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Abstract: We report here a novel sorbitol dehydrogenase
inhibitor, 16, that shows very high oral potency (50 ug/kg) in
normalizing elevated fructose levels in the sciatic nerve of
chronically diabetic rats and sustained duration of action (>24
h). Furthermore, 16 shows attractive pharmaceutical proper-
ties, including good solubility in simulated human gastric fluid,
excellent Caco-2 Papp, moderate lipophilicity, and metabolic
stability for achieving good oral absorption and long duration
of action.

Giesen et al.! and Williamson et al.2 have reported
that inhibition of sorbitol dehydrogenase (SDH) can
influence the early functional changes observed in
experimental diabetes, including alterations in vascular
albumin permeation, tissue blood flow, nerve conduction
velocity (NCV), and renal hyperfiltration. In turn, such
early functional changes may contribute to eventual
pathology in affected diabetic tissues. Sorbitol dehydro-
genase inhibitor (SDI), 1a, was evaluated in normal and
diabetic rats for its effects on NCV. As expected, it
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caused significantly higher accumulation of sorbitol in
the sciatic nerve of both normal and diabetic rats, 20x
and 100x, respectively, over untreated normal rats.?
However, in apparent contrast to expectations based on
long-standing osmotic hypothesis,* 1a showed no ad-
verse effects on NCV in normal rats.® In chronically
diabetic rats, apparently confounding results attribut-
able to several possible factors, as iterated already,®
have been obtained.>36-8 Because 1a is a weak inhibitor
with a very short plasma half-life in rats,® we have
designed and synthesized more potent SDIs, with long
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serum half-lives, as better tools to help define the role
of excess flux through SDH (Figure 1) in diabetic
complications.

A seminal discovery in efforts to enhance SDI potency
of 1la was the rational design of 1c with the (R)-
hydroxyethyl side chain, which is the essential center-
piece of all potent SDIs in our pyrimidine series.>
Because both SDIs 1a and 1c feature a metabolically
labile N,N-dimethylsulfamoyl group,'® a metabolically
stable replacement for the N,N-dimethylsulfamoyl group
became a focal point for discovery of highly potent
inhibitors with longer serum half-lives. Other factors
that govern oral in vivo potency in target tissues, e.g.,
peripheral nerve, include the inhibitor's extent of ab-
sorption into systemic circulation, protein binding, pKa,
and sufficient lipophilicity to efficiently partition from
blood to tissues. Chu-Moyer et al.}! have reported that
replacement of the dimethylsulfamoyl moiety of 1c by
planar nitrogen-containing heterocycles provide potent
SDIs with longer serum ty2. The most potent inhibitor
from this effort was 2a (RR diastereomer), which
incorporates a strategic dimethylpiperazine linker with
a second chiral hydroxyethyl side chain on the poten-
tiating pyrimidine side chain. However, compounds with
multiple chiral centers pose several challenges in phar-
maceutical development, specifically, enantiomers and
diastereomers issues relating to absorption, distribution,
metabolism, elimination, analytical methods develop-
ment, and synthesis. As it turns out, 2a is rapidly
metabolized by rats and a nearly equal mixture of all
four possible optical isomers (RR, SR, RS, and SS) is
found in systemic circulation.1?2 As expected from our
earlier experience,® the RR diastereomer was the most
potent in vitro vs rat as well as vs human SDH, with
the other three isomers being (2—80) x less potent than
the RR diasetreomer.12 Thus, in addition to the above-
mentioned troublesome challenges posed by pharmaco-
logical agents with more than one chiral center, the
unexpectedly complicated metabolism of 2a in the test
species precluded it from manifesting its full potency
in vivo by generating major quantities of less potent
metabolites. So, we set our objective to discover SDIs
related to 2a but with a single obligatory (R) chiral
center at the pyrimidine 2-position® (ring A), in vivo
potency significantly superior to 2a, and a long duration
of action similar to that of 2a.l! Herein, we report
results of efforts culminating in the discovery of the title
SDI, 16, which has a single chiral hydroxyethyl side
chain and shows unprecedented SDH inhibition potency
in the sciatic nerve of chronically diabetic rats.

Our initial strategy was to investigate whether cer-
tain heterocycles with appropriate substituents could
function as effective surrogates for the second chiral
hydroxyethyl on the potentiating pyrimidine moiety in
2a (ring B). Among SDIs with a single chiral hydroxy-
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ethyl group, those with pendent piperazine methyl
groups proximal to, rather than distal to, the chiral
pyrimidine had already been found to be generally more
potent in vivo.’® So, we chose the hitherto unexplored
pyrimidine 2b (rather than 2c) with pendant hetero-
cycles Rg as our first target.

Biological Testing. Potential SDIs were screened for
in vitro activity against rat and human recombinant
SDH?* and for oral in vivo activity in two streptozotocin
diabetic rat models, acute and chronic, as measured by
the ability of the inhibitor to lower sciatic nerve fructose
that had become elevated in diabetic nerve.>!l The
expedient acute model was used to also screen for
potential racemization of the critical hydroxyethyl
moiety, through the oxidoreduction pathway. Racem-
ization was inferred if a more in vitro potent R enan-
tiomer (as observed in our series) gave very nearly the
same sciatic nerve fructose inhibition result as a less
potent S enantiomer, when they were each adminis-
tered, at the same dose. Because our objective was to
block the flux through SDH in a complete and sustained
manner, we focused attention on EDgy values (90%
inhibition of fructose elevation in the diabetic sciatic
nerve) rather than on traditionally targeted EDsg val-
ues, expressed as mpk (mg/kg), in the chronic model.

Results and Discussion.’®> Compounds 9, 10, and
11a (see Scheme 1) were tested in the chronic model.
The S-enantiomer of 11a, 11b, was prepared according
to Scheme 1 by replacing 7 with its S-enantiomer. While
all these SDIs were active in this model, 10 and 1la
were found to be nearly 2x more potent than 2a, thus
providing a new direction for SAR pursuit. Equally
importantly, in contrast to the experience with 2a but
consistent with that of monochiral 1c,® 11a and 11b
gave distinctly different inhibition responses in the
acute rat model when tested at 1 mpk. While 11a gave
>90% of fructose normalization in both the acute and
chronic models, 11b was essentially inactive in the acute
model. If biological oxidoreduction as observed in the
case of 2a also prevailed with 1la, nearly identical
inhibition of nerve fructose would be expected, regard-
less of which enantiomer was administered. Thus, the
strategy of mitigating metabolic complexity and concur-

rently gaining in vivo potency through structural modi-
fication was successful.

We then turned our attention to incorporate other
reinforcing medicinal chemistry approaches to design
even more in vivo potent SDIs. Inhibitor 2a is dibasic
with pKj, values of 6.8 and 6.0. At physiological pH of
7.4, 25% of 2a would be protonated according to pH —
pKa = log [B/BH'], i.e., 7.4 — 6.8 = log [B/BH*]. Mindful
of the unfavorable property of charged species to cross
the cell membrane, the question was whether we could
design SDIs with a pKj, sufficiently lower than 6.8 to
enhance the ability of these inhibitors to partition from
blood to the sciatic nerve tissue. A surrogate for the
pyrimidine side chain with the potential to lower pK,,
which had not been fully exploited, was an s-triazine.
With extensive SAR already in hand, we began to
explore substitution at the two free sites on the s-
triazine side chain. In addition, we were guided by the
need to incorporate moderately lipophilic substituents
on the s-triazine to accommodate the proposed hydro-
phobic site in the vicinity of the catalytic zinc metal
complex in SDH as indicated by the enzyme structure
model®1® and to address both aqueous solubility and
protein binding. The title compound, 16, was visualized
as a critical target to test the design rationale. It was
prepared according to Scheme 2A. Close-in analogues
relevant to SAR around 16 (see Table 1), which include
17, 21, 22, and 24, were prepared according to Scheme
2A—C.

16 (MW, 343) was highly potent in vitro vs both
human and rat SDHs At ICy, it was 3x more potent
than 2a against rat SDH in a side-by-side determination
(10 £+ 0.6 vs 31 + 4 nM). Strikingly, it was 40x more
potent than 2a in the chronic model (EDgp, 0.05 vs 2
mpk). It showed two pK, values of 6.2 and 4.8, both
significantly lower than those of 2a (6.8 and 6.0) and
was more lipophilic than 3 (log P, 2.0 vs 1.4), with a high
solubility of >1.3 mg/mL in simulated gastric fluid. The
reduced pK, of 16 results in 6.3% (7.4 — 6.2 = log
[B/BH™]) circulating protonated species at physiological
pH and thus reduces the extent of protonation by nearly
19% relative to 2a. The higher lipophilicity of 16 could
increase its penetrating power into the nerve tissue,
which is wrapped by a fatty myelin sheath. While both
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16 and 2a show very low rat plasma protein binding,
16 is relatively more protein-bound than 2a (64% vs
42%), as would be expected from their log P values. The
lipophilicity of 16 appears to be optimum in this series
because the relatively less lipophilic 21, the progres-
sively more lipophilic 22, and 17 are less potent than
16. The least potent inhibitor, 17, may have severely
tested the permissive space within the SDH active site
hydrophobic pocket. Furthermore, 24, the most polar
of all of these, is significantly less potent than 16. As in
the case of 11a, 16 appeared stable to oxidoreduction
of the chiral hydroxyethyl in the rat. A 2-fold difference
in ICso values between 16 and 16a was equally mani-
fested by their chronic in vivo potencies. At 0.1 mpk,
16 and 16a gave 96% and 56% fructose inhibition,
respectively. These results, taken together with the
observed lack of turnover of 16 by rat microsomes in
vitrol” to generate 16a, are consistent with previous
experience with 1c® as well as with 11a, regarding
oxidoreduction of the monochiral hydroxyethyl. The
aggregate contribution of favorable factors toward the
striking in vivo potency enhancement of 16 over 2a,
underpinning our design rationale, includes enhanced
in vitro potency of SDH inhibition, reduced in vivo
generation of less potent diastereomer metabolites,

optimally increased log P to enhance nerve tissue
penetration, and sufficiently lowered pK, to curtail
extent of charged species at physiological pH. Like other
members of the series, 16 was highly selective (>2500-
fold) for SDH compared to other dehydrogenases, in-
cluding alcohol, lactate, and fructose dehydrogenases.

Pharmacokinetics of 16 was determined in both rats
and dogs. It was well absorbed orally in both species.
Its serum half-lives in rats and dogs were 7 and 10 h,
respectively (similar to that of 2a, 5.6 and 9.6 h,
respectively). Consistent with its long serum half-life
in rats, 16 at 0.05 mpk, like 2a at 2 mpk,* showed
sustained inhibition of sciatic nerve fructose in chroni-
cally diabetic rats (data not shown). It showed good
movement across a Caco-2 cell monolayer via a trans-
cellular mechanism, with Pap, > 107° cm/s, suggestive
of the potential for very good oral absorption in humans.

In summary, we have described key aspects of a drug
design rationale contributing to the remarkable opti-
mization of in vivo potency, in progressing from 2a to
the title SDI, 16. The preponderance of evidence sug-
gests that, unlike 2a, the monohydroxyethyl pyrim-
idines, e.g., 11a and 16, are not good substrates for rat
liver microsomal oxidoreduction. Furthermore, 16 shows
highly attractive druglike properties including high
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Table 1. In Vitro and in Vivo Data of SDIs
1Cs0 (NM)

no. rat human EDgo,2 mpk
2a 11b 10 2
9 11 13 1
10 7 4 1
1la 6 4 1
11b 32 c c
16 4b 5 0.05
16a 9 16 d
17 39 43 e
21 5 7 0.3
22 10 7 1
24 20 c f

a Chronic test, P Side-by-side comparison, ¢ Not determined,
d56% at 0.05 mpk. € 81% at 1 mpk. f65% at 1 mpk.

target enzyme potency/selectivity, low molecular weight,
good solubility, low protein binding, modest lipophilicity,
excellent Caco-2 P4, for good oral absorption, and
sufficiently long plasma ty, both in rats and dogs, to
support sustained duration of action. This compound
should allow powerful, long-acting in vivo inhibition of
SDH and allow clarification of the role of the metabolic
flux through SDH in the development of diabetic
complications.

Supporting Information Available: Description of syn-
thetic schemes and spectral data. This material is available
free of charge via the Internet at http://pubs.acs.org.
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