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The recent review article “Antioxidants for the treatment of non-
communicable diseases” discussed the benefits of antioxidants in
treating certain diseases.! Although the authors briefly mentioned
the roles of oxidants in cell metabolism and defense, they may
not have emphasized the potential detriments of an oversupply of
antioxidants. The cellular antioxidant defense mechanism plays an
important role in maintaining in vivo metabolism with a U-shaped
dose-response relationship to health outcomes, meaning that both
excessive and insufficient levels of antioxidants can cause meta-
bolic disorders (details have been reviewed by Zhang).?

While antioxidants are often viewed as beneficial, it is impor-
tant to recognize their double-edged nature and not overlook their
detrimental effects. The market is saturated with over-the-counter
antioxidant products and exaggerated advertising that lacks any
proper indication of detrimental effects leading to the unrestrained
use, and possible misuse, of these products, resulting in metabolic
diseases. Supplemental antioxidants can only be effective in treat-
ing diseases when cells produce excessive reactive oxygen species
that the endogenous antioxidant defense mechanism cannot coun-
terbalance resulting in imbalanced oxidant homeostasis. However,
over-supplementing with antioxidants can also disturb the homeo-
stasis and induce metabolic diseases by excessively lowering lev-
els of reactive oxygen species (ROS). Moreover, it can disrupt the
body’s innate antioxidant defenses by interacting with enzymes
such as superoxide dismutase, glutathione peroxidase, and cata-
lase. Adequate levels of ROS are necessary for vital physiological
functions such as signaling pathways and immune system respons-
es. In some populations, excessive selenium supplementation may
increase the likelihood of developing type 2 diabetes and meta-
bolic syndrome.’> Moreover, vitamin E and A supplements have
been found to disrupt cell metabolism in a peculiar manner, which
may result in an elevated risk of type 2 diabetes, cardiovascular
diseases, and even some cancers.? It has also been indicated that
excessive intake of selenium may hinder insulin signaling and as-
sociated glucose metabolism as well as dyslipidemia, contributing

Abbreviations: 3NT, 3-Nitrotyrosine.
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to metabolic syndrome. Similarly, an overabundance of vitamin E
or A, or both, can impede the immune system’s capacity to identify
and eliminate cancer cells, potentially promoting their growth. To
ensure the safe effective administration of antioxidants, it is es-
sential to evaluate an individual’s oxidative status before providing
antioxidant supplementation.

A recent publication suggests that before taking antioxidant
supplements, an individual’s oxidative status should be determined
as a baseline for correcting imbalanced oxidative homeostasis and
avoiding a potential oversupply of antioxidants.? However, select-
ing a biomarker for the quantification of oxidative stress can be
challenging due to the instability of oxidant molecules. To address
this, the author developed a simple and reliable method for de-
termining blood-free 3-Nitrotyrosine (3NT) as an oxidative stress
marker and recommended it for clinical applications.> 3NT is
formed proportionally by the nitration of protein-bound and free
tyrosine residues under oxidative stress through the reactive perox-
ynitrite molecules formed from the reaction between reactive oxy-
gen and nitrogen species. An integrative panel of multi-markers
for oxidative stress is also proposed for more extensive measure-
ment in humans.® By implementing the measurement, individuals
should be able to safely and efficiently supplement with antioxi-
dants without exerting significant detrimental effects.

In conclusion, while antioxidants have beneficial effects, it is
important to recognize their potential detrimental effects. Timely
measuring an individual’s oxidative status is essential for accurate
supplementation of antioxidants and avoiding adverse effects.
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Abstract

Background and objectives: Coronavirus disease 2019 (COVID-19), a global pandemic disease caused by SARS-CoV2 infec-
tion, has existed for nearly three years. However, there are currently only a few therapeutic drugs available. The objective of
this study attempted to explore the potential therapeutic actions of Shuanghuanglian, a traditional Chinese medicine, using
molecular docking simulation technology.

Methods: The ingredients of Shuanghuanglian and the approved drugs were structurally evaluated. The potential bindings
of the individual ingredients in Shuanghuanglian to the PLPro and Mpro of the SARS-CoV2 were evaluated by molecular
docking simulation according to the energy parameters. The corresponding binding patterns into each defined site were
analyzed. The pharmacokinetics of the individual ingredients were predicted to preliminarily evaluate their oral bioavail-
ability.

Results: There were 482 unique natural products in the categories of fatty acids, aromatic compounds, glycosides, and sterols.
The successfully docked rates of the Shuanghuanglian components binding to the PLPro and Mpro were all higher than those
of the compounds in the Food and Drug Administration-approved Drug Library. In general, Shuang and Lian took the primary
status in providing the top hits via the hydrogen bonds, while Huang acted as an important supplement to the global activity.
Though the selected hits faced the common difficulty of polarity, the deglycosylation and the package by the carriers could also
be practical to overcome the pharmacokinetic violation.

Conclusions: Shuang and Lian retain the potential ability to interact with the PLPro and Mpro of SARS-CoV2, and other herbs
seem to have the potential to be involved.

Introduction
Keywords: Coronavirus disease 2019; Natural products; Virtual screening; Potential
interactions; Traditional Chinese medicine.

Abbreviations: ADME, absorption, distribution, metabolism, and excretion; CoV,

It has been nearly three years since the Coronavirus (CoV) disease
2019 (COVID-19) was first detected in December 2019 in Wuhan,

coronavirus; FDA, Food and Drug Administration, USA; HSA, human serum albu-
min; MERS, Middle East respiratory syndrome; MOF, metal-organic framework;
Mpro, main protease; PLPro, papain-like protease; RARP, RNA-dependent RNA
polymerase; SARS, severe acute respiratory syndrome; SMILE, simplified molecular
input line entry system; TCMSP, traditional Chinese medicine systems pharmacology
database and analysis platform; TPSA, topological polar surface area.
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Hubei Province, China.! COVID-19 was caused by an infection
with a new CoV named severe acute respiratory syndrome coro-
navirus 2 (SARS-CoV-2),> which was the third highly pathogenic
virus in addition to the SARS-CoV in 2003,? and the Middle East
respiratory syndrome coronavirus (MERS-CoV) in 2012.# COV-
ID-19 spread to all countries around the world and was declared a
pandemic disease by the World Health Organization.>® The SARS-
CoV-2, particularly for the recent dominant Omicron strains, seems
to be less fatal (~5% vs. ~10% and ~40%, respectively) but is more
contagious (R, = 2.0-6.5) than SARS and MERS.”-1* Currently,
there are a few drugs that have been approved for the treatment
of COVID-19 although different types of vaccines have demon-
strated to limit the severity of COVID-19 around the world. Hence,

© 2023 The Author(s). This article has been published under the terms of Creative Commons Attribution-Noncommercial 4.0 International License (CC BY-NC 4.0), which
permits noncommercial unrestricted use, distribution, and reproduction in any medium, provided that the following statement is provided. “This article has been published
in Journal of Exploratory Research in Pharmacology at https://doi.org/10.14218/JERP.2022.00061 and can also be viewed on the Journal’s website
at https://www.xiahepublishing.com/journal/jerp™.
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Fig. 1. The life cycle of the SARS-CoV-2 and current potential drugs for COVID-19. (a) The illustration of the SARS-CoV-2 life-cycle following its infection. (b)

The potential drugs for treating COVID-19.

understanding the molecular pathogenesis of COVID-19 and the
discovery of new therapies are urgently needed (Fig. 1)."-13 Dur-
ing the life cycle of SARS-CoV-2, four major proteins have been
regarded as the potential targets, including the Spike protein for the
recognition onto the host, the RNA-dependent RNA polymerase
(RdRP) for the replication of RNA, the papain-like protease (PL-
Pro), and main protease (Mpro) for preparing the biosynthesis of
the next generation of the virus.

At present, the highly restricted policies, immediate isolation
of individuals with a positive SARS-CoV2 infection and exten-
sive screening, as well as effective therapies have controlled the
spreading of COVID-19 in China.!*!5 In 2020, potential drug
candidates, such as Remdesivir, Favipiravir and Chloroquine/Hy-
droxychloroquine, were chosen for the treatment of COVID-19 pa-
tients.!0-1% Recently, Paxlovid and Molnupiravir were approved by
the Food and Drug Administration (FDA) of the USA for treatment
of patients with early stages of COVID-19 and other biological
drugs, such as specific neutralization antibodies that had also been
approved for the treatment of patients with severe COVID-19.20-22
Furthermore, Chinese medicinal herbs, such as Shuanghuanglian,
Lianhua Qingwen capsules, Qingfei Paidu decoction, and other
modified prescriptions have been recommended for the treatment
of patients with mild COVID-19.1¢23:24 However, the pharmaco-
logical actions of these Chinese medicinal herbs, particularly for
Shuanghuanglian, the first recommended Chinese medicinal herb,
have not yet been clarified.?

This study explored the potential bindings of the ingredients in
Shuanghuanglian to the PLPro and Mpro of SARS-CoV2 accord-
ing to their crystal structures available in the literature.?® Shuang-
huanglian contains three major ingredients: Lonicerae Japonicae
Flos (Shuang means Shuanghua also called honeysuckle), Scutel-
lariae Radix (Huang means Huangqin), and Forsythiae Fructus
(Lian means Lianqiao).2’2° A previous study has reported that
miR2911 in honeysuckle inhibits the SARS-CoV-2 replication
and accelerates the negative conversion of infected patients.30-32
Accordingly, we attempted to explore the therapeutic potential of
abundant natural products in Chinese medicinal herbs.?3-35 Based
on its therapeutic efficiency, the relatively clear compositions,
available reference value of other prescriptions, and our previous
experience, Shuanghuanglian was chosen for the in silico analysis.

96

We scanned the database of the traditional Chinese herbs, analyzed
the natural products of each ingredient, conducted the molecular
docking simulation, and gave further discussion on the practical
potential. Our findings could aid in the design of new medical
herbs and help in internationally standardized research on tradi-
tional Chinese medicines.3¢-38

Materials and methods

General system and software information

The investigation was mainly conducted on a workstation with
the following system configurations: Intel CORE 17-9800X CPU
@3.80 GHz processor, system memory: 32 GB RAM, system type:
64-bit operating system, and Windows 10 as the operating system.
The data library was mainly summed up and analyzed by the in si/-
ico simulation in the Windows system using Python and Cygwin.
The two-dimensional structure of the compounds was drawn using
Chemdraw 14.0 software (ChemBioOffice, CambridgeSoft). The
preparation and molecular docking simulation were performed us-
ing Discovery Studio 3.5 and Discovery Studio Visualizer 2016
(Accelrys Software, Inc).

Selection of the natural products

The natural products of the corresponding herbs were obtained
from the traditional Chinese medicine systems pharmacology da-
tabase and analysis platform (TCMSP) Version 2.3 launched by
the Lab of Systems Pharmacology at Northwest University, Xi’an,
Shaanxi Province, China.3® All the compounds were collected with
the Mol ID in this database. The structures in the mol2 format were
identified using Chemdraw 14.0 software (ChemBioOffice, Cam-
bridgeSoft). The comparison on the percentage of the pass was
performed using the FDA-approved Drug Library (2,747 com-
pounds) supported by Selleck (China) (Shanghai, China).

Ligand preparation

All the compounds were prepared with the “Prepare Ligands”
modules in Discovery Studio 3.5 (Accelrys Software, Inc). Each
prepared ligand was identified to confirm that the conformation
agreed with the one in the original database.

DOI: 10.14218/JERP.2022.00061 | Volume 8 Issue 2, June 2023
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Receptor preparation

Based on the topic of the specific treatment instead of the preven-
tion or broad-spectrum therapy, we mainly investigated PLPro and
Mpro for preparing the biosynthesis of the next generation virus
in the life cycle of SARS-CoV-2. To avoid the same nationality of
the initial report, the recent released protein structures by the Na-
tional Institutes of Health, Bethesda, Maryland, USA or National
Science Foundation, Alexandria, Virginia USA were used. Accord-
ingly, the crystal structures of the wild type SARS-CoV-2 PLPro
(PDB code: 7JRN),*? and SARS-CoV-2 Mpro (PDB code: 7CWC)
were chosen.*! Subsequently, we prepared the protein structures
with the “Prepare Protein” modules in Discovery Studio 3.5 (Ac-
celrys Software, Inc). During the automatic procedure, the water
molecules were eliminated if they did not participate in the inter-
actions, the polar hydrogen was added, and the incomplete loops
were repaired. The preparation was performed under a CHARMm
minimization.*?

Afterwards, the hierarchy view of the prepared proteins was un-
folded. For PLPro, the binding site was defined as one of GRL0617
(a selective inhibitor of SARS-CoV PLPro).** For Mpro, the defi-
nition of the binding sites was more complex according to our find-
ings. Basically, the most important site was the N3-binding site as
reported.?® When we studied the receptor cavities more carefully,
we defined five binding sites which were more suitable for small
molecules. All the binding sites were investigated in this work.
Among them, Sites I and II were separated from the N3-binding
site, which was near the a-helix-rich region of Mpro; Sites III and
IV were independent on the beta (f)-sheet-rich region; while Site
V was at the linking position of the two regions.

Molecular docking simulation protocol

Molecular docking simulation was carried out using Discovery Stu-
dio 3.5 (Accelrys Software, Inc), and visualization was performed
using Discovery Studio Visualizer 2016 (Accelrys Software, Inc).
Since the involved ligands bore structural diversity, we chose the
graphical user interface CDOCKER protocol, a CHARMm force
field-based molecular docking tool with a half-flexible receptor,
to implement the simulation.** The major steps were as follows:

1. Initially, the conformations of the ligands were generated
through high temperature molecular dynamics with different
random seeds.

2. In each defined binding site, the original ligands were removed.
Subsequently, translating the center of each ligand to a specified
position within the receptor active site and performing a series
of random rotations led to random orientations of the conforma-
tions. During the generation of the random orientations, each
time when the calculated softened energy was lower than the
set limit, the orientation was recorded. This step was repeated
until the desired number (here we set three to improve the ac-
curacy as well as to avoid unnecessary crosses in order) of the
low-energy orientations was achieved, or the test times of the
bad orientations had reached the maximum number.

3. Afterwards, each recorded orientation was subjected to simulat-
ed annealing molecular dynamics. The simulation experienced
a heated process and was cooled down to the target temperature.
The final energy minimization of each ligand in the rigid re-
ceptor using non-softened potential was conducted. The heating
steps were 2,000 with 700 of the heating target temperature;
while the cooling steps were 5,000 with 300 cooling target tem-
perature.

4. Finally, the CHARMm energy (interaction energy plus ligand
strain) and the interaction energy alone of each recorded pose
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were calculated. Three (as we set) poses saved for each ligand
were ranked according to the CHARMm energy and the dock
scores (more negative, thus more favorable for binding).

Pharmacokinetic properties and Lipinski’s rule of five

The pharmacokinetic properties comprising absorption, distribu-
tion, metabolism, and excretion (ADME) were predicted using the
Swiss ADME protocol (http://www.swissadme.ch/).#546 The pre-
dicted data from this source were checked with the data from the
TCMSP Version 2.3.3° We also checked the top hits with the Lipin-
ski’s oral drug likeliness properties consisting of: 1) the molecular
weight (<500 Daltons), 2) number of hydrogen bond donors (<5),
3) number of hydrogen bond acceptors (<10), 4) log P (<5), and 5)
molar refractivity (<140).47

Results and discussion

Preliminary analysis of the natural products

Shuanghuanglian contained three major ingredients: Lonicerae
Japonicae Flos (Shuang), Scutellariae Radix (Huang), and For-
sythiae Fructus (Lian). The natural products of the corresponding
herbs were obtained from the TCMSP system Version 2.3.3° From
this database, the structures were downloaded and named with
their Mol ID. In Table S1, the Mol ID of the compounds from all
three herbs were listed. A general analysis of these natural products
led to some hints. First, the reported number of natural products
in Shuang, Huang, and Lian were 236, 143 and 150, respectively.
They were all rich in diversity because a random sampling of 10
herbs in the database indicated that all 10 herbs had fewer than 50
natural products. Secondly, some of the components of the herbs
were repeated. As colored in Table S1 and shown in Figure 2, 20
compounds in Shuang and Huang, 21 compounds in Shuang and
Lian, 10 compounds in Huang and Lian, were the same. There
were four compounds (MOL000069, MOL000254, MOL000357,
and MOL000358) that appeared in all three herbs. Interestingly,
they covered the categories of fatty acids, aromatic compounds,
glycosides, and sterols. Moreover, there were 482 distinguished
natural products in Shuanghuanglian.

Molecular docking simulation

Focusing on specific treatment, we chose the crystal structures
of the wild type SARS-CoV-2 PLPro (PDB code: 7JRN),* and
SARS-CoV-2 Mpro (PDB code: 7CWC),*! respectively. For the
other two enzymes, because the Spike protein might be for preven-
tion and RARP for the broad-spectrum treatment, which could also
be helped by miR2911,3? the binding sites of the PLPro and Mpro
were identified. As shown in Figure 3, the binding site in PLPpro
was that of the original ligand GRL0617, while the binding sites in
Mpro were complex. The basic site was that of ligand N3 together
with another five binding sites. Sites I and II were separated from
the N3-binding site, which was near the alpha (@)-helix-rich region
of the Mpro; Sites III and IV were independent in the fS-sheet-rich
region, while Site V was at the linking position of the two regions.
All of the natural products could have binding sites according to
the steric and electronic surroundings. We chose the CDOCKER
protocol considering the structural diversity of the ligands. Ac-
cordingly, the “~-CDOCKER Interaction Energy” was selected as
the basic index to evaluate the possibility of the interaction be-
tween each ligand and the binding site, while the “~-CDOCKER
Energy” was chosen as the reference index to evaluate the possible
steadiness of the ligand-receptor complex.
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Fig. 2. The number of ingredients in Lonicerae Japonicae Flos (Shuang), Scutellariae Radix (Huang), and Forsythiae Fructus (Lian), and four compounds in
all three herbs. (a) The numbers of natural products in the three herbs. (b) The compounds that appeared in all three herbs.

From the simple object to the complex one, we chose to ana-
lyze the results from SARS-CoV-2 PLPro. Among the 482 natural
products, 438 were docked into this site while 255 reached the
basic requirement of potential interactions (we set as -CDOCKER
Interaction Energy >30.0 kcal/mol). We listed the MOL IDs of the
255 compounds in Table S2 and illustrated the 2D binding pat-
terns of the top 15 hits in Figure S1. The top 15 hits were also
compared in Table 1. First, Shuanghuanglian seemed to have po-
tential for SARS-CoV-2 PLPro because 90.87% (438 out of 482)
of'its investigated components were docked into the PLPro, which
was higher than that of the compounds in the FDA-approved Drug
Library supported by Selleck (China) (Shanghai, China) (81.14%;
2,229 out of 2,747). Simultaneously, the “~-CDOCKER Interaction
Energy” of the top hits were almost in the rational range of 40.0—
60.0 kcal/mol, which was almost the most potential situation of
CDOCKER before further modification and evaluation. Secondly,
the flavones, glycosides, and polyphenols were preferred in the
top hits, while long chain fatty acid esters also appeared. Special-
ly, among the top hits, long chain fatty acid esters were all from
Huang. Thirdly, Shuang and Lian were more important than Huang
for binding to the PLPro. Additionally, the repeated compounds
did not appear frequently (two out of 15; 13.33%). In particular,
as shown in the 3D binding pattern of MOL003130 (Fig. 4a) and
MOLO002037 (Fig. 4b), the major key residues for the hydrogen

bonds were Lys157, Leul62, Aspl64, Argl66, Glul67, Gly266,
Asn267, Tyr268, GIn269, Tyr273, and Thr301, respectively. We
then chose the top three to evaluate their possible druggability.
Actually, with higher homology with SARS-CoV, Mpro has
been widely investigated.2® Here, we also analyzed the results in
the N3-binding site before that of the further defined ones. Among
the 482 natural products, 451 were docked into this site, while 246
could be potential for interactions with the Mpro. We listed the
MOL ID of the 246 compounds in Table S3 and illustrated the 2D
binding patterns of the top 15 hits in Figure S2. The hints from the
docking results in SARS-CoV-2 Mpro were different (Table 2).
Initially, compared with that in PLPro, the success rate of dock-
ing was even as high as 93.57% (451 out of 482), which was also
higher than that of the compounds in the FDA-approved Drug Li-
brary (83.25%; 2,287 out of 2,747). However, one questionable
point was that the “~-CDOCKER Interaction Energy” of the top hits
was all beyond 60.0 kcal/mol, thus suggesting that the N3-binding
site could be too large for the investigated ligands. Accordingly,
we subsequently divided it into smaller sites. Secondly, flavones,
glycosides, and polyphenols were preferred. Simultaneously, the
long chain species were alkanes. The long chain compounds were
all from Huang, and they were not favorable for generating hydro-
gen bonds. Thirdly, though Shuang and Lian still covered a major-
ity of the top hits, their compounds were quite different from those

Fig. 3. The defined binding sites in SARS-CoV-2 PLPro (a) and Mpro (b). Mpro, main protease; PLPro, papain-like protease.
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Table 1. The comparison of the top 15 hits in SARS-CoV-2 PLPro
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MOL ID ;E‘Z?g((ilzai:}t;:;;ﬁon (E;?/f:s:; ENeTEY  source m’br::z;(’f General name

MOL003130 -6.29035 63.3313 Shuang 10 Madreselvin A

MOL002037 41.0151 60.9759 Lian 7 Amentoflavone

MOL000010 -3.98465 58.1761 Shuang 7 Rhoifolin

MOL001875 44.3396 57.8812 Shuang 4 Isochlorogenic acid

MOL003051 -1.68697 56.8953 Shuang 1 Scolymoside

MOL003309 38.3745 56.5246 Lian 6 Plantainoside A

MOL003076 35.8932 56.4097 Shuang 2 3,5-Di-O-caffeoylquinic acid methyl ester
MOL003284 31.5003 56.2757 Lian 5 Caleolarioside A

MOL003077 38.4369 56.182 Shuang 8 4,5-Di-O-caffeoylquinic acid methyl ester
MOL003334 -3.93747 55.5806 Lian 7 Forsythoside D

MOL000415 -2.95525 55.0801 Shuang & Lian 3 Rutin

MOL013161 51.9647 54.8761 Huang 1 Methyl Hexacosanoate

MOL007792 8.65799 54.3395 Huang 4 Isomartynoside

MOL009734 49.455 53.8073 Huang 1 Methyl lignocerate

MOLO00007 14.4816 53.6873 Shuang & Huang 4 Cosmetin

Fig. 4. The 3D binding patterns of the top hits in the detailed binding sites with the H-bond surface comprising MOL003130 in PLPro (a), MOL002037 in

PLPro (b), MOL003008 in Mpro (c), and MOL003337 in Mpro (d).
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Table 2. The comparison of the top 15 hits in SARS-CoV-2 Mpro at the N3-binding site

MOL ID -CDOCKER interaction -CDOCKER en- Source Number of General name
energy (kcal/mol) ergy (kcal/mol) H-bonds
MOL003008 17.0653 74.3945 Shuang 9 Madreselvin B
MOL003337 13.6612 74.0027 Lian 6 Forsythoside F
MOL003332 29.1808 71.6769 Lian 7 Forsythoside C
MOL003110 -52.6021 71.2342 Shuang 5 Centauroside
MOL003130 0.355922 68.1028 Shuang 7 Madreselvin A
MOL000870 54.4467 64.6227 Huang 0 Hexatriacontane
MOL007792 20.8246 63.9904 Huang 5 Isomartynoside
MOL003331 24.3554 63.6139 Lian 4 Forsythiaside
MOL003285 -5.4399 63.3833 Lian 9 N/A
MOL003333 27.1839 62.5565 Lian 7 Acteoside
MOL003316 28.799 61.8015 Lian 5 B-Hydroxyacteoside
MOL003013 12.6776 61.1352 Shuang 4 Secologanic dibutylacetal
MOL003313 13.6329 60.7986 Lian 4 Suspensaside A
MOL000522 14.5554 60.2791 Lian 4 Arctiin
MOL005224 57.0222 60.1095 Huang 0 Tetratetracintane

docked in the PLPro because only two out of 15 (MOL003130
and MOLO007792) were the same. All the top hits were unique
herbs. We illustrated the 3D patterns of MOL003008 (Fig. 4c) and
MOLO003337 (Fig. 4d) to infer the key residues for the hydrogen
bonds as Phe3, Arg4, Lys5, Argl31, Thr199, Ser284, Leu287,
Glu288, and Glu290, respectively.

In addition, it could be possible that smaller binding sites could
be more rational than the N3-binding site for the prepared ligands.
Instead of simply reducing the radius, we identified the new sites
according to the real cavities. Preliminarily, we compared the
feasibility of the five divided sites. The successful docked and
interaction possible ligands were Site I: 339 and 21; Site II: 436
and 257; Site III: 390 and 173; Site IV: 367 and 169; Site V: 412
and 221. Because the top hit (MOL003283) in Site I indicated the
“-CDOCKER Interaction Energy” of merely 36.0175 kcal/mol, we
reasonably believed that Site I did not have the potential for the
prepared ligands from Shuanghuanglian. The top 50 hits in each
site were listed in Table S4, and the 2D binding patterns of the
top 15 hits were illustrated in Figures S3-S6. Site II was similar
too, but smaller than the N3-binding site. From the energy index
in Table 3, Site I was also more rational than the N3-binding site,
which realized our purpose of defining the divided sites. The top
hits were all formed from flavones, glycosides, and polyphenols.
Shuang and Lian contributed to 14 out of 15 top hits, except the
one that appeared in both herbs. Since Site II was similar to the
N3-binding site, a high percentage of ligands (33.3%, five out of
15, were marked in Table 3) appeared in the top hits in both sites.
We compared the detailed binding patterns of MOL003130 in both
sites (Fig. 5a, b, and d), and found that these two conformations
interacted with the different residues in the Mpro. Coincidently,
MOLO003130 also appeared in the top hits in PLPro. Other repeated
ligands in both the Mpro Site II and PLPro included MOL000415,
MOLO001875, MOL003051, MOL000010, and MOL003334. For
each repeat, we picked the top three from the previously unpicked
ones for further evaluation. They were MOL003316, MOL003313,
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MOL003013, MOL000415, MOL001875, and MOL003051.

When we divided the sites, we thought that Sites III and IV
were not typical for the small molecular ligands because they were
surrounded mainly by the S-sheet and their successfully docked li-
gands were relatively fewer (<400). Though the energy index was
also less favorable, these two sites could have potential because
the “-CDOCKER Interaction Energy” of the top hits was almost
in the rational range of 40.0-60.0 kcal/mol (Tables 4 and 5). In-
terestingly, the compounds from Huang, regardless of their chain
lengths, appeared more frequently in the top hits. Accordingly, we
could not ignore the possibility that Huang might interact at these
binding sites and act as an important supplement to the overall
activity of Shuanghuanglian.

Although the surrounding of Site V contained both the a-helix
and f-sheet, the top hits seemed more similar to the ones in Site
II, which were in an a-helix-rich region. As shown in Table 6,
four out of the top five hits (in total five out of 15 as marked)
repeated the top hits in Site II or the N3-binding site. We noticed
that MOLO003130 appeared again in the leading position with
the potential energy values. Given that Site V was close to the
N3-binding site, we illustrated the detailed binding patterns of
MOLO003130 in Site V (Fig. 5¢) and compared its relative position
in Mpro (Fig. 5d). Because these two conformations were both
bound near the center of the corresponding sites, there seemed
no key residues to interact with both of the conformations of
MOLO003130. Alternatively, MOL003130 could bind to the dif-
ferent sites of the Mpro simultaneously. We also selected the top
three unpicked ligands from this site (MOL003336, MOL003284,
and MOL003334).

Pharmacokinetic potential

We picked 15 hits to predict their pharmacokinetic potential by
checking the ADME properties and the violation with Lipinski’s
rule of five. The major properties were listed in Table S5 with
the corresponding simplified molecular input line entry system

DOI: 10.14218/JERP.2022.00061 | Volume 8 Issue 2, June 2023



Yang Y.S. et al: Shuanghuanglian for SARS-CoV-2 proteinases J Explor Res Pharmacol

Table 3. The comparison of the top 15 hits in the SARS-CoV-2 Mpro Site Il

MOL ID -CDOCKER interaction -CDOCKER en- Source Number of General name

energy (kcal/mol) ergy (kcal/mol) H-bonds
MOL000415 6.83568 64.3218 Shuang 11 Rutin

& Lian

MOL003130 -8.23777 63.2077 Shuang 8 Madreselvin A
MOL001875 34.2741 61.9011 Shuang 7 Isochlorogenic acid
MOL003051 1.79757 61.1418 Shuang 7 Scolymoside
MOL002921 11.635 59.2781 Huang 9 N/A
MOL003316 21.7516 59.1990 Lian 7 B-Hydroxyacteoside
MOL000010 5.53976 59.0876 Shuang 6 Rhoifolin
MOL003118 37.2258 58.1035 Shuang 9 Isochlorogenic acid C
MOL003332 15.5971 58.0757 Lian 5 Forsythoside C
MOL003334 12.9183 56.2545 Lian 8 Forsythoside D
MOL006370 30.5446 55.3136 Huang 7 5-O-Caffeoylquinic acid
MOL003313 4.35655 55.2171 Lian 4 Suspensaside A
MOL003013 -17.4498 55.1203 Shuang 3 Secologanic dibutylacetal
MOL003010 22.1107 54.5034 Shuang 6 Quercetin-3-0-6-D-glu
MOL003336 15.8194 53.9310 Lian 8 Forsythoside E

Fig. 5. The 3D binding patterns of MOL003130 to SARS-CoV-2 detailed in the N3-binding site (a), Sites Il (b) and V (c), and in the relative positions of the
above sites (d).
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MOL ID -CDOCKER interaction -CDOCKER en- Source Number of General name

energy (kcal/mol) ergy (kcal/mol) H-bonds
MOL000870 42.1147 48.0156 Huang 0 Hexatriacontane
MOL008595 42.8505 46.4620 Huang 1 Methyl henicosanoate
MOL005368 41.4543 45.0270 Huang 2 Methyl tricosanoate
MOL003284 27.3505 44.9463 Lian 3 Caleolarioside A
MOL003290 19.0479 44.4435 Lian 3 N/A
MOL003010 16.5869 43.5525 Shuang 6 Quercetin-3-0-6-D-glu
MOL000702 10.2468 43.2031 Lian 5 Guajavarin
MOL009730 29.8744 42.6731 Huang 1 Methyl icos-11-enoate
MOL000663 43.3447 42.6685 Shuang 1 Lignoceric acid
MOL002879 41.0219 42.5431 Huang 1 Diop
MOL003322 -1.69405 42.5174 Lian 4 Forsythinol
MOL005224 31.3177 42.3766 Huang 0 Tetratetracintane
MOL002027 38.0839 42.3339 Huang 0 Methyl behenate
MOL003030 33.7532 42.3317 Shuang 0 Ginnol
MOL002934 16.9542 42.2364 Huang 5 Neobaicalein

(SMILES) codes in Table S6, and the oral bioavailability radar
maps were presented in Figure 6. For treating COVID-19, we ana-
lyzed the oral bioavailability. For all of the selected hits, all the
natural products had the most common difficulty of polarity. Giv-
en the major structural moieties were flavones, glycosides, and
polyphenols, their topological polar surface area (TPSA) went
beyond the limit of 130 A2.4% Moreover, a majority of the hits
faced the problem of size (11 out of 15), which could result from
the fact that these compounds contained one or more glycosides.

Several hits needed improvement on flexibility (five out of 15).
Actually, two possible approaches could be applied to improve
the oral bioavailability. One was modifying the deglycosylated
metabolites of these natural products. As shown in Figure 6, de-
glycosylated MOL003130 exhibited no violations of Lipinski’s
rules. Further modification could improve the potential of the
interaction with its targets in the binding sites. The others were
packaging the drug-like compounds in certain carriers, such as
human serum albumin (HSA), metal-organic framework (MOF),

Table 5. The comparison of the top 15 hits in the SARS-CoV-2 Mpro Site IV

MOL ID ;cn'z(r)gcyl((iiair/t;';?ion (Etl:)a(l)/cr:\(clil'; ENer8Y  source gﬁ:z; il General name
MOL003309 32.9477 55.5423 Lian 6 Plantainoside A
MOL000009 18.7637 51.3359 Shuang 5 Luteolin-7-O-glucoside
MOL003345 13.0808 50.3323 Lian 5 N/A
MOL000561 15.2567 50.2364 Shuang & Lian 4 Astragalin
MOL000437 15.4088 49.6075 Lian 5 Hirsutrin
MOL000007 15.1167 49.0453 Shuang & Huang 5 Cosmetin
MOL002935 15.7847 48.0702 Huang 4 Baicalin
MOL002912 22.8402 47.9820 Huang 3 Dihydrobaicalin
MOL002931 25.8930 47.8252 Huang 4 Scutellarin
MOL003284 30.3906 46.1796 Lian 4 Caleolarioside A
MOL003297 -5.35172 46.0809 Lian 3 N/A
MOL003010 18.5803 45.6709 Shuang 6 Quercetin-3-0-8-D-glu
MOL000702 9.11693 44.8240 Lian 3 Guajavarin
MOL003128 2.8717 44.7907 Shuang 3 Dinethylsecologanoside
MOL003119 -8.58632 44,5271 Shuang 6 Loniceracetalide A
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Table 6. The comparison of the top 15 hits in the SARS-CoV-2 Mpro Site V

J Explor Res Pharmacol

MOL ID ;f\l:;(r)g(;K(iI:;:}t:‘roaStion iﬁg?/ﬂ‘(gs ENer8Y  source :ubn;:z; o General name
MOL003130 -3.17177 62.6809 Shuang 6 Madreselvin A
MOL003336 -3.49283 57.1383 Lian 7 Forsythoside E
MOL003284 34.4530 56.6149 Lian 8 Caleolarioside A
MOL003334 2.75989 55.4900 Lian 8 Forsythoside D
MOL003285 -13.2275 54.0015 Lian 4 N/A

MOL000536 13.0390 53.3301 Lian 3 Matairesinoside
MOL003309 31.5105 52.9643 Lian 6 Plantainoside A
MOL002702 49.0094 52.6923 Shuang 1 Nonacosanol
MOL003030 48.1793 52.3531 Shuang 2 Ginnol

MOL003020 7.01853 51.5526 Shuang 3 Secologanoside 7-methylester
MOL003118 31.1981 51.4023 Shuang 6 Isochlorogenic acid C
MOL009734 50.1233 51.1693 Huang 1 Methyl lignocerate
MOL003327 17.7518 51.0608 Lian 5 Rengyoside C
MOL000357 -50.5619 50.5453 All 2 Sitogluside
MOL003292 -11.9878 50.4217 Lian 3 (+)-Epipinoresinol-4'-

O-D-glucoside

and aptamers. Consequently, it could be practical to overcome one
or two violations.

Future directions

Similarity in the compounds and ingredients

There were some common compounds among the top hits in the
different binding sites, including MOL003130, MOL000415, MOL
001875, MOL003051, MOL000010, and MOL003334. They shared
some similar moieties, such as phenylpropanoids, flavones, and gly-
cosides. Their ADME properties had advantages in insaturation and
flexibility, as well as disadvantages in size and polarity.

Among the relevant efficacious Chinese medicines, there was
also similarity in the ingredients. Lianhua Qingwen capsules, sup-
plied during the COVID-19 pandemic in Shanghai in 2022, shared
the major ingredients of Shuang and Lian, while Qingfei Paidu de-
coction shared the major ingredient of Huang.**5 Moreover, the
involved ingredients, such as Atractylodes macrocephala Koidz,
Belamcanda chinensis (L.) Redouté, and Citrus reticulata Blanco,
contained similar components as those found in Shuanghuanglian.

Significance of the components and substitutability

Subsequently, we intended to define the sites in the Mpro, espe-
cially the separation of Sites I and II. According to the experience
of the structural analysis, the analysis of the released structure of
Mpro revealed the reported binding site was bulky. The so-called
N3-binding site was bound with a small peptide, which was con-
sistent with our recognition.?® However, we believed that the evo-
lution of the species obeyed the natural rules, thus inferring that
the binding site could be composed of two or more known sites.
Although the major topic of this work was analyzing the natural
products, we also conducted virtual screening during the beginning
months of the pandemic and reported the separation of the binding
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site as public information instead of a research paper. Sites I and
II, respectively had the unique features of the previous CoV site
and angiotensin receptor. This result was consistent with the clini-
cal characteristics of SARS-CoV2.1"-13 Furthermore, some of the
main components of Shuang and Lian were originally applied for
inhibiting the similar sites.

Subsequently, the analysis of the prepared ligands in each bind-
ing site unveiled the substitutability of the herbs. Initially, Huang
could be the supplement to the overall activity of Shuanghuan-
glian, and Huang could be de-emphasized considering the main
bioactivity of the prescription. The herb resources of the selected
hits are listed in Table S7. Among the 15 natural products, three
were unique for Shuang and seven in Lian, hence inferring that
these two herbs were irreplaceable. Several herbs also had five
other hits and included Chrysanthemi Flos (359 compounds),
Aurantii Fructus Immaturus (65 compounds), Ginkgo Semen (80
compounds), Herbahypericiperforati (37 compounds), Canarii
Fructus (56 compounds), and Saussureae Involucratae Herba (55
compounds). These herbs could provide possible substitutability
in urgent situations.

Conclusions

This study screened the potential binding of natural products in
Shuanghuanglian to the the PLPro and Mpro of SARS-CoV2 by
molecular docking simulation. There were 482 distinguished natu-
ral products in Shuanghuanglian that were categorized in the fatty
acids, aromatic compounds, glycosides, and sterols. These com-
pounds in these three herbs had certain repetition. The N3-binding
site of the Mpro was further divided into five detailed sites. The
successfully docked rates of the Shuanghuanglian components to
these proteins were all higher than that of the compounds in the
FDA-approved Drug Library. A majority of the top hits might inter-
act with the binding sites via hydrogen bonds. In general, Shuang
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Fig. 6. The oral bioavailability radar maps of the selected hits and the metabolite of MOL003130. The colored zone was the suitable physiochemical space
for oral bioavailability limited by LIPO (lipophility), SIZE, POLAR (polarity), INSO (insolubility), INSA (insaturation) and FLEX (flexibility).

and Lian took the primary status in providing the top hits, while
Huang could act as an important supplement to their overall activ-
ity. Moreover, we checked the pharmacokinetic potential of the
top hits. Though the selected hits faced the common difficulty of
polarity, the deglycosylation and the package by the carriers could
also be practical to overcome the violation. The substitutability
of these herbs indicated that Shuang and Lian were irreplaceable,
while other herbs seemed to have potential to be involved after fur-
ther evaluation and analysis of the diversity and risks in the future.
The findings from this work could open an avenue for international
and standardized research on traditional Chinese medicines, thus
contributing to global public health.
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Abstract

Background and objectives: In-stent restenosis (ISR) is a common complication after percutaneous coronary intervention. This
study aimed to investigate the mechanisms of Radix Salviae in preventing ISR based on network pharmacology.

Methods: The bioactive compounds were searched from natural product databases. The related targets were collected from the
databases and screened. The drug-compound-target-disease network was then constructed by Venny and Cytoscape software,
and the intersection targets were further investigated in the STRING database. Functional enrichment analysis was performed
in the DAVID database by conducting gene ontology and Kyoto Encyclopaedia of Genes and Genomes analyses. The software
AutoDock Vina was used to conduct the molecular docking simulation.

Results: A total of 33 bioactive compounds, including Luteolin, Tanshinone iia, and Dihydrotanshinlactone of Radix Salviae,
were predicted with 53 targets as the compound-related targets in the ISR disease. Then the protein-protein interaction analy-
sis discovered three key nodes, i.e.,, STAT3, JUN, and TP53. Moreover, functional enrichment of the gene ontology analysis
demonstrated that the main biological processes included the response to the drug and regulation of the transcription from
the RNA polymerase II promoter. The main molecular functions included protein binding, etc. The Kyoto Encyclopaedia of
Genes and Genomes analysis revealed that the signaling pathways were mainly related to the PI3K-Akt signaling pathway,
lipid-atherosclerosis signaling pathway, etc. Further investigation by molecular docking simulation between the ligands of the
Radix Salviae compounds and target proteins revealed great probability binding activities between Luteolin-STAT3 (-7.4 kcal/
mol), Tanshinone iia-TP53 (-7.2 kcal/mol), and Luteolin-TP53 (6.2 kcal/mol).

Conclusions: This study indicated that the bioactive compounds like Tanshinone in Radix Salviae could modulate ISR via
PI3K-Akt and lipid-atherosclerosis pathways, and the tar-
gets probably included STAT3, JUN, and TP53.

Keywords: Coronary atherosclerotic heart disease (CHD); Network pharmacology;
In-stent Restenosis; Radix Salviae; Percutaneous coronary intervention (PCI).
Abbreviations: CHD, coronary atherosclerotic heart disease; DAVID, database for

annotation visualization and integrated discovery; DL, drug-likeness; EC, endothelial
cells; GO, gene ontology; ISR, in-stent restenosis; KEGG, Kyoto Encyclopaedia of
Genes and Genomes; NCBI gene, National Center for Biotechnology Information
gene; NIRS, near-infrared spectroscopy; OB, oral bioavailability; OCT, optical co-
herence tomography; PCI, percutaneous coronary intervention; PPI, protein-protein
interaction; TTD, Therapeutic Target Database; VSMC, vascular smooth muscle cells.
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Introduction

Coronary atherosclerotic heart disease (CHD) is a common global
disease, which leads to the narrowing or occlusion of the blood
vessels resulting in myocardial ischemia, hypoxia, and necrosis.!
Although improving the symptoms of CHD, percutaneous coro-
nary intervention (PCI) also injures the vascular endothelium, in-
duces or aggravates the vascular inflammatory response, and leads
to postoperative in-stent restenosis (ISR).2 Radix Salviae and its
bioactive compounds in different dosage forms are widely used
in clinics in many Asian countries to treat CHD, and it has been
reported that extracts from Radix Salviae are helpful in preventing

© 2023 The Author(s). This article has been published under the terms of Creative Commons Attribution-Noncommercial 4.0 International License (CC BY-NC 4.0), which
permits noncommercial unrestricted use, distribution, and reproduction in any medium, provided that the following statement is provided. “This article has been published
in Journal of Exploratory Research in Pharmacology at https://doi.org/10.14218/JERP.2022.00068 and can also be viewed on the Journal’s website
at https://www.xiahepublishing.com/journal/jerp™.
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injury-activated neointimal hyperplasia® and the occurrence of ISR
that follows.*3

Network pharmacology has been increasingly applied in Chi-
nese medicine research, including the study of the herb Radix
Salviae.%” Furthermore, the network pharmacology of Chinese
medicine has been developed into a new interdisciplinary subject,
which has combined the methods of network science, bioinformat-
ics, computer science, and mathematics into the study of Chinese
medicine pharmacology, and elucidated Chinese medicine from
the molecular level and the functions of molecular network regula-
tion.® However, the underlying mechanisms of Radix Salviae and
its bioactive compounds in regulating the occurrence of ISR after
PCI in patients with CHD have not yet been intensively studied
Thus, this study was designed to investigate the potential mecha-
nisms of Radix Salviae in preventing the occurrence of ISR after
PCI based on network pharmacological techniques.

Methods

Bioactive compounds of Radix Salviae and compound-target
prediction

The compounds of Radix Salviae were mainly searched from
three natural product databases, i.e., Lab of Systems Pharmacolog
(TCMSP; https://old.tcmsp-e.com/tcmsp.php, https://pubmed.
ncbi.nlm.nih.gov/24735618/), a Bioinformatics Analysis Tool of
Molecular Mechanism of Traditional Chinese Medicine (BAT-
MAN, http://bionet.ncpsb.org.cn/batman-tcm/), and TCM@Tai-
wan (http:// tcm.cmu.edu.tw). The compounds were collected
and any duplications were removed. To identify the compounds
that could exert bioactive activities, the bioactive compound can-
didates were screened with the criteria of Lipinski’s rule,’ includ-
ing oral bioavailability (OB) >30%, drug-likeness (DL) >0.18,
and HL >4. In this study, we selected the three commonly used
webservers (i.e., TCMSP, BATMAN, and TCM@Taiwan) to col-
lect the predicted targets for the compounds. The compound-re-
lated targets were further screened by setting the prediction score
of >50 where there was a threshold.

ISR disease-related targets

The disease-related targets were collected by searching the key-
word “In-stent restenosis” and target species “Homo sapiens”.
ISR-target genes were obtained from the three databases: Gene
cards (www.genecards.org/), National Centre for Biotechnology
Information gene (NCBI genes, www.ncbi.nlm.nih.gov/gene),
and Therapeutic Target Database (TTD; http://db.idrblab.net/ttd).
Duplications of the ISR targets from the different databases were
removed, and the overlapping target genes from these databases
were collected.

Drug-compound-target-disease network

The targets of the Radix Salviae compounds related to the ISR dis-
ease were demonstrated and constructed by the drug-compound-
target-disease network. The intersection of the Radix Salviae
compound-related targets and the ISR disease-related targets were
obtained and plotted as a Venn diagram by Venny?2.1 (https://bioin-
fogp.cnb.csic.es/tools/venny/). Then the network of the Radix Sal-
viae compound targets related to the ISR disease was constructed
by the Cytoscape software version 3.6.1 (www.cytoscape.org).

Protein-protein interaction (PPI) network construction

The interaction network among the screened target candidates was
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helpful to determine the core regulatory genes. Here the STRING
database (https://string-db.org/) was used for this analysis by up-
loading the identifiers or sequences of the proteins from the inter-
section of the drug-compound-target-disease network. The specific
settings in this system were performed by selecting “Homo sapi-
ens” in the organism, selecting “Evidence” in the meaning of the
network edges, selecting the “highest confidence (0.900)” in the
minimum required interaction score, hiding disconnected nodes in
the network, and obtaining the correlation data among the targets,
then importing the acquired data into the Cytoscape software for
the PPI network construction. The nodes with a degree more than
twice of the average number of neighbors were regarded as the key
nodes in the PPI network, and nodes with a degree more than the
median number were collected.

Functional enrichment analysis

The Database for Annotation Visualization and Integrated Discov-
ery version 2021 (DAVID; https://david.ncifcrf.gov/home.jsp) da-
tabase was used to enrich the functions of the intersection targets.
The DAVID database integrated the gene ontology (GO) biological
process and Kyoto Encyclopaedia of Genes and Genomes (KEGG)
pathway to annotate the biological processes and pathway analy-
sis. The screening criteria of p < 0.05 was set by Bonferroni cor-
rection in the GO analysis, and the criteria of p < 0.05 and the
Kappa Score >0.4 were set in the KEGG analysis. Additionally, the
biological processes or pathways with the count of enrolled genes
more than the median count and enrichment factor >1.5 were col-
lected and ranked, then they were grouped according to the simi-
larity of their members. The functional items with a degree more
than the median number were regarded as key functional items.
The top-ranked pathways were selected and mapped by the KEGG
database, and the key genes enrolled in the selected pathways were
labeled by red stars. The histogram of the top-ranked GO biologi-
cal processes and bubble chart of the top-ranked KEGG signaling
pathways were plotted.

Molecular docking verification

The database of the Research Collaboratory for Structural Bioin-
formatics PDB (RCSR PDB) (www.rcsb.org) was used to check
the target protein structures, and the database of NCBI PubChem
(https://pubchem.ncbi.nlm.nih.gov) was used to find the docking
ligand of the Radix Salviae compounds like Luteolin, Tanshinone
iia, and Cryptotanshinone. After obtaining the molecular structures
of the target proteins and ligand compounds, the PyMOL software
was used to remove H,O and ligands. Then the molecular docking
stimulation of the target proteins and ligand compounds was con-
ducted in the software of AutoDock Vina. The binding energy of
less than —5.0 kcal/mol was characterized as good binding activity,
and the lower binding energy indicated the greater probability of
binding activity.!?

Results

Bioactive compounds and candidate targets

A total of 326 components of Radix Salviae were collected from
the three main databases of TCM. The bioactive compound can-
didates were screened by Lipinski’s rule. Then, the duplications
were removed and a total of 45 bioactive compounds were finally
included for further analysis. The candidate targets of each com-
pound were searched in the databases above with the name of the
compound or its molecular ID. Not all of the screened compounds
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Table 1. The top-ranked bioactive ingredients in Radix Salviae with Lipinski’s Rule from the database

Mol ID Molecule name MW AlogP Hdon Hacc OB (%) Caco-2 BBB DL FASA- HL
MOL007154 Tanshinone iia 29437 4.66 0 3 49.89 1.05 0.7 0.4 0.31 23.56
MOL007156 Tanshinone VI 296.34 244 2 4 45.64 0.48 -0.28 0.3 0.38 15.21
MOL007151 Tanshindiol b 31234 2.34 2 5 42.67 0.05 -0.63 045 0.33 22.25
MOL007079 Tanshinaldehyde 308.35 3.83 0 4 52.47 0.57 -0.07 0.45 0.32 23.49
MOL002222  Sugiol 300.48 4.99 1 2 36.11  1.14 0.7 0.28 0.27 14.62
MOL007077  Sclareol 308.56 4.27 2 2 43.67 0.84 0.51 0.21 0.27 4.71
MOLO007085 Salvilenone 292.4 4.26 0 2 30.38 1.46 1.07 038 0.35 20.81
MOL007071 Przewaquinone f 312.34 2.07 2 5 40.31 -0.09 -0.9 046 0.29 22.45
MOL007152 Przewaquinone e 31234 234 2 5 4285 -0.04 -0.65 0.45 0.32 22.44
MOLO007069 Przewaquinone ¢ 296.34 331 1 4 55.74 0.42 -03 04 0.32 23.7
MOL007068 Przewaquinone b 292.3 2.99 1 4 62.24 0.39 -0.45 041 0.38 24.94
MOL007130 Prolithospermic acid 31431 2.77 4 6 64.37 0.1 -0.75 0.31 0.42 8.82
MOL007124 Neocryptotanshinone ii 270.35 3.61 1 3 39.46 0.76 0.16 0.23 0.32 26.98
MOLO007125 Neocryptotanshinone 314.41 3.01 2 4 52.49 0.35 -0.13 0.32 0.28 14.46
MOL007122 Miltirone 282.41 4.73 0 2 38.76  1.23 0.87 0.25 0.32 14.82
MOL007119 Miltionone | 312.39 3.33 1 4 49.68 0.35 -0.11 0.32 0.35 41.49
MOL007061 Methylenetanshinquinone 278.32 4.26 0 3 37.07 1.03 0.46 0.36 0.36 24.33
MOLO00006 Luteolin 286.25 2.07 4 6 36.16 0.19 -0.84 0.25 0.39 15.94
MOLO007111 Isotanshinone ii 29437 4.66 0 3 4992 1.03 045 04 0.3 24.73
MOLO007108 Isocryptotanshi-none 296.39 3.59 0 3 5498 0.93 034 039 03 31.92
MOLO007058 Formyltanshinone 290.28 3.36 0 4 73.44 0.54 -0.28 042 041 24.12
MOL007101 Dihydrotanshinone | 27832 2.86 0 3 45.04 0.95 043 036 04 18.32
MOL007100 Dihydrotanshinlactone 266.31 2.77 0 3 38.68 1.26 0.81 0.32 0.38 5.42
MOLO007098 Deoxyneocryptotanshinone 298.41 4.32 1 3 49.4 0.85 0.24 0.29 0.3 27.17
MOL002651 Dehydrotanshinone ii a 292.35 4.22 0 3 43.76  1.02 0.52 0.4 0.33 23.71
MOL007093 Dan-shexinkum d 336.41 2.83 1 4 38.88 0.67 -0.15 0.55 0.35 30
MOL007094 Danshenspiroketallactone 282.36 3.24 0 3 50.43 0.88 051 031 0.34 15.19
MOL007081 Danshenol b 354.48 2.59 1 4 5795 0.53 0.11 056 0.3 4.28
MOL007082 Danshenol a 336.41 2.01 1 4 56.97 0.33 -0.01 0.52 0.34 5.15
MOL007088 Cryptotanshinone 296.39 3.4 0 3 52.34  0.95 0.51 0.4 0.29 17.3
MOL001601 1,2,5,6-tetrahydrotanshinone  280.34  2.98 0 3 38.75 0.96 039 036 0.33 18.05
MOL007049 4-methylenemiltirone 266.36 4.33 0 2 3435 1.25 0.87 0.23 0.38 14.6
MOL007045 3a-hydroxytanshinone lla 310.37 3.56 1 4 4493 0.53 0.22 044 03 23.78

AlogP, octanol-water partition coefficient; BBB, blood-brain barrier; DL, drug-likeness; FASA-, fractional negative accessible surface area; hacc, hydrogen bond acceptor count;
hdon, hydrogen bond donor count; HL, half-life; MW, molecular weight; OB, oral bioavailability.

had targets, and 12 compounds with no target were removed. Thus,
33 bioactive compounds of Radix Salviae with 122 candidate tar-
gets were predicted (Table 1).

Compound-target network related to ISR

In total, 528 ISR-related targets from three main databases of hu-
man genomes were collected, and the duplications were removed.
Then 461 ISR-related targets were used for the intersection analy-
sis with 122 candidate targets related to the compounds screened
from Radix Salviae. A Venn diagram showed that 53 targets (about
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10% of the combined targets) were selected as the Radix Salviae
compound-related targets in the ISR disease (Fig. 1a).

Drug-compound-target-disease network

In order to display the relationship among the Radix Salviae com-
pounds and their potential targets in ISR development, the drug-
compound-target-disease network was composed with the software
Cytoscape. The degree term was used to screen the hub compounds
and hub targets in the compound-target network, and the results
could reflect the importance of the nodes through their numbers of
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Fig. 1. Screening the hub targets and interacted proteins from Radix Salviae for the ISR disease. (a) The Venn diagram indicated the number of intersection
targets of the ISR-related genes and targets of the bioactive compounds from Radix Salviae. (b) The drug-compound-target-disease network showed the
intersection targets of the ISR-related genes and targets of the bioactive compounds from Radix Salviae. The circle size indicated the degree of the interacted
targets. (c) The protein-protein interaction network from STRING database showed the interaction among the hub targets of the drug-compound-target-
disease network. The circle size and transparency indicated the degree of the interacted targets. ISR, in-stent restenosis.

connections to other nodes.!! Our results showed the hub compounds
with a criteria of degree of >30 were Luteolin, Tanshinone iia, Di-
hydrotanshinlactone, 4-methylenemiltirone, Isocryptotanshinone,
Cryptotanshinone, Neocryptotanshinone ii, Dan-shexinkum d, and
1,2,5,6-tetrahydrotanshinone. The active compounds screened from
Radix Salviae were further verified by the published papers, and we
found that some of the above-mentioned compounds (e.g. Luteo-
lin,'>13 Tanshinone iia,'* and Cryptotanshinone!5) were reported to
be potential therapeutic drugs for ISR prevention and treatment. The
hub targets with a degree >5 were PTGS2, PTGS1, RXRA, DPP4,
ESR1, HRT2A, PIK3CG, PPARG, SLC6A4, CDK2, and GSK3B.
The intersection targets of the ISR-related genes and targets of the
bioactive compounds from Radix Salviae are described in Figure 1b
and Table 2.

Protein-protein interaction network

To further study the interactions among the target proteins of the
Radix Salviae compounds in the ISR development and explore
the hub target proteins in the PPI, the STRING database was used
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to construct the PPI network. The 53 potential targets for Radix
Salviae in the treatment of ISR were uploaded to the STRING
database. Finally, three key nodes with a degree more than twice
of the average number of neighbors in the network!® were ob-
tained (Fig. 1c), i.e., STAT3 (degree 23), JUN (degree 22), and
TP53 (degree 21). Nodes with a degree more than the median
number of the degree are listed in Table 3. The results suggested
that these targets of Radix Salviae probably affected the ISR pa-
thology.

Functional enrichment analysis

The cluster of the Radix Salviae compound-related targets in the
ISR disease was subsequently uploaded to the DAVID database.
The enrichment analysis of the targets for Radix Salviae in regu-
lating the ISR pathology was then performed, and we obtained
454 GO biological processes, 42 GO cellular components, 88 GO
molecular functions, and 142 KEGG signaling pathways. The top-
ranked items in GO and KEGG are listed in Tables 4-7. For the
GO items, Figure 2 showed that the main biological processes in
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Table 2. The top-ranked gene targets in the intersection of the Radix Salviae ingredients-related genes and ISR-related genes

Target De- Averageshort- Betweenness Closeness Neighborhood N_umber L A Topological
name gree estpathlength centrality centrality connectivity ::':::ed SECIEE SHE coefficient

PTGS2 34 1.93960924 0.05423601  0.51556777 34.38235294 34 0.76509769 548920 0.06310464
PTGS1 20 2.01776199 0.02779512 0.49559859 47.75 20 0.7455595 359378 0.08973129
RXRA 18 2.04618117 0.02385006 0.48871528 50.33333333 18 0.73845471 317668 0.09579288
DPP4 17 2.02841918 0.02218696  0.49299475 48.17647059 17 0.7428952 245162 0.09054985
ESR1 15 2.09236234 0.01899042 0.47792869 54.53333333 15 0.72690941 251874 0.1060066

PPARG 8 2.07815275 0.00985313  0.48119658 84 8 0.73046181 132576 0.16085271
PIK3CG 8 2.09591474 0.00880962 0.47711864 78.125 8 0.72602131 96164 0.15092955
HTR2A 8 2.13854352 0.00932818  0.46760797 81.5 8 0.71536412 135092 0.16132265
SLC6A4 7 2.14920071 0.00810756 0.46528926 91.85714286 7 0.71269982 126928 0.18281115
GSK3B 7 2.13854352 0.00779648  0.46760797 91.85714286 7 0.71536412 122358 0.18171429
CDK2 7 2.14564831 0.00775917 0.4660596 91.14285714 7 0.71358792 121972 0.18100975
NOS2 6 2.14564831 0.0066054 0.4660596  99.66666667 6 0.71358792 92324  0.19772879
NOS3 5 2.1740675 0.00560859 0.45996732 116.2 5 0.70648313 83560 0.23414634

ISR included the response to the drug, regulation of the transcrip-
tion from the RNA polymerase Il promoter, regulation of the cell
proliferation, regulation of the DNA-templated transcription, and
regulation of the gene expression. The main cellular components
included the nucleus, cytosol, nucleoplasm, cytoplasm, and plasma
membrane. The main molecular functions included protein bind-
ing, identical protein binding, enzyme binding, and macromolecu-

lar complex binding. Additionally, the KEGG pathway enrich-
ment results suggested that the mechanisms of the Radix Salviae
compounds in affecting ISR were mainly related to the PI3K-Akt
signaling pathway, lipid and atherosclerosis, endocrine resistance,
AGE-RAGE signaling pathway in diabetic complications, HIF-1
signaling pathway, fluid shear stress and atherosclerosis, 1L-17
signaling pathway, and MAPK signaling pathway (Fig. 3). For the

Table 3. The top-ranked hub targets in the protein-protein interaction network for the ISR from the STRING database

Between-

Neighbor- Number of

hame  gree ™ commaity cosficient layow "oodcon directed | Radiaity stress RGeS
centrality nectivity edges

STAT3 23 0.16854 0.607143 0.280632 46 10.65217 23 0.870588 1984 0.231569
JUN 22 0.133907 0.614458 0.324675 44 11.72727 22 0.87451 1608 0.244318
TP53 21 0.147607  0.579545 0.280952 42 10.14286 21 0.854902 1688 0.239229
MAPK1 19 0.137273  0.607143 0.28655 38 11.42105 19 0.870588 1474 0.232009
RELA 17  0.087643 0.573034 0.419118 34 12.58824 17 0.85098 1086 0.267835
IL6 15  0.039766  0.520408 0.409524 30 11.53333 15 0.815686 610 0.288333
MYC 15  0.033492 0.56044 0.504762 30 13.86667 15 0.843137 510 0.295035
ESR1 15 0.053931 0.566667 0.380952 30 12.6 15 0.847059 722 0.2625
TNF 14 0.038757 0.51 0.43956 28 11.35714 14 0.807843 534 0.291209
CCND1 14 0.039052  0.542553 0.527473 28 13.5 14 0.831373 580 0.3
VEGFA 13 0.033573  0.485714 0.358974 26 9.461538 13 0.788235 352 0.260684
CDKN1A 13 0.03638 0.525773 0.487179 26 12.46154 13 0.819608 512 0.283217
FOS 12 0.018025 0.53125 0.545455 24 14.66667 12 0.823529 286 0.325926
RB1 12 0.018022 0.5 0.484848 24 12.16667 12 0.8 276 0.304167
IL10 11 0.022195  0.455357 0.436364 22 9.545455 11 0.760784 246 0.289256
CDK2 11 0.037222  0.46789 0.527273 22 11.54545 11 0.772549 528 0.339572
EGFR 10 0.039183  0.504951 0.4 20 12.2 10 0.803922 480 0.283721

MW, molecular weight; OB, oral bioavailability; BBB, blood-brain barrier; DL, drug-likeness; FASA-, fractional negative accessible surface area; HL, half-life; ISR, in-stent restenosis.
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Fig. 2. Histogram of the enriched items of the biological process, cellular components, and molecular function in the GO analysis of the Radix Salviae-
targeted genes in the ISR disease. GO, gene ontology; ISR, in-stent restenosis.

Fig. 3. The enriched items in the KEGG pathways of the Radix Salviae-targeted genes in the ISR disease. The size of the dots represents the number of tar-
gets in the corresponding pathway, and the color of the dots represents the fold enrichment value in the corresponding pathway. KEGG, Kyoto Encyclopaedia

of Genes and Genomes; ISR, in-stent restenosis.
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Fig. 4. The representative pathway of the PI3K-Akt signal in the Radix Salviae-targeted genes in the ISR disease. The red star labeled genes indicate the

targets enriched in this pathway. ISR, in-stent restenosis.

specific targets involved in the representative signaling pathways,
Figure 4 and Supplementary Figures 1-3 demonstrate the labeled
genes in detail.

Molecular docking simulation

Based on the above analysis, we found that the hub targets (i.e.,
STAT3, JUN, and TP53) were enrolled in several important cell
signaling pathways, including the PI3K-Akt signaling pathway,
and the lipid and atherosclerosis pathway. Thus, we tried three
compounds from Radix Salviae (i.e., Luteolin, Tanshinone iia, and
Cryptotanshinone), which had been reported in the literature, for
further molecular docking simulation in the AutoDock Vina soft-
ware. The results showed that the binding energy between Luteo-
1in-STAT3 (—7.4 kcal/mol), Tanshinone iia-TP53 (=7.2 kcal/mol),
and Luteolin-TP53 (—6.2 kcal/mol) was less than —5 kcal/mol,
consequently indicating a high probability of binding activities
between these ligand compounds and target proteins. The visual-
ized binding sites between these docking pairs are presented in
Figure 5, and the binding energy has been evaluated and listed in
Table 8.

DOI: 10.14218/JERP.2022.00068 | Volume 8 Issue 2, June 2023

Discussion

This study was designed to investigate the potential mechanisms of
Radix Salviae in the pathogenesis of ISR. Our results showed that
33 bioactive compounds were predicted by the databases, and 53
targets were selected as the compound-related targets in ISR. There
were key nodes discovered in the PPI network, i.e., STAT3, JUN,
and TP53. Moreover, the functional enrichment of the GO analysis
demonstrated that the main biological processes in ISR included the
response to the drug, regulation of the transcription from the RNA
polymerase II promoter, and the main molecular functions, which
included protein binding. The KEGG analysis revealed that the cell
signaling pathways of Radix Salviae were mainly related to the
PI3K-Akt, lipid and atherosclerosis signals, etc.

Network pharmacology is a powerful tool to reveal the mecha-
nisms of TCM in the prevention and treatment of various diseases,
including CHD.'7" Radix Salviae is a commonly used herbal
medicine in treating CHD,?" and it was reported that extracts from
Radix Salviae were helpful in the prevention of the occurrence of
ISR.*?! Here we screened the bioactive compound candidates of
Radix Salviae with Lipinski’s rule based on the biochemical data-
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Fig. 5. The representative molecular docking pairs between the ligands of the Radix Salviae compounds and target proteins. (a) The chemical structures
of the Radix Salviae compounds. (b) The docking sites between the ligand compounds and target proteins.

bases.?? Tanshinone was reported to be effective in inhibiting inti-
mal thickening and inflammation in a rat carotid artery restenosis
model,?? thus suggesting that Tanshinone could be an important
bioactive compound in preventing ISR.

The occurrence and development of ISR involved the co-regu-
lation of multiple genes. The PPI network was then used to analyze
the protein-protein target interactions, which helped to interpret
the relationships among the target proteins of Radix Salviae and
highlight the hub targets in the ISR pathology. The PPI results
showed that STAT3, JUN, and TP53 were the top-ranked targets
with high neighborhood connectivity. The activation or high ex-
pression of STAT3 was found in the development of ISR after
the stent implantation,* and treatment with sirolimus or a high-
nitrogen low-nickel coronary stent could inhibit STAT3 activation
or expression in preclinical studies.? JUN was also reported to
mediate the proliferation of vascular smooth muscle cells (VSMC)
in the pathogenesis of ISR.2%?7 Hence, modulating the activation
or expression of the key targets (e.g., STAT3 or JUN) of the ISR
pathogenesis that could help to interpret the mechanisms of Radix

Table 8. The top-ranked pairs of ligand compounds and target proteins
evaluated by the binding energy

Binding energy

Ligand compounds Target proteins

(kcal/mol)
Luteolin STAT3 -7.4
Tanshinone iia TP53 -7.2
Luteolin TP53 -6.2
Tanshinone iia STAT3 -4.5

118

Salviae in preventing ISR development.

Furthermore, functional enrichment analysis was conducted by
the GO and KEGG analyses. Our results showed that the PI3K-Akt
and lipid-atherosclerosis signals were highlighted. The PI3K-Akt
signaling pathway was reported to mediate both the endothelial cells
(EC) proliferation and VSMC proliferation as well as migration,
which was involved in the ISR pathogenesis,?®?? and treatment with
the compound Cantharidin, extracted from traditional Chinese medi-
cine, could inhibit the phosphorylation of Akt (P-Akt).3? Our results
indicated that TP53 was also enrolled in the PI3K-Akt signaling in
mediating the ISR pathology. Similar predictions and reports could
be found in both cancer development and non-cancer diseases, and
agents targeting TP53 could regulate the PI3K-Akt signaling-medi-
ated diseases.3!33 These data provided a possibility of Radix Salviae
in preventing ISR development via PI3K-Akt signaling and TP53.
Additionally, the lipid-atherosclerosis signaling was a series of clas-
sical pathways, and our data revealed that this signaling included the
STAT3, JUN, and TP53 genes.

In addition to the roles of the STAT3, JUN, and TP53 genes
in the ISR pathogenesis, lipid and lipid-mediated atherosclerosis
signals were also essential in the ISR development. It was reported
that the degree of neointimal proliferation in ISR was proportional
to the amount of injury, the intensity of the inflammatory infiltrate,
and the association of stent struts with lipid-filled plaque;3* moreo-
ver, the in-stent neointima formation could be identified as a lipid
rich part by both near-infrared spectroscopy (NIRS) and optical
coherence tomography (OCT) in the clinic.33 Our results indicated
that Radix Salviae had the potential to prevent ISR development
via modulating the lipid and atherosclerosis signaling pathways.

Molecular docking simulation could also be used to examine

DOI: 10.14218/JERP.2022.00068 | Volume 8 Issue 2, June 2023
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and screen the possibility of the binding activity between the com-
pounds and targets.?%37 Therefore, further investigation by molec-
ular docking simulation between the ligand of the Radix Salviae
compounds and target proteins were performed. As the lower bind-
ing energy indicated the greater probability of the binding activity,
our results revealed a high probability of binding activities between
Luteolin-STAT3 (—7.4 kcal/mol), Tanshinone iia-TP53 (—7.2 kcal/
mol), and Luteolin-TP53 (—6.2 kcal/mol). This preliminary result
would be helpful for experimental validation in the future.

Thus, these above-mentioned data provided network pharmaco-
logical evidence for exploring the potential mechanisms underly-
ing the action of Radix Salviae in preventing ISR after PCI.

Limitations and prospects

The network pharmacology investigation in this study would help
to elucidate the mechanisms of Radix Salviae in preventing ISR
development in the clinic. However, the major limitation of this
study was the lack of experimental confirmation although some
of the published studies could support our network pharmacologi-
cal exploratory results to some extent. Thus, further experimental
studies with cultured cells and animals of ISR models treated by
the screened active compounds from Radix Salviae should be de-
signed to validate the network pharmacological findings of this
study in the future.

Conclusions

Overall, this study indicated that bioactive compounds like Tanshi-
none in Radix Salviae could modulate ISR via the PI3K-Akt and
lipid-atherosclerosis pathways, and the targets probably included
STAT3, JUN, and TP53, which could help to elucidate the mecha-
nisms of Radix Salviae in preventing ISR.

Supporting information

Supplementary material for this article is available at https://doi.
org/10.14218/JERP.2022.00068.

Supplementary Fig. 1. The representative pathway of Lipid and
Atherosclerosis in Radix Salviae-targeted genes in ISR disease.
The red star-labeled genes indicate the targets enriched in this
pathway.

Supplementary Fig. 2. The representative pathway of HIF-1 sig-
nal in Radix Salviae-targeted genes in ISR disease. The red star-
labeled genes indicate the targets enriched in this pathway.

Supplementary Fig. 3. The representative pathway of IL-17 sig-
nal in Radix Salviae-targeted genes in ISR disease. The red star-
labeled genes indicate the targets enriched in this pathway.
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Abstract

Cannabis has a long history of use in treating human diseases, but scientific research on its properties has only recently gained
momentum. The increasing prevalence of antibiotic resistance in human and animal pathogens has sparked renewed interest
in exploring alternative antimicrobial therapies from Cannabis and other plant sources. There is also potential for Cannabis ex-
tracts or purified cannabinoids to be applied in novel medical contexts. Industrial hemp extracts may find applications in food
manufacturing, veterinary purposes, and microbial control in cleaners and sanitizers. This review highlights the latest discoveries
regarding Cannabis plant extracts and phytochemicals as potent antimicrobial agents against various microorganisms, including
Gram-positive and Gram-negative bacteria. More importantly, the challenges of using cannabinoids as effective and affordable
natural antimicrobial agents are reviewed. While antimicrobial and other applications of Cannabis extracts and phytochemicals
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appear promising, concerns about possible toxic side effects
exist. Therefore, future research should focus on addressing
the safety of these compounds, evaluating their in vivo activ-
ity, and understanding structural changes that influence their
pharmacokinetic properties. Standardized tests will be crucial
for facilitating valid inter-laboratory comparisons. The review
article also discusses future research directions aimed at de-
veloping novel broad-spectrum antibiotics based on Cannabis.

Introduction

Cannabis sativa L. or marijuana, is a flowering plant that has been
used for millennia for food, drugs (both legal and illegal), textile
(hemp), and religious purposes.! Selective breeding has resulted in
numerous C. sativa strains (cultivars) with different properties. For
example, hemp strains are fibrous and low in cannabinoids, while
medicinal strains are highly flowering and contain both phytonu-
trients and phytochemicals.>* Bioactive compounds can be ex-
tracted from oils or as aqueous phases from seeds, flowers, leaves,
and stems using traditional techniques such as cold-pressing and
solvent extraction or by contemporary procedures like ultrasound.’
Supercritical fluid extraction with carbon dioxide (SFE-CO,) is
another technology used in industry to extract phytochemical com-
pounds.®’ This is no different from other plant products, which
have been historically used as rich sources of natural products for
human health.?

Potential therapeutic applications and bioactive mechanisms

© 2023 The Author(s). This article has been published under the terms of Creative Commons Attribution-Noncommercial 4.0 International License (CC BY-NC 4.0), which
permits noncommercial unrestricted use, distribution, and reproduction in any medium, provided that the following statement is provided. “This article has been published
in Journal of Exploratory Research in Pharmacology at https://doi.org/10.14218/JERP.2022.00062 and can also be viewed on the Journal’s website
at https://www.xiahepublishing.com/journal/jerp™.
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of crude Cannabis extracts and purified compounds derived
from C. sativa have been investigated in various pharmacologi-
cal scenarios, including their use as anti-convulsive, analgesic,
anti-anxiety, and anti-emetic therapeutic drugs.® While much re-
search has centered around the psychoactive properties of can-
nabinoids,!? the antimicrobial properties of compounds extracted
from C. sativa are now becoming of particular interest due to the
emergence of antimicrobial resistance as a vital threat to human
health globally.!! Mitigating the human and economic impacts of
this problem, and more broadly, the emergence of new microbial
pathogens,'? requires identifying and elucidating new antimicro-
bial therapies.

One possibility to combat such infections, apart from anti-
biotics, is to use phage-based therapies, including lysin therapy
and engineered phage enzymes.!3'* Another alternative is to use
plant-derived compounds or extracts with antimicrobial proper-
ties (bacterial, fungal, and viral). Among these, Cannabis extracts
and (more specifically) cannabinoids show colossal promise, es-
pecially towards multi-drug resistant microorganisms like MRSA
(methicillin-resistant Staphylococcus aureus), which can be very
difficult to treat.'S While there is much anecdotal evidence on the
efficacy of Cannabis compounds or extracts, controlled laboratory
investigations of these novel antimicrobial agents, their mode of
action, efficacy, and safety, together with the development of safe
and approved disease treatment therapies, is certainly needed. /n
vitro antifungal, antibacterial, antimalarial, antileishmanial, and
cytotoxic properties of C. sativa extracts and compounds have
been investigated since the early 2000s.1316-1° However, signifi-
cant challenges exist in assessing the efficacy of these agents (both
impure phytochemical extracts and purified compounds), deter-
mining their safety, and implementing research findings. These
challenges include high variability in cannabinoid content in dif-
ferent C. sativa strains; also for different parts of plants and in the
extraction methods;’ a lack of uniform methods for antimicrobial
screening assays; diversity in microbial targets (strain variability);
failure to consider the stability of extracts or the effects of addi-
tional compounds (impurities), both in cell culture experiments
and animal trials. Furthermore, challenges regarding the negative
perception of Cannabis, its safety and potential side effects, vari-
able delivery methods, local and systemic effects, and synergistic
effects need to be addressed.?**!

This review will describe the potential uses of agents found
in medicinal Cannabis extracts as antimicrobials, the current
knowledge on their mechanism of action, the challenges around
phytochemicals’ stability and bioavailability, optimized extraction
protocols, and isolation of active antibiotic compounds. Also, the
prospect of using new formulations containing ‘old’ antibiotics
combined with therapeutic plant compounds to provide a synergis-
tic killing effect is noted. Such combined treatments could more
effectively kill or inhibit antibiotic-resistant bacteria causing local
and systemic infections.

New classes of potent antimicrobial agents

It has been known for decades that Cannabis plant extracts can be
effective antimicrobial agents.2>?3 More than 525 phytochemicals
have been extracted and isolated in C. sativa.?*2® The most im-
portant classes of Cannabis phytochemicals are the C21 terpenes,
phenolics, and cannabinoids. The respective antimicrobial proper-
ties of these compounds will be discussed in this report.

There are many benefits for isolated cannabinoids, including an-
tifungal, antibacterial, antimalarial, antileishmanial, and cytotoxic
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properties.?® Active cannabinoids like CBG,2?® CBN, CBC,* and
psychoactive cannabinoids delta-9-trans-tetrahydrocannabinol (A°-
THC)!” (summarized in Table 1 and Fig. 1) and their precursors
have a high level of antimicrobial activity.!®26:3031 Synthesis of
cannabinoids is complex; essentially, they are derived from can-
nabigerolic acid (CBGA), which is the precursor of olivetol acid
(OLA) and geranyl pyrophosphate (GPP), and is induced by the
prenyltransferase geranyl pyrophosphate: olivetolategeranyltrans-
ferase (GOT).?? There are some examples of co-enzymes involve-
ment like tetrahydrocannabinolic acid synthase (THCAS), canna-
bidiolic acid synthase (CBDAS), or cannabichromeneacid synthase
(CBCAS). With the assistance of the co-enzyme, CBGA is finally
converted to tetrahydrocannabinolic acid (THCA), cannabidiolic
acid (CBDA), and cannabichromenic acid (CBCA). Then, oxi-
dation of THCA occurs to produce cannabinolic acid (CBNA) in
the buds.?33* Cannabinoids A>-THC, CBD, CBG, CBC, and CBN
displayed anti-staphylococcal activity with even greater antibiotic
effect than traditional antibiotics like norfloxacin, erythromycin,
tetracycline, and oxacillin.> CBG exhibits antibacterial activities
against Streptococcus mutans (S.mutans) 3530

Both compounds A°-THC and CBD showed significant anti-
bacterial activity towards S. aureus, Streptococcus pyogenes (S.
pyogenes), Streptococcus milleri (S. milleri), Enterococcus faeca-
lis (E. faecalis), E. coli, Salmonella typhi, and Proteus vulgaris.3’
Farha, et al.3" further described the antibacterial activity of specific
cannabinoids CBC, CBCA, CBD, CBDV, CBDA, CBDVA, CBG,
CBGA, CBN, CBL, THC, A8-THC, exo-tetrahydrocannabinol
(exo-THC), A%-tetrahydrocannabinolic acid-A (THCAA), THCV,
(%) 11-nor-9-carboxy-A? — THC, and (+) 11-hydroxy-A°-THC
against MRSA to inhibit its ability to form biofilms and station-
ary phase cells’ resistance to antibiotics. CBD also showed potent
activity against various MRSA strains.*® A detailed paper on the
antimicrobial activity of CBD, including mechanistic mode-of-
action studies, was later provided by Blaskovich et al.!” They
showed that cannabidiol has a superior effect against biofilms.
This cannabinoid could potentially treat Gram-negative bacteria
infections, including Neisseria gonorrhoeae and Gram-positive
bacterial infections. CBD was also shown to be a bigger inhibi-
tor of membrane vesicle emission from E. coli (strain VCS257)
compared to S. aureus. Whenever CBD was used in combination
with selected antibiotics, it caused higher inhibition action against
Gram-negative bacteria.’* Similar to terpenes, cannabinoids show
synergistic effects with antibiotics. Grassi et al.*’ demonstrated
that when cannabinoids were combined with polymyxin B, there
was an effective inhibition against Gram-negative bacteria.

Apart from cannabinoids, geranyl pyrophosphate is the pre-
cursor in synthesizing the terpenoids, leading to the creation of
monoterpenoids in secretory cell plastids.*! For instance, volatile
oil fractions incorporate monoterpenoids (C10)*? or sesquiterpe-
noids and triterpenoids in the cytoplasm.*** Sesquiterpenes (C15)
are major compounds in hemp extracts.*> After harvest, Cannabis
buds must be dried to remove the carboxylic acid functional group
to extract high-purity CBD, CBC, and CBG. Then, oxidization of
THC yields delta-8-tetrahydrocannabinol (AS-THC, the main psy-
choactive compound) and CBN.26:45:46

Many factors affect the quality and consistency of these anti-
bacterial extracts, including environmental and climatic condi-
tions for the growth of leaves, flowers, and seeds. Also, Muscara
et al.*7 studied two standardized hexane extracts for their phytonu-
trients and antibiotic activities. The first extract consisted of can-
nabidivarinic acid (CBDVA) and tetrahydrocannabivarinic acid
(THCVA). The second extract contained cannabidivarin (CBDV)
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Table 1. Cannabinoids from Cannabis sativa L. with antimicrobial activity

Active

Organism Mode of action References
compound
CBD S. aureus; B. subtilis CBD is more active than CBDA due to exchanged positions 3,89,100
of the one hydroxyl group and lipophilic side chain.
Hepatitis C virus CBD interacts with the CB, receptor and stimulates
apoptosis in thymocytes and splenocytes, then
inhibiting the proliferation of T-cells and macrophages
as such mechanism cause to indirectly slows
the pathogenic process of the HBV virus.
SARS-CoV-2 CBD additive or synergic effect with terpene control
viral replication or clonal stable conformations with the
binding of the transmembrane protease serine 2 (SARS-
CoV-2) and angiotensin-converting enzyme-2 (ACE2).
CBG Mycobacterium; Leishmania CBG alters membrane structures of treated bacteria 70
donovani; S. mutans; S. sanguis; S. and disorders of the cytoplasm activity.
sobrinus; S. salivarius; MRSA
CBC S.aureus; B.Subtils; C. albicans; Mycobacterium The activity of CBC due to bearing the lipophilic 3,74
smegmatis; Saccharomyces cerevisiae; side chain and one hydroxyl group in exchanged
Trichophyton mentagrophytes positions displayed similarly potent activity.
CBN Anti-MRSA; antileishmanial; Decreased or increased esterification or 3,76
Plasmodium falciparum methylation of the carboxylic acid moieties
were detrimental to the activity and additional
hydroxy function in the lipophilic side chain.
A3-THC S. aureus, Streptococcus pyogenes, Decreased or increased esterification or 3,16

Streptococcus. milleri, Enterococcus faecalis, E.
coli, Salmonella typhi, Proteus vulgaris, MRSA

methylation of the carboxylic acid moieties
were detrimental to the activity.

ACE-2, Angiotensin-converting enzyme-2; CBD, Cannabidiol; CBDA, Cannabidiol acid; CBG, Cannabigerol; CBN, Cannabinol; MRSA, Methicillin-resistant Staphylococcus aureus;
SARS-CoV-2, severe acute respiratory syndrome coronavirus 2; A%>-THC, Delta-9-trans-Tetrahydrocannabinol.
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Fig. 1. Antimicrobial activity of cannabinoids like cannabidiol (CBD), cannabigerol (CBG), cannabichromene (CBC), cannabinol (CBN), and delta-8-tetrahy-
drocannabinol (A3-THC).
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and tetrahydrocannabivarin (THCV) from a new Chinese C.sativa
variety and other non-psychoactive strains. Both extracts showed
extraordinary antioxidant activity and antimicrobial and antifungal
properties against clinical strains of MRSA and other microorgan-
isms.?® Various methods have been applied to extract and isolate
these and other antimicrobial agents, such as solvent extraction,
physical methods, and supercritical fluid extraction, giving differ-
ent results.>¢

Other Cannabis compounds with antimicrobial activity include
terpenoids. These form a large percentage of essential oils.*8-5!
Some 120 terpenoids have been found in marijuana and hemp,*
but relatively few terpenes have been isolated, purified, and test-
ed.>3 Hemp seed oil was also effective in controlling spoilage of
food and phytopathogenic microorganisms.'®5* An in vitro or cell
culture study by Nostro e al.’5 considered a range of plant ex-
tracts, potentially inhibiting biofilms in food. They found that ex-
tracts were effective against S. aureus, including MRSA strains,
Escherichia coli (E. coli), and Pseudomonas aeruginosa (P. aer-
uginosa). Another study focused on linalool and a-Phellandrene,
which were investigated due to their very low toxicity and ease of
use and were registered as a potential new therapeutic.’->% Another
type of active compound extracted from Cannabis seeds are the
flavonoids, also effective against bacteria and yeast.>

Another active compound class that can be extracted from Can-
nabis and used as an antibiotic alone or in combination with other
compounds is Cannabis alkaloids. Natural alkaloids accumulate
to differing extents in particular parts of the plant, such as barks,
roots, and leaves.58% These alkaloids can be chemically modified
to produce synthetic and semi-synthetic smart drugs. However,
natural compounds are generally safer and cheaper than alterna-
tive synthetic compounds.®® Currently, natural alkaloids are used
as a therapeutic compound for human disease and as pesticides in
agriculture.®! Natural alkaloids and phenolic compounds have po-
tential antimicrobial activity due to their ability to alter the struc-
ture of the bacterial wall.?

In summary, the most valuable compounds in Cannabis, be-
sides cannabinoids, include its alkaloids, terpenoids, steroids, phe-
nols, glycosides, and tannins.®

A novel mode of action

The most active compounds in C. sativa with antimicrobial po-
tential are THC, CBD, CBG, and CBC.5%%4-%6 These compounds
may also effectively treat psychological and physiological disor-
ders.67:%8 Medicinal Cannabis phytochemicals applied to specific
medical devices were active against biofilms composed of Gram-
positive and Gram-negative bacteria, and their mode of action was
to alter and penetrate the bacteria cells® are summarized in Table
1. Various methods like scanning electron microscopy, transmis-
sion electron microscopy, Nile Red membrane staining, and
laurdan membrane fluidity assays have shown that CBG inhibits
bacteria via alterations to the bacterial cell structure by inducing
membrane hyperpolarization and decreasing the membrane fluid-
ity.”? CBG exhibited moderate antimicrobial activity towards My-
cobacterium® and Leishmania donovani (L. donovani).® Not only
CBG but also its derivative iso-CBG-C1 showed potential activity
against S. aureus and Bacillus subtilis (B. subtilis), and Mycobac-
terium smegmatis (M. smegmatis).*’

Other studies found that CBD has a higher effect against Gram-
positive bacteria than their acid form due to differences in lipophi-
licity.?”71:72 Studies have shown that CBD and CBG have a higher
antimicrobial effect than their precursors (acidic cannabinoids or
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raw material before drying) due to exchanged positions of a hy-
droxyl group and lipophilic side chain.?

While CBD and CBG are effective against Gram-positive bac-
teria, Krejci et al.” reported that both cannabinoids were inactive
against Gram-negative bacteria. Moreover, compared to other
natural cannabinoids and antibiotics like streptomycin, CBC has
the highest activity against S. aureus and B. subtilis,”* and similar
effects were confirmed with iso-CBC due to connecting with the
lipophilic side chain and a hydroxyl group in interchanged posi-
tions.”> Furthermore, a cannabinol derivative CBN7%77 showed
moderate anti-MRSA, antileishmanial, and anti-Plasmodium fal-
ciparum (P. falciparum) activity. However, both A>-THCVA and
CBDVA showed lower anti-staphylococcal activity based on delet-
ing a side chain compared to A>-THCV and CBDV.”%7 The pri-
mary action of CBG against MRSA is the disordering of the prin-
cipal activity of the cytoplasm.?” Recent structure-function studies
have helped to determine the most effective cannabinoids.®’ Can-
nabinoids showed significant differences in antimicrobial activity
due to a decrease or increase in methylation or esterification. The
most active antimicrobial cannabinoids are A>-THC, CBN, and
CBG.IGJO

No significant antifungal activity has been observed yet for can-
nabinoids.!® However, the antiviral potential of CBD has received
some attention.?1-86 CBD was effective against hepatitis C virus
(HCV),¥-%2 which causes liver inflammation.?® In contrast, CBD
was ineffective against the hepatitis B virus (HBV). CBD was
more efficient than sofosbuvir and had a less cytotoxic effect.®*
Other research indirectly showed that CBD could effectively work
and inhibit Kaposi’s sarcoma-associated herpesvirus (KSHV).%

One key research target is control of the human coronavirus
(COVID-19).96%? In a recent article, CBD in combination with
terpenes showed antiviral effects against Human Coronavirus
E229.190 Also, in an earlier investigation, terpenes were found
to show an antiviral effect on severe acute respiratory syndrome
coronavirus 1 (SARS-CoV-1).1°! However, while such compounds
show promise, most of these antivirals have not been trialed on
humans or undergone controlled clinical trials.!>!1%3 According to
Chatow et al.,'" the combined possibility of plant terpenes with
CBD against a human coronavirus strain could be seen using a
tissue cell culture model.

Although such studies are a good start, they cannot determine
side effects or potential cytotoxicity as in vivo animal model stud-
ies. Recent studies showed phytochemicals have stable conforma-
tions with the binding enzyme of severe acute respiratory syn-
drome coronavirus 2 (SARS-CoV-2), which has a vital role in viral
replication, cloning, suppressing viral entry and activation, and
down-regulating ACE2 receptor and TMPRSS2 enzyme.!04-106
Further investigation on developing new vaccines or antivirals
will be needed to address strain variability, i.e., target all strains
of COVID-19. This needs more intensive research in the future,
together with studies giving mechanistic insights into their action.

Challenges in applications of cannabinoids as an antimicro-
bial agent

As noted earlier, the spread of antibiotic resistance genes is com-
mon among many pathogens, and with little or no pending discov-
ery or development of new classes of antibiotics, the need to find
other agents for combating infections is vital.3-197:198 Recently, the
World Health Organization announced an archive of 12 microor-
ganisms that have developed antibacterial resistance and are now
considered a severe threat to health care. Eight of these pathogens
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are Gram-negative and are spectacularly hard to cure, while the
other four Gram-positive microorganisms are the most significant
threat.!”® The antimicrobial activity of Cannabis derives from
essential oils (Eos) and purified cannabinoids, the latter receiv-
ing increased attention in recent years as possible therapeutic
agents. 161956110 Thig section will first consider the antimicrobial
effects of impure extracts and Eos, then discuss studies on purified
cannabinoids.

The disc diffusion assay and the two-fold serial broth dilution
assay, which generate a MIC value in a 96-well microtiter plate,
are the most commonly used methods to measure antimicrobial ef-
fects.!!! The methodology for the MIC assay is standard and speci-
fied by the Clinical Laboratory and Standards Institute (CLSI).!2
However, a problem highlighted by Sadgrove and Jones!!? is that
MIC values are normally quoted in pg/ml, which does not take
into account molarity. The authors also noted that antimicrobial
outcomes might be naively extrapolated beyond any reasonable
systemic concentration level to show an effect. Even with method
standardization, caution must be exercised when comparing inter-
laboratory results to ensure that results cross-comparisons are val-
id. In one study, even though there was the bactericidal effect of
both cannabinoids like THC and CBD against staphylococci and
streptococci tested in broth media, the impact was much higher in
horse blood agar or with 4% horse serum.!%?

Even though essential oils (Eos) can be extracted from low-
THC Cannabis varieties cultivated without legal restrictions, rela-
tively few studies have considered these Eos or extracts in terms
of their antimicrobial activities. The use of Cannabis in this way
strengthens the idea of growing hemp as a multi-use crop.>* A
fundamental challenge in medical Cannabis and hemp research
requires production methods or post-harvesting processes that
maintain the uniform quality of the product. Also, drying, extrac-
tion, isolation, and purification techniques must be optimized to
obtain pure chemical composition and pharma grade for different
products.&:114-116

One problem with assessing multiple studies is that Cannabis
extracts vary enormously in composition and contain multiple dif-
ferent compounds, making result comparisons extremely difficult.
Some key variables that make inter-laboratory comparisons dif-
ficult include the absence of standardized antimicrobial testing
methodologies; microbiological media components in disk diffu-
sion tests reacting with or modifying extracts; plant extracts con-
taining unstable compounds making accurate quantitative analysis
impossible; synergistic or antagonistic effects between multiple
compounds; different cultivars or parts of plants used in differ-
ent studies; and extraction protocols of varying efficiency leading
to different outcomes. In one study, C. sativa and Psidium gua-
Java extracts contained various active compounds like alkaloids,
saponins, flavonoids, steroids, cardiac glycosides, terpenes, resins,
tannins, and phenols. However, steroids, resins, and cardiac gly-
cosides were absent in another medicinal plant, Thuja orientalis.
Furthermore, hemp essential oils demonstrated high antimicrobial
activity against Gram-positive bacteria.20*

Some studies have focused on extracts of seeds of Cannabis
plants."'” Hemp seed extracts show good antimicrobial activity
due to their composition of polyphenols, essentially caffeoylt-
yramine and cannabisin."'® In another study,''” C. sativa L. seed
extracts inhibited biofilm formation by S. aureus ATCC 35556. In
contrast, adding hemp seed extract to media stimulated the growth
of Bifidobacterium and Lactobacillus probiotic strains.!'” The in-
creased growth of Bifidobacterium Longum (B. longum) in the
presence of hemp extract was due to protection from oxidative
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stress.!?

Most studies on the effects of extracts use classical disc diffu-
sion methods. However, recently, the study reported by Frassinetti
et al. """ was to determine the lowest concentrations with activity
via MIC and a biofilm production and inhibition assay. A further
study by Iseppi et al.'?® aimed to standardize the antibacterial
method and provided better designs for experiments. Firstly, the
separation of essential oils (EO) compounds was done by gas chro-
matography mass spectrometry (GC-MS). The EOs were tested via
an agar well-diffusion assay, and MIC testing was done against
multiple Gram-positive bacteria. The EOs and purified compounds
were highly effective against Enterococcus, an opportunistic path-
ogen. These authors also found that two EOs and two purified
compounds had lower MICs than amoxicillin or ampicillin against
Bacillus cereus (B. cereus).

Another active compound extracted from the seed was flavo-
noids; these were shown to be active against Candida albicans,
S. aureus, and P. aeruginosa.5’ EOs of fiber-type hemp have also
been applied to prevent food spoilage, incorporating antimicrobial
extracts into food packaging. Further studies are needed on pure
compounds.?®

An exciting use of Cannabis extracts has been forming silver
or zinc nanoparticles (Ag NPs and Zn NPs) with antimicrobial
activity. Chouhan and Guleria,'® Chauhan et al.'*! used C. sativa
extracts to form stable nanoparticle emulsions with Ag-doped, Zn,
and ZnO nanoparticles; AgNPs revealed an excellent antioxidant
capacity and significant antibiotic activity against several human
infection diseases by disc diffusion test, including E. coli, Kleb-
siella pneumoniae (K. pneumoniae), MRSA, P. aeruginosa, S.
typhi, and S.aureus, and as an antifungal against Fusarium spp.
Rosellinia necatrix C. sativa aqueous leaf extract (CSE) derived
AgNPs also had antifungal and a-amylase inhibitory activity.
There was minor activity against Bacillus subtilis, S. aureus, and
K. pneumoniae tested by a well-diffusion assay with increasing
concentrations of AgNPs. Other researchers!?? suggested a syner-
gistic or symbiotic effect between terpenes, flavonoids, and can-
nabinoids in industry hemp strains to improve the effect of silver
nanoparticles (AgNPs). Other studies showed the effective use
of hemp extracts to produce nanoparticles effective against bio-
films.!?3 The main challenge with using nanoparticles based on C.
sativa extracts is to develop suitable technologies for obtaining na-
noparticles with specific properties used in pharmaceutical prod-
ucts. For recent reviews see.!24125

Synergistic effects between Cannabis sativa and plants such as
Allium sativum (Garlic) have been shown.!?¢ Further research is
required to study the impact of terpenes, in particular, as antimicro-
bial agents.!?” There may also be a synergistic effect when these
compounds are applied with antibiotics simultaneously, as demon-
strated for other plant extracts by Blesson et al.'?® In comparative
testing, the presence of other compounds must be considered.

Several reviews have summarized the antimicrobial properties
of the major cannabinoids against essential pathogenic microor-
ganisms or viruses, including Gram-negative pathogens, MRSA,
and SARS-CoV-2.319:2%:129.130 From this extensive compilation
of data, there is a need for standardization of methodology and
approaches so that valid comparisons and conclusions between
laboratories can be made. This includes how in vitro results can be
extrapolated to determine in vivo efficacy, determined (usually) by
using animal models.3” However, further in vivo or animal model
investigation is required to determine how the body reacts and re-
sponds to cannabinoids, including side effects.

Another challenge for using cannabinoids in terms of antimi-
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crobial activity is to control their stability and bioavailability once
introduced into the body. Cannabinoids have significant pharma-
cological activities but may show poor water solubility and be-
come labile during processing and storage.'3! A commonly used
method for the delivery of cannabinoids and improvements in bio-
availability is using nanocarriers (NCs) to protect core materials
from degradation during passage through the gastrointestinal (GI)
tract.!3? Transmucosal oral routes of delivery offer distinct advan-
tages.® Determining dosage forms for any medicinal product must
consider product instability, such as at room temperature. In this
regard, CBD is highly unstable and sensitive to oxidation.!33

Future directions

For the potential of Cannabis plant extracts and phytochemicals
to be applied as natural antimicrobials, further work is required to
standardize and harmonize research. As is genuine for all-natural
extracts, variability in natural bioactive contents between plants,
parts of plants, and extracts needs to be addressed with assessment
and clear transparent reporting of properties. Additional research
to identify active compounds (in isolation and synergistic applica-
tions) will potentially circumvent these issues by refining test sub-
stances. However, challenges persist regarding stability, delivery,
safety, non-uniform testing procedures, and negative perceptions
of these products. A multi-disciplinary approach is required to
facilitate the progress from promising potential antimicrobials to
pharmacological success, with roles for biological sciences, phar-
macology, chemistry, and social and other sciences.

Conclusions

The evolution of antibiotic-resistant bacteria and the emergence
of new viruses such as COVID-19 have stimulated the search
for non-traditional antimicrobial or antiviral treatments. In the
case of bacteria, this includes alternatives to using antibiotics.
While the use of Cannabis as a medicinal agent has been known
for thousands of years, there is now great interest in discover-
ing and analyzing potent antimicrobial agents derived from this
plant, including its cannabinoids, terpenes, phenolics, and alka-
loids. While this is welcome, inter-laboratory comparisons of re-
sults showing antimicrobial or antiviral activities are complex, as
many variables affect results (such as plant-to-plant variations,
differences in extraction protocols, synergistic/antagonistic ef-
fects of other compounds, and differences in antimicrobial assay
protocols). There are also challenges for commercial applica-
tions, such as finding the best method for extraction and isola-
tion of the active compound, not to mention understanding the
stability and bioavailability of the cannabinoids and their phar-
macokinetics once introduced into the body. Also, more study is
necessary to determine the synergic effect of natural therapeutic
plants in combination with Cannabis, to design functional nano-
particle delivery devices, and to test the safety and efficacy of an
experimental new antibiotic in clinical trials.
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Abstract

Age-related macular degeneration (AMD) is difficult to treat and causes visual impairment worldwide, especially for dry
AMD. The aging phenomenon can affect macular function, manifesting as blurred central vision. There are two types of AMD:
dry and wet. By 2040, some variants of AMD are estimated to affect 288 million people globally. Although wet (exudative)
AMD accounts for 10% of all AMD cases, it also contributes to 90% of the cases of patients with vision loss. Therapeutic options
for wet age-related macular degeneration have expanded during the last few years. The therapeutic strategies mainly rely on
anti-vascular endothelial growth factor (anti-VEGF) drugs and photodynamic therapy (PDT), though the treatment approaches
for dry AMD are limited to dietary supplementation to delay progression. Moreover, clinical trials with potential candidate
molecules for wet AMD exceed those for dry AMD. Although the disease is not rare, there are few therapeutic targets in the
pipeline for dry AMD, and these targets may serve as promising pharmacotherapeutic options in the future. The current review
sheds light on successes and failures of the existing novel drug molecules and potential targets for treating dry AMD in clinical
trials registered at the Clinical Trials.gov registry run by the United States Food and Drug Administration (U.S. FDA) some of

which are published in relevant journals.

Introduction

Age-related macular degeneration (AMD) is one of the critical
causes of vision loss and visual disability in the elderly population
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in developed countries.!> Dry AMD contributes to 10% of vision
loss cases and is categorized into early, intermediate, and late stages,
depending on the presence of hyper or hypopigmentation with drus-
en within the macula.’ Late dry AMD, also known as geographical
atrophy, and wet AMD, characterized by choroidal neovasculariza-
tion, are both advanced forms of age-related macular degeneration
(AMD). Geographical atrophy or advanced/late-stage of dry AMD
has been named due to the appearance of map-like lesions in the
macula on performing the ocular examination. The macular retinal
lesions develop due to the degeneration of photoreceptor cells and
supporting retinal pigment epithelial tissues, which may take years
to develop, and the patient may appear asymptomatic. However, at
the late stage of geographical atrophy, the patients develop sudden
and severe visual disabilities.* The pathophysiology behind the dry
AMD is drusen formation (insoluble lipid-laden cellular debris de-
posits between Bruch’s membrane and Retinal Pigment Epithelium,
RPE), a post-inflammatory process. During the process, comple-
ment and cytokines are involved, leading to atrophy in the macular
retinal pigment epithelium, usually associated with the degeneration
of the photoreceptors that clinically manifest as central blurring of
vision in the affected eye.>® Once dry AMD progresses to the ad-
vanced or late stage (geographical atrophy), there is no effective
treatment to prevent vision loss or repair damaged photoreceptors.
The existing treatment targeting the inflammatory complement and
cytokine pathways may benefit patients by delaying the disease pro-
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Fig. 1. Pathogenesis of dry age related macular degeneration and geographical atrophy. A2E, N-retinylidene-N-retinylethanolamine; GA, geographical

atrophy; RPE, retinal pigment epithelium (created with www.BioRender.com).

gression.” Our review mainly focuses on all pipeline drugs tested
under clinical trials registered at the U.S. FDA-run Clinical Trials.
gov registry some of which are published in the relevant journals to
understand the potential therapeutic targets and their mechanisms
for treating dry AMD or Geographical Atrophy.

Pathogenesis of dry AMD

The pathogenesis of dry AMD is mediated by cytokines and com-
plement pathway activation. However, various unexplained trigger
factors contribute to the disease development and need further eval-
uation. Docosahexaenoic acid (DHA) constitutes almost 60% poly-
unsaturated fatty acid of the structural framework of the human
retina, especially in the RPE, and is involved in the pathogenesis of
dry AMD.? Human retina is the ocular interface exposed constantly
most of the time to light and oxygen due to excess oxygen demand
by RPE cells. Peroxidation of DHA leads to the formation of lipo-
fuscin (yellow-brown pigment) that tends to accumulate in the RPE,
which is non-degradable in the RPE cellular lysosomes.’ Therefore,
an increase in the lysosomal pH impairs the phagosomal activity of
lysosomal enzymes in the RPE. Subsequently, there is deposition of
cellular debris, lipofuscin, and vitamin A metabolites (A2-E) in the
RPE layer of the retina, which activates the complement pathway to
activate complement C3.1° C3 protein, an essential component for
amplification of the complement pathways, is cleaved to membrane
attack complex (cytotoxic component) that induces cell lysis and
subsequently destroys photoreceptors and choriocapillaries pro-
gressing to GA. GA is a chronic progressive macular degeneration
and can manifest as late-stage dry AMD.!! Diagrammatic represen-
tation of the AMD and GA pathogenesis and pharmacological inter-
vention is provided in Figures 1 and 2 respectively. Recent studies
in a mouse macular degeneration model have shown that immuno-
therapies targeting the beta-amyloid plaques in Alzheimer’s disease
can improve the clearance of amyloid deposited in the retina and
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electroretinogram deficits, suggesting that beta amyloids deposits
are crucial for the pathogenesis of dry AMD.?

Pipeline drugs for dry AMD

The treatment armamentarium for wet AMD is exhaustive.'3 There
is no approved drug for treating dry AMD or GA globally, and
there remains an unmet need for developing drugs in this thera-
peutic area. Few drugs in the pipeline are undergoing clinical trials
that have shown promising results in delaying the progression of
dry AMD by their neuroprotective effect on photoreceptors and
RPE." Hence, understanding and exploring more therapeutic tar-
gets for treating dry AMD and GA is vital.

The treatment of dry AMD is based on two disease-modifying
agents: 1) Neuroprotectants for photoreceptors and RPE cells and
antioxidant agents. 2) Anti-inflammatory agents, like corticoster-
oids and agents targeting complement activation (Fig. 2).

Neuroprotective agents

Ciliary Neurotrophic Factor (CNTF, NT-501) (Neurotech Phar-
maceuticals)

CNTF has been tried and tested as a treatment for dry AMD and GA.
CNTF can retard further damage to the photoreceptor cells in degen-
erative macular diseases, such as AMD and retinitis pigmentosa. De-
livering drugs from the systemic circulation across the blood-retinal
barrier is a big challenge to reaching the neurosensory retina. With
the advent of Encapsulated Cell Technology (ECT), sustained release
of therapeutic agents across the blood-retinal barrier has become con-
venient. However, the dose-dependent increase in retinal thickness
has been observed by optical coherence tomography (OCT) over four
months. CTNF delivered by encapsulated cell technology effectively
delayed the progression of GA, especially for those with 20/63 or bet-
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Fig. 2. Pipeline investigational drugs for dry age related macular degeneration and geographical atrophy. 5SHT1A, Serotonin receptor agonist; AREDS, age
related eye disease studies; CNS, central nervous system; CNTF, Ciliary Neurotropic Factors; LCPUFA, long chain polyunsaturated fatty acid.

ter vision at baseline. However, the study failed to demonstrate any
improvement in macular lesion size in GA cases.!>8

Brimonidine Tartrate (Allergan, Inc)

Brimonidine has neuroprotective action due to its alpha-adrenergic
activity and has been shown to retard retinal degeneration and pro-
tect RPE and photoreceptors in rodent studies. A phase I1A study has
reported that brimonidine can lower intraocular pressure (IOP) when
injected into the eye (through Ozurdex-like intravitreal implant) and
inhibit the progression of GA in dry AMD. Brimonidine is implant-
ed through pars plana in the vitreous humor of GA patients every six
months, reducing the frequency of injections and maintaining thera-
peutic drug levels in the retina. Like the Ozurdex dexamethasone
implant, brimonidine can be delivered by the Novadur solid poly-
mer drug delivery system made of PLGA intravitreal solid polymer
matrix that slowly degrades to lactic acid and glycolic acid with no
residues left in the eye. The trial used first-generation brimonidine
DDS tartrate in 22-gauge implants at doses of 132 and 264 microm-
eters. At the end of 12 months, there was a 19% and 28% reduction
in the lesion growth rate compared with the placebo. The BEACON
Phase IIB trial is ongoing and tests the second generation of brimo-
nidine DDS that delivers more drug to the retina, i.c., a dose of 400
micrometers of free base brimonidine in a 25 gauge implant.!*2

Tandospirone (Alcon Laboratories, Inc.)

Tandospirone (AL-8309B) is a serotonin receptor (5-HT1A) ag-
onist and has been approved for the treatment of depressive ill-
ness. However, it also possesses a neuroprotective effect on the
photoreceptor and retinal pigment cells. The GATE study is a
randomized phase III, multicenter clinical trial (N = 768) to in-
vestigate the safety and efficacy of Tandospirone in patients with
GA secondary to AMD. The patients were treated with AL-8309B
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ophthalmic solution at varying concentration i.e 1.0%, 1.75%, or a
vehicle control as topical eye drops twice daily for 30-36 months.
Unfortunately, AL-8309B treatment did not significantly change
the annualized GA lesion size (1.73, 1.76, and 1.71 mm? for the
AL-8309B 1.0%, 1.75%, and vehicle group, respectively, though
not associated with any safety concern.?!

Anti-amyloid beta antibody

Glatiramer acetate (Copaxone, Teva Pharmaceuticals, Israel)

Glatiramer acetate has been used to treat multiple sclerosis due
to its immunomodulatory action. This drug can suppress T cells
and reduce retinal microglial cytotoxicity induced by beta-amyloid
plaques. It has been shown to reduce the drusen area in patients
with dry AMD compared to the sham treatment.?>-24

RNG6G (Pfizer, Inc, USA)

RN6G is a humanized monoclonal antibody against beta-amyloid
plaques and disseminates the amyloid concentration in the periph-
ery of the retina, reducing macular toxicity. In rodent models of
AMD, treatment with RN6G decreases amyloid plaque deposits
in the retina. However, the trial of RN6G (NCT01577381) was
terminated for lack of efficacy, and the trial of GSK933776 also
failed to show any benefit of treatment.?’

Reducing oxidative stress

AREDS (Age-Related Eye Disease Studies) formulation (Bausch
& Lomb, Inc.)

In AREDS2 cognition function testing RCT (factorial design),
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there was no significant difference in the scores observed in par-
ticipants treated with long-chain poly-unsaturated fatty acid sup-
plements (LCPUFA) 1 gram or lutein (10 mg)/zeaxanthin (2 mg)
when compared with those treated with standard of care only. All
study participants were provided standard care therapy as a mi-
cronutrient formulation containing zinc, vitamin C, vitamin E,
and beta carotene. Although it reduced the risk of vision loss by
19% in patients with pre-existing intermittent/ advanced AMD, it
failed to show any apparent benefit in early AMD. The lutein and
zeaxanthin components of the formulation are known to have anti-
inflammatory and antioxidant properties and hence may exert a
neuroprotective effect on the retinal pigment epithelium.?6-?7

Visual cycle modulators

Fenretinide (ReVision Therapeutics)

A synthetic retinoid can be used orally as a chemoprotective drug
against prostate cancer and in women at risk of developing breast
cancer. It also has antineoplastic, chemoprotective, pro-apoptot-
ic, anti-inflammatory, and anti-angiogenic properties, and its side
effects include mild to moderate drying of mucosal membranes
with a delay in dark adaptation. Fenretinide can reduce the ac-
cumulation of lipofuscin and retinol-derived toxins in an animal
model of Stargardt disease. Fenretinide reduces the circulating
levels of retinol and its carrier protein, retinol-binding protein
(RBP). As A2E and related toxins are derived from retinol, re-
ducing circulating RBP-retinol levels can decrease retinol-de-
rived toxins in the eye.?%2% A phase 2 study with 100 and 300 mg
of fenretinide was investigated. The interim results revealed that
at 24 months, the 300 mg fenretinide group exhibited approxi-
mately 40% reduction in the progression of GA compared to the
placebo group.30-31

Subretinal implantation of stem cells derived from different
sources

Human Embryonic Stem Cells (HESC)

Stem cell therapy may provide a safe and promising treatment for
retinal diseases. The technology to derive RPEs from hESCs has
been developed. A Phase I/I1a clinical study in patients diagnosed
with advanced dry AMD and GA (NCT02286089) by subretinal
injection of 50-200 k OpRegen cells with immunosuppressive
therapy for three months post-implantation. Based on interim
Phase I/Ila results of 3 cohorts of 12 patients each, the therapy
was well tolerated. Adverse events included the formation of mild
epiretinal membranes (ERM), with one being successfully peeled
two months after therapy while one patient experienced retinal de-
tachment. OCT confirmed the continued presence of retinal pig-
ment cells transplanted. Dosing in cohort 4 is still ongoing.3%33

Adipose-derived stem cell implantation

There are case reports to evaluate the safety of subretinal implanta-
tion with adipose tissue-derived mesenchymal stem cell (ADMSC)
in advanced stages of retinitis pigmentosa (RP), with one out of
11 patients experiencing choroidal neovascular membrane and five
patients having epiretinal membrane at and around the implanta-
tion site, respectively. Many studies have investigated the efficacy
of this intervention in different types of degenerative macular dis-
eases. Among the published prospective case series, one of the
Phase 2 studies assessed the safety and efficacy of suprachoroidal
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Adipose Tissue-Derived Mesenchymal Stem Cell (ADMSC) in
patients suffering from dry AMD and observed an improvement in
visual acuity and visual field.3*33

Bone marrow-derived stem cell implantation

Few studies have evaluated the role of bone marrow-derived stem
cells in treating advanced dry AMD using multifocal electroretino-
gram (mf-ERG) and fundus autofluorescence imaging. There is
no significant improvement in median log MAR BCVA between
the test and control groups at the 6-month follow-up. Multifocal
Electroretinogram, however, revealed significant improvement in
amplitude and implicit time in the intervention group, while there
was a significant decrease noted in the greatest linear dimension
(GLD) of GA in the eyes receiving stem cells (6.78 + 2.60 mm at
baseline to 6.56 + 2.59 mm at six months, p = 0.021) while there
was no such improvement noticed in the control group.3®

Human CNS stem cells (Hu CNS-SC)

The Phase 1/2 study by StemCells, Inc. United States
(NCT01632527) tested the efficacy of surgical implantation with
human CNS Stem cells (Hu CNS-SC) in the subretinal space of
patients with GA without choroidal neovascularization. However,
this study did not report the results yet.3?

Potential drugs and gene therapies targeting the complement
system

The details of drugs affecting the various components of the comple-
ment pathway and route of administration are provided in Table 1.

C3 complement system inhibitors

Pegcetacoplan (Apellis Pharmaceuticals)

It is a protein drug approved to treat paroxysmal nocturnal he-
moglobinuria in adults. Pegcetacoplan functions and acts as a
pegylated C3 inhibitor. In the Phase 2 FILLY study, intravitreal
injections with 15 mg pegcetacoplan monthly for 12 months sig-
nificantly inhibited the growth rate of GA lesions by 29% com-
pared with the sham therapy. This was further confirmed by the
Phase 3 OAKS study (N = 637 patients) that revealed that month-
ly injections with 15 mg/0.1 mL pegcetacoplan for 12 months
significantly reduced GA lesion growth by 22% compared with
the sham therapy. Treatment with the same dose of pegcetaco-
plan every other month significantly reduced GA lesion growth
by 16%. Another confirmatory Phase 3 study of DERBY (621 pa-
tients) did not meet the primary endpoint. In the pooled analysis
of all Phase 3 trials, pegcetacoplan has a greater effect on eyes
with extrafoveal lesions at baseline, decreasing GA lesion growth
by 26% for monthly regimen and 23% with every-other-month
injections with accepted tolerability profile. However, the pooled
safety data of these Phase 3 trials have shown three cases with
infectious endophthalmitis (0.047% risk per injection), 13 cases
with intraocular inflammation (0.21% risk per injection), and no
retinal vasculitis or vascular occlusion. The pooled data also re-
vealed that pegcetacoplan treatment was associated with a dose-
dependent increase in new-onset wet AMD with a rate of 6.0% in
the monthly cohort, 4.1% in the every-other-month cohort, and
2.4% in the sham group.3%3?

NGM621 (NGM Biopharmaceuticals)

NGM621 is a humanized IgG1 antibody and can inhibit the enzy-
matic cleavage of C3. Unlike the other complement-targeting ther-
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GTOO05 [Gyroscope Therapeutics]

ANXO007 [Hemera]
HMR59 [Hemera]
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apeutics for GA, NGM621 is not pegylated. In the Phase 1 trial, the
agent was well tolerated with no drug-related adverse events. The
Phase 2 CATALINA trial is ongoing, with approximately 320 pa-
tients enrolled. The study is designed to randomly assign patients
to receive intravitreal injections of 15 mg versus sham therapy (2:1
ratio) every 4 or 8 weeks for a total of 52 weeks. The primary ef-
ficacy endpoint is the rate of change in GA lesion area measured
by fundus autofluorescence (FAF) for 52 weeks.*?

POT-4 (Potentia Pharmaceuticals, USA)

When injected intravitreally, the drug is released gradually, and
it binds to C3 protein, the central component of the complement
pathways known to trigger the inflammatory process.*!

Avacincaptad pegol (Zimura, Iveric Bio)

Avacincaptad pegol is a specific inhibitor of C5 and can slow down
the progression of retinal cell degeneration. Treatment with 2 mg
or 4 mg Avacincaptad pegol for 12 months can reduce GA lesion
growth by approximately 27% in the (Phase III GATHER 1, N =
286) clinical trial. This drug selectively inhibits C5 and has ad-
ditional safety advantages. A confirmatory pivotal trial (GATHER
II) is underway to evaluate the efficacy and safety of this drug.*>43

Eculizumab (Soliris, Alexion Pharmaceuticals, USA)

Eculizumab is a humanized IgG monoclonal antibody against C5
that prevents its cleavage into C5a and C5b during the process of
complement activation. The strategic blockade of the C5 cleavage
prevents the release of the downstream anaphylatoxin C5a and the
formation of the cytolytic membrane attack complex (MAC). Cur-
rently, a phase II study (COMPLETE trial) is testing the efficacy
and safety of intravenous infusion with eculizumab for patients
with dry AMD/GA.#*

ARC 1905 (Opthotech Corp, USA)

This aptamer selectively inhibits C5. Currently, there is an under-
going Phase 1 study (NCT 00950638).45

Gene therapy

HMRS59 (Hemera Biosciences)

HMR59 carries the soluble form of CD59 gene in a recombinant
adeno-associated viral (AAV2) vector. CD59 is a glycosylphos-
phatidylinositol-anchored membrane inhibitor of the membrane
attack complex. Functionally, HMRS59 treatment can prevent the
recruitment of complement C9. The membrane attack complex
is the terminal step of an activated complement cascade. A com-
pleted Phase 1 study of HMRS59 investigated the dose-escalating
safety and tolerability of a single intravitreal injection for GA with
a total of 17 patients. There were no systemic or severe adverse
events associated with HMRS59 injections. Mild ocular inflamma-
tion occurred in three patients’ treated eyes, including two eyes that
developed vitreous inflammation that resolved after six weeks of
observation and one eye that developed anterior chamber and vitre-
ous inflammation that resolved with topical corticosteroids. Not a
single patient converted to wet AMD during the 18-month follow-
up period.*

GTO005 (Gyroscope Therapeutics)

GTO005 is a recombinant adenovirus-associated vector 2 (AAV2)
that contains a nucleotide sequence encoding complement factor
I (CFI). Subretinal injection with GT005 was designed to enable
cellular transduction and induce CFI expression and secretion.
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While low serum CFI levels are associated with a much higher risk
of AMD, an increase in intraocular CFI levels can dampen an over-
activated alternative complement pathway and potentially reduce
AMD progression.*” The Phase 1/2 FOCUS study has evaluated
the safety and tolerability of subretinal delivery of GT005 in pa-
tients with GA. Dose escalation in cohorts 1 to 3 have completed
dosing via transvitreal delivery, while in the dose expansion in co-
hort 4, recruitment is still ongoing. Cohorts 5 to 7 will receive gene
therapy through the Orbit Subretinal Delivery System (Gyroscope
Therapeutics).*” Interim results from cohorts 1 to 4 revealed that
GTO05 subretinal delivery was well tolerated. Compared with the
baseline, there was an average increase in CFI levels by 146%. The
first patient who received GT00S5 had a sustainable CFI increase at
84 weeks post-treatment. In addition, reductions in downstream
complement biomarkers were detected. Two Phase 2 studies, EX-
PLORE and HORIZON, actively enroll patients to evaluate the
safety and efficacy of two doses of GT005 administered as a single
subretinal injection, with GA lesion growth measured by Fundus
Autofluorescence Photography (FAF) at 48 weeks post-treatment
as the primary efficacy endpoint.*$4?

Factor D protein inhibition in the alterative complement path-
way

FCFD4514S (Genentech Inc, USA)

FCFD4514S is a humanized monoclonal antibody against factor D
protein in the alternative complement pathway and is also under-
going phase 1 study (NCT 00973011).5

C1Q protein inhibition of the complement pathway
ANXO007 (Annexon Biosciences)

ANXO007 is an antigen-binding fragment of a humanized recom-
binant monoclonal antibody. ANX007 can bind to the Clq com-
ponent to block the downstream signaling of the classical comple-
ment cascade. Safety and efficacy data from two Phase 1 studies in
primary open-angle glaucoma patients are promising. The Phase 2
ARCHER (NCT04656561) study is active and investigating the ef-
ficacy of intravitreal injections with ANX007 for GA patients. The
sample size for this study is 240 individuals randomly assigned
to monthly or every-other-month intravitreal injections with 5 mg
ANXO007 or sham therapy for 12 months, followed by 6 months
in the off-treatment phase. The primary efficacy endpoint is the
change in the GA lesion area.5!"

High-temperature requirement A1 (HTRAI) inhibition
FHTR2163 (Genentech)

FHTR2163 is an antigen-binding fragment of a humanized mono-
clonal antibody against the Al protein. A single nucleotide poly-
morphism is associated with increased levels of HTRAT protein,
which confers a risk of dry AMD by 49.3%. In the Phase 1 study,
the drug molecule was tolerated well with no dose-limiting tox-
icity, while currently, the Phase 2 GALLEGO study is under-
way to evaluate the efficacy of intravitreal injections with 20 mg
FHTR2163 every 4 or 8 weeks over 76 weeks. The primary effi-
cacy endpoint measures the GA lesion growth area from baseline
to 72 weeks using fundus autofluorescence imaging.5?

Vitamin A aggregates formation inhibitors

ALK-001 (Alkeus Pharmaceuticals)

ALK-001 is a chemically modified vitamin A and can prevent
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the formation of toxic vitamin A aggregates, reducing the ac-
cumulation of debris in the RPE. The results of the Phase III
study are awaited and will help us to evaluate the efficacy of
this potential drug molecule in inhibiting the growth rate of GA
lesions 315455

Miscellaneous therapies

Photobiomodulation therapy (PBM)

PBM is a light-based technology that stimulates bioenergetic out-
put in targeted tissues. Selected wavelengths of light in the far red
to near-infrared spectrum (500—-1,000 nm) can modulate biological
function through direct and indirect cellular effects on mitochon-
drial respiratory chain components. PBM activation of photoac-
ceptors in the mitochondria improves the generation of adenosine
triphosphate (ATP), modulates the production of intracellular sign-
aling molecules, such as reactive oxygen species and nitric oxide,
and triggers secondary effects that produce sustainable changes in
cell function and viability. The beneficial cellular effects can be
observed only with the appropriate selection of wavelength, dose,
timing, and delivery of PBM treatment.>¢

Emixustat (ACU-4429, Acucela Inc.)

Emixustat is a small molecule visual cycle modulator formulated
as emixustat hydrochloride. This is the first oral drug that delays
the retinal disease process. Emixustat was developed by British-
American chemist Ian L. Scott and is undergoing Phase 3 trials
for dry AMD. The toxic byproduct, N-retinylidene-N-retinyleth-
anolamine (A2E), is a major chromophore in lipofuscin, formed
from the release of all-trans-retinol within the outer segment of hu-
man photoreceptors. A2E leads to the formation of singlet oxygen
radicals on exposure to high-energy light and oxygen. Emixustat
hydrochloride is a synthetic small molecule non-retinoid designed
to stop the visual cycle by inhibiting the formation of 11-cis-ret-
inal. Emixustat hydrochloride binds to RPE-65 and prevents the
isomerohydrolase reaction. Without 11-cis-retinal, the rod photo-
receptor cells do not produce all-trans-retinol and A2E. A placebo-
controlled Phase 1b RCT has shown the safety and tolerability of
treatment with emixustat (5, 10, 20, 30, or 40 mg) daily for 14 days
in healthy volunteers.57-58

Rheopheresis

AMD is considered to be mediated by the disturbance in the
micro-circulation of the retina at a cellular and molecular level.
Rheopheresis is a type of therapeutic plasmapheresis-like proce-
dure that is safe and effective in treating retinal microcirculatory
disorders of the retina. Rheopheresis can eliminate high molecular
weight proteins from human plasma of a defined spectrum. These
include many components in the blood (>25 nm or >500 kDa)
that are pathophysiologically related to AMD, such as fibrinogen,
LDL cholesterol, immune complexes, IgM, von Willebrand fac-
tor, and alpha 2 & beta 2 macroglobulin that are associated with
increased blood viscosity. The increase in blood viscosity reduces
blood flow, especially micro-circulation, with more propensity
for blood erythrocytes and thrombocytes to aggregate. A series
of Rheopheresis procedures at definite intervals can improve
the microcirculation of the retina and help in faster recovery of
retinal function. Though it is as yet an unproven therapeutic op-
tion under investigation, it has been tested in clinical trials. The
most extensive study to assess the effectiveness of Rheopheresis
in dry AMD is the Multicenter Investigation of Rheopheresis for
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AMD (MIRA-1) trial, which leads the results. Moreover, a larger
proportion of treated subjects experienced adverse events that re-
quired intervention (24.0%) compared to those receiving placebo
(5.8%).59:60

Ayurvedic phytopharmaceuticals

Many Rasayana medicines, such as Tinospora Cordifolia, Can-
tella Asiatica, Bacopa monnieri, Convolvulus pluricaulis, Ocimum
basilicum L., Curcuma Longa L., Acorus Calamus, Glycyrrhiza
glabra L. mentioned in Ayurvedic literature may have a potential
role in the age-related degenerative process in cells by telomere
lengthening and preventing DNA damage.%! However, their effect
needs to be explored in AMD-related clinical trials.

Strengths and limitations

Our review covers all the unapproved pipeline therapies for dry
AMD under investigation. The study discusses the published clin-
ical trial results/interim results related to dry AMD. However, the
study has a few limitations. Some of the interventions to treat dry
AMD are still under investigation, and results are not updated in
the public domain. Hence, we have not discussed these results in
detail, although their mechanisms are well described as an inves-
tigational therapy. BVCA is the most common primary endpoint
used in many clinical trials, but it may fail to diagnose foveal-
sparing GA. Moreover, the review mainly narrates the clinical de-
velopment phase, and describing all the pre-clinical development
part of a new molecular/chemical entity does not fall under the
scope of this review.

Future directions

GA is an irreversible or decompensated stage of dry AMD and has
no successful treatment. Stem cell-based therapy (embryonic stem
cell-derived and induced pluripotent stem cells) remains under in-
vestigation to rejuvenate the degraded photoreceptor cells, but it fac-
es challenges such as immune rejection, non-desired cellular differ-
entiation, and tumor formation. BCVA is a gold standard measure to
evaluate the visual function and most accepted endpoints to test the
efficacy of treatment. However, fovea-sparing GA is often missed
in the early stages. Recent technologies to assess visual function,
like microperimetry, color fundus photography, fundus autofluores-
cence, optical coherence tomography, multifocal electroretinogra-
phy, low luminance visual acuity, reading speed, and contrast sen-
sitivity, are the most sensitive methods to check the visual function,
even in a patient with foveal sparing GA using the preserved BCVA.
With advancing drug delivery technology, disease progression mon-
itoring, and better safety and efficacious treatment, the treatment of
armamentarium for dry AMD will expand.

Conclusions

There is a need to explore promising therapeutic targets and treat-
ment options for dry AMD or GA. Furthermore, early and accurate
diagnosis may aid in initiating treatment before disease progres-
sion. Genetics and environmental factors may also help research-
ers better understand the pathogenesis of dry AMD.
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Abstract

Background and objectives: Increasing confidence in using in vitro and in silico model-based data to aid the
chemical risk assessment process is one of the most significant challenges faced by regulatory authorities. A cru-
cial concern is taking full advantage of scientifically valid physiologically-based kinetic (PBK) models. The present
study aims to present a very innovative solution of a fully generic PBK model written as a set of ordinary differen-
tial equations (ODE).

Methods: This study proposes an innovative and unified modeling framework for writing PBK equations as matrix
ODE and their solutions, expressed with matrix products. This generic PBK solution considers as many state vari-
ables as needed to quantify chemical absorption, distribution, metabolism, and excretion processes within living
organisms when exposed to chemical substances.

Results: We first introduce our PBK modeling framework, with all the intermediate steps from the matrix ODE to
the exact solution. Then we apply this framework to bioaccumulation testing before illustrating its concrete use
through complementary case studies regarding species, compounds, and model complexity.

Conclusions: This generic PBK model makes it possible for any compartmentalization to be considered,
as well as all appropriate interconnections between compartments and with the external medium.

Introduction toxico-kinetic models depending on the context.!> Hence, PBK
models can refer either to therapeutic drug development® or en-
vironmental risk assessment.*¢ All PBK models are compartment
models employing ordinary differential equations (ODE) to quan-

tify chemical absorption, distribution, metabolism (i.e., biotrans-

Physiologically-based kinetic (PBK) models encompass both physi-
ologically-based pharmaco-kinetic and physiologically-based (eco-)

Keywords: Pharmacokinetics; Toxicokinetics; General unified modelling frame-
work; Bioaccumulation; Chemical exposure.

Abbreviations: As, arsenic; Cd, cadmium; ODE, ordinary differential equation; PBK
model, physiologically-based kinetic model; ¢,, duration of the accumulation phase.
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formation), and excretion processes within living organisms when
exposed to chemical substances.”® One fundamental aspect of
PBK model complexity is the degree of compartmentalization (i.e.,
differentiation of an organism into various tissues or organs).®!
This complexity translates into a high number of parameters usu-
ally valued from literature information or expert knowledge. Con-
sequently, most PBK models have purely predictive usages, for
example, for human health assessments where novel experiments
are very limited, even impossible.!! Nevertheless, recent advances
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in the development of Bayesian inference tools make it possible to
deal with complex models'?>"'5 even with sparse data sets, which
opens up new possibilities for PBK models to obtain parameter
estimates associated with their uncertainties and to propagate this
information to model-informed predictions. Also, as part of new
approach methodologies , PBK models as well as in vitro-in vivo
extrapolation approaches can be combined with bioactivity data,
all of this helping prioritize thousands of “data poor” chemicals in
human health risk assessment.!%-16

Relying a priori on the anatomical and physiological struc-
ture of the body, PBK model compartments usually correspond
to target organs or tissues, possibly all interconnected and related
to the external exposure medium. However, many PBK models
only relate organs or tissues to blood or lymph, with only one or
two organs or tissues linked to the external medium.!”!8 Unfor-
tunately, such simplifications of PBK models are often justified
based on technical bases rather than physiological ones. All PBK
models are written as coupled ODE whose parameters corre-
spond to fluxes between compartments, for which information is
partly available in the scientific literature. The general tendency
to develop more complex models to include as many physiologi-
cal processes as possible, and the current computational capaci-
ties, may give the impression that the most complex models will
be the most efficient. Nevertheless, with increasing parameters to
calibrate, such complex models may be avoided in favor of bal-
ancing complexity and simplicity. Current regulatory documents
for assessing the bioaccumulation of chemicals in organisms usu-
ally only require simple one-compartment models,!*-23 even if it
is now recognized that it is necessary to also consider internal
concentrations within target organs in order to fully capture the
chemical bioaccumulation behavior, the specific role of organs,
and the dynamics of toxic effects.?*

Multi-compartment models sometimes reveal the necessary,
for example, to finely decipher the internal contamination routes
of specific chemical compounds causing damage to only specific
organs.?5-27 Additionally, PBK models can be crucial to predicting
organ-level concentration-time profiles in a situation where animal
testing is now prohibited, using PBK model information from one
chemical substance to inform the development or evaluation of a
PBK model for a similar chemical substance.? In the perspective
to enlarge and facilitate the use of PBK models, namely to include
more compartments, to better estimate parameter values from data,
and to better support a fine deciphering of underlying contamina-
tion processes after chemical exposure, there is today a clear need
for user-friendly tools. From an automatized implementation, fully
transparent and reproducible, such tools should simplify the use of
any PBK models, preventing users from investing in technicali-
ties, whatever the required number of compartments to consider
physiologically, whatever the number of connections to account
for between compartments in pairs or between compartments and
the external medium, and whatever the species-compound com-
bination of interest. Such tools seem the only way to gradually
achieve greater acceptability of complex PBK models, even in a
regulatory context.!0-28

Capitalizing on recent publications on TK models, we pre-
sent in this paper a very innovative solution of a fully generic
PBK model written as a set of ODE. Benefiting from an exact
solution is a tremendous advantage in numerical implementation.
Indeed, it avoids discretizing ODE as there is no more numeri-
cal approximation. The solution is directly used for the inference
process and the subsequent simulations. The gain in calculation
time is enormous (more than 100-fold), associated with fair use
of computer resources. Moreover, the new modeling framework
we propose makes it possible to account for an infinite number

15,22

DOI: 10.14218/JERP.2022.00043 | Volume 8 Issue 2, June 2023

J Explor Res Pharmacol

of compartments, with all possible connections between pairs
of compartments and between compartments and the exposure
medium, independently of the investigated species or chemical
substance. Indeed, we found a particularly condensed way to
write a linear ODE system, which is typical of PBK models, thus
allowing us to fully and exactly solve the ODE system to write
an exact generic solution. This exact solution is fascinating when
estimating many parameters related to many state variables, for
which experimental data may be sparse, with few replicates and
high variability.

In the methods, we first detail our generic modeling framework,
together with notations of parameters and variables, providing the
generic solution at the end of section 2. Then, the generic mod-
eling framework is applied to the particular context of bioaccu-
mulating chemical substances within organisms. We detail how
to write the ODE system for both accumulation and depuration
phases of standard bioaccumulation tests and then how to get the
final generic solution to simulate internal concentrations over time
from parameter estimates. Results presents four different situations
where simulations were useful to predict what happens within or-
gans and/or tissues according to the species under consideration
and the chemical substance to which it is exposed. These case
studies were chosen from the literature to be diverse and comple-
mentary in terms of questions that a PBK model can help to inves-
tigate. We thus present two case studies for the species Gammarus
fossarum exposed to cadmium, for which internal concentrations
have been measured within four organs: one case study with one-
compartment PBK models for each organ considered separately;
the other case study with a four-compartment PBK model. These
case studies illustrate the added value of considering one single
four-compartment model rather than four one-compartment mod-
els for each organ. The third case study concerns the sea cucumber
exposed to six different antibiotics. Furthermore, the fourth case
study concerns the species Danio rerio exposed to arsenic, whose
bioaccumulation process is described with a six organ-based com-
partment PBK model.

Materials and methods

Generic modeling framework

Biologists often expect an exhaustive description of the phenom-
enon they are studying. In the same way, mathematicians will
want to use the most sophisticated methods they know. How-
ever, all models are inherently wrong; only some of them will
prove helpful.?? As a consequence, the modeler should position
between these two points of view to be efficient. Such a position
is known as the parsimony principle by which the simplest model
that adequately explains the data should be used; it was proposed
in the 14™ century by William of Ockam, an English Francis-
can friar, scholastic philosopher, and theologian.?’ In its general
form, the parsimony principle, also referred to as Occam’s Razor,
states that the simplest of competing explanations is the most
likely to be correct. In model fitting, the simplest model provid-
ing a good fit will be preferred over a more complex one. The
compromise is thus between the good description of the observed
data and simplicity.

In this spirit, the most generic PBK models will rely on sim-
plifying hypotheses to decipher enough internal mechanisms
under chemical exposure and remain mathematically reason-
able to be easily manipulated. Below is a non-prioritized short
list of the most current hypotheses: (i) the exposure concentra-
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Fig. 1. Generic scheme of a multi-compartments physiologically-based
kinetic model connecting n compartments two-by-two and each of them
to the external medium at exposure concentration c, (i, j € [1;n]). Refer
to Table 1 for names, meanings, and units of variables and parameters.

tion is assumed constant over time; (ii) there can be any number
of compartments in direct relation with any number of tissues
and organs that are needed to consider on a biological point of
view; (iii) all compartments can be connected two-by-two to all
the others; (iv) the exposure contaminant can enter within each
compartment; and additionally, (v) all compartments can be theo-
retically connected to the external medium, the final choice to be
based on biological expertise.

From these hypotheses, Figure 1 gives the general schematic
representation of exchanges between the external medium and
compartments and between compartments themselves. Table 1
gathers all variables and parameters involved in the generic writ-
ing of the PBK model and is used in Figure 1.

Mathematical equations of the PBK model

From Figure 1, we can derive the entire system of the ODE de-
scribing the dynamics of the multi-compartments model when or-
ganisms are exposed to an external constant concentration c:
dc, (t)
— k,.c.—k,.c, (t)+zj¢iki, C (1)

=2 ke (1) i jelln]

Names, meanings, and units of variables and parameters are pro-
vided in Table 1.
This full system of ODE for n compartments all related by pairs

(D
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(Equation 1) can equivalently be written in a matrix way as fol-
lows:

%Et)Zch +EC(1) )

where vector C(f) gathers all internal concentrations in compart-
ments 7 at time ¢, i € [1;n]:

c0=(a() e@) ~ o) ®
Vector U contains all uptake rates from the external medium at
exposure concentration ¢, :

U=(k, k. - k,) (4)

Matrix E gathers both input and output rates between compart-
ments two-by-two, together with the elimination rates from each
compartment 7, i € [1;n]:

] €; = _ke,i - ij,i
-— #
E= [e}.j l’je[l;n] with » J 5)
€ =K
Equation (2) is a matrix ODE system, which is linear with a
second member. It can be solved in two steps, as detailed below.

Generic solving the PBK model

The first step is to solve the matrix system (2) without its second
member. Then, the second step consists in finding the final general
solution using the method of the variation of constant.
Solving the ODE system without the second member

Removing the second member from the matrix ODE system (2)
leads to the following system to solve:

deosm (t)

dt
With C, . (#) the desired solution of Equation (6) without a

second member (abbreviated by index wosm). Using matrix expo-
nential immediately provides the solution:

Cwosm (t) = etEQI (7)

With Q, a vector integration constant (ER"), and the following

=EC,,,. () (6)

Table 1. Variable and parameter names, meanings, and units used within the generic PBK model all along this paper

Names Meaning Unit

t time [t]

n total number of compartments #

i j Compartment numbers i, j € [1;n]

c, exposure concentration in the external medium mass per volume

c(t) internal concentration in compartment i at time t mass per weight
i uptake rate from the external medium to compartment i [t

ke/,. elimination rate from compartment i to the external medium [

ki,j input rate from compartment j to compartment i [e]72

kji output rate from compartment j to compartment j [t1*

The symbol # means dimensionless; [t] stands for a time unit.
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Fig. 2. Absorption, distribution, metabolism, and excretion processes and their relationships with effects and responses within living organisms, leading
to toxicity or efficacy depending on the chemical substance they are exposed to.

definition for the matrix exponential:
= i 1 ®)
0 k

Getting the generic solution for the ODE system

For the second step, including the second member, we used the
method of the variation of the constant, starting from the assump-
tion that the final general solution with the second member (ab-
breviated by index wsm) can be written as follows:

Coomm =€ (1) ©)

wosm

with a vector function Q,(7) to be determined.

Given that the exposure concentration is assumed constant
(equal to c,) in this paper, deriving Equation (9) and replacing
terms in Equation (2) leads to the following result:

%t(t) =e"Uc, & Q, (t) = (Lte"Edr)ch +Q, (10
The final generic solution of Equation (2) will thus write as:
Com (1) = (J.te(“’)EdT)ch +e"Q, (11)
0

With Q, € R" a constant to be determined.

From an initial condition C_ (¢ = 0) = C,, we finally get Q, =
C,, which leads to the following final particular solution of Equa-
tion (2):

C,m ()= ( I;e('_T)EdT)ch +e*C, (12)

It remains to calculate the matrix integral to achieve the final
solution of the matrix ODE system (2).
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Final expression of the PBK solution

As detailed in the Supplementary File 1, and using the definition
of a matrix exponential from Equation (8), the matrix integral in
Equation (12) can be calculated with the following expression:

J'O’e(t—r)Edz_ _ (etE

where matrix I is the identity matrix, i.e. the (n x n) square matrix
with ones on the main diagonal and zeros elsewhere, and E™! the
inverse matrix of E.

It can immediately be deduced that the final solution of Equa-
tion (12) simplifies as follows:

Com (t)=¢"

In the following sections, we employed this generic expression to
go beyond and build generic physiologically-based kinetic models
that we applied to different case-studies in the field of toxicology.

—I)E" (13)

(E"Uc, +C,)-E"Ue, (14)

Application to bioaccumulation testing

Accumulation and depuration phases

Bioaccumulation is defined as an increase in contaminant concentra-
tions inside living organisms following uptake from the surrounding
medium (living media, food, even workplace for humans). Bioac-
cumulation results from dynamical processes of uptake and elimi-
nation that can be modeled with the above ODE system (Equation
(2)). The extent to which bioaccumulation occurs within a given
species determines the subsequent toxic effects. Hence, a better
knowledge of bioaccumulation enables us to assess the risk of ex-
posure to chemicals and to evaluate our ability to control their use
and emissions in the field.3! Bioaccumulation is thus the net result of
all uptake and elimination processes by egestion, passive diffusion,
metabolization, excretion, and maternal transfer. Concomitantly,
the organism’s growth modulates the bioaccumulation by diluting
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chemical quantities in increasing body or organ mass (Fig. 2).

Bioaccumulation tests are usually mid-to-long term laboratory
experiments designed to identify all the potential uptake pathways,
including food and waterborne exposure routes.’? Bioaccumula-
tion tests commonly comprise an accumulation phase followed by a
depuration phase.®? During the accumulation phase, organisms are
exposed to a chemical substance of interest. After a specific time
(for ¢ € [0sz.]), with z, fixed by the experimental design, organisms
are transferred to a clean medium for the depuration phase (for 7 >
t.). The concentration of the chemical substance (and of its potential
metabolites) within organisms is then measured internally at regular
time points during both phases. From an ERA perspective, such data
can be used finely to estimate bioaccumulation metrics.??

If the bioaccumulation within organisms is widely studied
for humans and large animals, namely, fish, birds, and farm ani-
mals, 335 this is less the case for invertebrates.3® However, it is
equally essential to decipher internal processes at the target or-
gan level in invertebrates. Indeed, profoundly unraveling internal
routes of chemical substances between organs after they enter the
body is of great interest to better understand mechanisms implied
in the subsequent effects on fitness, a phenomenon known as or-
ganotropism.’’* Among invertebrate species of interest, crusta-
cean amphipods are already recognized as particularly relevant as
aquatic biomonitors of trace metals.36-40-43

Generic modeling of bioaccumulation

Within this context, the generic ODE system (Equation (2)) may
be fully applied to describe, simulate and predict what happens
within organs (in terms of internal concentration over time) and
between organs (in terms of uptake, elimination, and exchange
rates) when an organism is exposed to a given chemical substance.
To this end, each organ can be associated with one model com-
partment, leading to the following equations for both accumulation
and depuration phases:

ac, (1
dt

Equation (15) is identical to Equation (2), denoting C,(#) the
internal concentration at time ¢ during the accumulation phase.

dC, (t)
— = 16
2(0)_pc, (1) 16)

Variable C,(¢) is the internal concentration at time ¢ during the
depuration phase. Parameters and variables have the same mean-
ing as given in Table 1.

Regarding the accumulation phase, Equation (15) has a solu-
tion directly given by Equation (14), whatever the initial condition
equal to C,(t=0) = C,,.

As a consequence, the generic solution for the accumulation
phase writes as follows:

=Uc, +EC, (1) (15)

(o (t)=(e’E —I)E’IUCX +e"C, 17

Regarding the depuration phase, Equation (16) is similar to
Equation (6), with the corresponding generic solution given by
Equation (7). The constant vector Q, can be determined from the
initial condition of the depuration phase that corresponds to the in-
ternal concentration reached at = 7, at the end of the accumulation
phase. We must therefore solve the following equation:

C,(1)=Cp (1) (18)
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Given solutions from Equations (14) and (7), we get:
Co(t)=(e" ~1)E Ve, +€"C, and G, (1,)=€"Q, (19)

Hence, the constant vector €, derives from the following equa-
tion:
(etCE - I) E'Uc, +¢®C, =" Q,
LBV (20)
&0, =(1-¢"")E"Ue, +C,

The generic solution for the depuration phase then writes as fol-
lows:

C,(1)= (e’E e )E"ch +e™C, (#2))

Results

This section presents four case studies with different numbers of
compartments. Two case studies concern the species Gammarus

fossarum exposed to cadmium (Cd).2”#4 The third one concerns

Apostichopus japonicus sea cucumber exposed to six different
antibiotics;* the fourth one concerns species Danio rerio ex-
posed to arsenic (As).*® Gestin and colleagues®”** used several
one-compartment PBK models compared with one four-compart-
ment PBK model to gain knowledge on the accumulation and fate
dynamic of Cd in and between gammarids’ organs. Subsections
give the generic solutions with median parameter values for this
particular case study (Table 2).

Case study with one compartment

Applying Equation (2) with only one compartment leads to two
single equations:

de,,(t

/;t( ) = ku.lcx _ke,ch,[ (t)

when 0<7<t, (accumulation phase) (a) »
dey, (1) (22)
7 = _ke,ch.i (t)

when (>t (depuration phase) (b)

System of Equations (22a) and (22b) can easily be solved with

Table 2. Medians of parameters estimated by Bayesian inference from
TK one-compartment models separately fitted to each organ of Gam-
marus fossarum exposed to dissolved Cd at 11.1 ug-L™! for seven days
before being placed for 14 days under depuration conditions

Process Organ Parameter uMeegriIaﬂ]‘ﬁ)l-

Uptake Intestines kul1 1917
Caeca k,, 1571
Cephalons ku/3 91.1
Remaining tissues  k, 135

Elimination  Intestines ke q 0.506
Caeca k., 0.053
Cephalons ke’3 0.060
Remaining tissues  k,, 0.026

Cd, Cadmium; TK, toxicokinetics.
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Fig. 3. General scheme of the multi-compartment physiologically-based kinetic model used by ! at the initial modeling stage when all compartments

were connected to each other. Parameter values as given in Table 3.

the method of the separation of variables (also known as the Fou-
rier method), leading to the following system of solutions for both
accumulation and depuration phases:

cu(t)= iu’i Cx (1 - e_ke'it)

e,

when 0<¢<t (accumulation phase) (a)

cD’i (t) — ]I:l,i cx (ekz,i(tc_t) _ e_ke,it)

e,i

(23)

when ¢>t  (depuration phase) (b)

Getting the set of solutions (23) directly from the generic ex-
pressions given by the combination of both Equations (17) and
(21) leads precisely to the same result. Indeed, with one compart-
ment, matrix E = —kg’l. and vector U = ku,l..

Inspired from Gestin et al.,>”** when considering only solid
black arrows, Figure 3 highlights the target organs that can corre-
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spond to one compartment according to i: intestine (i = 1); cepha-
lon (i = 2); caeca (i = 3); remaining tissues (i = 4). Each compart-
ment has its own parameter pair for uptake (£, ;) and elimination
(k, ;) rates (Table 2). Model parameters were estimated under a
unified Bayesian framework.?! In particular, parameters of PBK
one-compartment models were fitted separately for each organ
of G. fossarum exposed to dissolved Cd at 11.1 ug-L™" for seven
days before being placed for 14 days under depuration condi-
tions. Getting median parameter values as given in Table 2 al-
lows simulating what happens within the intestines when it is
connected to all other organs, for example (see Supplementary
File 1 for more details).

Case study with four compartments

Applying the general matrix ODE system given by the set of Equa-
tions (15) and (16) to the particular case of four compartments con-
nected by pairs (Fig. 3) leads to the following writing:
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ac, (1
———2=Uc +EC, (¢
dt B A ()
when 0<7<t (accumulation phase) (a)
(24)
M =EC (1)
dt °
when >¢  (depuration phase) (b)
with vectors and matrices defined as follows:
G (t) Ky
) (t) Lo
C,(1)=Cpo()=|c(t)| U=|k,,
G4 (t) ks
ot k,
) ? (25)
e, ki, ki k, k;
kyy e, ks ko ks
E=\k, k, e; k, k
ky ki, kyyoen ks
ks, ks, ks; e, ess
and diagonal elements of matrix E defined by:
€, = _ke,] _(kz,l + k3,1 +k4,1) (a)
€y = _ke,Z - (kl,z + k},z + k4,2) (b)
(26)

€3 = _ke,3 - (k1,3 + k2,3 + k4,3) ()
€4 = _ke,4 - (k1,4 + k2,4 + k3,4) (d

The exact solution of the matrix ODE system (24) can be di-
rectly deduced from Equations (17) and (21):

C,(1)=(e*-T)E"Uc,
when 0<¢<¢ (accumulation phase) (a)

€y (1) = (e F e, @7

when ¢>t¢ (depuration phase) (b)

c

Developing the matrix Equations (27a) and (27b) finally pro-
vides the following sets of four equations for both accumulation
and depuration phases:

For the accumulation phase (0 < t < ¢):

d%ff) ke ko (1) ke (1) ke (1)
+hy i, (£) = (e +heyy + Ky ) (2) (a)
dc;t(’) ks, — ks (1) ey (1) Ky (1)
g0, (1) = (kyy ks, + Ky )y (1) (b) 28)
() _p ok en(t) ke (1) ke (1)
dt
thy e, (1) = (ks + s+ k) e (1) (©)
dc;t(t) =k, yc —k a0y (1) + ke (1) + g0, (2)
sy ()= (Ky g + ooy + k) ey (1) (d)
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For the depuration phase (> ¢):

"%’) — ke (1) ke (1) + Ko (1)
kg, (1) = (kyy + ks + Ky, ) (1) ()
) (e () o)
ey (1) = (Kiy +hsy + gy )y (2) Q) 29)
dc;f’) — ks (1) + ke (1) + s (1)
kg, (1) = (Ko + oy + ks ) es (1) (©
"‘f:T(t) — ks () ke () + ke (1)
+hysey (0) = (ko + Ky + Ky ) eu (1) (d)

The four-compartment model in Equations (27a) and (27b)
based on the matrix ODE system in Equations (24a) and (24b),
with its exact solution in (28) and (29), assumes that all compart-
ments are connected to each other by pairs and with the external
medium (Fig. 3). This means that the model is considering all in-
coming and outgoing arrows from all compartments. This model
comprises a total of 20 parameters, plus the ¢, value for the expo-
sure concentration. As given in Table 3, median parameter values
were used to simulate what happens within each organ in terms
of internal concentration dynamic and compared to the previous
results with the four independent one-compartment PBK models.
See Supplementary File 1 for details.

As illustrated above, our generic modeling framework allows
simulating complex situations involving several compartments,
their connections in pairs and/or with the exposure media. Let
us now relate what we did for simulations of four one-compart-
ment models for each organ of G. fossarum exposed to Cd —
with the four-compartment model developed by Gestion et al.?’
Indeed, they showed that G. fossarum takes up and eliminates
Cd rather quickly, with the intestines and the caeca accumulat-
ing and depurating the most compared to the cephalon and the
remaining tissues. Gestin et al. also proved that a four-com-
partment model better describes the Cd internal contamination
route than the single one-compartment model for each organ.
Furthermore, they finally highlighted that the most parsimoni-
ous multi-compartments model corresponds to the solid black
arrows in Figure 3.

Such a situation corresponds to a nested model within the
four-compartment ODE system as given by Equations (24a) and
(24b). This model thus comprises only 12 parameters whose
values are listed in Table 3. Figure 4 shows the simulated ki-
netics within the four organs. Our four curves exactly superim-
pose to the four median curves provided in Figure 3 by Gestin et
al. Benefiting from this exact match between our exact generic
solution and what was numerically integrated by these authors
before the implementation of their inference process ultimately
strengthens both approaches: the numerical integration (a basic
Euler integration scheme with a time-step equal to 1/10 day);
and the curve plotting from the exact solution. Nevertheless, to
infer parameter values from observed data, there is absolutely no
doubt that the exact solution will provide much better computa-
tional performance for implementing the Monte Carlo Markov
Chain simulations needed to use Bayesian inference. Readers
who would like to convince themselves of this added value of
our generic solving can refer to our dedicated R-package named
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Table 3. Parameter estimates (expressed as medians and 95% uncertainty intervals) of the four-compartment model corresponding to solid black arrows

in Figure 3 as provided by in Table S6

Organ-Connection Parameter Median Q, ., Qo759
Intestines (uptake) i 3342 2720 3707
Intestines (elimination) ke'1 0.54 0.415 1.402
Intestines-Caeca ks, 0.873 0.603 1.739
Caeca-Intestines ki, 0.218 0.132 0.376
Intestines-Cephalons ks, 0.059 0.034 0.124
Cephalons-Intestines kis 0.262 0.124 0.871
Intestines-remaining tissues k,, 0.069 0.049 0.126
Remaining tissues-Intestines kia 0.14 0.086 0.238
Intestines o, 8.974 6.469 15.28
Caeca o, 17.94 13.07 26.84
Cephalons oy 1.223 0.863 1.818
Remaining tissues o 1.468 1.06 2.242

The first column stands for connected organs, either to water or to the other organs; the second column is for parameter names; the following three columns are for medians,
lower and upper quantiles of parameter estimates when G. fossarum was exposed to Cd = 11.1 ug-L™.

‘rPBK,’ officially available from the official R CRAN website
(https://CRAN.R-project.org/package=rPBK) together with a
very recent related paper.*” Thanks to the R-package 'rPBK’, we
already experienced that using this exact generic solution divided
at least by 100 the computation time of the whole process. Our
first inference implementation required numerically integrating
the original ODE system and running the MCMC algorithm to fit
the numerical solution to the accumulation-depuration data sets

corresponding to the different organs and tissues. The numerical
integration step was highly computationally demanding. Avoid-
ing this numerical step much faster now delivers relevant and
precise parameter estimates.

Case study with five compartments

Zhu and colleagues*® studied the effect of six different antibiot-
ics on the sea cucumber Apostichopus japonicus: sulfadiazine, tri-

Fig. 4. Simulations of the internal concentrations within the different organs or tissues of Gammarus fossarum when exposed to an external cadmium
concentration equal to 11.1 ug-L™L. The four-compartment PBK solution used for simulations is given in Equation (27). Parameter values are those given in

Table 2.
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Fig. 5. Schematic representation of the five-compartment kinetic model used to simulate the effects of waterborne antibiotics in sea cucumbers: the

coleomic fluid (CF), the body wall (BW), the mouth (MH), the respiratory tree (RT) and the digestive tract (DT). Parameters k,;and k

Vi=1,4, stand

e,i’

for uptake and elimination rates from or towards seawater, respectively; parameters k,.j represent from and back exchanges between compartments i and

Jy Vi, j=1,5.

methoprim, enrofloxacin, ofloxacin, clarithromycin, and azithro-
mycin. All compartments (blood or organs) are internally related to
the coelomic fluid. Except for the digestive tract, all compartments
are externally related to seawater (Fig. 5). Based on the original
paper,* biological parameter values were extracted to calculate the
model’s coefficients used for the simulations. All these parameters

are provided in Table 4.

Below are the model equations written within our new generic
mathematical formalism, with the following correspondence be-
tween index 7 and the different compartments: coleomic fluid (CF,
i =1); the body wall (BW, i = 2), the mouth (MH, i = 3), the respira-
tory tree (R7, i = 4) and the digestive tract (DT, i = 5).

Table 4. Parameter values for the five-compartment physiologically-based kinetic model on sea cucumbers, after recalculation from the initial param-

eters as given by*’ in their supplementary information

Parameter Sulfadiazine Trimethoprim Enrofloxacin Ofloxacin Clarithromycin Azithromycin
" 68.73 68.73 68.73 68.73 68.73 68.73
ke‘1 68.73 5.61 4.01 4.89 5.35 5.64
k,, 0.53 34.97 21.10 36.77 24.10 24.10
ke‘12 0.06 285.76 234.84 229.46 177.87 209.72
k,s 2.86 0.00 0.00 0.00 0.00 0.00
ke,3 0.45 68.73 68.73 68.73 68.73 68.73
ku,4 19.51 0.11 0.07 0.13 0.07 0.04
ke,4 4.11 0.51 0.59 0.88 0.22 0.14
ku,s 0.00 3.88 11.91 8.44 1.98 1.55
ke 0.00 0.00 0.00 0.00 0.00 0.00
kl,2 0.06 0.08 0.09 0.11 0.07 0.04
ky 4 0.50 0.40 0.92 0.70 0.26 0.20
k1,3 0.43 3.27 10.75 9.29 2.20 1.93
ks 4 2.70 0.40 1.16 1.06 0.48 0.25
k1,4 411 4.00 4.94 4.17 5.52 5.50
Ky 19.51 27.22 32.72 29.37 28.15 35.42
k1,5 0.48 241.35 211.96 252.56 198.06 261.31
ks 2.46 29.69 29.03 26.96 25.34 25.65

Mathematical relationships between initial and recalculated parameters are detailed in the main text.
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dc, (1)
——~~=Uc +EC, (t
dt & N0
when 0<¢<¢ (accumulation phase) (a)
(30)
G (1) =EC, (¢)
dt P
when ¢>t  (depuration phase) (b)
with vectors and matrices defined as follows:
Cl (t) ku,l
c, (t) k%2
C,(t)=Cy(1)=| cs(t) | U=|k,;
e (1) Kya
o (t k,
() ? 31)
e, ko, ks k, k;
ky o ey ky ko ks
E= ks,l ks,z €3 k3,4 k3,5
kyy ok, kiyoe ks
kg, ks, ksy o oesy e
and diagonal elements of matrix E defined by:
€, = _ka,l _(kZ,l + k3,1 + k4,1 + ks,l) (@)
€y = _ke,z - k1,2 (b)
€3 = _ke,3 - k1,3 (©) (32)
€y ="k 4=k (d)
€55 = _kl,s (e)

The exact solution of the matrix ODE system (30) can be di-
rectly deduced from Equations (17) and (21):

C,(f)=(e"-1)E"Uc,
when 0<¢<t? (accumulation phase) (a)

€y (1)=(e" - e ue, (33)

when ¢>t, (depuration phase) (b)

The relationships between the initial and the recalculated pa-
rameters are the following, with the index SW referring to seawa-
ter:

D, D,
k = i,SW andk = i,SW

Vie CF,BW,MH,RT,DT

S “ VP
Dey, Dey,s
kep, =—"Land k, ., =—='— Vie BW,MH,RT,DT
CF VCF i,CF

This leads to the first ODE of the five-compartment system for
the sea cucumber:

dCe, (1) B
a ku,CFCw [ke,(,‘F + i;a_kf,CF]
Cor (0)+ X (ker € (1) 69

i#CF

Vie BW,MH,RT,DT
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Fig. 6. Predicted time course of the median internal concentrations in
antibiotics (given on the top legend of each graph) under a constant ex-
posure concentration of 10 ug-L™!: in yellow the body wall (BW), in blue
the mouth (MH), in red the respiratory tree (RT) and in green the diges-
tive tract (DT).

with ¢, =10 ug-L™! the concentration in the seawater to which they
are exposed.

_ DCF,i _ DCF,I' .
kepi = and k, .. = Vie BW,MH,RT,DT
S
Finally, we get the four complementary equations of the system
for the sea cucumber:
dC,(t
# = ku,icw - (ke,i + kCF,i ) Ci (t) + ki,CFCCF (t) (35)
Given parameter values in Table 4, we performed simulations
over time for the six antibiotics and the four internal organs. As
shown in Figure 6, we reproduced the same median curves as those
of** in Figure S10 of their supplementary information.

J

Case study with six compartments

Here is a final illustration of the usefulness of our generic solu-
tion to simulate any PBK model. We identically reproduced all
the simulations provided by*® concerning exposure of zebrafish
(Danio rerio) to arsenic (As). To this end, Zhang et al.*® proposed
a six-compartments model with five compartments corresponding
to organs: gills (i = 2), intestine (i = 3), liver (i = 4), head (i = 5)
and carcass (i = 6). The sixth compartment corresponds to blood
(i = 1). The five organs were connected to blood, while the gills
and intestines were also connected to the external medium (con-
taminated water). These assumptions are translated in Figure 7,
together with the different parameters used for the corresponding
PBK model (Table 5).

From the generic matrix form of a PBK model we present in this
paper, the model writes as follows:

dC(¢)

=== Ue, +EC() (36)

with vectors and matrices defined as follows:

C()=(c.(t) &(t) &) @) @) @) 6D
where c(f), Vi = 1,6, are the variables corresponding to internal
concentrations to be simulated. Variables c(?) are equal to w,C (),
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Fig. 7. General scheme of the six-compartment kinetic model for zebrafish exposed to arsenic (Adapted from 3). Parameters, between-organ and/or with-

water connections, numerical values, and units are given in Table 5.

Vi = 1,6, with W, the mean wet weight of blood volume (when i
= 1) or fish organs (Vi = 2,6). Variables Ci(¢) are the measured
concentrations of As in fish organs (Vi = 2,6, expressed in ug-L™")
at time 7 (in days). Variable c, is the exposure concentration of As
in water (expressed in ug'L "), assumed to be constant over time.

From concentrations within organs, the concentration for the
whole organism can be deduced as follows:

1 &H—
Con (1) = T_(ch (v )j (38)
2

According to our mathematical formalism, uptake parameters
from water are included in the following vector:

U=(0 k, k

u

, 0 0 0) (39)

while elimination parameters towards the water, as well as param-
eters corresponding to organ-organ connections, are gathered to-
gether within the following matrix:

Table 5. Parameter estimates for arsenic distribution in zebrafish (from*®)

zk/ 1 kl,z kl 3 kl 4 k] 5 k1 6

Jj=2

ky, —k,,—k, 0 0 0 0

k 0 -k -k 0 0

E= k3,1 0 5,30 13 . 0 o (40)
4,1 Mg
ks, 0 0 0 ks O
ke, 0 0 0 0 -k,

The matrix ODE system (36) finally leads to the following ex-
act solution:

C(t)=(e" -1)E"Ue, (41)

where c_ is the exposure concentration in water.
The above matrix solution (41) can then be developed in or-
der to retrieve the six-compartment PBK model as constructed by

Connection ML Value Unit Connection mL Value Unit
Water to gills K, 5.28 10~ Ld? Gill to water k., 0.152 d?
Water to intestine Ky 1.52 10 Ld? Intestine to water ke, 0.672 d?
Blood to gills Ky 76.0 d? Gill to blood ki, 58.2 d?
Blood to intestine ks, 27.8 dt Intestine to blood kys 3.94 d?
Blood to liver Ky 38.5 d-? Liver to blood k4 23.6 d?
Blood to head ks 1 97.5 dt head to blood kys 8.48 d?
Blood to carcass ke, 7.20 dt Carcass to blood ki 0.317 d!

Notation M L stands for the estimated maximum likelihood value of the parameter.
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Fig. 8. Simulation of the total arsenic concentration in fish tissues and blood during the accumulation phase of 16 days (exposure concentration equal
to 400 ug-L™') and the subsequent 16 days of depuration in a clean medium. The PBK model used for simulations is given as a matrix solution in Equation

(41) with parameter values from Table 5.

Zhang et al.*® Denoting the exposure concentration in water (vari-

able ¢, in our modeling) by C, ., we ultimately get:

— z o ; w,

w, dac, (t) — Zkl jCj (t)Wi _[zkj 1}(:1 (t)wl @)
dt =2 =

—dC, (¢ W, w,

w, ;t( ) = ku‘zcwaleh + kz‘lcl (Z‘)W| _(ke‘z +k1v2)cz (I)Wz ®

idC;(t) =k 3Cor + oy G ()W = (ks + K3 ) G ()W, (@)

” (42)

TdCdAt(t) =k,,C (f)wl_kmct (t);“ @

—dC,(t — W,

Ws ;’t( ) =k;,C (t)wl —k5Cs (t)WS ©

—dC,(t - W,

We aé’t( ) =k, C, (t)wl —k ,Cs (t)w6 ®

Zhang et al. measured internal concentrations over time in
each organ and blood during both accumulation and depuration
phases. This data allowed them to estimate all their parameters.
Using a Bayesian inference framework also provided them with
quantifying the uncertainty of these parameters. Then they de-
liver parameter estimates as maximum likelihood (ML) values
associated with a 95% credible interval, as partly reported in Ta-
ble 5.

Based on parameter ML values in Table 5, using the fresh
weight of the different organs as provided in Table S2 from Zhang
et al.,*® we performed simulations of the internal concentrations
within each of the five organs as well as in blood (variables c,(?),
Vi = 1,6). As shown in Figure 8, our generic solved PBK model
(see Equation (41)) again exactly reproduce the median curves
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provided by Zhang et al. in Figure 1 (solid blue lines). Such an
exact match between our curves and the authors’ ones again pro-
vides a complete check of the mathematical writing of our generic
solution, together with the fact that it produces identical median
curves. These results again reinforce the possibility of using this
exact generic solution for the further implementation of inference
processes with the guarantee of obtaining the parameter estimates
much faster, avoiding the time-consuming step of the numerical
integration of the ODE system.

Discussion and future directions

Benefiting from the generic solution of a PBK model allows us
now to envisage the continuation of this work with confidence,
in particular the implementation of a Bayesian inference frame-
work to get parameter estimates quickly and efficiently, based on a
fully harmonized methodology. The next step will thus be to make
freely and easily accessible this generic modeling framework, in-
novative both in the writing of the PBK model and in its exact res-
olution and the implementation of the fitting and simulation tools.
Most users, who are not necessarily modeling specialists, would be
willing to use more complex PBK models, especially if necessity
dictates and sufficient input data is available.

Unfortunately, turnkey tools are still rare today. In line with the
MOSAIC platform spirit (https://mosaic.univ-lyonl.fr), we have
already started to build a new prototype that will facilitate the use
of PBK models, also for beginners, with a step-by-step workflow
to first upload data and select the model to fit. By default, the com-
plete PBK model will be automatically proposed from which us-
ers can deselect either compartment and/or exchanges between the
compartment and/or with the external medium according to prior
physiological knowledge. Then the user can try nested models and

151



J Explor Res Pharmacol

finally identify the most appropriate model for the question. Us-
ers will be accompanied to run the fitting process, get the results
(parameter estimates and fitting plots), look at the goodness-of-fit
criteria (with guidance on their interpretation), and use the model
comparison criteria in case several models would have been tested.
Once this calibration step is achieved, users can run simulations,
compare with additional data, or plan further experiments. In the
end, all expected features of a convenient help-decision service
could be offered, with particular attention to further supporting
the next generation tiered PBK modeling framework that could
become the new paradigm in human and environmental risk as-
sessment. Once our generic PBK modeling framework is firmly
anchored in practice, we should be in the right place to consider
its coupling with mechanistic models to build an utterly general
modeling framework from exposure (pharmaco/toxico-kinetics)
to effects (pharmaco/toxico-dynamics) on life history traits, hence
defining a unifying PBKD modeling framework.

Conclusions

Our generic solving of any full PBK model comprising as many
compartments as physiologically needed, as well as all poten-
tial connections between compartments and with the external
medium, revealed particularly efficient in simulating diverse
situations in terms of species, compounds, and purpose. The
four-compartment PBK model for G. fossarum exposed to Cd
highlighted the dynamic transfer of Cd among the different or-
gans. The six-compartment PBK model for D. rerio exposed to
As showed that intestines were the leading uptake site for water-
borne As, instead of gills as the authors expected. Several other
examples have complementary been tested (results not shown).
Nevertheless, the genericity of the solution we proposed here
could still be further extended in order to account for simultane-
ous but different routes of exposure (via water, food, sediment
and/or pore water, for example), as well as several elimination
processes, among which the dilution by growth would allow to be
more realistic for long-lived species. Moreover, accounting for
the metabolization of the parent compound could also be of great
interest to better deal with organic compounds.

Supporting information

Supplementary material for this article is available at https://doi.
org/10.14218/JERP.2022.00043.

Supplementary File 1. Generic solving of a multi-compartment
physiologically-based kinetic model.
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Abstract

Delusional disorder (DD), once entrenched, responds poorly to currently available treatment. This calls for community and in-
dividual preventive measures. Our goal was to conduct a literature review exploring the possibilities of prevention. This nar-
rative review was based on a search of the PubMed database from its inception until July 2022. While not specific to DD, the
search found evidence for primary and secondary strategies used to protect against or ameliorate psychotic illness characterized
by prominent delusions. Community preventive strategies included addressing socioeconomic disadvantage and mental health
stigma, improving mental health service accessibility, screening for and treating potential precursors to DD, such as sensory and
cognitive deficits, and psychiatric symptoms, like depression, anxiety, sleep disturbance, and substance abuse. Secondary com-
munity prevention relied on early detection programs and specialized services for early treatment of DD symptoms and their
co-morbidities. Individual forms of secondary prevention were interventions geared toward illness denial, treatment nonresponse
and antipsychotic refusal. Effective secondary prevention reduced symptom intensity and diminished the risk of fatal outcomes
such as suicide. Based mostly on the evidence from related disorders, the implementation of preventive and early treatment strate-

gies held promise for reducing morbidity and facilitating the recovery of patients with DD.

Introduction

Delusional disorder (DD) is a schizophrenia-related disorder char-
acterized by the presence of monosymptomatic delusions and
distinguished from schizophrenia by a relative absence of hallu-
cinations and negative symptoms such as apathy, anhedonia, and
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avolition. Importantly, DD first occurs in middle to late age. In ad-
dition to prominent delusional symptoms, its presentation most of-
ten includes significant depressive symptoms and relatively intact
global functioning.! DD has traditionally been considered difficult
to cure. In large part, this has been because patients did not believe
that they were ill and, therefore, did not adhere to long-term treat-
ment.?

DD is currently classified into subtypes according to its main
delusional theme, e.g., persecutory, erotomanic, jealous, gran-
diose, somatic, mixed, and unspecified.!? Although the current
Diagnostic and Statistical Manual of Mental Disorders, Fifth Edi-
tion (DSM-5)! does not report on its demographics, DD is more
prevalent in women than men, and the mean age at onset is ap-
proximately 45 years, which would correspond to the beginning
of the decline of estrogen, or pre-menopause in women. Men with
DD are more likely than women to be unmarried, and women, to
be widowed.?

The etiology of DD is essentially unknown. Molecular genetic
investigations have been limited to small association studies of
dopamine receptor (DR) polymorphisms.* Because DD is a late-
occurring condition, large family studies have not been feasible.
Morimoto et al. examined the plasma levels of homovanillic acid
(pHVA) and DR genes and their synthesizing enzyme, tyrosine hy-
droxylase (TH) in patients with DD and schizophrenia, as well as
in healthy controls.* The conclusion of their study was that DD, es-
pecially the persecutory type, was a hyperdopaminergic psychosis
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in which polymorphisms of dopamine receptors D2 and D3 played
a part. Likewise, a study by Debnath et al.5 confirmed the impor-
tance of human leukocyte antigen (HLA) genes in DD and empha-
sized the evidence for the shared nature of etiological mechanisms
in this disorder and schizophrenia. Neurotransmitter abnormalities
similar to those in schizophrenia (dopamine dysregulation and el-
evated dopamine synthesis) have also been found in DD.6 In addi-
tion, rare copy number variations (CNVs), rare single-nucleotide
variants (SNVs), and commonly found single-nucleotide polymor-
phisms (SNPs) are currently being investigated in schizophrenia
and its several related disorders.” CNVs tend to be expressed in
the developing brain, and they could predispose to a variety of
psychiatric disorders with little diagnostic specificity. It has also
been found that major psychiatric disorders share common genetic
variations in neuronal, immune, and histone pathways.” This is
consistent with clinical trials that show the symptoms of all ma-
jor psychotic disorders to be responsive to the same antipsychotic
medications (AP).8

A variety of structural brain abnormalities (relative to healthy
controls) have been noted in the paranoid type of DD by Wolf
et al.® They found aberrant gray matter volume (GMV) in right
prefrontal regions implicated in the emotions of fear and anxiety,
and in circumstances of threat. Brain abnormalities in the medial
frontal and anterior cingulate cortex were also found in DD.!? Pre-
frontal, parietal, temporal, thalamic, and striatal dysfunctions have
been reported in delusional infestation (DI), whereas white matter
volume dysfunctions were seen in patients with accompanying or-
ganic lesions.”!! Additionally, cerebellar dysfunctions have been
specifically reported in somatic type DD.!?

The standard treatment of DD is AP with, sometimes, adjunct
antidepressants.! As is the case for psychotic disorders in general,
current evidence favors treatment in the community as opposed to
treatment in hospital'# although a combination of both has often
been necessary.!S Furthermore, community care has been reported
to significantly reduce relapses and hospital admissions, to im-
prove medication adherence, and to result in clinical improvement
more often than hospital care.!® Community care allows for mul-
tidisciplinary psychosocial interventions, such as patient and fam-
ily psychoeducation, cognitive therapy, and social skills training.
Interventions such as these reduce self-stigma and are known to
improve treatment effectiveness in related disorders. Family sup-
port, provision of employment opportunities, and a variety of re-
habilitative strategies are offered in many community services for
psychosis; they improve global functioning and aid subjectively
defined recovery.!*

Primary prevention measures, when offered to all members of
a community, aim at suspected causes and known risk factors for
mental illness.!” Alternatively, specific preventive strategies are
directed at groups at high risk for specific disorders. Secondary
prevention addresses early detection and early intervention after
symptom onset.

As in all psychiatric disorders, biological causes interact with
exposures and responses to life stress. Genes and environment in-
teract, so that modifying the environment can prevent the expres-
sion of disorder-determining genes.!®!® Results of a recent study
support the effectiveness of such preventive measures.?

Thus, the aim of this narrative review was to summarize the
literature that examined:

1. Community level preventive strategies in DD, especially those
targeting demographically vulnerable populations.

2. Individual level primary preventive strategies in DD, i.e.,
pharmacological and psychosocial treatment of pre-delusional
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psychiatric symptoms (mood, anxiety, sleep disturbance, and

substance abuse), as well as potentially pre-delusional medical

symptoms (sensory and cognitive deficits).

3. Secondary prevention at the community level, i.e., early detec-
tion, and at the individual level, i.e., early intensive and com-
prehensive treatment of the symptoms, both pharmacological
and psychosocial.

4. Additional secondary strategies on an individual level, i.e., in-
tervention directed at illness denial, treatment resistance, and
AP refusal.

We conducted the review by searching the PubMed database
from its inception until July 2022. Search terms were “delusion-
al disorder” OR “delusional psychosis”, AND “prevention,” OR
“early detection,” OR “early treatment.” The literature was sparse;
we cite all the papers we found that addressed prevention in delu-
sional syndromes.

Primary and secondary preventive strategies at the commu-
nity level.

The World Health Organization (WHO) has defined health as “a
state of complete physical, mental, and social well-being and not
merely the absence of disease or infirmity”.?! This definition is
based on the understanding that many precursors to mental ill
health, such as socioeconomic disadvantage, air and water pollu-
tion, discrimination and stigmatization, are, in theory, preventable.
Therefore, the WHO has promoted comprehensive strategies for
mental health prevention.?! Determinants of mental health go be-
yond the individual; they include the social, cultural, economic,
and environmental milieu in which a person lives. The WHO has
also acknowledged special vulnerability factors in specific popula-
tions, e.g., the physically or intellectually disabled, the frail elder-
ly, or persons living in poverty, suffering chronic health conditions,
or belonging to stigmatized minority groups.?!

Mental and physical health are considered inseparable. Mental
disabilities are disproportionally accompanied by comorbid malig-
nancies and cardiovascular diseases. Additionally, mortality rates
are high among the mentally ill because of increases in physical ill
health, but also because of high rates of suicide, which is one of
the leading causes of premature death in patients suffering from
persistent delusions.??> Moreover, a significant association has
been found between positive psychotic symptoms (delusions and
hallucinations) and suicidal ideation.?® Nevertheless, this can be
prevented by prompt treatment of psychotic symptoms with effec-
tive doses of AP. It is well known that mental illness often leads
to unhealthy life choices - poor nutrition, poor hygiene, excessive
alcohol and drug use, lack of sufficient physical, mental, or social
activity, all of which contribute to poor health and poor quality of
life. In this sense, preventive intervention, such as exercise pro-
grams, have been investigated and found effective as secondary
prevention in the first episodes of psychosis.2* Moderate exercise
training was found to induce changes in the markers of oxidative
stress and antioxidant concentration, with subsequent improve-
ments in psychotic symptoms. One example of a primary preven-
tion strategy is community infection control. It has been shown
that SARS-CoV2 infection is able to induce psychosis,?s thus im-
plying that promotion of hygiene measures could potentially re-
duce the incidence of disorders such as DD.

The WHO’s Comprehensive Mental Health Action Plan 2013—
2030 has focused on the promotion and protection of mental
health, and the prevention of mental disorders.?! This is based on
six principles and approaches: 1) universal health coverage, 2) hu-
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man rights, 3) evidence-based-practice, 4) a life-course approach,
5) a multisectoral approach, and 6) empowerment of persons with
mental disorders and psychosocial disabilities.

Evidence-based practice recognizes the need for robust trial
methodology and reproducibility of results. The life-course ap-
proach recognizes that risk and protective factors for mental illness
vary across the different life stages.

In the context of DD, a study carried out by Tizon ef al. inves-
tigated two cohorts of patients from two different neighborhoods
in Barcelona, Spain.?® The objective of the study was to compare
the prevalence, socio-demographic, and clinical factors in a catch-
ment area consisting of 103,615 inhabitants in two neighborhoods
that differed with respect to socioeconomic level and degree of
psychosocial risk factors for mental illness. Tizon et al.?¢ found
that the prevalence of DD was higher in the less advantaged neigh-
borhood. This implied that eradicating inequities in social capital
could reduce the risk of DD. The study concluded by highlighting
the political feasibility of such intervention and its vital importance
to public health.

Wustmann et al.?” conducted a project called the Halle Delu-
sional Syndromes (HADES) study, a cross-sectional and longitu-
dinal study investigating a sample of patients with DD, in order to
determine prevalence, socio-demographics, and clinical features.
Forty-three patients were recruited who fulfilled the International
Classification of Diseases, Tenth Revision (ICD-10) and DSM-IV
criteria for a DD diagnosis. The Brief Psychiatric Rating Scale
(BPRS) and the Manual for Assessment and Documentation of
Psychopathology (AMPD system) were used to evaluate symp-
toms, and the Global Assessment of Functioning Scale (GAF) was
used to assess function. The study found some gender differences.
Men tended to be single, had a history of more frequent perinatal
and developmental disturbances, and came more often from lower
socioeconomic classes. These findings implied that DD prevention
needs to take gender into account.

Routine community screening programs for conditions that pre-
dispose to DD, such as neurological or sensory impairment, form
part of primary prevention. Early detection and treatment of sen-
sory impairments were shown to prevent not only DD, but also
depressive illness and dementia in a psychiatric outpatient clinic
in Ghana.?® The paranoid subtype of DD was found in this study
to be positively associated with both blindness and deafness and
to be more common in women than in men.?® More recent studies
have also investigated the prevalence of vision and hearing loss
in DD.?’ In a sample of 1,452 patients fulfilling DSM-5 DD crite-
ria, 7.4% were found to have sensory deficits: vision loss (3.5%)
and hearing loss (3.9%). These findings were in line with previ-
ous reports from de Portugal et al. who found a 5.7% prevalence
of sensory deficits in DD.3 A recent systematic review and meta-
analysis also confirmed an increased risk of psychosis in patients
with hearing impairment.3! Likewise, loneliness, diminished abil-
ity to place oneself in another’s shoes (impairment in the theory
of mind), and disturbances of source monitoring (memory errors
where the source of a memory is misattributed) were all found to
be potential mechanisms underlying the association between psy-
chosis and hearing loss.?!

In addition, sensory impairment is known to be intimately con-
nected with low socioeconomic status,*? thereby doubling the risk
for psychotic disorder. Effective treatment of vision and hearing
loss has thus served as a potential primary preventive measure
against DD. Vision rehabilitation in a general population of visual-
ly impaired adults was recently shown to improve quality of life.??
However, no similar studies have been done in DD patients.
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An important and prevalent community preventive men-
tal health measure is the attempt to reduce mental health stigma
among the public at large, in the healthcare sector, and in the work-
place.?! This strategy has shown beneficial effects in the context
of severe mental illness.** A systematic review carried out by Ha-
nisch et al. investigated the effectiveness of interventions targeting
the stigma of mental illness in the workplace.’> Employee knowl-
edge and supportive behavior were targeted, and the results were
judged successful.

The WHO’s Comprehensive Mental Health Plan 20132030 in-
cluded strategies for combating stigma in schools and in the work-
place.?! In contrast to other psychotic disorders, such as schizo-
phrenia where patients are often too disabled to hold jobs, DD
patients are very frequently employed, so that combating work-
place stigma becomes particularly important.3¢

Suicidal preoccupation, which occurs in DD in 8-21% of cas-
es¥7 is critical to prevent. Cutting suicide rates by one third has,
for instance, been a prime WHO target.?! Nonetheless, the SARS-
CoV-2 pandemic has increased suicide attempts in DD. Weise et al.
reported the case of a 60-year-old woman whose first psychiatric
admission was caused by an attempted suicide during the COVID
pandemic.® The pandemic was, and continues to be, known for
its potential to aggravate mental health symptoms. This implies
that community level preventive measures (use of digital monitor-
ing systems and distress phone lines), when put into effect, are
able, to some extent, to reduce suicide rates. Older patients, post-
menopausal women in particular, are at special risk and require
extra monitoring.3®

Another potential community strategy to prevent the develop-
ment of severe mental illness such as DD is to institute programs
for family psychoeducation, in order to help family members ad-
dress delusional beliefs.* A recent review pointed out that some
family responses to psychiatric symptoms appear to be more con-
structive than others. Stigmatization of delusional beliefs, guilt,
withdrawal, anger, and fear were found counterproductive,*!
whereas calm and empathic understanding of the affect behind the
delusion prevented the crystallization of delusions. It was also im-
portant for families to become acquainted with the mental health
system, so that they could access the appropriate services prompt-
ly. Hence, organizing educational family group sessions relevant
to mental health is considered a useful community intervention, as
it is in schizophrenia.*?

In summary, numerous community preventive strategies are
possible in this population (Table 1). Combating socioeconomic
disadvantage, reducing mental illness stigma, routinely screening
for sensory impairment, instituting community suicide prevention,
and family psychoeducation programs have been shown to be rel-
evant preventive measures for disorders such as DD.

Primary and secondary preventive strategies on an individual
level

Many of the same measures apply to individuals determined to be
at risk for psychotic illness. Helping to attenuate the disadvantages
of poverty by providing at-risk individuals with educational bursa-
ries, skills training and supported employment opportunities form
part of comprehensive social services. Referral to ophthalmology
and otolaryngology whenever sensory impairment are suspected
is standard medical practice. One study of 104 outpatients with
chronic schizophrenia-spectrum disorders (which included DD)
examined the factors that contributed to self-stigma, such as cop-
ing styles and symptom severity.*> A significant positive associa-
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Table 1. Community-level and individual-level strategies for prevention of delusional disorder

Target Strategies

Community level

Socioeconomic disadvantage Subsidized skills training, supportive employment, affordable housing, disability benefits, and

health insurance.?!

Stigmatization of mental illness
public.3436

Health screening
Suicide prevention
Individual level

Physical health
delusion formation.32

Suicide prevention
for persons at risk.3”

Life Style
occupation).#?

Family interventions

Mental health advocacy, combating stigma in schools, workplaces, health system, and the general

Screening programs for sensory impairment and provision of treatment.??

Distress phone lines and public health announcements.37:38

Early treatment of all physical illnesses, especially sensory and neurological that contribute to
Close monitoring, liaison with family, recognition of warning signs, and access to immediate care
Intervention and promotion (nutrition, alcohol and drug use, physical activity, and meaningful

Family liaison and psychoeducation.??

tion was found between self-stigma and disorder severity, thus in-
ferring that the effective treatment of psychotic symptoms reduced
patients’ tendencies to be ashamed of and blame themselves for
their illness.

Treating pre-existing psychiatric conditions is an important
component of prevention. Several study results have shown that
patients with DD often experience a variety of non-psychotic psy-
chiatric symptoms before they are diagnosed with DD. These were
pre-morbidities whose treatment serves as primary prevention of
DD. When they occur alongside DD, their early treatment serves
as secondary prevention of DD severity and primary prevention of
fatal outcomes such as suicide.

Early researchers who investigated this topic were Opjordsmoen
and Retterstoll who, in 1993, compared clinical outcomes in two
cohorts of 72 first-admission patients with DD. The first cohort
was hospitalized between 1946 and 1948 (called the long-term
group); the second was admitted between 1958 and 1961 (the
short-term group).** The second group, treated in hospital with
antidepressants and AP, showed no improvement in outcome over
that of the first group, whose hospitalizations predated the intro-
duction of either of these classes of drugs. These findings implied
that patients with DD were not better off when treated with AP +
antidepressants. However, it is possible that treatment non-adher-
ence — usually considered particularly high in DD - could have
influenced these results.

The coexistence of mood disorders occurs in approximately
half of all DD patients according to a study conducted by Marino
et al *> This study also found a familial risk for both DD and mood
disorder and reported that mood symptoms, when present, preced-
ed DD about half the time. This is important clinical information
that can serve preventive ends.

Furthermore, in a cohort of 64 DD patients, Maina et al.¢ found
that 72% suffered from at least one comorbid psychiatric disor-
der. In their study, comorbid affective disorders only preceded the
onset of DD in younger patients with relatively early DD onset.
Likewise, de Portugal et al.*’ found that, out of 86 DD outpatients,
46% presented with signs of depression or anxiety. Patients with
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comorbidity had more somatic delusions, non-prominent hallu-
cinations, and exhibited a higher suicide risk than those without
comorbidity.*” The implication was that active treatment of co-
morbidity could reduce psychotic symptom severity and, perhaps,
lower the risk of suicide.

Gonzélez-Rodriguez et al. carried out a cross-sectional study
of 44 patients with DD who fulfilled DSM-IV-TR criteria.*® From
the total sample, 15 patients (34.1%) presented with comorbid
depressive symptoms, 14 (31.8%) showed suicidal ideation, and
seven (15.9%) showed recent (within the prior two years) suicidal
behavior. Patients with comorbid depression had an earlier age at
onset and suffered a greater intensity of suicidal ideation, again
implying that early treatment of depression could reduce the risk
of suicide. The results of a recent review were also consistent with
these findings.*’

Veras et al. reported four cases of patients first diagnosed with
social anxiety disorder (SAD) that was followed, after a period of
time, by a diagnosis of DD.3? SAD, in some cases, can be a pro-
dromal form of DD.

Panic attacks have also been associated with psychoticism,5!
but this possibility has not been systematically addressed in DD.
Gupta and Kulhara™ reported one case of a woman who first pre-
sented with a history of panic attacks, and subsequently developed
persecutory delusions that fulfilled the DD criteria. The patient
suffered from anticipatory anxiety and systematized persecutory
delusions and received a diagnosis of a DD persecutory type with
comorbid panic attacks, which remitted with AP treatment. While
this was only one case, it was consistent with other studies that
pointed to anxiety disorders in general as being potentially a pre-
morbid manifestation of DD.

Substance use disorder is a further important co-morbidity
that, when treated, could prevent or reduce the severity of DD,
as was demonstrated in patients with first-episode psychosis.>?
de Portugal et al., using DSM-IV-TR criteria, carried out a cross-
sectional study of 86 DD outpatients with and without pre-morbid
substance use disorder.? They found that men had a significantly
higher frequency of premorbid substance use than women (30.3%
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Table 2. Early detection of non-psychotic psychiatric comorbidities
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Hypotheses

Strategies

Affective comorbidities

Affective symptoms prior to the onset of Could increase risk of DD and
DD self-injury or suicide.*®

Affective symptoms after the onset of

Anxiety comorbidities
Social anxiety disorder (SAD)
Panic attacks

Sleep disorders

Insomnia

Sleep apnea (OSA)

Early Rx, especially in somatic DD, can reduce
DD the severity of symptoms.””

SAD could lead to delusions.*?

Insomnia can worsen DD symptoms.62:63

OSA can increase symptom severity,

Early antidepressant Rx to reduce
symptoms and suicide risk.*®

Early Rx to prevent poor
outcomes.**

CBT for SAD.5¢

Anticipatory anxiety and panic could lead to DD.52  CBT for panic.>?

Rx of insomnia improves
outcome.5?

Screening and Rx for OSA.5°

especially negative symptoms.®0

Substance use disorders

Alcohol and other drug use disorders

Substance use can worsen DD symptoms.5%57

Early detection of substance use,
esp. targeting men, and prompt
Rx.35

CBT, cognitive behavioral therapy; DD, delusional disorder.

vs. 11.3%). This confirmed the results of Roméan-Avezuela et al.*
who, in a study of 50 inpatients with DD, also showed that men far
more often than women were diagnosed with comorbid substance
use disorders (40.9% vs. 3.6%). This was true for alcohol (22.7%
vs. 3.6%) and for cannabis (22.7% vs. 0%), thus indicating that
prevention and early treatment of substance abuse could be an ef-
fective risk management technique in men.

Kulkarni et al. investigated a cohort of 445 patients with persis-
tent DD (men: 236, women: 219) from a tertiary center in India.>®
Men more often than women presented with comorbid substance
use disorders (24.1% vs. 1.8%). The most common psychotic con-
tent in the context of this comorbidity was the delusional convic-
tions of partner infidelity or Othello syndrome, which has long
been associated with alcohol use disorders.5® These findings were
consistent with the results of a cross-sectional study of patients
with first-episode of psychosis from Northern India.** A semi-
structured interview was used in this latter research to assess
clinical variables as well as information regarding the use of sub-
stances: age at first consumption, type of substance used, and du-
ration and pattern of substance use. Cannabis use was assessed by
urine testing, whereas alcohol use was evaluated using the Alcohol
Use Disorder Identification Test (AUDIT). In accordance with the
studies listed previously, men were significantly more frequently
diagnosed than women with alcohol use disorders. Treating sub-
stance abuse early can also prevent medical sequelae secondary to
an excessive intake of alcohol.5’ Substance use treatment should
also be able to increase adherence to DD management.

Another frequent premorbid as well as comorbid condition in
psychotic disorders is sleep disorder® and its treatment has been
shown to reduce the severity of psychosis.’ Moreover, insomnia
and nightmares have been called out as potential risk factors for
the onset and persistence of psychotic symptoms.®’ Kasanova et
al.®! investigated the temporal relationship between sleep distur-
bances, sleep quality and occurrence of paranoid ideation in 42
acutely paranoid and 32 non-paranoid individuals, and 41 further
study participants with schizotypal traits. Poor subjective sleep
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quality at night was associated with greater paranoid ideation the
following morning.®! Sleep disturbances specifically in DD have
not been investigated but a review conducted by our team®? has
recommended early identification and treatment of sleep problems
because of the link not only with paranoid ideation but also with
cognitive impairment and suicidal ideation.

As has been previously mentioned, DD usually begins at middle
age, which, in women, corresponds to the period of menopausal
transition. This period, and the postmenopausal stage that follows,
are associated with a significant increase in sleep disturbances
such as sleep apnea, insomnia and restless leg syndrome, all of
which impact quality of life, health, and social and personal func-
tioning.% During perimenopause, insomnia is the most frequently
experienced and treatable sleep disorder.®* Effective treatment of
pre-existing sleep problems could prevent the onset of psychotic
thinking and can reduce symptom severity if diagnosed after the
onset of psychosis® although this has not yet been specifically
studied in DD.

In summary, treating associated psychiatric disorders early,
whether they precede or are comorbid with DD, could serve as a
protective measure (Table 2).

Benefits of starting DD treatment early

The early identification and treatment of psychotic symptoms have
been widely considered to benefit patients suffering from psychot-
ic disorders. Several studies have reported that early intervention
services are superior to standard care in terms of remission rates,
hospitalization rates, and social and personal functioning.%® These
studies, however, have usually been done in early onset schizo-
phrenia with patients who were adolescents or young adults. Very
few studies had addressed the potential benefits of treating DD pa-
tients (usually middle aged and elderly adults) as early as possible
after the onset of psychotic symptoms.

Age is an important variable. A case register study of 236
patients with delusional infestation who attended four special-
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Table 3. Management of treatment-resistant DD and antipsychotic refusal

Gonzalez-Rodriguez A. et al: Prevention delusional disorder

Clinical scenario Hypotheses

Strategies

Treatment-resistant DD
may overcome resistance.?

Antipsychotic refusal
can result in drug refusal.””

Drugs with affinity for multiple receptors

Denial of illness and intolerance of side-effects

Check adherence. Motivate adherence.
Try clozapine. Try LAls.74

Explain the wide application of APs. Try
antidepressants® and psychoRx.”®

APs, Antipsychotics; LA, long-acting injectables; DD, delusional disorder.

ized clinics in the United Kingdom, Italy, and Russia®’ described
clinical outcomes and compared them with those of previous co-
hort studies. A total of 189 patients were followed longitudinally
and classified according to age: <55 years, 5675 years, and >75
years. Younger age was associated with better clinical outcomes.
A longer duration of untreated psychosis (DUP) correlated posi-
tively with worse outcomes, which suggested that early detec-
tion and treatment of DD could improve prognosis, at least for
the delusional infestation form of the disorder. These findings
were consistent with previous studies in delusional parasitosis,
notably with those from specialty clinics in Austria.®® Two recent
studies also confirmed that later age at onset and longer DUP
in delusional infestation was associated with poor outcome.”%’!
In summary, the very scant available literature suggests that early
AP intervention in DD can produce several benefits. Early treatment
with antidepressants, as noted earlier, reduces suicidal ideation.

‘What can be done for treatment resistance or antipsychotic
refusal?

Approximately one third of patients with schizophrenia are treat-
ment resistant, meaning that positive symptoms persist despite two
or more trials of an adequate dose and duration of AP (with docu-
mented adherence).” Strong evidence does not exist for DD, but
the mode of action of AP has been deemed analogous in the two
conditions, which would make treatment resistance equally likely.
An observational registry cohort study from Sweden compared the
effectiveness of various pharmacotherapies in the prevention of
hospitalization and work disability in DD populations.”® The re-
sults showed that the use of clozapine and a long-acting injectable
(LOA) AP was associated with the lowest risk of hospitalization.
The use of both LOA and oral aripiprazole correlated positively
with the lowest risk of work disability. The relatively superior per-
formance of LOAs suggests that a lack of adherence could explain
a large part of the failure to respond to treatment. The reason for
the superiority of clozapine over other AP still remains unknown
but several hypotheses exist, such as clozapine’s affinity for the
serotonin receptor (5-HT2R), for the dopamine 1 receptor (D1), for
the adrenoreceptor (a2c¢), and for muscarinic receptors (M1-M4).7#

In addition, there is evidence that many DD patients refuse AP
treatment, chiefly because they do not consider themselves ‘psy-
chotic,” but also because they cannot tolerate the side effects.”
Brownstone et al.”® have provided some tips on how best to ad-
dress the issue of AP refusal in the context of delusional parasi-
tosis, sometimes referred to as delusional infestation (DI). They
recommend introducing the use of an AP by explaining that medi-
cations are often used for symptoms and not necessarily for their
original indication. They stated that: “One way to get the patient to
accept AP treatment is to offer a medication that has no US Food
and Drug Administration (FDA) psychiatric indication because DI
patients are universally opposed to taking medications involving
mental illness.” Because the AP, pimozide, is only FDA indicated

160

for Tourette’s syndrome and not psychosis they reported being able
to convince their patients to take it.

In the same spirit, clinicians offer antidepressants instead of AP
because many patients with DD readily admit that they are de-
pressed. Though the available evidence for antidepressant effec-
tiveness in most cases of DD is weak, there are reports of the ef-
ficacy of clomipramine and other antidepressants in the treatment
of the somatic subtype (Table 3).876.77

Previous studies have reported that cognitive-behavioral
therapy (CBT) is effective in treating delusional symptoms in
schizophrenia patients, as well as in DD.”%78 One trial compared
patients with DD who received CBT with a placebo-control
group who received an equal amount of medical attention. The
results showed that CBT had a higher impact than placebo on
the affect relating to delusional belief, strength of conviction,
and on proneness to act on delusional beliefs.”® This suggests
that secondary prevention in the form of psychotherapy, when
added to pharmacological treatment, might shorten the duration
of symptoms and prevent negative sequelae.

Discussion

The goal of primary prevention in mental health is to reduce inci-
dence by intervening prior to the onset of illness.” Through early
detection and prompt treatment, secondary prevention aims to
reduce severity and disability, as well as prevent recurrence and,
thus, reduce prevalence.?? Poor mental health in a community is a
concern because it leads to widespread disability and mortality; it
is also an economic concern®! as well as a cause of major personal
and family distress. Prevention, therefore, addresses public health
as well as individual health and quality of life.®

Delusional disorder (DD) is considered a schizophrenia-related
disorder, and, by implication, a severe mental illness associated
with disability and suicide, sometimes homicide.®! It is an under-
studied disorder, which is why we chose to review the literature
pertaining to its primary and secondary prevention.

To address our three aims, we examined the literature on com-
munity and individual opportunities for preventive interventions.
In considering the establishment of a clinical service to prevent
psychosis, Salazar de Pablo et al.%? systematically reviewed the
relevant prevention literature. Although the evidence came mostly
from the field of schizophrenia, especially first episode schizo-
phrenia, the conclusions of the review were that clinical monitor-
ing, psychoeducation, antidepressants, psychosocial support, and
family intervention were the most effective prevention strategies.
Less effective but still recommended measures were anxiolytics,
mood stabilizers, and physical health interventions. The authors
recommended a multidisciplinary approach, a rapid response to re-
ferrals, and flexibility with regard to assessment times and settings
(e.g. possibility of home visits after office hours). They also sup-
ported a transdiagnostic approach.®* A transdiagnostic approach is
consistent with our findings that DD can follow from prior mood
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and anxiety dysregulation or substance abuse, or sleep disturbance,
or sensory impairment.

At the individual level, the literature emphasizes that lifestyle is-
sues are important in prevention - healthy living, diet, exercise, so-
cial activity, solid relationships, social and personal functioning and
occupation. Exploring personal stress reduction techniques is also
relevant.3* Greater accessibility to mental health and social services
to rural communities, impoverished and immigrant communities,
patients with physical disabilities, women with childcare responsi-
bilities, and workers unable to take time off work are also vital.83

The literature has described modifiable and nonmodifiable risk
factors and primary prevention strategies for major depressive
disorders and for suicidal patients and for elderly psychiatric pa-
tients.3¢ These strategies apply to DD patients.

Comorbidities (depression, anxiety, sleep disturbance, sub-
stance abuse, and sensory impairment) are often present in DD and
their early and comprehensive treatment reduces DD symptoms
and prevents sequelae such as injury to self and other.%

Demographic factors, such as age, gender, minority status, em-
ployment, marriage, parental, or immigrant status require specially
tailored and targeted interventions.36:87

Future directions

Because delusional disorder (DD) is a less well-recognized disorder
than schizophrenia or depression or dementia, preventive clinical
services have not been devoted to this disorder, or the age group
most at risk for this disorder, the same way that has been done$2-8¢
for more prevalent forms of psychiatric disease. Similar preventive
measures apply — psychoeducation, screening, early intervention
and psychosocial support for individuals most at risk. Telepsychia-
try and outreach to remote communities is the way of the future and
has already begun. With respect to improved early treatment effec-
tiveness, genotyping and matching patient to a personally effective
therapeutic drug is now underway in many medical specialties. Psy-
chiatric disorders are more complex, but psychiatry will, in the near
future, also become the beneficiary of precision medicine.

Conclusions

Because DD is universally considered a relatively treatment-
resistant disorder, it is important to prevent this disorder when-
ever possible by vigorously screening for and treating delusion-
inducing medical and psychiatric conditions. Once the disorder
has been diagnosed, antipsychotic medication is the treatment of
choice. Patients, however, often do not perceive themselves as ill
and, therefore refuse psychiatric intervention. Psychosocial treat-
ments are more readily accepted. Although the literature is sparse,
the evidence for the success of preventive measures is growing.
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Abstract

Hepatocellular carcinoma (HCC) is the most common type of primary liver cancer and a leading cause of cancer-related deaths.
Standard treatments, such as surgery, chemotherapy, and radiotherapy, frequently fail to produce positive therapeutic out-
comes. Thus, it is essential to identify new treatment modalities with improved survival rates. Extracellular vesicles (EVs)
are nanosized lipid bilayer vesicles secreted by cells that mediate intercellular communication. EVs have been used to de-
liver several non-coding RNAs (ncRNAs), including miRNA, circRNA, and IncRNA. These ncRNAs demonstrate excellent
tumor-suppressive effects and serve as new therapeutic candidates for HCC. EVs possess several characteristics, including
high biocompatibility, enhanced stability, and limited cytotoxicity, making them promising drug-delivery vehicles. Although
these characteristics make them better drug carriers than traditional synthetic delivery vehicles, translating engineered EVs
into clinical practice has been challenging. In this review, we summarise the tumor-suppressive roles of ncRNAs, the recent
progress of EV-associated ncRNAs in HCC treatment, unique features of EVs relevant to drug delivery, and current challenges
in the clinical translation of EVs.

Introduction non-cirrhotic livers has a mortality rate as high as 20%; further-
more, the outcome of liver transplantation is unsatisfactory, with a
10-year survival rate of only 50%. Moreover, hepatic resection is
associated with a high recurrence rate of 70% at five years, even
in patients with tumor sizes as small as <2 cm.? Although the re-
currence rate following liver transplantation is relatively low, the
waiting period for transplantation has been increasing over the
years owing to organ shortages, resulting in high patient dropout
rates. Finding new treatment modalities with better prognoses is

Hepatocellular carcinoma (HCC) is one of the main causes of
cancer-related deaths globally and is the most common type of pri-
mary liver cancer, accounting for 70-90% of all cases.! Hepatic
resection and liver transplantation are the most effective curative
treatments for HCC. Nonetheless, HCC resection in patients with
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essential for physicians and researchers.

Extracellular vesicles (EVs) are small particles released by
almost all cell types in the human body. Numerous names exist
across the literature, referring to EVs of various origins, natures,
and features.® EVs are classified into two major subtypes, mi-
crovesicles (MVs) and exosomes. These subtypes have different
origins; MVs are formed by budding off the plasma membrane,
whereas exosomes are derived from endosomal compartments.*
Studies have shown that EVs are more than just waste carriers;
they are essential in mediating cell-cell communication. EVs carry
a variety of components ranging from nucleic acids to proteins,
lipids, and metabolites.’ Notably, cancer cells induce phenotypic
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reprogramming of recipient cells by transferring molecules con-
tained in EVs. The tumor microenvironment can also be altered by
EVs, thereby promoting tumor cell proliferation, invasion, and me-
tastasis.®’ The secretion and uptake of EVs involve several steps,
from the budding of the donor cell plasma membrane to docking
and fusion at the recipient cell surface. Through this process, EV
cargoes can enter the recipient cell and subsequently activate sign-
aling pathways that result in various physiological changes.® The
detailed mechanisms of secretion and uptake of EVs are reviewed
elsewhere.”!? To date, a substantial amount of literature has report-
ed the secretion of EVs by cancer cells. However, few studies have
investigated the uptake of EVs by cancer cells. Pi et al. modified
exosomes with folate to enhance their binding to cancer cells with
overexpression of folate receptors. The engineered exosomes suc-
cessfully delivered siRNAs to cancer cells, with a significant sup-
pressive effect on cancer progression.!! Other studies successfully
incorporated miRNA inhibitors (anti-miR-9'? and anti-miR-2141%)
into EVs to overcome the drug resistance of cancer cells. These
findings highlight the feasibility and effectiveness of EVs for drug
delivery to cancer cells.

Non-coding RNAs (ncRNAs) are a subtype of RNA not in-
volved in protein-coding. They account for more than 90% of the
RNAs made from the human genome and regulate gene expres-
sion.' Studies have consistently demonstrated that EVs contain
several ncRNA species, including microRNAs (miRNAs), cir-
cular RNAs (circRNAs), and long ncRNAs (IncRNAs). Further-
more, exosomal ncRNAs participate in cancer regulation.!5-8
Adams et al. showed that miR-34a is a tumor-suppressive miRNA
that inhibits cancer cell proliferation and invasion and is a direct
downstream target of p53.15 In a large-scale analysis of miRNA
profiles from samples, including lung, breast, stomach, prostate,
colon, and pancreatic tumors, several miRNAs were significantly
downregulated in cancer cells.'® Lu et al. showed that the tumor-
suppressive IncRNA MEG3 was significantly downregulated in
lung cancer cells, subsequently suppressing p53 expression that
induces increased cell proliferation.!” In vivo experimental evi-
dence identified GASS as another tumor-suppressive IncRNA that
is downregulated in breast cancers.'® In this review, we discuss the
tumor-suppressive functions of ncRNAs and summarise the recent
progress in developing EVs as ncRNA delivery vehicles in treat-
ing HCC. Additionally, we present the unique features of EVs that
make them a good candidate for cancer therapeutics and highlight
the current understanding of the challenges associated with the
clinical translation of EVs.

Functions of non-coding RNAs in HCC

LncRNAs act as miRNA sponges

Certain IncRNAs interact with miRNAs to act as molecular spong-
es. They sequester and inhibit the activity of miRNAs, thereby
allowing the re-expression of miRNA target genes, which may
include important tumor-suppressor genes.' Therefore, IncRNAs
indirectly regulate cell fate. Zhuang et al. found that miR-92b
promotes HCC cell proliferation and metastasis by upregulat-
ing P-catenin signaling. They further found that Smad7, a direct
target of miR-92b, was downregulated in HCC cells and that re-
expression of Smad7 significantly suppressed miR-92b-induced
cell proliferation and metastasis. Notably, the IncRNA XIST was
found to act as a miRNA sponge and inhibit HCC tumourigen-
esis by targeting miR-92b.2 Wang et al. showed that the IncRNA
SENP3-EIF4A1 acts as a molecular sponge of miR-9-5p to protect
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the expression of the target gene ZFP36. Inhibition of miR-9-5p
subsequently reverses HCC tumourigenesis by inducing apopto-
sis and reducing the invasiveness and metastatic potential of HCC
cells.?! These studies support the tumor-suppressive role of IncR-
NAs and their function as miRNA sponges.

IncRNASs in protein regulation and interaction

IncRNAs can associate with proteins to modify their properties and
functions. The tumor suppressor p53 is degraded by MDM2 via
E3 ubiquitin ligase activity. Zhou et al. found that the p53-MDM?2
interaction was decreased in the /ncRNA-PRAL-overexpressing
HCC cells, with a corresponding increase in the HSP90-p53 in-
teraction and p53-induced HCC apoptosis. p5S3 utilizes HSP90
for its efficient translocation into the nucleus. The interactions of
IncRNA-PRAL with HSP90 and HSP90 with p53 were confirmed
via co-immunoprecipitation, followed by Western blotting. These
results revealed that /ncRNA-PRAL promotes the interaction be-
tween HSP90 and p53 and hence, competitively inhibits p53 ubiq-
uitination by MDM2, thereby promoting HCC cell apoptosis.??
Similarly, Qin et al. found that the IncRNA PSTAR could bind to
the hnRNP K protein to strengthen its interaction with p53, thereby
competitively blocking MDM2-dependent p53 ubiquitination and
preventing HCC cells.?® These studies suggest that IncRNAs act
as tumor suppressors by interacting with proteins and modulating
their function.

circRNAs act as miRNA sponges

A substantial amount of literature suggests that certain circRNAs
have multiple binding sites for miRNAs, indicating that circRNAs
can act as miRNA sponges to reverse miRNA-mediated gene deg-
radation.?* Zhang et al. found that circTRIM33—12 eliminates the
suppression of TET1 by sponging miR-191, and the knockdown of
TET1 results in HCC cell proliferation, invasion, and migration.
The TET1 protein can induce DNA demethylation, thus playing
an important role in tumor suppression.?® Similarly, another group
found that circMTO1 acts as a miR-9 sponge in HCC cells to liber-
ate downstream p21 expression. Silencing of cireMTO1 in HCC
can lead to the downregulation of p21, thereby promoting HCC cell
proliferation and invasion.?6 Many other circRNAs (circ_0091570,
circ_0014717, and circRNA_101505) were also downregulated in
HCC, and they all function as miRNA sponges.?”%°

circRNASs in protein regulation and interaction

Specific circRNAs can interact with proteins. RNA-binding pro-
teins (RBPs) are necessary for the post-transcriptional modula-
tion of RNAs and the promotion of mRNA stability, localization,
and translation. Zhu et al. found that circZKSCANI can act as
an RBP (FMRP) sponge rather than a miRNA sponge to inhibit
multiple malignant behaviors by suppressing HCC cell stemness.
FMRP can bind to the mRNA of its target gene, CCARI, which
participates in the Wnt/B-catenin signaling pathway to upregulate
cell stemness. circZKSCANI acts as an RBP sponge and blocks
the binding between CCARI mRNA and FMRP, thus preventing
the transcriptional activity of Wnt/B-catenin signaling.’” Similarly,
Liu et al. found that circDLCI can bind to the RBP HuR and pre-
vent its interaction with MMPI mRNAs, inhibiting the expression
of MMPI and preventing HCC progression.’! On the other hand,
Shi et al. identified the role of circRNAs as protein scaffolds. Re-
search has suggested that smaller circRNAs act as scaffolds to fa-
cilitate protein binding and interactions that are otherwise physi-
cally separated. It was found that circPABPCI inhibits HCC cell
adhesion and migration by directly binding to and downregulating
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oncogenic ITGBI1, a key molecule involved in HCC metastasis.
circPABPCI acts as a bridge to facilitate the interaction between
ITGB1 and the proteasome in HCC cells, thus promoting protea-
some degradation.? Taken together, these studies suggest that
circRNAs elicit tumor-suppressive functions by interacting with
other proteins.

miRNAs in cell cycle control

Several miRNAs regulate cell cycle progression. Xu et al. found
that miR-195 was significantly downregulated in HCC cells. Over-
expression of miR-195 blocked G1/S transition and suppressed
cancer cell proliferation. In terms of molecular mechanisms, miR-
195 directly inhibited cyclin D1 and CDK6, which are required
to initiate Rb phosphorylation. Phosphorylated Rb suppresses the
inhibition of E2F, which promotes the upregulation of proteins in-
volved in the S-phase entry. Hence, miR-195 may inhibit HCC pro-
gression by repressing Rb-E2F signaling that mediates the G1/S
transition.>* Similarly, Kota et al. found that HCC cells exhibit
reduced miR-26a expression. miR-26a expression induces G1 ar-
rest by directly targeting cyclin D2 and E2, which are essential for
the G1/S transition. Overexpression of miR-26a in vivo resulted
in the inhibition of HCC cell proliferation, induction of apoptosis,
and inhibition of cancer progression.’* The above studies showed
that miRNAs play a tumor-suppressive role by inhibiting cell cycle
progression in HCC cells.

miRNASs in the regulation of angiogenesis and metastasis

miRNAs are also involved in metastasis and angiogenesis. Tsai et
al. found that miR-122 was significantly downregulated in meta-
static HCC. Subsequently, ADAM17 was identified as a direct
downstream target of miR-122, and its knockdown significantly
reduced tumor migration, angiogenesis, and local invasion. This
is likely due to the role of ADAMI17 in activating certain EGF
receptor ligands and modifying integrin signaling during cell adhe-
sion and migration.?> Fang et al. also found that miR-29b-overex-
pressed HCC cells exhibited a substantial decrease in microvessel
density and metastatic potential. miR-29b inhibits angiogenesis
and metastasis by downregulating MMP2, which assists the mi-
gration and proliferation of cancer cells by facilitating the remod-
eling of the extracellular matrix (ECM) and the release of ECM
growth factors.3® Alpini et al. found that decreased miR-125b ex-
pression contributed to the invasive phenotype of HCC cells. miR-
125b suppresses cancer cell survival and tumor angiogenesis by
targeting PGF, which may promote the recruitment of circulating
hematopoietic progenitor cells and macrophages that contribute
to tumor angiogenesis.’” Taken together, these studies show that
miRNAs prevent HCC progression by inhibiting angiogenesis and
metastasis (Fig. 1).

EVs loaded with non-coding RNAs as a therapy approach for
HCC

EVs can be loaded with therapeutic cargoes such as ncRNAs and
delivered to target tumor cells. Several studies have demonstrated
that delivering tumor-suppressive ncRNAs via EVs successfully
modifies cancer cell activities.3¥43 Various methods have been
used to load ncRNAs into EVs. These can be divided into two
main categories: endogenous and exogenous. Endogenous load-
ing involves the direct addition of the donor cell ncRNA into EVs
before shedding, whereas exogenous loading refers to the loading
of the ncRNA into EVs once they are isolated and purified.’® After
loading, the donor and recipient cells are co-cultured to transfer
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EVs from donor to recipient HCC cells.

MVs derived from mesenchymal stem cells (MSCs) can induce
the reprogramming of cancer cells upon the active transfer of ncR-
NAs. HCC cells treated with MSC-derived MVs showed reduced
proliferation and an increased number of cells in the GO-G1 phase.
Consistently, increased cell cycle inhibitors were observed in these
cells, suggesting that a block in the cell cycle progression led to the
observed inhibition of HCC cell proliferation. However, the au-
thors did not further investigate the tumor-suppressive molecules
present in these MVs.?® Alzahrani et al. identified miR-122 as a
liver-specific miRNA downregulated in HCC cells. They reported
an increase in the apoptosis of HCC cells following the injection of
MSC-derived exosomes loaded with miR-122.40 Similarly, Fonsato
et al. showed that the uptake of human liver stem cell-derived MV's
by HCC cells resulted in a substantial decrease in tumor cell pro-
liferation and an increase in apoptosis. Several tumor-suppressive
miRNAs in MVs have been reported, including miR451, miR223,
miR24, miR125b, miR31, and miR122. Notably, proteins essential
for cell cycle regulation were downregulated in HCC cells treated
with MV, and these proteins are the downstream targets of the an-
titumor miRNAs present in MV.4!

Additionally, cancer-associated fibroblasts (CAFs) are essen-
tial elements of the tumor microenvironment, which communicate
with HCC cells and are, therefore, crucial for HCC therapy. Zhang
et al. reported reduced miR-320a expression in CAF-derived ex-
osomes. Further investigations suggested that miR-320a plays an
important tumor-suppressive role by binding to PBX3, suppress-
ing the activation of the MAPK pathway that promotes cell prolif-
eration and metastasis.? In another study, Yugawa et al. suggested
that CAFs may promote HCC progression via the production of
interleukins, chemokines, and other growth factors. Based on this
hypothesis, they found that miR-150-3p is significantly downregu-
lated in CAF-derived exosomes. Overexpression of miR-150-3p
in these exosomes significantly inhibited HCC cell migration and
invasion. Immunofluorescence further confirmed that miR-150-3p
was transferred from the CAFs to the HCC cells.*?

Most studies have identified exosomal miRNAs with antitu-
mor functions; however, other ncRNAs, such as circRNAs and
IncRNAs, may also be important. Chen et al. found that patients
with HCC exhibit lower circ-0051443 expression in plasma ex-
osomes than healthy individuals. Transfecting HCC cells with
circ-0051443-expressing plasmid significantly inhibited the pro-
liferation of cancer cells. The proposed regulatory mechanism
is that circ-0051443 acts as a ‘sponge’ to sequester miR-331-3p,
resulting in downstream BAKI1 gene transcription, which is im-
portant for cell death regulation and mitochondria-mediated apo-
ptosis.** Wang et al. identified /ncRNA SENP3-EIF4A1 as a mo-
lecular sponge of miR-9-5p, and its expression was significantly
reduced in patients with HCC compared to healthy controls. When
exosomal SENP3-EIF4A1 was transferred from healthy liver cells
to HCC cells, apoptosis was increased, and the invasiveness and
metastatic potential of HCC cells were decreased.?! These studies
provide evidence for the use of EVs to deliver antitumor ncRNAs
in HCC therapy.

Advantages of EV-based drug-delivery system

Safety profiles

Unlike synthetic drug-delivery systems, EVs are relatively safe
and minimally reactive to the immune system because of their
endogenous origin and high biocompatibility (Table 1). Synthetic
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Fig. 1. Exosomes can be used as a drug-delivery vehicle for delivering tumor-suppressive non-coding RNAs (long non-coding RNAs, circular RNAs, and
micro RNAs) to HCC cells. HCC, hepatocellular carcinoma; RBP, RNA-binding proteins; circRNA, circular RNAs; IncRNA, long ncRNAs; miRNA, microRNAs.

lipid nanoparticles (such as liposomes) have demonstrated enor-
mous potential for the delivery of nucleic acids, including RNAs.
Nevertheless, adverse effects and safety concerns associated with
the clinical application of synthetic lipid nanoparticles continue to
exist. For instance, poly(ethylene glycol) (PEG), a commonly used

hydrophilic polymer coating for drug-delivery vehicles to prevent
opsonization and enhance water solubility, is associated with po-
tential side effects. PEG-coated liposomes may induce hypersensi-
tivity reactions, produce toxic side products, and change pharma-
cokinetic behavior by altering the circulation time of the enclosed

Table 1. Advantages and disadvantages of EV-based different drug-delivery systems

Advantages Disadvantages
Synthetic lipid Easy to be modified, controllable size and shape PEG-coated nanolipids may induce toxic side
nanoparticles effects and alter drug pharmacokinetic behavior
High scalability and reproducibility, easy for quality control Accumulation of lipids in the liver and spleen may
cause pathological changes
Low manufacturing cost Not easily targetable
EV-based drug- Low immunogenicity Low scalability and reproducibility,
delivery system difficult for quality control
Relatively low cytotoxicity when externally modified Low drug loading efficiency
High delivery efficiency due to membrane proteins and Lack of development in modification techniques

lipids that can bind specifically to receptors on target cells

EV, extracellular vesicle; PEG, poly(ethylene glycol).
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Table 2. Passive and active loading methods to enhance tumor-targeting ability and drug-delivery efficiency

Strategies Methods Description Advantages Disadvantages

Passive Simple EVs are co-incubated with drugs Simple and Limited by the volume of EVs
loading incubation at room temperature straightforward and small membrane pore size
Active Electroporation Uses electrical current to increase High loading efficiency;  Disruption of EV membrane
loading the permeability of EV. membranes Ability to load integrity; EV aggregation

to allow rapid drug entry

Sonication Ultrasound probe with different amplitude
is used to permeabilize the EV membrane
Extrusion An extruder is used to squeeze

the cells co-cultured with the drug
to complete drug loading

Freeze-thaw Formation of temporary pores on

cycle EV membrane through several
rapid freeze-thaw cycles

Saponin
interactions with cholesterol

Form pores on EV membrane through

large molecules

High loading efficiency Disruption of EV

membrane integrity

Disruption of EV
membrane integrity

High loading efficiency;
Short duration

No change in the EV
surface charge

Low loading efficiency
due to EV aggregation

Higher loading efficiency Disruption of EV

membrane integrity

EV, extracellular vesicle.

drugs.*S Additionally, it has been noted that synthetic lipid nano-
particles might induce toxic immune responses in vivo, causing
liver injury in rodents. This might be explained by the cytotoxicity
of the lipid materials and their ability to induce a dramatic proin-
flammatory response.“¢ In contrast, Kamerkar et al. showed that
exosomes were better siRNA-delivering vehicles than liposomes,
as they suppressed KRAS-mutated cancers without inducing any
obvious adverse immune responses. Moreover, plasma membrane-
like phospholipids and membrane proteins of exosomes may pre-
vent them from being quickly eliminated from circulation.*” More
importantly, no detectable toxicity or inflammatory response was
noted, even when exosomes were externally modified with li-
gands to enhance delivery and uptake.*® Although some studies
have suggested that nanoparticles, including EVs, tend to accu-
mulate in the liver in vivo, Saleh et al. confirmed that EVs induced
minimal hepatotoxicity and immunogenicity, as the uptake of EV's
into HepG2 cells did not show notable changes in histopathology,
proinflammatory cytokine levels, or liver transaminases.*’ These
findings showed that EVs are generally well-tolerated and may be
better candidates than other synthetic drug-delivery systems.

Enhanced drug delivery with modification

EVs can be modified using various strategies to improve their
tumor-targeting ability and drug-delivery efficiency. Passive or ac-
tive loading methods are used to enhance the loading of exogenous
cargo. Passive loading refers to the incubation of EVs with thera-
peutic drugs. This method generally does not damage the structure
of EVs and is highly effective for hydrophobic drugs with poor
solubility. Active loading refers to loading therapeutic drugs into
EVs, mainly by electroporation, sonication, extrusion, freeze-thaw
cycles, and saponins. The details of these methods are listed in
Table 2. Kim et al. compared different drug loading methods and
showed that all active loading methods achieved higher loading ef-
ficiencies than passive loading, especially sonication.5’ However,
the most appropriate loading method depends on the chemical and
physical properties of the cargo. For instance, small and hydropho-
bic molecules can easily cross the hydrophobic membrane of EVs;
hence, coincubation would be suitable in this case. Electroporation
and sonication are the best approaches for small RNAs (siRNA
and miRNA) that require higher loading efficiencies.>"52 To facili-
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tate specific binding and uptake by cancer cells, EV surfaces are
modified using either covalent or non-covalent methods. Covalent
modifications mainly involve chemical conjugation, attaching li-
gands to the EV surfaces. This method generally does not affect
the structural integrity of EVs; however, it depends on carefully
controlling the modification conditions (such as temperature, pres-
sure, and pH) to avoid denaturing them.53 Non-covalent modifi-
cation involves electrostatic and ligand-receptor interactions. The
EV surfaces are negatively charged, thereby allowing the binding
of positively charged molecules via electrostatic interactions. Zhan
et al. showed that attaching a cationic lipid-sensitive endosomo-
lytic peptide, L17E, to the EVs surface enhanced miRNA release
and strongly suppressed tumor progression without apparent ad-
verse effects.5* In contrast, hydrophobic ligands can be integrated
into the EV membranes via hydrophobic interactions. Cheng et al.
showed that integrating nuclear localization signal peptides to the
EV surfaces greatly enhanced the nuclear delivery of cargo, thus
inhibiting tumor growth.3s Taken together, EVs can be modified
using several bioengineering methods to achieve enhanced target-
ability and drug-delivery efficiency.

Challenges of EV-based drug delivery

Although in vivo studies have shown promising progress in EV-
based drug delivery, several challenges may hinder the clinical
translation and application of EVs. First, a major bottleneck is
the massive production of engineered clinical-grade EVs. This
refers to the sterile production of EVs in large batches sufficient
for clinical testing without batch-to-batch variation and decreased
effectiveness. Currently, no viable approach satisfies the desired
standards for large-scale EV production. Traditional methods, such
as ultracentrifugation, have limitations, including low produc-
tion yield, non-exosomal contaminants, and poor reproducibility.
Large-scale manufacturing of sterile EVs can be achieved using
a bioreactor-based culture system and developing a streamline-
based microfluidic filtration device for efficient purification,56-57
Second, achieving a higher drug loading efficiency for EVs is
needed. Vader et al. suggested that the loading efficiency of EVs
is relatively low compared to that of synthetic liposomes.5® This
may be because EVs develop a high proportion of parental ma-
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terials during their formation, leaving a limited loading space for
exogenous drugs. Additionally, the loading capacity of EVs may
be affected by their various chemical and lipid components; hence,
it is important to choose an appropriate method for optimizing
the loading efficiency of EVs. The characteristics of each load-
ing method are presented in Table 2. Third, more comprehensive
preclinical examinations should be conducted to prevent potential
adverse effects, particularly those related to pharmacokinetics,
pharmacodynamics, toxicity, and dosage. Some researchers have
argued that EVs produced from immortalized cell lines may carry
oncogenic materials. However, different immortalized cell lines
have been commonly used for EV production owing to their infi-
nite supply and high proliferation rate. As a safe drug carrier, EVs
are minimally reactive to the host immune system and are derived
from healthy human cells. For example, Zhu et al. showed that
administering EVs derived from human embryonic kidney cells
to mice for three weeks induced no adverse side effects. The engi-
neered type of EVs showed notable clinical benefits, as the loaded
miR-199a-3p significantly reduced the proliferation of CD44-pos-
itive HCC but not wild types.3® Moreover, modification and engi-
neering may alter the composition and content of EVs, reducing
their effectiveness and immunogenicity. These potential adverse
effects should be considered when developing new methods for
EV modifications.

Future perspectives

Future studies should explore the therapeutic effects of EVs as
ncRNA carriers for targeting HCC cells. To optimize EV use, it
is important to understand the underlying mechanisms involved
in the cellular sorting of cargoes, which may provide valuable in-
sights into the loading of ncRNAs into EVs. Moreover, EVs from
various cell origins may interact differently with the same type of
recipient cell; thus, a better understanding of this variation in EV
transfer and uptake could improve therapeutic efficacy. Finally,
understanding the components of the EV membranes and selecting
appropriate modification techniques are essential for EV modifica-
tions. This would avoid structural changes to the EV membranes
and preserve their physicochemical stability.

Conclusions

EVs have enormous potential as drug-delivery vehicles for cancer
therapeutics. In this review, we identified several ncRNAs (miR-
NAs, circRNAs, and IncRNAs) that play a crucial role in tumor
suppression. Several studies have successfully introduced ncR-
NAs into engineered EVs, significantly inhibiting HCC progres-
sion. Targets such as B-catenin, which are not readily targetable by
small molecules, can be targeted using siRNA or miRNA; hence,
the RNA-targeting approach is an attractive strategy for the modu-
lation of gene expression. Despite all the challenges and questions
to be addressed, EVs may still provide hope for developing new
treatment modalities against the deadly HCC.
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Abstract

Insulin is the cornerstone of type 1 diabetes therapy and a crucial component for controlling type 2 diabetes. Despite significant
advancements in insulin therapy research, including the creation of innovative insulin formulations and delivery systems,
there are still numerous difficulties and unknowns surrounding insulin therapy. The main issues with more recent pharmaco-
logical and technological methods are biocompatibility, degradation/clearance of delivery materials, immunogenicity, stabil-
ity, the precision of dosing, reproducibility of an effect similar to that of endogenous insulin, predictability of performance, and
safety over time. In order to achieve a protracted, flatter profile, with fewer instances of hypoglycemia and an improvement in
postprandial glucose level, more recent insulin mutants have been developed. The “meal” (glucose-responsive) insulins, which
are supplied in accordance with an endogenous glucose-sensing feedback mechanism, best represent the future generation of
insulin treatment. Insulin delivery methods with novel jet injectors, smart pens, patch pumps, and other needle-free tools for
subcutaneous doses are another area of ongoing advancements. Digital health has significantly advanced treatments in recent

years. As such, insulin treatments should become more scalable and potentially more cost-effective.

Introduction

Diabetes is one of the world’s fastest-growing non-communicable
chronic disorders. In 1980 a total of 108 million people worldwide
had diabetes, and this number grew to 422 million in 2014.! Based
on a report by the International Diabetes Federation (IDF) an esti-
mated 700 million adults will have diabetes by 2045.2 China has the
highest number of diabetic patients worldwide (116 million), fol-
lowed by India (77 million) and then the United States (31 million).3
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A global study found that roughly 63 million people with type 2
diabetes need insulin treatment, while about 9 million people with
type 1 diabetes mellistus (T1DM) depend on it for survival. Natural
insulin, a polypeptide hormone produced by the pancreatic islets of
Langerhans beta cells, largely controls how fat and glucose are me-
tabolized, making it a vital and significant drug.? Frederick Banting
and Charles Best initially identified the therapeutic applications of
insulin in the year 1921, which was a significant turning point for
contemporary medicine. Insulin thereafter took over as the corner-
stone of T1IDM treatment and a crucial supplement for the care of
other kinds of diabetes and diabetic emergencies.*>

Exogenous insulin formulations have made considerable ad-
vances, however, there are still several obstacles. The possible
downsides that need to be addressed include immunogenicity, bio-
compatibility, degradation/clearance of the delivery substance, sta-
bility, dosage accuracy, repeatability, performance predictability,
and safety over time. New formulations and delivery methods also
need to be affordable and easily available in addition to having a
good safety profile.

Novel insulin formulations that speed up the rate of rapid-acting
insulin absorption and lengthen and flatten the action of basal insu-
lins were developed to address these treatment-related difficulties
(Table 1).6-21:23a31a The rate of insulin conversion can be altered,
and its absorption from the injection site can be reduced using one
of three main strategies: 1) changing the amino acid sequence of
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Table 1. Types of insulin preparation, uses, adverse effects and contraindications

Types of Insulin Trad.e ".“"'?‘e Uses Adverse drug reactions Contraindications i
of Biosimilar ences
Insulin lispro LY900014 (URLi) ultra-rapid  Hypoglycemia; Injection site Hypoglycemia. In patients who 6-11
insulin reactions; Weight gain are hypersensitive to insulin lispro
or to any of the excipients.
Insulin lispro BioChaperone ultra-rapid Hypoglycemia; skin rash, Hypoglycemia. In patients who 12-14
insulin itching, redness, are hypersensitive to insulin
lispro or to any of the excipients
Insulin aspart AT247 Short-acting low potassium; swelling in Hypoglycemia. In patients who 15-17

insulin your hands and feet; skin rash,
itching, redness, or swelling;

are hypersensitive to insulin
aspart or to any of the excipients

Insulin glargine  ADMELOG long-acting  Severe hypoglycemia; Hypoglycemia. In patients who are 18,19
type of Lipodystrophy; Weight gain; hypersensitive to insulin glargine
insulin Peripheral Edema; Infusion site or to any of the excipients.
erythema and infusion site reaction
Insulin aspart Kixelle Short-acting Hypoglycemia; Urticaria, Hypoglycemia. In patients who are 20
insulin rash, eruptions; Refraction hypersensitive to insulin aspart
disorders, diabetic retinopathy; or to any of the excipients.
Lipodystrophy; Injection site
reactions, oedema; Peripheral
neuropathy (painful neuropathy)
Insulin glargine  Basaglar long-acting  Hypoglycemia; Urticaria, rash, Hypoglycemia. In patients who are 21,22
type of eruptions; Lipodystrophy hypersensitive to insulin glargine
insulin or to any of the excipients
Insulin glargine  SEMGLEE long-acting  Hypoglycemia; Lipodystrophy; Hypoglycemia. In patients who are 22,23
type of Injection site reactions, oedema hypersensitive to insulin glargine
insulin or to any of the excipients
Insulin glargine  REZVOGLAR™ long-acting  Hypoglycemia; Lipodystrophy; Hypoglycemia. In patients who are 24
type of Injection site reactions, oedema hypersensitive to insulin glargine
insulin or to any of the excipients
Insulin glargine  Glaritus long-acting  Hypoglycemia; Injection Hypoglycemia. In patients who are  25-27
type of site reactions, oedema hypersensitive to insulin glargine
insulin or to any of the excipients
Glucose MK-2640 Hypoglycemia; Lipodystrophy; Hypoglycemia. 28-31
responsive Injection site reactions, oedema
insulin

insulin, 2) adding fatty acid components that change the link be-
tween insulin hexamers and affect their binding with albumin in
the bloodstream, or 3) using additives that affect the insulin ab-
sorption rate. At the same time, researchers are looking at other
possible treatments, including different insulin delivery methods
that avoid conventional subcutaneous absorption and closed-loop
technologies that dynamically regulate insulin supply depending
on in vivo glucose levels.® This article analyzes future prospects
and emphasizes current developments in insulin treatment.

Progress in insulin mutants: the link between structure and
function

In a healthy person, insulin levels reach their peak 1 hour after eat-
ing a meal and then begin to fall within the next 2 hours. For dia-
betic patients, on the other hand, achieving a normal blood sugar
profile and preventing nocturnal hypoglycemia requires a precise
insulin peak timing and duration of action.* The single zinc ion
that holds the insulin hexamer molecules together dissociates, re-
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leasing dimers and monomers into the circulation. By swapping
one or two amino acid residues in the insulin molecule, recombi-
nant DNA technology can create formulations of rapid-acting insu-
lin. The ProB28 and LysB29 residues on the C-terminal end of the
B-chain of the lispros homologue can be switched to LysB28 and
ProB29 (Fig. 1).33 Position 28 on the B-chain of aspart insulin has
an aspartic acid substitution for proline.?* Insulin with a speedier
onset of action is produced via the alteration of aspartamine, which
results in an increase in charge repulsion. Because protamine, a lit-
tle nuclear protein rich in arginine, is present in neutral protamine
hagedorn (NPH), the absorption rates are reduced. Protamine also
prolongs the duration of insulin action and delays its beginning. By
including zinc in its formulation, Lente does the same.

Meal insulin

Insulin can be given as a meal or a bolus to reduce the postprandial
hyperglycemic peak that occurs after eating. The optimal meal in-
sulin should enter the circulation quickly in order to replicate the
natural physiological insulin prandial production. Since the devel-
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Fig. 1. Schematic representation of human insulin polypeptide and insulin analog showing the amino acid sequences of the two chains (A-chain and B-
chain) linked by two disulfide bridges and changes in amino acid sequences in selected insulin analogues. *FA, fatty acid; **FA, fatty acid linked to lysine

through a glutamic acid linker.

opment of a rapid-acting analogue, regular insulin has been seen
as a less desirable alternative to meal insulin because of its delayed
onset and prolonged duration compared to endogenous insulin in
response to meals.

By altering one or two amino acids in the primary structure of
the insulin molecule, it is possible to weaken the self-association
of insulin monomers and create formulations with a quicker onset
and shorter duration of action. This was done to overcome the slow
onset and prolonged duration of regular insulin.33

These rapid-acting analogues showed a slight favourable effect
in clinical tests on reducing HbAlc in TIDM patients, although
a decreased incidence of hypoglycemia was noted compared to
ordinary human insulin.?® Patients with type 2 diabetes mellitus
(T2DM) show less evidence of this therapeutic benefit.?” Addition-
ally, using rapid insulin right before meals rather than normal insu-
lin (30-45 minutes beforehand) may increase adherence.

LY900014 lispro

The new ultrarapid formulation of insulin lispro, known as
LY900014 (URLI), is intended to enhance glycemic control in in-
dividuals with TIDM and T2DM. It was created to lower HBAlc
levels and hasten insulin absorption in circulation.

The effectiveness and safety of 1222 in comparison to lispro
were reported in a double-blind, treat-to-target 26-week study of
T2DM patients. The experiment showed a non-inferiority of 1222
with regard to HBA 1¢ changes.® The frequency of severe hypogly-
cemia did not decrease much. URLi showed lower hypoglycemia
rates 4 hours after a meal and better glucose excursions at 1 and 2
hours after on a meal test. With this insulin, there were no noted
variations in tolerability.”-!!

BioChaperone lispro insulin

Adocia created two ultra-rapid versions of the insulin analogue
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lispro, BioChaperone® Lispro U100 and BioChaperone® Lispro
U200, to address the need for ultra-rapid insulin. For quicker ab-
sorption, BioChaperone® Lispro incorporates a unique excipient
called BioChaperone BC222, a modified oligosaccharide mol-
ecule. The area under the curve for the 1 and 2 hour postprandial
glucose excursions was 31% smaller with BCLIS than lispro in
a different trial including T1DM patients who self-administered
BCLIS at the beginning of a mixed meal test.'> Adocia is a long-
acting/short-acting combination formulation that combines BCLIS
and insulin glargine with BioChaperonel47, a polyanionic am-
phiphilic polymer. In T2DM patients who ingested a substantial
mixed meal, this combination product demonstrated modest im-
provements in postprandial parameters compared with NPH/lispro
mixed insulin and separate injections of glargine and lispro.!!4
With this insulin, there have been no documented changes in local
tolerability.

“Superfast” insulin aspart

AT247 (Arecor Limited Little Chester-ford, UK) is a new insulin
aspartamine formulation that uses excipients with metal ion bind-
ing ability. It is intended to deliver an improved time-action profile
following subcutaneous injection. Insulin’s excipient component
binds to calcium ions. By temporarily disrupting calcium-depend-
ent cell adhesion at the injection site through reversible interac-
tions with the calcium-cadherin complex on the cell surface, this
increases tissue permeability and speeds up the absorption rate.!>~
17 AT247 has been shown to dramatically improve postprandial
glucose control in TIDM patients in a newly published European
Phase I clinical investigation, and it was reported to prevent epi-
sodes of both hypoglycemia and hyperglycemia.

Admelog

Admelog is the first short-acting insulin that has been authorised
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for use as a “follow-on” medication, which is given right before
meals to regulate blood sugar levels after meal consumption. They
can also be used in conjunction with insulin pumps to accommo-
date both the pre-meal and post-meal insulin requirements.

Admelog was authorised under the 505(b)(2) route, a stream-
lined approval process under the Federal Food, Drug, and Cosmet-
ic Act. In accordance with this method, the Food and Drug Admin-
istration’s (FDA’s) assessment of the safety and efficacy of a newer
drug application or published research supporting the safety and/
or effectiveness of the proposed product may be used to approve
the application. Because of these shortened drug development pro-
cesses, patients may get medications for less cost.

Hypoglycemia, itching, and rash were the most frequently re-
ported adverse medication responses during the clinical trial. In-
jection site responses, allergic reactions, and thickening or thin-
ning of the adipose tissue at the injection site were among the other
negative side effects (lipodystrophy).18:19

Kixelle (MYL 1601D)

The human insulin analogue Kixelle, developed by Biocon as a bi-
osimilar of Novo Nordisk’s NovoRapid/Novolog (insulin aspart),
is made using recombinant DNA technology and Pichia pastoris
(yeast). Except for the substitution of an aspartic acid residue for
a single proline amino acid at position 28 in the C-terminal region
of the insulin B-chain, the main structure is comparable to that of
endogenous insulin.

Compared to regular human insulin, MYL-1601D starts work-
ing faster and wears out faster. Insulin aspart, a fast-acting coun-
terpart of insulin, is the ingredient that makes MYL-1601D active.
Lower blood glucose levels result from insulin aspart’s facilitation
of glucose absorption in muscle and fat cells and concurrent reduc-
tion of glucose production from the liver.

MYL-1601D was given approval because it exhibits similar
clinical efficacy to NovoLog® (NovoLog), which the US has li-
cenced, and NovoRapid® (NovoRapid), which the EU has author-
ized, in terms of physicochemical properties, biological activity,
phramacokinetic and pharmacodynamic (PK/PD), safety, and ef-
ficacy, including immunogenicity. Other effectiveness endpoints,
including the treatment-emergent antibody response (TEAR),
were similar in both groups.?%-3%

Basaglar

An analogue of human insulin called Basaglar is created using re-
combinant DNA technology and a particular strain of E. coli. It is
intended to be more predictable and to have fewer hypoglycemic
spells, particularly at night. Its structural makeup is based on that
of human insulin and insulin glargine, where two more amino ac-
ids, arginine at the C and B chains, are added and glycine replaces
aspartic acid at position 21 at the C end of the A chain. Glycine
with a neutral charge at the C terminus of the A chain stabilizes in-
sulin glargine and inhibits the generation of deamination products.
Basaglar was also authorized under the Federal Food, Drug, and
Cosmetic Act through a shortened approval process known as the
505(b)(2) pathway. Its use is recommended for adults with T2DM
and pediatric patients with T1DM to maintain better glycemic con-
trol. The solubility of insulin glargine is decreased after subcuta-
neous injection, generating a tiny precipitate that is progressively
broken down into monomers and released into the circulation be-
cause the pH value (7.4) of tissue fluid is near the isoelectric point
of insulin glargine. Its baseline insulin released throughout the day
is comparable to that of healthy individuals and can have a consist-
ent and long-lasting effect.3**
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Insulin biosimilar products

A biological product is considered to be biosimilar if it is extremely
comparable to another biological product that has already received
FDA approval (also known as the reference product) and is not sig-
nificantly different in any other clinical aspects.2! This implies that
a biosimilar produce will provide the same level of safety and ef-
ficacy as the reference product. Similar to how generic pharmaceuti-
cals have cut prices, biosimilar and interchangeable biosimilar goods
have the potential to lower health care expenses. The first list costs of
biosimilars sold in the United States were generally 15% to 35% less
expensive than the comparable list prices of the reference drugs.??

SEMGLEE (insulin glargine-yfgn)

Exogenous insulin is injected subcutaneously after a delayed
absorption to maintain 24 hour stable blood insulin levels. Ini-
tially, this effect was produced by the insulin molecule’s isoelec-
tric point changing, which reduces solubility at the injection site
and encourages delayed absorption. Its reference product Lantus
(insulin glargine), a long-acting insulin analogue, is interchange-
able with SEMGLEE (insulin glargine-yfgn), the first biosimilar.
SEMGLEE can be expected to produce the same clinical outcome
as Lantus in any given patient, according to its clinical trials, and
switching between SEMGLEE and Lantus carries no additional
risk over simply using Lantus without switching. In the US, SEM-
GLEE is 64% less expensive than Lantus based on its wholesale
purchase cost, which is around 22% less than Lantus. Hypogly-
cemia, life-threatening allergic responses, hypokalemia, and heart
failure are just a few of the dangerous adverse effects associated
with SEMGLEE. Oedema (fluid retention), lipodystrophy (pitting
at the injection site), weight gain, and allergic responses, such as
injection site reactions, rash, redness, discomfort, and severe itch-
ing, are the most frequent adverse effects associated with insulin
glargine products other than hypoglycemia.?223

REZVOGLAR™

A biosimilar of Lantus is REZVOGLAR™ (insulin glargine). Its
mechanism of action is extremely similar to that of insulin glar-
gine because it is a biosimilar of insulin glargine-aglr. Although
Rezvoglar can be taken in place of Lantus, patients require a pre-
scription written expressly for Rezvoglar, as the two medications
are not interchangeable. Rezvoglar, like Lantus, cannot be used to
manage diabetic ketoacidosis. The recognized major adverse ef-
fects of Rezvoglar include hypoglycemia, severe allergic respons-
es, hypokalemia, and heart failure.>*

Glaritus®

Wockhardt created Glaritus®, a biosimilar of insulin glargine. Glari-
tus® is administered as an injection of 100 IU/mL insulin glargine
generated from r-DNA. Glaritus® and Lantus® have contrasting
effects in both TIDM and T2DM patients, as well as healthy volun-
teers. Glaritus® and Lantus are bioequivalent, according to research
involving healthy volunteers.?S In a 12-week trial of adult patients
with TIDM, Glaritus®, a biosimilar insulin glargine, was found to
have glycemic control that was on par with Lantus®.26:27

Insulin bioconjugates

The majority of glucose-responsive insulin (GRI) devices employ
polymeric biomaterials with embedded insulin. This polymeric
substance contains glucose-responsive components, including
glucose-binding proteins (GBPs), glucose oxidase (GOx), and
phenylboronic acids (PBAs), which control the release of insulin
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by degrading the polymer, altering the structure of the matrix, or
competing with glucose for binding.*' The most popular GBP uti-
lized in polymeric materials for insulin administration is conca-
navalin A (ConA). ConA is employed as a crosslinker for the pro-
duction of glucose-containing biopolymers because it possesses
four high-affinity glucose binding sites.*? Free glucose competes
with bound glucose for binding sites as blood sugar levels rise,
breaking the polymer bond and causing the release of insulin. As
a catalyst, enzyme GOx transforms glucose into gluconic acid and
produces hydrogen peroxide. When GOx is incorporated into the
polymer matrix, acid-sensitive groups induce a glucose-triggered
reaction (volume change or matrix disintegration), which causes
the matrices to release insulin. PBAs, a subclass of tiny molecules,
combine with 1,2- or 1,3-cis diols to create a complex that is nega-
tively charged. Because PBAs may bind to glucose and other sugar
sources, they are frequently used in cross-linked polymeric matri-
ces. They swell and combine with glucose to produce a negatively
charged complex, which triggers the release of insulin.*3 All of
these methods for delivering insulin required either administration
tools (such as microneedles) or matrices to encapsulate the insulin
that will be released when blood glucose levels are raised. How-
ever, a few bioconjugation techniques are accessible that do not
impair insulin’s bioactivity due to its tiny size.***5 The most re-
cent four methods to achieve glucose responsiveness using modi-
fied insulin molecules without the need for exogenous matrices
are PBA-Modified Aliphatic Insulin Conjugate, Red Blood Cell-
Bound Insulin Conjugate, PBA-Modified Aliphatic Insulin Conju-
gate, and Glucose-Responsive Insulin Through Mannose Receptor
Interactions.

MK-2640 as a future novel GRI bioconjugate

The most advanced GRI bioconjugate is the Merck candidate,
MK-2640. The findings of a phase 1 study released in 201828 im-
plied that careful consideration should be given before clinical ad-
ministration of GRI bioconjugates that are created through adding
partners such as mannose receptors, albumin, and red blood cells.
Designing new GRI bioconjugates presents a number of chal-
lenges, but the main one is the method for detecting glucose. The
only minor molecule other than sugar currently employed in GRI
designs is PBA. Although PBA’s glucose interaction fits serum
glucose levels well, its poor selectivity (10-fold greater affinity to
fructose than glucose) raises questions. However, one potential fu-
ture approach to overcome this issue is to employ bidentate PBA
as a selective glucose sensor.2%30 Utilizing de novo glucose sensors
to produce GRIs - lectin molecules that bind selectively to glucose
- is another tactic to address this low glucose selectivity.3! A patent
application on glucose-sensitive hydrazone reactions was recently
published by Jensen et al (Glucose-sensitive peptide hormones,
WO02018115462A1). They noticed that the hydrazone dissociation
characteristic was glucose dependent. For GRI designs, these hy-
drazone linkers might be linked onto insulin molecules.

Newer devices in the diabetes therapy area

According to a recent industry report by Transparency Market
Research (TMR), there are different companies worldwide manu-
facturing global digital therapy devices, and there is fierce com-
petition between them. This market of digital therapy devices is
growing daily, as more and more people use technology to treat
their medical conditions. The availability of knowledgeable con-
sumers who are aware that technologically cutting-edge items are

176

Bhardwaj A. et al: Prospects of insulin therapy

available to cure a medical condition, as well as greater dispos-
able income that enables them to choose these products, promote
the market for digital therapeutic devices. As more medical device
companies enter this market with their technological prowess, the
competitive environment is likely to intensify. By the end of 2025,
the digital therapy device market is expected to generate $2,082.3
million in revenue.

A collaboration between Danish pharmaceutical giant Novo
Nordisk and a Taiwanese chronic disease company Health2Sync
will enable patients receiving insulin therapy to wirelessly transmit
dose logs to a mobile health app. Field comms can now synchro-
nize patient dose logs, including the time and dose of each injec-
tion. Because of this connectivity, patients can view their insulin
data on the patient management platform, while doctors can view
their insulin readings and analysis along with other health data
on the Health2Sync app. The Alliance is also launching a patient
support initiative that will develop age-appropriate, customized
educational materials for T1DM patients. These materials include
information about their condition, how to use insulin, what to look
out for with the changing seasons, how to manage adverse health
conditions, and stories from other T1DM patients.*®

By the mid-2000s, technology had progressed to continuous
glucose monitor-driven predictive insulin suspension that reduced
severe hypoglycemic episodes by 83%. The year 2016 saw the
launch of the hybrid closed-loop algorithm (MiniMedTM 670G)
for automated basal insulin administration. The 670G study im-
proved time in range (70-180 mg/dL) and decreased time under
range (70 and 50 mg/dL) in a clinical trial. The MiniMedTM
780G*, an advanced hybrid closed-loop system, provided even
better glycemic control and minimized post-meal hyperglycemia
brought on by missing, delayed, or underestimated meal boluses
by providing a lower glucose goal and autocorrection boluses ad-
ministered every five minutes.

The FDA has approved DreaMed Advisor Pro, an artificial in-
telligence (Al)-based diabetes treatment decision support tool that
is intended to help medical professionals manage persons with
T1DM who use insulin pumps and continuous glucose monitoring
(CGM). DreaMed Advisor Pro, a cloud-based digital tool, analyzes
data from an insulin pump, a CGM, and blood glucose self-moni-
toring to offer suggestions for administering insulin. The system,
according to DreaMed, employs event-driven learning to better
understand each individual before recommending adjustments to
the patient’s basal rate, carbohydrate ratio, and insulin pump cor-
rection factor. The FDA'’s decision supports what we consider to
be an important step in forging a deeper bond between healthcare
professionals and their TIDM patients. The de novo request for
the DreaMed Advisor Pro is the most recent illustration of how Al
is reshaping the diabetes sector. The FDA has granted a start-up
company Beta Bionics an Experimental Device Exemption (EDE),
enabling Beta Bionics to enroll patients in home trials of the iLet
Bionic Pancreas System in its insulin-only configuration. The
business uses Al and glucose monitoring to design the system.46

The US FDA produced Insulia, a thoroughly proven digital ther-
apeutic solution that has CE approval for numerous international
markets. Diabetes patients may self-manage their condition with
Insulia, and healthcare companies can remotely monitor changes.
Insulia is the first regulatory-approved digital therapeutic to offer
automatic titration for all types of basal insulins.*’

Future perspectives

Due to the expanding variety of insulin therapy options, diabetes
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care is transitioning from a one-size-fits-all approach to custom-
ized treatment regimens suited to the patient’s needs. Proper dose
titration is essential to achieve glycemic goals. In practice, doc-
tors and people with diabetes often disregard recommendations
for optimal titration because they find them very stressful. If fast-
ing blood glucose is the determining factor, a digital therapeutic
platform for diabetes management could develop an immediate
feedback system that encourages patients to follow their treatment
recommendations. An observational study illustrates the potential
use of a digital diabetes management platform for the self-manage-
ment needed by insulin-treated users, including their daily use and
maintaining behavioural changes.*

Digital health-aided treatments have the potential to be a cost-
effective, scalable, and effective for treating T2DM patients in un-
derserved groups. Telemedicine education programs for diabetes
in primary care are reasonably priced in the short term, while addi-
tional long-term research is required. The majority of behavioural
or community health treatments for T2DM need a sizable commit-
ment from participants as well as staff in terms of time, money,
and effort. As a result, these methods only succeeded in reaching
1% of their intended viewers. Finding ways to integrate real-time
participant feedback, device-free remote participant monitoring,
and coaching via the phone and SMS can not only address some
of these difficulties but also raise participant engagement and self-
efficacy. Additionally, personalization can help treat diabetes by
removing some obstacles. Motivational interviewing and health
coaching are used to assist patients in creating SMART goals—spe-
cific, measurable, achievable, relevant, and time-based—that are
catered to the patients’ particular requirements and circumstances.
It should be noted, though, that studies on diabetes health coaching
have yielded different levels of positive clinical effects.*’

Demand for telemedicine and home care is growing rapidly
around the world, and several healthcare systems are now offer-
ing reimbursements to individuals who qualify for such services.
Voluntis is developing digital medicines that enable people with
chronic illnesses to take control of their daily care to improve out-
comes. Voluntis solutions combines mobile and online apps to give
the patient and care team personalized advice, such as changing
medication dosage, controlling side effects, or monitoring symp-
toms. These instant suggestions are based on digitized clinical al-
gorithms. Using its Theraxium technology platform, Voluntis has
developed and managed a range of digital therapies, particularly in
the areas of oncology and diabetes.

Al will be essential to accomplish the ultimate dual objectives
of near-normal glycemia and decreased burden. It is important to
control diabetes mentally, and this cannot be stressed enough. Pa-
tients who are constantly faced with choices may get overwhelmed,
abandoning even the greatest technologies. Multiple dosing deci-
sions must be made by meals, exercise, and other activities under
the current methods. By encouraging pharmaco-adherence and of-
fering individualized care, incorporating Al through a frequently
updated “digital twin” could mitigated daily obstacles to self-care.
Machine learning can interact with the digital twin using physi-
ologic and/or activity sensors built into smartphones or wearables
to give individualized therapy that improves glycaemia while re-
ducing load. For instance, geolocation on a smartphone can give
the proper insulin dose before the meal and forecast the contents
of an upcoming meal based on historical behavior. The amount of
food consumed, as well as the start and end of the meal, can be
determined using hand gesture sensing.

Fitness trackers can measure the duration, intensity, and gly-
cemic response of exercise so that insulin supply can be modified
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as necessary. By maximizing glycaemic control through individu-
alized medication, iteratively updating algorithms put us on the
verge of creating a real artificial pancreas.

Conclusions

This review highlights the various types of insulin and recent de-
velopment in insulin therapy. Additionally, this review focuses on
various difficulties and challenges faced by diabetes patients and
tries to identify possible solutions for them. Due importance has
been given to recent developments in the space of AI and machine
learning in diabetes therapy and digital therapeutics. With fast
technological development and research in diabetes space, reversal
of diabetes, precision and integrative medicine could significantly
benefit patient in the near future.
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