Chinese Chemical Letters 37 (2026) 111283

Contents lists available at ScienceDirect

Chinese Chemical Letters

journal homepage: www.elsevier.com/locate/cclet

Rational structure-based design and optimization of next-generation ®)
biphenyl-piperidine-triazine derivatives as potent non-nucleoside =
reverse transcriptase inhibitors

Kun Zhang?<4!, Li-Min Zhao%4!, Tianhao Xing®“94, Yueyue Bu®<4, Qingyun Wang?2<4,
Christophe Pannecouque®, Erik De Clercq€, Angela Coronaf, Laura Dettorif,
Enzo Tramontanof, Shuai WangP<d*, Fen-Er Chen2¢<d+*

3 Institute of Pharmaceutical Research and School of Pharmaceutical Sciences, Zhengzhou University, Zhengzhou 450001, China

bState Key Laboratory of Natural and Biomimetic Drugs, Peking University, Beijing 100191, China

¢Department of Chemistry, Engineering Center of Catalysis and Synthesis for Chiral Molecules, Fudan University, Shanghai 200433, China
d Shanghai Engineering Center of Industrial Asymmetric Catalysis for Chiral Drugs, Shanghai 200433, China

¢ Laboratory of Virology and Chemotherapy, Rega Institute for Medical Research, KU Leuven, Leuven B-3000, Belgium

fDepartment of Life and Environmental Sciences, University of Cagliari, Monserrato 1-09042, Italy

ARTICLE INFO ABSTRACT

Article history:

Received 5 March 2025
Revised 29 April 2025
Accepted 30 April 2025
Available online 21 May 2025

To enhance the anti-resistance efficacy of our previously disclosed naphthyl-triazine 5, structure-based
drug design strategy was rationally conducted to design a series of novel biphenyl-piperidine-triazine-
containing non-nucleoside reverse transcriptase inhibitors. Remarkably, several of these compounds
demonstrated single-digit nanomolar antiviral potency against both wild-type (WT) human immunodefi-
ciency virus-1 (HIV-1) and five clinically relevant mutant strains. Among these, compound 11s emerged

Keywords: as the most potent inhibitor, showing remarkable efficacy against WT HIV-1 (50 % effective concentra-
AIDS tion (ECsp)=2 nmol/L) and five mutant strains (ECsyp =0.003-0.073 pmol/L), which was significantly su-
HIV-1 perior to that of compound 5. This optimized derivative demonstrated substantially improved pharma-
NNRTIs

cological properties compared to existing drugs etravirine (ETR) and rilpivirine (RPV), showing a 4-fold
reduction in cytotoxicity alongside 6-fold enhancement in selectivity index (50 % cytotoxic concentration
(CCs0)=19.69 pmol/L, selectivity index (SI)=7438). The compound’s metabolic profile revealed excep-
tional stability, with an elimination half-life (¢, =41.4 min) more than double that of RPV (t;;, =16.03
min). Comprehensive safety evaluation indicated minimal cytochrome P450 (CYP) enzymes interference,
low cardiac ion channel activity, and no observable acute toxicity, collectively suggesting a reduced risk
profile for therapeutic applications. These promising characteristics significantly advance the development
potential of biphenyl-piperidine-triazine derivatives as next-generation non-nucleoside reverse transcrip-
tase inhibitors (NNRTIs), offering enhanced efficacy, improved safety, and favorable pharmacokinetic prop-

erties for antiretroviral therapy.
© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia
Medica, Chinese Academy of Medical Sciences.

Biphenyl-piperidine-triazines
Anti-resistance efficacy

As one of the major global epidemic diseases, acquired immun-
odeficiency syndrome (AIDS) caused by human immunodeficiency
virus (HIV) infection is a persistent threat to human health [1,2].
Reverse transcriptase (RT) is a key enzyme in HIV life cycle, which
is responsible for the reverse transcription of single-stranded RNA
into double-stranded DNA [3-5]. Non-nucleoside reverse transcrip-
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tase inhibitors (NNRTIs) are an important component of active an-
tiviral therapy (ART) and widely applied in the treatment of AIDS
[6-9]. Although ART has achieved remarkable success in suppress-
ing HIV to undetectable levels, the virus cannot be eradicated and
patients require lifelong ART administration [2,10,11]. Moreover, it
has been reported that some NNRTIs have side effects and poor
oral pharmacokinetic parameters [12-15]. Worst of all, the con-
tinuous emergence of resistant strains further limits the clinical
effectiveness of these drugs [16-18]. Therefore, the discovery of
novel NNRTIs that feature low toxicity, high efficiency, and anti-
resistance activity is still urgent.
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In 2001, Janssen and co-workers reported the discovery of a
triazine-containing NNRTI, namely compound 1. This compound
exhibited potent inhibitory activity against HIV-1 (50 % effec-
tive concentration (ECsq)=0.0063 pmol/L, Fig. 1A) [19]. Over the
subsequent decades, several series of optimizations and struc-
tural modifications based on compound 1 were carried out for a
continuous and in-depth exploration [20-26]. Compound 2 was
acquired through the modification of the linker and the aro-
matic ring at the C-4 position of triazine. It demonstrated po-
tent inhibitory activity against HIV-1 (EC59=0.001 pmol/L). Nev-
ertheless, its activity against the Y188L mutant strain declined
sharply (ECsg=0.124 pmol/L). Subsequently, by targeting the en-
trance channel of the non-nucleoside reverse transcriptase in-
hibitor binding pocket (NNIBP) and modifying the C-6 position of
triazine, compound 3 was discovered (ECsq=0.0078 pmol/L) [27].
To enhance the - stacking interactions between the ligand and
the highly conserved hydrophobic region (W229), the phenyl group
was substituted with a naphthyl moiety, affording compound 4.
This compound exhibited moderate anti-HIV-1 activity (ECsg =34
nmol/L) along with low cytotoxicity (50 % cytotoxic concentra-
tion (CCs9)=220 pmol/L) [28]. Removal of the allyl group yielded
compound 5, which had enhanced antiviral activity (EC59=9.4
nmol/L) against the wild-type (WT) HIV-1 [29]. Nonetheless, this
analog showed unsatisfactory activity against mutant strains [30-
32]. Thus, the development of novel triazine-based derivatives with
increased antiviral activity against both WT and mutant strains
continues to be a critical priority.

Analysis of the molecular modeling investigation indicated that
compound 5 adopted a “horseshoe-shaped” conformation within
the binding pocket (Fig. 1B). The S-naphthyl fragment occupied
the hydrophobic area and formed multiple 7-H interactions with
W229 and a m-m interaction with Y181. The triazine core and
the NH at the C-2 position formed two key hydrogen bonds with
E138 and K101 respectively, and the NH, group formed an ex-
tra hydrogen bond with E138. The p-cyanophenyl group in the
solvent-protein region did not interact with surrounding amino
acids. To enhance the anti-resistance efficacy, a series of novel
biphenyl-piperidine-triazine derivatives were designed and evalu-
ated for their anti-HIV-1 activity. First, the S-naphthyl fragment
was replaced with the biphenyl fragment to enhance hydrophobic
interactions and m-7 stacking length with surrounding residues.
Then, a hydrophilic piperidyl moiety was introduced into the right
wing to replace the p-cyanophenyl group, aiming to strengthen the
interaction of the ligand with the solvent-protein region.
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Scheme 1. Reagents and conditions: (i) 4-cyanophenylboronic acid, Pd(dppf)Cl,,
Cs,C03, 1,4-dioxane:H,0=2:1, N, reflux, 12 h; (ii) cyanuric chloride, K,CO3, 1,4-
dioxane, r.t., 2 h; (iii) 4-amino-1-Boc-piperidine, K;COs, 1,4-dioxane, r.t., 3 h; (iv)
NH3-H,0, tetrahydrofuran (THF), 100 °C, 12 h; (v) CF3COOH (TFA), dichloromethane
(DCM), r.t, 0.5 h; (vi) corresponding benzyl bromide or chloride, K,COs;, N,N-
dimethylformamide (DMF), r.t., 2-6 h.

The synthetic routes of 11a-11ad are illustrated in Scheme 1.
Specially, 4-bromo-2,6-dimethylaniline was chosen as starting ma-
terial, and biphenyl fragment (6) was synthesized via Suzuki reac-
tion [33,34]. Subsequently, 6 reacted with cyanuric chloride to gen-
erate 7. This intermediate was then treated with 4-amino-1-Boc-
piperidine to yield 8. Then, an excess of NH3-H,0 was employed
to replace Cl atom in a sealed tube at 100 °C, and intermediate 9
was gained after 12 h. Following this, 10 was synthesized by de-
protecting the Boc group [35,36]. Finally, 11a-11ad were obtained
via the nucleophilic substitution reaction.

The antiviral activity and cytotoxicity of the triazine derivatives
11a-11ad were assessed in MT-4 cell cultures infected with the WT
HIV-1 1IIB strain, utilizing the testing method we have previously
described [37]. The detailed data provided in Table 1. All these
compounds exhibited notable antiviral activity, with ECsy values
ranging from 0.002 umol/L to 1.026 pmol/L. What is more, approx-
imately half of the compounds demonstrated single-digit nanomo-
lar activity against HIV-1 WT, especially compounds 11a, 11e, 11j,
11p-11w, and 11z-11ac, which had greater potency than lead com-
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Fig. 1. (A) The chemical structures of triazines 1-5. (B) The docking analysis of 5 (PDB code: 2zd1) and design of target compounds via rational structure-based drug design

strategy.
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Table 1
The anti-HIV-1 activity of 11a-11ad against WT HIV-1 in MT-4 cells.
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Compd. Ry ECso (umol/L)? CCsp (umol/L)° SI¢ Compd. Ry ECso (umol/L) CCsp (pmol/L) SI
11a 4-Phenyl-CN 0.008 + 0.008 11.12 + 1.64 1436 11r 4-Phenyl-S0,CHj3 0.005 + 0.001 498 + 2.52 1027
11b 3-Phenyl-CN 0.080 + 0.063 8.90 + 1.20 111 11s 4-Phenyl-CONH, 0.002 + 0.001 19.69 + 1.50 7438
11c 2-Phenyl-CN 0.040 + 0.034 116.5 + 6.07 2891 11t 3-Phenyl-CONH, 0.006 + 0.001 16.77 + 2.52 2762
11d 4-Phenyl-F 0.009 + 0.004 20.58 + 9.57 2281 11u 4-Phenyl-CONHCH3; 0.008 + 0.003 20.76 + 3.63 2367
11e 4-Phenyl-Cl 0.008 + 0.003 3455 + 11.24 4527 11v \(@)ﬁ/\%& 0.004 + 0.001 14.73 + 2.28 3399
o
11f 4-Phenyl-CF3 0.086 + 0.072 107.9 + 44.61 1255 11w ﬁ“@ 0.008 + 0.003 17.99 + 4.61 2291
o
11g 4-Phenyl-OCF; 0.033 + 0.013 >211.6 >6392 11x ﬂ@ 0.018 + 0.014 18.41 + 1.53 998
‘OH
q o
11h 4-Phenyl-CH3 0.300 + 0.274 2391 + 6.18 80 11y \(©)Lu/\/NJ 0.015 + 0.011 16.18 + 3.03 1107
(o]
N
11i 2,4-Phenyl-2-F 0.097 + 0.086 8.86 + 0.25 92 11z Y@/S\b 0.008 + 0.003 9.79 + 10.53 1464
11j 3,4-Phenyl-2-F 0.008 + 0.003 7131 + 8.42 8877 11aa 2-Pyridyl 0.006 + 0.002 20.87 + 3.04 3769
11k 4-Phenyl-COOH 0.223 + 0.033 >227.8 >1021 11ab 3-Pyridyl 0.004 + 0.002 18.83 + 2.72 4759
111 4-Phenyl-CH, COOH 1.026 + 0.226 209.7 + 9.26 204 11ac 4-Pyridyl 0.003 + 0.001 8.650 + 2.870 3302
11m 4-Phenyl-COOCHj5 0.028 + 0.012 52.23 £ 9.31 1872 11ad 2-Naphthyl 0.096 + 0.139 83.83 + 69.58 878
11n 3-Phenyl-COOH 1.014 + 0.268 >227.8 >225 NVP - 0.209 + 0.091 >15.02 >72
110 4-Phenyl-B(OH), 0.009 + 0.004 14.51 + 1.95 1569 EFV - 0.004 + 0.002 >6.34 >1425
11p 3-Phenyl-B(OH), 0.006 + 0.002 13.36 + 2.59 2166 ETR - 0.003 + 0.001 >4.59 >1340
11q 4-Phenyl-SO,NH, 0.008 £ 0.004  15.20 + 2.33 1674

2 ECso: concentration of compound required to achieve 50 % protection of MT-4 cell cultures against HIV-1-induced cytopathicity, as determined using the MTT method.
b CCsp: concentration required to reduce the viability of mock-infected cell cultures by 50 %, as determined using the MTT method.

¢ SI: the ratio of CCso/ECsp.

pound 5 (EC59 =0.002-0.008 vs. 0.009 pmol/L). Among them, com-
pound 11s emerged as the most outstanding one, boasting an ECsq
value of 0.002 pmol/L, which surpassed not only the lead com-
pound 5 but also the benchmark antiretroviral drugs NVP, EFV, and
ETR (EC59=0.007, 0.209, 0.004, and 0.003 pmol/L, respectively).
Moreover, 11s (CCso=19.69 pmol/L) also showcased lower cyto-
toxicity than these drugs (NVP, CCsq > 15.02 pmol/L; EFV, CCsq >
6.38 pmol/L; ETR, CCsy > 4.59 pmol/L).

Preliminary investigations into the structure-activity relation-
ships (SARs) have illuminated that the characteristics of sub-
stituents and their positions on the benzene ring play a pivotal role
in determining antiviral activity. Generally, para-substituents are
more favorable for enhancing antiviral activity compared to ortho-
and meta-substituents (11a vs. 11b-11c, 11k vs. 11n, 11s vs. 11t).
In terms of electronic effects, electron-donating substituents, like
the methyl group in compound 11h (ECsq=0.300 pmol/L), caused
a marked reduction in anti-HIV-1 activity. In contrast, electron-
withdrawing substituents in compounds 11a-11g conferred rel-
atively high anti-HIV-1 activity (ECsq=0.008-0.086 pmol/L). Re-
garding multiple substitutions, double-substitution patterns, par-
ticularly at the 2,4-positions, did not lead to significant improve-
ment in activity. For example, compound 11d (ECsq = 0.009 pmol/L)
showed higher activity than 11i (ECso =0.097 pmol/L). The influ-
ence of the COOH group on antiviral activity was quite interest-
ing. The presence of a COOH group alone led to a notable de-
crease in activity (11k, EC59=0.223 nmol/L). However, the effect
could be modulated by the introduction of a methyl group. Insert-
ing a methyl group between the COOH and the phenyl ring further
diminished the activity (111, EC5q =1.026 pumol/L), while adding a
CHj3 group at the end of the COOH group resulted in approximately
a ten-fold increase in activity (11m, EC59 =0.028 pmol/L).

Notably, the incorporation of other hydrophilic motifs sig-
nificantly enhanced the antiviral activity (110-11t, EC55=0.002-
0.009 pmol/L). Among them, the order of their contribution to
activity was CONH, > SO,CH3 > SO,NH, > B(OH),. Subse-

quently, we modified the CONH, group with an array of di-
verse amino fragments. Although these derivatives were effec-
tive (11u-11y, EC59=0.004-0.018 pmol/L), none of them out-
performed compound 11s. Moreover, heterocyclic rings, specifi-
cally pyridyl substituents (11aa-11ac, EC59 =0.003-0.006 pmol/L),
were more advantageous than the 2-naphthyl group (11ad,
ECs50 =0.096 pmol/L). In particular, 11ac demonstrated potent an-
tiviral activity (ECsg=0.003 pmol/L), surpassing 5 and NVP, and
being comparable to EFV and ETR.

Representative compounds 11p, 11r-11t, 11v, and 1laa-1lac
were selected to evaluate their inhibitory potential against five mu-
tant strains (L1001, K103N, Y181C, Y188L, and E138K). The corre-
sponding results are presented in Table 2. Favorably, these cho-
sen compounds exhibited a spectrum of inhibitory effects against
the clinical mutants. Of particular note was their activity against
the K103N mutant, which is the most commonly transmitted
drug-resistant strain in clinical settings [2]. Among the tested
compounds, compound 11s, which had previously demonstrated
the most potent activity against the WT strain, also displayed
commendable anti-HIV-1 activity against the mutant strains. It
achieved ECsy values of 0.021 pmol/L for the L100I mutant,
0.003 pmol/L for the K103N mutant, 0.013 pmol/L for the Y181C
mutant, 0.073 pmol/L for the Y188L mutant, and 0.004 pmol/L
for the E138K mutant. Significantly, 11s exhibited greater potency
against the Y181C and E138K mutations compared to the reference
NVP and ETR. Furthermore, compounds 11r, 11s, 11v, and 1lac
demonstrated single-digit nanomolar antiviral activity against the
K103N mutation (ECsg=0.003-0.005 pmol/L). In the case of the
L100I and Y188L mutants, although 11s and 11v were slightly less
potent than ETR, they also significantly exceeded NVP and EFV.
Overall, these results offer promising prospects for the develop-
ment of next-generation antiretroviral therapies with enhanced ef-
ficacy against both WT and mutant strains of HIV-1.

The inhibitory activity against WT HIV-1 RT enzymes of com-
pounds 11a-11ad was assessed and the data presented in Table
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Table 2
The antiviral activity of selected compounds toward HIV-1 mutants.
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Compd. ECso (umol/L)?
L1001 K103N Y181C Y188L E138K

11p 0.206 + 0.145 0.020 + 0.004 0.027 + 0.007 0.304 + 0.137 0.029 + 0.015
11r 0.029 + 0.012 0.005 + 0.001 0.011 + 0.002 0.157 + 0.079 0.008 + 0.002
11s 0.021 + 0.090 0.003 + 0.000 0.013 + 0.003 0.073 + 0.002 0.004 + 0.001
11t 0.135 + 0.060 0.024 + 0.014 0.109 + 0.080 0.513 £+ 0.185 0.024 + 0.019
11v 0.012 + 0.004 0.005 + 0.002 0.015 + 0.005 0.068 + 0.018 0.023 + 0.018
11aa 0.174 + 0.105 0.010 + 0.003 0.036 + 0.004 0.307 + 0.080 0.011 + 0.001
11ab 0.211 + 0.076 0.012 + 0.007 0.038 + 0.017 0.545 + 0.342 0.01 + 0.003
11ac 0.046 + 0.032 0.005 + 0.003 0.011 £ 0.001 0.076 + 0.006 0.011 + 0.004
NVP 2.050 + 1.896 5.197 + 2.693 5.768 + 2.976 > 15.02 0.157 + 0.058
EFV 0.030 + 0.015 0.084 + 0.033 0.008 + 0.003 12.67 + 0.127 0.007 + 0.003
ETR 0.007 + 0.005 0.003 + 0.001 0.016 + 0.005 0.020 + 0.008 0.009 + 0.003

3 ECsp: concentration of compound required to achieve 50 % protection of MT-4 cell cultures against HIV-1-induced cytopathicity, as determined using the MTT method.

S1 (Supporting information). Compounds 11a-11ad displayed mod-
erate RT inhibitory activity (ICso=0.20-1.70 umol/L). Gratifyingly,
approximately half of these compounds demonstrated superior in-
hibitory activity compared with NVP (IC5q =0.75 pmol/L). Of par-
ticular significance, compounds 11s, 11ab, and 11ac also emerged
as the most potent inhibitors of RT. Notably, the RT inhibitory ac-
tivity of 11ab was 3.7-fold higher than that of NVP. These results
suggest that compounds 11a-11ad effectively target the RT en-
zyme.

To gain a deeper understanding of the binding mechanisms of
compound 11s with HIV-1 RT, molecular docking studies were car-
ried out using Schrodinger Maestro 12.8. As depicted in Fig. 2A,
compound 11s was docked into the NNIBP, assuming a “horseshoe-
shaped” conformation similar to that of the lead compound 5 and
ETR. The biphenyl moiety of 11s effectively inserted into the aro-
matic hydrophobic region and formed two m-7 interactions with
the Y181 and Y188 residues. These interactions not only enhanced
the hydrophobic effect but also extended the length of the m-m
stacking, thus validating the initial hypothesis regarding the de-
sign of the compound. At the core of the molecule, the N-1 posi-
tion of the triazine ring participated in a water-mediated hydrogen
bond with the E138 residue. Meanwhile, the adjacent NH group
donated a hydrogen atom to form a crucial hydrogen bond with
the backbone of the K101 residue. On the right wing, the piperi-
dine linker acted as a bridge, positioning the terminal aryl mo-
tif within the groove surrounded by K104, V106, F227, and P236.
Moreover, the protonated nitrogen atom of the piperidine formed
a water-mediated bridge with the backbones of K103 and P236.

A 11s-WT B 11s-L100X C 115-K103N

y 0!

F227
« ./
wa2s ) 0 Ny pase
/ N

Y

Fig. 2. The docking results of 11s with HIV-1 RT. (A) 11s with WT, (B) 11s with
L1001, (C) 11s with K103N, (D) 11s with Y181C, (E) 11s with Y188L, and (F) 11s with
E138K. The protein carbon atoms were depicted in gray, mutant residues were de-
picted in purple and 11s was presented in green. Dashed yellow lines represent the
hydrogen-bonding interactions. Dashed pink lines represent the w- interaction.

Additionally, the terminal CONH, substituent extended towards the
solvent-exposed surface of the RT protein and formed an additional
hydrogen bond with the backbone of K104. The binding model
of 11s with the mutant RT proteins was found to be highly sim-
ilar to that with the WT RT. They all adopted the characteristic
“horseshoe-shaped” conformations and maintained the crucial hy-
drogen bond interaction with the backbone of K101. In the cases
of the L100I, Y181C, and Y188L mutants, the mutated residues led
to the reduction or loss of one or more hydrogen bonds or -
interactions with compound 11s, which, in turn, resulted in a de-
crease in their antiviral efficacy. Notably, for the K103N mutant, al-
though the water-mediated hydrogen bond between the N-1 po-
sition of the triazine ring and E138 was weakened, the dimethyl-
phenyl moiety formed two additional r-7r interactions with W229.
These new interactions effectively compensated for the loss of the
previous hydrogen bond. Intriguingly, the E138K mutation caused
the loss of a water-bridge between 11s and K138. However, a new
water-mediated hydrogen bond was formed between 11s and K101,
offsetting the negative impact of the mutation.

The potent inhibition of cytochrome P450 (CYP) enzymes,
particularly CYP2C9 and CYP2C19, by RPV and ETR has been
well-documented, which leads to severe drug-drug interactions
[7,38,39]. In light of these concerns, the inhibitory potential of
compound 11s against six major CYP isoforms was systemati-
cally evaluated. As presented in Table S2 (Supporting informa-
tion), compound 11s demonstrated negligible inhibitory activity
against CYP1A2, CYP2D6, CYP3A4-M, and CYP3A4-T isoforms (ICsq
> 50 pmol/L). Moreover, 11s exerted only mild inhibitory ef-
fects on CYP2 sub-types. The ICsy values were determined to be
12.6 pmol/L for CYP2C9 and 14.7 pmol/L for CYP2C19. These val-
ues are significantly lower than those associated with ETR and RPV,
suggesting that 11s has a reduced propensity to interfere with the
normal function of these CYP enzymes. Collectively, these findings
indicate that compound 11s presents a diminished risk of drug-
drug interactions compared to RPV and ETR.

A significant number of drugs have been withdrawn from
the market because of their high human ether-a-go-go-related
gene (hERG) inhibitory activity [40]. RPV, for instance, has been
linked to cardiotoxicity owing to its hERG-related side effects
(IC50=0.50 pmol/L) [18]. Therefore, the hERG inhibitory activ-
ity of 11s was evaluated and cisapride was used as a reference
compound [41]. Encouragingly, compound 11s exhibited a notably
lower inhibitory effect on the hERG channel (ICsq = 15.979 pmol/L),
which is substantially higher than those of cisapride and RPV (Fig.
S1 in Supporting information). This outcome strongly suggests that
compound 11s poses a low risk of inducing cardiotoxic side effects.

Next, we evaluated metabolic stability of 11s across five species.
Table S3 (Supporting information) presents the metabolic stabil-
ity data, which reveal a pronounced variation among the species
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(t12 =19.4-87.2 min). Notably, 11s displayed the most extended
ty2 (872 min) in mouse liver microsomes, accompanied by an
exceptionally low intrinsic clearance rate (24 mL min~! gprot=1)
and a commendable metabolic fraction (MF=64.9 %). Even though
the metabolic stability of 11s in human and rat showed a
slight decrease, the half-life and metabolic fractions remained
more favorable compared to RPV (t;; =414 min, MF=279 %
(human); t;;=19.4 min, MF=29.1 % (rat) vs. t;;=16.03 min,
MF=13.02 % (human); t;; =729 min, MF=13.36 % (rat)) [42].
Collectively, these findings suggest that 11s exhibits markedly en-
hanced metabolic stability, particularly when juxtaposed with the
commercially available drug RPV.

Compound 11s was proceeded to conduct pharmacokinetic (PK)
studies in Sprague-Dawley rats using both single-dose intravenous
(iv.) and oral (p.o.) administrations (Table S4 in Supporting in-
formation). However, the half-life and oral bioavailability of com-
pound 11s remained poor (t;;; =1.64 h, F=1.52 %).

A single-dose acute toxicity study was carried out to compre-
hensively evaluate the in vivo safety profile of compound 11s. Ani-
mal care and use protocols were approved by the Fudan University
Committee on Animal Care (No. 2020CHEM-]JS-009). As shown in
Figs. S2A and B (Supporting information), there was neither mor-
tality nor any significant alterations in body weight within the
experimental group. This lack of adverse effects on survival and
weight suggests that, at this dosage, 11s does not induce imme-
diate and obvious systemic toxicity. To further assess the poten-
tial impact of 11s on vital organs, a histopathological examina-
tion was performed. The organs under scrutiny included the heart,
liver, spleen, lungs, kidneys, and brain. Fig. S2C (Supporting infor-
mation) presents the results of hematoxylin-eosin (HE) staining, a
standard technique for visualizing tissue morphology. The staining
results clearly demonstrated the absence of significant lesions or
organ damage in the treated group. This indicates that 11s does
not cause detectable structural harm to these crucial organs at the
tested dosage. Collectively, these findings provide strong evidence
that compound 11s is non-toxic at a dosage of 2000 mg/kg in mice.

In the ceaseless battle against the ever-evolving threat of HIV,
the pursuit of more effective and safer antiretroviral agents re-
mains a paramount objective. To this end, structure-based drug
design strategy was rationally implemented, with the aim of aug-
menting the anti-resistance efficacy of the previously identified
naphthyl-triazine compound 5. This strategic initiative led to the
rational design of a novel series of biphenyl-piperidine-triazine-
containing NNRTIs. Several of these newly designed compounds
demonstrated an extraordinary single-digit nanomolar antiviral po-
tency against both the WT HIV-1 and five clinically relevant mu-
tant strains. Among these compounds, 11s emerged as a true
champion. It exhibited unparalleled efficacy against WT HIV-1,
with an ECsq value of 2 nmol/L, and also showed remarkable activ-
ity against the five mutant strains, with ECsq values ranging from
0.003 pmol/L to 0.073 umol/L. These results are significantly su-
perior to those of the lead compound 5. When compared with
the existing drugs ETR and RPV, compound 11s achieved a 4-fold
reduction in cytotoxicity. The metabolic profile of 11s is equally
impressive. It demonstrated exceptional stability, with an elim-
ination half-life (¢, =414 min) more than double that of RPV
(t1j2 =16.03 min). This extended half-life implies less frequent dos-
ing, which can significantly improve patient compliance and the
overall effectiveness of treatment. The comprehensive safety evalu-
ation of 11s further solidifies its potential as an antiretroviral agent.
It showed minimal interference with CYP enzymes, low cardiac
ion channel activity and no observable acute toxicity, suggesting a
much lower risk profile for therapeutic applications. In conclusion,
these promising characteristics of the biphenyl-piperidine-triazine
derivatives, particularly compound 11s, significantly elevate their
development potential as next-generation NNRTIs. This not only
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provides new hope for HIV patients but also represents a major
step forward in the global fight against this devastating disease.
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