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Abstract: The octapeptide hormone angiotensin II is one of the most studied peptides with the
aim of designing and synthesizing non-peptide mimetics for oral administration. To achieve this,
cyclizations at different positions within the peptide molecule has been a useful strategy to define
the active conformation. These studies on angiotensin II led to the discovery of Sarmesin, a type II
angiotensin II antagonist, and the breakthrough non-peptide mimetic Losartan, the first in a series
of sartans marketed as a new generation of anti-hypertensive drugs in the 1990s. Angiotensin II
receptor blockers (ARBS) and angiotensin I converting enzyme inhibitors (ACEI) were recently
reported to protect hypertensive patients infected with SARS-CoV-2. The renin-angiotensin system
(RAS) inhibitors reduce excess angiotensin II and increase antagonist heptapeptides alamandine and
aspamandine which counterbalance angiotensin II and maintain homeostasis and vasodilation.

Keywords: angiotensin II; RAS; cyclic peptides; sarmesin; sartans; mimetics; transdermal delivery;
Covid 19; Sars-CoV-2

1. Introduction
1.1. From Angiotensin II to Losartan and ARBS

Pioneer research on the renin—angiotensin system (RAS) has resulted in the dis-
covery of the first orally active non-peptide angiotensin II receptor antagonist losartan
(DUP753) [1,2]. This discovery was followed by related non-peptide angiotensin recep-
tor antagonists (ARBs) marketed in the treatment of hypertension and representing a
breakthrough new generation of antihypertensives. An overview of the pharmacokinetic
parameters for seven angiotensin receptor antagonists (losartan, valsartan, irbesartan, can-
desartan, telmisartan, eprosartan, olmesartan) presented their properties [3]. Our group has
been involved for years in the investigation of the mechanism through which angiotensin II
exerts its hypertensive action. This research has led to new insights revealing the bioactive
conformation of the hormone and the unique way angiotensin Il is approaching its recep-
tors [4,5]. In particular, these studies revealed a ring cluster conformation and a charge
relay system between the aromatic amino acids Tyr, His, and Phe of the peptide molecule
analogous to the charge relay system observed in serine proteases [6,7]. Cyclization of
the angiotensin II peptide molecule connecting amino acids at different positions within
the sequence was a novel strategy to confirm the bioactive ring cluster conformation sug-
gested by NMR/NOE studies and the mechanism of ANGII action suggested by SAR and
fluorescence studies.
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1.2. From Linear to Cyclic Peptides

Cyclic peptides constitute a class of compounds that were used in the treatment of
certain diseases. Examples of such well-known cyclic peptides are insulin, penicillin,
cyclosporin, and gramicidin S. Cyclic peptides, compared to linear peptides, show greater
potential as therapeutic agents due to their increased chemical and enzymatic stability,
receptor selectively, and improved pharmacodynamic properties (Figure 1). In our peptide
research, cyclization of peptides is a key step towards the design of non-peptide mimetics
which is the final target [8]. Our research group was the first, worldwide, to synthesize
cyclic analogs of important peptides such as angiotensin II (for hypertension), myelin
epitope peptides (for multiple sclerosis), gonadotropin releasing hormone (for infertility
and cancer), and thrombin receptor activating peptides (for angiogenesis and cancer) [4].
Another way of transforming peptides to peptide mimetics is by conjugating peptides
to sugars, such as mannan, used as antigen carriers in cancer and in multiple sclerosis
research [5-9]. Figure 1a—d shows the 2D and 3D structures of well-known cyclic peptides
penicillin, cyclosporin, gramicidin, and insulin.
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Figure 1. The 2D and 3D structures of well-known cyclic peptides. (a) Penicillin is one of the most powerful antibiotics.

(b) Cyclosporin is a natural product used as an immunosuppressant medication. (¢) Gramicidin exhibits strong antibiotic

activity. (d) Insulin is a hormone that plays a key role in the regulation of blood glucose levels, and its deficiency causes

diabetes.
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2. The Strategy to Build Non-Peptide Mimetics

Synthesis of cyclic peptides, in our studies, was pursued as an intermediate step
towards constructing orally active non-peptide mimetics. Cyclic peptides, compared to
linear counterparts, present many advantages in terms of stability, binding, selectivity,
and activity. The limited stability of peptides, due to hydrolysis of amide bonds, severely
restricts their medical and industrial application. Therefore, the engineering of stable pep-
tide moieties which are the cyclic counterparts and non-peptide mimetics is of the highest
importance. Cyclic peptides are the bridges between linear peptides and their non-peptide
mimetics and cyclization is a strategy to build non-peptide mimetics. Furthermore, cycliza-
tions were a way to define and lock the active conformation of the peptide. Steps towards
mimetics are: (I) identification of critical amino acids of the peptide sequence through
alanine screening and SAR studies; (II) approaching the bioactive peptide conformation
through in silico, modeling, crystallography, and NMR studies (III); cyclization of the
peptide through amide bonds between amino acids at positions least important for activity;
(IV) the design and synthesis of non-peptide mimetics is based on the knowledge of the
active pharmacophoric side chain of amino acids critical for binding and triggering activity.
The pharmacophoric side chains are attached to an organic scaffold and the whole moiety
acts as a lead non-peptide mimetic to be administered orally if it meets the pharmacological
criteria [4]. Figure 2 shows the strategic steps from peptides to non-peptide mimetics.

The Stragety From Angiotensin Il to non peptide Mimetics
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(a) ANG Il Peptide (the tool)

(b) Conformation (the drug door)
(c) Cyclic Peptide (produg)

(d) Mimetic (the drug lead)

Figure 2. Steps of the strategy to design a non-peptide ANG II mimetic. (a) ANG II peptide (the tool)—SAR studies
to identify the critical amino acids. (b) Conformation (the drug door)—NMR/NOE studies to approach the bioactive
conformation. (c) Cyclic peptide (prodrug) —cyclization at positions least important for activity. (d) Mimetic (the drug

lead)—synthesis of a non-peptide mimetic based on critical amino acids.

3. Rational Design of Potent Cyclic Peptides Based on SAR (Structure-Activity
Relationship) and NMR Studies

The design of potent cyclic analogs for bioactive peptides requires the knowledge
of the role of each amino acid residue, especially those involved in receptor activation,
as well as the active conformation of the peptide. Structure—activity studies have shown
the importance of the three aromatic amino acids Tyr, His, and Phe and the C-terminal
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carboxylate for activity. In order for cyclic analogs to retain the activity of the linear peptide,
cyclization should occur at residue positions which are the least important for activity with
retention of the bioactive conformation. The conformation of peptides is deduced from
nuclear magnetic resonance techniques, such as two-dimensional NMR ROESY, NOESY,
COSY, TOCSY, and 1-D NOE. These techniques shed light on the spatial place of amino
acid side chains within the peptide molecule. For example, in angiotensin 1II, residues
Val and Ile at positions 3 and 5 are the least important for triggering ANGII receptors.
NMR studies with ROESY, NOESY, and 1D-NOE (nuclear overhauser effects) techniques
revealed a cluster of the three aromatic rings Tyr, His, and Phe, which together with the
C terminal carboxylate are important for binding and activity of the peptide hormone.
Therefore, cyclization between residues at the 3 and 5 positions affords a cyclic product
that retains activity as the important pharmacophoric residues Tyr, His, and Phe remain
intact with their side chains closely spaced, a requirement for ring cluster and for activity
in linear angiotensin II. Positions Val3, Ile5, and Pro7 serve the proper backbone orientation
whilst Arg at position 2 stabilizes the tyrosine anion, which triggers the activity of the
peptide hormone [10-13]. Figure 3 shows the conformation of angiotensin II obtained from
1D-NOE, NOESY, and ROESY data and fluorescence lifetime studies [10-13].

Figure 3. Putative bioactive conformation of angiotensin II based on NMR spectroscopy and molecu-
lar dynamics.

4. The Renin—-Angiotensin System (RAS) Regulates Vasodilation

The renin-angiotensin system (RAS) has been identified in various tissues including
heart, brain, kidneys, and vessel walls, and is characterized by a sequence of enzymatic
reactions. The RAS system is the most important system regulating blood pressure. An-
giotensinogen formed in the liver is cleaved by the enzyme renin to form the inactive
decapeptide angiotensin I (ANG I), which is further cleaved by angiotensin-converting
enzyme (ACEL1) to form the octapeptide hormone (Asp-Arg-Val-Tyr-Ile-His-Pro-Phe) an-
giotensin II (ANG II). The RAS system plays a pivotal role in cardiovascular homeostasis
and the regulation of blood pressure. In addition, it was found that ACE2 receptors are
an important element of the RAS system, as it converts ANG II to heptapeptides alaman-
dine and aspamandine, which are beneficial for vasodilation and homeostasis [14-16]
(Figure 2). Figure 4 shows the main components of the renin—angiotensin system that are
the counterbalancing axes: vasoconstriction axis (ACE/Ang I/ AT1R), vasorelaxation axis
(ACE2/A(1-7)/ AT2R /MasR), and vasorelaxation axis (ACE2/alamandine/MRgD).
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Figure 4. The main components of the renin-angiotensin system are the counterbalancing axes: ACE/ANGII/ATIR
(vasoconstriction), ACE2/A(1-7)/ AT2R /MasR (vasorelaxation), and ACE2/alamandine/MrgD (vasorelaxation).

5. The Role of Phenylalanine for Hypertensive Activity of Angiotensin

Due to the biological importance of linear octapeptide ANG 11, a large number of ANG
IT analogs were synthesized in order to establish the roles of ANG II residues. Structure-
activity studies (SAR) illustrated the importance of the C-terminal aromatic residue pheny-
lalanine (Phe) as well as the C-terminal carboxylate for agonist activity. Replacement of the
aromatic residue Phe at position 8 with an aliphatic one, such as Ile, results in an antagonist,
(Sar1, Ile8) ANG II (sarilesin) (H-Sar1-Arg-Val3-Tyr-lle5-His-Pro7-Ile§-OH). Essential 7t*-7t*
interactions between Tyr and Phe rings observed in ANG II and its superagonist Sarl ANG
IT are missing in sarilesin. Furthermore, deletion of the aromatic amino acid phenylalanine
at position 8 results in the vasodilator heptapeptides, aspamandine [ANG1-7] and upon
decarboxylation alamandine ANG [Alal-7], which counterbalance the toxic ANG Il in the
RAS system [14-16]. Figure 5 shows amino acid sequences for angiotensin II, sarilesin and
sarmesin.
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Figure 5. The peptide sequences of angiotensin II (Asp-Arg-Val-Tyr-Tle-His-Pro-Phe), sarilesin [Sar?,
Tle®] ANGII, and sarmesin [Sar!, Tyr (OMe)*] ANGIL Phenylalanine at position 8 and tyrosine at
position 4 are crucial for triggering hypertensive activity.

6. Charge Relay System (CRS) and the Role of Tyrosine Hydroxyl in Triggering
Activity of Angiotensin II

Our laboratory has been engaged for many years in the conformational analysis of
ANG I, its superagonist [Sarl] ANG II, and structurally similar peptide agonists and antag-
onists. These studies led to the discovery of sarmesin, a type Il antagonist of angiotensin 1I,
where tyrosine hydroxyl is methylated [17-20]. Methylation of the tyrosine hydroxyl group
eliminates activity revealing the importance of a tyrosinate negative charge for potency.
These studies led, furthermore, to the hypothesis of a charge relay system involving the
triad tyrosine, histidine, and phenylalanine carboxylate closely spaced in a ring cluster
conformation, where the tyrosinate negative charge triggers activity. The charge relay
system creates a cyclic structure within the angiotensin II molecule which at the receptor
level operates through the tyrosine hydroxylate to trigger activity. Methylation of tyrosine
hydroxyl in position 4, as in sarmesin, disrupts the charge relay system and eliminates the
hypertensive activity of angiotensin II. This hypothesis was confirmed by fluorescence stud-
ies of angiotensin II analogs in receptor-simulating environments [21,22] (Figures 6 and 7).
Figure 6 shows the angiotensin Il relay system and Figure 7 shows models of sarilesin and
sarmesin.

Angiotensin Il Charge Relay System

“-\H‘
TN @ .
M—H ===~ 0, — Phe® — Terminus
Tyr* g<
His®

Figure 6. Tyr, His, and Phe aromatic side chains and c-terminal carboxylate are intra connected to
create a cyclic compact structure that triggers activity through Tyr hydroxylate.
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Figure 7. 3D structures of sarilesin and sarmesin.

7. Cyclic Angiotensin II Analogues Confirm the Ring Cluster Conformation of ANG II

Based on the above studies, we designed and synthesized novel amide linked ANG
II cyclic analogs: cyclo (3,5) (Sarl, Lys3, Glu5) ANG II and cyclo (3,5) (Sarl, Lys3, Glu5,
Ile8) ANG II to confirm the necessity of the three aromatic rings for activity and to define
the active conformation (23-25). Cyclization was achieved by forming an amide-linkage
between the -NH2 and -COOH side chain groups of Lys and Glu residues at positions
3 and 5, respectively, which are the least important for activity [23-25]. In particular, the
constrained amide linked cyclo (3,5) (Sarl, Lys3, Glu5) ANG II analog which retains the
three aromatic rings and the c-terminal carboxylate was found to be active in both ex
vivo and in vivo experiments. As expected, cyclo (3,5) (Sarl, Lys3, Glu5, 1le8), where
aromatic phenylalanine was substituted by aliphatic isoleucine at position 8, did not
preserve hypertensive action. This analogue was found to be a potent ANG II antagonist
and reduced ANG II dependent hypertension in a dose-related manner. Based on losartan,
sarmesin, and our ring cluster and charge relay system conformation, we designed and
synthesized angiotensin II receptor blockers by rotation from C-2 to C-5 of the alkyl chain
on the imidazole ring. This rotation resulted in losartan derivatives of similar activity to
losartan. A novel synthetic strategy was applied to accelerate synthetic steps for losartan
V8 and losartan V8 analogs [26-28], compared to the initial synthesis [29]. Figure 8 shows
the structures of losartan and active metabolite losartan carboxylic acid (EXP 3174).

cl 0
cl
HO/Y<
— HO
N =
Ne / | /N

Losartan Losartan carboxylic acid (EXP3174)

Figure 8. Losartan and the active metabolite losartan carboxylic acid.
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8. From Potent Cyclic (3,5) Angiotensin II to Losartan and ARBS—A Simulation Study

The activity of the constrained amide linked cyclo (3,5) (Sar!, Lys®, Gly®) ANG II
analog preserving the three critical aromatic amino acids (Tyr, His, Phe) and the c-terminal
carboxylate of ANG II together with the NMR nuclear overhauser effect (NOE) findings
suggested a cluster of the aromatic side chain in angiotensin II and a charge relay system
(CRS) connecting the three aromatic rings (tyrosinate, imidazole, and phenyl) and the c-
terminal carboxylate (Figure 3). The proximity of the three aromatic side chains of Tyr, His,
and Phe and of the c-terminal carboxylate—critical structural features for activity—suggests
the design of a non-peptide ANG II mimetic which should contain the pharmacophoric
groups of the ANGII peptide. This assumption leads to a non-peptide molecule mimicking
the native peptide and capable of competing with angiotensin II for binding to the receptors,
and this indeed happens as in the case of losartan and ARBS. In particular, based on the
active conformation of angiotensin II, the Ang II non-peptide mimetic should contain the
following features: (i) an imidazole ring as scaffold corresponding to the imidazole side
chain of histidine at position 6 of Ang II; (ii) a phenyl ring, present in the attached biphenyl
on the imidazole scaffold, corresponding to the side chain of phenylalanine at position 8 of
Ang II; (iii) a negatively charged group as the carboxylate attached in the imidazole ring of
losartan carboxylic acid (EXP 3174), corresponding to the tyrosinate at position 4 of the Ang
II peptide; (iv) a negative charge on a phenyl ring of the mimetic which could be the highly
acidic tetrazole group in the attached biphenyl, corresponding to the c-terminal carboxylate
of angiotensin II; (V) an aliphatic chain which is the butyl chain on the imidazole ring of
the mimetic, corresponding to the aliphatic side chain of leucine at position 5 of Ang Il in
losartan carboxylic acid (EXP3174) which is the active metabolite of losartan triggering
activity, confirming the essential role of the negative charge in the carboxylate anion for
higher affinity compared to the hydroxylate anion in losartan [26-28]. Affinity is enhanced
due to the electronegative chlorine atom at position 4 of the imidazole ring which stabilizes
the carboxylate anion. Figure 9 shows the correlation of pharmacophoric side chains of
angiotensin II with essential groups in losartan carboxylic acid (EXP 3174).

Angiotensin Il (Asp-Arg-Val-Tyr-lle-His-Pro-Phe)

1 2 3 4 5 ] 7 8
H.N — — COOH
N T (l\ T
COO0H , " “NH
LTOrodQ
OH

Losartan Carboxylic Acid (EXP3174)

Figure 9. Correlation of pharmacophoric side chains of angiotensin II with essential groups in
losartan carboxylic acid (EXP 3174).
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LOSARTAN: R? = CH,0H
EXP3179: RZ?= CHO
EXP3174: R?= COOH

*n/a: not available

9. Losartan Carboxylic Acid (EXP 3174) is a Stronger Binder Compared to Losartan

Overall, the critical structural features of angiotensin II are depicted clearly in the
structure of the polyaromatic losartan carboxylic acid, the active metabolite of losartan,
which contains all pharmacophoric groups of angiotensin II and the two negative charges
(phenyl tetrazolate and imidazole carboxylate), a requirement for affinity. The tetrazole
group is highly acidic, as its tetrazolate anion is stabilized by the resonance in the aromatic
tetrazole ring. The imidazole carboxyl group in active metabolite is highly acidic, as its
carboxylate anion is stabilized by the resonance in the aromatic imidazole ring aided by
the highly electronegative chlorine atom at position C2 of the imidazole ring. Chlorine is a
strong electron acceptor atom stabilizing the carboxylate anion. Our angiotensin receptor
antagonists with reversed positioning of the alkyl and methylene hydroxyl groups on
the imidazole ring were designed based on our ring cluster conformation, the cyclization
findings, and on the sarmesin structure which revealed the importance of the tyrosine
hydroxyl group for activity [19]. These compounds were evaluated for binding to human
AT1 receptor and for ANG II antagonism in vitro on isolated rat uterus. Among them,
5-butyl-1-[[20-(2H-tetrazol-5-yl)biphenyl-4-ylJmethyl]imidazole-2-carboxylic acid (losartan
analogue V8COOH) exhibited higher binding affinity compared to the other analogues
tested (—log ICs5p = 8.46). The latter analog was also found to be the most active in the
rat uterotonic test (pA2 = 7.83). Importantly, the binding affinity of the losartan analog
V8COOH was higher than that of losartan (—log ICsy = 8.25) indicating the importance of
the carboxyl group at the C-2 position. Our receptor antagonist (losartan analog VSCOOH),
the counterpart of losartan carboxylic acid (EXP3174), displayed higher binding affinity
(—log ICsp = 8.46) compared to losartan (—log IC5y = 8.25), indicating that a carboxylate
anion binds stronger compared to the methylene hydroxyl group (—log ICsy = 8.25).
Angiotensin II receptor binding studies and simulation studies between angiotensin II and
losartan carboxylic acid (EXP3174) provide insights for the ligand-receptor interaction and
for the relationship between the pharmacophoric groups of the two molecules as depicted
in Figure 9. [30,31]. Figure 10 shows structures of losartan analogs synthesized in our
studies compared to losartan and its metabolites EXP 4179 and EXP 3174.

= orientation R!
Nl /. C-2 and C-5 =

PA, - logiCs,  LOSARTAN V8 ANALOGUES PA, - logICy,
8.25 + 0.13 8.25 + 0.06 * R'=H, R®= CH,0H, R 3= CN,H (V8) 7.97 + 0.07 7.52 + 0.16
n/a* n/a * R'=Cl, R?= CH,0H, R®= CNH 6.98 £ 0.19 .20 + 0.13
n/a n/a * R'=Br, R? = CH,0H, R®= CN,H 752+ 0.15 93 +0.16
* R'=1, R*= CH,0H, R®= CNH 735+ 0.24 635+ 0.11
* R'=H, R?=CHO, R®= CNH 7.76 £ 0.47 762 + 0.13
* R'=H, R?= COOH, R® = CN_H 7.83 +0.20 846 + 0.29

* R'=H, R?= CH,0H, R® = COOH 6.19 + 0.26 .61 + 0.15

Figure 10. Structures and activities of losartan and losartan V8 analogs.
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10. Receptor Desensitization by Angiotensin II Antagonist Sarilesin

Two types of angiotensin peptide antagonists exist: type I is characterized by pow-
erful receptor desensitizing effects resulting in a long duration of action (e.g., sarilesin
or (Sar!, Ile?) angiotensin II), whereas type II are reversible competitive antagonists (e.g.,
sarmesin or [Sar!, Tyr(Me)4]angiotensin II [32]. When the desensitizing antagonist sarilesin
is methylated at its Tyr hydroxyl it is converted to a competitive antagonist, illustrating
that the tyrosine anion (formed by the charge relay mechanism) is responsible for receptor
desensitization (in addition to having a role in receptor activation). In parallel to the situa-
tion with the peptides, the conversion of the hydroxymethyl group of losartan (competitor)
to the carboxylate anion metabolite EXP 3174 (desensitizer) accounts for the long duration
of action of ARBs, [33]. Receptor activation (A) and receptor desensitization (D) effects
may involve two different binding modes on the receptor [32]. Since angiotensin itself
at high doses can desensitize its own receptors (an overkill defense mechanism used by
many other ligands), this could imply a slightly higher affinity for the A site (resulting in
receptor dimerization and amplification of the G protein coupled response) compared to
the D site (preventing receptor dimerization and decoupling G protein for an extended
period of receptor lockdown) [32,33]. Interestingly, crystallography studies have impli-
cated the presence of a charge relay system analogous to that shown in Figure 6, in which
the carboxylate/ imidazole of the ARB olmesartan links to the hydroxyl of Tyr35 of the
receptor [34] in its D format. Although the mechanism of receptor desensitization is not
well understood, it could involve decoupling of receptors from the signaling mechanism,
possibly by inducing a long-term conformation change in the receptor (which is ultimately
reversible). Like ARBs, many long-acting therapeutically useful drugs work by this im-
portant mechanism. Furthermore, extensive structure—activity studies on sarilesin and
sarmesin revealed the role of the N-terminal in the overall conformation of the angiotensin
IT agonist and antagonist peptides. As is evident from the data, the requirement for a single
alkyl substitution at the N-terminus of sarmesin is obligatory for its unique actions [34,35].
These data emphasize the stringent and discriminating structural requirements in the
N-terminal domain of sarmesin that endow this analog with its antagonist properties and
suggest the presence of defined steric constraints in this region of the molecule during
receptor blockade [35-37].

11. Bis Alkylated Arbs Display Strong Affinity and Antagonist Activity

In our studies for new angiotensin II receptor antagonists, we achieved bis alkyla-
tion of the imidazole ring by a convenient and cost-effective synthesis strategy [38—40].
A series of symmetrically bis-substituted imidazole analogs bearing at the N-1 and N-3
two biphenyl moieties ortho substituted either with tetrazole or carboxylate functional
groups was designed based on docking studies and utilizing for the first time an extra
hydrophobic binding cleft of the AT1 receptor. The synthesized analogs were evaluated for
their in vitro antagonistic activities (pA2 values) and binding affinities (—logICsg values)
to the angiotensin II AT1 receptor. Among them, the potassium (—logICsy = 9.04) and
the sodium (—logICs = 8.54) salts of 4-butyl-N,N’-bis{[20-(2H-tetrazol-5-yl)]biphenyl-4-
yl]lmethyl}imidazolium bromide as well as its free acid 11 (—1loglICsg = 9.46) and the 4-butyl-
2-hydroxymethyl-N,NO-bis{[20-(2H-tetrazol-5-yl)biphenyl-4ylJmethyl}imidazolium bro-
mide (—loglCsg = 8.37, pA2 = 8.58) showed high binding affinity to the AT1 receptor
and high antagonistic activity [39,40]. These results may contribute to the discovery and
development of a new class of biologically active molecules through bis-alkylation of the
imidazole ring by a convenient and cost-effective synthetic strategy. Figures 11 and 12
show structures after bis biphenyl alkylation of the imidazole ring in both losartan and
our losartan V8 analog. Bis alkylated analogs were synthesized with a convenient and
cost-effective strategy [38—40].
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Figure 11. Bis biphenyl alkylation of the imidazole ring of losartan V8 (analogs A,B) and losartan (analog C) by a convenient

and cost-effective strategy.

Compound R! R? R3 R - logIC,, PA,
1 H Bu H Na 8.54+0.18 8.45+*0.39
2 H Bu CH,OH H 8.37+0.15 8.58+0.39
3 Br Bu CH,OH H 7.37+0.29 7.13+0.13
Losartan 8.25+0.06 8.25+0.13

Figure 12. Structures and biological activities of bis alkylated losartan (1) and losartan V8 analogs (2, 3).
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12. Perspectives of Arbs in Transdermal Treatment of Hypertension

ARBs can also be administered transdermally, although not yet in practice as an
accepted therapy. We have developed a transdermal delivery method for ARBs (losartan
and valsartan) and determined the anti-hypertensive effects of the transdermal delivery
patch in a steady-state release [41]. Transdermal drug delivery is a novel approach for the
administration of ARBs [42,43]. This method offers several important pharmacological
advantages over conventional dosage forms, such as avoidance of the first-pass metabolism
by the liver, minimizing pain, controlled release of a drug, and prolonged duration [43-45].
The majority of drugs that are administered orally have reduced efficacy due to first-pass
metabolism, as well as to related side effects. For several diseases such as diabetes (insulin),
multiple sclerosis (interferons), and cancer (taxol), drugs taken by injections must be
administered in a painless and effective manner, which is the transdermal or nasal method.
In this regard, transdermal delivery of drugs including ARBs can bypass these issues.
For example, new transdermal peptides are pursued for multiple sclerosis treatment [46].
Thus, controlled release systems have emerged to overcome the disadvantages of the oral
or injection route and ARBs meet the criteria to be administered transdermally. In our
studies, ARBs were able to penetrate the stratum corneum (SC), a barrier to the absorption
of such drugs [47-50]. Specific drug characteristics are required for efficacy, including
molecular size and weight less than 500 Da, significant lipophilicity, efficacy in low plasma
concentration, and a high degree of stability, which ARBs possess. To enhance transdermal
absorption of ARBs, drug derivatives, prodrugs, drug saturated systems, and physical and
chemical enhancers that facilitate the permeation of the drug through the stratum corneum
can be used [50-52].

13. Perspectives of ARBs in COVID-19 Therapy

The ACE2 enzyme has been identified to be the binding site of SARS-CoV-2 virus and
controversy rose if the RAS system could be a therapeutic target, as an option to treat the
disease by blocking the binding [14]. Recent findings have shown that ARBs have protective
effects in hypertensive patients infected by SARS-CoV-2 [53-59]. This article elaborates on
the mechanism which triggers the hypertensive activity of angiotensin II and on the idea
of considering ARBs as a tentative treatment for SARS-CoV-2 infections. Furthermore, it
proposes a research direction using ARBs (drug repurposing) based on the recent findings.
The idea is to block the ACE2 receptor which serves as the binding site for SARS-CoV-2
while preserving the integrity of the enzyme. In particular, the strategy is to enhance the
ACE2 enzyme which converts toxic ANG II to the protective antagonist heptapeptides
ANG(1-7) and alamandine, maintaining homeostasis and at the same time blocking the
entry of SARS-CoV-2 to ACE2 [14]. This is possible with ACE2 activators like DIZE [14]
and with non-peptide mimetics of Ang II which upregulate ACE2, producing the two
heptapeptides that counterbalance destructive ANG II and are beneficial for vasodilation.
It is very likely that uncontrollable release of pathogenic ANG II may be one of the reasons
for the storm of cytokines and pneumonia in COVID-19. In particular, positive effects
include ACE2 receptor blockade, disabling viral entry into the heart and lungs, and an
overall decrease in inflammation secondary to ACE1/ARB. The well-studied reduction in
mortality conferred by ACE1/ARB use and the beneficial effects for patients with diabetes,
chronic kidney disease, and proteinuria or albuminuria currently outweigh the theoretical
risks [58]. Our group has studied extensively the RAS system and these studies led to the
rational design and synthesis of angiotensin receptor blockers (ARBs) which could block
COVID-19 pathogenicity. Our in silico studies with our ARBs are in line with the recent
studies on losartan, which show a high affinity for spike protease and attenuate SARS-
CoV-2 [59]. These studies on the renin—angiotensin system showed that over activation
of AT1IR by hyper-acute excess of angiotensin II due to acute downregulation of ACE2 by
SARS-CoV-2 explain the mechanism of a cytokine storm in COVID-19. The in silico studies
suggest that losartan and ARBs are a promising COVID-19 treatment. Previous clinical
studies indicate a safe and protective role of the RAS inhibitors [57,58].
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In summary, it has become clear recently from clinical findings that ARBs have a
protective effect in hypertensive patients with COVID-19. ARBs play a positive role in
protecting ACE2 from the entry of SARS-CoV-2 virus, since ARBs, ACE2, and COVID-
19 are evidently related. This relationship between RAS inhibitors and COVID-19 has
already been reported [60-70]. The important function of ACE2 is its upregulation by
the components of the A(1-7)/AT2R/MasR axis generated by peptides and non-peptide
agonists [59]. This function is generally acknowledged as a pivotal link between ACE2
deficiency and SARS-CoV-2 infection [61-69]. On the contrary, overexpression of ACE2 is
linked with protection from SARS-CoV-2 [14,16,63]. Accumulated data presented in the
cited articles show that RAS inhibitors improve clinical outcomes of COVID-19 patients
with hypertension [66]. These findings propagate the use of ARBs in hypertension-related
to COVID-19 diseases [64]. A large clinical trial (BRACE CORONA TRIAL) among patients
hospitalized with COVID-19 infection and receiving chronic ACEI/ARBs is currently
underway [69].

14. Conclusions

ARBs have been reported in comprehensive studies to affect the renin-angiotensin
system (RAS) by upregulating the ACE2 enzyme more than other drugs prescribed for
hypertension. This is of particular importance since ACE2 is the entry site of SARS-CoV-
2 in the nasopharynx, lung, and cardiac cells. ARBs reduce pathogenic angiotensin II
and increase beneficial heptapeptides, A(1-7) (aspamandine) and alamandine in the RAS
equilibrium of angiotensin peptides. ARBs present the potential to positively affect the
course of many heart diseases. The size, polarity, charges, and receptor selectivity render
them ideal drugs to keep homeostasis and it seems to be a tentative therapeutic for SARS-
CoV-2 infection. It is worth pursuing further studies to investigate and confirm ARBs as
potential therapeutics for COVID-19 (drug repurposing).

Author Contributions: ].M. conceived and coordinated the study, V.A., A.Z., G.M., KK, KM. and
T.M. advised on methodology and contributed in co-writing the manuscript. All authors have read
and agreed to the published version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Acknowledgments: ].M. would like to thank the General Secretariat for Research and Technology
(GSRT) and Patras Science Park for supporting his research in MS and COVID-19. V.A. and A.Z. would
like to thank the Institute for Health and Sport, Victoria University for supporting their current efforts
into COVID-19 research. T.M. would like to thank the General Secretariat for Research and Technology.

Conflicts of Interest: The authors have no financial/commercial conflicts of interest to declare.

Abbreviations

COVID-19: Coronavirus Disease, SARS-CoV-2: Severe Acute Respiratory Syndrome Coronavirus 2,
NMR: Nuclear Magnetic Resonance, NOE: Nuclear Overhauser Effect, SAR: Structure-Activity Re-
lationship, Alamandine: [Alal] Angiotensin (1-7), Aspamandine: [Aspl] Angiotensin (1-7), AT1R:
Angiotensin II T1 Receptor, RAS: Renin—Angiotensin System, ARBs: Angiotensin Receptor Blockers,
CRS: Charge Relay System, SAR: Structure Activity Relationship, ANG II: Angiotensin II, A (1-7):
Angiotensin (1-7), ACE: Angiotensin-Converting Enzyme, ROESY: Rotating Overhauser Effect Spec-
troscopy, NOESY: Nuclear Overhauser Effect Spectroscopy, COSY: Correlated Spectroscopy, TOCSY:
Total Correlated Spectroscopy, 1-D NOE: One-Dimensional Nuclear Overhauser Effect.



Molecules 2021, 26, 618 14 of 16

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Timmermans, P.B.; Duncia, J.V,; Carini, D.J.; Chiu, A.T.; Wong, P.C.; Wexler, R.R.; Smith, R.D. Discovery of Losartan, the first
angiotensin Il receptor antagonist. . Hum. Hypertens. 1995, 9, 3-18.

Timmermans, P.B. Angiotensin II receptor antagonistsL an emerging new class of cardiovascular therapeutic. Hypertens. Res.
1999, 22, 147-153. [CrossRef]

Khairnar, A.K,; Baviskar, D.T.; Jain, D.K. Angiotensin II Receptor Blockers: An Overview. Int. |. Pharm. Sci. 2012, 4, 50-56.
Moore, G.J.; Smith, J.; Baylis, B.; Matsoukas, J. Design and pharmacology of peptide mimetics. Adv. Pharmacol. 1995, 33, 91-141.
Mavromoustakos, T.; Apostolopoulos, V.; Matsoukas, J. Antihypertensive drugs that act on Renin-Angiotensin system with
emphasis in AT antagonists. Mini Rev. Med. Chem. 2001, 1, 207-217. [CrossRef] [PubMed]

Neitzel, ].J. Enzyme Catalysis: The Serine Proteases. Nature 2010, 3, 21.

Blow, D.M.; Birktoft, J.J.; Hartley, B.S. Role of a Buried Acid Group in the Mechanism of Action of Chymotrypsin. Nature 1969,
221, 337-338. [CrossRef] [PubMed]

Katsara, M.; Tselios, T.; Deraos, S.; Deraos, G.; Matsoukas, M.; Lazoura, E.; Matsoukas, ]J.; Apostolopoulos, V. Round and round
we go: Cyclic peptides in disease. Curr. Med. 2006, 13, 2221-2232.

Katsara, M.; Deraos, G.; Tselios, T.; Matsoukas, M.T.; Friligou, I.; Matsoukas, J.; Apostolopoulos, V. Design and Synthesis of
a Cyclic Double Mutant Peptide (cyclo(87-99)[A91,A96]MBP87-99) Induces Altered Responses in Mice after Conjugation to
Mannan: Implications in the Immunotherapy of Multiple Sclerosis. J. Med. Chem. 2009, 52, 214-218. [CrossRef]
Mavromoustakos, T.; Kolocouris, A.; Zervou, M.; Roumelioti, P.; Matsoukas, J.; Weisemann, R. An Effort to Understand the
Molecular Basis of Hypertension through the Study of Conformational Analysis of Losartan and Sarmesin Using a Combination
of Nuclear Magnetic Resonance Spectroscopy and Theoretical Calculations. J. Med. Chem. 1999, 42, 1714-1722. [CrossRef]
[PubMed]

Matsoukas, J.; Agelis, G.; Wahhab, A.; Hondrelis, ].; Panagiotopoulos, D.; Yamdagni, R.; Wu, Q.; Mavromoustakos, T.; Maia, H.
Differences in backbone structure between angiotensin II agonists and type I antagonists. J. Med. Chem. 1995, 38, 4660—4669.
[CrossRef]

Matsoukas, J.; Hondrelis, J.; Keramida, M.; Mavromoustakos, T.; Makriyannis, A.; Yamdagni, R.; Wu, Q.; Moore, G.J. Role of
the NH2-terminal domain of angiotensin II (ANG II) and [Sarl]angiotensin II on conformation and activity. NMR evidence
for aromatic ring clustering and peptide backbone folding compared with [des-1,2,3] angiotensin II. J. Biol. Chem. 1994, 269,
5303-5312. [CrossRef]

Matsoukas, J.; Bigam, G.; Zhou, N.; Moore, G J. TH-NMR studies of [Sarl]angiotensin II conformation by nuclear Overhauser
effect spectroscopy in the rotating frame (ROESY): Clustering of the aromatic rings in dimethylsulfoxide. Peptides 1990, 11,
359-366. [CrossRef]

Qaradakhi, T.; Gadanec, L.; Matsoukas, J.; Apostolopoulos, V.; Zulli, A. Could DIZE be the answer to Covid 19? Maturitas 2020,
140, 83-84. [CrossRef] [PubMed]

Qaradakhi, T.; Matsoukas, M.T.; Hayes, A.; Rybalka, E.; Caprnda, M.; Rimarova, K.; Sepsi, M.; Busselber, D.; Kruzliak, P.;
Matsoukas, J.; et al. Alamandine reverses hyperhomocysteinemia-induced vascular dysfunction via PKA dependent mechanisms.
Cardiovasc. Ther. 2017, 35, 1-27. [CrossRef] [PubMed]

Qaradakhi, T.; Gadanek, L K.; McSweeney, K.R.; Tacey, A.; Apostolopoulos, V.; Rimarova, K.; Egom, E.E.; Rodrigo, L.; Kubatka,
P,; Zulli, A.; et al. The potential actions of angiotensin-converting enzyme II (ACE2) activator diminazene aceturate (DIZE) in
various diseases. Clin. Exp. Pharmacol. Physiol. 2020, 47, 751-758. [CrossRef]

Scanlon, M.; Matsoukas, J.; Franklin, K.; Moore, G.J. A new approach to angiotensin antagonists: Methylation of the tyrosine
hydroxyl in angiotensin II. Life Sci. 1984, 34, 317-321. [CrossRef]

Matsoukas, J.; Goghari, M.; Scanlon, M.; Franklin, K.; Moore, G.J. Synthesis and biological activities of analogs of angiotensins II
and III containing O-methyltyrosine and D-tryptophan. J. Med. Chem. 1985, 28, 780-783. [CrossRef]

Moore, G.J.; Genter, R.C.; Matsoukas, ] M.; Hondrelis, J.; Agelis, G.; Barlos, K.; Wilkinson, S.; Sandall, J.; Fowler, P. Receptor
interactions of the position 4 side chains of angiotensin II analogues: Importance of aromatic ring quadrupole. J. Mol. Recognit.
1994, 7, 251-256. [CrossRef]

Matsoukas, J.; Agelis, G.; Hondrelis, J.; Yamdagni, R.; Wu, Q.; Ganter, R.; Moore, D.; Moore, G.J.; Smith, J. Synthesis and biological
activities of angiotensin II, sarilesin, and sarmesin analogs containing Aze or Pip at position 7. |. Med. Chem. 1993, 36, 904-911.
[CrossRef]

Turner, R.; Matsoukas, J.; Moore, G.J. Tyrosinate fluorescence lifetimes for oxytocin and vasopressin in receptor-simulating
environments: Relationship to biological activity and 1H-NMR data. Biochem. Biopsys. Res. Commun. 1990, 171, 996-1001.
[CrossRef]

Turner, R.; Matsoukas, ].M.; Moore, G.J. Fluorescence properties of angiotensin II analogues in receptor-simulating environments:
Relationship between tyrosinate fluorescence lifetime and biological activity. Biochim. Biophys. Acta 1991, 1065, 21-28. [CrossRef]
Matsoukas, ].M.; Hondrelis, J.; Aggelis, G.; Barlos, K.; Gatos, D.; Ganter, R.; Moore, D.; Moore, G.J. Novel Synthesis of Cyclic
Amide-Linked Analogues of Angiotensins II and III. . Med. Chem. 1994, 37, 2958-2969. [CrossRef] [PubMed]


http://doi.org/10.1291/hypres.22.147
http://doi.org/10.2174/1389557013407115
http://www.ncbi.nlm.nih.gov/pubmed/12369985
http://doi.org/10.1038/221337a0
http://www.ncbi.nlm.nih.gov/pubmed/5764436
http://doi.org/10.1021/jm801250v
http://doi.org/10.1021/jm980499w
http://www.ncbi.nlm.nih.gov/pubmed/10346924
http://doi.org/10.1021/jm00023a005
http://doi.org/10.1016/S0021-9258(17)37688-3
http://doi.org/10.1016/0196-9781(90)90093-K
http://doi.org/10.1016/j.maturitas.2020.07.002
http://www.ncbi.nlm.nih.gov/pubmed/32636103
http://doi.org/10.1111/1755-5922.12306
http://www.ncbi.nlm.nih.gov/pubmed/28901725
http://doi.org/10.1111/1440-1681.13251
http://doi.org/10.1016/0024-3205(84)90618-0
http://doi.org/10.1021/jm00383a015
http://doi.org/10.1002/jmr.300070403
http://doi.org/10.1021/jm00059a016
http://doi.org/10.1016/0006-291X(90)90782-I
http://doi.org/10.1016/0005-2736(91)90005-S
http://doi.org/10.1021/jm00044a017
http://www.ncbi.nlm.nih.gov/pubmed/8071943

Molecules 2021, 26, 618 15 of 16

24.

25.

26.

27.

28.

29.

30.

31.
32.

33.
34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

Polevaya, L.; Mavromoustakos, T.; Zoumboulakis, P.; Grdadolnik, S.G.; Roumelioti, P; Giatas, N.; Mutule, I.; Keivish, T.; Vlahakos,
D.V,; lliodromitis, E.K.; et al. Synthesis and Study of a Cyclic Angiotensin II Antagonist Analogue Revelas the Role of m*-m*
Interactions in the C-terminal Aromatic Residue for Agonist Activity and Its Structure Resemblance with Atl Non-peptide
Antagonists. Bioorg. Med. Chem. 2001, 9, 1639-1647. [CrossRef]

Matsoukas, J.M.; Polevaya, L.; Ancans, ]J.; Mavromoustakos, T.; Kolocouris, A.; Roumelioti, P.; Vlahakos, D.V.; Yamdagni, R.;
Wu, Q.; Moore, G.J. The Design and Synthesis of a Potent Angiotensin II Cyclic Analogue Confirms the Ring Cluster Receptor
Conformation of the Hormone Angiotensin II. Bioorg. Med. Chem. 2000, 8, 1-10. [CrossRef]

Agelis, G.; Roumelioti, P.; Resvani, A.; Durdagi, S.; Androutsou, M.-E.; Kelaidonis, K.; Vlahakos, D.; Mavromoustakos, T.;
Matsoukas, J. An efficient synthesis of a rationally designed 1,5 disubstituted imidazole AT; Angiotensin II receptor antagonist:
Reorientation of imidazole pharmacophore groups in losartan reserves high receptor affinity and confirms docking studies. J.
Comput. Aided Mol. Des. 2010, 24, 749-758. [CrossRef]

Agelis, G.; Resvani, A.; Durdagi, S.; Spyridaki, K.; Tumova, T.; Slaninova, J.; Giannopoulos, P.; Vlahakos, D.; Liapakis, G.;
Mavromoustakos, T.; et al. The discovery of new potent non-peptide Angiotensin II AT1 receptor blockers: A concise synthesis,
molecular docking studies and biological evaluation of N-substituted 5-butylimidazole derivatives. Eur. J. Med. Chem. 2012, 55,
358-374. [CrossRef]

Agelis, G.; Kelaidonis, K.; Resvani, A.; Kalavrizioti, D.; Androutsou, M.; Plotas, P.; Vlahakos, D.; Koukoulitsa, C.; Tselios, T.;
Mavromoustakos, T.; et al. Facile and efficient syntheses of a series of N-benzyl and N-biphenylmethyl substituted imidazole
derivatives based on (E)-urocanic acid, as angiotensin II AT1 receptor blockers. Molecules 2013, 18, 7510-7532. [CrossRef]
Wahhab, A.; Smith, ].R.; Ganter, R.C.; Moore, D.M.; Hondrelis, J.; Matsoukas, J.; Moore, G.J. Imidazole based non-peptide
angiotensin II receptor antagonists. Investigation of the effect of the orientation of the imidazole ring on biological activity.
Arzneim. Forsch. 1993, 43, 1157-1168.

Wexler, R.R.; Greenlee, W.J.; Irvin, ].D.; Goldberg, M.R.; Prendergast, K.; Smith, R.D.; Timmermans, P.B.M.W.M. Nonpeptide
Angiotensin II receptor antagonists: The next generation in antihypertensive therapy. J. Med. Chem. 1996, 39, 625. [CrossRef]
Moore, G.; Matsoukas, J. Angiotensin as a model for hormone-receptor interactions. Biosci. Rep. 1985, 5, 407—416. [CrossRef]
Moore, G.J.; Scanlon, M.N. Methods for analyzing and interpreting co-operativity in dose-response curves. Gen. Pharmacol. 1989,
20, 124-129.

Moore, G.J. Designing peptide mimetics. Trends Pharmacol. Sci. 1994, 15, 124-129. [CrossRef]

Zhang, H.; Unal, H.; Denoyer, R.; Han, G.W.; Patel, N.; Katrina, Y.; Karnik, S.; Cheriton, V.; Steven’s, R. Structural basis for ligand
recognition and functional selectivity are angiotensin receptor. J. Biol. Chem. 2015, 290, 29127-29139. [CrossRef] [PubMed]
Matsoukas, J.; Cordopatis, P,; Belte, U.; Goghari, M.H.; Ganter, R.C.; Franklin, K.J.; Moore, G.J. Importance of the N-terminal
domain of the type II angiotensin antagonist sarmesin for receptor blockade. J. Med. Chem. 1988, 31, 1418-1421. [CrossRef]
[PubMed]

Tchekalarova, J.; Pechlivanova, D.; Kampourova, T.; Matsoukas, J.; Georgiev, V. The effects of sarmesin, an angiotensin II analogue
on seizure susceptibility, memory retention and nociception. Regul. Pept. 2003, 1, 191-197. [CrossRef]

Mavromoustakos, T.; Zevou, M.; Zoumpoulakis, P.; Kyrikou, I.; Polevaya, L.; Roumelioti, P.; Giatas, N.; Zoga, A.; Minakakis, PM.;
Kolocouris, A.; et al. Conformation and Bioactivity. Design and Discovery of Novel Antihypertensive Drugs. Curr. Top. Med.
Chem. 2004, 4, 385-401. [CrossRef]

Matsoukas, M.T.; Potamitis, C.; Plotas, P.; Androutsou, M.E.; Agelis, G.; Matsoukas, J.; Zoumboulakis, P. Insights into AT1
Receptor Activation through Angll Binding Studies. J. Chem. Inf. Mod. 2013, 53, 2798-2811. [CrossRef]

Agelis, G.; Resvani, A.; Koukoulitsa, C.; Tumova, T.; Slaninova, J.; Kalavrizioti, D.; Spyridaki, K.; Afanitis, A.; Melagraki,
G.; Siafaka, A.; et al. Rational design, efficient synthesis and biological evaluation of N,N-symmetrically bis-substituted
butylimidazole analogs as a new class potent Angiotensin II receptor blockers. Eur. J. Med. Chem. 2013, 62, 352-370. [CrossRef]
Agelis, G.; Resvani, A.; Ntountaniotis, D.; Chatzigeorgiou, P.; Koukoulitsa, C.; Androutsou, M.E.; Plotas, P.; Matsoukas, J.;
Mavromoustakos, T.; Cendak, T.; et al. Interactions of the potent synthetic AT1 antagonist analog BV6 with membrane bilayers
and mesoporous silicate matrices. Biochim. Biophys. Acta 2013, 1828, 1846-1855. [CrossRef]

Michalatou, M.; Androutsou, M.E.; Antonopoulos, M.; Vlahakos, D.V.; Agelis, G.; Zulli, A.; Qaradakhi, T.; Mikkelsen, K.;
Apostolopoulos, V.; Matsoukas, J. Transdermal Delivery of AT1 Receptor Antagonists Reduce Blood Pres-sure and Reveal a
Vasodilatory Effect on Kidney Blood Vessels. Curr. Mol. Pharmacol. 2018, 11, 226-236. [CrossRef] [PubMed]

Ahad, A.; Al-Mohizea, A.M.; Al-Jenoobi, EI.; Aqil, M. Transdermal delivery of angiotensin II receptor blockers (ARBS),
angiotensin-converting enzyme inhibitors (ACEIS) and others for management of hypertension. Drug Deliv. 2014, 32, 569—
590. [CrossRef] [PubMed]

Rizwan, M.; Aqil, M.; Ahad, A.; Sultana, Y.; Ali, M. Transdermal Delivery of Valsartan: I. Effect of various terpenes. Drug Dev. Ind.
Pharm. 2008, 34, 618-626. [CrossRef] [PubMed]

Martin del Valle, E.; Galan, M.; Carbonell, R. Drug Delivery Technologies: The way forward in the new decade. Ind. Eng. Chem.
Res. 2009, 48, 2475-2486. [CrossRef]

Paudel, K.S.; Milewski, M.; Swadley, C.L.; Brogden, N.K.; Ghosh, P.; Stinchcomb, A.L. Challenges and opportunities in der-
mal/transdermal delivery. Ther. Deliv. 2010, 1, 109-131. [CrossRef]

Walczak, A.; Siger, M.; Ciach, A.; Szczepanik, M.; Selmaj, K. Transdermal application of myelin peptides in multiple sclerosis
treatment. JAMA Neurol. 2013, 70, 1105-1109. [CrossRef]


http://doi.org/10.1016/S0968-0896(01)00059-1
http://doi.org/10.1016/S0968-0896(99)00266-7
http://doi.org/10.1007/s10822-010-9371-3
http://doi.org/10.1016/j.ejmech.2012.07.040
http://doi.org/10.3390/molecules18077510
http://doi.org/10.1021/jm9504722
http://doi.org/10.1007/BF01116558
http://doi.org/10.1016/0165-6147(94)90049-3
http://doi.org/10.1074/jbc.M115.689000
http://www.ncbi.nlm.nih.gov/pubmed/26420482
http://doi.org/10.1021/jm00402a028
http://www.ncbi.nlm.nih.gov/pubmed/2455051
http://doi.org/10.1016/S0167-0115(02)00285-9
http://doi.org/10.2174/1568026043451302
http://doi.org/10.1021/ci4003014
http://doi.org/10.1016/j.ejmech.2012.12.044
http://doi.org/10.1016/j.bbamem.2013.03.009
http://doi.org/10.2174/1874467211666180419152036
http://www.ncbi.nlm.nih.gov/pubmed/29676239
http://doi.org/10.3109/10717544.2014.942444
http://www.ncbi.nlm.nih.gov/pubmed/25065883
http://doi.org/10.1080/03639040701833740
http://www.ncbi.nlm.nih.gov/pubmed/18568912
http://doi.org/10.1021/ie800886m
http://doi.org/10.4155/tde.10.16
http://doi.org/10.1001/jamaneurol.2013.3022

Molecules 2021, 26, 618 16 of 16

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.
62.

63.

64.

65.

66.

67.

68.

69.

70.

Amit, A.; Shubhangi, D.; Ajazuddin, D.; Tapan, K.; Swarnlata, S.; Shailendra, S.; Dulal, K. Approaches for breaking the barriers of
drug permeation through transdermal drug delivery. J. Control Release 2012, 164, 26—40.

Sheth, N.; Mistry, R. Formulation and evaluation of transdermal patches and to study permeation enhancement of eugenol. Int. J.
Appl. Pharm. Sci. 2011, 3, 96-101.

Keleb, E.; Sharma, R.; Mosa, E.; Aljahwi, A. Transdermal Drug Delivery System—Design and Evaluation. Int. . Adv. Pharm Sci.
2010, 1, 201-211.

Nishida, N.; Taniyama, K.; Sawabe, T.; Manome, Y. Development and evaluation of a monolithic drug-in-adhesive patch for
valsartan. Int. J. Pharm. 2010, 402, 103-109. [CrossRef]

Vijayan, V.; Sumanth, M.; Suman, L.; Vinay, T.; Srinivasrao, D.; Kumar, K. Development and Physiochemical, in vitro Evaluation
of Antihypertensive Transdermal Patches. J. Pharm. Sci. Res. 2010, 2, 171-177.

Sinha, V.; Kaur, M. Permeation Enhancers for Transdermal Drug Delivery. Drug Dev. Ind. Pharm. 2000, 26, 1131-1140. [CrossRef]
Abassi, Z.A.; Skorecki, K.; Heyman, S.N.; Kinaneh, S.; Armaly, Z. Covid-19 infection and mortality: A physiologist’s perspective
enlightening clinical features and plausible interventional strategies. Am. ]. Physiol. Lung Cell Mol. 2020, 318, 1020-1022.
[CrossRef] [PubMed]

Walther, T.; Kuebler, WM. Don’t judge too RAShly: The multifaceted role of the renin-angiotensin system and its therapeutic
potential in COVID-19. Am. |. Physiol. Lung Cell Mol. 2020, 318, 1023-1024. [CrossRef] [PubMed]

Abassi, Z.A.; Skorecki, K.; Heyman, S.N.; Kinaneh, S.; Armaly, Z. Reply to Letter to the Editor: “Don’t judge too RAShly: The
multifaceted role of the renin-angiotensin system and its therapeutic potential in COVID-19. Am. |. Physiol. Lung Cell Mol. 2020,
318, 1029-1030. [CrossRef] [PubMed]

Gurwitz, D. Angiotensin Receptor blockers (ARBs) as tentative SARS-Cov-2 therapeutics. Drug Dev. Res. 2020, 81, 537-540.
[CrossRef] [PubMed]

Dambha-Miller, H.; Albasri, A.; Hodgson, S.; Wilcox, C.R.; Khan, S.; Islam, N.; Little, P; Griffin, S.J. Currently prescribed drugs in
UK that could upregulate or downregulate ACE2 in Covid-19 disease: A systematic review. Br. Med. ]. 2020, 10, 1-10. [CrossRef]
Rico-Mesa, ].S.; White, A.; Anderson, A.S. Outcomes in Patients with COVID-19 Infection Taking ACEI/ARB. Curr. Cardiol. Rep.
2020, 22, 31. [CrossRef]

Nejat, R.; Sadr, A.S. Are losartan and Imatinib Effective against SARS-CoV2 Pathogenesis? A Pathophysiologic-Based In Silico
Study. In Silico Pharmacol. 2020, 9, 1-39. [CrossRef]

Shete, A. Urgent need for evaluating agonists of angiotensin-(1-7)/Mas receptor axis for treating patients with COVID-19. Int. |.
Infect. Dis. 2020, 96, 348-351. [CrossRef]

Marin, G.H. Facts and reflections on COVID-19 and anti-hypertensives drugs. Drug Discov Ther 2020, 14, 105-106. [CrossRef]
Meng, J.; Xiao, G.; Zhang, ].; He, X.; Ou, M; Bi, J.; Yang, R.; Di, W.; Wang, Z.; Li, Z.; et al. Renin-angiotensin system inhibitors
improve clinical outcomes of Covid 19 patients with hypertension. Emerg. Microbes Infect. 2020, 9, 757-760. [CrossRef] [PubMed]
Sriram, K.; Rohit, L.; Paul, A.L. Targeting the renin-angiotensin signaling pathway in COVID-19: Unanswered questions,
opportunities, and challenges. PNAs 2020, 117, 29274-29282. [CrossRef] [PubMed]

Warner, FJ.; Rajapakhsa, H.; Shackel, N.; Herath, N. ACE2: From protection of liver disease to propagation of COVID-19. Clin.
Sci. 2020, 134, 3137-3158. [CrossRef] [PubMed]

Ni, W,; Yang, X.; Yang, D.; Bao, J.; Li, R.; Xiao, Y.; Hou, C.; Wang, H.; Liu, J.; Yang, D.; et al. Role of angiotensin-converting enzyme
2 (ACE2) in COVID-19. Crit. Care 2020, 24, 422. [CrossRef]

Li, H.; Zhang, P; Zhu, L.; Cai, J.; Lei, F; Qin, J.; Xie, J.; Liu, YM.; Zhao, Y.C.; Huang, X,; et al. Association of inpatient use of
angiotensin converting enzyme inhibitors and angiotensin II receptor blockers with mortality among patients with hypertension
hospitalized with Covid-19. Circ. Res. 2020, 126, 1671-1681.

Amanat, A.; Ranjit, V. Dynamics of the ACE-2-SARS-CoV-2/SARS-CoV spike protein interface reveal unique mechanisms. Nature
2020, 10, 214.

Vaduganathan, M.; Vardeny, O.; Michel, T.; McMurray, ].].V.; Pfefer, M.A.; Solomon, S.D. Renin-Angiotensin-Aldosterone System
Inhibitors in Patients with Covid-19. N. Engl. J. Med. 2020, 382, 1653-1659. [CrossRef]

Lopes, R.D.; Macedo, A.V.; Silva, P.; Moll-Bernardes, R.J.; Feldman, A.; Saba Arruda, G.D; Silvestre de Souza, A.; Campos de
Albuquerque, D.; Mazza, L.; Fraga Santos, M.; et al. Continuing versus suspending angiotensin-converting enzyme inhibitors
and angiotensin receptor blockers: Impact on adverse outcomes in hospitalized patients with severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2)—The BRACE CORONA trial. Am. Heart J. 2020, 226, 49-59. [CrossRef]

Phua, J.; Weng, L.; Ling, L.; Egi, M.; Lim, C.M.; Divatia, J.; Shrestha, B.R.; Arabi, YM.; Ng, J.; Gomersall, C.D.; et al. Intensive care
management of coronavirus disease 2019 (COVID-19): Challenges and recommendations. Lancet Respir. Med. 2020, 8, 506-517.
[CrossRef]


http://doi.org/10.1016/j.ijpharm.2010.09.031
http://doi.org/10.1081/DDC-100100984
http://doi.org/10.1152/ajplung.00097.2020
http://www.ncbi.nlm.nih.gov/pubmed/32207983
http://doi.org/10.1152/ajplung.00118.2020
http://www.ncbi.nlm.nih.gov/pubmed/32364441
http://doi.org/10.1152/ajplung.00133.2020
http://www.ncbi.nlm.nih.gov/pubmed/32364440
http://doi.org/10.1002/ddr.21656
http://www.ncbi.nlm.nih.gov/pubmed/32129518
http://doi.org/10.1136/bmjopen-2020-040644
http://doi.org/10.1007/s11886-020-01291-4
http://doi.org/10.1007/s40203-020-00058-7
http://doi.org/10.1016/j.ijid.2020.05.002
http://doi.org/10.5582/ddt.2020.01017
http://doi.org/10.1080/22221751.2020.1746200
http://www.ncbi.nlm.nih.gov/pubmed/32228222
http://doi.org/10.1073/pnas.2009875117
http://www.ncbi.nlm.nih.gov/pubmed/33203679
http://doi.org/10.1042/CS20201268
http://www.ncbi.nlm.nih.gov/pubmed/33284956
http://doi.org/10.1186/s13054-020-03120-0
http://doi.org/10.1056/NEJMsr2005760
http://doi.org/10.1016/j.ahj.2020.05.002
http://doi.org/10.1016/S2213-2600(20)30161-2

	Introduction 
	From Angiotensin II to Losartan and ARBS 
	From Linear to Cyclic Peptides 

	The Strategy to Build Non-Peptide Mimetics 
	Rational Design of Potent Cyclic Peptides Based on SAR (Structure–Activity Relationship) and NMR Studies 
	The Renin–Angiotensin System (RAS) Regulates Vasodilation 
	The Role of Phenylalanine for Hypertensive Activity of Angiotensin 
	Charge Relay System (CRS) and the Role of Tyrosine Hydroxyl in Triggering Activity of Angiotensin II 
	Cyclic Angiotensin II Analogues Confirm the Ring Cluster Conformation of ANG II 
	From Potent Cyclic (3,5) Angiotensin II to Losartan and ARBS—A Simulation Study 
	Losartan Carboxylic Acid (EXP 3174) is a Stronger Binder Compared to Losartan 
	Receptor Desensitization by Angiotensin II Antagonist Sarilesin 
	Bis Alkylated Arbs Display Strong Affinity and Antagonist Activity 
	Perspectives of Arbs in Transdermal Treatment of Hypertension 
	Perspectives of ARBs in COVID-19 Therapy 
	Conclusions 
	References

