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The work is directed toward the synthesis of a series of DO3A conjugates of tranexamates (1c-€) and their Gd
complexes (2c-e) for use as a liver-specific MRI CA. All these complexes show thermodynamic and kinetic
stabilities comparable to those of structurally related clinical agents such as Dotarem®. Their R relaxivitiesalso
comparewell with those of commercial agent, ranging 3.68-4.84 mM s, In vivo MR images of mice with 2a-
ereved that only 2a exhibits liver-specificity. Although 2b and 2¢ show strong enhancement in liver, yet no
bile-excretion is observed to betermed as aliver-specific agent. The rest behaves much like ordinary ECF CAs
like Dotarem®. The new series possess no toxicity to be employed in vivo.
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Introduction

Magnetic resonance imaging (MRI) has been one of the
most powerful techniques for the non-invasive diagnostic
technique of the human anatomy, physiology and patho-
physiology on the basis of superior spatial resolution and
contrast.! At present, alarge number of MRI techniques are
performed employing Gd(I11) complexes to enhance the
image contrast by increasing the water proton relaxation rate
in the body. Some representative advantages of employing
the Gd(111) ion come from their unique properties such as
high magnetic moment and long eectron spin relaxation
time.2 Despite their wide and successful applicationsin dlinics,
however, conventional Gd(111)-based contrast agents (GBCAS)
are mostly extracellular fluid (ECF) agents exhibiting rapid
renal excretion.*® There thus arises the need for new MRI
CAswith improved performances and at the same time with
special functionality. Much effort has recently been made in
an attempt to develop new classes of MRI CAs for use as
organ targeting MRI CAs.57

Liver-gpecific CAs for MRI can be divided into two cate-
gories: (i) hepatobiliary-specific (or hepatobiliary) agents;
(i) reticuloendothelia cell-specific (or nanoparticulate)
agents.®° The former class of CAsistaken up by functioning
hepatocytes and excreted into the bile, and their paramag-
netic properties cause shortening of the longitudina re-
laxation time (Ty) of the liver and biliary tree.® Currently
available CAs of this class are based on Gd-chelates such as
Gd-EOB-DTPA (Primovist®) and Gd-BOPTA (Multihance®)
(cf. Chart S1, Supporting Information). On injection, they

a: R=CO,C;H;

b: R=CO,H

c: R = CONH(CH,),NH,
d: R=NH,

e:R=H

Chart1

are initidly distributed in the ECF CAs compartment and
subsequently taken up by hepatocytes. ! The latter class,
on the other hand, targets the Kupffer cells of the reticulo-
endothelial system, where phagocytosis for CAs occur and,
by the effects of iron ions, liver signal intensity decreases
giving riseto a“black” liver, instead of “white” one as typi-
cally observed with hepatocyte-specific CAs.*?

We have recently reported the synthesis of some gado-
linium complexes of DO3A-tranexamates (2a-b, Chart 1) to
find that they exhibit a hepatobiliary-specific nature.™® Intri-
gued by these observations and motivated by the recent
research activitiesin an effort to develop multifunctional MRI
CAs, we have prepared some more of DO3A-tranxamates
such as (1c-e) and the corresponding Gd-complexes (2c-€)
for use as anew class of liver-specific CAs. At the sametime
we have carried out studies on the structure activity relation-
ship (SAR) for liver-specificity.
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Experimental

General Remarks. All reactions were carried out under
an atmosphere of dinitrogen using the standard Schienk
techniques. Solvents were purified and dried using standard
procedures. 1,4,7,10-Tetraazacyclododecane (DOTA) was
purchased from Strem (U.S) and trans-4-(aminomethyl)-
cyclohexanecarboxylic acid (tranexamic acid) and trans-1,4-
diaminocyclohexane were obtained from Aldrich and amino-
methylcyclohexane was obtained from TCI. All other com-
mercial reagents were purchased from Aldrich and used as
received unless otherwise stated. Delonized (DI) water was
used for al experiments. The 'H experiments were perform-
ed on a Bruker Advance 400 or 500 spectrometer at KBS.
Chemical shifts were given as § values with reference to
tetramethylsilane (TMS) as an internal standard. Coupling
constants are in Hz. FAB mass spectra were obtained by
using a JIMS-700 model (Jeol, Japan) mass spectrophoto-
meter. MALDI-TOF mass spectra were obtained by using a
Voyager DE-STR (Applied biosystems, U.S). Elementa
analyses were performed by Center for Scientific Instru-
ments, KNU.

Synthesis of Ligand. 1a and 1b were prepared according
to the literature method.™®

1c: To neat 1,2-diaminoethane (2.3 mL, 33.8 mmol) was
added DO3A('Bu)s conjugate of tranexamic ethyl ester (6.8
mmol) prepared following the literature method (cf, R =
CO,Et, Chart 1).* The mixture was stirred at RT for 72 h
after which chloroform was added to be extracted with water
(30 mL x 3times). The organic extract was dried over MgSOs,
filtered, and evaporated to give a crude product which was
further purified by chromatography on silica (gradient elution
CHzClz to 10% MeOH-CH2C|2, R = 0.6 (MeOH/CH2CI2 =
2:8)) to give ayellow solid. This was dissolved in dichloro-
methane (10 mL) and trifluoroacetic acid added for depro-
tection of tert-buthyl groups. The mixture was stirred over-
night at RT and the solvent removed under vacuum to leave
an oily residue which was taken up in water. Acetone was
added to precipitate the product as a white solid which was
washed with acetone a few times and dried under vacuum:
Yield: 0.36 9 (92%). *H NMR (D;0) § 3.82 (s, 4H, -NCH,COy-),
3.62 (2H, -NCH2CO»-), 3.67 (s, 2H, -CH,CON), 3.44 (m, 10H,
overlapped -NCH>CH:N- in the ring (8H) & -CONHCH_-
(2H)), 3.08 (d, 2H, -CONHCH.C-), 2.24/1.52 (m, 2H,
-CONH), 1.85/1.41 (m, 8H, -CH_-, cyclohexyl), 1.03 (m,
2H, -CH>-, cyclohexyl). Anal. Calcd for CasHa7N70s-2H.0:
C, 50.23; H, 8.27; N, 15.77. Found: C, 50.66; H, 8.24; N,
16.01. MALDI-TOF MS (m/2): Cacd for CyHa7N;Os:
585.35, Found: 586.74 ([MH]*), 608.70 ((MNa]*).

1d: To a solution of trans-[4-(2-chloroacetylamino)cyclo-
hexyl]carbamic tert-butyl ester (1.0 g, 3.4 mmoal) in chloro-
form (100 mL) prepared from trans-1,4-cyclohexane accord-
ing to the literature methods'**® was added DO3A-('BuO)3
(1.6 g, 3.1 mmol). The mixture was stirred a RT for 24 h,
any solids removed by filtration, and the filtrate evaporated
under vacuum to leave a yellowish oily residue. Column
chromatography on silica (gradient elution : CH.Cl, to 10%
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MeOH-CH.Cl,, Ri= 0.4 (MeOH/CH,Cl, = 1:9)) followed by
usual workups gave an off-white solid. This was re-dissolv-
ed in dichloromethane to which was added an excess amount
of TFA. Stirring was continued overnight after which meth-
anol was added to precipitate out a white solid which was
further purified by usual workups. Yield: 0.62 g (87%). *H
NMR (D20) & 3.72 (m, 10H, overlapped -NCH,CO,- (8H),
-CONHCH- & H>NCH- (2H)), 3.40/3.21 (m, 16H, -NCH»>-
CHN-), 2.06/1/55/1.38 (m, 8H, -CH»-, cyclohexyl). Andl.
Calcd for CxH4NeO7-2CFCOOH-2H,0O: C, 39.00; H,
6.29; N, 10.50. Found C, 39.13; H, 6.05; N, 9.35. MALDI-
TOF MS (m/2): Cdcd for CyHaNsO7: 500.30, Found:
501.33 [MH]*, 523.33[MNa]*.

le: To a solution of 2-chloro-N-cyclohyexylmethylacet-
amide (1.2 g, 6.4 mmol) in acetonitrile (30 mL) prepared
according to the literature method™® was added DO3A-
(‘BuO)3 (3.0 g, 5.8 mmol). The solution was stirred at RT for
24 h. Solid impurities were removed by filtration and the
filtrate evaporated under vacuum to give an oily residue.
Column chromatography on silica (gradient elution : CH.Cl>
to 10% MeOH-CH:Clz, R = 0.4 (MeOH/CH:CI; = 1:9))
followed by evaporation under areduced pressureyielded an
off-white solid. Deprotection by TFA followed by usua
workups as described above for the preparation of 1d yield-
ed the product as an off-white solid. Yield: 2.4 g (82%). H
NMR (D20) & 3.74/3.57 (m, 8H, -NCH,CO-), 3.30 (m, 10H,
overlapped -NCH,CHN- (8H) & -CONHCH>- (2H)), 3.10
(m, 8H, -NCH>CHN-), 1.98/1.44/1.27 (m, 4H, -CH_-, cyclo-
hexyl), 1.88 (m, 1H, -NHCH,CH-). And. Cdcd for CxHzgNsO;
-3CF;COOH-3H.0: C, 38.14; H, 5.49; N, 7.94. Found: C,
37.83; H, 5.76; N, 8.44. MALDI-TOF MS (n/2): Calcd for
CxHa9NsOy,: 485.28, Found: 486.42 ((MH]*), 508.44 (MNa]*).

Synthesis of Gd Complex. 2a and 2b were prepared
according to the literature method.™

2c: Toasolution of 1c (1.0 g, 1.7 mmoal) in water (50 mL)
was added gadolinium chloride (0.64 g, 1.7 mmol) and the
mixture was stirred at 50 °C for 48 h. The pH was periodi-
caly checked and adjusted to 7.0-7.5 using 1 N NaOH. The
reaction mixture was dried under vacuum to leave an oily
residue which was taken up in water. Acetone was added to
the solution to precipitate a white solid which was separated
by filtration, washed with acetone, and dried under vacuum.
The product was obtained as a hygroscopic ivory solid.
Yield: 0.75 g (86%). Anal. Calcd for CysHaaGAN7Og-2CF5-
COOH-8H,0: C, 32.40; H, 5.62; N, 8.82. Found: C, 31.99;
H, 5.22; N, 9.00. HR-FABMS (m/2): Cacd for CasHasGAN7Os,
741.26 ((MH — H0]"). Found: 741.2567; Cacd for CogHas-
GdN7OsNa, 763.24 ([MNa—H20]*). Found: 763.2397.

2d: The title compound was prepared in the same manner
as above by replacing 1c with 1d. The product was obtained
as an off-white, hygroscopic solid. Yield: 1.15 g (88%).
Anad. Calcd for CxH37GdNsO7-2CF;COOH-5H,0: C, 32.10;
H, 5.08; N, 8.64. Found: C, 31.55; H, 5.09; N, 9.06. HR-
FABMS (m/2): Calcd for CxHssGdNeO7, 656.21 ([MH —
H20]*). Found: 656.2045; Calcd for CasHGdN;OgNa,
678.19 ((MNa—H:0]"). Found: 678.1867.

2e: The title compound was prepared in the same manner
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as above by replacing 1c with 1e. The product was obtained
as an off-white, hygroscopic solid. Yield: 0.75 g (86%).
Anal. Calcd for CasHzsGdNsO7-4H,0: C, 38.06; H, 6.39; N,
9.65. Found: C, 38.59; H, 6.09; N, 9.69. HR-FABMS (m/2):
Calcd for C23H39GdN507, 655.21 ([MH — H20]+). Found:
655.2093.

Reaxivity. T1 measurements were carried out using an
inversion recovery method with a variable inversion time
(T a 1.5T (64 MHz). The MR images were acquired at 35
different Tl values ranging from 50 to 1750 ms. T; relaxa
tion times were obtained from the nonlinear |east-squares fit
of the signal intensity measured a each Tl vaue. For T
measurements the CPMG (Carr-Purcell-Meiboon-Gill) pulse
sequence was adapted for multiple spin-echo measurements.
Thirty-four images were acquired with 34 different echo
time (TE) values ranging from 10 to 1900 ms. T relaxation
times were obtained from the nonlinear least-squares fit of
the mean pixel vaues for the multiple spin-echo measure-
ments at each echo time. Relaxivities (R; and R») were then
caculated as an inverse of relaxation time per mM. The
determined relaxation times (T1 and T2) and relaxivities (R
and Ry) are finaly image processed to give the relaxation
time map and relaxivity map, respectively.

Transmetalation Kinetics. This experiment was prepared
according to the literature method.'’ It is based on measure-
ment of the evolution of the water proton longitudinal
relaxation rate (R, of a buffered solution (phosphate buffer,
pH 7.4) containing 2.5 mmol/L gadolinium complex and 2.5
mmol/L ZnCl,. Then 10 uL of a 250 mmol/L solution of
ZnCl; is added to 1nk if a buffered solution of the para
magnetic complex. The mixture is vigoroudy tirred, and
300 ulL is taken up for the relaxometric study. A control
study, run on Gd-DOTA, Gd-BOPTA, Gd-DTPA-BMA, and
Gd-EOB-DTPA has given results identical to those obtained
in the presence of ZnCl,. The R;” relaxation rate is obtained
after subtraction of the diamagnetic contribution of the
proton water relaxation from the observed relaxation rate Ry
= (UT1). The measurements were performed on a 3T whole
body system (Magnetom Tim Trio, Simens, Korea Ingtitute
of Radiological & Medical Science), at room temperature.

| sothermal Titration Calorimeter (ITC). ITC experiments
were performed in VP-ITC isothermal titration microcalori-
meter (Microcal, USA) to quantify the binding isotherms of
paramagnetic metal ion Gd** to ligand solutions.’®*? Data
collection, analysis and plotting were performed with resort
to the software package Origin, version 8.0, supplied by
Microcal. The sample cell had a volume of 1.43 mL. It was
filled with aqueous buffered solutions of la-e ligands (0.2
mM). An aqueous buffered solution of Gd** (1.0 mM) was
placed in a 300 uL continuously stirred (300 rpm) syringe
andinjected into the cell in 10 uL aiquots, ddlivered over 20
sininternas of 3 min. Data points were collected every 2 s.
The measurements were performed at 25 °C. All titrations
were carried out three times to ensure consistency of the data
and stability of the solutions. These titration isotherms were
integrated to provide the enthalpy change upon each injec-
tion. Isotherms were analyzed to fit well to two mathemati-
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caly different sets of site models. Through the calorimetric
anaysis, parameters including the binding constant (Ky), the
change in enthalpy (AH), and the stoichiometry of binding
(N) were calculated. The changes in free energy (AG) and
entropy (AS) were then determined using the equation for
the complexation, M™ + nL <-MLp: AG = —-RTInK, = AH-
TAS, wherein R is the universa gas constant and T is the
temperature in degrees Kelvin.

Invivo MR Experiments. Thein vivo study was perform-
ed in accordance with the rules of the animal research
committee of Kyungpook Nationa University. Six-week male
ICR mice with weights of 29-31 g were used for the in vivo
study. The mice (n = 3) were anesthetized by 1.5% isoflurane
in oxygen. Mesurements were made before and after injec-
tion of 2a-eviatail vein. The amount of CAs per each injec-
tion is asfollows: 0.1 mmol of Gd/kg for MR images. After
each measurement the mice were revived from anesthesia
and placed in the cage with free access to food and water.
During these measurements, the animals were maintained at
approximately 37 °C using awarm water blanket. MR images
weretaken withal.5 T MR unit (GE Hedthcare, Milwaukee,
WI) equipped with a homemade small animal RF coil. The
coil was of the receiver type with itsinner diameter being 50
mm. The imaging parameters for spin echo (SE) are as
follows: repetition time (TR) = 300 msec; echo time (TE) =
13 msec; 8 mm field of view (FOV); 192 x 128 matrix size;
1.2 mm dlice thickness; number of acquisition (NEX) = 8.
MR images were obtained for 24 h after injection.

The anatomica locations with enhanced contrast were
identified with respect to liver, bile duct, and kidney on post
contrast MR images. For quantitative measurement, signal
intensities in specific regions of interest (ROI) were measured
using Advantage Window software (GE medical, U.S.). The
CNR was calculated using Eq. (1), where SNR is the signd -
to-noiseratio.

CNR= S\lRpost - SNRpre (1)

Cell Viability Assay. Normal conjunctiva fibroblast cells
were used. Cells were maintained in DMEM (Gibco®) sup-
plemented with heat-inactivated FCS (10%), penicillin (100
IU/mL), streptomycin (100 mg/mL), and gentamicin (200
mg/mL) (all purchased from Gibco®). The medium was
replaced every 2 days, and cdls split into a 96-well plate
(1 x 10* cells’well/200 uL). Various Gd(l11) concentrations
(50-500 uM) of the contrast agent were added into the
culture serum free media and incubated for 24 h. CCK-8 (10
uL) was then added to each well to evaluate cell viability.
The solution was removed after 4 h at 37 °C. The O. D.
(Optical Density) read at 450 nm using a microplate reader
(Molecular Device, USA Bio-rad 550 Reader) to determine
the cell viability/toxicity.

Kinetic Sability in Variable pH Regions. The stability
was given in the evolution of the water proton relaxation rate
(Ry) for 2 ([Gd] = 1.0 mM) in PBS at different pH conditions
(pH: 1, 3,5, 7, 9 and 11) as afunction of incubation time at
RT. The measurements were performed on an 1.5 T whole
body system (GE Healthcare, Milwaukee, WI, USA).%
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Results and Discussion

Synthesis. As mentioned above, the search for a new
series of liver-specific MRI CAs is mativated by our early
findings that 2a serves as a kinetically inert and biocom-
patible chelate for Gd complex which reveals in a certain
degree liver-specificity as well as HSA targeting.’® A new
series of DO3A conjugate of tranxamates comprises 2c-e,
and their synthesis is typically based on the synthesis of 2a
with a dight modification. Namely, the synthesis initially
begins with the formation of DO3A('Bu)s conjugate of
tranxamates followed by deprotection of tert-butyl groups
by TFA to form the series 1 which in turn yields the series 2
after complexation with gadolinium chloride (cf. Schemes
S1-3, Supporting Information). Their synthesiswas confirm-
ed by microanaysis and various spectroscopic techniques.

Reaxivity. 2a-ereveads R, relaxivitiesin PBS comparable
well with and for some cases better than those of clinicaly
available MRI CAs such as Gd-DOTA (Dotarem®) and Gd-
BT-DO3A (Gadovist®) (Table 1). When the comparison is
made within the series, no observable differencesin Ry's are
perceived. Measurements were made in two different media,
PBS (pH = 7.4) and a PBS solution of HSA to see whether
they show any blood-pool effect. Any significant increasein
R; is observed in HSA as compared with Ry’'s in PBS,
indicating there is in fact little interaction between our new
serieswith HSA.

Kinetic Sability. The evauation of the normaized
paramagnetic longitudinal relaxation rates Ry"(t)/R;"(0) were
observed with the present series 2a-e and with Dotarem®,
Primovist®, Multihance®, Omniscan® for comparative pur-
poses (Figure 1). The complexes put into examination may
be classified into two groups depending on the pattern of
evolution: (i) those adopting macrocyclic chelates; (ii) those
with acyclic chelate. The present series adopt the macro-
cyclic ring and quite expectedly possess pretty high kinetic
inertness to retain more than 90% of the paramagnetic
relaxation rate during the initial measurement for 72 h. In
contrast, however, a drastic decrease in the rate is observed
with those belonging to the latter group. For instance, the
dope becomes even steeper with Primovist® and Multihance®
to retain only 50% of the initial relaxation rate during the
same period of measurement. The present series exhibit high
kinetic stability as well throughout a wide range of pH from
3to 11 (Figure S1). It isto be noted that 2a is stable enough
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Figure 1. Evolution of R"(t)/ R,"(0) as a function of time for
variousMRI CAs.

evenat pH 1.

Analyzing Thermodynamic Data. High thermodynamic
stabilities of the present series have aso to be noted in that
they all reveal high formation constants (K5) with an order of
four as measured by isothermal titration calorimetry (Table
S1 & Figure S2). When the comparison is made within the
series, 1b shows the highest preference for the Gd®** ion for
the reason unknown.

Invivo MRI. Strong signal enhancement both in heart and
abdominal aortais observed within 5 min with 2a-e (Figure
2(a)). Of the five, the first three (2a-c) are comparable with
Primovist® and Multihance®, typical liver-specific CAs in
that they exhibit enhancement in liver for the initial one
hour. Yet, by comparison with Primovist® and Multihance®,
only 2a can be classified as atrue liver-specific CA in that it
shows excretion through bile (Figure 2(b)). Although 2e also
shows hile-excretion, the signal enhancement is too weak to
be termed as a liver-specific CA. The signal intensity with
2e is as weak as that with Gadovist®, a typical ECF agent
(Figure 2(a)). Although 2d shows initialy strong enhan-
cement both in kidney and abdominal aorta, it is to be
classified as a ECF agent as well in that excretion is amost
complete within an hour like Gadovist®. As for 2b and 2c,
strong enhancement in liver is also notable (Figures 2(a) &
S3), yet no bile-excretion is observed. Two assumptions may
be cited to explain such an unusua behavior observed with
2b and 2c: Either inability of multidrug resistance protein 2

Table 1. Relaxivity data of 2a-e, Gd-DOTA and Gd-BT-DO3A in PBS and 0.67 mM HSA (64 MHz, 293 K)

L 4 Ry (mMM~1s?) Rz (mMM~1sh

11 11

Ri(mM~s™) Re (MM~s™) in 0.67 MM HSA in0.67 MM HSA
2a 484+0.18 491+0.25 511+ 0.10 6.04+0.13
2b 387+0.11 3.98+0.26 398+ 0.14 543+ 0.28
2 368+0.13 3.62+0.26 374+ 007 410+ 0.07
2d 394+013 3.68+0.29 391+ 0,09 4.07 +0.09
2e 449+0.18 452+0.28 521+ 023 6.22+0.28

Dotarem® 359+ 0,17 3.87+0.20 405+0.13 430+0.25

Gadovist® 438+0.15 4.27+0.30 481+0.17 554+ 0.24
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2a 2b 2c 2d

2e Gadovist® Primovist® Multihance®

Figure 2. (8) The coronal and axial T;-weighted images of ICR mice 5 min after injection with CAs: K, Kidney; A, Abdominal aorta. (b)
The coronal and axial T:-weihted images of ICR mice 1 h after injection with CAs: H, Heart; L, Liver; B, Bladder; G Gallbladder.

(MRP2), a transporter molecule present at the canalicular
membrane of the cell, to transport 2b and 2c after they enter
hepatocytes through organic anion transporting polypeptide
(OATP); or return of 2b and 2c back to sinusoids via MRP3
or bidirectional OATP? It is to be noted that as for the
typica liver-specific agents Primovist® and Multihance®,
passive diffusion takes place via OATPL present on the
basolateral membrane of the normal hepatocytes. Excretion
into bile is followed by the action of MRP2.2%* The pre-
sence of lipophilic ethoxybenzyl in Primovist® and Multi-
hance® is believed to play a key role in al this process. In
this regard, the presence of lipophilic cyclohexyl moiety in
2a may adso be playing a similar role. This issue is the
subject of future investigation.

Cedll Cytotoxicity. Cell viability of 2b-e compares well
with that of Dotarem® (Figure 3). Namely, neither cell pro-
liferation and nor the viability is affected when incubated for

=Dotarem®
"2b

=2d

Cell viability (%)

Cont 50uM  100uM  200uM 300uM  400uM 500 uM
Gd concentration

Figure 3. Relative cell cytotoxicity (%) of the normal conjunctiva
fibroblast cells obtained by Gd-DOTA and 2b-e. The standard
deviations (+ SD) were obtained on atriplicate anaysis (n = 3).

24 h. Little difference is found within the series as well with
no sign of cytotoxicity in the concentration range required
for abtaining intensity enhancement in the MR images.

Conclusion

A new series of DO3A conjugates of tranxamates (1c-€)
and their Gd complexes (2c-€) were prepared for use as a
liver-specific MRI CA. All these complexes show thermo-
dynamic and kinetic stabilites, R; relaxivities comparable to
those of structurally related clinical agents such as Dotarem®.
A brief study on the structure activity relationship was
carried out to find that of five complexes (2a-€), only 2a
reveals liver-specificity. Although 2b and 2c show strong
enhancement in liver, yet no bile-excretion is observed to be
termed as a liver-specific agent. The rest behaves much like
ordinary ECF CAs like Dotarem®. The new series possess
no toxicity to be employed in vivo.
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