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Pyrimido[5,4-e][1,2,4]triazine-5,7(1H,6H)-dione derivatives exhibited potent cytoprotective effect from
rotenone toxicity. Lead optimization focused on the CC50/EC50 ratio and DMPK properties led to the overall
improvement of the compound profile of this series with high CC50/EC50 ratio (92 for 1f), good metabolic
stability in rat microsomes and medium to high aqueous solubility.

� 2009 Elsevier Ltd. All rights reserved.
Parkinson’s disease (PD) belongs to a group of conditions called of this series of compounds suggests its potential therapeutic
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motor system disorders, which are the result of the loss of dopa-
mine-producing brain cells. The primary symptoms of PD include
tremor or trembling in hands, arms, legs, jaw, and face; rigidity
or stiffness of the limbs and trunk; bradykinesia or slowness of
movement; and postural instability or impaired balance and coor-
dination. As these symptoms become more pronounced, patients
may have difficulty walking, talking or completing other simple
tasks. PD is both chronic and progressive.

It is estimated that PD affects at least 500,000 people in the Uni-
ted States, which is expected to increase as the population ages.1 At
present, there is no cure for PD, although a variety of medications
provide dramatic relief from the symptoms. In recent years, Parkin-
son’s research has advanced to the point that halting the progres-
sion of PD, restoring lost function, and even preventing the disease
are all considered realistic goals. However, to cure PD remains a
significant challenge. Therefore there is continued significant med-
ical need to discover novel molecules or therapy for treating PD
effectively.

Previously we reported that pyrimido[5,4-e][1,2,4]triazine-
5,7(1H,6H)-dione derivatives (1, Fig. 1) confer significant cytopro-
tective effect from rotenone toxicity in a cellular rotenone stress
assay, a disease relevant cell model to PD.2 The biological profile
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application in neurodegenerative diseases such as PD. We reported
both synthesis and the initial structure–activity relationship (SAR)
of R2 and R3 on their cytoprotective effect from rotenone toxicity.2

Among them, 1a (Fig. 1) was discovered as one of the best com-
pounds, which displayed significant cytoprotection from rotenone
toxicity (EC50 = 0.23 lM).2

As our continued effort to optimize this series, here we report
the extended SAR of pyrimido[5,4-e][1,2,4]triazine-5,7(1H,6H)-
dione derivatives (1) on their cytoprotective potency in the
rotenone stress assay, the optimization of the CC50/EC50 ratio, as
well as their initial DMPK properties.

Rotenone is a broad-spectrum insecticide and pesticide that is
known to cause PD-like symptoms in rats.3 The cellular rotenone
O
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Figure 1. Pyrimido[5,4-e][1,2,4]triazine-5,7(1H,6H)-dione derivatives.
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model of PD has been applied by others to study PD-related cyto-
toxicity.4–6 Therefore we developed a rotenone toxicity model in
SK-N-SH neuroblastoma cells to measure the cytoprotection from
rotenone-induced cellular damage.7 As previously demonstrated,
the majority of the compounds tested in this series were very po-
tent in protecting cells from rotenone-induced cytotoxicity with
EC50 <1 lM.2 However, most of them had low CC50/EC50 ratio (<20)
based on their potency in rotenone stress assay and their corre-
sponding cytotoxicity in SK cells without rotenone. In order to have
practical application in PD, it is necessity to further improve the
CC50/EC50 ratio of this series of compounds. For that purpose,
new variations and new combinations of R1, R2, and R3 were eval-
uated. The EC50 value, the maximum percent increase of cell viabil-
ity (compared with the DMSO control with rotenone treatment)
and the CC50/EC50 ratios are listed in Table 1. For comparison, the
previously discovered best compound 1a was also listed in Table 1.
Table 1
Optimization of CC50/EC50 ratio

N
N

NR3

R2

1

Producta R1 R2 R3 Rot

1a Me n-Bu 2-Benzothiazole 0.2
1b Me c-Pr-CH2CH2 2-Benzothiazole 0.2
1c Et n-Bu 2-Benzothiazole 0.1
1d Et Isoamyld 2-Benzothiazole 0.3
1e n-Pr n-Bu 2-Benzothiazole 0.1
1f n-Bu n-Bu 2-Benzothiazole 0.2
1g Me n-Bu 4-CF3O-Ph 0.2
1h Me Et 4-Cl-Ph 0.1
1i c-Pr-CH2 c-Pr-CH2CH2 4-CF3-Ph 0.2
1j Me Me 3,4-Di-Cl-Ph 0.1
1k c-Pr-CH2 c-Pr-CH2CH2 3,4-Di-Cl-Ph 0.8

1l Me

F

F 3-F-Ph 0.0

1m Me c-C6H11–CH2–CH2 3-F-Ph 0.5
1n Me Et 3-Cl-Ph 0.4
1o Me c-Pr-CH2CH2 3-Cl-Ph 0.0
1p Me c-C6H11–CH2–CH2 3-CF3O-Ph 0.3
1q c-Pr-CH2 c-Pr-CH2CH2 3-CF3O-Ph 0.5
1r Me CF3-CH2CH2CH2 3-CF3O-Ph 0.6
1s Me CH3O–CH2–CH2–CH2 3-CF3O-Ph 0.3
1t c-Pr-CH2 CF3–CH2CH2CH2 3-CF3-Ph 0.3

1u Me c-Pr-CH2CH2

O

O

F

F

0.2

1v c-Pr-CH2 CF3-CH2CH2CH2

O

O

F

F

0.5

1w c-Pr-CH2 CF3-CH2CH2CH2 0.7

a The expected mass was confirmed for each compound by LC–MS analysis and structu
mean of multiple testing.

b See Ref. 7 for rotenone stress assay condition. EC50 is the concentration at which cyto
compound.

c Cell viability was determined by the MTS assay described in Ref. 8 CC50 is the conce
d Isoamyl = 3,3-dimethylpropyl.
As shown in Table 1, when R2 and R3 were kept constant, the R1

group with the longer linear carbon chain length led to higher
CC50/EC50 ratios (compare 1a or 1c with 1e or 1f). Among them,
1f with n-Bu R1 moiety had CC50/EC50 ratio of 92, close to threefold
improvement compared with that of 1a. Cyclopropylmethylene
group is also among the best R1 substituents (1i, 1t). In addition,
increasing the bulkiness of R2 group also led to an improvement
in CC50/EC50 ratio (1c vs 1d). In general, most of the compounds
listed in Table 1 had improvement in CC50/EC50 ratio compared
with 1a via the improvement of either the cytoprotective potency
(e.g., 1l and 1o, EC50 <0.1 lM) or decreased cytotoxicity (e.g., 1d,
1f, 1i, 1k, 1m–n, 1p–t, 1v–w). The best R3 groups we discovered in-
clude 2-benzothiazole (1f) and substituted phenyl (1m, 1t), while
the best R2 are the alkyl groups with the same linear length of car-
bon chain as n-Bu (1f, 1t). It’s worth noting that compound 1g con-
taining the 4-trifluoromethoxyphenyl R3 moiety not only improved
N

N O

O

R1

enone EC50
b (lM) Max cytoprotectionb (%) CC50

c (lM) CC50/EC50

3 53 8.4 37
3 48 10.6 46
6 56 4.9 31

46 22.6 77
2 42 8.6 72
1 32 19.3 92
8 85 14.2 51
5 65 5.9 39
9 62 22.6 78
9 30 11 58
1 45 43.5 54

7 46 2.8 40

1 57 42.2 83
44 >23 >58

9 39 7 77
5 38 26.5 76
9 54 36.6 62
1 45 31.5 52
8 59 26.1 69
7 43 35.9 83

70 13.1 66

7 50 38.6 68

8 51 43 55

re was confirmed by 1H NMR. Their syntheses are reported in Ref. 2. The data are the

protection from rotenone is half of the maximum cytoprotection achieved for each

ntration at which cytotoxicity is half of maximum.
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the CC50/EC50 ratio but was also superior to all others in the max-
imum cytoprotection (85%) including 1a. The 85% cytoprotection of
1g is equivalent to 98% cell survival, close to complete protection
from rotenone toxicity, which was a dramatic improvement in
cytoprotection over other compounds including the original lead
compound 1a. Therefore, by comparison, a concentration of 1g be-
low its EC50 would result in comparable cytoprotective activity to
other compounds, potentially further improving the relative
CC50/EC50 ratio.

Overall, a few analogs in this series had CC50/EC50 ratio of �70, a
2–3-fold improvement over that of 1a. The combination of the high
CC50/EC50 ratio and the high cytoprotective potency in the rote-
none stress assay suggests improved therapeutic potential of this
series of compounds for PD.

Next, in order to further evaluate the potential applications of
this series of pyrimido[5,4-e][1,2,4]triazine-5,7(1H,6H)-dione
derivatives, a rat PK study with both intravenous (IV, 2 mg/kg)
and oral (PO, 20 mg/kg) administration of compound 1a was con-
ducted. We found that this compound was well distributed
(Vz = 9.26 L/kg), but the stability in rat measured by the terminal
half-life (t1/2 = 1.29 h) was relatively short, and the oral bioavail-
ability (Fpo = 2%) was very poor (Table 2).

To estimate its absorption characteristics, membrane perme-
ability of 1a was assessed with the Caco-2 assay.9 Results showed
rapid transport in the apical to basal direction (PappAtoB = 34.8 �
10�6 cm/s) with efflux ratio (PappBtoA/PappAtoB) of 0.03, suggesting
high intestinal permeability and likely lack of P-glycoprotein med-
iated export.9 The calculated polar surface area (PSA = 90.1 Å2) for
1a also is in the range typically associated with the well-absorbed
molecules (PSA <140 Å2).10 In addition, this compound (1a) has
very good aqueous solubility (230 lM) (Table 3) which is expected
to have favorable impact on absorption and oral bioavailability.
Therefore the poor oral bioavailability of 1a was most likely not
attributed to the absorption.

Since both the poor oral bioavailability and plasma instability
could be attributed in part to liver metabolism, compound 1a
was tested for stability in rat liver microsomes (RLM). Although
the half-life (t1/2) in RLM for this compound was not very short
(51 min), the recovery without co-factor NADPH was low (50%, Ta-
ble 3), suggesting possible non-CyP450 related metabolism.

In an effort to improve the rat liver microsomal stability with
high recovery, we first incorporated cyclopropylethyl R2 motif into
our molecule design (1b), but the RLM stability did not improve
compared with that of 1a (Table 3). Next we incorporated e-with-
drawing substitution at the 3- or 4- position of a phenyl ring R3, the
resulting compounds were very stable in the RLM as expected
(compare 1x or 1n with 1a). 1n is the most stable one with almost
no degradation over 45 min with 100% recovery without co-factor
NADPH in the RLM assay. When 3-CF3-Ph, 3-CF3O-Ph or 2,2-dif-
luorobenzo[d][1,3]dioxole group was used as R3, some of the ana-
logs (1s and 1u) are more stable in RLM than 1a with t1/2 >45 min
and recovery P70%, while the others (1t and 1v) are less stable
than 1a in the RLM assay with lower recovery. In these cases, their
Table 2
Pharmacokinetic parameters and calculated physical properties for selected compounds

Compd Dose (mg/kg) (PO/IV) AUCinf
a (lg/h/L) (PO/IV) t1/2 (h) (PO/IV)

1a 20/2 79/392 2.36/1.29
1n 10/2.5 130/288 1.85/0.12

a Male rats: formulation (for both IV PO and IV administration) for 1a: 5% DMSO, 20%
DMA, 20% PEG400, 73% (30% HP-b-CD water), pH 6.

b Ref.: The total body water in the rats is 0.67 L/kg.
c Ref.: The rat hepatic blood flow is 3.31 L/h/kg.
d tPSA means the calculated polar surface area using ChemDraw Ultra 11.0; Clog P va
instability in RLM may be attributed to the R2 and/or R1 alkyl
groups.

Next, we chose 1n, the most stable compound in the RLM assay,
to do a rat PK study with both IV (2.5 mg/kg) and PO (10 mg/kg)
administrations hoping to see some level of improvement. How-
ever, although the oral bioavailability of this compound was signif-
icantly improved (from 2% to 11%) compared with 1a, it was still
not adequate. As shown in Table 2, this compound (1n) also had
a very short terminal half-life (t1/2 = 0.12 h) following IV adminis-
tration in rats, which was inconsistent with its in vitro RLM stabil-
ity results. On the other hand, 1n was far less well distributed in
rats than 1a (Vz = 1.62 vs 9.26 L/kg) following IV administration.
This may explain why the terminal half-life (t1/2) of the compound
1n in rats following IV dose was so short since it is directly affected
by the volume distribution (V) and clearance (CL) [t1/2 = (0.693 �
V)/CL]. Considering the fact that 1n had comparable in vivo clear-
ance as 1a, the much lower volume distribution of 1n (compared
with 1a) was likely the main reason to cause the very short termi-
nal half-life. The low volume distribution of 1n may indicate pos-
sible plasma protein binding of this compound. Furthermore, the
low oral bioavailability of 1n, despite dramatically increased RLM
stability of this compound, could have been offset by its low aque-
ous solubility (23 lM, Table 3) resulting in improved but still poor
oral bioavailability. Therefore we also focused our efforts on
improving the aqueous solubility of this series of compounds, in
addition to the other properties.

When we incorporated a CF3-substituted phenyl ring as R3, a
significant improvement of the aqueous solubility was observed
(compare 1i or 1t with 1n or 1o) (Table 3). Likewise all the com-
pounds with a CF3O-substituted phenyl ring as R3 had good aque-
ous solubility ranging from 117 to 491 lM (1q–t), with 1s
maintaining good RLM stability and high CC50/EC50 ratio. The sig-
nificant improvement of the aqueous solubility is likely due to
the formation of hydrogen bonds between F-atoms and water mol-
ecules. Interestingly, 2,2-difluorobenzo[d][1,3]-dioxole R3 group
led to poor aqueous solubility (1u–y). However, when a CF3 moiety
was incorporated into a R2 alkyl group, the aqueous solubility of
the resulting compound 1v was improved 10-fold as compared
with that of 1y, likely due to the R2 group containing F-atoms
which enable the formation of H-bonds with water molecules. Fi-
nally, we incorporated the morpholine motif into our target mole-
cule design, as expected the aqueous solubility of 1z was very high
(482 lM).

Our next step of the research is to select analogs we have dis-
covered that had excellent cytoprotective potency or overall good
balance between potency, CC50/EC50 ratio, RLM stability, and aque-
ous solubility such as 1l–o and 1s for continued DMPK evaluation.
Results from such studies may provide additional insights into how
to simultaneously improve PK characteristics for the compounds in
this series, and ultimately for animal efficacy studies. As there are
often multiple factors that simultaneously influence the animal PK
profile even with different analogs in the same chemical series as
demonstrated by the above cases of 1a and 1n, it will be worth-
Vz
b (L/kg) (IV) CLc (L/h/kg) (IV) Fpo (%) tPSAd Clog Pd

9.26 5.13 2 90.1 1.93
1.62 8.88 11 77.7 1.39

PEG400, 9.5% Cremophor EL in 50 mM sodium phosphate buffer, pH 7.4; for 1n: 7%

lues were also calculated using ChemDraw Ultra 11.0.



Table 3
Optimization of ADME properties

Producta R1 R2 R3 Rotenone
EC50 (lM)

CC50/EC50 RLM t1/2
b (min) RLM recoveryc

(%, -NADPH)
Solubilityd

(lM)

1a Me n-Bu 2-Benzothiazole 0.23 37 51 50 230
1b Me c-Pr-CH2CH2 2-Benzothiazole 0.23 46 40 44 34
1d Et Isoamyl 2-Benzothiazole 0.3 77 24 25 NDe

1x Me Me 4-CF3-Ph 0.12 32 140 105 ND
1i c-Pr-CH2 c-Pr-CH2CH2 4-CF3-Ph 0.29 78 ND ND 75.3
1m Me c-C6H11–CH2–CH2 3-F-Ph 0.51 83 ND ND 49
1n Me Et 3-Cl-Ph 0.4 >58 2890 101 28.5
1o Me c-Pr-CH2CH2 3-Cl-Ph 0.09 77 ND ND 21.4
1q c-PrCH2 c-Pr-CH2CH2 3-OCF3-Ph 0.59 62 ND ND 117
1r Me CF3–CH2CH2CH2 3-OCF3-Ph 0.61 52 ND ND 171
1s Me CH3O–CH2–CH2–CH2 3-OCF3-Ph 0.38 69 101 71 491
1t c-PrCH2 CF3–CH2CH2CH2 3-CF3-Ph 0.37 83 23 26 200

1u Me c-Pr-CH2CH2

O

O

F

F

0.2 66 72 73 20.7

1y c-PrCH2 c-Pr-CH2CH2

O

O

F

F

0.47 >35 79 68 16.1

1v c-PrCH2 CF3–CH2CH2CH2

O

O

F

F

0.57 68 31 41 168

1z Me c-C6H11–CH2–CH2

N

O

0.82 42 ND ND 482

1aa Me c-Pr-CH2CH2 0.99 41 19 90 47.3

a The desired mass was found for each compound in LC–MS analysis and structure was confirmed by 1H NMR. Their syntheses can be referred to the procedure described
in Ref. 2. The data are the average of multiple testing.

b See Ref. 11 for RLM assay condition. The t1/2 (min) value is the extrapolated value from a 45 min run of the assay.
c The compound recovery (%) without co-factor NADPH in RLM assay.
d See Ref. 12 for the solubility test condition.
e ND—not done.
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while with these and future compounds to also measure plasma
protein binding as it could affect distribution as well as oral
bioavailability.

In summary, we synthesized a number of new pyrimido[5,4-
e][1,2,4]triazine-5,7(1H,6H)-dione analogs using the synthetic pro-
cedures described previously for lead optimization, which focused
on the improvement of CC50/EC50 ratio and DMPK properties from
the previously discovered lead compound 1a. Our continued lead
optimization effort in this series (as described here) led to highly
potent compounds (EC50 <0.1 lM) in the rotenone cytoprotection
assay and high CC50/EC50 ratio of up to 92, close to threefold
improvement from that of 1a. This lead optimization effort also re-
sulted in a number of stable compounds in rat liver microsomes as
well as compounds with medium-high aqueous solubility. Most
importantly, we were able to discover compounds that had good
overall balance between potency, CC50/EC50 ratio, metabolic stabil-
ity in RLM and aqueous solubility such as 1l–o and 1s. As the rote-
none cell model is directly relevant to PD, the results presented
here provided us much encouragement and hope for this series
of compounds to be potentially used in treating PD in the future.
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