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Design, synthesis and P-gp induction activity of aryl phosphonate esters:
Identification of tetraethyl-2-phenylethene-1,1-diyldiphosphonate as an
orally bioavailable P-gp inducer”

Sudhakar Manda,™” Abubakar Wani,”* Sonali S. Bharate,” Ram A. Vishwakarma,™ Ajay Kumar®* and
Sandip B. Bharate™”

Received (in XXX, XXX) Xth XXXXXXXXX 20XX, Accepted Xth XXXXXXXXX 20XX
DOI: XXX

The clearance of amyloid-beta is mediated by P-glycoprotein (P-gp) transporter pump located at the blood brain barrier.
Therefore, the induction of P-gp has been considered as a potential therapeutic strategy for treatment of Alzheimer’s disease.
The expression of P-gp is regulated through a nuclear receptor - pregnane-X-receptor (PXR). Thus, herein we investigated the
potential of a known pregnane-X-receptor (PXR) activator diphosphonate ester SR12813 (6a) for P-gp induction activity and
further studied its structure-activity relationship. A diphosphonate ester SR12813 along with a three series of analogs viz. aryl
alkylidene, aryl alkynyl, and aryl a-amino phosphonate esters were synthesized and screened for P-gp induction activity in P-gp
overexpressing adenocarcinoma LS180 cells using rhodamine-123 efflux assay. The parent compound SR12813 along with
several new analogs displayed P-gp induction activity at 5 pM. The western-blot analysis indicated that tetraethyl-2-
phenylethene-1,1-diyldiphosphonate (6¢) and tetraethyl-2-(anthracene-10-yl)ethene-1,1-diyldiphosphonate (6s) showed 7-8 fold
increase in P-gp expression in LS180 cells. The diphosphonate ester 6¢ displayed excellent aqueous solubility, no cytochrome
P450 inhibition liability and no efflux pump substrate liability. Furthermore, it possesses excellent oral pharmacokinetic profile
in BALB/c mice with AUC_, of 2067 ng-h/mL and 37.6% oral bioavailability. The results presented here clearly indicate the
potential of this scaffold to increase the clearance of brain Ap across the BBB and thus its promise for development as potential
anti-Alzheimer agents.

Introduction recent years it has been investigated up to the clinical trial stage
for its potential in Alzheimer’s disease.''"* The olive-oil-derived
oleocanthal (2) enhances amyloid-beta clearance via upregulation
of P-gp and LRP1 expression.” Recently, our group has identified

40 a natural product colupulone based synthetic analog 3,5-
dihydroxy-4,4-bis(3-methylbut-2-enyl)-2,6-dipropionylcyclohexa
-2,5-dienone (3) as an inducer of P-gp and LRP-1."* Fascaplysin
(4)" and a quinoline derivative 5'¢ are other P-gp inducer leads
discovered by us (Figure 1).

Deposition of amyloid-beta (AB) in the brain has been considered
as a major hallmark for progression of the Alzheimer’s disease
(AD). Studies have demonstrated that the clearance mechanism
of amyloid-beta gets hampered in Alzheimer patients." > The
clearance of AP is mediated by the P-gp transporter pump located
at the blood brain barrier (BBB).>” Thus, it is evident that drugs
which can induce P-gp expression at BBB will have a great
potential to emerge as novel AD therapeutics. With this
hypothesis, several P-gp inducers have been identified in recent
years which showed significant efficacy in Alzheimer’s disease
in-vivo models.> Anti-tubercular drug rifampicin (1) is the widely
known P-gp inducer which enhances AP clearance,'® and thus in
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The pregnane X receptor (PXR), a member of the nuclear
receptor superfamily of proteins regulates the expression of P-gp,
located in various tissues such as intestinal epithelium, hepatic
canalicular membrane, proximal tubular of kidneys and
endothelial cells of the blood-brain barrier (BBB). Thus, it is
quite obvious that activators of PXR could be a potential starting
point to identify promising P-gp inducer leads. A diphosphonate
ester SR12813 (6a), apart from its potent  anti-

hypocholesterolemic activity,'” '® is a potent activator of PXR."

In continuation to our efforts on discovery of P-gp inducers as
potential anti-Alzheimer therapeutics,'*'® herein our objective
was to investigate the P-gp induction potential, and establish
structure-activity relationship of a PXR activator SR12813 (6a).
Despite of the promising P-gp induction activity of two natural
product based P-gp inducer leads 3 and 4 discovered earlier, their
oral pharmacokinetic profile was very poor (%F = < 5%). The
pharmacophoric features of SR12813 indicated that this scaffold
will have better pharmacokinetic properties. Furthermore,
literature search indicated that no medicinal chemistry efforts
have been made on this unique scaffold for P-gp induction
activity. Thus, herein, the synthesis, P-gp induction activity in
LS180 cells, structure-activity relationship, physicochemical
properties/ drug discovery liabilities (aqueous solubility,
solubility in other biological media’s, cytochrome P450 inhibition
liabilities, Caco-2 permeability) and pharmacokinetic analysis of
aryl phosphonates is presented in this paper.

Table 1. Synthesis, P-gp induction activity and cytotoxicity of alkylidene di-phosphonate esters 6a-s*

RiQ_ 0OR,

_P 0
z OR
a—cho L9\ a ORq
* P~or, — = [ P
1 1 //\OR1
O (0]

Results and discussion

SR12813 is an alkylidene tetracthyl bisphosphonate ester,
containing three main structural components viz. substituted aryl
30 (bearing two fert-butyl and one hydroxyl group), alkylidene
linker, and bisphosphonate ester. As this scaffold has never been
studied for P-gp induction activity, here one of the objective was
also to establish preliminary structure-activity relationship. For
this purpose, modifications were planned on ester portion, aryl
35 moiety as well as on the alkylidene linker, as depicted in Figure
2. Three series of phosphonate esters were synthesized as

depicted in Figure 2.
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a-Amino phosphonate esters

Ar
10 11 6
Entry R, Ar % accumulation of Rh123 in % cell viability of LS180
LS180 cells (+SD)** cells at 30 pM*

6a -Et -Ph (4-OH, 3,5-di-tert-Bu) 90+ 6" 100
6b -CH(CHs), -Ph (4-OH, 3,5-di-tert-Bu) 66.93 £ 3.48%%* 100
6¢c -Et -Ph 58.09 £ 4.63%** 100
6d -CH(CHs;), -Ph 73.88 £ 3.49%%* 92
6e -Et -Ph(2-NO,) 65.69 £ 5.209%%* 100
6f -CH(CHs), -Ph(3-Br) 68.08 £ 1 1#** 74
6g -CH(CHs), -Ph(4-N,N-diMe) 65.32 £ 7.56%%* 100
6h -Et -Ph(3,5-di-OMe) 64.8 +4.96%** 100
6i -CH(CHs;), -Ph(3,5-di-OMe) 72.45 £ 5.26%%* 100
6j -CH(CHs), -Ph(4-F, 5-OMe) 70 £ 4. 11%** 86
6k -Et -Ph(3,5,6-tri-OMe) 68.74 £ 6.23%** 100
6l -CH(CHs), -Ph(3,4,6-tri-OMe) 64.07 £ 2.89%%* 100
6m -Et -5-nitrofuran-2-yl 88.3 +3.32™ 92
6n -CH(CHs), -5-nitrofuran-2-yl 67.84 + 8.61*** 41
60 -CH(CHs;), -Ph(3,4-dimethylene-dioxy) 83.27+4.9% 100
6p -Et -naphth-1-yl 73.66 + 8.08%** 100
6q -CH(CHs), -naphth-1-yl 63.71 £ 7.36%** 100
6r -CH(CHs), -quinolin-5-yl 70.48 +2.19%** 100
6s -Et -anthracen-10-yl 56.6 + 3.65%%* 100
Control - - 100 100
Rifampicin - - 77.3 £7.5%%* nd

"Reagents and conditions: (a). N-methyl morpholine, TiCl,, CCl,, dry THF, 0 °C to room temp., overnight, 50-65% yield; ® product yields are mentioned
in the experimental section; ° The P-gp induction activity of compounds tested at 5 pM was measured in terms of the % intracellular accumulation of
rhodamine 123 (Rh123)/total protein (pg) in LS180 cells. The decrease in % intracellular accumulation (compared to control) of Rh123 indicates
induction of P-gp. Rifampicin (5 uM) was used as a reference P-gp inducer; “The statistical comparisons were made between control vs compounds. The
p value <0.5 was considered to be significant. P value *< 0.5, **<0.01, ***<0.001. All values are shown as average of three experiments + SD. nd: not

determined.
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Figure 2. Chemical structure of SR12813 and general structures
of designed series for synthesis.

A series of analogues were synthesized”® starting from
commercially available substituted aldehydes 10. Aldehydes 10
on treatment with diphosphonate ester 11a-b in dry THF in
presence of titanium tetrachloride produced alkylidene
diphosphonate esters 6a-s and alkylidene monophosphonate
esters 7a-d in 55-65% yield (Table 1 and 2). Next, a series
alkynyl phosphonates® were synthesized by treatment of
substituted phenylacetylenes 12 with diethylchloro phosphate 13
using n-BuLi as a base. Three alkynyl phosphonates 8a-c were
prepared (Table 3). Further, we synthesized a-amino
phosphonates® by treatment of substituted aldehydes 10 with
anilines 14 and diethyl phosphite 15 using silica perchloric acid
as a catalyst. Two a-amino phosphonate esters 9a-b were
prepared (Table 4). All synthesized compounds were
characterized by "H NMR, '*C NMR and MS analysis.

All synthesized compounds were screened for P-gp
induction activity using rhodamine 123 based efflux assay in P-
gp expressing human colorectal adenocarcinoma LS180 cells.
Prior to screening compounds for P-gp induction activity in
LS180 cells, the cytotoxic effect of all compounds was
investigated in these cells in order to select the non-toxic test
concentration. In MTT assay, all compounds were non-toxic to
LS180 cells with ICso > 30 pM, except compound 6n which
showed 41% cell viability at 30 pM. Therefore, for P-gp
induction assay, we selected 5 pM as a test concentration. LS180
cells treated with 5 puM of each compound, for 48 h, displayed
significant induction of P-gp activity, as displayed by the reduced
intracellular accumulation of rhodamine-123, compared to
control, as a result of increased efflux of rhodamine-123 (Table
1-4).

In alkylidene di-phosphonate esters series (6a-s), several
newer analogs displayed promising ability to decrease the
intracellular accumulation of Rh123 levels in LS180 cells. The
SR12813 showed moderate P-gp induction activity at 5 puM.
However, several newly synthesized analogs showed promising
P-gp induction activity. Particularly, the compound 6¢ showed
reduction in % accumulation of Rh123 levels up to 58% (control
= 100%; positive control rifampicin — 77%). Similarly, another
new compound 6s also showed similar level of potent P-gp
induction activity (56% intracellular levels of Rs123).

A precise structure-activity relationship was not observed,
however some of the key features noticed were: (a) In case of
alkylidene di-phosphonate esters, the unsubstituted aryl moiety
was preferred over substituted aryl moiety (e.g. compound 6¢ and
6s versus 6e, 6h, 6k, 6m, 6p; Table 1). (b) In case of alkylidene
mono-phosphonates, the aryl moiety substituted with one halogen
atom showed 76% accumulation of Rh123. Substitution of aryl
moiety with two halogen atoms, results in reduced P-gp induction
activity (e.g. 7b and 7d — both contain two halogen atoms — 91
and 97% accumulation of Rh123 levels). However, when aryl
moiety containing one halogen atom was substituted with one
electron-donating group (e.g. OMe), P-gp induction activity was
increased (e.g. 7¢ — 70% Rh123 levels;, Table 2). (c) The
alkynylphosphonate esters, in general displayed good P-gp

induction activity (74-77% intracellular accumulation of Rh 123)
without any toxicity (Table 3). (d) a-amino phosphonate esters

¢ showed weak activity (Table 4). Here, only marginal decrease in
the % intracellular accumulation of Rh123 levels was observed
(82-90% intracellular accumulation of Rh 123). (¢) Both mono-
and bis-phosphonate esters showed P-gp induction activity.
Similarly, alkynyl mono-phosphonate esters also were active.

6s This indicates that there is no effect of change of two
phosphonates to one and change of double bond linker with triple
bond linker.

In general, amongst the four series tested, series one
(alkylidene di-phosphonate esters) was most promising, wherein
70 the phenyl alkylidene di-phosphonate ethyl ester 6¢ and
anthracen-10-yl alkylidene di-phosphonate ethyl ester 6s showed
the lowest % of intracellular accumulation of rhodamine-123
(58% and 56%, respectively), in comparison to untreated control
cells, suggesting both compounds as the most potent P-gp
75 inducers. Furthermore, the P-gp induction activity of these two
compounds was better than the positive control rifampicin. Both
these compounds does not showed any toxicity to LS180 cells at
30 pM. Results are shown in Table 1.

Table 2. Synthesis, P-gp induction activity and cytotoxicity of
s0 alkylidene mono-phosphonate esters 7a-d*°

RiQ _OR4
OﬁP
PR A OR4
Ar—CHO + P _a AN A p/\
O// OR1 (/)/ OR1
10 1 7
Entry R; Ar % accumulation % cell
of Rh123 in LS180 viability of
cells (£SD)** LS180 cells
at 30 pM*
7a -Et  -Ph(4-Cl) 76.38 + 3.69%** 82
7b -Et -Ph(3,5-di-F) 91.31 £1.95™ 100
7 -Et -Ph(3-Br, 4-
OMe) 70.49 + 3.86%** 100
7d -Et -Ph(3-Br,4-F) 97.7 +4.49™ 100
Control - - 100 100
Rifampicin - - 77.3 £7.5%%* nd

* Reagents and conditions: (a). N-Methyl morpholine, TiCls, CCls, dry
THF, 0 °C to room temp., overnight, 55-65% yield; ® product yields are
mentioned in the experimental section; “The P-gp induction activity of

85 compounds tested at 5 pM was measured in terms of the % intracellular
accumulation of rhodamine 123 (Rh123)/ total protein (ng) in LS180
cells. The decrease in % intracellular accumulation (compared to control)
of Rh123 indicates induction of P-gp. Rifampicin (5 pM) was used as a
reference P-gp inducer; ¢ The statistical comparisons were made between

90 control vs compounds. The p value <0.5 was considered to be significant.
P value *< 0.5, *¥*<0.01, ***<0.001. All values are shown as average of
three experiments = SD. nd: not determined.

Table 3. Synthesis, P-gp induction activity and cytotoxicity of
os alkynylphosphonate esters 8a-c™

Ar— + CI—l%—OR1 —.a Ar—— }%—OR1
OR4 OR1
12 13 8
Entry Ar % % cell viability

accumulation  of LS180 cells at
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of Rh123 in 30 uMm*
LS180 cells
#SD)*
8a Ph 77.64 £4.31* 100
8b Ph (4-CF5) 74.63 £0.64** 100
8c Ph (3-CF;) 75.16 £2.61*¥* 100
Control - 100 100
Rifampicin - 77.3 £7.5%%* nd

* Reagents and conditions: a). n-BuLi, dry THF, -78 °C, 2 h, 75-85%; b
product yields are mentioned in the experimental section; ¢ The P-gp
induction activity of compounds tested at 5 uM was measured in terms of
the % intracellular accumulation of rhodamine 123 (Rh123)/total protein

5 (ug) in LS180 cells. The decrease in % intracellular accumulation
(compared to control) of Rh123 indicates induction of P-gp. Rifampicin
(5 uM) was used as a reference P-gp inducer; ¢ The statistical
comparisons were made between control vs compounds. The p value <0.5
was considered to be significant. P value *< 0.5, **¥<0.01, ***<(.001. All

10 values are shown as average of three experiments + SD. nd: not
determined.

Table 4. Synthesis, P-gp induction activity and cytotoxicity of o-
amino phosphonate esters 9a-b”

H_ ORy Ar=NH oR
"Ps _a . PR
Ari-NH,  + Ar,-CHO + g ORy4 Arz)\/lP\OR
g 1
. 14 10 15 9
Entry Ar; Arn % % cell
accumulation  viability of
of Rh123 in LS180 cells
LS180 cells at 30 pM*
@SD)™
9a -Ph  -Ph 82.56+£5.32™ 100
9b -Ph  -Ph (4-Cl) 90.85+3.21™ 100
Control - 100 100
Rifampicin - 77.3 £7.5%*%* nd

“ Reagents and conditions: (a). n-BuLi, dry THF, -78 °C, 2 h, 80-85%; b
product yields are mentioned in the experimental section; “The P-gp
induction activity of compounds tested at 5 uM was measured in terms of
the % intracellular accumulation of rhodamine 123 (Rh123)/total protein

20 (ng) in LS180 cells. The decrease in % intracellular accumulation
(compared to control) of Rh123 indicates induction of P-gp. Rifampicin
(5 uM) was used as a reference P-gp inducer; “The statistical comparisons
were made between control vs compounds. The p value <0.5 was
considered to be significant. P value *< 0.5, **<0.01, ***<(0.001. All

25 values are shown as average of three experiments + SD. nd: not
determined.

The promising P-gp induction activity of these compounds

was further confirmed by western-blot (WB) analysis. In the WB

30 analysis, the exposure of LS180 cells with compounds 6¢ and 6s

at 5 pM, resulted in 7.2 and 7.8-fold increase in the P-gp
expression in LS180 cells (Figure 3).

10

Control 6s 6c N *
8
.E
6
‘ s S e | rer S
G 4
= W .E
— p-actin % 2
o N :

Control 6s 6¢c
Compound, 5 pM

(a) (®)
Figure 3. The effect of alkylidene bis-phosphonate esters 6¢ and
6s (5 uM) on P-gp expression in LS180 cells. (a) Western-blot
(b) quantitation results of P-gp expression.

w
by

Next, the ECsy for P-gp induction was determined for
SR12813 (6a) and best new analogs 6¢ and 6s along with
rifampicin (Table 5). Both newly synthesized phosphonate esters

40 6¢ and 6s showed better P-gp induction activity (ECso = 0.27-0.29
uM) than SR12813 (6a: ECso = 1.25 uM). The compound 6s
possesses 4.3-4.6-fold higher ECs, value than SR12813 (6a). The
ECs of new analogs 6¢ and 6s was comparable to that of positive
control rifampicin.

4

o

Table S. P-gp induction activity in terms of ECs, values of 6a, 6¢
and 6s

Entry ECs5 (uM)
SR12813 (6a) 1.250
6¢c 0.271
6s 0.290
Rifampicin 0.226

After obtaining two interesting P-gp inducer leads based on the
known PXR activator SR12813 scaffold, next we decided to

so perform their preclinical characterization. Both compounds 6¢
and 6s displayed excellent thermodynamic aqueous solubility in
water, PBS, SGF and SIF (S =>1.5 mg/ml) (Table 6).

Table 6. Aqueous solubility of SR12813 (6a) and its analogs 6¢ and 6s

Media® Solubility (ng/ml)

6a 6¢c 6s
Water 200 >1500 400
PBS 200 >1500 >1500
SGF 200 >1500 >1500
SIF 200 40 >1500

ss “PBS: phosphate buffer saline (pH 7.4); SGF: simulated gastric
fluid (pH 1.2); SIF: simulated intestinal fluid (pH 6.8)

Next, the Caco-2 permeability and CYP liability was determined
for compound 6¢. The cytochrome P450 liability was assessed on
o four key drug metabolizing enzymes CYP3A4, CYP2DG6,
CYP2C9, CYP2C19 at 10 uM. Compound 6¢ showed 19, 20, 0,
and 0% inhibition of these enzymes at tested concentration,
indicating that this compound does not possess any CYP liability
(<50% inhibition at 10 uM). In caco-2 permeability assay, the
¢s efflux ratio of 0.9 indicated that it is not a substrate of efflux
pumps. The pharmacokinetic behaviour of compound 6c¢ was then
evaluated in BALB/c mice using oral and IV dosing.® A single
10 mg/kg oral dose and 1.0 mg/kg intravenous dose was given to
the BALB/c mice. Compound showed good plasma exposure on
70 oral administration with AUC,, and AUC,., of 1968 and 2067
ng-h/mL, respectively. Furthermore, compound has good
elimination half-life (3.48 h). The in vivo blood clearance
following intravenous dosing was found to be 30.4 mL. min™ kg™
with a large volume of distribution 1.81 L.kg"'. Compound 6¢
75 showed good oral bioavailability (37.6%) (Figure 4).
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g 10000 = |V 1 mg/Kg

é_ = PO 10 mg/Kg

§3

®E

€2

[}

g
Parameters v PO
Dose (mg/kg) 1 10
t15(h) 0.69 348
AUC_ (ng-h/mL) 543 1968
AUC_, (ng-h/mL) 549 2067
Cinax (ng/mL) 811 870
Coy (ng/mL) 1153 -
CL (mL/min/Kg) 30.4 -
V4(L/Kg) 1.81 -
Vss (L/Kg) 1.10 -
Tlast (h) 4.0 -
tmax (h) - 0.50
%F - 37.6

Figure 4. Pharmacokinetic analysis of compound 6c¢ in BALB/c
mice. The plasma versus plasma concentration profile of
compound in BALB/c mice is shown [t terminal half life;
AUC,_: the area under the plasma concentration-time curve from
0 to last measurable time point; AUC.,: area under the plasma
concentration-time curve from time zero to infinity; Cpay
maximum observed plasma concentration; C,: extrapolated
concentration at zero time point; CL: clearance; Vg4 volume of
distribution; V4 volume of distribution at steady state; T, : time
at which last concentration was found; F: bioavailability].

Conclusion

In conclusion, the alkylidene phosphonate scaffold has shown
promising P-gp induction activity in LS180 cells. The alkylidene
bisphosphonate 6¢ strongly induced the expression of P-gp which
plays major role in enhancing AP efflux across the BBB.
Furthermore, this compound 6¢ possessed excellent aqueous
solubility, no CYP and efflux pump liability; and has excellent
pharmacokinetic properties with oral bioavailability of 37%.
Thus, the results presented herein, demonstrate the potential of
this scaffold for investigation as amyloid-p clearing agent and
thereby as a potential anti-Alzheimer treatment.
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GRAPHICAL ABSTRACT

We report P-gp induction activity of a PXR activator SR12813 and its structure-activity
relationship. SR12813 analogs displaying promising P-gp induction have been identified and
studied for aqueous solubility, CYP/ efflux liabilities, and pharmacokinetic analysis.
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