atoms,
is a promising technique for non-selective labeling of natural multicomponent systems.
The use of this technique for HS was described in our previous publications [36]. Of
particular importance is that this technique ensures homogenous distribution of the [*H]
label among all components of HS. These [*H]-labeled HS samples were successfully
used for estimating the uptake of HS by bacterial cells (Escherichia coli) [37] as well as for
visualizing HS distribution in the plant tissues (wheat plants) [38].

This study is devoted to estimating the suitability of tritium-labeled natural prod-
ucts for use in pharmacokinetic studies. We incorporated the >H label into very different
polyphenolic materials, oxidized lignin derivative and peat fulvic acid, to reach this goal.
They were further administered in mice using intravenous injection and gavage. Sub-
stantially different doses were administered to determine the range of concentrations that
can be reliably detected with a use of liquid scintillation technique in the internal organs
of mice.

2. Materials and Methods
2.1. Sources and Structural Characterization of the Humic and Lignin-Derived Materials

Humintech Ltd. (Grevenbroich, Germany) provided a sample of FulvAgra® fulvic
acid (FA-Vil8). The sample is an ion-exchange resin isolate from the underground water
leaching the peat deposit. Nobel Ltd. (St. Petersburg, Russia) provided a sample of the
lignin-derivative (BP-Cx-1).

Elemental analyses (C, H, N) were performed on a Vario El Cube elemental analyzer.
Ash content was determined manually. Oxygen content was calculated as a difference
between the total weight (100%) and the sum of elements (CHN, % mass) calculated on
an ash-free basis. The H/C and O/C atomic ratios were derived from the contents of the
elements calculated on an ash-free basis (Table 1).

Table 1. Elemental composition of the fulvic acid and of the lignin-derived substance samples under
study (on an ash-free basis).

Sample C% H% N% 0% o/C H/C
Fulvic acid (FA-Vil8) 49.14 5.19 1.29 44.38 0.68 1.27
Lignin derivative (BP-Cx-1) 65.60 4.11 0.00 30.29 0.35 0.75

The quantitative solution-state '*C NMR spectra were acquired as described in our
previous studies [39] using a Bruker Avance 400 MHz NMR spectrometer (Bruker BioSpin
Ltd., Rheinstetten, Germany). The spectrometer operates at 100 MHz '3C frequency and is
located at the Lomonosov MSU, Moscow, Russia. Inverse gated decoupling and relaxation
delay of 8 s were used to provide quantitative conditions. The FA sample was dissolved in
0.1 M NaOD at a concentration of 100 g/L. The assignments were made after [39] and were
as follows (in ppm): 5-45—aliphatic H and C-substituted C atoms (CH,,), 45-56—aliphatic
C atoms in methoxyl groups (CH30), 56-111—aliphatic O-substituted C atoms (C,O),
111-144—aromatic H and C-substituted atoms (C,H(C)), 144-167—aromatic O-substituted
C-atoms (C,rO), 167-188—C atoms of carboxylic and esteric groups (COO), 188-220—C
atoms of quinonic and ketonic groups (C=0).

SEC was performed according to [40] using Toyopearl HW-55S resin (Tosoh Bioscience,
Griesheim, Garmany) as column packing. Column dimensions were 2 cm x 25 cm. A UV
absorbance detector was used at the wavelength of 254 nm. Phosphate buffer (0.028 M)
at pH 6.8 was used for elution. The elution rate was 1 mL/min. Polystyrenesulfonates
were used for calibration. Molecular weight in peak (Mp) was used as an estimate of
molecular weight.

Ultra-high-resolution mass spectra were acquired on a Bruker solariX 15 T FT ICR
mass spectrometer (Bruker Daltonics, Bremen, Germany) equipped with a 15 Tesla su-
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perconducting magnet and an Apollo II source in negative electrospray ionization mode
according to standard conditions [41]. Samples were injected with a constant flow rate of
120 pL/h, nebulizer gas pressure of 2.2 bar, and drying gas pressure of 4 bar at 200 °C.
Accumulation time was 0.4 s. The applied ESI voltages were 3600 V capillary voltage and
—500 V end plate offset. The spectra were acquired using a time transient of 4 MW. MS
parameters were optimized to reach a maximum of sensitivity in the m/z range 150-1000.
Transfer optic parameters were ToF of 0.6 ms, frequency of 4 MHz, and RF amplitude of
175 V. In total, 300 scans were acquired for each sample.

Molecular assignments were made using lab-made Transhumus software based on the
open-source R environment designed by A. Grigoryev and plotted into van Krevelen diagrams.
The parameters used for formula assignments were set with sensible chemical constraints
according to the literature: O/C ratio below or equal to 1, H/C between 0.3 and 2.2, element
counts (C atoms up to 120, H atoms up to 200, oxygen atoms between 1 and 60, N atoms
up to 1), and a mass accuracy window below 0.5 ppm (Da/MDa) [42]. The van Krevelen
diagram was binned into 20 cells, which were assigned to seven chemotypes: condensed
tannins, phenylisopropanoids, terpenoids, lipids, proteins, carbohydrates, and hydrolyzed
tannins. Occupational densities on van Krevelen diagrams for each chemotype (total intensity
of all signals corresponding to certain cells) were calculated after Perminova and the resulting
values were displayed on the histogram [43]. Common and unique molecular formulas have
been identified among the assigned formulas for BP-Cx-1 and FA-Vil8.

2.2. Tritium Labeling of the Fulvic Acid and the Lignin Derivative Used in This Study

The tritium labeling of BP-Cx-1 and FA-Vil8 samples was carried out as described
in [36,44]. The method implies substitution of hydrogen with tritium in the C-H bonds
of chemical compounds. It is achieved by explosion of the labeled compounds to a flux
of “hot” tritium atoms obtained by heating up a tungsten wire using electric current. To
minimize side processes, labeling is carried out by bombardment of a thin frozen layer
of the target on the walls of a reaction vessel, which is obtained by lyophilization of an
aqueous solution. As a result, the non-selective substitution of hydrogen with tritium occurs
while maintaining the chemical composition and structure of the molecules. Exchangeable
tritium atoms were removed with dialysis against 0.028 M phosphate buffer, as shown in
Supplementary Figure S1. Characteristics of the labeled compounds were confirmed using
SEC according to the procedure described in [44,45].

Using the parent sample, the concentration of [PH]-FA-Vi18 was adjusted to 0.93 mg/mL
(0.093%) before administration to mice in the dose of 10 mg/kg (based on the administration
volume of 0.2 mL per animal with a bodyweight of 18.6 g). The resulting specific activity
of [*H]-FA-Vi18 was 139 uCi/ mg. The sample of [®H]-BP-Cx-1 was dissolved in 0.9% NaCl
and pH was adjusted to 7.0 with 10 mM Nay;HPOj. Using the parent sample, concentration
of [*H]-Bp-Cx-1 was adjusted to 1% before administration to mice in the dose of 100 mg/kg
(based on the administration volume of 0.2 mL per animal with the bodyweight of 20 g).
The resulting specific activity of [®H]-BP-Cx-1 was 14.2 uCi/ mg.

2.3. Animals Welfare

Female BALB/c mice (animal facility Stolbovaya, Moscow District, Russia) were
quarantined for 14 days upon delivery. The animals were kept in T2 type IVC cages under
artificial 12 h light/dark cycle conditions, 21 £ 2 °C, average humidity of 20-50%, and ad
libitum access to laboratory chow (Laboratorkorm LLC, Moscow, Russia) and tap water.

Experimental animals were handled under the Guide for the Care and Use of Labora-
tory Animals, 8th edition. The study protocol was approved by the Local Ethics Committee
of the N.N. Petrov National Medical Research Center of Oncology (protocol no. 8; dated
18 June 2020). Experimental animals found in a moribund condition and at the end of
observation were euthanized with the guillotining method.
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2.4. Animal Study Design

Mice were administered the prepared tritium-labeled samples once via injection into
the tail vein using an insulin syringe with a 27 G needle or by gavage utilizing an insulin
syringe and a metal probe with a Luer type connector. The intravenous administration
was selected for achieving maximum bioavailability. Administration by gavage was
used to mimic the most preferable oral use of the drugs. Administration volume was
0.2 mL per mice. Intravenous administration was carried out using a plastic restrainer
without anesthesia.

Female BALB/c mice (72 animals) with body weights ranging from 18.5 to 22.5 g were
divided into groups, 3 per each sampling time point. For the i.v. route, sampling was
performed 5 min, 30 min, 1 h, 2 h, 6 h, and 12 h (24 h for [3H]- FA-Vil8) after injection.
For the oral route, sampling was performed 30 min, 60 min, 2 h, 6 h, 24 h, and 48 h after
administration. The mice were euthanized at the appropriate time point by the guillotining
method to ensure the fastest possible blood circulation stop and blood collection. For
both routes of administration, a whole blood sample was taken into a vial with K;EDTA.
Then, internal organs were excised to further evaluate the content of the labeled compound
in them (brain, liver, kidneys (both), heart, spleen, thymus, ovaries (both)). The organs
thoroughly cleaned of surrounding tissues were washed from blood in a cold solution
of 0.9% sodium chloride (400 mL, the solution was changed after every 3 animals at the
one-time point). Then, fluid residues were removed using filter paper, and organs were
placed in pre-marked and weighted glass vials for further detection of tritium.

2.5. Liquid Scintillation Counting (LSC)

The vials with organs were weighed, the weight of organs was calculated, and the
organs were dissolved in a solvent Solvable (PerkinElmer, Inc., Waltham, MA, USA)
according to the procedure recommended by the manufacturer. Then, all or part of the
preparation was mixed with a scintillation cocktail UlimaGold (PerkinElmer, Inc., Waltham,
MA, USA), and tritium radioactivity was measured using a liquid scintillation spectrometer
Tri-Carb 1600 (PerkinElmer, Inc., Waltham, MA, USA).

The content of the drug in the sample Co (mg/kg) was calculated with the equation:

DPM — BG

CO = 5 A= W % 2220000°

M

where DPM is the measured radioactivity (disintegrations per minute); BG is the back-
ground value, which was from 100 to 200 dpm for different series of preparations; P is
the part of the sample taken for the measurement; A is the specific radioactivity of the
[*H]-FA-Vi18 or [*H]-BP-Cx-1 (uCi/mg); W is the weight of the organ or tissue sample
(10’3 kg); and 2,220,000 is the conversion factor from dpm to pCi.

2.6. Calculation of Pharmacokinetic Parameters

The calculated individual values from three animals in the group were averaged (Sup-
plementary Tables S1 and S2); the arithmetic means were used to assess the bioavailability
and tissue distribution profile of the two compositions and to calculate the main pharma-
cokinetic parameters. Pharmacokinetic calculations were performed using the R Program
(version R-3.6.2 for Windows, 2019-12-12) (R Foundation for Statistical Computing, Vienna,
Austria) [46].

The following pharmacokinetic parameters were calculated: Cpayx is the highest
concentration of the sample; AUC. is the area under the concentration curve from the
time 0 to the last determined concentration at a time point t; Lz is the elimination rate
constant; AUC i, is the area under the curve from time 0 extrapolated to infinite time;
Ty /5 is the half-life; and MRT is the mean retention time in the body.
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3. Results

3.1. Structural Characteristics of the Parent and 3H-Labelled Samples of Fulvic Acid and Lignin
Derivative Used in this Study

The samples of peat FA and lignin derivative were characterized for elemental composition,
structural group composition, and molecular weight distribution. The obtained values of H/C
and O/C atomic ratios for the FA sample used in this study (Table 1) are indicative of the
predominantly aliphatic character of this sample (H/C is 1.27, which is much higher than one).
The high O/C ratio (0.68) is, in turn, indicative of the high contribution of oxidized groups
into the structure of this sample. These data are in sync with those published for FA in the
literature [47] and with the direct measurements of structural group composition of this sample
performed with 13C NMR spectroscopy (Table 2).

Table 2. Distribution of carbon among the major structural groups in the studied fulvic acid and
BP-Cx-1 samples (% of total C atoms by the 13C NMR data).

Sample CH, CH3;O CalkO Car CarO COO C=0 ZXCar XCar/ZCalk
FA-Vil8 28 5 12 22 8 20 5 30 0.67
BP-Cx-1 20 5 11 39 8 11 7 47 1.3

Unlike FA-Vil8, the sample of water-soluble lignin derivative BP-Cx-1 was charac-
terized by a low oxidation degree (O/C ratio of 0.35) and high contribution of aromatic
fragments into molecular structures (H/C ratio of 0.75) (Table 1).

The structural group composition is presented in Table 2. The FA-Vil8 sample is char-
acterized by the relatively low contribution of aromatic carbon (less than 30% of the total
carbon). At the same time, it contained a factor of 1.5 larger amount of aliphatics as com-
pared to aromatic carbon, which explains its low lipophilicity index (0.67; £Car/¥~Calk) [48]
and indicates high hydrophilicity of the FA sample. This sample is also characterized by
high contribution of carboxyl and carbonyl groups, >25% of the total C, which corroborates
well with high oxidation degree of the sample as measured by the elemental analysis. It is
typical for fulvic acids.

A distinctive feature of the lignin derivative sample (BP-Cx-1) is the presence of a
sharp peak at 55-58 ppm on the 1>*C NMR spectrum (Supplementary Figure S1), which is
related to methoxy groups—constitutive parts of lignin. High values of spectral density in
the range from 108 to 165 ppm of 3C NMR are consistent with the predominantly aromatic
nature of this compound. The aromatic carbon content in this sample accounts for 47%
of the total C: it represents the main part of BP-Cx-1. This sample contains carboxyl and
carbonyl groups formed during the oxidation of the starting lignin material. These two
groups constitute 17%, which is significantly less than in the FA-Vil8 sample (25%); these
data are in agreement with the lower oxidation of BP-Cx-1. The lipophilicity index of BP-
Cx-11is 1.3, which is two times larger than that of the FA-Vi18 sample. The obtained values
indicate the high hydrophobicity of the BP-Cx-1 sample. In general, the structural group
composition of the studied compound agrees well with the data for the lignin starting
material—a cross-linked polymer composed of phenylpropanoid units [49].

The molecular compositions of BP-Cx-1 and FA-Vil8 samples were analyzed using FT
ICR MS. Van Krevelen diagrams of assigned molecular formulas for BP-Cx-1 and FA-Vil8
are shown in Figure 1a,b.

The most substantial differences between BP-Cx-1 and FA-Vil8 samples were observed
in the high content of low-oxidized species (O/C < 0.5) in the lignin derivative, and in
predominance of highly oxidized components (O/C > 0.5) in the sample of fulvic acids.
Thus, the lignin-derivative was characterized with the dominance of condensed aromatic
compounds and lignin-like species, which occupy the range with the same O/C values
(O/C <0.5) and different H/C values (H/C < 1.0 and 1.0 < H./C < 1.4), respectively. This
is consistent with hydrophobic character of the lignin derivative under study.
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Despite the substantial differences between the molecular compositions of the samples
used in this study, they shared 2881 common formulae out of total 6382 and 6487 formulae
assigned to FT ICR MS data on BP-Cx-1 and FA-Vil8, respectively. Van Krevelen diagrams
for the unique and common molecular components of BP-Cx-1 and FA-Vil8 are shown
in Figure 1c,d. It can be seen that the both samples shared the common molecular com-
positions in the range of terpenoic, lignin-like, and flavonoid structures (Figure 1d). The
molecular formulae unique to BP-Cx-1 mainly populate the region of condensed tannins
(O/C < 0.5, H/C < 1.0) and phenylisopropanoids (O/C < 0.5, 1.0 < H/C < 1.4). The molecu-
lar components that are unique to FA-Vil8 were completely absent in these regions of the van
Krevelen diagram. On the contrary, the unique molecular components of FA-Vil8 were mainly
represented by hydrolyzed-tannins-like formulae (O/C > 0.5, 1.0 < H/C < 1.4), which were
absent in the BP-Cx-1 sample.

2.2 2.2

BP-Cx-1 FA-Vil8
1.8 1.8 1
1.4 1.4
L g
I =
1.0 4 1.0 1
0.6 - : R 0.6
a) CHO b)
0.2 . . : 0.2
0.00 0.25 0.50 0.75 1.00
o/c
2.2 2.2
1.8 1 1.8 1
1.4 1.4 1
Q Q
< s i
1.0 : 1.0
0.6 A 0.6 1 p ; ’
FA-Vi18
C 5 BP-Cx-1 d) BP-Cx-1 and FA-Vi18
0.2 1 y . - - 0.2 4 ' - )
0.00 025 050 075  1.00 0.00 0.25 0.50 0.75 1.00
o/C o/c

Figure 1. Van Krevelen diagrams of the (a) BP-Cx-1, (b) FA-Vil8, (c) unique formulae for BP-Cx-1
(green) and for FA-Vil8 (red), and (d) common formulas both BP-Cx-1 and FA-Vil8 (brown). The dot
size corresponds to the peak intensity in the mass list. On van Krevelen diagrams of all assigned
formulas (a,b), CHO formulae are highlighted in blue, and CHON in yellow.

Figure 2 visualizes the proportions of occupation densities (OD) in van Krevelen dia-
grams of general seven chemotypes characteristic for these two samples. These quantitative
data confirm the qualitative observations outlined above. It can be seen that the BP-Cx-1
sample is enriched with the most hydrophobic and low oxidized molecular components,
such as condensed tannins (OD 0.41 for BP-Cx-1 vs. OD 0.21 for FA-Vil8), phenyliso-
propanoids (0.26 vs. 0.23), and lipids (0.11 vs. 0.04), as compared to FA-Vil8. The most
tangible difference is observed in the comparison of the population densities in the region
of hydrolyzed tannins (O/C > 0.5, H/C < 1.4): FA-Vil8 is represented mainly by molecular
components of this class, while there are no formulae of this chemotype in BP-Cx-1 (0.03
for BP-Cx-1 vs. 0.37 for FA-Vil8).
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N BP-Cx-1
I FA-VIl8
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0.35

Occupational density
° ° ° o
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Tannins 1 i i Lipids Proteins Carbohydrates  Hydrolyzed Tannins

Chemotype

Figure 2. Occupational densities on van Krevelen diagram of each chemotype (condensed tannins,
phenylisopropanoids, terpenoids, lipids, proteins, carbohydrates, hydrolyzed tannins) for BP-Cx-1
(green) and FA-Vil8 (orange), which were calculated according to Perminova [43].

Thus, the conducted study on the molecular compositions of the BP-Cx-1 and FA-
Vil8 samples allowed us to conclude that BP-Cx-1 is enriched with condensed aromatic
hydrophobic components, whereas FA-Vil8 is rich in hydrophilic and oxidized molecular
components of predominately hydrolyzed tannins chemotype.

The following molecular weights were obtained for the analyzed samples: Mp = 5.9 kDa
for FA-Vil8, and Mp = 4.7 kDa for BP-Cx-1. Due to the high hydrophobicity of BP-Cx-1,
it was not possible to achieve its full recovery from the column. The molecular weight
of peat fulvic acid correlates well with the data reported for peat HS [40]. In general, the
FA sample can be characterized as predominantly aliphatic, highly oxidized, and with
relatively high molecular weight. The lignin derivative, on the contrary, is characterized
by high hydrophobicity, a low degree of oxidation, and a lower molecular weight. The
radioactivity and UV profiles of both samples used for the subsequent studies are shown
in Figure 3.

a b
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Figure 3. UV and radioactivity profiles of (a) tritium-labeled BP-Cx-1 and (b) tritium-labeled FA-Vi18.
A, is radioactivity normalized per total eluted radioactivity, OD is optical density. Radioactivity
profile is highlighted in orange and its appropriate scale is indicated with a left-oriented-arrow,
UV-profile is highlighted in blue, and its appropriate scale is indicated with a right-oriented arrow.

As seen in Figure 3, the radioactivity and UV profiles of both labeled samples are
substantially similar. This confirms that the label was incorporated in all components of the
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molecular ensemble of the FA-Vil8 and BP-Cx-1 samples, which were used in subsequent
bioavailability and tissue distribution studies. The suggested structures of the *H-labeled
components are shown in Supplementary Figure S1 (Supplementary Materials).

3.2. Distribution of the 3H-Labeled Fulvic Acid and BP Cx-1 in the Tissue of Mice

The 3H-labeled samples of peat fulvic acids and of lignin derivative were administered
intravenously and by gavage to mice. In the experiments with the *H-labeled fulvic acids,
none of the specific gross changes were observed in the internal organs of the sacrificed
animals. Tritium-labeled compounds were detected in all analyzed organs and tissues,
including the brain (Table 3). The tissue distribution profiles after intravenous and gavage
administration are shown in Figure 4a,b. All concentrations of *H-labeled compounds
in the tissues were calculated using eq 1. Cpax of [®H]-FA-Vi18 in all studied tissues was
observed at 5 min after intravenous injection and was the highest in kidneys (28.53 mg/kg),
blood (14.12 mg/kg), and liver (9.65 mg/kg), while the smallest values were observed in
the brain (0.69 mg/kg) of mice.

Table 3. The main pharmacokinetic parameters after intravenous injection of [*H]-FA-Vil8 at
10 mg/kg to female BALB/c mice (1 = 3).

Organ or Tissue

Index Blood Liver Kidneys Brain Spleen Thymus Ovaries Heart
Cmax, mg/kg 14.12 9.65 28.53 0.69 3.60 2.57 414 6.06
Tissue-to-blood ratio 1.00 0.68 2.02 0.05 0.25 0.18 0.29 043
Trmax, min 5 5 5 5 5 5 5 5
AUCpp h x mg x kg™' 2779 45.08 250.86 9.36 23.94 12.07 13.62 18.75
Lz, min~! x kg! 0.059  0.013 0.013 0.014 0.016 0.040 0.038 0.036
AUCpine, h x mg x kg1 34.6 164.2 884.9 319 71.8 19.6 21.6 312
Ty/2,h 11.7 53.7 522 48.0 42.0 17.4 18.4 19.7
MRT, h 12.6 76.4 74.1 69.0 59.7 24.0 23.6 25.7

The highest accumulation of [*H]-FA-Vi18 was observed in the kidneys (Figure 4a), re-
flected in the order of magnitude more significant value of AUC.p4 for this organ
(250.86 h x mg x kg~1) and tissue-to-blood ratio (2.02), which may be related to the metabolism
of FA-Vil8 in this organ. The largest half-lives were obtained for the liver (53.7 h), kidneys
(52.2 h), and brain (48.8 h), while the smallest one was for the blood (11.7 h). Thus, when
administered intravenously, FA was rapidly distributed from the bloodstream to the organs.

In the case of the oral administration, the Cmax in most tissues was reached in
half an hour (blood, liver, kidneys, heart, spleen, ovary). The maximum concentration
in the thymus was observed after 1 h, and in the brain after two hours. The highest
concentrations were obtained in the kidneys (5.6 mg/kg), liver (2.02 mg/kg), and blood
(1.99 mg/kg). The most considerable accumulation indicated by the AUC 45 values of
(25.32 h x mg x kg~!) and the values of tissue-to-blood ratio of 2.8 was observed in the
kidneys after the intravenous injection (Table 4).

Almost identical AUC_i,¢ for blood after oral and intravenous administration indicates
a high absolute bioavailability of FA-Vil8 after oral administration. The half-life of [*H]-FA-
Vil8 in the blood after oral administration (41 h) significantly exceeds that after intravenous
administration (11.7 h). This, along with a high AUCy value for blood, compared to
organs, indicates the relatively slow distribution of the orally administered drug from the
bloodstream (Figure 4b).

In the case of [PH]-BP-Cx-1, the brownish coloration of tissues and internal organs,
except for the thymus, was observed in the necropsied animals intravenously administered
with [3H]—Bp—Cx-1. Sixty minutes after intravenous injection of [®H]-BP-Cx-1, dark-brown
staining of the contents of the small intestine and cecum was observed, most pronounced
12 h after the injection. This might suggest intestinal excretion of [*H]-Bp-Cx-1. No
other gross changes of internal organs were observed. In mice necropsied 24 h after oral
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administration of [*’H]-BP-Cx-1, it was observed inside the lumen of the ascending colon
and in the cecum. No specific macroscopic changes of internal organs were noted.

The hydrophobic [*H]-BP-Cx-1 shows a slightly different pattern of organ distribution
than [*H]-FA-Vi18 (Figure 4c,d). It showed approximately equal accumulation of the drug
in the liver and kidneys with intravenous and oral administration. When administered
intravenously, the value for the liver was 396.7 mg/kg (Tmax = 5 min) and 343.3 mg/kg for
the kidneys (Tmax = 120 min), with accumulation coefficients of 2.56 and 2.21, respectively
(Table 5). When administered orally, the drug displayed maximum concentration in these
organs 120 min after injection. It was 16.13 mg/kg with an accumulation factor of 5.98 for
the liver and 17.73 mg/kg with 6.57 for the kidneys (Table 6). These results indicate that
[*H]-BP-Cx-1 is metabolized both by the liver and kidneys.

Compared to the fulvic acid, the lignin derivative has a higher affinity for ovarian
tissues (tissue-to-blood ratio was 0.29-0.17 for [*H]-FA-Vi18 and 0.75-0.43 for [°H]-BP-Cx-1
with the intravenous and oral route introduction, respectively) and spleen (tissue-to-blood
ratio 0.25-0.32 and 1.5-1.6 for the two drugs, respectively).

As in the case of [°H]-FA-Vi18, relatively low concentrations of [®H]-BP-Cx-1 were
found in the heart (5.4 mg/kg with intravenous and 0.16 mg/kg for gavage administration)
and in the brain (6.3 mg/kg). We also found a delayed dynamics of accumulation and
excretion of [*’H]-BP-Cx-1 from organs (Figure 4c,d): a significant decrease in concentra-
tion during the observation period with intravenous administration occurred only in the
blood (half-life 6.8 h), liver (half-life 14.6 h), and kidneys (half-life 15.5 h) (Table 5). The
elimination half-life of the gavage administered [*H]-BP-Cx-1 significantly exceeded that
of the intravenous one and was the largest for the kidneys (226.8 h) (Table 6). AUCq.j¢
for blood after gavage and intravenous administration accounted for 11.6%, indicating
low bioavailability of gavage-administered [*’H]-BP-Cx-1. The primary data on kinetics of
tissue distribution of [*H]-FA-Vil18 and [*H]-BP-Cx-1 in mice are given in Supplementary
Tables S1 and S2, respectively.
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Figure 4. Distribution profiles resulting from Log?2 scale transformation of the tissue concentrations of FA-Vil8 sample and
the lignin derivative BP-Cx-1 administered to female BALB/c mice. The radar profiles of planes (a) and (c) correspond to
single intravenous injection, and planes (b) and (d) correspond to single gavage administration of [*H]-labeled FA-Vi18
(10 mg/kg) and BP-Cx-1 (100 mg/kg), respectively.
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Table 4. The main pharmacokinetic parameters after gavage administration of [*H]-FA-Vil8 at
10 mg/kg to female BALB/c mice (n = 3).

Organ or Tissue

Index Blood Liver Kidneys Brain Spleen Thymus Ovaries Heart
Crax, mg/kg 1.99 2.02 5.6 0.51 0.64 1.37 0.34 0.86
Tissue-to-blood ratio 1.00 1.01 2.8 0.25 0.32 0.69 0.17 0.43

Tmax, min 30 30 30 120 30 60 30 30

AUCp4s h x mg x kg™! 18.15  24.11 25.32 15.46 16.84 13.13 1.72 789

Lz, h~1 x kg! 0.017  0.015 0.014 0.011 0.010 0.007 - 0.0001
AUCq i, h x mg xkg™! 33.3 452 54.0 38.2 454 48.6 - 47.7
Ty/2,h 41.0 44.9 50.9 60.6 66.9 96.8 - 88.7

MRT, h 59.3 63.7 734 89.1 98.8 142.9 - 133.5

Table 5. The main pharmacokinetic parameters after intravenous injection of [®H]-BP-Cx-1 at
100 mg/kg to female BALB/c mice (n = 3).

Organ or Tissue

Index Blood Liver Kidneys Brain Spleen Thymus Ovaries Heart

Crax, mg/kg 1552 396.7 343.3 6.3 233.3 282 115.7 54

Tissue-to-blood ratio 1.00 2.56 2.21 0.04 1.50 0.18 0.75 0.03
Trmax, min 360 5 120 360 5 60 720 5

AUCp;ph x mg x kg™! 12976  2650.0 3134.2 64.9 756.6 300.4 808.2 53.0
Lz,h™! x kg~! 0.102  0.047 - 0.045 0.063 - - -
AUCqins, h x mg x kg™! 21383 62425 - 1739  1649.0 - - -
T1/2,h 6.8 14.6 - 15.5 10.9 - - -
MRT, h 15.5 - - 64.7 11.5 - - -

Table 6. The main pharmacokinetic parameters after gavage administration of [*H]-BP-Cx-1 at
100 mg/kg to female BALB/c mice (1 = 3).

Organ or Tissue

Index Blood Liver Kidneys Brain Spleen Thymus Ovaries Heart
Cmax, mg/kg 2.70 16.13 17.73 2.10 4.33 7.33 117 0.16
Tissue-to-blood ratio 1.00 5.98 6.57 0.78 1.60 2.72 0.43 0.06
Trax, min 120 120 120 30 120 120 360 120
AUCg4s h x mg x kg™! 73.1 275.4 227.7 58.3 74.7 76.0 36.4 29
Lz,h~1 x kg™! 0.007 - 0.003 0.012 0.010 0.015 - 0.005
AUCqinr, h x mg x kg™! 2485 - 1536.6 136.4 193.5 135.4 - 15.9
Ti/2,h 91.2 - 226.8 55.9 68.6 44.1 - 150.5
MRT, h 133.1 - 322.6 82.6 97.8 58.4 - 221.1

4. Discussion

The study was performed to compare the bioavailability and tissue distribution of
two natural polyphenolic products: the polyphenolic ligand BP-Cx-1 (lignin derivative)
and natural fulvic acids isolated from water-seepage of the underground peat deposit
(FA-Vil8), administered intravenously or orally to Balb/C mice. The materials differed
substantially in chemical structures and hydrophobicity: the lignin derivative was rich in
hydrophobic low-oxidized structures such as condensed tannins, lignin-like molecules,
and terpenoids, and completely lacked hydrolysable tannins, whereas the sample of fulvic
acids was depleted of the least oxidized subgroups of condensed tannins and very rich
in hydrolysable tannins. The observed differences in molecular compositions were in
sync with the lower content of oxygen in the BP-Cx-1 sample as well as with the higher
contribution of aromatic versus aliphatic carbon as determined from '3C NMR data. All
structural parameters measured were indicative of much higher hydrophobicity of the
lignin derivative used in this study (BP-Cx-1) as compared to the peat fulvic acid (FA-Vil8)
sample. The obtained data corroborate well with the dominating types of structural motifs
reported for lignins and fulvic acids, such as phenyisopropanoic units and hydrolyzable
tannins, respectively [34,49].

For the purposes of this study, of particular importance is that despite the substantial
differences in the partial structures of the phenolic compounds used in this study, appli-
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cation of the tritium bombardment technique gave consistent results for both materials.
It was shown that the radioactivity and UV profiles of the labeled samples did not differ
from the parent samples. This is indicative of homogeneous (non-selective) distribution
of the label among all components of the molecular ensembles of the both polyphenolic
samples used in this study, FA-Vil8 and BP-Cx-1.

We utilized the radioactive tritium label to detect the total concentration of the labeled
samples and their metabolites in the blood and animals’ organs (the corresponding data are
shown in Supplementary Tables S1 and S2). In our previous studies [38], we showed that
the method of introduction of the tritium label does not affect the chemical properties of the
labeled compounds and allowed us to surmise on the behavior of the parent compounds.
To determine the range of concentrations, which can be reliably determined in vivo with
the use of liquid scintillation technique after administration in the internal organs of mice,
we used administration dosage covering an order of magnitude: 10 mg/kg in the case of
FA-Vil8 sample and 100 mg/kg in the case of BP-Cx-1.

The present in vitro study showed that the maximum blood concentrations for the
FA-Vil8 are at 14.12 mg/kg when administered intravenously and 1.99 mg/kg when
gavage administered at a dose of 10 mg/kg. Moreover, when gavage administered, the
liver, kidneys, and thymus accumulated the drug in high concentrations. In our previous
studies on antiviral efficacy of humic materials of the similar nature, it was shown that the
EC50 for HIV ranged from 0.98 to 6.7 mg/L [16]. At the same time, for the TBEV virus,
the EC50 for the humic samples ranged from 0.14 mg/L to 0.9 mg/L [34]. In this study,
for the polyphenolic BP-Cx-1, the maximum blood concentrations were 2.70 mg/kg when
administered per gavage and 155.2 mg/kg when administered intravenously at a dose of
100 mg/kg. Thus, the present in vivo study showed that the previously reported effective
doses for both drugs are achieved after a single administration including administration
per gavage.

The proposed approach enabled quantitative comparison of the accumulation kinetics
of the studied samples in various organs. The substantial differences were found between
the hydrophilic fulvic acid and the hydrophobic lignin derivative. For the FA-Vil8 sam-
ple, regardless of the administration route, the kidneys were the organs of predominant
retention, while the liver accumulated these compounds to a much lesser extent. BP-Cx-1
appeared to accumulate mainly in the liver and kidneys. Given that the tritium label
remains in the metabolites of the tested compounds, we suggest that the kidneys and the
liver are the major organs of metabolism of these compounds. Our conclusions seem to be
in agreement with the data for other polyphenolic compounds, such as quercetin [50].

5. Conclusions

The use of tritium-labeled peat fulvic acids and lignin derivative approach appears to
be well suited for studying the pharmacokinetics, absorption, distribution, metabolism, and
excretion (ADME) of complex organic mixtures, such as humic substances (HS) and lignins.
For complex multicomponent mixtures, the proposed method of non-selective tritium
labeling with a use of the thermal bombardment technique has a substantial advantage
over the traditional approaches for identification of individual chemical compounds in
biological media, and it enables us to detect components of the labeled mixture regardless
of their specific structural patterns. A ratio of aromatic to aliphatic moieties as measured
by 13C NMR spectroscopy was shown to be a reliable predictor of lipophilicity of the
polyphenolic mixtures in ADME studies. The obtained results may lay the groundwork
for designing in vivo pharmacokinetic studies on complex polyphenolic drugs (e.g., HS)
with the use of tritium label. The proposed approach can be easily extended to other
complex natural products, their metabolites, and phytochemicals, affirming its broad
scientific significance.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/10
.3390/biomedicines9121787/s1, Figure S1: Schematic representation of the structure of the labeled
products within FA or lignin derivative mixtures after application of thermal tritium bombardment
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technique (left side structure) followed by purification from the mobile 3H atoms with a use of
dialysis against 0.028 M phosphate buffer (right side structure). The resulting products carry only
immobile 3H atoms within skeleton structures of FA and lignin derivative, Table S1: Tissue content
of [®H]-FA-Vi18 after intravenous injection or by gavage of 10 mg/kg to female BALB/C mice
(M £ SEM, n = 3), Table S2: Tissue content of [’H]-BP-Cx-1 after intravenous injection or by gavage
of 100 mg/kg to female BALB/C mice (M £ SEM, n = 3). Supplementary materials contain Figure S1,
which shows dialysis process and feasible structures of the resulting labeled products, Tables S1
and S2 present the data on tissue and organs distribution of [®H]-FA-Vil18 and [*H]-BP-Cx-1 in
mice, respectively.
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