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A B S T R A C T   

The multifactorial etiology of hypertension has promoted the research of blood pressure-lowering agents with 
multitarget actions to achieve better clinical outcomes. We describe here the discovery of novel dual-acting 
antihypertensive codrugs combining pharmacophores with angiotensin type 1 (AT1) receptor antagonism and 
neprilysin (NEP) inhibition. Specifically, the codrugs combine the AT1 antagonists losartan or its carboxylic acid 
active metabolite (E-3174) with selected monocarboxylic acid NEP inhibitors through a cleavable linker. The 
resulting codrugs exhibited high rates of in vitro conversion into the active molecules upon incubation with 
human/rat liver S9 fractions and in vivo conversion after oral administration in rodents. Moreover, the acute 
effects of one of the designed codrugs (3b) was confirmed at the doses of 10, 30 and 60 mg/kg p.o. in the 
spontaneous hypertensive rat (SHR) model, showing better antihypertensive response over 24 hours than the 
administration of an equivalent fixed-dose combination of 15 mg/kg of losartan and 14 mg/kg of the same NEP 
inhibitor used in 3b. The results demonstrate that the codrug approach is a plausible strategy to develop a single 
molecular entity with combined AT1 and NEP activities, aiming at achieving improved pharmacokinetics, effi
cacy and dosage convenience, as well as reduced drug-drug interaction for hypertension patients. In addition, the 
developability of the codrug should be comparable to the one of marketed AT1 antagonists, most of them 
prodrugs, but bearing only the AT1 pharmacophore.   

1. Introduction 

Primary hypertension affects more than 1 billion people worldwide 
(World Health Organization, 2019). Despite the availability of many 
marketed drugs, eighty percent of the hypertensive patients display a 
suboptimal blood pressure control. Hence, these patients could benefit 
from combination therapies to prevent more severe cardiovascular dis
eases. Multitarget drugs can provide greater antihypertensive potential 
than using high doses of a monotherapy, due to the synergistic effects of 
modulating distinct pathways (Guerrero-García& Rubio-Guerra, 2018). 

The renin-angiotensin-aldosterone (RAA) and the natriuretic peptide 
(NP) systems play a role in hypertension (Braunwald, 2015; Hubers and 
Brown, 2016). Angiotensin II (Ang II) is the major effector of the RAA 

axis, acting via the AT1 receptor to promote vasoconstriction, aldoste
rone release and water retention. Several AT1 receptor blockers (ARBs), 
also known as sartans, have been developed (Miura et al., 2011). They 
are formed by a biphenyl-methyl backbone combined with one or two 
acidic groups like tetrazole and carboxylic acid, which are required for 
potency but lead to poor oral drug bioavailability, especially with two 
ionizable acidic groups. Accordingly, some of the marketed ARBs are 
inactive prodrugs, such as candesartan cilexetil and olmesartan mex
odomil, that are converted into their active forms in the plasma (Bar
reras and Gurk-Turner, 2003). 

Losartan is an ARB that has an oral bioavailability of 33% due to its 
conversion to the 10-fold more potent metabolite E-3174 (Fig. 1), 
formed by oxidation of the C5-hydroxymethyl on the imidazole ring 
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(Sica et al., 2005). The terminal half-lives of losartan and E-3174 are 2 
and 6-9 hours, respectively. Losartan produces a biphasic inhibition of 
the Ang II pressor response, with a short peak inhibition followed by a 
gradual decrease over 3 hours (Wong et al., 1990a), suggesting that 
E-3174 could participate in the lasting action of losartan (Christen 
et al., 1991). The cytochrome P450 2C9 (CYP2C9) mediates the oxida
tion of losartan to E-3174, and CYP2C9 variants confer clinical differ
ences in losartan metabolism (Yasar et al., 2002) and antihypertensive 
effects (Joy et al., 2009). The dependence on CYP2C9 metabolism is not 
desirable from a drug-drug interaction perspective, since the concomi
tant use of CYP2C9 substrates/inhibitors may lead to insufficient E-3174 
levels and 24-hour blood pressure control (Daly et al., 2017) . Moreover, 
the CYP2C9-mediated formation of losartan adducts (Iwamura et al., 
2011) has been involved in drug-induced liver injury (Patti et al., 2019). 

The NP system is consisted of peptides that are released by me
chanical stretching of the atria and left ventricle, inducing natriuresis, 
diuresis, and vasodilation (Bavishi et al., 2015). These peptides are 
inactivated by the metalloprotease neprilysin (NEP), which has stimu
lated the exploration of NEP inhibitors such as sacubitrilat, phosphor
amidon and candoxatrilat to increase circulating levels of NPs. A series 
of mono and dicarboxylic acid glutaramides based on candoxatrilat has 
shown good potency and oral absorption in rats (Maw et al., 2006; 
Pryde et al., 2006; Pryde et al., 2007). 

The simultaneous modulation of the RAA and NP systems via AT1 
antagonism and NEP inhibition can synergistically promote hemody
namic effects (Maslov et al., 2019). Accordingly, the combination of an 
ARB and a NEP inhibitor in a single pharmaceutical form has been 
explored in the clinic. LCZ696 (Entresto®) is a first-in-class, fixed-dose 
AT1 antagonist-NEP inhibitor combination, that was approved by the 
FDA for the treatment of chronic heart failure. The twice daily admin
istration of LCZ696 reduces the risk of cardiovascular complications by 
20% (McMurray, 2014). LCZ696 is a non-covalently bound co-crystal of 
the sodium salts of sacubitril (NEP inhibitor) and valsartan (ARB) that 
promotes greater solubility and absorption of the parent molecules. 
Although co-crystals can improve solid-state forms beyond salts and 
polymorphs, they have several development challenges, like regulatory, 
manufacturing, stability and physicochemical issues. The mismatches 
between the pKa or solubility of the comprising drugs narrow the use of 
co-crystals, i.e., pKa differences greater than 1 log unit can result in salt 
rather than co-crystal formation (FDA, 2018), and differential solubility 
can yield non-stoichiometric crystal units (Thipparaboina et al., 2016). 
The diversity of crystal packing arrangements can also lead to complex 
crystal structures (Kavanagh et al., 2019). Indeed, each unit cell of 
LCZ696 has six sacubitril and six valsartan anionic molecules, 18 penta- 
and hexa-coordinated sodium cations, and 15 water molecules, with a 
molecular formula of C288H330N36O48Na18•15H2O, and weight of 
5748.03 g/mol (Feng et al., 2012). 

This work has explored a different approach than co-crystals to 
modulate the RAA and NP systems using a single molecular entity that 
chemically combines the pharmacophores of AT1 antagonists and NEP 
inhibitors into reciprocal prodrugs (also named codrugs). Codrugs are 
defined as two active molecules that are combined into a single molecule 
through a cleavable linker, which is enzymatically hydrolyzed in vivo, 

releasing the active molecules (PariseFilho et al., 2010). Codrugs are 
useful when a combination therapy is desirable but one of the active 
molecules or both show poor oral exposure as individual molecular 
entities. This approach is different than classical prodrugs, such as sar
tans, that are formed by incorporating pharmacologically inactive 
moieties in an active drug to improve its oral absorption. Since prodrugs 
are needed to deliver optimal plasma concentrations of an AT1 antag
onist, why not swap the inactive moiety of sartan prodrugs by a NEP 
inhibitor to generate a codrug? In this way, most of the atoms would 
serve a more “honorable” purpose. More importantly, the codrug 
strategy may offer better pharmacokinetics, efficacy and reduced 
drug-drug interactions over sartans and even LCZ696, while keeping 
developability comparable to sartans, i.e., much simpler and less 
limiting than co-crystals. 

2. Material and methods 

2.1. Drugs and formulation 

Losartan, candesartan, candesartan cilexetil and sacubitrilat were 
purchased from Sigma-Aldrich (St. Louis, MO, USA). For the in vitro 
assays, compounds were prepared as dimethyl sulfoxide (DMSO) stock 
solutions and diluted in the appropriate buffers. The compounds were 
formulated in 5% DMSO, 10% Solutol and 85% aqueous saline solution 
for the in vivo studies. 

2.2. Animals 

Male Sprague Dawley (SD) rats and spontaneously hypertensive rats 
(SHR), 7-9 weeks, from Vital River (Beijing, China) were used for the in 
vivo pharmacokinetics (PK) studies. Male SHR, ~11-12 weeks, from 
Vital River (Beijing, China) were used for the in vivo efficacy study. The 
animals were housed in pairs at 20 – 26◦C, relative humidity of 30 – 
70%, 12 h artificial light and 12 h dark. Food and water were available 
ad libitum, except if stated otherwise. Animals were acclimated under 
these conditions for at least 3 days (PK) or 2 weeks (efficacy) before 
being placed on a study. All the experiments were conducted in accor
dance with institutional guidelines and the recommendations of the 
Association for Assessment and Accreditation of Laboratory Animal Care 
International (AAALAC), the Animal Welfare Act and the Guide for the 
Care and Use of Laboratory Animals. The experimental procedures were 
reviewed and approved by the Animal Care and Use Committee from 
WuXiAppTec (Shanghai, China) under the protocol number GP02-059- 
2018v1.0. 

2.3. Cheminformatics analysis 

A cheminformatics analysis was performed using the RDKit and the 
Chemistry Development Kit (CDK) nodes implemented in KNIME (Uni
versity of Konstanz) to select the best NEP inhibitors (NEPi) for the 
design of codrugs. Specifically, the half-maximal inhibitory concentra
tion (IC50) and the inhibition constant (Ki) values of 1,039 compounds 
against NEP were downloaded from the ChEMBL database and con
verted to the negative logarithm (pIC50 and pKi, respectively). Com
pounds with pIC50/pKi<6.5, molecular weight >500 g/mol and logP>5 
were removed from the dataset. In addition, molecules containing 
phosphates, hydroxamic acids or thiols were filtered out. Finally, mol
ecules containing more than two aromatic rings, and those with two or 
more acid groups were also removed. The lipophilicity of the com
pounds was estimated using the in silico partition coefficient (clogP) 
method proposed by Mannhold et al. (2009) and implemented in the 
CDK node. Lipophilic ligand efficiency (LLE) values were calculated for 
the remaining compounds (LLE = pIC50 – clogP) and a scatter plot was 
built to select compounds with both high pIC50 (x-axis) and LLE (y-axis) 
values for optimal properties of the codrugs. 

Fig. 1. Conversion of losartan to its more active carboxylic acid metabolite (E- 
3174) by the CYP2C9 enzyme. 
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2.4. In vitro NEP inhibition 

The in vitro NEP inhibition assay was performed using human re
combinant enzyme (Anaspec, Fremont, CA, USA) and the fluorogenic 
peptide Mca-RPPGFSAFK(Dnp)-OH (R&D Systems, Shanghai, China), as 
previously described (Johnson and Ahn, 2000; Moss et al., 2020; Ruf 
et al., 2012). The compounds were assessed, in duplicate, in a 5-point log 
serial dilution within the concentration ranges 3 nM – 30 µM or 0.1 nM – 
1 µM (sacubitrilat only).The compounds were incubated with the re
combinant enzyme (0.1 ng/µL) for 30 min, at room temperature, in a 
Tris-HCl buffer (50 mM, pH 6.5). The reaction was initiated by adding 
the enzyme substrate (10 µM), which was then incubated for 90 min at 
room temperature. The fluorescence was measured using the FlexStation 
Microplate Reader (Molecular Devices, San Jose, CA, USA), excitation at 
328 nm and emission at 393 nm. 

2.5. Stability in liver and intestine S9 

Metabolic stability studies were performed using liver and intestine 
S9 fractions (LS9 and IS9, respectively) from humans and SD rats, as 
previously described (Plant, 2004; Richardson et al., 2016). The codrugs 
(1 µM) were incubated with the S9 fractions (1 mg of protein/mL) for 60 
min, at 37◦C, with sample collection at 0, 5, 10, 20, 30 and 60 minutes. 
The concentrations of the parent and the active compounds of interest 
were quantified. The assay buffer was potassium phosphate (100 mM, 
pH 7.4) and the cofactors were NADP (1.3 mM), G6P (3.3 mM), G6PDH 
(0.4 U/mL), UDPGA (2.5 mM), PAPS (0.1 mM) and MgCl2 (3.3 mM). At 
each time point, the stop solution (cold methanol) was added to the 
incubation mixture, followed by centrifugation. The peak areas corre
sponding to the analytes were determined by HPLC-MS/MS. The in vitro 
half-life (t1/2) was calculated based on their disappearance rate (k, slope 
of the natural logarithm of concentration versus time curve) assuming 
first-order reaction kinetics, using the formula t1/2 = 0.693/-k. 

2.6. Stability in aqueous buffers, simulated gastric (SGF) and intestinal 
fluids (SIF) 

The stability of selected compounds was assessed in aqueous buffers 
at pH 1.1, 6.5 and 7.4, simulated gastric (SGF) and intestinal fluids (SIF). 
The buffers used were 75 mM phosphate buffer (pH 6.5 and 7.4) and 75 
mM phosphate buffer with 6N HCl (pH 1.1). SGF (pH 1.2) consisted of 
NaCl (35 mM), HCl (80 mM) and pepsin (0.3%, w/v) and SIF (pH 6.8) 
consisted of KH2PO4 (50 mM) and pancreatin (1%, w/v). The com
pounds (2 µM) were incubated for 24 h in each medium, in duplicate, at 
37◦C, with sample collection at 0, 1, 2, 6 and 24 h. The collected samples 
were mixed with cold acetonitrile and analyzed by HPLC-MS/MS. The 
experiments were performed in duplicate. The in vitro half-life (t1/2) was 
calculated based on the parent compound disappearance rate (k, slope of 
the natural logarithm of concentration versus time curve) assuming first- 
order reaction kinetics, using the formula t1/2 = 0.693/-k. 

2.7. Stability in plasma 

The stability of selected compounds was assessed in human and SD 
rat plasma. Compounds (2 µM) were incubated with the plasma for 2 h, 
at 37◦C, in duplicate and samples were collected at 0, 10, 30, 60 and 120 
min. At each timepoint, the stop solution (50:50 v/v acetonitrile/ 
methanol) was added and the disappearance of parent test compounds 
and their conversion to the metabolites were quantified by HPLC-MS/ 
MS. The in vitro half-life (t1/2) was calculated based on the parent 
compound disappearance rate (k, slope of the natural logarithm of 
concentration versus time curve) assuming first-order reaction kinetics, 
using the formula t1/2 = 0.693/-k. 

2.8. Aqueous kinetic solubility 

Aqueous kinetic solubility was determined in a phosphate-buffered 
saline (PBS, pH 7.4) using the shake-flask method (Lipinski et al., 
2001). Compounds were diluted in DMSO and transferred to the assay 
medium at the target solubility (200 µM). Samples were incubated for 24 
hours under constant shake (800 rpm) at room temperature and 
analyzed by HPLC-MS. The experiment was performed once in 
duplicate. 

2.9. Pharmacokinetic (PK) studies 

The PK of selected compounds was assessed in SD and SHR rats 
following acute intravenous (i.v.) and oral (p.o.) administration. The 
animals from the p.o. groups were fasted for 12 h and then given access 
to food 4 h post-dose.Water was available ad libitum. The plasma con
centrations of the parent (losartan and 3b) and the active compounds of 
interest (E-3174 and 1a) were monitored over a 24-hour period after 
dosing and used to calculate the PK parameters. Data is reported as mean 
± SEM of n = 3 animals per group. 

The concentrations of the test compounds in plasma samples were 
determined using SCIEX Triple Quad 6500+ LC-MS/MS system with a 
Turbo Spray Ion Drive ionization source and a triple quadrupole 
analyzer. Chromatographic separation was achieved with an ACQUITY 
UPLC BEH C18 column (1.7 μm, 2.1 × 50 mm), a gradient of 100% 
solvent A to 100% solvent B (solvent A: 95:5 v/v water with 0.1% formic 
acid and 2 mM NH4HCO2 in Water/Acetonitrile; solvent B: 5:95 v/v 
water with 0.1% formic acid and 2 mM NH4HCO2 in Water/Acetonitrile) 
at the flow rate of 0.65 mL/min. 

The oral bioavailability of the parent and active molecules were 
estimated using the equation below, based on the calculation described 
elsewhere (Guo et al., 2012; Tao et al., 2018). The dose values used in 
the formula were the molar equivalents of the parent compounds or 
active compounds in mols per kg of the animals’ body weight to account 
for molar differences between the administered doses in mg/kg. Spe
cifically, it is important to use molar equivalents to correctly obtain the 
oral bioavailability of an active molecule administered directly in the i. 
v. leg but as part of a codrug in the p.o. leg. 

Bioavailability (%) =
AUC p.o. X Dose i.v. (mols per kg)
AUC i.v. X Dose p.o. (mols per kg)

2.10. Antihypertensive testing of the codrug 3b in spontaneous 
hypertensive rats (SHR) 

The evaluation of the blood pressure-lowering effects of the codrug 
3b was performed using the SHR model (Lerman et al., 2019; Pinto et al., 
1998; Wang et al., 2017). After seven days of cage habituation, rats were 
acclimated to the tail-cuff device (Kent Scientific Corporation) twice 
daily for 3 days. Animals had access to food and water ad libitum. To 
obtain a reading, the occlusion cuff was placed near the tail base, 
inflated, and then deflated slowly. The systolic blood pressure (SBP) was 
determined when the volume pressure recording cuff, placed further 
from the tail base, first registered a change in tail volume. The occlusion 
cuff continued to deflate until the inflow and outflow of blood was 
equalized, leading to a stable tail volume and yielding the diastolic 
blood pressure (DBP). Each blood pressure (BP) measuring cycle lasted 
42 seconds, consisting of a 20-second measuring period followed by a 
22-second refractory period. 

Besides SBP and DBP, the assessed cardiovascular parameters were 
heart rate (HR) and mean arterial pressure (MAP). MAP was calculated 
as DBP + 1/3 (SBP – DBP). Animals were screened for baseline BP and 
only the ones displaying SBP higher than 165 mmHg were selected for 
the study. The rats were randomly divided into 6 groups, n = 8 per 
group, which were subjected to acute oral treatment with (i) vehicle, (ii- 
iv) 3b at 10, 30 or 60 mg/kg, (v) losartan at 15 mg/kg, and (vi) the 
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fixed-dose combination of losartan at 15 mg/kg and 1a at 14 mg/kg. 
The losartan dose in the comparator group (v) was selected considering 
efficacious doses previously reported in the SHR model (Gaudet et al., 
1995; Wong et al., 1990b). The intermediate dose of codrug 3b was then 
set at 30 mg/kg to deliver E-3174 at an equimolar amount to losartan at 
15 mg/kg. Two additional doses of 3b, lower and higher than the in
termediate dose (10 and 60 mg/kg), were considered. Finally, as 3b 
yields E-3174 and 1a at an 1:1 stoichiometric ratio, the doses of los
artan and 1a in the combination (vi) were chosen to match equimolar 
amounts of the active molecules E-3174 and 1a upon administration of 
3b at 30 mg/kg. 

The calculation of the sample size per group was determined by the 
power analysis based on normal distributions, using the web-based 
software at URL: https://www.stat.ubc.ca/~rollin/stats/ssize/n2.html, 
and comparing the results with reported sample sizes for ANOVA using 
the standardized effect size approach described in Bausell and Li (2002). 
The numerical assumptions for sample size calculation were (i) smallest 
significant BP reduction to detect of 15 mmHg, (ii) standard deviation of 
10 mmHg, (iii) type I error (α) = 5%, and (iv) type II error (β) of 20%. 
These assumptions were based on previous studies that tested the acute 
antihypertensive effects of losartan in SHR (Gaudet et al., 1995; Wong 
et al., 1990b). 

The cardiovascular endpoints were measured at pre-dose, 1, 2, 4, 8 
and 24 h after dosing. The variation (Δ) of these parameters at each time 
point was calculated in comparison to the pre-dose values and used to 
estimate the parameter AUC (area under the curve) of the variation over 
24 hours. 

2.11. Statistical data analysis 

The in vitro NEP inhibition IC50 values were determined by the 
nonlinear regression analysis of the concentration-response curves using 
the Hill equation curve fitting in GraphPad Prism v8.0 (GraphPad 
Software, La Jolla, CA, USA). The PK parameters were calculated using 
the noncompartmental model in WinNonlin v6.3 (Certara, Princeton, 
NJ, USA). The statistical comparisons for the in vivo efficacy study were 
performed with GraphPad Prism v8.0 using one-way (AUC) or two-way 
(data over time) analysis of variance (ANOVA) followed by the Holm- 
Sidak post-hoc test. Statistically significant differences in SBP, DBP, 
MAP or HR were defined as those with multiplicity adjusted p-values 
lower than 0.05. 

2.12. Chemical synthesis 

All reagents and solvents were purchased from Sigma-Aldrich® and 
used as obtained without further purification. The progress of all re
actions was monitored by analytical thin-layer chromatography, which 
was performed on silica-gel Silicagel 60 F₂₅₄ plates (Merck). Visualiza
tion was accomplished with UV light. Chromatographic purifications 
were carried out through a silica gel column using a Biotage IsoleraTM 

Dalton 2000 automated system in gradients of dichloromethane and 
methanol. All 1HNMR spectra were recorded using a Bruker spectrom
eter (model Avance III 400 MHz or 500 MHz) at 25 ◦C. 13C NMR spectra 
were recorded using a Varian spectrometer (model Advance 125 MHz) 
at 27 ◦C. Chemical shifts (δ) are given in ppm relative to SiMe4 and 
referenced to the residual solvent signal. Coupling constants (J) are re
ported in Hz to the nearest 0.5. All samples were solubilized in CDCl3, 
CD3OD or DMSO-d6 and the analysis varied in time according to each 
sample. High Resolution (HR) mass spectrometry data (m/z) was ob
tained using an UHPLC Agilent 1290 Infinity with MS Agilent Q-TOF 
6540 UHD Accurate-Mass system with an electrospray ionization source 
(Agilent Jet Stream – AJS) and Time of Flight (TOF) analyzer. Optical 
purity was determined by analytical HPLC analysis via comparison to 
racemic material. The preparation of compounds 1a, 1b, 1c and 1d was 
done as previously described (Pryde et al, 2007). The experimental de
tails of the intermediates and final compounds 2a, 2b, 3a, 3b, 3c, 4a 

and 4b are reported in the Supporting Information (SI). 

3. Results 

3.1. Design of codrugs containing promoieties with AT1 antagonist and 
NEP inhibitory activities 

The design of prodrugs requires the selection of appropriate pro
moieties and linkers, with several functional groups being applied to 
linker design, such as esters, amides, disulfide, carbonates, carbamates, 
oximes, phosphates, phosphonates and azo bonds (Rautio et al., 2008). 
Given that the most common prodrugs are formed by ester bonds that 
are hydrolyzed to their active carboxylic acids after gastrointestinal 
absorption, we decided to first explore codrugs with ester-based linkers. 
The compounds were designed to have losartan or its more active 
metabolite, E-3174, as the AT1 promoieties, and NEP inhibitors (NEPi), 
as the NEP promoieties, with a variety of ester linkers in between. The 
use of the active carboxylic acid metabolite of losartan (E-3174) in the 
prodrug, besides losartan itself, was considered so that the systemic 
AT1 antagonism would not be dependent on CYP2C9 conversion of 
losartan into E-3174. E-3174 is a very interesting option as an AT1 
promoiety because it is much more potent than losartan. In addition, 
E-3174 would require a prodrug approach for oral absorption as the two 
ionizable acidic groups would hinder its permeability across cell 
membranes. 

The NEPi considered as promoieties in the codrugs were selected 
from the literature. The dataset used in the analysis to select the best 
options for codrugs contained 1,039 compounds from the ChEMBL 
database with either IC50 or Ki NEP inhibition data available. Only 
compounds with potent activity (pIC50/pKi>6.5), low molecular weight 
(MW<500 g/mol) and low lipophilicity (clogP<5) were further 
considered. We have also filtered out NEPi with phosphates, hydroxamic 
acids or thiols, since these groups are less drug-like and exhibit higher 
potential to induce toxicity by either reactive metabolites or lack of 
selectivity. Molecules with two or more carboxylic acids were removed 
because only one of these groups could be masked in the designed 
codrugs. Finally, NEPi with two or more aromatic groups were excluded 
to keep the total number of aromatic groups in the codrugs as low as 
possible to mitigate poor pharmacokinetics following oral administra
tion (Ritchie and Macdonald, 2009; Ward and Beswick, 2014). 

This initial assessment has led to the identification of a set of 31 NEP 

Fig. 2. Scatter plot depicting the activity against NEP (pIC50) and lipophilic 
ligand efficiency (LLE) of selected NEP inhibitors described in the literature 
(ChEMBL database). LLE was calculated as the difference between pIC50 and 
clogP values. Compounds CHEMBL225085 (1a), CHEMBL224670 (1b), 
CHEMBL225084 (1c) and CHEMBL378763 (1d) were selected for the design of 
codrugs bearing also an AT1 antagonist. The cyclopropylglutaramide 
CHEMBL389061 was not prioritized due to the more complex synthetic route to 
obtain the trans-amino cyclopropane and the concern about its chemical sta
bility and potential to form reactive metabolites. 
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inhibitors. Fig. 2 shows a scatter plot containing their potency and 
lipophilic ligand efficiency (LLE) values. LLE is a parameter that in
dicates the enthalpic contribution of ligand-protein affinity as the dif
ference between potency and the lipophilicity (LLE = pIC50 – clogP), 
which is useful to guide the selection of leads with higher potential to 
exhibit good in vivo efficacy and safety (Johnson et al., 2018) . In our 
case, the consideration of LLE values was important to keep the size and 
lipophilicity of the codrugs as low as possible when incorporating potent 
NEPi promoities. Four NEPi described by Pryde et al. (2007) have 
emerged as the best options: CHEMBL225085 (1a), CHEMBL224670 
(1b), CHEMBL225084 (1c) and CHEMBL378763 (1d). They display 
appropriate potency, physicochemical and structural features to maxi
mize the likelihood of achieving suitable oral pharmacokinetics when 
combined with the AT1 promoieties in the codrugs. Although meeting 
the potency and LLE criteria, the cyclopropylglutaramide 
CHEMBL389061 was not prioritized due to the more complex synthetic 
route to obtain the trans-amino cyclopropane as well as the concern 
regarding its chemical stability and potential to form reactive metabo
lites (Pryde et al., 2007). 

3.2. Synthesis of the novel dual-acting codrugs 

We have synthesized a series of novel codrugs according to the 
synthetic procedures described in the Supporting Information. The 
functionalized glutaramides1a, 1b, 1c and 1d were prepared as previ
ously described (Maw et al., 2006; Pryde et al., 2006, 2007). The potent 
inhibitory activity of these compounds against NEP was confirmed in a 
biochemical assay (IC50 = ~20-60 nM) and compared to sacubitrilat 
(IC50 = 1.2 nM), the NEP inhibitor present in the combination LCZ696 
(Table S1). 

To test the concept of a codrug containing a NEPi and an AT1 
antagonist, we have first explored a simple ester linker between the 
pharmacophores. Scheme 1 describes the synthetic route employed to 
generate 2a and 2b. The final compounds were obtained by an esteri
fication reaction between 1a or 1b and losartanto afford 2a and 2b, 
respectively. 

To further explore the linker distance and geometry between the NEP 
and AT1 pharmacophores, we have also synthesized compounds 3a, 3b 
and 3c. Scheme 2 illustrates the synthetic route where E-3174 was used 
instead of losartan as starting material and reacted with 1,2-dibromo
ethane in the presence of potassium carbonate to afford the intermedi
ate bromo-ethyl derivative. This intermediate was then coupled with the 
S-int.4 in the presence of potassium carbonate to give the benzyl pro
tected intermediate. The benzyl group was removed by hydrogenation 
followed by amidation with 3-(4-Chloro-phenyl)-propylamine and 
deprotection of the trityl group under acidic conditions to provide 3c. 

Alternatively, E-3174 was reacted with chloro(chlorosulfonyloxy) 
methane in the presence of tetrabutylammonium hydrogen sulfate and 
sodium bicarbonate solution to give the chloro-methyl derivative 
following the same synthetic steps described above to afford compound 
3b (Scheme 2). Finally, the exploration of an additional carbon atom in 
the linker was considered by reacting E-3174 with 1-bromo-1-chloro
ethane in the presence of cesium carbonate, leading to compound 3a 
as a mixture of the chiral methyl group in the linker (Scheme 2). 

The two remaining NEPi were incorporated in the codrugs by 
replacing the 3-(4-chloro-phenyl)-propylamine moiety from 3b with an 
amino-thiadiazole substituent to yield the final compound 4b or, alter
natively, with a more hydrophilic substituent (2-amino-indan-2-yl)- 
methanol to afford the final compound 4a (Scheme 3). 

All codrugs were obtained with overall yields ranging from 30 to 
47%. These variable yields obtained may be ascribed to side reactions 
and unavoidable losses during work up, specially by vacuum filtration, 
extraction, distillation steps or even during drying over sodium sulfate. 
Additional reaction/purification optimization may be further performed 
in future work to improve the overall percentage yield for the codrug 
candidate. 

The chemical structures of the final compounds were thoroughly 
characterized by the combined analysis of HNMR and MS data (see 
Supporting Information). The HNMR spectra of compounds 2a, 2b, 3a, 
3b, 3c, 4a and 4b and CNMR spectra of key-compound 3b are reported 
in Figures S2-S8 in the Supporting Information (SI). 

3.3. In vitro assessment of the conversion of the codrugs into the active 
molecules 

The bioconversion of prodrugs is commonly mediated by carbox
ylesterases (CES), ubiquitous enzymes that hydrolyze esters, amides, 
carbamates and thioester prodrugs. The isoform CES1 is highly 
expressed in the liver, whereas the small intestine only expresses CES2. 
CES2 preferentially hydrolyzes substrates with a small acyl moiety due 
to conformational steric hindrance, while CES1 hydrolyzes a variety of 
bulky substrates (Wang et al., 2018), offering good opportunities for the 
design of prodrugs that cleave only after intestinal absorption. 

The synthesized codrugs were initially incubated for 1 h with human 
liver and intestine S9 fractions (HLS9 and HIS9, respectively) to assess 
whether these systems could metabolize the ester-linked promoieties 
and generate the desired NEP inhibitors and AT1 antagonists. The S9 
fraction system is a good in vitro system to model the in vivo clearance of 
prodrugs, since CES are found in both subcellular microsome and 
cytosolic fractions (Nishimuta et al., 2014). The codrugs 3a, 3b and 4a 
were the only ones hydrolyzed by HLS9 and generated significant con
centrations of the corresponding AT1 antagonists and NEP inhibitors. 
The percentage of the maximal possible conversion based on the con
centration of the incubated codrug (1 μM) ranged from 15 to 45% for the 
active molecules. Incubation with HIS9 only led to relevant amounts of 
the corresponding AT1 antagonist (Table 1) and not the NEPi, projecting 
the liver as the site of action for the conversion. Candesartan cilexetil 
was used as a control and showed a similar scenario. The conversion rate 
to candesartan was 62.5% and 13.1% when incubated with HLS9 and 
HIS9, respectively. 

The more efficient conversion of the codrug 3b into the AT1 antag
onist (43.1%) and NEP inhibitor (30.3%) in HLS9 when compared to the 
other codrugs and less efficiently in HIS9 has prompted us to further 
investigate the in vitro properties of 3b before its in vivo assessment. 
Table 2 illustrates the stability of 3b in aqueous buffers and simulated 
biological fluids at different pHs as well as its solubility. 3b was very 
stable in SGF and in aqueous buffers at pH 1.1, 6.5 and 7.4, and showed 
good stability in SIF. 3b also exhibited adequate solubility at pH 7.4. We 
have not assessed the cell permeability of codrug 3b because it would be 
little informative: (i) the in vitro permeability models do not show good 
correlation with oral absorption data for beyond rule-of-5 compounds 
(Doak et al., 2014) and (ii) despite demonstrating good oral absorption, 
candesartan cilexetil (our control) displayed very poor permeability in a 
preliminary MDCK permeability (Irvine et al., 1999) test (Table S2). 

Before performing in vivo studies (PK and efficacy) in rats, we have 
also conducted an interspecies comparison of 3b metabolism using liver 
S9, intestine S9 and plasma from rat and human (Fig. 3). 3b was as 
efficiently converted into the active E-3174 and 1a molecules in rat liver 
S9 as it was in human. Similar to human, rat intestine S9 only generated 
E-3174, to a lower degree than in the liver, and did not generate 1a. 
While human and rat seem to be aligned in terms of S9 data, the situa
tion was very different between the two species in plasma. 3b was very 
stable in human plasma and did not generate E-3174 and 1a appre
ciably, while it was extensively cleaved in rat plasma into the desired 
molecules. Candesartan cilexetil was also used as a control in plasma 
and, again, a similar scenario to 3b emerged. Candesartan cilexetil was 
poorly converted into candesartan in human plasma; 69.7% of cande
sartan cilexetil still remained after 120 min (half-life = 15.9 ± 0.3 h) and 
only 3.9% of candesartan was generated. Taken together, the in vitro 
data suggests that codrug 3b, after dissolution, should demonstrate good 
stability in different gastrointestinal compartments upon oral adminis
tration to humans and rats, partially cleaved in the intestine by CES2 
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generating mainly the AT1 antagonist E-3174 and then more efficiently 
cleaved by CES1 in the liver into the two active molecules, E-3174 and 
1a. In rat plasma, 3b is further cleaved into the active molecules very 
effectively, while the same does not occur in human plasma, projecting a 
very good oral PK in rats, but less clear in humans. 

3.4. Oral bioavailability of the AT1 antagonist E-3174 and the NEP 
inhibitor 1a upon administration of codrug 3b compared to direct 
administration of losartan, E-3174 and 1a in different rat strains 

We have then decided to assess the in vivo PK behavior of codrug 3b 
after oral (10 mg/kg) and intravenous (1 mg/kg) administration to 
Sprague Dawley (SD) rats (Table 3 and Table S3, respectively). The PK 
parameters of 3b and its active promoieties E-3174 and 1a were 
compared to those of losartan, E-3174 and 1a administered directly to 
SD rats. As projected by the in vitro data, the oral administration of 3b 
resulted in good bioavailability of both the AT1 antagonist E-3174 and 
the NEP inhibitor 1a. These compounds were identified in plasma 
samples up to 24 hours after oral dosing, as shown in Fig. 4. Oral 
administration of E-3174 directly to SD rats, as expected, resulted in a 
very poor oral bioavailability (F = 3.5%) due to the presence of two 
ionizable acidic groups, one carboxylic acid and one tetrazole group. In 
contrast, the oral administration of 3byielded a much higher bioavail
ability of E-3174 (F = 14.6%) than the direct oral administration of E- 
3174 itself and even oral administration of losartan, which yielded an 
oral bioavailability of 6.3% for E-3174. If we account for molar differ
ences between the administered oral doses in mg/kg, the AUC value of 
E-3174 upon oral administration of 3b was about twice and four times 
as high the AUC values of E-3174 upon oral administration of losartan 
and E-3174, respectively (Table 3). The animals orally dosed with 3b 
also had appreciable bioavailability for the NEP inhibitor 1a (F =
10.4%), although the direct administration of 1a resulted in a much 
higher oral bioavailability (F= 67.9%), as 1a has drug-like physico
chemical properties. 

The in vivo PK of codrug 3b was further evaluated in the spontaneous 
hypertensive rat (SHR), as this species was the one used in the 

hypertensive model. 3b was dosed at 10, 30 and 60 mg/kg p.o. – possible 
doses in the efficacy model. The plasma exposure of the active pro
moiety E-3174 was compared to those of animals dosed losartan and E- 
3174 directly at 10 mg/kg p.o. and the plasma exposure of the active 
promoiety 1a was compared to that of animals dosed 1a directly at 10 
mg/kg p.o. (Table 4). Compounds E-3174 and 1a were also dosed 
intravenously at 1 mg/kg to afford the determination of their oral 
bioavailability (Table S4). The oral administration of 3b has yielded a 
dose-dependent and proportional increase in the plasma levels of E- 
3174 and 1a in SHR rats. The bioavailability of E-3174 upon oral 
administration of 3b at 10, 30 and 60 mg/kg was 40.9, 33.7 and 49.7%, 
respectively, much higher than the values obtained after oral adminis
tration of losartan and E-3174 itself (F = 10.3 and 9.5%, respectively). 
The plasma exposure of 1a following oral administration of 3b was also 
very good, with F values ranging from 9.2 to 18.4%. The AUC values for 
1a ranged from 1,824 to 15,410 h*ng/mL. Specifically, the AUC value 
for 1a after oral administration of 3b at 60 mg/kg (or 71.02 μmol/kg) 
delivered similar AUC values of 1a compared to its direct oral admin
istration at 10 mg/kg (or 25.26 μmol/kg). Fig. 5 shows that 3b was 
rapidly converted to the active molecules in plasma and that both E- 
3174 and 1a displayed good plasma levels over 24 hours after 10, 30 
and 60 mg/kg of 3bp.o. 

3.5. Antihypertensive effects of codrug 3b compared to losartan alone and 
combined with the NEP inhibitor 1a in the SHR model 

The acute antihypertensive effects of codrug 3b at 10, 30 and 60 mg/ 
kg p.o., the AT1 antagonist losartan (15 mg/kg p.o.) alone and com
bined with the NEP inhibitor 1a (15 mg/kg p.o. of losartan + 14 mg/kg 
p.o. of 1a) were evaluated in the SHR model over 24 hours (Fig. 6). The 
systolic blood pressure (SBP), diastolic blood pressure (DBP) and heart 
rate (HR) were measured at pre-dose, 1, 2, 4, 8 and 24 h after dosing, and 
the mean arterial pressure (MAP) was determined as DBP + 1/3 (SBP – 
DBP) at each time point. We have also calculated the variation (Δ) of 
these parameters over time in comparison to the pre-dose values, and 
then estimated the area under the curve (AUC) for each parameter and 
group. Statistically significant differences in blood pressure were iden
tified by two-way (over time) or one-way (AUC) ANOVA followed by the 
Holm-Sidak post-hoc test. 

The two-way ANOVA has shown statistically significant differences 
between the groups for the parameters ΔSBP (F(5,42) = 5.15, p<0.01), 
ΔDBP (F(5,42) = 4.32, p<0.01) and ΔMAP (F(5,42) = 4.39, p<0.01). All 
treated groups had statistically significantly lower ΔSBP (Fig. 6A), ΔDBP 
(Fig. 6C) and ΔMAP (Fig. 6E) at 4 h and 8 h (p<0.05) in comparison to 
vehicle. Interestingly, only the groups treated with codrug 3b at 30 and 
60 mg/kg p.o. or with the combination losartan + 1a had sustained 
lowering effects in ΔSBP and ΔMAP at the 24 h timepoint (p<0.05). On 

Table 1 
Conversion of the codrugs at 1 μM into the corresponding AT1 antagonist and NEP inhibitor in human liver and intestine S9 fractions.  

Codrug Stability in human liver S9 Stability in human intestine S9  

t1/2 

(min) 
Conversion to NEPi (%, 
1h) 

Conversion to AT1 antagonist (%, 
1h) 

t1/2 

(min) 
Conversion to NEPi (%, 
1h) 

Conversion to AT1 antagonist (%, 
1h) 

2a 7.5 0.4 15.3 23.5 0.3 8.1 
2b 6.2 0.4 13.2 12.7 0.4 8.1 
3a 5.2 15.6 43.4 13.1 0.5 21.5 
3b 2.1 30.3 43.1 11.6 2.4 18.4 
3c 2.6 1.2 0.4 5.5 0.2 0.3 
4a 2.6 18.1 43.8 8.4 0.1 24.4 
4b ND ND ND ND ND ND 
Candesartan 

cilexetil 
0.7 - 62.5 73.7 - 13.1 

t1/2 - compound disappearance half-life. NEPi – Neprilysin inhibitor. ARB – Angiotensin II receptor blockers or AT1 antagonist. ND – Not determined due to instability 
in the assay buffer. The codrugs were incubated with human liver and intestine S9 fraction for 60 min and their conversion to the active molecules were assessed. The 
active molecules were: (i) 1a and E-3174 for 3a, 3b and 3c, (ii) 1a and losartan for 2a, (iii) 1b and losartan for 2b, (iv) 1c and E-3174 for 4a and (v) candesartan for 
candesartan cilexetil. 

Table 2 
In vitro stability and solubility properties of codrug 3b.  

Assay pH Parameter  

Aqueous buffer stability 1.1 t1/2 (hour) >24 h  
6.5  >24 h  
7.4  >24 h 

Simulated gastric fluid 1.2  >24 h 
Simulated intestinal fluid 6.8  3.6 h (0.4) 
Kinetic solubility 7.4 Solubility (µM) 3.8 µM (0.2) 

Data is shown as mean (S.D.), n = 2. t1/2 – compound disappearance half-life. 
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the other hand, significantly reduced ΔDBP values were only seen for 
the groups treated with 3b at 30 and 60 mg/kg at 24 h (p<0.01). No 
statistically significant differences in ΔHR were observed (Fig. 6G). 

The results from the one-way ANOVA using the AUC data were also 
in line with those from the two-way ANOVA. There were significant 
differences in ΔSBP AUC (Fig. 6B, F(5,42) = 19.94, p<0.0001), ΔDBP 
AUC (Fig. 6D, F(5,42) = 15.56, p<0.0001) and ΔMAP AUC (Fig. 6F, F 
(5,42) = 18.15, p<0.0001) between the groups. The pairwise compar
isons against vehicle for the ΔSBP, ΔDBP and ΔMAP AUC parameters 
were all statistically significant (p<0.01), whereas the AUC comparisons 
against losartan-treated animals showed that only 3b exhibited lower 
ΔSBP (30 and 60 mg/kg p.o., p<0.01), ΔDBP (60 mg/kg p.o., p<0.05) 
and ΔMAP (30 and 60 mg/kg p.o., p<0.05) AUC values. In addition, the 

comparisons against the group treated with the combination losartan +
1a further evidenced the significant BP-lowering effects of 3b when 
analyzing the ΔSBP (30 and 60 mg/kg p.o., p<0.05) and ΔDBP (60 mg/ 
kg p.o., p<0.05) AUC parameters. It is important to note that the 30 mg/ 
kg dose of 3b is mole-by-mole equivalent to the combination of 15 mg/ 
kg of losartan + 14 mg/kg of 1a. 

4. Discussion 

We have explored here the concept of codrugs carrying an AT1 
antagonist and a NEP inhibitor to develop novel, more efficacious, and 
safer antihypertensive agents. Analyzing the chemical space of AT1 
antagonists and NEP inhibitors, there would be several potential 

Fig. 3. In vitro metabolic stability of codrug 3b and its conversion into the active molecules E-3174 and 1a in liver S9, intestine S9 and plasma of humans and SD rats.  
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advantages of administering a codrug instead of directly dosing a com
bination of parent compounds, their co-crystals or prodrug versions of 
each compound, such as improved solubility, enhanced permeability, 
prolonged half-life, better safety profile, and synergistic effects due to 
matched pharmacokinetics and delivery at the sites of action (Aljuffali 
et al., 2016). We have then designed, synthesized, and evaluated few 
possibilities to select a tool codrug, a minimum viable compound, to 
demonstrate the feasibility of the concept. 

The codrugs were tested in vitro using HLS9 and HIS9 to assess their 
potential to be hydrolyzed into the AT1 and NEP pharmacophores. 
Compound 3b emerged as the most effectively hydrolyzed compound 
from this screening and the results pointed to the liver - the desirable 
location - as the site of metabolism. The conversion of 3b into the active 
molecules was further evaluated in rat liver and intestine S9 fractions. A 
good alignment between species emerged; 3b was rapidly and effec
tively cleaved into the desired molecules in the presence of rat liver S9 

Table 3 
In vivo PK of codrug 3b, E-3174, losartan, and 1a in SD rats.  

Compound Analyte p.o. i.v.   

Dose (mg/kg [µmol/kg]) F (%) Cmax(ng/mL) AUC0-inf (h*ng/mL) Dose (mg/kg [µmol/kg]) AUC0-inf (h*ng/mL) 

E-3174 E-3174 10 [22.89] 3.5 (0.6) 1,112 (179) 5,708 (1,027) 1 [2.29] 16,419 (2,151) 
1a 1a 10 [25.26] 67.9 (11.2) 12,967 (808) 37,182 (6,106) 1 [2.53] 5,472 (3,377) 
3b 3b 10 [11.84] 0.8 (0.6) 22.1 (7.4) 16.5 (12.2) 1 [1.18] 214.8 (87.0)  

E-3174 - 14.6 (2.0) 3,957 (895) 12,431 (1,696) - -  
1a - 10.4 (4.5) 1,187 (281) 2,655 (1,142) - - 

Losartan Losartan 10 [23.65] 29.3 (7.6) 1,323 (654) 4,714 (1,216) 1 [2.36] 1,608 (220b)  
E-3174 - 6.3 (0.6) 1,387 (195) 10,661 (955) - - 

The compounds were administered to male SD rats at 1 mg/kg i.v. and 10 mg/kg p.o., n=3 animals per group. Data is shown as mean (S.D.). F - Bioavailability. Cmax – 
maximum plasma concentration. AUC0-inf - area under the curve from time 0 extrapolated to infinite time. The active molecules were also quantified after dosing with 
the parent codrug 3b (E-3174 and 1a) or losartan (E-3174). 

Fig. 4. Plasma concentrations of codrug 3b and its conversion to the active molecules E-3174 and 1a after oral and intravenous administration to SD rats. Codrug 3b 
was administered to male SD rats at 1 mg/kg i.v. and 10 mg/kg p.o., n=3 animals per group. Data is shown as mean ± S.E.M. The active molecules (E-3174 and 1a) 
were also quantified after the administration of the parent codrug 3b. 

Table 4 
In vivo pharmacokinetics of codrug 3b, E-3174, losartan, and1a in SHR rats.  

Compound Analyte  p.o. i.v.   

Dose (mg/kg [µmol/kg]) F (%) Cmax(ng/mL) AUC0-inf (h*ng/mL) Dose (mg/kg [µmol/kg]) AUC0-inf (h*ng/mL) 

E-3174 E-3174 10 [22.89] 9.5 (3.4) 1,084 (317) 10,862 (3,821) 1 [2.29] 11,510 (1,067) 
1a 1a 10 [25.26] 42.8 (4.4) 7,963 (956) 12,768 (1,311) 1 [2.53] 2,985 (543) 
3b 3b 10 [11.84] ND 34.3 (37.4) 100.9 (84.0) - -  

E-3174 - 40.9 (19.8) 2,873 (697) 24,104 (11,657) - -  
1a - 13.0 (5.3) 654.7 (444.6) 1,824 (748) - - 

3b 3b 30 [35.51] ND 180.0 (33.0) 216.7 (52.3) - -  
E-3174 - 33.7 (5.9) 11,007 (2,506) 59,548 (10,348) - -  
1a - 9.2 (1.3) 1,096 (220) 3,882 (535) - - 

3b 3b 60 [71.02] ND 374.3 (113.1) 784 (184) - -  
E-3174 - 49.7 (6.9) 25,967 (1,550) 175,694 (24,550) - -  
1a - 18.4 (3.3) 4,577 (1,061) 15,410 (2,776) - - 

Losartan Losartan 10 [23.65] ND 1,507 (330) 7,734 (2,053) - -  
E-3174 - 10.3 (2.0) 1,313 (60.3) 11,747 (2,279) - - 

The active molecules E-3174 and 1a were administered to male SHR rats at 1 mg/kg i.v. Losartan, E-3174, and 1a were administered at 10 mg/kg p.o.. Codrug 3b was 
administered at 10, 30 or 60 mg/kg p.o.. n=3 animals was used per group. Data is shown as mean (S.D.). ND – Not determined. F - Oral bioavailability. Cmax – maximum 
plasma concentration. AUC0-inf - area under the curve from time 0 extrapolated to infinite time. The active molecules were also quantified after the administration of 
the parent codrug 3b (E-3174 and 1a) and Losartan (E-3174). 
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and not effectively in rat intestine S9, generating only reduced con
centrations of E-3174. In plasma, however, the scenario was quite 
different between human and rat. 3b was quite stable in human plasma, 
but rapidly metabolized in rat plasma to produce E-3174 and 1a. 
Nishimuta et al. (2014) have found similar interspecies differences be
tween human and rat for other prodrugs. For example, candesartan 
cilexetil was efficiently converted into candesartan in hepatocytes and 
liver S9 fractions from both species, whereas a high stability for can
desartan cilexetil in human plasma was opposed to an evident hydrolysis 
in rat plasma after a 60-minute incubation. Recent studies have also 
demonstrated the same interspecies differences in the plasma meta
bolism of other prodrugs due to variations in the expression profiles of 
esterases. While CES1 and CES2 are all expressed abundantly in human, 
dog, and rat liver and intestine, respectively, CES expression in plasma 
differs quite significantly between species; rat plasma displays high CES 
expression, while human and dog plasma do not have detectable CES 
activity (Fu et al., 2016; Williams et al., 2011). Indeed, CES are the 
major enzymes involved in the hydrolysis of ester prodrugs in rats, while 
other plasma esterases may play a role in dogs and humans (Bhuket 
et al., 2019). 

The additional in vitro data generated suggests that codrug 3b, after 
dissolution, should demonstrate good chemical stability upon oral 
administration, partially cleaved in the intestine by CES2 generating 
mainly the AT1 antagonist E-3174 and then more efficiently by CES1 in 
the liver generating E-3174 and 1a. In rat plasma, 3b is further cleaved 
into the active molecules but the same does not occur in human plasma, 
projecting at least a very good oral PK in rats. In fact, the oral dosing of 
3b in rats has resulted in high plasma levels of the compounds of interest 
over 24 hours. The low plasma exposure of E-3174 after its direct oral 
dosing, compared to a very high plasma exposure for E-3174 upon 3b 
administration, indicates that the formation of this AT1 antagonist 
indeed occurs mostly in the liver after intestinal absorption in rodents. 
The intravenous administration of 3b also delivers high plasma levels of 

the active compounds, further corroborating the liver as the organ 
where the conversion takes place. The HLS9 and HIS9 data for 3b pro
jects a similar scenario in human, being the main difference between 
human and rat the continuous conversion in plasma for the latter. Taken 
together, the in vitro and in vivo PK data for 3b supported it as a 
candidate for a tool codrug in animal efficacy studies. 

We have then evaluated the antihypertensive effects of codrug 3b in 
comparison to those of losartan alone or combined with the NEP in
hibitor 1a in SHR rats, a normal renin, sodium-independent hyperten
sion animal model. This model has pathological alterations that are also 
present in human hypertension such as increased vascular resistance and 
increased BP response to Ang II. Consequently, it has been broadly 
applied to assess the pharmacological effects of novel drugs (Pinto et al., 
1998). Indeed, the hemodynamic changes seen in the SHR model 
respond to many drug classes clinically approved for treating hyper
tension, including ARBs (Lerman et al., 2019). The administration of 
3bat 30 and 60 mg/kg p.o. in SHR rats led to a statistically significant 
reduction in BP-related parameters, such as SBP, DBP and MAP, that 
were significantly lower than the observed in rodents treated either with 
losartan alone or combined with 1a. Though very important from the 
synergy point of view, it should be mentioned that the superior results 
obtained with 3b versus losartan are not necessarily associated with the 
additional delivery of the NEP inhibitor 1a only. The PK comparisons in 
Table 4 suggest that the much better PK profile for E-3174 upon 3b 
administration should play an important role too. This should also likely 
explain the superior results obtained with the 30 mg/kg dose of 3b 
versus its mole-by-mole equivalent comparator, the combination of 
losartan (15 mg/kg p.o.) and 1a (14 mg/kg p.o.). For instance, rats 
dosed with 3b at 30 and 60 mg/kg p.o. exhibited Cmax values for E-3174 
that were supra-proportional by many multiples the one expected for 
E-3174 in losartan- and losartan+1a- treated animals. Moreover, the 
acute oral administration of the codrug 3b, but not of losartan, induced 
a sustained reduction in BP up to 24 hours post-dose, in agreement with 

Fig. 5. Plasma concentrations of codrug 3b and its conversion to the active molecules E-3174 and 1a after oral administration to SHR rats. Codrug 3b was 
administered to male SHR rats at 10, 30 or 60 mg/kg p.o., n=3 animals per group. Data is shown as mean ± S.E.M. The active molecules (E-3174 and 1a) were also 
quantified after the administration of the parent codrug 3b. 

A. Mascarello et al.                                                                                                                                                                                                                             



European Journal of Pharmaceutical Sciences 159 (2021) 105731

10

Fig. 6. Acute oral antihypertensive effects of 3b, losartanand 1a in SHR rats.(A-B) Systolic, (C-D) diastolic and (E-F) mean arterial blood pressure, and (G-H) heart 
rate were assessed following acute oral administration of 3b (10, 30 and 60 mg/kg), losartan(15 mg/kg), losartan + 1a (15 and 14 mg/kg, respectively) or vehicle 
to male SHR rats. Data is shown as the mean ± S.E.M. of the SBP, DBP, MAP and HR reduction over time and was analyzed by two-way ANOVA followed by the Holm- 
Sidak post-hoc test. Statistically significant differences vs vehicle are denoted by * (p<0.05), ** (p<0.01), *** (p<0.001) and **** (p<0 .0001). AUC data was 
analyzed by one-way ANOVA and the Holm-Sidak test. Statistically significant differences (p<0.05) are denoted by avs vehicle, bvs losartanand cvs losartan +
1a groups. 
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the detectable levels of both AT1 and NEP inhibitors over the 24 hours. 
This PK/PD profile supports the potential use of a codrug like 3b as a 
once-daily therapy, representing an important advantage over LCZ696, 
which requires BID dosing for appropriate 24-hour inhibition of both 
targets. The twice daily posology of LCZ696 may limit its long-term 
clinical impact in heart failure patients due to potential decrease in 
treatment adherence over the years (Weeda et al., 2016). 

Codrug 3b combines the AT1 antagonist E-3174, losartan’s more 

active metabolite, and the lipophilic efficient NEP inhibitor 1a. When 
compared to losartan, the administration of codrug 3b offers specific 
benefits, such as bypassing the CYP2C9-mediated conversion of los
artan to E-3174, mitigating CYP2C9 polymorphism, reducing the risk of 
drug-drug interactions with common antihypertensive agents that are 
CYP2C9 substrates or inhibitors, and preventing the potential formation 
of losartan-derived reactive metabolites that could lead to idiosyncratic 
drug-induced liver injury. It is important to highlight that codrug 3b 
offers benefits not only over losartan but also over E-3174, as this 
metabolite would be poorly absorbed if dosed directly. Finally, codrug 
3b is able to do all that, while providing meaningful plasma concen
trations of the NEP inhibitor 1a for optimal synergy with the AT1 
antagonist. In summary, we demonstrate here that the concept of 
codrugs carrying an AT1 antagonist and a NEP inhibitor is a viable op
tion over standalone AT1 blocking therapies and their fixed-dose com
binations with NEP inhibitors; compound 3b, the tool codrug discovered 
in this work, represents a stepping stone in the pathway to obtain an 
once-daily, dual-acting codrug clinical candidate for the treatment of 
hypertension and heart failure. 

Scheme 1. Synthesis of compounds 2a and 2b.  

Scheme 2. Synthesis of compounds 3a, 3b and 3c.  

Scheme 3. Synthesis of compounds 4a and 4b.  
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