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Immunoproteasome (iP) is one of the proteasome subtypes
and is induced by immune cytokines. Recent studies have reported
that iP inhibitors are effective against neurodegenerative diseases.
Among

the

iP inhibitors

used

in

research,

YU102

has

an

epoxyketone as a pharmacophore and has a peptides backbone.
Proteasome

inhibitors

having

epoxyketone

and

peptides

are

considered to have a short in vivo half-life. In addition, YU102 is
known as the P-glycoprotein (P-gp) substrate, which is the main
efflux transporter of the blood-brain barrier, thereby limiting the
penetration to the brain. Therefore, in this study it is evaluated the
i

possibility

of

brain

penetration

in vivo for several YU102

derivatives. In vivo and in vitro stability was measured for
macrocyclic YU102 analogs that are expected to increase metabolic
stability. In vitro stability experiments using liver homogenate and
whole blood in rats showed that the macrocyclic compounds (DB43,
DB49) were generally more stable than the linear form (DB16). In
particularly, DB43 showed a significant increase in stability in liver
homogenate where metabolism occurs very rapidly. In addition,
plasma concentrations were measured by mouse pharmacokinetic
test. As a result, macrocyclic compounds (DB43, DB49) showed
greater stability & systemic exposure than linear compounds
(YU102, DB16). In addition, DB55 showed slightly increased in vivo
stability compared to DB49. To determine the potential for
penetration into the brain of the compounds, the degree of target
(LMP2) inhibition in the brain was measured. Comparing between
linear forms (YU102 vs DB16), the target brain was suppressed by
about 20 % in the mouse brain injected with DB16. After injection
of linear forms (YU102, DB16) or macrocyclic forms (DB43, DB49),
the target inhibitions in the brain were reduced by about 8 % in
DB43 or about 11 % in DB49 compared to vehicle group. In addition,
the blood-to-plasma concentration ratios (B/P ratios) and plasma
unbound

fraction

were

measured
ii

in

mice.

As

a

result,

epoxyketone-based inhibitors showed a B/P ratio of greater than 1
and the unbound fractions of the rage of 54-77 % in all compounds
except DB43. DB43 has a B/P ratio of about 1 and an unbound
fraction of about 98 %, suggesting DB43 had a lower binding to
erythrocyte.

This

study

is

immunoproteasome-selective

to

evaluate

inhibitors

epoxyketone-based

with

enhanced

brain

permeability & stability and demonstrated the potential of several
compounds. While further research should be conducted, this study
may

suggest

possibilities

of

epoxyketone-based

immuno-

proteasome inhibitors for brain distribution.
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1. Introduction
Immunoproteasome

(iP)

is

one

of

the

subtypes

of

proteasome consisting of multi-catalytic subunits. Proteasome is a
component of the ubiquitin-proteasome system that plays an
essential role in cell survival by breaking down damaged or
misfolded proteins1. The most abundant of several subtypes of
proteasome is the constitutive proteasome (cP), and iP is derived
from

cP

by

stimulation

of

inflammatory

cytokine

such

as

interferon-gamma or tumor necrosis factor-alpha (TNF-α)2,3. iP
is known to be present in certain cancers4-8, autoimmune diseases913

, and neurodegenerative diseases14 and plays an important in

disease states. In particular, recent research suggested that iP
inhibitors may be effective against neurodegenerative diseases,
suggesting a novel class of drug for diseases with limited
therapeutic options15-17. However, despite this potential, so far
there is a lack of options for drugs with improved brain permeation.
Carfilzomib, the second generation of cP inhibitor approved
by the US FDA in 2012, has epoxyketone as a pharmacophore and
peptides as a backbone. Unlike bortezomib (first generation of cP
inhibitor with US FDA approval in 2003, has bononic acid as a
pharmacophore)

that

reversibly
１

interact

with

the

target,

epoxyketone-based

cP

inhibitors

bind

more

selectively

and

irreversibly with the target18. YU102, a compound that selectively
inhibits LMP2 (β1i) out of the iP catalytic subunits, exhibited
selectivity and potency for LMP2 as an epoxyketone-based
inhibitor19.

However,

in

most

cases,

epoxyketone-based

proteasome inhibitors are considered to have short in vivo halflives that degrade rapidly in vivo. YU102 is also known as a
substrate of P-glycoprotein (P-gp)20, one of the main efflux
transporters of the blood-brain barrier (BBB), which limits its
penetration into the brain.
The YU102 analogs library was constructed by changing
selected deformable parts through computational modeling. Among
them, compounds used in this study were selected in consideration
of selectivity & potency to LMP2 and P-gp interaction in vitro.
YU102 derivatives can be divided into two classes: i) DB16 (Fig.
1A) is slightly modified and maintained the linear form of YU102, ii)
DB43, DB49, and DB55 are macrocyclic forms. Macrocyclic
compounds were thought to increase drug stability by having
resistance to enzymes that degrade drugs with low accessibility due
to steric hinderance, but the mechanism has not yet been fully
identified21-24. The metabolic pathway study of Oprozomib, one of
the epoxyketone-based proteasome inhibitors, suggested that a
２

large proportion of drugs were degraded by epoxide hydrolases
(enzymes

that

degrades

epoxyketone

pharmacophores)

and

peptidases (enzymes that degrade peptides backbone)25. In addition,
recent study has shown that orally available oprozomib-derived
macrocyclic peptides were more metabolically stable and favorable
inhibition against the target than oprozomib in vivo26. Therefore, it
was assumed that macrocyclic compounds would increase stability
by resisting theses enzymes.
Proteasome,

which

could

bind

to

epoxyketone-based

inhibitors (either low or high selectivity), was known to be very
abundant in red blood cells (RBCs)27 and these inhibitors were
thought to exhibit high protein binding28-30. In the case of
carfilzomib, the blood-to-plasma concentration (B/P) ratio was
greater than 0.630 and the plasma unbound fraction was about 97%31
in rats. Free drug concentration could influence for the drug to
enter the target tissue according to the free drug hypothesis.
Nevertheless, few studies about epoxyketone-based proteasome
inhibitors have measured B/P ratios and protein binding (unbound
fraction) in mice.
In this study, it is examined the in vitro & in vivo stability
for YU102 analogs in rats and mice. Also, in vivo brain permeation
was evaluated by measuring the degree of inhibition of LMP2, a
３

target of compounds in the mouse brain. Finally, B/P ratio and
plasma protein binding were measured in mice. Taken together, by
assessing

the

above,

the

brain

distribution

potential

of

epoxyketone-based immunoproteasome inhibitors can be evaluated.

４

2. Materials and methods
2.1. YU102 derivative compounds
YU102 (MW: 514.61), DB16 (MW: 578.67), DB43 (MW:
555.716), DB49 (MW: 451.564), and DB55 (MW: 469.5544) were
provided by Dr. Kyung Bo Kim (Department of Pharmaceutical
Sciences, University of Kentucky, Lexington KY 40536-0596,
USA).

2.2. In vitro metabolic stability in SD rat liver homogenates and
whole blood
To investigate whether the macrocyclic compounds show
improved metabolic stability over linear forms, the rate by which
compounds disappear in the rat liver homogenates or whole blood
was measured. Sprague-Dawley rats (SD rats, seven-week-old,
male) were purchased from CLS Bio (Bucheon, Korea) and the
protocol

approved

by

the

Seoul

National

University

(SNU)

Institutional Animal Care and Use Committee (approval No.
181019-7). The liver was harvested, washed and homogenized
using Ultra Turrax homogenizer (IKA, Staufen, Germany) with
five-fold excess volume of ice-cold phosphate-buffered saline
(PBS, pH 7.4) per gram of tissue. The whole blood was collected by
５

heart puncture and heparinized at the final concentration of 25
IU/mL. The liver homogenate and whole blood were pre-incubated
at 37℃ for 10 min and incubated with compounds at the final
concentration of 1 μM (compounds dissolved in dimethyl sulfoxide,
N=4). After short vortexing, an aliquot (40 uL) of the reaction
mixture was taken and quenched with 160 μL of ice-cold
acetonitrile (ACN) containing chlorpropamide (an internal standard,
IS, 2.5 μg/mL) at pre-determined time points (0, 5, 10, 20, or 40
min). The mixture was vortexed for 10 min, centrifuged at 13,000
rpm for 10 min at 4℃. The drug levels in the resulting supernatant
were quantified via HPLC interfaced with mass spectrometry
system (LC-MS/MS, Agilent 6460 Triple Quad LC-MS system,
Agilent Technologies, Palo Alto, CA).
The chromatographic separation was performed using a
Phenomenex Luna C18 column (50 X 2.0 mm id, 3 μm, Agilent
Technologies, Palo Alto, CA) and an isocratic mobile phase
composed of acetonitrile:water (15:85, v/v) containing 0.1% formic
acid at a flow rate of 0.3 mL/min. In a positive electrospray
ionization mode, gas temperature, the fragment voltage, collision
energy, and cell accelerator voltage were set as follows: 325 ℃,
150 V, 20 V, and 4 V for YU102; 325 ℃, 150 V, 45 V, and 4 V for
DB16; 325 ℃, 114 V, 28 V, and 4 V for DB43; 325 ℃, 84 V, 44 V,
６

and 4 V for DB49; 325 ℃, 124 V, 30 V, and 5 V for DB55.
Quantification was performed in the multiple reaction monitoring
(MRM) mode using the following transitions: m/z 515.3 to 197.1 for
YU102; m/z 579.3 to 70.25 for DB16; m/z 556.3 to 329.3 for DB43;

m/z

452.3

to

70.1

for

DB49;

470.3

to

88.1

for

DB55.

Chlorpropamide (an internal standard) were detected in the positive
electrospray ionization mode (m/z 277.05 to 174.95).

2.3. Plasma pharmacokinetic (PK) study in ICR mice
ICR mice (7-week-old, male) were obtained from CLS Bio
(Bucheon, Korea) and were acclimatized at the animal research
facility in SNU. All animal experiments were conducted in
accordance with the protocols approved by the Institutional Animal
Care and Use Committee of SNU (SNU-181019-7-1). Compounds
were injected via tail vein and blood samples (15-20 μL) were
collected at the pre-determined time points (2, 15, 30, 60, 120 min
from the retro-orbital plexus of the mice using microhematocrit
tubes and 240 min from cardiac puncture using heparinized syringe).
Collected blood samples were centrifuged at 13,000 rpm for 10 min
at 4℃ and the resulting plasma samples was snap-frozen until
analysis. To assess the compound levels in plasma, samples were
processed for liquid-liquid extraction by mixing with tertiary butyl
７

methyl ether (tBME) containing carfilzomib (IS, 100 nM). After
vortex for 10 min and centrifugation (13,000 rpm for 10 min at 4℃),
the supernatant was evaporated overnight and reconstituted with
ACN to analyze via LC-MS/MS (Conditions are described above).
Chlorpropamide (an internal standard) were detected in the positive
electrospray

ionization

mode

(m/z

277.05

to

175.10).

PK

parameters were calculated by non-compartmental method.

2.4. LMP2 activity measurement in tissue homogenates from drug
treated mice
Compounds were injected via intraperitoneal administration
at the dose of 10 mg/kg (Fig. 4A) or tail vein injection at the dose
of 5 mg/kg or 10 mg/kg (Fig. 4B) into ICR mice (7-week-old, male,
n=4-8 per group). Blood samples were collected via cardiac
puncture with a heparinized syringe and tissues were harvested 4 h
after injection, weighed, and frozen at -80℃.
The tissue samples were homogenized adding the PBS (0.2
g tissue per mL PBS). The homogenized tissues were mixed with
the same volume of passive lysis buffer (Promega, Madison, WI,
USA). The supernatant was collected after vortex for 10 min and
centrifugation (13,000 rpm) for 10 min at 4℃ and used for LMP2
activity assay (50 or 150 μg total protein/well for tissues, 0.2 μ
８

L/well for the whole blood and verified to be within the linear rage
of the assay). The fluorogenic probe substrate Ac-Pro-Ala-Leu7-amino-4-methylcoumarin (Ac-PAL-AMC, Boston Biochem,
USA) were used to measure the levels of LMP2-specific catalytic
activity at the final concentration of 100 μM in the assay buffer
(20 mM Tris-Cl buffer (pH 8.0) and 500 μM EDTA). Free AMC
was released and generate fluorescence signals. The initial
cleavage signals were monitored every minute for 1 h via a
SpectraMax

M5

microplate

multi-reader

device

(Molecular

Devices) using excitation, emission and cut-off wavelengths of 360,
460 and 420 nm, respectively. The slopes were used as the initial
hydrolysis rates for individual wells, calculated via linear regression
and %normalized to the slope values from vehicle-treated control
wells. Regression analysis was performed using GraphPad Prism
8.2.0.

2.5. Blood-to-Plasma concentration (B/P) ratio and Plasma protein
binding assessment
Compounds were added to fresh pre-warmed blank blood of
mice at final concentration of 0.2, 2, 10 µM, and the mixture was
incubated at 37℃ for 15 min. After incubation, the mixture was
centrifuged (13,000 rpm) and the plasma was collected as the
９

supernatant (A). Also, compounds were added to blank plasma at
the final concentration of 0.2, 2, 10 uM (B). Compounds were
extracted by protein precipitation method using acetonitrile with an
IS (Chlorpropamide). The response of compounds was then
determined by LC-MS/MS analysis to calculate the blood-toplasma concentration ratios. B/P ratios were calculated by response
(analytic peak area to an IS) of (B) divided by response of (A).
The extent of plasma protein binding was also determined
by

the

rapid

equilibrium

dialysis

method,

according

to

the

manufacturer’s recommended protocol (Thermo Fisher Scientific,
Waltham, MA). Briefly, the dialysis plate was rinsed with 20%
ethanol 3 times for 10 min and washed with filtered water 2 times
for 10 min. 1 µM as a final concentration was added to the mouse
plasma (donor chamber, 200 μL/well) and protein-free phosphate
buffer (PBS, pH adjusted to 7.4) was added to the receiver chamber
(400 μL/well) (n=3-4, independent chambers). The plate was
sealed and incubated on a shaker (300 rpm) at 37℃ for 2 hours.
After the incubation, a 50 μL of aliquot was collected from each
side of the chamber. To ensure that the matrix of the samples
matched, a 50 μL aliquot of blank medium was then added to the
PBS sample, and a one volume of PBS was also added to the plasma
sample. The resulting sample was then analyzed via LC-MS/MS to
１０

determine the unbound fraction (fu).

2.6. Statistical analysis
All results are presented as mean ± standard deviation
(SD) of the replicates. To determine statistical significance,
Student ’ s t-test with a Tukey’s post-hoc test or ANOVA
followed by Dunnett’s post-hoc test was performed using GraphPad
Prism (GraphPad Software, version 8.2.0). A p-value < 0.05 was
considered statistically significant.

１１

3. Results
3.1. In vitro metabolic stability comparison in SD rats
In the rat liver homogenates, the macrocyclic compound
DB43 showed improved stability markedly compared to other
compounds (especially, linear compounds YU102 and DB16) (Fig.
2A). The remaining compounds at 10 min were 41.0 ± 7.1, 12.1 ±
3.1, 13.9 ± 7.1, 2.9 ± 0.4 % for DB43, DB49, YU102 and DB16,
respectively. In whole blood, the rate of drug degradation during the
same time is slower than that of liver homogenate. Comparing
the %remaining drug values at the 40min were 58.4 ± 0.6, 84.4 ±
6.0, 70.6 ± 4.0, 42.4 ± 7.2 % for DB49, DB43, YU102 and DB16,
respectively (Fig 2B). Unlike the liver homogenate results, where
DB43 showed the greatest stability, DB49 showed the best stability
at 20 min and 40 min.

3.2. In vivo plasma pharmacokinetics in ICR mice
To

determine

the

stability

of

compounds

in

vivo,

pharmacokinetic profiles were compared. ICR mice received 5 or 10
mg/kg

of

compound

via

tail

vein

injection.

The

plasma

concentrations of linear forms (YU102 and DB16) decreased
rapidly. In comparison, at all the time points except 240 min, the
１２

remaining plasma concentrations of the macrocyclic compounds
(DB43, DB49) were higher than those of linear forms (Fig 3A). In
addition, macrocyclic compounds administered at 5 mg/kg dose
showed greater systemic exposure compared to linear forms: the
plasma area-under-the curve from time 0 to infinity (AUCinf) were
129.0, 50.5, 39.9, and 14.9 μg·min/mL for DB43, DB49, YU102,
and DB16, respectively (Table 1). AUC up to the last time point
was verified as more than 97% of AUCinf. Consequently, DB43 and
DB49 showed lower clearance values and smaller volume of
distribution at steady state (Vss) than YU102 and DB16 (CL, 42.3,
101.6, 129.4, and 363.6 mL/min/kg; Vss, 1178.7, 571.2, 1988.3, and
1303.8 mL/kg for DB43, DB49, YU102, and DB16, respectively).
These results indicate that macrocyclic compounds (DB43, DB49)
showed enhanced in vivo stability, rendering a promising potential
to enter the brain. Also, comparing the PK parameters with DB49
and DB55 when 10 mg/kg dose is administered to the mice, DB55
showed slightly higher systemic exposure (AUCinf) than DB49 (72.4
μg·min/mL for DB49 and 85.2 μg·min/mL or DB55).

3.3. In vivo LMP2 immunoproteasomal inhibition in the brain and
other tissues
To determine the potential for brain penetration for LMP2
１３

inhibitor candidates known to have less P-gp interaction and
improved in vitro & in vivo metabolic stability, the extent
of %remaining LMP2 activity in the brain at 4 h after single dose
injection was measured. When the remaining LMP2 activity of DB16
(known to have less interaction with P-gp) and YU102 (known to
as P-gp substrate) was assessed, the results indicated that the
systemically administered YU102 and DB16 effectively inhibited the
LMP2 activity in major organs (i.e. whole blood, liver, spleen and
lung) (Fig. 4A). With the same dose of 10 mg/kg was administration
(i.p.), YU102 was more effective in inhibiting the LMP2 activity
than DB16 in these tissues. In contrast, YU102 did not inhibit the
LMP2 activity in the brain. In case of DB16, there was a decreasing
trend in the LMP2 activity at 4 h post-dosing (approximately 20%
inhibition, p value 0.07 when compared DB16 with vehicle group in
the brain).
Single i.v. injection at the dose of 5 mg/kg was conducted to
compare the brain penetration of macrocyclic compounds (DB43
and DB49) and linear forms (YU102 and DB16), and remaining
LMP2 activity after 4 h injection in the brain and whole blood was
measured (Fig. 4B). Consistent with the above results (Fig. 4A),
YU102 strongly inhibited LMP2 in whole blood compared to DB16.
In addition, the result of the inhibition potency in whole blood
１４

showed DB49, YU102, DB16, and DB43 were larger in order (%
inhibition 89.37 ± 0.63, 77.41 ± 4.47, 61.01 ±10.65, and 52.19
± 9.33, respectively). However, when comparing inhibition in the
brain which is protected by intact BBB, DB43 and DB49 showed
approximately 8 and 11% inhibition (p value is 0.3330 and 0.0451,
respectively, when compared with vehicle group).

3.4. Blood-to-Plasma concentration (B/P) ratios and Plasma
protein binding in mice
The B/P ratios at concentrations of 0.2, 2, and 10 µM
assessed as follows: 1.96, 1.92, and 1.73 for YU102; 13.87, 9.66,
and 6.88 for DB16; 0.81, 0.71, and 1.04 for DB43; 1.35, 1.32, and
1.50 for DB49; 1.56, 1.62, and 1.77 for DB55, respectively. The
B/P ratio of carfilzomib was measured as a positive control and the
values were 0.71, 0.75, and 0.60 at concentrations of 0.2, 2, and 10
µM which were comparable to reported values (0.82, 0.74, and 0.63
in the rat30, respectively).
The representative (i.e., averaged) unbound fraction in the
mouse plasma (fu,plasma) values of compounds were calculated as
follows: 65.18 ± 5.88 for YU102; 73.05 ± 5.64 for DB16; 98.36
± 0.34 for DB43; 76.58 ± 0.84 for DB49; 72.12 ± 2.90 for DB55,
respectively (n=6-7). As a positive control, fu,plasma of carfilzomib
１５

was measured. The resulting value was 98.31% ± 1.52 and it is
comparable to reported value (97.6-98.2% in human blood31).

１６

4. Discussion
Because of the robustness of the blood-brain barrier, the
development of CNS penetrable drugs has been considered a
challenging task. However, with the aging of the population, the
number of patients suffering from neurodegenerative diseases is
steadily increasing (neurodiscovery.harvard.edu), and the necessity
of developing brain penetrable drugs is growing. In addition, despite
the excellent effects of the epoxyketone-based proteasome
inhibitors, various formulations have been tried to overcome the
short in vivo half-life. In this study, it is evaluated that the YU102
modified compounds could be potential in brain distribution by
testing stability and target inhibition in brain.
As we hypothesized, macrocyclic compounds tend to have
improved in vitro & in vivo stability compared to linear forms (Fig.
2, Fig. 3). In particular, the increased stability of DB43 in rat
homogenate (Fig. 2A), in which drug metabolism progresses rapidly,
is thought to have a greater effect on the stability in the in vivo PK
test (Fig. 3). However, not all macrocyclic compounds showed
improved stability over linear forms in some time points. In vitro
stability test using liver homogenate and whole blood in rats showed
that YU102 had a greater %drug residual than DB49 and DB43,

１７

respectively (Fig. 2). That is, in addition to inhibition of metabolism
of compounds by cyclization, other mechanisms affecting in vivo
stability were thought to exist.
Experiments examining the extent of in vivo target inhibition
suggest that the mechanism of avoiding P-gp interaction played an
important role in BBB permeation (Fig. 4A). These results suggest
that YU102 which was more stable than DB16 can potently inhibit
LMP2 which is readily accessible, but not LMP2 present in the brain
behind the functional intact BBB. These results are in line with
YU102 being a substrate for P-gp. Therefore, these results
indicated that DB16 could achieve CNS penetration and engage
LMP2 target interactions in the brain parenchyma, possibly an
improved

efficacy

over

YU102.

In

addition,

the

results

of

experiments in which different injection method and dose (i.v.
injection and 5 mg/kg) were injected into mice showed that
macrocyclic compounds (DB43, DB49) with better stability slightly
reduced LMP2 in brain compared to linear forms (YU102, DB16).
These results indicated that stability improvement may also have a
positive effect on the drug ’ s target inhibition in the brain
(efficacy).
Recently, dual inhibition of LMP2 (β1i) and LMP7 (β5i)
has been shown to suppress Alzheimer ’ s disease37 or tumor
１８

growth

progression8.

Since

the

development

of

proteasome

inhibitors, many research have focused on the major catalytic
subunits β5/β5i. However, as research on other catalytic subunits
progresses, inhibition of other subunits has also been shown to be
effective against some diseases, and studies have shown that dual
inhibition has a greater effect11,37,38. Thus, LMP2 inhibitors used in
this study may also be more potent by co-administration with
inhibitors that selectively interact with other subunits.
The B/P ratios of all the compounds except DB43 are
greater than 1 and showed lower plasma unbound fraction than
carfilzomib. B/P ratios greater than 1 were usually the result of the
distribution of the drug in red blood cells and the low unbound
fraction meant greater binding with proteins in the body. However,
DB43 showed the lowest B/P ratio and the highest fu.plasma.
Therefore, it can be predicted that DB43 might be the most limited
distribution to non-target tissue (VSS ~571.2 ml/kg) and it is
possible that it may influenced for enhanced brain distribution. The
linear and macrocyclic structures did not seem to differ in B/P ratio
and protein binding.
In conclusion, our results could support that the possibility
of penetrating into the brain of YU102 analogs. Some recent studies
indicated a promising therapeutic potential of YU102 in Alzheimer’
１９

s disease models17. By improving the CNS penetration using
epoxyketone-based immunoproteasome-selective inhibitors, we
may achieve the target engagement (LMP2 inhibition) in the brain
more effectively (using lower doses) and possible therapeutic
effects with minimal side effects, though it remains to be verified
whether or not these compounds show efficacy in diseased animal
models.
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Table 1. Pharmacokinetic (PK) parameters following the single in
travenous administration of YU102, DB16, DB43, DB49, and DB5
5 to ICR mice

PK
parameter
(unit)
Dose
(mg/kg)

YU102

DB16

DB43

5

5

5

DB49

5

DB55

10

10

AUCinf

39.9

14.9

129.0

50.5

72.4

85.2

(µg•min/mL)

± 7.2

± 4.5

± 37.4

± 9.8

± 13.3

± 10.0

16.4

3.5

28.0

5.7

7.0

5.0

± 12.7

± 1.4

± 11.9

± 2.9

± 4.9

± 0.8

MRT (min)
CL

129.4

363.6

42.3

101.6

142.7

118.6

(mL/min/kg)

± 28.4

± 119.6

± 15.6

± 16.1

± 27.7

± 13.6

1988.3

1303.8

1178.7

571.2

1091.5

600.6

±
1377.0

±
717.8

±
644.6

±
326.8

±
970.3

±
143.0

VSS (mL/kg)

AUCinf, area under the concentration-time curve from time 0 to
infinity; MRT, Mean residence time; CL, clearance; Vss, volume of
distribution at steady state. Mean values and S.D. from different individuals.
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Table 2. Blood-to-Plasma concentration (B/P) ratio and Plasma
unbound fraction (fu,plasma) of YU102, DB16, DB43, DB49, and DB
55

Parameter
Blood-toPlasma
concentration
ratio*

YU102

DB16

DB43

DB49

DB55

0.2 µM

1.96

13.87

0.81

1.35

1.56

2 µM

1.92

9.66

0.71

1.32

1.62

10 µM

1.73

6.88

1.04

1.50

1.77

65.18
±
5.88

73.05
±
5.64

98.36
±
0.34

76.58
±
0.84

72.12
±
2.90

fu,plasma**

* values are mean of two independent experiments (triplicate runs for
each experiment)
** Data are expressed as means ± S.D. (n=6-7 independent batches)
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Figure 1. Structures of epoxyketone-based LMP2 inhibitors,
YU102 and YU102 analogs.

A

B

(A) Linear form, DB16. (B) Macrocyclic forms, DB43, DB49, and
DB55.

３０

Figure 2. In vitro stability of YU102, DB16, DB43, DB49, and
carfilzomib.

A

B

The level of remaining compounds was measured in rat liver
homogenate (A) and whole blood (B). Compounds were incubated
at a concentration of 1 µM at 0 min. Data are expressed as means
± S.D. of quadruplicates.
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Figure 3. Temporal profiles for the plasma concentration of
YU102, DB16, DB43, DB49, and DB55

A

Plasma

B

pharmacokinetic

profiles

after

the

intravenous

administration of compounds at the dose of 5 mg/kg (A) or 10
mg/kg (B) in ICR mice. Mean ± S.D.
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Figure 4. Inhibition of the LMP2 activity of YU102, DB16,
DB43, and DB49 in the brain and major tissues.

A

B

Y-axis represent the % remaining LMP2 activity 2 h or 4 h after
the intraperitoneal injection of 10 mg/kg YU102 or DB16 (A) or 4 h
after the intravenous bolus administration of 5 mg/kg YU102, DB16,
DB43, and DB49 (B) (n=4-5). The tissue supernatant (50 µg
organ, (A); 200 µg organ, (B)) or blood mixture (2 µL) was
incubated in each well.
３３

국문초록
면역프로테아좀

(Immunoproteasome,

iP)은

프로테아좀

subtypes 중 하나로 면역 사이토카인에 의해 유도된다. iP는 특정 질병
상태에서 발현되는 것으로 알려져 있으며, 최근 연구에서는 iP 억제제가
신경퇴행성 질병에 대해 효과를 나타낸다고 보고되었다. 연구용으로 사
용되는 iP 억제제 중 YU102는 epoxyketone을 pharmacophore와
peptides 골격을 가진다. 이 같은 공통구조를 가지는 억제제의 경우 짧
은 in vivo 반감기를 가지는 것으로 생각된다. 또한, YU102의 경우 혈
관-뇌 장벽 (blood-brain barrier)의 주요 efflux transporter인 Pglycoprotein (P-gp) 기질로 알려져 있어 뇌로의 이행이 제한된다. 따
라서, 본 연구에서는 in vitro 실험에서 P-gp를 회피하는 것으로 보이는
몇 개의 YU102 유도체들에 대해 in vivo에서 뇌 투과 가능성을 평가하
였다. 또, 대사 안정성이 증가할 것으로 기대되는 macrocyclic 형태의
YU102 유도체들에 대해 in vivo & in vitro 안정성을 비교하였다. 이를
통해 뇌로의 이행 및 안정성이 증가된 iP 억제제들의 가능성을 평가하고
자 하였다. Rat의 liver homogenate와 whole blood를 이용한 in vitro
안정성 실험에서 macrocyclic compounds인 DB43, DB49가 linear
forms인 DB16에 비해 전반적으로 안정성이 증가하였다. 특히, 대사가
매우 빠르게 일어나는 liver homogenate에서 DB43의 경우 큰 안정성
증가를 보였다. 또, in vivo stability를 비교하기 위해 진행된 mouse
plasma pharmacokinetic test 결과 macrocyclic compounds (DB43,
３４

DB49)가 linear compounds (YU102, DB16)에 비해 큰 안정성과
systemic exposure을 나타냈다. DB55의 경우 DB49에 비해 안정성이
소폭 증가하였다. YU102에 비해 P-gp와 덜 interaction한 것으로 예상
되는 compounds (DB16, DB43, DB49)의 뇌 투과 잠재력을 알아보기
위해 약물 주입 후 뇌에서의 target (LMP2) inhibition 정도를 측정하였
다. 같은 linear form (YU102, DB16)을 비교했을 때 DB16을 주입한
mouse brain에서 약 20% 정도 target이 억제되었다. 반면에 YU102의
경우 brain target을 거의 inhibition하지 못하였다. YU102, DB16,
DB43, DB49를 주입한 mouse brain에서는 vehicle group에 비해
DB43의 경우 약 8%, DB49의 경우 약 11% 감소되었다. mouse에서
이 compounds의 blood-to-plasma ratio (B/P ratio)와 plasma
unbound fraction을 측정한 결과, DB43을 제외한 모든 compounds에서
1 이상의 B/P ratios, 54-77%의 unbound fraction을 나타내어
erythrocyte에 binding이 큰 것으로 생각된다. 본 연구에는 P-gp 기질
성을 회피하는 성질과 구조적 변화(macrocyclization)를 통한 안정성
증가가 epoxyketone-based iP 억제제의 뇌로의 이행에 유리할 것이라
는 가정 하에 진행되었으며, 그 잠재력을 생체 외 및 생체 내 실험을 통
해 입증하였다. 추가 연구를 통한 근거가 더 필요하지만, 본 연구를 통
해 epoxyketone-based inhibitor의 뇌 투과 가능성이 제시될 수 있다.

주요어: 면역프로테아좀 억제제, YU102, macrocyclization, 뇌 분포
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