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Abstract: The discovery of more bioactive compounds for non-invasive administration has been the
goal of research groups focused on pharmacotherapy. Phytonutrients have always been attractive
for researchers because they are a significant source of bioactive phytochemicals, but it is challeng-
ing to determine which components show high biomedical activity. However, based on the chemical
structure of these active compounds, their physicochemical properties can be calculated to predict
the probability of gastrointestinal (GI) absorption after oral administration. Indeed, different re-
searchers have proposed several rules (e.g., Lipinski's, Veber's, Ghose's, and Muegge's rules) to at-
tain these predictions for synthetic compounds. Most phytochemicals do not fully comply with
these rules even though they show high bioactivity and high GI absorption experimentally. Here,
we provide a detailed methodology using web-based platforms to determine the physicochemical
properties of five phytochemicals in the phytonutrients ginger, echinacea, and tobacco. Further-
more, we analyzed the calculated data and established a protocol based on the combination and
integration of these rules, plus other extended parameter ranges, to reliably predict the GI absorp-
tion of natural compounds. The presented data and methodology can be beneficial for evaluating
bioactive natural compounds as potential drug candidates and predicting their oral bioavailability
in patients.

Dataset: N/A

Dataset License: license under which the dataset is made available (CC0O, CC-BY, CC-BY-SA, CC-
BY-NC, etc.)

Keywords: Physicochemical properties; Gastrointestinal absorption; Lipinski's rules; Veber's rules;
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1. Summary

The physicochemical properties of a drug candidate can be used to understand and predict its
absorption and, therefore, increase the chances of having a biological effect after oral consumption
on the physiology of the human body. These properties can be theoretically calculated as drug design
and discovery guidelines to understand drug candidates. This way, we can identify potential toxic
molecules, therapeutic and non-therapeutic drugs [1]. Several researchers have created different

pharmacokinetic rules to aid in predicting whether a compound is likely to be absorbed and is
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readily permeable to the GI tract. Among these rules is Lipinski's rule of five (L-Ro5), Ghose filter
(GF), Veber's rule (VR), and Muegge's rule (MR). Since their creation, up to the present, they appear
to be useful in predicting absorption in the GI tract and compound drug-likeness. Companies widely
use them to create novel synthetic drugs [2]. However, there is little knowledge regarding rules spe-
cific to the development of drugs from natural products. In this area, we found studies that incorpo-
rate the concept of molecular complexity (Cm) [3] and the extension of specific ranges in the previ-
ously proposed rules [4].

To perform this analysis, we provide a detailed methodology using web-based platforms to
determine the physicochemical properties of five bioactive compounds in three phytonutrients. We
selected phytochemicals from echinacea and ginger due to the recent increase in their consumption
to strengthen the immune system as we face the COVID-19 pandemic [5-6]. Furthermore, these phy-
tonutrients are currently being studied in a clinical trial against COVID-19 in Iran [7]. On the other
hand, we selected tobacco due to the various functions of its phytochemicals. For example, nicotine
is well-known for its addictive and cancer-proliferative effect on the human body [8], while cembra-
noids within the same leaves are known for their anticancer and neuroprotective effects [9]. In addi-
tion, we included in our analyses three well-known compounds as theoretical controls (aspirin, dox-
orubicin, and ascorbic acid (vitamin C)) to validate our method and GI absorption prediction for
natural products.

Obtaining these calculations is free of charge, and the data is acquired from trusted scientific
platforms. The different properties are calculated using PubChem, SwissADME, and ChemSpider-
ACD/Labs, and then analyzed to predict the GI absorption of each phytochemical. The presented
data and methodology can be instrumental in evaluating bioactive natural compounds as potential
drug candidates and predicting their bioavailability in patients. As important as these data are, ob-
taining them is relatively fast and inexpensive and can be readily done at the initial stages of assess-

ment.
2. Data Description

Lipinski's rule of five (L-Rob5) states that poor absorption and permeation are more likely when
the molecular weight (MW) is over 500 Da, lipophilicity (LogP) and hydrogen-bond donors (HBD)
are more than 5, and there are more than ten hydrogen-bond acceptors (HBA) [10]. The Ghose filter
(GF) attempts to improve prediction by stating that high absorption is likely, with the following
criteria: MW of 160 to 480 Da, a logP of -0.4 to 5.6, a molar refractivity (A) of 40 to 130, and a total
number of atoms (TNA) of 20 to 70 [11]. Veber's rule (VR) further increases the criteria for
bioavailability with less than ten rotatable bonds (RB) and a polar surface area (PSA) no greater than
140 [12]. Muegge's rule changed the properties ranges and included other parameters to differentiate
between drug-like and nondrug-like compounds. These are MW (200-600), LogP (-2 - 5), PSA<150,
number of rings (NR)<7, number of carbons (NC)>4, number of heteroatoms (NH)>1, RB<15, HBD<5,
HBA<10 [13]. Lipophilicity (LogP) is one of the most important properties for all these rules, defined
as the partition coefficient ratio of a compound between the hydrophobic and hydrophilic phases
[14]. Other researchers have proposed that the lipophilicity of the ionizable groups at pH 7.4, called
LogD, is much more critical for physiological absorption [15]. However, recent literature showed

that the determination of LogD is not quite easy because the calculated pKa and LogD values are, in
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some cases, very different from those found experimentally [16]. Hence, we included LogD values,
but they will not be used for predictions.

The other properties in these rules mainly focus on the molecules' interactions with themselves,
the solvent, and additional molecules around. On the other hand, the molecular complexity (Cm) is
another property considered important to calculate GI absorption that is a rough estimate of how
complicated the structure is, seen from the point of view of both the elements contained and the
displayed structural features, including symmetry [17]. In general, larger compounds display greater
complexity than smaller ones, but large symmetrical compounds and large compounds with low
diversity of atoms are considered less complex. A recent study verified if Cm can be a useful property
in medicinal chemistry by calculating Cm values for approved drugs of different major classes of
synthetic and natural antibiotics. Results demonstrated that a Cm of 100-800 had favorable outcomes
for absorption and permeation [18].

Interestingly, other researchers that studied hundreds of clinical orally administered drugs
concluded that a larger LogP, MW, PSA, and HBA could be allowed, especially in natural products.
We define these as Extended Rules (ER) for natural products. The ranges for these rules are MW <
1000 Da, 2<<LogP<10, HB<<6, HBA<15, PSA<250 A2 and RB<20 [4]. It is also worth mentioning
that the predictions of all these rules are established on molecules passively transported into the cells.
Thus, L-Ro5, GF, VR, MR, Cm, and ER do not consider actively transported substrates by biological
transporters (e.g. endocytosis) [19].

For this work, we obtained the values for molecular formula, structure figure, MW (Da), TNA,
HBA, HBD, RB, Log P, Cm, PSA, and A for our theoretical predictions using the web-based platforms
PubChem and SwissADME. In addition, ChemSpider/ACD Labs was used just to determine the Log
D at physiological pH.

3. Methods

3.1 Data source: PubChem

The primary data source was obtained from PubChem [17]. First, the name of each
phytochemical was typed into the database's search engine. Then, the program calculates and
provides the results for the values of different physicochemical properties of the searched

compound.

i Search for the common compound name on the PubChem engine.

ii This engine will provide the structure, molecular formula, molecular weight, LogP,
HBD, HBA, RB, PSA, and Cm of the chosen compound. We included these parameters
in Table 1 for each phytochemical.

iii To determine the total number of atoms (TNA) for each compound, we manually

added the number of atoms in the molecular formula.
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Pub@ hem Aspirin (Compound)
3 Chemical and Physical Properties @E
3.1 Computed Properties @E
Property Name Property Value Reference
Molecular Weight 180.16 Computed by PubChem 2.1 {(PubChem release 2021.05.07)
XLogP3 1.2 Computed by XLogP3 3.0 {PubChem release 2021.05.07}
Hydrogen Bond Denor Count 1 Computed by Cactvs 3.4.8.18 (PubChem release 2021.05.07)
Hydrogen Bond Acceptor Count 4 Computed by Cactvs 3.4.8.18 (PubChem release 2021.05.07)
Rotatable Bond Count 3 Computed by Cactvs 3.4.8.18 (PubChem release 2021.05.07)
Exact Mass 180.04225873 Computed by PubChem 2.1 (PubChem release 2021.05.07)
Monoisotopic Mass 180.04225873 Computed by PubChem 2.1 (PubChem release 2021.05.07)
Topological Polar Surface Area 63.5 A2 Computed by Cactvs 3.4.8.18 (PubChem release 2021.05.07)
Heavy Atom Count 13 Computed by PubChem
Formal Charge 0 Computed by PubChem
Complexity 212 Computed by Cactvs 3.4.8.18 (PubChem release 2021.05.07)
Isctope Atom Count 0 Computed by PubChem
Defined Atom Stereocenter Count 0 Computed by PubChem
Undefined Atom Stereocenter Count 0 Computed by PubChem
Defined Bond Stereocenter Count 0 Computed by PubChem
Undefined Bond Stereocenter Count 0 Computed by PubChem
Covalently-Bonded Unit Count 1 Computed by PubChem
Compound Is Canonicalized Yes Computed by PubChem (release 2021.05.07)

Figure 1. PubChem results on Aspirin properties. We selected MW, HBA, HBD, RB, Log P, PSA, and Cm from these values. They can
be found following the instructions mentioned beforehand in the data source PubChem and summarized in Table 2.

3.2 Data source: SwissADME

Our second data source was SwissADME [20]. It uses the Simplified Molecular Input Line
System (SMILES), which is a chemical notation that allows a user to represent a chemical structure
in a computational way. This notation provides computing physicochemical descriptors and
predicts small molecule pharmacokinetics and drug likeliness to support drug discovery [21].

i. Search for the common compound name on the PubChem engine.

ii. Identify the Canonical SMILES in the category of Computed Descriptors.

iii. Go to the SwissADME program and write the SMILES (from PubChem) in the space
provided where it says "Enter a list of SMILES here" and click "Run."

iv. This program will provide the user with the compound's RB, HBD, HBA, A, PSA,

Consensus Log P, GI absorption, blood-brain barrier (BBB) permeability, and P-
glycoprotein (P-gp) substrate. The values of these parameters are shown in Table 3.
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fieO& VWater Sofubility
o Log S (ESOL) -1.35
CHa Solubility 2.54e+00 ma/ml ; 1.41e-02 mol/l
/K R sIE Class Very soluble
o] o] o] )._,-"}' \ Log S (Ali) 2.12
’__/ "\,_ Solubility 1.362=00 mg/ml ; 7.562-03 mol/l
Ho L & Class Soluble
PSATU roLar  Log S (SILICOSAHT) -1.85
Solubility 2 57e+00 mg/mi ; 1.43e-02 molil
: Class Soluble
I Pharmacokinetics
SMILES - CC{=0)Cclcccec1C{=0)0 Gl absorption High
Physicochemical Properties BEB permeant Yes
Formula C8HB04 P-gp substrate No
Molecular weight 180.16 g/mol CYP1A2 inhibitor Mo
Num. heavy atoms 13 CYP2C19 inhibitor No
Wem.arom: heavy aloms, (B CYP2C inhibitor No
oo on CYP2D6 inhibitor No
MNum. rotatable bonds 3 CYP3A4 infibitor No
MNum. H-bond acceplors 4 : ) -
G : Log K, {skin permeation) -6.55 -:ms
Meotar Refractivity 4490 EOSEE
il 63,60 A5 Lipinski Yes; 0 violation
Lipophilicity e ves
Log Fgy, (ILOGP) 1.30 Veber ves
Egan Yes
Log Py, (XLOGP3) 1.19 ,
Muegge Mo; 1 viotation: MW=<200
Log Pos (WLOGF) 3l Bioavailability Score 0.85
Log P, (MLOGF) 1.51 Medicinal Chemistry
Log Fgy, (SILICOS-IT) 1.10 PAINS 0 alert
Consensus Log Py, 1.28 Brenk 1 alert phenol_ester
Leadlikeness Mo; 1 viotation: MW=250
Synihetic accessibility 1.52

Figure 2. SwissADME results on Aspirin properties. We selected RB, HBD, HBA, A, PSA, Consensus Log P, GI absorption, BBB
permeant, and P-gp substrate from these values included in Table 3. They can be calculated following the instructions above using
the data source SwissADME.

3.3 Data source: ChemSpider

Another data source used to obtain phytochemical's parameters was ChemSpider [22]. First,
the name of each phytonutrient was typed into the search engine of the database. Then, the
program calculates and provides results for the values of different physicochemical properties.

i Search for the common compound name on the ChemSpider engine.

ii. Click on the "Properties" tab.

iii. Click on the "Predicted - ACD/Labs" sub-tab.

iv. Look for the parameters ACD/LogD(pH 7.4)and A. We included these in Table 2 for
each phytochemical.

Even when this web-based program calculates the same properties as other programs, we will
use the numbers provided by PubChem and SwissADME since these websites are more reliable
because they are constantly monitored for updates to ensure the most accurate calculations.
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Names QEGHREHIEEN Searches Spectra Vendors Articles More -
Experimental data Predicted - ACD/Labs Predicted - EPISuite Predicted - ChemAxon Predicted - Mcule
Predicted data is generated using the ACD/Labs Percepta Platform - PhysChem Module
Density 1.3£0.1 g/em? ACD/LogP 1.19
Boiling Point 321.425.0 °C at 760 mmHg ACD/LogD (pH 5.5) -0.60
Vapour Pressure 0.0+0.7 mmHg at 25°C ACD/BCF (pH 5.5) 1.00
Enthalpy of Vaporization . 59.523.0 kJ/mol ACD/KOC (pH 5.5) 139
Flash Point 131.2£16.7°C ACDILogD (pH 7.4) -169
ndex of Refraction . 1.551 ACD/BCF (pH 7.4) 1.00
ivioiar Refraciivity 44 540.3 cm® ACTVKQC (nH 7 4) 100
#H bond acceptors P POl SR e 64 A?
#H bond donors 1 Polarizability 17.7:0.5 10-24cm?
#Freely Rotating Bonds 3 Surface Tension : 49 943 0 dyne/cm
#Rule of 5 Violations 0 Molar Violume 1396430 cm?

Figure 3. ChemSpider results on Aspirin properties. From these values, we selected the LogDr.4 (red box) included in Table 2. These
values are found following the instructions mentioned above in ChemSpider's data source.

3.4 Data Collection
In our previous review article [23], we developed a methodology using several web-based

platforms to calculate and predict the probability of GI absorption of different phytochemicals using
PubChem and ChemSpider-ACD/Labs. In this article, we clearly explain our methodology using
those web-based platforms and explore another platform, SwissADME, to develop the best
approximation for GI absorption prediction for natural products.

Table 1 presents the common compound name, structure, molecular formula, and molecular
weight for the selected plants' top five bioactive compounds obtained from PubChem. This
information should not vary on any platform since it is already established in the literature. Table 2
is a collection of physicochemical properties for those bioactive compounds from our main database,
PubChem. As we mentioned before, LogD values were added as supplementary information but
were not used for predictions. In Table 3, we determined the physicochemical properties of the
bioactive compounds of the selected plants using our second main database, SwissADME. It is
important to mention that these calculations from SwissADME may have minor variations for the
same property compared to PubChem, mostly due to differences in the algorithms. In addition to
the properties mentioned by L-Ro5, GF, VR, MR, this program provides more information, including
blood-brain barrier (BBB) permeation, targeting the P-glycoprotein (P-gp), and GI absorption. The
P-gp transporters, expressed in the intestinal epithelium and cancer cells, and the decrease in cellular
uptake of their substrates [24]. This property is important to study in chemoresistance and cancer
therapeutics because Pgp is the key efflux pump of chemotherapeutic drugs. Furthermore, the
permeability of a drug to the BBB is significant for laboratories working on brain therapies because
brain-targeted drugs must have the capacity to cross this barrier to target neurological disorders.
Interestingly, SwissADME predicts that aspirin and ascorbic acid are highly absorbable even when

both show violations to the rules. In addition to the rules, we understand that this program mainly
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adjusts the GI absorption predictions using the BOILED-Egg algorithm model [25]. This model
makes its predictions by constructing two ellipses using the coordinates of the PSA (0-142.1 A2) and
the LogP (-2.3 — 6.8) ranges. In this way, the properties from Tables 1, 2, and 3 facilitate the GI
absorption predictions described in Table 4, using the ranges from L-Ro5, GF, VR, MR, ER, and Cm.

Table 1. Name, structure, molecular formula, and molecular weight of the main bioactive
compounds in echinacea, tobacco, and ginger

Name Structure / Molecular formula MW (Da)
Echinacea
Cichoric acid Hg 474.4
Oy
H H
Ho 00
o} O
H H
1@
Oy
C22Hi1s012
Caftaric acid 312.2
H H
H, .
(4]
%y
C13H1209
Quercetin 610.5

-3-O-rutinoside

C27H30016
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Chlorogenic acid 354.3
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6-Shogaol 276.4
-
o
H 0
o
H H
C17H240s
6-Dehydro 290.4
gingerdione
C17H2204
Zingiberene 204.4
H
C15H2a
a-Curcumene 202.3
H
CisH2

Controls
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Aspirin 180.1

o-T

CoHsOn

Doxorubicin 543.5

Ascorbic acid 176.1

CsHsOs

MW: molecular weight
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Table 2. Physicochemical properties for the main bioactive compounds of the selected plants from the PubChem database

Name TNA*/HBA/ Log P Log D* A (cmd) PSA (A?) Cm

HBD /RB

Echinacea

Cichoric acid 52/12/6/11 2.00 -2.56 114.9 208 740
Caftaric acid 34/9/5/7 0.10 -4.39 70.8 162 458
Quercetin 73/16/10/6 -1.30 -1.75 138.2 266 1020
-3-O-rutinoside
Echinacoside 101/20/12/14 -2.10 -1.06 182.1 324 1230
Caffeic acid 21/4/3/2 1.20 -1.74 47.5 77.8 212
Tobacco
Anethole 23/1/0/2 3.30 3.08 48.8 9.2 121
Nicotine 26/2/0/1 1.20 -0.37 493 16.1 147
Menadione 21/2/0/0 2.2 2.02 47.6 34.1 289
Chlorogenic 43/9/6/5 -0.4 -3.91 82.0 165 534
acid
Cembra-2,7,11 56/2/2/1 4.00 5.34 944 40.5 431
-triene-4,6-diol
Ginger
6-Gingerol 47/4/2/10 2.5 2.88 82.9 66.8 293
6-Shogaol 44/3/1/9 3.70 4.15 81.5 46.5 299
6-Dehydro 43/4/2/8 4.20 3.17 84.6 66.8 373
gingerdione
Zingiberene 39/0/0/4 5.20 5.63 68.5 0 274
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a-Curcumene 37/0/0/4 5.40 5.20 68.3 0 190
Controls

Aspirin 21/4/1/3 1.2 -1.69 44.5 63.6 212

Doxorubicin 68/12/6/5 1.3 -0.79 131.5 206 977

Ascorbic acid 20/6/4/2 -1.6 -4.99 35.3 107 232

Log P: lipophilicity; LogD: Lipophilicity considering ionizable groups at pH 7.4; A: molar refractivity; HBD: Hydrogen bond donors,
HBA: Hydrogen bond acceptors; RB: rotatable bonds; PSA: polar surface area; TNA: total number of atoms; Cm: molecular complex-
ity.

#*TNA was determined manually by adding the number of atoms in the molecular formula.

*LogD was determined using ChemSpider-ACD/Labs.

Table 3. Physicochemical properties for the main bioactive compounds of the selected plants from the SwissADME database

Name TNA /HBA /HBD /RB Log P A (cm3) PSA (A2 BBB P-gp GI
Permeant substrate absorption
Echinacea
Cichoric acid 52/12/6/11 1.01 114 208 No Yes Low
Caftaric acid 34/9/5/7 -0.23 70.6 162 No No Low
Quercetin 73/16/10/6 -1.12 141.4 269.43 No Yes Low
-3-O-rutinoside
Echinacoside 101/20/12/14 -2.08 180.8 324 No No Low
Caffeic acid 21/4/3/2 0.93 47.2 77.8 No No High
Tobacco
Anethole 23/1/0/2 2.79 47.8 9.2 Yes No High
Nicotine 26/2/0/1 1.50 53.1 16.1 Yes No High
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Menadione 21/2/0/0 1.98 49.1 34.1 Yes No High
Chlorogenic acid 43/9/6/5 -0.38 83.5 164.8 No No Low
Cembra-2,7,11 56/2/2/1 3.93 97.1 40.5 Yes No High

-triene-4,6-diol

Ginger

6-Gingerol 47/4/2/10 3.13 84.6 66.8 Yes No High
6-Shogaol 44/3/1/9 3.76 829 46.5 Yes No High
6-Dehydro 43/4/2/8 3.45 84.8 66.8 Yes No High

gingerdione
Zingiberene 39/0/0/4 447 70.68 0 No No Low
a-Curcumene 37/0/0/4 4.86 69.55 0 No No Low

Controls

Aspirin 21/4/1/3 1.28 449 63.6 Yes No High?
Doxorubicin 68/12/6/5 0.44 132.7 206.1 No Yes Low?#
Ascorbic acid 20/6/4/2 -1.28 35.1 107.2 No No High*

Log P: lipophilicity (Consensus LogPow); A: molar refractivity; HBD: Hydrogen bond donors, HBA: Hydrogen bond acceptors; RB:
rotatable bonds; PSA: polar surface area; TNA: total number of atoms; BBB permeant: Blood-brain barrier permeant; Pgp substrate:
P-glycoprotein substrate; GI absorption: Gastrointestinal absorption predicted by the program for synthetic compounds.

*These theoretical GI predictions are supported by the experimental GI absorption for these synthetic and natural control compounds.

3.5 Data Analysis: Prediction of GI absorption for natural products

Considering the favorable properties based on the physicochemical parameters determined, we
identified in Table 4 any violation of the rules, L-Ro5, VR, GF, and MR. Because these rules mainly
apply to study synthetic compounds, we included in Table 4 the Cm and the ER that consider the
study of natural compounds. SwissADME also predicts the probability of being absorbed through
the GI, as we showed in Table 3. However, this program was also developed for synthetic
compounds. For this reason, the probability of GI absorption for natural products shown in Table 4
was predicted by integrating and combining the L-Ro5, GF, VR, MR, Cm, and ER. In this table, we

used the following ranges delimiting these rules:
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a. L-Ro5: HBD<5, HBA<10, MW<500, logP<5 [10];

b. GF:-04<logP<5.6, A (40 — 130), MW (160 — 480), TNA (20 — 70) [11];
c. VR:RB<10, PSA<140 [12];

d. Cm: 100-800 [18];

e. MR: MW (200-600), -2<logP<5, PSA<150, NR<7, NC> 4, NH > 1, RB<15, HBD<5, HB
<10[13].
The following ranges delimited the ER:
a. MW=<1000 Da, 2<LogP<10, HBD<6, HBA <15, PSA<\250 A2, and RB<20 [4].
Violations to these rules affect the GI absorption. The GI predictions for natural products were
manually determined by the combination of all the rules above as follows: High: The compound
fully complies with all the rules or has a limit of 3 violations to the L-Ro5, GF, VR, or MR that are
covered by the ER and Cm; Medium: The compound fully complies the ER and Cm but has > 3
violations to the other rules. Low: The compound does not fully comply with ER, Cm, and the other

rules. We suggest using just the L-Ro5, GF, MR, and VR ranges for synthetic compounds.

Table 4. Combination of the rules to predict the drug-likeness and GI absorption of natural compounds

Predicted GI absorption
Name L-Ro5 GF VR Cm MR ER Natural |
; Phytonutrient (Plant)
compound !
. 1/ !
Caffeic acid i '
v v v v MW<200 v High
o 1/ 1/ 1/ _ i
Caftaric acid '
V' Logr<04 Psasis0 Y psasiso Y High
2/ 3/ !
2/ ' Echinacea
Cichoric acid HBA>10 v RB > 10 v PSA>150 v Medium |
HBD>5 PSA>140 HBA>10 i
HBD>5 I High
[ 1
3 / 4 / 4 / 4 / | (| Megdium
| B Low
Quercetin3-0- nwssoo MW MW>600 PSA>250 : o
rutinoside HBA>10 LogP<-0.4 PSAS140 Cm>800 PSA>150 TNA>70 Low ;
A>130 HBA>10 HBA>10 :
HBD>5 :
TNA>70 HBD>5 HBD>5 '
4/ 5/ 5/ i
wossg MU0 2/ Logre? Logres ?
Echinacoside -0. - i} l
HAcosiee Hpas10 L‘ff;g 4 PI;]ZT&O Cm>800 pxsis0 TNAS7O | W
HBD>5 TNAS70 HBA>10 HBA>10 i
HBD>5  HBD>5 5
o 1/ .
Nicotine v v v v MW<200 v High | Tobacco
Menadione v v v v 1/ v High B High
MW<200 i O Medium
Cembra-2,7,11- _
triene-4,6-diol v v v v v v High
Anethole v 1/ v v 2/ v High !
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MW<160 MW<200
NH<2 5
Chlorogenic 1/ 1/ 1/ 2/
: v PSASIS0 W Medium !
acid HBD>5 LogP<-04 PSA>140 HBD>5 :
6-Gingerol v v v v v v High !
Ginger
6-Shogaol v v v v v v High
6-Dehy- ) i B High
dronmeani v v v v v v High |
rogingerdione !
o 1/ v , i
Zingiberene v v v v NH<2 High
1/ v . i
a-Curcumene v v v v NH<2 High
Controls
Aspirin v v v v 1/ v N |
P MW<200 |
3/ 2/ 3/ E
. MW>500 MW>480 1/ PSA>150 .
Doxorubicin  pps 10 As130  psasiao ™80 ppasio v N/A
HBD>5 HBD>5 1
2/ 1 i
Ascorbic acid v LOEI:ZE)OA v v MW<200 v High

L-Ro5: Lipinski's rule of five; GF: Ghose filter; VR: Veber's rule; MR: Muegge's rule; ER: Extended rules; Cm: molecular complex-
ity; Log P: Consensus LogP (lipophilicity); A: molar refractivity; HBD: Hydrogen bond donors, HBA: Hydrogen bond acceptors; RB:
rotatable bonds; PSA: polar surface area; TNA: total number of atoms; NR: number of rings; NH: number of heteroatoms; NC: num-
ber of carbons; GI: Gastrointestinal.

L-Ro5: HBD<5, HBA<10, MW<500, logP<5; GF: logP (-0.4 — 5.6), A (40 — 130), MW (160 — 480), TNA (20 — 70); VR: RB<10, PSA<140 ;
Cm: 100 - 800; MR: MW (200 — 600), logP (-2 — 5), PSA<150, NR<7, NC>4, NH>1, RB<15, HBD<5, HBA<10; ER: MW<1000 Da, LogP (-
2 -10), HBD<6, HBA<15, PSA<250 A2, and RB<20.

+ : Complies with all the rules

“Not applicable because these are not natural compounds. GI absorption is predicted for them in Table 3.

The GI predictions for natural products were manually determined by the combination of all the rules as follows:

High: The compound fully complies with all the rules or has 3 violations in the L-Ro5, GF, VR, or MR, covered by the ER and Cm.
Medium: The compound fully complies with the ER and Cm but has >3 violations to the other rules.

Low: The compound does not comply with the ER and Cm, and therefore neither with the other rules.

From echinacea's phytochemicals, we predict that only caffeic acid and caftaric acid will have
a high GI absorption with 1 and 3 violations, respectively, and comply with Cm and ER. Cichoric
acid will have a medium GI absorption because it shows 7 violations but complies with the Cm and
ER. In contrast, quercetin-3-O-rutinoside and echinacoside will have a low GI absorption because

they show 17 and 20 violations, respectively, including no compliance with ER and Cm. Accordingly,
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based on the five analyzed phytochemicals, the phytonutrient echinacea is predicted to show
partially (high 40% / medium 40%) GI absorption.

Tobacco has four out of five phytochemicals predicted to have high GI absorption. These are
the following: Nicotine and menadione, which have 1 violation; anethole which has 3 violations; and
cembra-2,7,11-triene-4,6-diol with no violations. At the same time, chlorogenic acid will have a
medium absorption because it shows 5 violations but complies with Cm and ER. As a result,
according to these five analyzed phytochemicals, the phytonutrient tobacco is predicted to show
mostly high (80%) GI absorption.

In our prediction of ginger's phytochemicals, all of them (6-gingerol, 6-shogaol, 6-
dehydrogingerdione, zingiberene, and a-curcumene) will have high GI absorption. Only zingiberene,
and a-curcumene showed 1 violation. Therefore, according to these five phytochemicals, the
phytonutrient ginger is predicted to show a high GI absorptivity.

Moreover, three different compounds were analyzed as theoretical controls: aspirin,
doxorubicin, and ascorbic acid. Aspirin, the most common over-the-counter synthetic oral analgesic
used worldwide, showed good absorption in the small intestine [26]. Even though aspirin is highly
absorbable, it presents one violation to the ER. Doxorubicin is a prescribed synthetic anthracycline
chemotherapeutic known to exhibit poor oral bioavailability; thus, it is only administered
intravenously [27]. This drug showed in our analysis low GI absorption because it violated the rules
for synthetic compounds and the Cm (a total of 10 violations). Ascorbic acid is the natural well-
known orally-absorbed vitamin C [28]. Although ascorbic acid is an established absorbed compound,
it violates 3 rules in total, 2 from GF and 1 from MR, further supporting our analysis that natural
compounds may have wider ranges than the ones proposed in the "classical rules". Based on these
findings for ascorbic acid, we expanded the limit to 3 violations for high absorption. However, it is
known that some clinically approved drugs for oral administration would be considered outliers
because they fall out of the ranges of these rules. Furthermore, as mentioned above, these rules do
not consider the active transport of molecules [19]. This is still a limitation in our GI absorptivity

predictions.

In conclusion, for an initial analysis of drug-likeness and oral availability of a compound, these
algorithms are an excellent method to start understanding its drug-relevant properties. Nevertheless,

further in vivo studies should be conducted experimentally to confirm the predicted GI absorption.
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