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ARTICLE INFO ABSTRACT

Keywords: Triterpenoids are well known modulators of metabolic syndrome. One of the suggested modes of action (MoAs)

Metabolic syndrome involves peroxisome proliferator-activated receptor gamma (PPARy) binding.

Saponins In this study we aimed to: (i) evaluate in silico potential metabolites and PPARy-mediated MoA of the sa-

I;/Le:;l:olites pogenin of the main saponin present in a purified saponins' mixture (PSM) from Astragalus glycyphylloides; (ii)
¥

estimate in silico and in vivo PSM's toxicity; and (iii) investigate in vivo antihyperglycaemic, hypolipidaemic,
antioxidant and hepatoprotective effects of PSM.

Metabolites and toxicity were predicted using Meteor and Derek Nexus expert systems (Lhasa Limited) and
PPARy binding was investigated using the software MOE (CCG Inc.). PSM's acute oral toxicity was evaluated in
mice and the pharmacological effects were assessed in streptozotocin-induced diabetic spontaneously hy-
pertensive rats (SHRs). Liver histopathology was studied as well.

PPARy weak partial agonism was predicted in silico for 24 probable/plausible Phase I metabolites which
docking poses were clustered in 12 different binding modes with characteristic protein-ligand interactions. PSM's
beneficial effects on the levels of blood glucose, triglycerides, and total cholesterol, on oxidative stress markers
and liver histology in diabetic SHRs were comparable to those of the PPARy ligand pioglitazone. PSM's safety
profile was confirmed in silico and in vivo.

Pharmacophore-based docking
Diabetic spontaneously hypertensive rats

1. Introduction The interest toward implementation of naturally-derived
compounds as functional foods and nutraceuticals in metabolic

The underlying mechanisms of metabolic syndrome pathogenesis
include: insulin resistance, adipose tissue dysfunction, dyslipidaemia,
glucose intolerance, chronic inflammation, oxidative stress and
elevation of arterial blood pressure. As metabolic syndrome is
associated with the increased risk for cardiovascular disease and type 2
diabetes, it has been generally emphasized as a serious health problem
of high socioeconomic cost (Xu et al., 2018).

syndrome prevention and treatment has increased (Brown et al., 2015;
Alkhatib et al., 2017; Santana-Galvez et al., 2017). Metabolic syndrome
modulation by pentacyclic triterpenes involves: reduction of insulin
resistance and adipogenesis, increase in lipolysis, fatty acid oxidation
and mitochondria biogenesis. The transcriptional regulators from the
PPAR nuclear receptor family are among the mediators of these effects
(Sharma et al., 2018). The oleanane-type sapogenin caulophyllogenin,

Abbreviations: BM, Binding mode; CAT, Catalase; DTNB, 2,2-Dinitro-5,5-dithiodibenzoic acid; GSH, Reduced glutathione; HB, Hydrogen bond; MDA,
Malonedialdehyde; MoA, Mode of action; NADPH, Beta-nicotinamide adenine dinucleotide 2’-phosphate; PDB, Protein data bank; PLIFs, Protein-ligand interaction
fingerprints; PPARy, Peroxisome proliferator-activated receptor gamma; PSM, Purified saponins' mixture; ROS, Reactive oxygen species; SHR, Spontaneously hy-
pertensive rats; SEM, Standard error of measurement; SOD, Superoxide dismutase; STZ, Streptozotocin; TBA, 2-Thiobarbituric acid; T2D, Type 2 diabetes
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with PPARy relative maximal activation (Ep.y) of 9.4% (Montanari
et al., 2016), has been co-crystallized in a complex with the receptor
(Protein Data Bank ID 5F9B, (“PDB, www.rcsb.org,”).

Our previous docking studies in the PPARy pocket revealed poten-
tial weak partial agonistic binding modes of the oleanane-type
sapogenin present in a purified saponins’ mixture (PSM) from Astragalus
corniculatus. This was supported by experimentally observed hypogly-
caemic and antioxidant effects of PSM, comparable to those of
pioglitazone (antidiabetic drug acting through PPARy activation), in a
model of spontaneously hypertensive rats (SHRs) with chemically
induced type 2 diabetes (Al Sharif et al., 2018). In order to bring the in
silico simulations of saponins closer to the real-life scenario, their in vivo
metabolic activation by the gut microbiota enzymatic systems and the
biotransformations in the liver have to be taken into account in the
context of both potential toxic effects and therapeutic mechanism (Kim,
2018).

Astragalus glycyphylloides is a native for Bulgarian flora species.
Previous phytochemical studies revealed that the plant contained
flavonoids, i. e. quercetin, avicularin, hyperoside, isoquercitrin, kaemp-
ferol, isorhamnetin, isorhamnetin-3-glucoside and isorhamnetin-3-arabi-
noside (Kondeva-Burdina et al., 2013; Simeonova et al., 2013). Recently, a
new saponin, 3-O-3-D-glucopyranosyl-28-O-[f-D-xylopyranosyl-(1 — 2)-f3-
D-glucopyranosyl] oleanolic acid was reported (Shkondrov et al., 2018). A
total extract of the overground parts of the species showed both in virto
and in vivo antioxidant and hepatoprotective effects, comparable to
silymarin (Kondeva-Burdina et al., 2013; Simeonova et al., 2013) which
gave the basis for this study. In the current study we aimed: (i) to evaluate
in silico potential Phase I metabolites of the sapogenin of the main saponin
present in PSM from Astragalus glycyphylloides and their PPARy binding
modes; (ii) to estimate in silico and in vivo PSM's toxicity; and (ii) to
investigate in vivo the antidiabetic, hypolipidaemic, antioxidant and
hepatoprotective effects of PSM on streptozotocin-induced diabetic SHRs.

2. Materials and methods
2.1. PSM preparation

Aerial parts of A. glycyphylloides DC. were collected in July 2016
from Rila Mountain, Bulgaria. The species was identified by Dr. D.
Pavlova (Department of Botany, Faculty of Biology, Sofia University,
voucher specimen Ne SO-093817).

The powdered plant material (400 g) was extracted and a purified
saponins’ mixture (PSM) was obtained as described before (Shkondrov
et al., 2018). After HPLC analysis the saponin content was 60% (as
oleanolic acid glycosides). One saponin was isolated from the PSM and
identified by spectral data as 3-O-B-D-glucopyranosyl-28-O-[$-D-xylo-
pyranosyl-(1 — 2)-8-D-glucopyranosyl] oleanolic acid (Fig. 1)
(Shkondrov et al., 2018).
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2.2. In silico studies

In silico studies were performed on the sapogenin of the saponins,
present in PSM only (oleanolic acid), taking into account the bacterial-
mediated and acid hydrolysis of the native sapogenin in the gastro-
intestinal tract (Chen et al., 2018).

2.2.1. Structures’ preparation and molecular surface analysis

The structures of the sapogenin (oleanolic acid) and its predicted
metabolites were built in MOE (Molecular Operating Environment
(MOE), 2017) based on the isomeric SMILES code of oleanolic acid from
the NIH PubChem system (CID: 10494 (“The PubChem Project,”) as
previously described (Al Sharif et al., 2018) and the 3D conformations
were generated by “Flexible alignment” over caulophyllogenin's X-ray
conformation (PDB ID: 5F9B) as a template. The correct protonation
states of the structures at pH = 7.4 were assigned using the “Molecule
wash” procedure in MOE.

The positioning of hydrogen atoms in the X-ray PPARy protein
structures and the assignment of their correct ionisation states, were
performed using the “Protonate 3D” tool in MOE (Al Sharif et al., 2018).

2.2.2. Prediction of phase I metabolism

Meteor Nexus (v. 3.1.0) knowledge-based expert system
(Knowledge Base: Meteor KB 2018 1.0.0) was employed for metabolite
prediction (Langowski and Long, 2002; Marchant et al., 2008). In
general, the reactive metabolites are produced by Phase I bio-
transformations (Njuguna et al., 2012), therefore a constraint was set
for the Phase II metabolism predictions.

In order to predict Phase I metabolites in mammals the Absolute
reasoning method was applied using minimal likelihood level = plau-
sible (“Lhasa Limited,”) and the default settings of maximal depth
(number of metabolic steps) = 3 and maximal number of metabo-
lites = 1000.

2.2.3. Toxicity prediction

For toxicity prediction Derek Nexus (v. 6.0.1) knowledge-based
expert system (Knowledge Base: Derek KB 2018 1.1) (Marchant et al.,
2008; “Lhasa Limited,”) was employed. The minimal likelihood to
consider a toxic outcome in the analysis was “plausible” (Al Sharif
et al., 2017).

2.2.4. Molecular docking

Docking was performed as previously described (Al Sharif et al.,
2018) using: PPARy partial agonists (Table S1; Fig. S1A) for definition
of the docking site in the protein structure (PDB ID 3D6D), a modified
weak partial agonists’ pharmacophore model (Fig. S1B) for placement
and “Induced fit” option for the pose refinement (Molecular Operating
Environment (MOE), 2017).
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Fig. 1. Main saponin in A. glycyphylloides.
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2.3. In vivo studies

2.3.1. Animals

Acute toxicity assessment of PSM involved 18 female mice.
Experiments for estimation of the pharmacological profile of the PSM
were performed on 24 adult male SHRs with initial body weight
300-350g, obtained from Charles River Laboratories (Sulzfeld,
Germany). The animals were housed in Plexiglas cages (3 per cage) at
20 *+ 2°C and under 12/12h light/dark cycle. Food and water were
provided ad libitum. All performed procedures were approved by the
Bulgarian Food Safety Agency (BFSA) (permission Ne 168) and the
principles stated in the European Convention for the Protection of
Vertebrate Animals used for Experimental and other Scientific Purposes
(ETS 123) (Council of Europe, 1991) were strictly followed. Blood
pressure and body weight measurements were performed as previously
described (Simeonova et al., 2016).

2.3.2. Chemicals

Streptozotocin, beta—nicotinamide adenine dinucleotide 2’-phos-
phate reduced tetrasodium salt (NADPH), trichloroacetic acid (TCA), 2-
thiobarbituric acid (TBA), epinephrine, nicotinamide and pioglitazone
were purchased from Sigma (Taufkirchen, Germany). 2,2-Dinitro-5,5-
dithiodibenzoic acid (DTNB) was obtained from Merck (Darmstadt,
Germany). All other reagents were of analytical grade.

2.3.3. Acute oral toxicity of PSM in mice

PSM was easily dissolved in physiological saline (0.9% NaCl) and
administered by oral gavage at different doses at a dose volume of
1 mL/100 g bw.

The acute toxicity after oral (p.o.) administration of the tested PSM
in 18 female mice was assessed using the simplified method of Lorke
(1983). The experiment was performed in two phases. In the first phase
nine animals, divided into three groups of three animals each were
used. Each group of animals were administered different doses (10, 100
and 1000 mg/kg) of the PSM. Animals were inspected for signs of toxic
effects and death, immediately after the oral administration of the PSM
and every 2 h over the next 24 h.

In the second phase nine more mice were used, distributed into
three groups of three animals each. The higher doses (1500, 3000 and
5000 mg/kg) of the PSM were administered orally and the animals were
observed for 24 h.

The LDso was calculated using the following equation:

LDsy = /(Do X Digo)

where Dy is the highest dose that gave no mortality and Djqo is the
lowest dose that produced mortality.

2.3.4. Design of the experiment and type 2 diabetes induction

Twenty-four male SHRs were divided into four groups, each con-
sisting of six animals (n 6): control group (SHR C), diabetic SHRs
(SHR DM), and diabetic SHRs, treated either with PSM (SHR
DM + PSM) or the positive control pioglitazone (SHR DM + PG). The
design of the experiment and the induction of type 2 diabetes mellitus
in SHRs were performed as previously described (Fig. S2; (Al Sharif
et al., 2018)). Rats with blood glucose levels of 9 mmol/]1 or more were
considered to be diabetic and included in the study.

2.3.5. Blood biochemical parameters

Analysis of blood was performed at the beginning and at the end of
the experiment (on the 1st and 22nd day). The blood was collected from
the tail vein after a local anaesthesia and the levels of glucose, trigly-
cerides and total cholesterol were measured using a Multiparameter
diagnostic device “MultiCare-in” (Italy).

On the 22nd day after the blood pressure measurement and blood
collection the animals were sacrificed by decapitation and livers were
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taken for determination of biomarkers of oxidative stress (mal-
onedialdehyde, MDA and reduced glutathione, GSH) and activities of
antioxidant enzymes (catalase, CAT and superoxide dismutase, SOD) as
described in Al Sharif et al. (2018).

2.3.6. Histopathological evaluation

Livers were removed and fixed in 10% neutral buffered formalin.
Thin sections (5um) were subsequently stained with haematoxylin/
eosin for general histoarchitectonical features determination using light
microscope Euromex BioBlue (Bancroft, 2008).

2.3.7. Statistical analysis

Statistical analysis was performed using ‘MEDCALC’, v. 12.3
(MedCalc Software, Belgium). Results were expressed as mean * SEM
for six rats in each group. The significance of the data was assessed
using the non-parametric Mann-Whitney U test. Values of p < 0.05
were considered statistically significant.

3. Results and discussion
3.1. In silico studies

3.1.1. Prediction of phase I metabolism

An initial deglycosilation of saponins takes place in vivo (Yang et al.,
2018). We selected the sapogenin (oleanolic acid) of the main saponin
in PSM from A. glycyphylloides as a starting structure for Phase I me-
tabolism prediction (Table 1).

Five types of biotransformations were predicted involving two en-
zymes. Alcohol dehydrogenase was predicted to catalyse the oxidation
of secondary (alicyclic) alcohols, the reduction of alicyclic ketones, and
the oxidation of primary alcohols, while CYP450 was predicted to
catalyse the hydroxylation of methyl carbon adjacent to an aliphatic
ring and the allylic hydroxylation of the structures.

Table 1
Predicted metabolites (M) with probable and plausible likelihood levels. The
substituents at the predicted sites of metabolism (R1-R7) are highlighted in

grey.

R6 R7

M R1 R2 R3 R4 RS R6 g7 PubChem
CID

Oleanolic oy ¢, CH; H H CH; CH; 10494

acid

M1 -0 CH CH; H H CH; CH; 12313704

M2.S OH CH; CHOH H H CH; CH; 12302577

M2.R OH CH,OH CHs H H CH; CHy 73299

M3.S OH  CH; CH; H H CH;  CH.OH 12314864

M3.R OH  CHs CH; H H  CHOH CH; 21594136

M6.5 OH  CH, CH; OH H CH; CH;

M6.R OH  CH; CH; H OH CH; CH; 73353448

MI0.S -0 CHOH CH; H H CH; CH;

MIO.R -0 CH: CHOH H H CH; CH; 12310388

MILS -0 CH CH; H H CH;  CH,OH

MI1.R -0 CH CH; H H  CHOH CH: 10790565

MI3.S -0 CH CH; OH H CH; CH;

MI3.R = CH; CH; H OH CH; CHy 15864059

M25.S OH COO-  CHs H H CH; CHy 15560324

M25.R OH CH;  COO- H H CH; CH,

M33.S OH  CHs CH; H H CH; = COO- 12315597

M33.R OH  CH; CH; H H COO-  CH; 21594175

M35 OH  CH; CH; -0 - CH; CH;

M48.S -0  CO0-  CH; H H CH; CH;

M48.R -0 CH:  COO- H H CH; CH;

M64.5 -0 CH CH; H H CH; = COO-

M64.R = CH; CH; H H COO-  CH; 101951534

M74 -0 CH; CH; -0 - CH; CH;
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The substituents of 24 metabolites, 17 with probable likelihood of
occurrence and 7 with plausible likelihood (including the duplicate of
the starting structure), are listed in Table 1 and the detailed metabolic
tree is presented in Fig. S3.

The metabolites include unique structures and stereoisomeric cou-
ples. The central ring of the oleanolic acid (R4/R5) was metabolised
only in 3 out of 20 predicted reactions generating M6, M13, M35, and
M74, while the most frequently predicted sites of metabolism were at
the peripheral rings of the structure (R1, R2/R3 and R6/R7). Fourteen
of the predicted oleanolic acid metabolites (Table 1) were identified in
the NIH PubChem system (“The PubChem Project,”). Among them are
the following sapogenins: oleanonic acid (M1), 4-epihederagenin
(M2.S), hederagenin (M2.R), queretaroic acid (M3.S), mesem-
bryanthemoidigenic acid (M3.R), hederagonic acid (M10.R), gypso-
genic acid (M25.S), spergulagenic acid (M33.S), and serratagenic acid
(M33.R). In the literature a weak partial agonism (E,.x = 20%) toward
PPARYy has been reported for the oleanonic acid (Petersen et al., 2011).
Moreover, this sapogenin has been known for its anti-hyperglycaemic
effect (Kawabata et al., 2017). We also found relevant experimental
data for hederagenin (compound 5) and its glycosides (compounds 1, 3,
6, and 7) which have been shown to possess PPARy transactivation
activity (Quang et al., 2011). Furthermore, inhibitory effects on plasma
triglyceride elevation have been shown for the principle saponin con-
stituents from Sapindus rarak DC., having hederagenin as an aglycon
(Asao et al., 2009). The reported biotransformations could also have
impact on the binding of the compounds to the receptor. To investigate
them, the specific protein-ligand interaction fingerprints (PLIFs) and
binding modes were studied by molecular docking.

3.1.2. Prediction of toxicity

Although oleanolic acid is generally considered as safe (Liu, 1995),
metabolic activation may generate an array of derivatives and their
safety profiles have to be considered as well. In our previous study on
naturally-derived modulators of non-alcoholic fatty liver disease we
have shown Derek Nexus predictions of toxic alerts that appeared after
Phase I biotransformations and were missing in the starting structures
(Al Sharif et al., 2017). Therefore, in the current study we performed
Derek Nexus predictions of all studied metabolites of the oleanolic acid.
The 24 metabolites were predicted to be inactive in the bacterial in vitro
(Ames) mutagenicity test. Furthermore, no toxic effects with a like-
lihood of plausible or higher were reported for the 60 additional end-
points covered by the program (Table S2). Further, in vivo experiments
were performed to confirm the good safety profile of the PSM (see

A
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Section 3.2.1. Acute oral toxicity of PSM in mice.

3.1.3. Molecular docking

The docking studies were performed in the sub-pocket of the re-
ceptor typically occupied by agonists with relative efficacy below 35%
(Fig. S1A, Table S1 in the Supplementary data) and a pharmacophore
model for a weak partial agonistic type of activity was applied in the
initial pose generation step (Fig. S1B). Thus, all poses that successfully
passed the simulation were suggested to induce a moderate activation
of PPARy. In the comparative analysis of the docking poses, 12 different
binding modes (BMs) were outlined (Table S3) with a characteristic
occupancy of the receptor pocket (Fig. S4) and/or distinct PLIFs (Table
S4). Overall, Phase I biotransformations resulted in metabolites with
increased electronegative areas on their van der Waals interaction
molecular surfaces which suggests influence on their capacity to in-
teract with key amino acids in the receptor pocket in a multi-con-
formational manner (Fig. S5).

Five binding modes (BM 1 — BM 5) have higher frequencies of oc-
currence (8-24 metabolites, Fig. S6A) and three of these reproduced
excellently (BM 3) or resembled (BMs 1 and 2) the caulophyllogenin's
X-ray pose (Fig. S4B).

Five other binding modes (BM 8 — BM 12) are characteristic for a
single metabolite and thus are termed singular (Table S3). These are
predicted for metabolites M64.S (1), M33.R (1), M13.R (2) and M74
(1). Metabolites M13.R and M64.S have the broadest spectrum of
binding modes - 7 and 6, correspondingly (Table S3). M64.S occupies
the pocket with four common BMs (listed in the top 5 most frequent
ones), and with only one alternative BM (ratio 4 : 1), M13.R binds the
receptor with three common and four alternative BMs (ratio 3 : 4). The
alternative BMs of M13.R are shared by M6.R and M74 (BMs 6 and 7)
and M35 (BM 6) and these metabolites are related to biotransforma-
tions at the central ring (R4/R5) of the oleanolic acid (Table 1). Ad-
ditionally, M13.R displays two singular BMs — 10 and 11 (Table S3).
Obviously, the combination of carbonyl group at R1 and hydroxyl
group at R5 (Table 1) increases the variability of the ligand-receptor
interactions of M13.R as compared to the rest of the metabolites (M6.S,
M6.R, M35, and M74) from that branch of the tree (Fig. S3).

On the other hand, M64.S is representative for the larger subset of
metabolites, metabolised at the two peripheral rings of the triterpenoid
skeleton, which explains the appearance of the structure among the
most frequently predicted BMs. However, M64.S displays one more
binding mode (BM 8, Fig. S4) which is singular and relates to a unique
HB acceptor interaction with Ile 326 (H5) (Table S3). The presence of

Fig. 2. Protein-ligand interactions of dicarboxylic
metabolites: A. M64.S, displaying BM 5, performs
HB interaction with Ser289 (H3), in addition to the
commonly predicted water-mediated contact with
Glu343 (B-sheet), allowing the bulky part of the
structure to fit in the Q-loop at the bottom, B.
M33.R with a singular BM 9, forms contacts with
Leu228 (H1-H2 loop), Ser342 (B-sheet), and
Glu343 (p-sheet), leaving the hydrophobic part of
the structure in the sub-pocket outlined by H3, H5
and H7, C. Stabilising intra-protein interaction be-
tween Arg288 (H3) and Glu343 (B-sheet), triggered
by the two metabolites. Rendering: ligands (cyan
carbon atoms) and amino acids (element type col-
ouring) are displayed in a stick mode, water mole-
cules (element type colouring) — in a ball and stick
mode. (For interpretation of the colours in this
figure, the reader is referred to the Web version of
this article.)

Leu228
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two carboxylic substituents at the small distance of four C-atoms is
characteristic only for the stereoisomeric couples of M64 and M33.
Such a topological feature points to the engagement of both carboxylic
groups in specific PLIFs (Table S4; Fig. 2 A, B). The protein-anchoring
networks, mediated by M64.S and M33.R, are further stabilised by a
intra-protein interaction of Glu343 (p-sheet) with Arg288 (H3)
(Fig. 2C), the latter usually being engaged with HB acceptor and/or
ionic interactions with the carboxyl group of the triterpenoid scaffold.

The metabolite with the lowest number of different binding modes
(only 2), and thus the most stable positioning within the pocket, was
the R form of M64. This result poses the question about the role of
triterpenoid's stereoisomery for the diversity in the modes of PPARy
pocket occupancy.

Generally, two major groups of BMs for the stereo-couples are ob-
served (Table S3). The first one is a conservative receptor binding (BMs
1 and 2) that is unaffected by stereoisomery at the sites of metabolism
of the triterpenoid scaffold. The second one is a variable, stereo-specific
receptor binding (BMs 4 and 5) which is predicted only for one of the
stereoisomers in the couple and thus quantitatively contributes in a
unique manner to the overall frequency of the particular BM. Com-
parative analysis of the predicted BMs and sites of metabolism reveals a
high number of non-shared BMs for the stereoisomeric couples of M6,
M13, M64, and M33 (shaded, Table S3). These metabolites possess
carboxyl substituent at positions R6/R7 (M64, M33) or hydroxyl sub-
stituent at positions R4/R5 (M6, M13), which are distinctive and rarely
occurring substructures within the predicted series of metabolites
(Table 1). This might be the reason for their diverse behaviour in the
receptor pocket, as compared to the rest of the metabolites having
stereocentres at their sites of metabolism.

Although the BM clusters possess characteristic PLIFs (Table S4),
contacts involving Arg288 (H3) and Ser342 (p-sheet), which are typical
for the weak partial agonists (Al Sharif et al., 2018) and water-mediated
interaction with Glu343 (p-sheet) are the most frequently predicted
ones (Fig. 3). The BM 3, holding the highly scored poses, is associated
with all aforementioned contacts plus two additional stabilising HB
acceptor interactions with His323 (H5, water-mediated, Fig. 3C) or
even more often, Lys367 (H7, Fig. 3D). The latter is an amino acid
residue which, due to its flexible and thus highly adaptive side chain,

Met364

er342

HS5

Lys367

H3
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participates in a stabilising intra-protein network that involves Met364
and Phe363 (turn in H7) and His449 (H11).

In the PLIFs of the singular binding modes, Arg288 and Ser342 can:
(i) be the only amino acid residues performing specific interactions that
stabilise the ligand in the pocket, (ii) interact with the ligand in com-
bination with other amino acids like Cys285 (H3) or Leu228 (H1-H2
loop), or (iii) be substituted by alternative pose anchoring points, re-
lated to hydrogen bonding with Leu330 or Ile326 from H5.

The molecular docking scores are an estimation of the free energy of
binding of the predicted protein-ligand complexes. Although there is no
clear correlation between the receptor binding affinity and the docking
scores, the latter could give us a clue about the relevance of the pre-
dictions. The average docking scores of all predicted poses for given
metabolite were analysed together with the best and worst docking
scores (Table S5). These average values range between —13.9 and
—12.8 kcal/mol, the latter being predicted for the poses of the oleanolic
acid (Table S5). The metabolites with average scoring below the lowest
quartile of distribution (from —13.9 to —13.4 kcal/mol) are related to
modifications at the following peripheral sites of metabolism: R1-R3
(M2.R, M10.R, M25.S, M48.S) or R6-R7 (M3.R). Among these meta-
bolites M10.R and M25.S were predicted to occupy the receptor pocket
with the best scored poses of —16.4 and —16.1 kcal/mol, respectively.
When performing redocking of the X-ray pose of caulophyllogenin,
applying the same docking simulation settings as in the screening
protocol of the oleanolic acid metabolites, all poses reproduced the X-
ray binding mode with a scoring range between —15.0 and
—12.7 kcal/mol (average —13.9kcal/mol). These data indicate that
the predicted protein-ligand complexes have binding energies com-
parable to those of the X-ray complex of caulophyllogenin with PPARy
and the studied metabolites could be pharmacologically active.

Our findings for potential PPARy binding by the sapogenin (olea-
nolic acid) and its metabolites, are in accordance with previous ex-
perimental studies on PPARy modulation by triterpenoids. A series of
oleanolic acid derivatives found in the stem bark of Kalopanax pictus
(Araliaceae) have been reported to activate PPARy in a HepG2 cell line.
In particular, compound 9 (possessing an oleanolic acid sapogenin) has
been reported to transactivate PPARy with ECso = 17.1 *= 0.9 uM
(Quang et al., 2011).

Fig. 3. Representative protein-ligand interactions of
the three most frequent binding modes (Table S3)
among the predicted metabolites (Table 1). A. BM 1,
M48.S; B. BM2, M33.S; C. BM 3, M10.S, D. BM 3,
M11.R. Rendering: ligands (cyan carbon atoms) and
amino acids (element type colouring) are displayed
in a stick mode, water molecules (element type col-
ouring) - in a ball and stick mode. (For interpretation
of the colours in this figure, the reader is referred to
the Web version of this article.)
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Table 2 Table 4
Acute p.o. toxicity of PSM in female mice. Blood level of glucose, triglycerides and total cholesterol.
Compound 1st phase 2nd phase Group Blood glucose level — Triglycerides Total cholesterol
(mmol/L) (mmol/L) (mmol/L)
Doses mg/kg p.o. Mortality Doses mg/kg p.o. Mortality
SHR C 490 = 0.48 0.48 = 0.03 1.25 = 0.09
PSM 10 0/3 1500 0/3 SHR DM 9.92 + 0.81" 0.77 = 0.07* 2.34 = 0.20"
100 0/3 3000 1/3 SHR DM + PSM  7.34 + 0.51*" 0.61 *+ 0.05*" 1.97 + 0.10**
1000 0/3 5000 3/3 SHR DM + PG 6.24 + 0.75*" 0.52 = 0.09* 1.69 = 0.19*"
Data are expressed as mean + SEM of six rats (n = 6).
3.2. In vivo studies *p < 0.05 vs SHR control group.
*p < 0.05 vs diabetic SHR group.
3.2.1. Acute oral toxicity of PSM in mice
In the first phase the animals were treated with 10, 100, and 3.2.2.2. Changes in blood glucose level, triglycerides and total

1000 mg/kg of the tested PSM and all of them survived the acute oral
treatment without apparent symptoms. In the second phase, the ani-
mals were treated with the higher doses: 1500, 3000, and 5000 mg/kg.
The results on the acute oral toxicity of the PSM are summarised in
Table 2. The acute toxicity test showed that the PSM is nontoxic
(LDsgp = 2121 mg/kg p.o. in mice).

Based on the results obtained, LDsq p.o. for PSM is above 2000 mg/
kg for mice, so it could be classified as less dangerous or non-toxic when
administered orally to mice.

For in vivo study 1/20 from LDsq (=100 mg/kg) was used.

3.2.2. Pharmacological studies

Spontaneously hypertensive rats are the most widely studied animal
model of essential hypertension in which increased blood pressure has
been reported together with other risk factors for cardiovascular dis-
ease, including insulin resistance and dyslipidaemia (Pravenec et al.,
2004). In the in vivo studies we focused on evaluation of the anti-
diabetic, antioxidant and antihypertensive potential of PSM obtained
from A. glycyphylloides, using a model of streptozotocin-induced type 2
diabetes in SHRs.

3.2.2.1. Changes in body weight and systolic blood pressure. All animals
survived till the end of the experiment. No clinical signs of toxicity were
observed. The changes in the mean body weight of all groups are shown
in Table 3. For the study period control SHR group gained weight by
24 g. SHR DM rats lost 28 g of body weight by the end of the study (22
days after treatment). The diabetic SHRs treated with PSM and PG did
not change significantly their weight during the experiment.

STZ itself decreased blood pressure in SHRs by 14% (p < 0.05),
compared to non-treated SHRs, which is in a good agreement with the
investigation of Erejuwa et al. (2011) and is probably due to decreased
body weight, compared to SHR controls. PSM treatment did not change
significantly the blood pressure in diabetic SHRs compared to SHR DM
group. Pioglitazone treatment additionally reduced blood pressure with
13%, compared to SHR DM, which supports the findings of Majithiya
et al. (2005). Antihypertensive effect of oleanolic acid has been recently
reported in a rat model of pre-diabetes (Gamede et al., 2019).

Table 3
Changes in body weight and systolic blood pressure.

cholesterol. Hyperlipidaemia often coexists with hyperglycaemia and
is characterized by increased levels of cholesterol and triglycerides and
changes in lipoproteins (Andallu et al., 2009). The blood glucose levels
were significantly (p < 0.05) elevated in the STZ-induced diabetic SHR
(by 102.4%), compared to their matched controls (Table 4).

The serum levels of triglycerides and total cholesterol were also
increased by 60% (p < 0.05), and by 84.2% (p < 0.05) respectively,
compared to control SHRs. PSM decreased in statistically significant
manner blood glucose level by 26%, triglycerides by 21% and total
cholesterol by 16% compared to diabetic SHRs. The effects of PSM on
blood biochemical parameters were comparable with the effects of the
positive control pioglitazone.

Saponins are reported to possess a number of pharmacological
properties, among which antioxidant, antihyperlipidaemic and anti-
diabetic effects (Lee et al., 2000). Furthermore, an oleanolic acid
treatment of diet-induced pre-diabetic rat model has been shown to
result in a significant decrease in the levels of triglycerides and in
amelioration of dyslipidaemia (Gamede et al., 2019). In a study on the
beneficial effects of nano-formulation of oleanolic acid in the treatment
of insulin-resistance and metabolic disorders in high fat and fructose
diet-fed rats, a reduction of the increased serum triglycerides and
cholesterol has been shown (Wang et al., 2018).

Kuroda et al. (2012) have reported that oleanolic acid, although
having a moderate transactivation activity, contributed to the potent
PPARYy ligand-binding activity of the clove (Syzygium aromaticum) EtOH
extract, and the hypoglycaemic effects of this extract on genetically
diabetic KK-AY has been partially attributed to PPARy modulation.
Recently, a-amyrin-induced upregulation of PPARy has been proposed
as one of the molecular mechanisms explaining the antidiabetic effect
of this oleanane-type sapogenin (Giacoman-Martinez et al., 2019).

3.2.2.3. Markers of oxidative stress and antioxidant engymes. STZ-
induced diabetes resulted in oxidative stress, discerned by markedly
increased MDA formation by 31% (p < 0.05), GSH depletion by 32%
(p < 0.05) and decreased activities of CAT by 25% (p < 0.05) and
SOD by 42% (p < 0.05) (Fig. 4).

The beneficial effect of PSM treatment in diabetic animals was
evidenced by significant increase (p < 0.05) in GSH levels by 66%,

Animal group Systolic blood pressure (mm Hg) Change % Mean body weight (g)

vs SHR C vs SHR DM Initial Final Change
SHR C 226 = 11.4 336 = 8.2 360 = 4.8 +24
SHR DM 194 + 8.3 —14 340 = 6.3 312 = 6.2 —28
SHR DM + PSM 201 * 13.0 -11 +4 338 = 9.7 342 *+ 4.6 +4
SHR DM + PG 169 * 6.6 —25* -13* 326 = 9.2 332 = 6.8 +6

Data are expressed as mean + SEM of six rats (n = 6).
*p < 0.05 vs SHR control group.
*p < 0.05 vs diabetic SHR group.
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Fig. 4. Antioxidant effects of PSM and pioglitazone in control and diabetic SHRs: A. Levels of GSH, B. Quantity of MDA, C. CAT activity, D. SOD activity. Data are

expressed as mean *

while MDA production was decreased (p < 0.05) by 27% (Fig. 4 A, B).
The effect of NA/STZ on the antioxidant enzymes activity of CAT and
SOD was prevented by PSM treatment. CAT activity was 26% higher
(p < 0.05) and SOD - 44% higher (p < 0.05) in PSM-treated group
compared to SHR DM group (Fig. 4 C, D).

Diabetes and hypertension are two of the most frequent non-com-
municable diseases of our modern society, which often occur together
and oxidative stress is regarded as one of the main pathophysiological
mechanisms in both disorders (Cheung and Li, 2012). Our results are in
accordance with the reported by Chan et al. (2018) and Chen et al.
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SEM of six rats (n = 6); *p < 0.05 vs SHR control group; *p < 0.05 vs diabetic SHR group.

(2014) antioxidant effects of saponins on the SOD activity and MDA
level.

The induced hyperglycaemia in the present experiment was ac-
companied by body weight reduction, increased MDA production and
decreased antioxidant defence (GSH, CAT and SOD) (Fig. 4) which
support the findings of Haluzik and Nedvidkova (2000), who have
shown that the cytotoxic effect of STZ can be partially mediated by
release of nitric oxide and ROS. Regarding this mode of STZ action,
antihyperglycaemic and hypotensive effects are suggested for the bio-
antioxidants in patients with diabetes and hypertension co-morbidity.

Fig. 5. Pathohistological analysis of livers (haema-
toxylin and eosin, line bar length - 66.67 um) of
SHRs: A. Liver of a rat from control group. Normal
histological structure; B. Liver of a rat treated with
NA/STZ. Hepatocytes with unclear borders and mi-
crogranular cytoplasm; C. Liver of a diabetic rat,
treated with PSM; D Liver of a diabetic rat, treated
with pioglitazone.
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Recently, administration of oleanolic acid has been shown to ameliorate
oxidative stress in pre-diabetes rat model (Gamede et al., 2019).
Treatment of high fat and fructose diet-fed rats with nano-oleanolic
acid, has been reported to result in an efficacious mitigation of the
increased MDA levels and the SOD and CAT activities in blood samples
(Wang et al., 2018).

In our study the antioxidant effect of PSM was comparable with the
effect of the positive control pioglitazone. El-Mas et al. (2011) have
shown that pioglitazone could abrogate the oxidative (aortic SOD and
MDA) and dyslipidaemic effects of cyclosporine-induced abnormalities
in hypertension. An increasing body of evidence is pointing to PPARy-
mediated oxidative stress alleviation by regulation of CAT and man-
ganese SOD expression (Polvani et al., 2012).

3.2.3. Histopathological studies

The control group showed normal histological and cellular archi-
tecture with distinct hepatocytes, spaces of Disse, central veins and
tracts (Fig. 5A). In the livers of rats treated with NA/STZ the hepatic
cells were disarranged (swollen appearance, cloudy cytoplasm and
microgranulations). The swollen cells affected space of Disse and the
lumen of the sinusoidal capillaries was narrowed (Fig. 5B). The liver
sections of the diabetic SHRs, treated with PSM, showed swollen he-
patocytes with unclear, microgranular cytoplasm, located in the cen-
trilobular zones (Fig. 5C). Livers from animals of the positive control
group revealed similar histological parameters as well. In the livers of
diabetic SHRs, treated with pioglitazone, in the centrilobular areas only
single swollen cells were observed (Fig. 5D). These findings suggest that
PSM had a protective effect on the liver at histological level commen-
surable to pioglitazone. The observed hepatoprotective effects are in
accordance with similar studies on triterpenoids like akebia saponin D
(Gong et al., 2016) and glycyrrhizic acid (Sil et al., 2015).

4. Conclusion

On the basis of molecular docking simulations, a PPARy weak par-
tial agonism was suggested for the sapogenin of the main saponin in
PSM from Astragalus glycyphylloides and for its metabolites predicted in
silico. Clustering of docking poses according to the binding mode and
the protein-ligand interaction fingerprints underlined the role of the
predicted sites of metabolism for the diversity of the PPARy binding. In
silico toxicity prediction resulted in a good safety profile for all docked
structures and the PSM's safety was confirmed by in vivo acute oral
toxicity assessment in mice.

The developed novel protocol for in silico prediction of possibly co-
existing metabolites, their potential toxic effects and therapeutic MoAs
could further be broadened to aid the prioritisation of naturally-derived
molecular scaffolds bearing optimal potential to serve as drug-discovery
leads, nutraceuticals or as components of new functional foods.

The in vivo antidiabetic, antioxidant and antihypertensive potential
of PSM, was investigated using a model of NA/STZ-induced type 2
diabetes in spontaneously hypertensive rats. It could be concluded that
administration of PSM to diabetic rats improved their glycaemic and
liver biochemical and antioxidant status. The histological examination
proved that the PSM had hepatoprotective effect which was less pro-
nounced compared to pioglitazone, in rats with artificially induced type
2 diabetes mellitus.
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