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ARTICLE INFO ABSTRACT

Keywords: Natural products, such as humic substances (HS) and shilajit, are known to possess antiviral activity. Humic-like
Humic acid components are often called as carriers of biological activity of shilajit. The goal of this study was to evaluate
Fulvie acid anti-HIV activity of well characterized HS isolated from coal, peat, and peloids, and compare it to that of water-
i};ltlf:ilrtal soluble organic matter (OM) isolated from different samples of Shilajit. The set of humic materials included 16
HIV samples of different fractional composition: humic acid (HA), hymatomelanic acid (HMA), fulvic acid (FA). The
Structure-activity set of shilajit OM included 19 samples of different geographic origin and level of alteration. The HIV-1 p24
13¢ NMR antigen assay and cell viability test were used for assessment of antiviral activity. The HIV-1 Bru strain was used
FTICR MS to infect CEM-SS cells. The obtained EC50 values varied from 0.37 to 1.4 mg L™ for the humic materials, and
ChemBL data-mining from 14 to 142 mg L ™! for the shilajit OM. Hence, all humic materials used in this study outcompeted largely the

shilajit materials with respect to anti-HIV activity: For the humic materials, the structure-activity relationships
revealed strong correlation between the EC50 values and the content of aromatic carbon indicating the most
important role of aromatic structures. For shilajit OM, the reverse relationship was obtained indicating the
different mechanism of shilajit activity. The FTICRMS molecular assignments were used for ChEMBL data mining
in search of the active humic molecules. As potential carriers of antiviral activity were identified aromatic
structures with alkyl substituents, terpenoids, N-containing analogs of typical flavonoids, and aza-
podophyllotoxins. The conclusion was made that the typical humic materials and Shilajit differ greatly in mo-
lecular composition, and the humic materials have substantial preferences as a natural source of antiviral agents
as compared to shilajit.

antiretroviral drugs (Karamov et al., 2018; Moskaleychik et al., 2015).
Moreover, the pandemy of COVID-19, which hit already more than 5

1. Introduction million people globally, shows how limited a pool of antiviral drugs is
(Dong et al., 2020; Ford et al., 2020; Li and De Clercq, 2020). In this

Fast evolution and mutation of viruses set forward a need for new respect, the natural supramolecular systems of biologically active com-
antiviral agents suitable for treatment of drug-resistant infections. The pounds might be of particular value. Humic substances (HS) have been
multiple strains of the influenza viruses show resistance to adamantane known for a long time for their antiviral activity (Helbig et al., 1997;
derivatives (Dong et al., 2015), the herpes virus family — to acyclovir Jooné et al., 2003; Klocking et al., 2002). The different fractions of
(Pottage et al., 1995), retroviruses — to azithromycin (Jeeninga et al., natural HS and synthetic HS-like materials are active against HIV (Botes
2001). Due to a vast genetic diversity, the human immunodeficiency et al., 2002; Brucolleri et al., 2013; Kornilaeva et al., 2019; Schneider

virus (HIV) develops quickly the resistance to monomolecular

* Corresponding author. Leninskie Gory 1-3 119991, Moscow, Russia.
E-mail address: iperm@org.chem.msu.ru (I.V. Perminova).

https://doi.org/10.1016/j.envres.2020.110312
Received 15 May 2020; Received in revised form 8 September 2020; Accepted 2 October 2020

Available online 14 October 2020
0013-9351/© 2020 Elsevier Inc. All rights reserved.


mailto:iperm@org.chem.msu.ru
www.sciencedirect.com/science/journal/00139351
https://www.elsevier.com/locate/envres
https://doi.org/10.1016/j.envres.2020.110312
https://doi.org/10.1016/j.envres.2020.110312
https://doi.org/10.1016/j.envres.2020.110312
http://crossmark.crossref.org/dialog/?doi=10.1016/j.envres.2020.110312&domain=pdf

Y.V. Zhernov et al.

Environmental Research 193 (2021) 110312

List of abbreviations

AZT Azidothymidine

CC50 50% cytotoxic concentration

CHA Coal humic acids

CHG Coal gray humic acid

ChEMBL a manually curated database of bioactive molecules with
drug-like properties

EC50 50% effective concentration

FA Fulvic acid

HA Humic acid

HCMV  Human cytomegalovirus

HIV Human immunodeficiency virus
HMA Hymatomelanic acid

HS Humic substances

HSV-1  Herpes simplex virus-1
HSV-2  Herpes simplex virus-2
MOI Multiplicity of infection
PAs Polyanions

PelHA  Peloid humic acid

PelFA Peloid fulvic acid

PelHMA Peloid hymatomelanic acid
PFA Peat fulvic acid

PHA Peat humic acid

RAL Raltegravir

RSV Respiratory syncytial virus

RTI Reverse transcriptase inhibition
SI Selectivity index

SM Shilajit materials

TBEV Tick-borne encephalitis virus

et al., 1996; Van Rensburg et al., 2002; Zhernov et al., 2017; Zhernov,
2018), influenza virus A/WSN/1933 (H1N1) (Lu et al., 2002), herpes
simplex virus-1 (HSV-1) (Klocking et al., 2002), Coxsackie virus A9
(Klocking et al., 1972), tick-borne encephalitis virus (TBEV) (Orlov
et al., 2019).

HS are the products of deep chemical and microbial oxidation of
bioprecursors - lignins, tannins, peptides, cellulose, lipids, terpenoids,
released from the remnants of plants and animals (Stevenson, 1994).
These oxidized biomolecular precursors are assembled into supramo-
lecular multicomponent systems of carboxyl and hydroxyl rich mole-
cules. Given the presence of extended carbon backbone in these
molecules, they can be considered as carboxylated polyanions (PAs).
The latter have been intensively studied as components of microbicides
aimed at prophylactics of viral infections (Zhernov and Khaitov, 2019;
Zhan et al., 2016; Andrae-Marobela et al., 2013; Daglia, 2012). Shialit is
another natural biologically active material, which is commonly used in
traditional medicine (Agarwal et al., 2007). It is represented by brown to
blackish-brown resinous matter found in the different mountain regions
and considered to be a complex product of biotransformation of plant
residues (Agarwal et al, 2007). Shilajit was reported as a
dose-dependent inhibitor against HSV-1, HSV-2, human cytomegalo-
virus (HCMV), and respiratory syncytial virus (RSV) (Cagno et al.,
2015). These are humic-like components, which are suggested to pro-
vide for multiple therapeutic properties of Shilajit (Schepetkin et al.
2003, 2009). However, the studies on direct comparison of the biolog-
ical activity of HS from different sources (e.g., soil. peat, coal) and shi-
lajit, as well as on the corresponding structure-activity relationships, are
missing.

In our previous study on the anti-HIV activity of HS isolated from
peloids (fresh water bottom sediments), we observed that the strongest
inhibiting activity was characteristic of the most hydrophobic fractions
of humic (HA) and hymatomelanic acids (HMA) (Zhernov et al., 2017).
The most hydrophilic fraction of fulvic acid (FA) had the least activity.
The structure-activity analysis revealed direct relationship between
antiviral activity and the ratio of aromatic to aliphatic structures (lip-
ophilicity index) of the different humic fractions used, and the inverse
relationship with their carboxylic and total acidity. Given these previous
results, we expanded largely the set of HS samples on the account of the
most hydrophobic natural HS isolated from coal and peat. In addition,
we included a broad set of crude shilajit samples to facilitate a direct
comparison of biological activity of these two different natural products.

2. Materials and methods
2.1. Humic and shilajit materials used in this study

A set of humic and humic-like materials included 16 fractionated HS

samples (HA, FA, HMA, as well as gray humic acid (CHG) from natural
sources (coal, peat, peloid), one sample of oxidized lignin, and one
sample of synthetic FA. Four samples of coal humic acids (CHA) were
isolated by precipitation with acid followed by dialysis from the
commercially available samples of potassium humates (Powhumus,
Irkutsk Humate, Sakhalin Humate, Activated Humic Acid) and desig-
nated as (CHA-P), (CHA-I), (CHA-S), and CHA-A, respectively. One
sample was isolated from lignite of the Baikal region (CHA-G) using
alkali extraction (0.3 M NaOH). Peat HS included highmoor humic acid
(PHA-T) and fulvic acid (PFA-5); lowmoor non-fractionated HS (PHF-1),
and humic acid (PHA-1, PHA-3). Peloid humic materials were extracted
from bottom sediments of the Molochka lake in Samara region and
included humic acid (PelHA), fulvic acid (PelFA) and hymatomelanic
acid (PelHMA). Peloid HS were extracted and fractionated according to
the scheme described in our previous publication (Zhernov et al., 2017).
The samples set also included veterinary pharmaceutical drug Ligfolum
produced from the oxidized lignin, and a fulvic-like fraction of synthetic
HS (MHQ-FA) synthesized via oxidative polymerization of phenols as
described by (Zherebker et al., 2015). The latter represented a structural
analogue of HS with the known molecular features.

Seventeen samples of raw shilajit materials originated from the
different geographic regions (the Altai mountains in Russia and
Mongolia, the Aldan river basin in Yakutia, Central Asia, the Caucasus).
They were homogenised and dissolved in distilled water. Water extracts
were centrifuged to separate insoluble part, and dried in a vacuum oven
at temperature of 45 °C. This way 17 samples of shilajit mateials (SM)
were prepared. The set of samples also included Altai “Golden mumiyo”
(Sh-Alt, Russia) and Himalayan “Shilajit Dabur” (Sh-Him, India) phar-
maceutical shilajit preparations.

The full set of humic and shilajit materials used in this study, along
with their CHNO elemental compositions are listed in Table S1 in Sup-
plementary Material.

2.2. Structural characterization of the HS and shilajit materials

13¢ NMR spectra were acquired using a Bruker Avance 400 NMR
spectrometer operating at 400 MHz proton frequency. All humic and
shilajit solutions were prepared as following: a weight of 45 mg of a
sample was dissolved in 0.6 mL of 0.3M NaOD/D20 with isotope purity
of 99+% (Aldrich). For suppressing the nuclear Overhauser effect, the
broadband decoupling from protons was switched off for the relaxation
delay time. The relaxation time delay was 7.8 s in accordance with the
conditions described by (Kovalevski et al., 2000). The NMR assignments
were made after (Hertkorn et al., 2002): carbon of alkyl chains (CHn) —
0-50 ppm; carbon of alkoxide groups CH30 — 50-58 ppm, CH20 - 58-65
ppm, CHO - 65-90 ppm, and OCO — 90-110 ppm; aromatic carbon
bonded with H or C atoms (Car) — 110-145 ppm; aromatic carbon
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bonded with oxygen (CarO) — 145-165 ppm; carbon of carboxylic
groups (COO) — 165-187 ppm; carbon of carbonyl groups (C=0) —
187-220 ppm. In case of shilajit samples characterized with significant
content of nitrogen (see Table S3 in Supplementary Material), the
spectral intervals of 50-65 and 165-187 ppm were also attributed,
respectively, to CH-N groups of amino acids and to amide structures
(CO-N).

2.3. Compilation of the FTICR MS data set for the HS and shilajit
materials

For characterization of molecular space of the set of HS samples used
in this study the previously published FTICR mass-spectrometric data
(peak lists) were used for CHA-G, CHA-P, CHA-S, PelHA, PelHMA,
PekFA, PHA-5, PFA-5, MHQ-FA were used (Orlov et al., 2019; Zhernov
et al., 2017). Mass-spectrum of the Shelajit sample Sh1l was obtained
using 7T FTICR MS Apex Ultra (Bruker Daltonics, Germaby) equipped
with the harmonized cell (Nikolaev et al., 2011) and electrospray ioni-
zation (ESI) source operating in negative ion mode. The spectra were
acquired with a time domain of 4 megawords in ESI (—) and 300 scans
were accumulated for each spectrum. Resolving power was 530 000 at
m/z = 400. Here all spectra were first externally calibrated using the
synthesized carboxylated polystyrene as described previously (Zher-
ebker et al., 2017), followed by internal calibration using fatty acids
residual signals (Sleighter et al., 2008) which yielded accuracy values <
0.5 ppm. Only peaks with a signal to noise (S/N) ratio exceeding 6 were
used for formulae assignment.

Molecular compositions were assigned using the open source
browser-based application UltraMassExplorer created by Leefmann
et al. (http://dockersrvl.awi.de:3838/ume) (Leefmann et al., 2019).
The pivot table with all assigned formulae is presented in Supplementary
file Table S5. The generated CHONS formulas were validated by setting
sensible chemical constraints typical for DOM (O/C ratio < 1, 0.3<H/C
ratio < 2.2, element counts (C <120, H < 200,0<0 <60,N<2,S<1)
and mass accuracy window < 0.5 ppm) (Kunenkov et al., 2009; Sleighter
et al., 2007). Additionally, for HS only formulae presenting in at least
two samples were considered. All formulae were further divided into
three categories according to a modified aromaticity index (Alpod)
proposed by (Koch et al., 2016) Alyoq was calculated according to the
following equation (1):

1+C—0.50—S—05(N +H)
C—050-N-5

Alyoa = (@9)

where C, H, O, N, S are the numbers of atoms in molecular formulae.

2.4. HIV-1 p24 antigen assay and cell viability test

The HIV-1 Bru strain was used in this study to infect CEM-SS cells
which were derived from the human lymphoblastoid cell line CEM that
expresses high levels of the CD4 antigen (Wain-Hobson et al., 1991). The
cells were cultured in the suspension medium RPMI-1640 (Gibco) con-
taining 10% FCS. The CEM-SS cells were cultured at a density of 7.0 x
10*/well and infected with HIVpgy at the multiplicity of infection (MOI)
of 1. All solutions of the HS and shilajit samples were sterilized using
0.22 pm syringe-filters (Merck Millipore Ltd) and stored at —20 °C until
use. CEM-SS cells were incubated for 24 h in the absence and presence of
HS and SM samples in 96-well plates. The HS and shilajit samples were
homogeneous and stable throughout the incubation period in a 96-well
plate. As a control, we used the reference HIV-1 inhibitors: the reverse
transcriptase inhibitor Azidothymidine (AZT) and the integrase inhibi-
tor Raltegravir (RAL). They were purchased from Sigma-Aldrich. After 3
days following three washings, CEM-SS cells were cultured in 96 well
plates for 3 days to measure p24 release. The level of virus replication
was detected by ELISA using a «HIV-1 p24 antigen-ELISA-BEST » test
system (Vector-Best, Novosibirsk, Russia). The effects on cell viability
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were monitored by MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl
tetrazolium bromide) assay, which measures the reduction of yellow
MTT to purple formazan by mitochondrial enzymes (Mosmann, 1983).

2.5. Statistical analyses

EC50 and CC50 values were calculated using GraphPad Prism v.5.00
software (GraphPad Software, La Jolla, CA). The approximation for
sigmoidal dose-response was used with variable slope by setting the
following constraints: fixed top of 100, and fixed bottom of 0. As internal
acceptance criteria, R? values were set to >0.9. The therapeutic value of
the drug was estimated using the selectivity index (SI). It is calculated as
a ratio of 50% cytotoxic concentration (CC50) to 50% effective con-
centration (EC50). Statistical significance was determined using one-
way Anova with the Bonferroni post hoc test (p < 0.0001).

2.6. ChEMBL data mining and analysis

ChEMBL data retrieval was performed similarly to the previously
developed pipeline (Orlov et al., 2019; Fedoros et al., 2018). MySQL
edition of ChEMBL26 was used for data mining. Briefly, ChEMBL dump
file was put into a local MySQL database. All molregno and canon-
ical_smiles entries were extracted from compound structures table. Entries
of canonical smiles field containing disconnected fragments (entries
containing “.” symbol) were additionally preprocessed in the following
way. All entries were split at . symbol and the largest SMILES substring
was kept. Compounds corresponding to these SMILES were further
neutralized using RDKit (RDKit: Open-source chemoinformatics;
http://www.rdkit.org). rdMolStandardize module and formulae for all
found compounds were generated using RDKit. Then the formulae of the
samples with the Spearman rank correlation coefficient with EC50 lower
or equal to —0.7 (339 formulae) were searched among all formulae from
the ChEMBL data base. The data on compound structures (com-
pound structures), activities (activities), bioassays (assays), etc. were
extracted from ChEMBL. To retrieve the activity entries relevant to HIV,
case insensitive substring query searching using ‘HIV’ and ‘human im-
munodeficiency’ strings was performed in assays.description and assays.
organism, assays.mc_organism fields. All extracted entries were manually
analyzed.Network-based representation was constructed using Data-
Warrior (v.5.2.1) software (Sander et al., 2015). Stereo-depleted SMILES
strings were used for the calculation of DataWarrior’s FragFP finger-
prints and network building. Tanimoto index cut-off was set to 0.8. Thus,
each network node corresponds to the structure (with removed stereo-
chemistry information) and edge corresponds to structural similarity
index above cut-off.

3. Results and discussion

3.1. Antiviral activity and cytotoxicity of the humic and shilajit materials
used in this study

The cytotoxicity of the humic and shilajit samples with respect to the
CEM-SS cells was assessed using MTT assay. For the majority of the
humic and shilajit samples at a concentration of 1000 mg L7, the
mitochondrial activity was above 80%. Ligfolum exhibited low toxicity
(CC50 =708 mg L™1). The FA samples under study at a concentration of
1000 mg L~ also caused a decrease in mitochondrial activity below
80%, but it was still above 70%. The obtained results are indicative of
good safety profile both for humic and shilajit materials used in this
study.

The typical dose-inhibition curves against HIV-1 infection for the
humic and shilajit materials of different origin and/or fractional
composition are shown in Fig. 1. The full set of the EC50 values obtained
for the humic and Shilajit samples used in this study is summarized in
Table 1. It can be seen that the humic materials were characterized with
much higher inhibitory activity with respect to HIV-1 replication in
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Fig. 1. The typical dose-inhibition curves for the humic and shilajit materials
from different sources and/or fractional composition (n = 3; R>0.9). The
samples are highlighted as follows: coal HA (red), peloid FA (violet), peat HA
(orange), peloid HMA (green), non-altered Sh (black), altered Sh (brown),
Ligfolum (blue). (For interpretation of the references to color in this figure
legend, the reader is referred to the Web version of this article.)

CEM-SS cells as compared to the water extracts of Shilajit samples used
in this study. The EC50 values of humic materials (Table 1) ranged from
0.37 to 1.41 mg L™}, whereas for the of shilajit samples they did not
exceed 14 mg-L™ 1.

The highest activity was observed for the most hydrophobic and
aromatic enriched coal humic acids. The comparable activity was
characteristic for the peloid humic acids and hymatomelanic acid. Peat
HA had intermediary activity, and the lowest activity was observed for
low molecular weight oxidized FA is significantly lower. At the same
time all Shilajit samples had the least activity. The altered shilajit
samples were characterized with the higher activity as compared to the
non-altered ones.

The EC50 values measured for coal and peloid HA and HMA ranged
from 0.37 to 0.72 mg L' outcompeting the oxidized lignin sample
Ligfolum (0.96 + 0.11 mg L™1). The reference HIV-1 inhibitors pre-
dictably showed better activity than the HS samples used in this study:
The EG50 values determined for AZT and RAL were 5.5 and 3.4 ng L™},
respectively. Some of the EC50 values found for coal and peloid HA were
even lower than the best reported values for the synthetic carboxylated
polyanions (PA) (0.76-0.97 mg L_l) (Leydet et al., 1998; Savage et al.,
2014; Schols et al., 1991) indicating high activity of the humic materials

Table 1
The antiviral activity of the humic and shilajit materials used in this study.
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used in this study, which can be treated as humic PAs. The EC50 value of
the highmoor peat HA (PHA-5) (0.79 mg L_l) was close to coal HA,
whereas the corresponding values for the lowmoor HA and
non-fractionated HS were in the range from 1.13 to 1.22 mg L™'. The
EC50 values of all FA samples ranged from 1.26 to 1.41 mg L™'. The
similar activity had the synthetic FA (MHQ-FA) (1.27 mg L. It should
be noted that this synthetic FA was obtained by oxidative poly-
condensation of hydroquinone with model phenylpropanoic acid
(Zherebker et al., 2015). It was enriched with aliphatic, carboxyl and
OCO fragments despite the aromatic nature of the monomers. The car-
bon distribution in this sample was characteristic of fulvic acids, for
example, PFA. This might be indicative of lower activity of more
oxidized, hydrophilic, low molecular weight humic materials (e.g., FA
fractions) as compared to more hydrophobic, enriched with aromatic
structures humic materials (e.g., HA, HMA, gray HA fractions).

For better visualization of the differences in anti-HIV properties be-
tween humic and Shilajit materials, we plotted all EC50 values and
selectivity index (SI) values in Fig. 2. The clustering of shilajit materials
is visible in Fig. 2B: three groups of shilajit materials can be distin-
guished with similar activity within the cluster (each cluster is marked
with different colors). All 19 shilajit samples used in this study were
characterized with two orders of magnitude lower anti-HIV activity as
compared to the humic materials (Fig. 2B, Table 1). The EC50 values
measured for the shilajit samples ranged from 14 to 142 mg L1, The
selectivity index (SI) for all studied samples of the shilajit (except for
Sh29 sample) did not exceed 10. Even the EC50 values of the least active
samples of FA were an order of magnitude lower (the activity higher) as
compared to the most active sample of shilajit. Still, there was sub-
stantial variation observed within the shilajit samples. The highest ac-
tivity was observed in the black, least altered samples of shilajit, while
the least activity was observed in the weathered (brownish to yellowish
samples of shilajit).

3.2. Structure-antiviral activity relationships derived from '3C NMR data
on the humic and shilajit materials used in this study

In order to reveal the relationship between anti-HIV activity and
structural features of the humic and shilajit materials used in this study,
their structural composition was determined with a use of quantitative
solution-state '3C NMR spectroscopy. The '3C NMR spectra of the HS
samples under study were typical of HS represented by broad, highly
overlapped signals (Fig. 3a,b).

Humic samples Source EC50 (mg-L™1)* Shilajit samples Description EC50 (mg-L™1)°
CHA-G Coal 0.37 £ 0.03 Shl Black and rust-colored, altered, Altai 97.69 + 0.44
CHA-S Coal 0.43 + 0.03 Sh3 Black and rust-colored, altered, Aldan 54.63 + 0.64
CHG-P Coal 0.53 + 0.05 Sh4 Blackish-brown, altered, Altai 103.2 £ 0.2
CHA-P Coal 0.53 + 0.03 Shé Blackish-brown, altered, Altai 99.23 + 0.29
CHA-A Coal 0.69 + 0.06 Sh7 Brown, altered, Altai 104.2 + 0.21
CHA-I Coal 0.72 + 0.04 Sh9 Black, low altered, Altai 48.84 + 0.41
PelHMA Peloid 0.45 + 0.06 Sh13 Blackish-brown, altered, Altai 38.78 + 0.4
PelHA Peloid 0.58 £+ 0.02 Shi15 Yellow-brown, altered, Pamir 96.95 + 0.64
PelHFA Peloid 1.00 + 0.06 Shi18 Blackish-brown, altered, Altai 60.81 + 0.44
Ligfolum Oxidized lignin 0.96 + 0.11 Sh19 Blackish-brown, altered, Central Asia 26.13 £ 0.21
PHA-5 Peat 0.80 £+ 0.03 Sh20 Blackish-brown, altered, Altai 98.85 + 0.41
PHF-1 Peat 1.13 £ 0.03 Sh22 Blackish-brown, altered, Altai 40.1 £0.48
PHF-3 Peat 1.14 £ 0.03 Sh25 Black, low altered, Altai 110.1 £+ 0.32
PHA-1 Peat 1.20 + 0.04 Sh29 Black, low altered, Afganistan 14.03 £+ 0.62
PHA-3 Peat 1.22 + 0.03 Sh30 Black, low altered, Afganistan 54.12 + 0.36
Fulvic samples Source EC50 (mg-L“)h Sh32 Black, altered, Caucasus 90.6 + 0.67
PFA-5 Peat 1.27 + 0.01 Sh38 Black, low altered, Altai 81.06 + 0.41
MHQ-FA Synthetic FA 1.27 + 0.02 Sh-Alt Pharmaceutical drug, Altai 44.74 + 0.22
PelFA Peloid 1.41 + 0.04 Sh-Him Pharmaceutical drug, Himalayas 48.0 £ 0.1

# M#SD, n = 3 (CC50 > 1000 mg L~? for all studied humic acid samples).
b M+SD, n = 3 (CC50 > 500 mg L~? for all studied fulvic acid samples).
¢ M+SD, n = 3 (CC50 > 200 mg L™ for all studied shilajit samples).
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S| Fig. 2. The humic (A) and shilajit (B) materials clustering
3000+ based on SI and EC50: (A) blue squares — HA from coal; green
A triangles — HA, HMA and HFA from peloid, red rhombuses —
HA and HFA from peat, purple square — oxidized lignin, orange
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CHA-S shilajit samples. (For interpretation of the references to color
‘ PelHMA in this figure legend, the reader is referred to the Web version
- f thi icle.
2000 CHG-p. CHA-P of this article.)
A pelHA
PHA-5® Ligfolum
1000+ WAPelHFA A 4
PHF-19 e o )
PHF-3
500 PFA-5
MHQ-FA peiFA
orr— """ 7T T T T T T T T T T T T T
0.0 0.5 1.0 15
EC50 (mgeL™")
Si
15+ B
o M Sh29
104
1 EmSh19
- sh3_
-Alm
5
] Sh22/‘/‘ h3 h1
: Sh-Alt A Sh38 Sh32 Sh20
] Sh9 Sh30 Sh1g8 @ Q Sh7
® Sh25
. Sh15°Sh6Sh4
sr-r-r-r-r—-—r—r—r—r—-r-rr-r--r—-T-Tr-rrr 1T T T T T T T T
0 50 100 150
EC50 (mgeL")

The coal HA were characterized with the presence of intense spectral
band in the range of aromatic carbon (110-165 ppm), signals of alkyl
chains (0-50 ppm), and carboxylic groups (165-185 ppm). The mini-
mum intensity was observed in the range of alkoxide (predominantly,
carbohydrate) structures (50-100 ppm). The peat FA were characterized
with the presence of an intense signal in the range of carbohydrate
structures (60-90 ppm), aromatic and carboxylic groups. The aromatic
region was characterized with three distinct peaks at 115, 130 and 156
ppm: the first and second ones are characteristic of aromatic carbon in o-
and p-position to hydroxy groups, the third one corresponds to Car-O
carbon indicating high degree of oxidation of FA and its enrichment
with OH- and COOH- groups.

13C NMR spectra of shilajit are very different from the HA-related
materials (Fig. 3c). The spectra are characterized with the presence of
a broad band of alkyl chains (0-50 ppm), sharp signals of carbohydrate
and primary/secondary amine structures (65-90 ppm), and carboxylic
groups (165-185 ppm). A distinct group of sharp peaks at 127-135 ppm,
which were characteristic of all spectra of shilajit, was attributed to

aromatic carbon of hippuric acid. The latter is a typical component of
shilajit (Agarwal et al., 2007; Konstantinov et al., 2013). A sharp signal
at 165 ppm was attributed to amide structures of peptide chains and
hippuric acid. Despite the striking difference to coal HA, the 3C NMR
spectra of shilajit were rather similar to the spectra of peat FA (Fig. 2b,
c). Given that this study used water-extractable portion of shilajit
organic matter, it should have much more in common with the
acid-soluble fraction of HS - fulvic acid - as compared to the
acid-insoluble humic acid. Fulvic acid is characterized with the highest
contribution of oxygen-containing functions, which has some similarity
with the organic matter of water-soluble fraction of shilajit.
Quantitative structural data for each sample were obtained as a set of
integrals of 13C NMR spectral regions assigned to typical structural units
of humic and shilajit materials. They are given in Table S2 in the SI. The
highest content of aromatic carbon (Car and CarO) (from 51 to 61% of
the total C) was characteristic of humic acids and their fractions isolated
from coal and peloid. These samples were characterized with the lowest
content of carbohydrate moieties and methoxyl groups (4-15%). On
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Fig. 3. Typical 13C NMR spectra of coal humic acids (a), peat fulvic acids (b), and shilajit (c).

contrary, the peat humic materials and all fulvic acids used in this study
were characterized with the lower content of aromatic carbon (34-39%)
and much higher content of carbohydrate moieties (from 23 to 34%).
The content of alkyl carbon (CHn) and carboxylic (COO) structures
varied from 8 to 21% and 9-18%, respectively (see Table S3 in Sup-
plementary Material). The shilajit samples under study were charac-
terized with contribution of total aromatic and alkoxide (along with
amino acid) structures in the range of 24-38% and 22-33%, respec-
tively, that was similar to those measured for fulvic acids of peat. The
content of alkylic and carboxylic/amide carbon ranged from 18 to 31%
and from 8 to 15%, respectively (see Table S3 in Supplementary
Material).

The discussed above quantitative data on structural group compo-
sition of the humic and shilajit samples were used for correlation anal-
ysis with the set of the corresponding data on antiviral activity. The
obtained data are shown in Fig. 4A and B and Figs. S1 and S2 in Sup-
plementary Material. It can be seen that the EC50 values of the humic
materials used in this study were inversely related to the content of
unsubstituted aromatic carbon (Car) (r = —0,84; p = 0.00095) (Fig. 4A).

A significant positive relationship was observed for the content of
CH30 groups (r = 0.7; p = 0.004). This might be indicative of a drop in
activity of the HS samples with increasing content of carbohydrates. The
correlation analysis for the shilajit samples yielded the opposite trends.
The strongest inverse relationship was observed with the content of
CH30 & CH0 or CH-N (r = —0.63; p = 0.004). On contrary to HS,
antiviral activity of shilajit was inversely related to the content of aro-
matic structures reflected in the positive correlation between EC50 and
Car (r = 0.61; p = 0.006) (Fig. 4B). This might be indicative of the
different mechanism of activity inherent within shilajit materials as
compared to humic acid-dominated humic materials, e.g. coal, peat,
peloids, etc. Given the substantial impact of structural group composi-
tion of both humic and shilajit samples on their antiviral activity, it was
of particular interest to search for the relationships between molecular
composition of HS and shilajit and their antiviral activity. The infor-
mation on molecular composition is provided by FTICR MS. In this
study, we had at our disposal FTICR MS data only for the subset of humic
materials. This is a reason why we could conduct the respective studies
only on the humic materials.

3.3. Structure-antiviral activity relationships derived for the FTICR MS
data on the HS samples used in this study

For depiction of molecular composition of humic materials, we used
FTICR MS data on nine (out of 16) HS samples used in this study. The
amount of empirical formulae, which were present in, at least, 2 sam-
ples, ranged from 1902 to 4400. Van Krevelen diagrams for the
respective HS samples are shown in Fig. 5. One available spectrum of the
shilajit sample (Sh1) is given for comparison.

The dots in Van Krevelen diagrams are highlighted in different colors
with respect to the value of aromaticity index (Alyoq). The latter is
introduced to evaluate aromaticity of molecular components of complex
mixtures (Koch et al., 2006): the values of Aloq > 0.67 and > 0.5
correspond to condensed aromatic and aromatic compounds, respec-
tively. This representation reveals drastic difference in molecular
composition of the samples used in this study: the humic acid samples
from coal, peloid, and peat are dominated by condensed and aromatic
compounds, whereas the fulvic acid samples (and shilajit) are charac-
terized by maximum contribution of highly oxidized unsaturated and
saturated compounds with Al below 0.5. These data corroborate well the
FTICR MS results reported by Khanna et al. (2008): the authors found
very similar molecular space for fulvic acids extracted from Shilajit,
which was located above Al = 0.5 line. This characterizes shilajit as very
hydrophilic = material dominated with carbohydrates and
nitrogen-containing compounds. High content of nitrogen (up to 14%) is
a remarkable feature of shilajit materials which is very different from
N-depleted humic materials (up to 4%) as follows from comparison of
the elemental compositions of the sample sets (Table S1).

Of importance is that the first group of samples (all humic acids) is
characterized with high anti-HIV activity, whereas the second group (all
fulvic acids including shilajit) are characterized with low anti-HIV ac-
tivity. For revealing molecular composition — anti HIV relationship, the
relative intensities of the corresponding peaks in mass-spectra (Sup-
plementary Info Table S5) were used for calculation of Spearman rank
correlation with ECsg, For better visualization, the data were plotted in
van Krevelen diagram with color-coded correlation of molecular con-
stituents (Fig. 6).

It was found that 339 and 201 formulae possessed strong negative
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Fig. 4. The matrix of Spearman correlation coefficients for the EC50 values and the content of carbon in the different chemical environments as measured by '°C
NMR spectroscopy: A) for the humic materials used in this study (n = 15); B) for the shilajit materials (n = 19).

and positive correlation (|r| > 0.7 with p < 0.05) with ECsg, respec-
tively. Of interest is that 251 out of 339 molecular components with the
strong negative correlation of EC50 were CHNO compositions. It can be
deduced that the inhibitory activity is mostly related to the presence of
relatively reduced aromatic compounds with H/C < 1 and O/C < 0.5.
This is in agreement with the close correlation between the content of
aromatic moieties and EC50 as it was revealed by the NMR data.

In search of potential structural candidates for the most active
components in the humic molecular ensemble, we have mined the data
for 339 highly correlated formulae (Spearman’s rank correlation coef-
ficient < —0.7) in ChEMBL database. We found 792 structures and 7271
activity entries corresponding to the 112 formulae (Supplementary Info
Tables S7) and 642 out of which contained N atom and 65 — S atom. The
assays entries (55) and the corresponding activity entries (76) related to

anti-HIV activity measurement were also retrieved (Supplementary file
Table S6). Almost half of the assays included inhibition of the specific
HIV protein (mostly, integrase), while the other half was presented by
the assessment of antiviral activity in the cell-based assays. Several ex-
amples of the retrieved active structures, which are the derivatives of
naturally occurring compounds, and corresponding activities, are pre-
sented in Table 2. The full data are shown in Table S6 in the Supple-
mentary Material.

Molecular formulae may correspond to a number of isomers. That is
why the structural space of the active components is significantly
broader as compared to molecular composition space. For deeper
analysis of structures suggested for the HS components, the molecular
network was plotted. ChEMBL data mining showed the presence of
distinct clusters on the structural space network (Fig. 7). These clusters
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Fig. 6. Van Krevelen diagram for all formulae present in the set of 9 HS sample under study with color-coded Spearman correlation coefficient with EC50 values. (For
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

are produced by the structures with high chemical similarity — with the
values of fingerprints T-score exceeding 0.8. In the most cases, the
formulae assigned with the similar structures had the similar relation-
ship to the EC50 values.

The largest cluster (19 nodes) is related to ether derivatives of 4'-O-
demethylepipodophyllotoxins active against human DNA topoisomerase
II (Zhou et al., 1991). Among the other largest clusters produced by the
formulae, which are highly correlated to activity of the HS samples,
there is the cluster of terpenoids from the Rhizome of Alisma orientale,
tested against human Human Carboxylesterase 2 (Mai et al., 2015), and
N-containing analogs of typical flavonoid — 3-O-arylmethylgalangin,
active against Hepacivirus C reproduction (Lee et al., 2010). The poten-
tial structural candidates for the most active components in the humic
molecular ensemble are shown in Table S6 in the Supplementary
Material.

4. Conclusion

Assessment of anti-HIV activity and structure of two big sets of humic
and shilajit materials allowed us to reveal the following trends. For the
humic materials used in this study we have discovered two distinct
trends in antiviral activity. The first one concerns much higher activity
of the humic acids versus fulvic acids: HA > HMA > HFA > FA. The
second trend concerns the source or origin: coal > peloid > peat. The
both sequences follow the trend in lipophilicity index (a ratio of aro-
matic to aliphatic carbon) for these materials. This could be indicative of
the leading role of the aromatic structures of HS in interaction with HIV.
This assumption corroborates well the results of correlation analysis of
the obtained EC50 values and structural composition: the closest re-
lationships were observed for C,; (—0.82) and CH30 (+0.7). This in-
dicates an increase in antiviral activity along with an increase in
aromaticity of HS and a decrease along with a contribution of carbo-
hydrate moieties. The obtained results are consistent with our previous
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