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Abstract: The pharmacokinetic profile of ZST316 and ZST152, arginine analogues with inhibitory
activity towards human dimethylarginine dimethylaminohydrolase-1 (DDAH1), was investigated
in mice using a newly developed HPLC-MS/MS method. The method proved to be reproducible,
precise, and accurate for the measurement of the compounds in plasma and urine. Four-week-old
female FVB mice received a single dose of ZST316 and ZST152 by intravenous bolus (30 mg/Kg)
and oral gavage (60 mg/Kg). ZST316 Cmax was 67.4 ug/mL (intravenous) and 1.02 ug/mL (oral),
with a half-life of 6 h and bioavailability of 4.7%. ZST152 Cmax was 24.9 ug/mL (intravenous)
and 1.65 pg/mL (oral), with a half-life of 1.2 h and bioavailability of 33.3%. Urinary excretion of
ZST152 and ZST316 was 12.5%—-22.2% and 2.3%-7.5%, respectively. At least eight urinary metabolites
were identified. After chronic intraperitoneal treatment with the more potent DDAH1 inhibitor,
ZS5T316 (30 mg/Kg/day for three weeks), the bioavailability was 59% and no accumulation was
observed. Treatment was well tolerated with no changes in body weight vs. untreated animals and
no clinical signs of toxicity or distress. The results of this study show that ZST316 has a favorable
pharmacokinetic profile, following intraperitoneal administration, to investigate the effects of DDAH1

inhibition in mice.

Keywords: dimethylarginine dimethylaminohydrolase-1 inhibitors; ZST316; ZST152; pharmacokinetics;
safety; mice

1. Introduction

The isoform 1 of the enzyme dimethylarginine dimethylaminohydrolase (DDAH1)
plays a critical role in the metabolism of the endogenous methylated arginines, asymmetric
NG,NG—dimethyl—L—arginine (ADMA) and NG—monomethyl—L—arginine (NMMA), into L-
citrulline and dimethylamine [1-3]. As both ADMA and NMMA are potent endogenous
inhibitors of the three isoforms of nitric oxide (NO) synthase (NOS), DDAHI1 regulation
significantly influences NO synthesis [4,5]. In particular, the downregulation of DDAH]1,
and the consequent accumulation of the substrates ADMA and NMMA, leads to NOS
inhibition [3,4,6-8]. The pharmacological inhibition of DDAH1 is emerging as an attractive
therapeutic strategy in disease states, e.g., septic shock and cancer, that are characterized by
excessive local and/or systemic NO synthesis, primarily mediated by the inducible NOS
isoform (iNOS) [9-14].
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We have previously synthesized a new series of arginine analogues incorporating car-
boxylate bio-isosteric functions, with significant inhibitory activity towards human recom-
binant DDAH]I, stably expressed in HEK293T cells. Compound 10a (ZST316), characterized
by an acylsulfonamide isosteric replacement of the carboxylate, showed a 13-fold greater
inhibitory activity (ICsp: 3 uM; Kj: 1 uM) towards DDAH1 when compared to the reference
DDAHTI inhibitor, L-257. Another compound of the series, the oxadiazolone 14b (ZST152),
was also effective (ICsg: 18 uM; Kj: 7 uM) (Figure 1) [15]. ZST316 and ZST152 have been
shown in vitro to suppress vasculogenic mimicry, an alternative neo-vascularization path-
way driven by iNOS and DDAH]1 that increases metastatic potential and adverse outcomes,
in triple-negative breast cancer cells [11,16]. In these experiments, ZST316 and ZST152 did
not significantly degrade in the culture media and were able to successfully penetrate the
cell membrane of cancer cells and inhibit DDAH]1 intracellularly [17].
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Figure 1. Chemical structures of the DDAH1 inhibitors ZST316 and ZST152.

Given the promising results obtained in vitro, and with a view to conduct studies
characterizing the pharmacological profile in vivo, we developed a new HPLC-MS/MS
method to measure ZST316 and ZST152 concentrations in the plasma and urine of mice.
The method was successfully used in the comprehensive pharmacokinetic characterization
of the two compounds, determining their safety profile and the most appropriate route of
administration and dosing regimen for in vivo efficacy studies. A similar approach has
been successfully used by other groups [18-23].

2. Results
2.1. HPLC-MS/MS

Analyte detection and quantification were carried out by tandem mass spectrome-
try (MS/MS) using the following mass transitions: 308.0 > 208.0 m/z for ZST316, and
271.0 > 170.9 m/z for ZST152. The detailed selected reaction monitoring (SRM) reporting
the full fragmentation pattern of ZST316 and ZST152 obtained by MS/MS is shown in
Figures 2 and 3. Examples of chromatograms including a blank plasma and the lower limit
of quantitation (LLOQ) samples are shown in Figure 4.
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Figure 2. SRM fragmentation pattern of ZST316 obtained by tandem mass spectrometry.
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Figure 3. SRM fragmentation pattern of ZST152 obtained by tandem mass spectrometry.

2.2. Development of the Analytical Method
2.2.1. Plasma

The extraction recovery, established on QCs at the concentrations of LLOQ (i.e.,
5 ng/mL), at 15 and 250 ng/mL, fell in the range 88.9%-94.6% and 87.9%-117.5% for
ZS5T316 and ZST152, respectively. The LLOQ in plasma was 5.0 ng/mL for both com-
pounds, with precision of 7.1% and 4.1% and accuracy of 95.8% and 106.1% (n = 6) for
ZST316 and ZST152, respectively (Table 1). We decided to validate this value as LLOQ even
though the limit of detection (LOD) reached in the initial set up phase of the methods was
established for both compounds at 1 ng/mL (S/N > 4.0). However, such sensitivity was not
required as the expected range of activity (ICsp) was markedly higher than the LLOQ value
for both compounds. The linearity of the method, evaluated over three different analytical
runs in the concentration range 5.0-500.0 ng/mL, was acceptable for both analytes, with
an average coefficient of determination (R?) of 0.990 and 0.992 for ZST316 and ZST152,
respectively. The method proved to be reproducible, precise, and accurate as demonstrated
by the intra-day and inter-day results from QC plasma samples of ZST316 and ZST152
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(Tables 2 and 3). Both ZST316 and ZST152 were stable in frozen plasma for at least one
month at —20 °C. No chromatographic carry-over effect was observed injecting a blank
sample after the highest standard calibration point. The method was considered suitable
for preclinical pharmacokinetic investigations.
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Figure 4. Representative chromatograms of a double blank plasma sample (panel (A)), blank with
internal standard IS (ZST152, panel (B)), LLOQ of ZST316 with IS (ZST152, panel (C)), and of
unknown study plasma samples analyzed for ZST316 with IS (ZST152, panel (D)) and ZST152 with
IS (ZST316, panel (E)).
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Table 1. LLOQ of ZST316 and ZST152 in plasma.

ZST316 ZST152
Actual LLOQ concentration (ng/mL) 5.0 5.0
Mean concentration found (ng/mL) 48+03 53+0.2
Accuracy % 95.8 106.1
Precision % 7.1 4.1

Table 2. Intra-day precision and accuracy results for ZST316 and ZST152 in plasma.

ZST316 ZST152
Actual Concentration (ng/mL) 15.0 250.0 15.0 250.0

Mean concentration

found (ng/mL) 15.6 £ 091 237.6 £10.4 15.7 £ 0.78 228.6 =10.3

Accuracy % 103.7 95.0 104.9 91.4
Precision % 5.8 4.4 5.0 4.5
N 5 5 5 5
2.2.2. Urine

The linearity of the method, across three separate analytical runs in the concentration
range 1.0-50.0 ug/mL for both analytes, was demonstrated by the mean determination
coefficient (R?), 0.990 and 0.997 for ZST316 and ZST152, respectively. The method proved
to be reproducible, precise, and accurate as demonstrated by the intra-day and inter-day
results obtained from QC urine samples of ZST316 and ZST152 (Tables 4 and 5). Both
ZST316 and ZST152 were stable at 37 °C in mice urine for at least 24 h and stored frozen
at —20°C for one month. No chromatographic carry-over effect was observed injecting a
blank sample after the highest standard calibration point.

2.3. Pharmacokinetics

The plasma pharmacokinetics of ZST316 and ZST152 after oral and intravenous
administration and the derived parameters are shown in Figures 5 and 6 and Table 6. After
intravenous bolus administration of 30 mg/Kg, ZST316 achieved a Cmax of 67.4 ug/mL.
Then, the compound was rapidly distributed and cleared from plasma with an elimination
half-life of six hours. ZST316 was still detectable after 24 h at a concentration close to
the LLOQ (i.e., 5 ng/mL) in two out of three samples. After oral administration, ZST316
achieved a Cmax of 1.02 ug/mL at 0.5 h and was measurable up to 8 h at a concentration of
0.029 pg/mL. ZST152, after intravenous administration of 30 mg/kg, achieved a Cmax of
24.9 ug/mlL, distributed rapidly, and was cleared from plasma with an elimination half-life
of 1.2 h. As a consequence of the relatively short half-life, ZST152 was detectable for up to
8 h at a concentration close to the LLOQ.

After oral gavage (60 mg/Kg), ZST152 peaked in plasma already at 15 min, achieving a
Cmax of 1.65 pug/mL, which was higher than that of Z5T316. ZST152, as also seen following
the intravenous bolus, was measurable for up to 8 h at a concentration close to the LLOQ.
The ratio of the calculated AUCs after oral and intravenous administration (normalized for
the actual dose) indicated a bioavailability of 33% for ZST152 and less than 5% for ZST316.
However, considering the actual plasma exposure after intravenous administration, the
AUC of ZST316 was approximately twice that of ZST152 (Table 6).
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Table 3. Inter-day precision and accuracy results for ZST316 and ZST152 in plasma.

Nominal Concentration (ng/mL)

15.0 250.0
ZST316 Measured Concentration
14.6 234.0
16.4 256.0
Day 1 15.8 233.0
16.4 231.0
14.6 234.0
21.6* 283.0
Day 2 15.5 271.0
16.2 257.0
19.6 279.0
Day 3 15.9 290.0
16.8 284.0
Mean (n =11) 16.2 259.3
SD 1.41 13.00
Precision (%) 8.7 5.0
Accuracy (%) 107.9 103.7
Nominal concentration (ng/mL)
15.0 250.0
ZST152 Measured concentration
15.6 241.0
15.8 229.0
Day 1 15.7 236.0
14.7 216.0
16.9 221.0
15.9 258.0
Day 2 12.8 191.0*
15.6 236.0
16.3 258.0
Day 3 18.2 256.0
13.9 258.0
Mean (n =11) 15.6 241.4
SD 1.44 16.9
Precision (%) 9.2 7.0
Accuracy (%) 103.9 96.6

* Value excluded from calculations because it was out of the acceptance criteria.
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Table 4. Intra-day precision and accuracy results for ZST316 and ZST152 in urine.

ZST316 ZST152
Actual concentration (pug/mL) 30.0 30.0
Mean concentration found (pg/mL) 33.3+£1.53 292 +1.1
Accuracy % 111.2 97.2
Precision % 4.6 3.8
N 3 3

100.0
=4—=ZST316 60 mgkg p.o.

10.0 ~8-7ST316 30 mgkg iv.

ZST 316 (ug/mL)

0.0
Time (h)

Figure 5. Plasma decay curves of ZST316 after single oral and intravenous administration.

100,0
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o
2
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Figure 6. Plasma decay curves of ZST152 after single oral and intravenous administration.
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Table 5. Inter-day precision and accuracy results for ZST316 and ZST152 in urine.

Nominal Concentration

(ug/mL)
30.0
ZST316 Measured Concentration

31.7

Day1 33.7
347

342

Day 2 33.7
27.7

33.9

Day 3 44,9+
29.7

Mean (n = 8) 324
SD 2.51
Precision (%) 7.7

Accuracy (%) 108.0

Nominal concentration
(ug/mL)
30.0
ZST152 Measured concentration

30.0

Day1 29.6
27.9

28.8

Day2 29.2

N.D.*

28.5

Day 3 305
29.1

Mean (N=8) 29.2
SD 0.83
Precision (%) 2.8
Accuracy (%) 97.3

* Value excluded from calculations because it was out of the acceptance criteria.

The assessment of the urinary elimination after oral and intravenous administration,
in the urine fraction collected 24 h post dose, is reported in Table 6. Regardless of the route
of administration, the excretion of ZST152 was four- to fivefold that of ZST316 (12.5-22.2%
vs. 2.3-7.5%). The relatively low amount of both compounds recovered in urine does not
explain their accelerated clearance. To further investigate this issue, we searched for the
presence of urinary metabolites in the 24 h urine samples in one mouse per treatment group.
We identified at least eight molecules most likely originating from the parent compounds
(Table 7; see Supplementary Figure S1 for the hypothesized structures). Their total amount
suggests that metabolism plays an important role in the elimination of the compounds.
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Table 6. Pharmacokinetic parameters and urinary elimination of ZST316 and ZST152 after single oral
and intravenous administration.

ZST316 p.o. ZST316iv. ZST152p.o. ZST152i.v.
60 mg/Kg 30 mg/Kg 60 mg/Kg 30 mg/Kg

Cmax (pug/mL) 1.02 67.4 4.34 249
Tmax (min) 30 5 15 5
AUC 0-8h (ug/mL-h) 1.94 214 6.17 9.25
AUC 0-last (ug/mL-h) 1.94 21.5 6.17 9.25
AUC 0-inf (ug/mL-h) 2.01 21.6 6.18 9.26
Half-life (h) 1.63 6.06 0.86 1.17
Clp (mL/h/Kg) - 1.39 - 3.24
Vd (mL/Kg) - 12.17 - 5.49
F % 47 - 33.3 -
24 h urinary excretion (% of dose) 2.3 7.5 12.5 222

Legend: p.o., oral gavage; i.v., intravenous; Cmax, peak concentration; Tmax, time to reach peak concentration;
AUC, area under the curve; Cl,,, plasma clearance; Vg, volume of distribution; F, bioavailability.

Table 7. List of supposed metabolites (M) for ZST316 and ZST152 found in urine after oral and
intravenous administration with quantification by HPLC MS/MS expressed as relative abundance to
parent compound.

ZST316 ZST152
Oral Intravenous Oral Intravenous
Total Dose 1.308 mg Tot. Dose 1.326 mg Tot. Dose 1.158 mg Tot. Dose 1.410 mg
Mouse #3 Mouse #1 Mouse #3 Mouse #1
Recﬁ\l::r):; :ug) % of Dose Reclz\r::(r):; : ug) % of Dose Recﬁ\llr:e(r):; :p,g) % of Dose Reclz\lll:r):; : ug) % of Dose

ZST316 28.9 2.2% 41.2 3.1% - - - -
ZST152 - - - - 75.0 6.5% 148 10.5%

M1 2.74 0.21% 0.23 0.017% 1.02 0.088% 0.55 0.039%

M2 - - - - 0.27 0.023% 128 9.05%

M3 - - - - 49.1 4.2% 2.62 0.19%

M4 108 8.2% 8.71 0.66% 87.8 7.6% 93.3 6.6%

M5 - - - - 1.84 0.16% 298 21.2%

M6 - - - - 0.16 0.014% 1.48 0.10%

M7 991 76% 86.1 6.5% 2.58 0.22% 1.77 0.13%

M8 53.4 4.1% 4.87 0.37% - - - -

M9 71.0 5.4% 4.28 0.32% - - - -

The pharmacokinetics of the more potent DDAHI inhibitor, ZST316, following acute
and chronic intraperitoneal administration (single daily dose of 30 mg/Kg) and the derived
parameters are shown in Figures 7 and 8 (for a comparison with the intravenous and oral
route) and Table 8. ZST316 peaked in plasma shortly after acute and chronic administration.
The compound was eliminated from plasma with a half-life of 5.7 and 8.4 h after acute
and chronic administration, respectively. No accumulation was observed, with acute
and chronic AUC values of 14.45 and 12.57 pg/mL-h, respectively. The bioavailability of
the intraperitoneal administration was 67% and 59% after acute and chronic treatment,
respectively. The urinary excretion was 55% of the administered dose. Chronic treatment
was well tolerated, and no clinical signs of toxicity or distress were noticed. As shown
in Supplementary Figure S2, the body weight during treatment was similar to that of
untreated animals.
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Figure 7. Plasma decay curves of ZST316 after acute and chronic intraperitoneal administration.
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Figure 8. Comparison of ZST316 plasma decay curves after acute oral, intravenous, and intraperi-

toneal administration and chronic intraperitoneal administration.

Table 8. Pharmacokinetic parameters and urinary elimination of ZST316 after acute and chronic
intraperitoneal treatment.

ZST316 ZST316
Acute Treatment Chronic Treatment

Cmax (ng/mL) 40.2 33.6
Tmax (min) 0.25 0.25

AUC (g (ug/mL-h) 14.34 12.32

AUC (a5t (1g/mL-h) 14.45 12.57

AUC (s (ng/mL-h) 14.48 12.71
Half-life (h) 5.7 8.4

F% 67.2 58.9

24-h 1;(1)‘/1n0afr£ Oe;(ec)retlon 56.1 541

Legend: Cmax, peak concentration; Tmax, time to reach peak concentration; AUC, area under the curve; F,
bioavailability.
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3. Discussion

An accurate and reproducible bioanalytical HPLC-MS/MS method was developed and
validated to measure the plasma and urine concentrations of the arginine analogues ZST316
and ZST152, inhibitors of human recombinant DDAHI, in mice. Using this method, a com-
prehensive pharmacokinetic assessment of the compounds was performed following acute
and, for ZST316, chronic treatment to identify the appropriate route of administration and
dosing regimen for in vivo efficacy studies. The higher oral bioavailability of ZST152 (33.3%)
vs. ZST316 (4.7%) is likely due to the higher lipophilicity of the oxadiazolone moiety com-
pared to the acylsulfonamide functional group, in line with what has been reported with
other classes of drugs [24,25]. Furthermore, acylsulfonamides are commonly hydrolyzed to
their carboxylic acid derivatives by hepatic carboxylesterase [26,27]. This would explain
the high relative abundance of the metabolite M7 in urine after oral administration. Despite
its relatively low oral bioavailability, the elimination half-life of compound ZST316 was
markedly longer than that of ZST152. Furthermore, the chronic intraperitoneal adminis-
tration of compound ZST316 was well tolerated, with a markedly higher bioavailability
than after oral administration, at 59%, and no accumulation. Therefore, a once-daily in-
traperitoneal administration of ZST316 appears to be a suitable treatment regimen for
in vivo efficacy studies targeting DDAH]. In particular, the recent demonstration by our
group that DDAHI1 inhibition with ZST316 suppresses in vitro vasculogenic mimicry and
migration of MDA-MD-231 cells, an established triple-negative breast cancer cell line,
warrants the investigation of these effects in xenograft studies. The intraperitoneal route is
appropriate for this type of study as it is relatively simple, easy to manage, reproducible,
suitable for chronic treatment, and, importantly, not associated with significant stress for
the animal [28,29].

The relatively large volume of distribution following intravenous administration,
12.17 mL/Kg, suggests that compound ZST316 can effectively penetrate extra-vascular
compartments. However, further studies are required to investigate the capacity of the
compound to reach specific target sites, e.g., cancer tissues, that are characterized by neo-
vascularization, erratic vascular networks, and development of resistance mechanisms
reducing the exposure of cancer cells and the tumor microenvironment to chemotherapeu-
tics and other drugs [30-32].

4. Materials and Methods
4.1. Compounds

ZST316 and ZST152 were provided by Flinders University (Adelaide, Australia).
For analytical purposes, the compounds were dissolved in bi-distilled water and the
solutions were used to develop the analytical method and for pharmacokinetic analysis.
For treatment purposes, the compounds were dissolved in sterile water for injection (S.A.L.E.
Bergamo, Italy).

4.2. Mice and Pharmacokinetic Study

Four-week-old female FVB mice were purchased from Charles River Italia (Calco, Italy).
Animals were housed and handled under specific pathogen-free conditions in the Animal
Care Facilities of the Istituto di Ricerche Farmacologiche Mario Negri. Under rigorous
international standards, animals are regularly checked by a certified veterinarian who is
responsible for health monitoring, animal welfare supervision, experimental protocols,
and procedures revision. Procedures involving animals and their care were conducted in
conformity with the following laws, regulations, and policies governing the care and use
of laboratory animals: Italian Governing Law (D. Igs 26 /2014; Authorization n.19/2008-A
issued 6 March 2008 by the Ministry of Health); Mario Negri Institutional Regulations
and Policies providing internal authorization for persons conducting animal experiments
(Quality Management System Certificate—UNI EN ISO 9001:2008—Reg. N° 6121); the
NIH Guide for the Care and Use of Laboratory Animals (2011 edition); EU directives and
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guidelines (EEC Council Directive 2010/63/UE); and the guidelines for the welfare and
use of animals in cancer research [33].

Mice were treated with ZST316 and ZST152 using a dose of 60 mg/Kg (oral gavage)
and 30 mg/Kg (intravenous bolus). For pharmacokinetic sampling, blood was collected
at 15 and 30 min, and 1, 3, 8, and 24 h post dose. Three mice were analyzed per each
time point. After the animals were anesthetized with isoflurane, the blood was drained
from the retro-orbital plexus into heparinized tubes, and then centrifuged for 10 min at
4000x g at 4 °C to separate plasma. A 24-h urine fraction was collected in three mice for
each drug and route of administration. Plasma and urine samples were stored at —20 °C
until analysis by HPLC-MS/MS.

A subsequent study investigated the pharmacokinetics of acute and chronic intraperi-
toneal administration of the more potent DDAHI1 inhibitor, ZST316 (30 mg/Kg). In this
study, 18 mice received a single dose and were sampled within 24 h, and the other 18 were
treated every day for three weeks (qdx21) and sampled on day 21. Mice were monitored
daily for clinical signs of toxicity and distress, and body weight was measured at least twice
a week. Blood samples were collected after both treatment regimens at 15 and 30 min, and
1,3, 8, and 24 h post dose. Three mice were analyzed for each time point. After the animals
were anesthetized with isoflurane, the blood was drained from the retro-orbital plexus into
heparinized tubes, and then centrifuged for 10 min at 4000 g at 4 °C to separate plasma. A
24-h urine fraction was collected in three mice for each drug and route of administration.
Plasma and urine samples were stored at —20 °C until analysis by HPLC-MS/MS.

4.3. Development of the Analytical Method

The analytical methods for ZST316 and ZST152 were similar as the compounds were
mutually used as internal standards and fell into the same range of linearity. Therefore, the
following sections describe the development of the method for compound ZST316.

4.3.1. Preparation of Standard and Quality Control Plasma Samples

Control mice plasma (90 uL) was spiked with 10 puL of ZST316 working solutions in the
range of 50-5000 ng/mL to obtain a final dilution of 1:10, giving six calibration standards
into the range 5.0-500 ng/mL. The calibration curve included also a blank and a zero
standard plasma sample (processed with IS). For quality control (QC) sample preparation,
two fractions of mice plasma were mixed with an appropriate amount of QC working
solutions to obtain QC plasma samples at the final concentration of 15 and 250 ng/mL.

4.3.2. Extraction Procedure for Plasma Samples

In the preliminary phase of the method set up, we tried different solvents, 2-propanol,
methanol (CH30OH), and acetonitrile (CH3CN) at different pH conditions, quickly obtaining
a satisfactory recovery with CH3OH: 0.1% formic acid (HCOOH). Briefly, to assay ZST316,
10 uL of IS (ZST152 WS: 500 ng/mL) were added to 100 uL of plasma study samples,
standards, or QCs in a polypropylene tube. The sample was then added with 10 pL of
ammonium formate (NH4;HCO,) 50 mM, mixed by vortex and added with 400 uL CH;OH:
0.1% HCOOH, vortex mixed again for 30 s and centrifuged at 13,200 rpm for 10 min at
4 °C. A volume of 450 pL of the supernatant was transferred to a new polypropylene tube,
dried under nitrogen flow, and reconstituted with 100 uL of MP A:B (1:1, v/v). Finally, the
mixed samples were centrifuged at 13,200 rpm for 10 min at 4 °C and the supernatant was
transferred into glass vials for HPLC-MS/ MS analysis. Plasma samples containing drug
concentrations above the highest standard point of the calibration curve were reanalyzed
following dilution with the control matrix.

4.3.3. Preparation of Standard and Quality Control Urine Samples

Control mice urine (45 uL) was spiked with 5 uL of working solutions in the range
of 10-500 pg/mL to obtain a final dilution of 1:10, giving five calibration standards in the
range 1-50 pg/mlL. The calibration curve included also a blank and a zero standard urine
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sample (processed with IS). To prepare quality control (QC) samples, a fraction of mice
urine was mixed with an appropriate amount of QC working solutions to obtain QC urine
samples at the nominal concentration of 30 ng/mL.

4.3.4. Extraction Procedure for Urine Samples

To assay ZST316, 5 uL of IS (ZST152 WS: 100 ng/mL) were added to 50 pL of urine
samples, standards, or QCs in a polypropylene tube. After vortex mixing, 490 uL of MP
A:B (1:1; v/v) were added to 10 uL of each sample to obtain a final dilution of 1:50. Samples
were vortex mixed again for 30 s, centrifuged at 13,200 rpm for 10 min at 4 °C, and, finally,
the supernatant was transferred into glass vials for HPLC-MS/ MS analysis. The urine
samples with drug concentrations above the highest standard point of the calibration curve
were reanalyzed following dilution with control matrix.

4.3.5. HPLC-MS/MS Conditions

Reversed-phase chromatography was performed using a series 200 HPLC system
(Perkin Elmer, Waltham, MA, USA) under gradient conditions with separation on a HILIC
column, 3 um, 100 A, 2.1 x 150 mm (Waters, Milford, MA, USA), coupled with a 3 um,
3.9 x 5.0 mm guard column of the same material at the flow rate of 0.2 mL/min. Gradient
features: 10% mobile phase (MP) A (NH4HCO, 10 mM, 10% CH3CN, 0.1% HCOOH) and
90% MP B (CH;3CN, 0.1% HCOOH) as the initial constant condition; then to 90% MP A
in 6 min and the constant condition for 1.5 min. Return to the start condition in 0.5 min
and conditioning for 5.5 min. Total run time: 13.5 min. Mass spectrometric detection was
performed using an API 4000 triple quadrupole mass spectrometer (SCIEX, Framingham,
MA, USA) supplied with a Turbo Ion Spray source set at 350 °C and —4200 V, analyz-
ing biological samples with electrospray ionization (ESI) operating in negative ion mode.
Purified air was used as nebulizer gas (Gas 1) and heater gas (Gas 2) and N, was used
as curtain gas and collision activated dissociation gas. They were set to 40, 50, 20, and
4 instrument units (psi), respectively. The declustering potential (DP) was set at —119 V
and the collision exit potential (CXP) at =10 V. All parameters of the source were defined by
direct infusion of ZST316 and ZST152 1 nug/mL in mobile phase B. The final quantification
was carried out in Selected Reaction Monitoring (SRM) with the following transitions:
m/z 307.9 — 208.0 (collision energy of —29.5 eV) for ZST316 and m/z 271.9 — 170.9 (colli-
sion energy —24.7 eV) for ZST152 (Figures 2 and 3). Data were processed with the software
package Analyst 1.6.2 (AB SCIEX).

4.4. Pharmacokinetic Analysis

Pharmacokinetic parameters and descriptive statistics (means, standard deviations,
percentages) were calculated using Phoenix WinNonlin V 8.3 (Certara Inc., Princeton,
NJ, USA).

5. Conclusions

The development and validation of a HPLC-MS/MS method for the determination
of the DDAHI1 inhibitors ZST316 and ZST152 in plasma and urine allowed for a compre-
hensive pharmacokinetic characterization of the compounds during acute and chronic
treatment in mice. The results of this study permit the design of in vivo efficacy studies,
using the appropriate route of administration and dosing regimens, to investigate the
effects of pharmacological DDAHI inhibition in specific experimental models of disease.

Supplementary Materials: The following are available online. Figure S1: Hypothesized structures
of the metabolites recovered in urine; Figure S2: Body weight in mice treated with intraperitoneal
ZST316 (blue line) and untreated animals (red line).

Author Contributions: Conceptualization, A.A.M. and S.T.; methodology, data collection, and
analysis, T.C., R.F,, M.R,, S.F,, and M.Z,; data interpretation, A.AM.,S.T.,, T.C,, RF, MR, S.F, and
M.Z.; writing—original draft preparation, A.A.M.; writing—review and editing, S.T., T.C., RE, M.R,,



Molecules 2022, 27,1017 14 of 15

S.E, and M.Z; funding acquisition, A.A.M. All authors have read and agreed to the published version
of the manuscript.

Funding: This research was funded by Tour de Cure Research, Support, and Prevention, Senior
Research Grant, grant number RSP-246-18/19.

Institutional Review Board Statement: All procedures were conducted in conformity with the
following laws, regulations, and policies governing the care and use of laboratory animals: Italian
Governing Law (D. Igs 26/2014; Authorization n.19/2008-A issued 6 March 2008 by the Ministry
of Health); Mario Negri Institutional Regulations and Policies providing internal authorization
for persons conducting animal experiments (Quality Management System Certificate-UNI EN ISO
9001:2008-Reg. N° 6121); the NIH Guide for the Care and Use of Laboratory Animals (2011 edition);
EU directives and guidelines (EEC Council Directive 2010/63/UE); and the guidelines for the welfare
and use of animals in cancer research.

Data Availability Statement: The data supporting the reported results are available from the corre-
sponding author upon request.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or
in the decision to publish the results.

Sample Availability: Samples of the compounds are available from the authors.

References

1.

10.

11.

12.

13.

14.

Altmann, K.S.; Havemeyer, A.; Beitz, E.; Clement, B. Dimethylarginine-dimethylaminohydrolase-2 (DDAH-2) does not metabolize
methylarginines. ChemBioChem 2012, 13, 2599-2604. [CrossRef] [PubMed]

Hu, X,; Atzler, D.; Xu, X.; Zhang, P.; Guo, H.; Lu, Z; Fassett, ].; Schwedhelm, E.; Boger, R.H.; Bache, R ].; et al. Dimethylarginine
dimethylaminohydrolase-1 is the critical enzyme for degrading the cardiovascular risk factor asymmetrical dimethylarginine.
Arterioscler. Thromb. Vasc. Biol. 2011, 31, 1540-1546. [CrossRef] [PubMed]

Jarzebska, N.; Mangoni, A.A.; Martens-Lobenhoffer, J.; Bode-Boger, S.M.; Rodionov, R.N. The Second Life of Methylarginines as
Cardiovascular Targets. Int. J. Mol. Sci. 2019, 20, 4592. [CrossRef] [PubMed]

Tran, C.T.; Leiper, ].M.; Vallance, P. The DDAH/ADMA /NOS pathway. Atheroscler. Suppl. 2003, 4, 33—40. [CrossRef]

Kithas, A.C.; Broxterman, R.M.; Trinity, ].D.; Gifford, ].R.; Kwon, O.S.; Hydren, J.R.; Nelson, A.D.; Jessop, J.E.; Bledsoe, A.D.;
Morgan, D.E.; et al. Nitric oxide synthase inhibition with N(G)-monomethyl-l-arginine: Determining the window of effect in the
human vasculature. Nitric Oxide 2020, 104-105, 51-60. [CrossRef]

Mangoni, A.A,; Tommasi, S.; Sotgia, S.; Zinellu, A.; Paliogiannis, P.; Piga, M.; Cauli, A.; Pintus, G.; Carru, C.; Erre, G.L. Asymmetric
Dimethylarginine: A Key Player in the Pathophysiology of Endothelial Dysfunction, Vascular Inflammation and Atherosclerosis
in Rheumatoid Arthritis? Curr. Pharm. Des. 2021, 27, 2131-2140. [CrossRef]

Mangoni, A.A.; Rodionov, R.N.; McEvoy, M.; Zinellu, A.; Carru, C.; Sotgia, S. New horizons in arginine metabolism, ageing and
chronic disease states. Age Ageing 2019, 48, 776-782. [CrossRef]

Wadham, C.; Mangoni, A.A. Dimethylarginine dimethylaminohydrolase regulation: A novel therapeutic target in cardiovascular
disease. Expert Opin. Drug Metab. Toxicol. 2009, 5, 303-319. [CrossRef]

Nandi, M.; Kelly, P; Torondel, B.; Wang, Z.; Starr, A.; Ma, Y.; Cunningham, P.; Stidwill, R.; Leiper, J. Genetic and pharmacological
inhibition of dimethylarginine dimethylaminohydrolase 1 is protective in endotoxic shock. Arterioscler. Thromb. Vasc. Biol. 2012,
32, 2589-2597. [CrossRef]

Reddy, K.RK;; Dasari, C.; Duscharla, D.; Supriya, B.; Ram, N.S.; Surekha, M.V.; Kumar, ].M.; Ummanni, R. Dimethylarginine
dimethylaminohydrolase-1 (DDAHI) is frequently upregulated in prostate cancer, and its overexpression conveys tumor growth
and angiogenesis by metabolizing asymmetric dimethylarginine (ADMA). Angiogenesis 2018, 21, 79-94. [CrossRef]

Hulin, J.A; Tommasi, S.; Elliot, D.; Hu, D.G.; Lewis, B.C.; Mangoni, A.A. MiR-193b regulates breast cancer cell migration and
vasculogenic mimicry by targeting dimethylarginine dimethylaminohydrolase 1. Sci. Rep. 2017, 7, 13996. [CrossRef]

Murphy, R.B.; Tommasi, S.; Lewis, B.C.; Mangoni, A.A. Inhibitors of the Hydrolytic Enzyme Dimethylarginine Dimethylaminohy-
drolase (DDAH): Discovery, Synthesis and Development. Molecules 2016, 21, 615. [CrossRef]

Hulin, J.A.; Gubareva, E.A.; Jarzebska, N.; Rodionov, R.N.; Mangoni, A.A.; Tommasi, S. Inhibition of Dimethylarginine Dimethy-
laminohydrolase (DDAH) Enzymes as an Emerging Therapeutic Strategy to Target Angiogenesis and Vasculogenic Mimicry in
Cancer. Front. Oncol. 2019, 9, 1455. [CrossRef]

Basudhar, D.; Somasundaram, V.; De Oliveira, G.A.; Kesarwala, A.; Heinecke, J.L.; Cheng, R.Y.; Glynn, S.A.; Ambs, S.; Wink, D.A;
Ridnour, L.A. Nitric Oxide Synthase-2-Derived Nitric Oxide Drives Multiple Pathways of Breast Cancer Progression. Antioxid.
Redox Signal. 2017, 26, 1044-1058. [CrossRef]


http://doi.org/10.1002/cbic.201200499
http://www.ncbi.nlm.nih.gov/pubmed/23125090
http://doi.org/10.1161/ATVBAHA.110.222638
http://www.ncbi.nlm.nih.gov/pubmed/21493890
http://doi.org/10.3390/ijms20184592
http://www.ncbi.nlm.nih.gov/pubmed/31533264
http://doi.org/10.1016/S1567-5688(03)00032-1
http://doi.org/10.1016/j.niox.2020.09.001
http://doi.org/10.2174/1381612827666210106144247
http://doi.org/10.1093/ageing/afz083
http://doi.org/10.1517/17425250902785172
http://doi.org/10.1161/ATVBAHA.112.300232
http://doi.org/10.1007/s10456-017-9587-0
http://doi.org/10.1038/s41598-017-14454-1
http://doi.org/10.3390/molecules21050615
http://doi.org/10.3389/fonc.2019.01455
http://doi.org/10.1089/ars.2016.6813

Molecules 2022, 27,1017 15 of 15

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Tommasi, S.; Zanato, C.; Lewis, B.C.; Nair, P.C.; Dall’Angelo, S.; Zanda, M.; Mangoni, A.A. Arginine analogues incorporating
carboxylate bioisosteric functions are micromolar inhibitors of human recombinant DDAH-1. Org. Biomol. Chem. 2015, 13,
11315-11330. [CrossRef]

Andonegui-Elguera, M.A.; Alfaro-Mora, Y.; Caceres-Gutierrez, R.; Caro-Sanchez, C.H.S.; Herrera, L.A.; Diaz-Chavez, J. An
Overview of Vasculogenic Mimicry in Breast Cancer. Front. Oncol. 2020, 10, 220. [CrossRef]

Hulin, J.A.; Tommasi, S.; Elliot, D.; Mangoni, A.A. Small molecule inhibition of DDAHI significantly attenuates triple negative
breast cancer cell vasculogenic mimicry in vitro. Biomed. Pharmacother. 2019, 111, 602-612. [CrossRef]

Sandhu, A K.; Huang, Y.; Xiao, D.; Park, E.; Edirisinghe, I.; Burton-Freeman, B. Pharmacokinetic Characterization and Bioavail-
ability of Strawberry Anthocyanins Relative to Meal Intake. J. Agric. Food Chem. 2016, 64, 4891-4899. [CrossRef]

Kiss, B.; Nemethy, Z.; Fazekas, K.; Kurko, D.; Gyertyan, I.; Saghy, K.; Laszlovszky, I.; Farkas, B.; Kirschner, N.; Bolf-Terjeki, E.;
et al. Preclinical pharmacodynamic and pharmacokinetic characterization of the major metabolites of cariprazine. Drug Des. Dev.
Ther. 2019, 13, 3229-3248. [CrossRef]

Reif, S.; Snelder, N.; Blode, H. Characterisation of the pharmacokinetics of ethinylestradiol and drospirenone in extended-cycle
regimens: Population pharmacokinetic analysis from a randomised Phase III study. J. Fam. Plan. Reprod. Health Care 2013, 39,
el—el3. [CrossRef]

Henriksen, K.; Broekhuizen, K.; De Boon, WM.IL; Karsdal, M.A.; Bihlet, A.R.; Christiansen, C.; Dillingh, M.R.; De Kam, M.;
Kumar, R.; Burggraaf, J.; et al. Safety, tolerability and pharmacokinetic characterisation of DACRA KBP-042 in healthy male
subjects. Br. J. Clin. Pharmacol. 2021, 87, 4786—4796. [CrossRef] [PubMed]

Nardi-Hiebl, S.; Ndieyira, ] W.; Al Enzi, Y.; Al Akkad, W.; Koch, T.; Geldner, G.; Reyher, C.; Eberhart, L.H.J. Pharmacokinetic
Characterisation and Comparison of Bioavailability of Intranasal Fentanyl, Transmucosal, and Intravenous Administration
through a Three-Way Crossover Study in 24 Healthy Volunteers. Pain Res. Manag. 2021, 2021, 2887773. [CrossRef] [PubMed]
Mallalieu, N.L.; Winter, E.; Fettner, S.; Patel, K.; Zwanziger, E.; Attley, G.; Rodriguez, I.; Kano, A.; Salama, S.M.; Bentley, D.; et al.
Safety and Pharmacokinetic Characterization of Nacubactam, a Novel beta-Lactamase Inhibitor, Alone and in Combination with
Meropenem, in Healthy Volunteers. Antimicrob. Agents Chemother. 2020, 64, €02229-19. [CrossRef] [PubMed]

Ballatore, C.; Huryn, D.M.; Smith, A.B., 3rd. Carboxylic acid (bio)isosteres in drug design. ChemMedChem 2013, 8, 385-395.
[CrossRef]

Kohara, Y.; Kubo, K.; Imamiya, E.; Wada, T.; Inada, Y.; Naka, T. Synthesis and angiotensin II receptor antagonistic activities
of benzimidazole derivatives bearing acidic heterocycles as novel tetrazole bioisosteres. |. Med. Chem. 1996, 39, 5228-5235.
[CrossRef]

Adriaenssens, Y.; Jimenez Fernandez, D.; Vande Walle, L.; Elvas, E; Joossens, ].; Lambeir, A.; Augustyns, K.; Lamkanfi, M.; Van
der Veken, P. Carboxylate isosteres for caspase inhibitors: The acylsulfonamide case revisited. Org. Biomol. Chem. 2017, 15,
7456-7473. [CrossRef]

Asaki, T.; Kuwano, K.; Morrison, K.; Gatfield, J.; Hamamoto, T.; Clozel, M. Selexipag: An Oral and Selective IP Prostacyclin
Receptor Agonist for the Treatment of Pulmonary Arterial Hypertension. . Med. Chem. 2015, 58, 7128-7137. [CrossRef]

Turner, P.V.; Brabb, T.; Pekow, C.; Vasbinder, M.A. Administration of substances to laboratory animals: Routes of administration
and factors to consider. J. Am. Assoc. Lab. Anim. Sci. 2011, 50, 600-613.

Al Shoyaib, A.; Archie, S.R.; Karamyan, V.T. Intraperitoneal Route of Drug Administration: Should it Be Used in Experimental
Animal Studies? Pharm. Res. 2019, 37, 12. [CrossRef]

Farnsworth, R.H.; Lackmann, M.; Achen, M.G.; Stacker, S.A. Vascular remodeling in cancer. Oncogene 2014, 33, 3496-3505.
[CrossRef]

Son, B,; Lee, S.; Youn, H.; Kim, E.; Kim, W.; Youn, B. The role of tumor microenvironment in therapeutic resistance. Oncotarget
2017, 8, 3933-3945. [CrossRef]

Jin, M.Z,; Jin, W.L. The updated landscape of tumor microenvironment and drug repurposing. Signal Transduct. Target Ther. 2020,
5,166. [CrossRef]

Workman, P.; Aboagye, E.O.; Balkwill, F; Balmain, A.; Bruder, G.; Chaplin, D.J.; Double, J.A.; Everitt, J.; Farningham, D.A;
Glennie, M.].; et al. Guidelines for the welfare and use of animals in cancer research. Br. ]. Cancer 2010, 102, 1555-1577. [CrossRef]


http://doi.org/10.1039/C5OB01843A
http://doi.org/10.3389/fonc.2020.00220
http://doi.org/10.1016/j.biopha.2018.12.117
http://doi.org/10.1021/acs.jafc.6b00805
http://doi.org/10.2147/DDDT.S188760
http://doi.org/10.1136/jfprhc-2012-100397
http://doi.org/10.1111/bcp.14921
http://www.ncbi.nlm.nih.gov/pubmed/34019711
http://doi.org/10.1155/2021/2887773
http://www.ncbi.nlm.nih.gov/pubmed/34880961
http://doi.org/10.1128/AAC.02229-19
http://www.ncbi.nlm.nih.gov/pubmed/32041717
http://doi.org/10.1002/cmdc.201200585
http://doi.org/10.1021/jm960547h
http://doi.org/10.1039/C7OB01403A
http://doi.org/10.1021/acs.jmedchem.5b00698
http://doi.org/10.1007/s11095-019-2745-x
http://doi.org/10.1038/onc.2013.304
http://doi.org/10.18632/oncotarget.13907
http://doi.org/10.1038/s41392-020-00280-x
http://doi.org/10.1038/sj.bjc.6605642

	Introduction 
	Results 
	HPLC-MS/MS 
	Development of the Analytical Method 
	Plasma 
	Urine 

	Pharmacokinetics 

	Discussion 
	Materials and Methods 
	Compounds 
	Mice and Pharmacokinetic Study 
	Development of the Analytical Method 
	Preparation of Standard and Quality Control Plasma Samples 
	Extraction Procedure for Plasma Samples 
	Preparation of Standard and Quality Control Urine Samples 
	Extraction Procedure for Urine Samples 
	HPLC-MS/MS Conditions 

	Pharmacokinetic Analysis 

	Conclusions 
	References

