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a b s t r a c t 

Peramivir was a novel and highly potent neuraminidase (NA) inhibitor for the treatment of 

influenza A and B. However, it exhibited a very low oral bioavailability (only 3%) due to the 

high polarity (log P of −1.4) and the low membrane permeability across the intestine. To 

utilize the PEPT1-mediated prodrug strategy to improve the oral absorption and develop 

the oral alternative, seven amino acid ester prodrugs and seven amino acid amide pro- 

drugs have been synthesized. The permeability of these prodrugs across Caco-2 cells were 

screened. Peramivr-(CH 2 ) 2 - l -Val and Peramivir- l -Ile were of the highest permeability in es- 

ter prodrugs and amide prodrugs, respectively, and then they were selected for further stud- 

ies. Glycylsarcosine (gly-sar) uptake by Caco-2 could be inbihited by Peramivir-(CH 2 ) 2 - l -Val 

and Peramivir- l -Ile in a concentration-dependent manner, and the IC 50 was 1.34 ± 0.31 mM 

and 1.78 ± 0.48 mM, respectively. The direct uptake of Peramivir-(CH 2 ) 2 - l -Val and Peramivir- 

l -Ile in MDCK-PEPT1 cells were significantly higher than in MDCK mock cells, and could 

be markedly inhibited by gly-sar. The uptake of Peramivir-(CH 2 ) 2 - l -Val and Peramivir- l -Ile 

(0.01 to 50 mM) in MDCK-hPEPT1 cells conformed to Michaelis–Menten Equation. The oral 

bioavailability of peramivir was 65.3% and 37.3% after the oral administration of Peramivir- 

(CH 2 ) 2 - l -Val and Peramivir- l -Ile to rats, respectively. The oral absorption and bioactivation 

of Peramivir-(CH 2 ) 2 - l -Val was rapid and extensive, and no Peramivir-(CH 2 ) 2 - l -Val was found 

in plasma. Because the amide bond was relatively stable, Peramivir- l -Ile could not be totally 

converted to the parent drug in vivo . Peramivir-(CH 2 ) 2 - l -Val with good oral profiles and rapid 
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bioactivation might be a promising prodrug for the further clinic development. The present 

study also corroborated the idea that the PEPT1-mediated prodrug approach has enormous 

promise for improving the oral absorption of poorly absorbed drug. 

© 2018 Shenyang Pharmaceutical University. Published by Elsevier B.V. 

This is an open access article under the CC BY-NC-ND license. 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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. Introduction 

eramivir was a novel and highly potent neuraminidase 
nhibitor developed by BioCryst Pharmaceuticals Inc. for 
he treatment of influenza A and B [1] . Like oseltamivir and 

anamivir, it can bind to the active site of the influenza virus 
euraminidase to prevent the spread of viruses. Peramivir 
howed a distinct in vitro resistance profile when compared 

ith oseltamivir and zanamivir, and some viral variants 
ith in vitro oseltamivir and zanamivir resistance could be 

usceptible to peramivir [2,3] . FDA issued an Emergency 
se Authorization (EUA) on 23 October 2009, authorizing 
eramivir for treatment of certain hospitalized adults and 

hildren with pH1N1 in the United States till 23 June 2010,
hich was the first time that an investigational drug was 

uthorized for clinical use under an EUA [4,5] . Due to the 
igh polarity (log P of −1.4) and the low membrane perme- 
bility across the intestine, peramivir had a very low oral 
ioavailability (only 3%). Oral peramivir was associated with 

educed viral titers, but no significant decrease was observed 

o relief of symptoms, which could be attributed to a low 

ral bioavailability in humans [2] . Therefore, peramivir can 

nly be given as an intravenous injection to the patients 
ith influenza in clinic, which limited the clinical utility of 
eramivir to treat influenza infections. Hence, the develop- 
ent of an oral alternative to intravenous administration 

f peramivir is indispensable for reducing costs dictated by 
ospital treatment and improving patient compliance. 

Many attempts had focused on the structural modification 

f peramivir with the aim to improve the oral bioavailability.
ang et al. have synthesized a series of peramivir phospho- 

ate derivatives as orally available anti-influenza drugs [6] .
ut none of them were in routine clinical use at present. 

With the development of molecular biology, many mem- 
rane transporters have been identified, for example, peptide 
ransporters 1 (PEPT1) [7] , amino acid transporter B 

0,+ (ATB 

0,+ ,
LC6A14) [8,9] , the glucose transporter GLUT1 [10] . Prodrugs 
argeted to membrane transporters have been extensively de- 
eloped in order to improve oral bioavailability and overcome 
ndesired biopharmaceutical properties of drugs. Thanks to 
he high expression on the apical membrane of the small in- 
estine, and the broad substrate specificity, PEPT1 has been the 

ost promising and attractive target in the prodrug design 

mong all nutrient transporters. It has been demonstrated 

 posteriori that a 3 to 5-fold higher oral bioavailability of 
alacyclovir and valganciclovir compared with acyclovir and 

anciclovir, respectively, was attributed to the transport by 
EPT1 [11–14] . This PEPT1-targeted prodrug strategy has also 
een extended to LY2140023, an N-linked methionil prodrug 
f LY404039. LY2140023 improved the oral bioavailability of 
a
he parent drug from 6.0% to 68.0% in human [15,16] . In our
revious study, we have synthesized s series of amino acid 

rodrug of cytarabine, and the candidate drug valcytarabine,
he l -valyl prodrug of cytarabine, displayed a PEPT1-mediated 

ransport across the small intestine and increased the oral 
ioavailability of cytarabine from 21.8% to 60.0%. Valcytara- 
ine has been allowed to the clinic trial by CFDA in 2016 (Clin-

cal NO 2016L10399 and 2016L10400) [17] . 
In order to improve the oral availability and develop the 

ral alternative to peramivir, the structural modification was 
erformed on the carboxyl group, and seven amino acid es- 
er prodrugs and seven amino acid amide prodrugs were syn- 
hesized. The transport of these prodrugs was compared with 

eramivir in Caco-2 cell monolayers to screen the lead com- 
ound with the highest permeability. The uptake of peramivr- 

CH 2 ) 2 - l -Val and peramivir- l -Ile in PEPT1-overexpressing 
DCK (MDCK-PEPT1) cells was performed to delineate the 

ole of PEPT1 in the transport of peramivr-(CH 2 ) 2 - l -Val and
eramivir- l -Ile across the intestinal epithelium. We also re- 
orted the chemical and enzymatic stability of the prodrugs 

n phosphate buffers, rat plasma, tissue homogenates and 

astrointestinal fluids. Finally, the pharmacokinetics (PK) of 
eramivir-(CH 2 ) 2 - l -Val and peramivir- l -Ile was evaluated in 

prague-Dawley rats after oral administration. All above re- 
ults indicated the PEPT1-mediated prodrug strategy has suc- 
essfully enhanced the oral absorption of peramivir. 

. Materials and methods 

.1. Materials 

eramivir was purchased from Hubei Xinkang Chemicals 
o. Ltd (Wuhan, China). (1S, 2S, 3R, 4R)-Methyl 3-(( R )-1- 
cetamido-2-ethylbutyl)-4-(tert–butoxycarbonyl) amino)- 
-hydroxycyclopentanecarboxylate (compound 1, CAS: 
29,614-05-5) was purchased from Acesys Pharmatech 

o. Ltd (Nanjing, China). 1, 3-Bis(tert–butoxycarbonyl)-2- 
ethylthiopseudourea (BocTU) was purchased from Shang- 

ai Balmxy Pharmaceutic Co. Ltd (Shanghai, China). HgCl 2 ,
iOH and 4-dimethylaminopyridine (DMAP) were purchased 

rom Shandong Xiya Chemicals Co. Ltd (Jinan China). 3-(3- 
imethylaminopropyl)-1-ethylcarbodiimide hydrochloride 

EDC) was purchased from Zhejiang Kangpu Chemicals Co.
td (Quzhou China). 1-Hydroxybenzotriazole (HOBT) was 
urchased from Chengdu Best Reagents Co. Ltd (Chengdu 

hina). All amino acids were purchsed from GL Chemical Ltd 

Shanghai, China). PEPT1-overespressing MDCK cell (MDCK- 
EPT1) was established by Cellbio Biology Co. Ltd (Shanghai 
hina). All other chemicals used were of the highest purity 
vailable. 

http://creativecommons.org/licenses/by-nc-nd/4.0/
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2.2. The synthesis procedure for prodrugs 

2.2.1. Synthesis of N -Boc-protected peramivir (4) ( Fig. 1 ) 
To the suspension of compound 1 (4.0 g, 10 mmol) in 20 ml
ether at 0 °C, 4 M HCl-1, 4-dioxane (10.0 mL, 40 mmol) and ether
(40 mL) was added. The reaction mixture was stirred overnight
at room temperature, and then refluxed at 50 °C for 2 h. The
mixture was cooled to room temperature and filtered, and the
filtrate was concentrated in vacuo to give the white solid com-
pound 2 (3.0 g, 100%). 

To the solution of compound 2 (3.0 g, 10 mmol) in 30.0 mL
N, N -Dimethylformamide (DMF), triethylamine (TEA, 4.2 ml,
30 mmol), Boc-TU (3.2 g, 11 mmol) and HgCl 2 (3.2 g, 11 mmol)
were added under ice-cooled water. The reaction mixture was
stirred at room temperature for 2 h to give a white compound
3 (4.3 g, 79%). 

To the solution of compound 3 (4.3 g, 7.92 mmol) in ethanol
(EtOH, 30 ml) and tetrahydrofuran (THF, 30 ml) under 0 °C, 5%
NaOH solution (24 ml, 30 mmol) was added. The reaction mix-
ture was stirred at room temperature for 3 h, and EtOH and
THF were evaporated under vacuum. Water (30 ml) and glacial
acetic acid (2 ml) was added to the residue and stirred to give
compound 4 (3.6 g, 85.9%) as a white solid. 

2.2.2. Synthesis of amino acid ester prodrug of peramivir
(8a–g) ( Fig. 2 ) 
Boc-protected amino acids ( 5 , 29.0 mmol), ethylene glycol
(9.0 g, 140 mmol) and DMAP (0.5 g, 5.8 mmol) and CH 2 Cl 2
(150 ml) were stirred under argon at 0 °C for 10 min. Then EDC
(7.2 g, 37.3 mmol) was added to the solution above and stirred
for 20 h at room temperature. The organic solvent was evap-
orated in vacuo and the residue was purified by column chro-
matography (CH 2 Cl 2 / CH 3 OH) to give compound 6 . 

Compound 4 (1.06 g, 2 mmol), compound 6 (5 mmol) and
DMAP (75 mg, 0.6 mmol) were dissolved in CH 2 Cl 2 (30 ml) and
stirred under argon at room temperature for 20 min. EDC
(0.58 g, 3.0 mmol) was added to the solution above and stirred
overnight at room temperature. The organic solvent was evap-
orated in vacuo and the residue was purified by column chro-
matography (ethyl acetate (EtOAc)/ petroleum ether (PE)) to
give a white foam-like compound 7 . 

Trifluoroacetic acid (TFA, 2.0 ml) was added to the solution
of compound 7 (1.04 mmol) in CH 2 Cl 2 (20 mL) and stirred at
room temperature for 16 h. The organic solvent was evapo-
rated under reduced pressure to give a white solid compound
8a–g . 

2.2.3. Synthesis of amino acid amide prodrug of peramivir
(11a–g) ( Fig. 3 ) 
To the solution of compound 4 (1.06 g, 2.0 mmol) in N, N -
dimethylformamide (DMF, 15 ml), triethylamine (TEA, 0.56 ml,
4.0 mmol), EDC (0.57 g, 3.0 mmol), HOBt (0.41 g, 3.0 mmol) were
added sequentially, and stirred under argon at room temper-
ature for 10 min. Then amino acid methyl ester (2.4 mmol)
was added to the above mixture and stirred at room temper-
ature for 24 h. TEA and DMF was evaporated under reduced
pressure. The residue was diluted with EtOAc (100 ml) and
successively washed with water and brine. The organic layer
was condensed and the residue was purified by column chro-
matography (EtOAc/PE) to give the white compound 9 . 
The solution of LiOH (0.126 g, 3 mmol) in water (3 ml) was
added to the solution of compound 9 (1.4 mmol) in EtOH
(10 ml) and THF (10 ml) and stirred overnight at room tempera-
ture. The reaction was monitoring by thin-layer chromatogra-
phy (TLC). EtOH and THF were evaporated under vacuum. Wa-
ter (3 ml) and glacial acetic acid (3 ml) was added to the residue
and stirred under ice-cooled water to give a white compound
10 . 

To the solution of 10 (1.27 mmol) in CH 2 Cl 2 (20 mL), TFA
(2 mL) was added and stirred at room temperature for 16 h.
The reaction mixture was condensed under reduced pressure
to give the white product 11a–g. 

Peramivir-(CH 2 ) 2 -l-Val (8a): yield 28.2%, 1 H NMR (600 MHz,
DMSO–d 6 , δ ppm) 8.43 (s, 3H), 7.96–7.81 (m, 2H), 6.88 (d,
J = 10.5 Hz, 2H), 4.52–4.46 (m, 1H), 4.40 (td, J = 10.6, 2.5 Hz, 1H),
4.34–4.24 (m, 3H), 4.21–4.14 (m, 1H), 3.85 (dd, J = 15.3, 7.9 Hz, 1H),
2.75–2.71 (m, 1H), 2.67–2.57 (m, 1H), 2.20–2.06 (m, 2H), 2.04 (s,
1H), 1.82–1.74 (m, 2H), 1.61 (dd, J = 13.3, 6.6 Hz, 0.5H), 1.49–1.24
(m, 5H), 1.11 (dd, J = 8.6, 4.7 Hz, 0.5H), 0.99–0.82 (m, 12H); 13 C
NMR (600 MHz, DMSO–d 6 , δ ppm) 174.05, 169.38, 159.19, 156.41,
62.60, 57.66, 54.73, 50.88, 49.62, 48.69, 47.26, 43.36, 43.04, 29.83,
23.11, 21.32, 18.60, 17.82, 13.03, 12.32, 11.80. 

Peramivir-(CH 2 ) 2 -d-Ala (8b): yield 23.3%, 1 H NMR(600 MHz,
DMSO–d 6 , δ ppm) 7.26 (dd, J = 10.0, 3.5 Hz, 4H), 7.19–7.18 (m, 4H),
5.61 (d, J = 4.8 Hz, 1H), 4.56 (d, J = 5.6 Hz, 1H), 4.32–4.21 (m, 4H),
4.10 (d, J = 5.3 Hz, 1H), 3.44–3.40 (m, 1H), 3.05 (d, J = 7.9 Hz, 1H),
2.88 (d, J = 7.5 Hz, 1H), 2.71 (dd, J = 8.6, 5.1 Hz, 1H), 2.60–2.56 (m,
2H), 2.07–2.01 (m, 2H), 1.90 (s, 3H), 1.66 (ddd, J = 13.7, 8.1, 3.4 Hz,
2H), 1.24 (s, 3H), 0.93–0.83 (m, 6H); 13 C NMR(600 MHz, DMSO–d 6 ,
δ ppm) 174.05, 169.38, 159.19, 156.41, 62.60, 57.66, 54.73,50.88,
49.62, 48.69, 47.26, 43.36, 29.83, 23.11, 21.32, 18.60, 17.82, 13.03,
12.32, 11.80. 

Peramivir-(CH 2 ) 2 -l-Ala (8c): yield 25.4%, 1 H NMR (600 MHz,
DMSO–d 6 , δ ppm)7.26 (dd, J = 10.0, 3.5 Hz, 4H), 7.19–7.18 (m, 4H),
5.61 (d, J = 4.8 Hz, 1H), 4.56 (d, J = 5.6 Hz, 1H), 4.32–4.21 (m, 4H),
4.10 (d, J = 5.3 Hz, 1H), 3.44–3.40 (m, 1H), 3.05 (d, J = 7.9 Hz, 1H),
2.88 (d, J = 7.5 Hz, 1H), 2.71 (dd, J = 8.6, 5.1 Hz, 1H), 2.60–2.56 (m,
2H), 2.07–2.01 (m, 2H), 1.90 (s, 3H), 1.66 (ddd, J = 13.7, 8.1, 3.4 Hz,
2H), 1.24 (s, 3H), 0.93–0.83 (m, 6H); 13 C NMR (600 MHz, DMSO–d 6 ,
δ ppm) 174.05, 169.38, 159.19, 156.41, 62.60. 57.66, 54.73, 50.88,
49.62, 48.69, 47.26, 43.36, 29.83, 23.11, 21.32, 18.60, 17.82, 13.03,
12.32, 11.80. 

Peramivir-(CH 2 ) 2 -d-Leu (8d): yield 25.4%, 1 H NMR(600 MHz,
DMSO–d 6 , δ ppm) 7.29–7.23 (m, 1H), 7.20–7.13 (m, 1H), 7.04 (s,
1H), 4.42–4.39 (m, 1H), 4.33–4.27 (m, 1H), 4.20–4.14 (m, 1H), 4.02–
3.94 (m, 1H), 3.62 (q, J = 5.2 Hz, 1H), 3.45 (q, J = 7.0 Hz, 2H), 1.73–
1.59 (m, 4H), 1.52–1.43 (m, 1H), 1.40–1.25 (m, 2H), 1.22–1.13 (m,
1H), 1.07–1.04 (m, 5H), 1.03–0.98 (m, 1H), 0.89 (ddd, J = 15.2,
8.3, 5.3 Hz, 9H); 13 C NMR (600 MHz, DMSO–d 6 , δ ppm) 174.05,
169.38, 159.19, 156.41, 62.60, 57.66, 54.73, 50.88, 49.62, 48.69,
47.26, 43.36, 30.35, 29.83, 23.11, 22.53, 21.32, 18.60, 17.82, 13.03,
12.32, 11.80 

Peramivir-(CH 2 ) 2 -l-Leu (8e): yield 20.6%, 1 H NMR (600 MHz,
DMSO–d 6 , δ ppm) 7.29–7.23 (m, 1H), 7.20–7.13 (m, 1H), 7.04
(s, 1H), 4.42–4.39 (m, 1H), 4.33–4.27 (m, 1H), 4.20–4.14 (m, 1H),
4.02–3.94 (m, 1H), 3.62 (q, J = 5.2 Hz, 1H), 3.45 (q, J = 7.0 Hz,
2H), 1.73–1.59 (m, 4H), 1.52–1.43 (m, 1H), 1.40–1.25 (m, 2H),
1.22–1.13 (m, 1H), 1.07–1.04 (m, 5H), 1.03–0.98 (m, 1H), 0.89 (ddd,
J = 15.2, 8.3, 5.3 Hz, 9H); 13 C NMR (600 MHz, DMSO–d 6 , δ ppm)
174.05, 169.38, 159.19, 156.41, 62.60.57.66, 54.73, 50.88, 49.62,
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8.69, 47.26, 43.36, 30.35, 29.83, 23.11, 22.53, 21.32, 18.60, 17.82,
3.03, 12.32, 11.80. 

Peramivir-(CH 2 ) 2 -l-Phe (8f): yield 17.8%, 1 H NMR (600 MHz,
MSO–d 6 , δ ppm) 7.32–7.13 (m, 5H), δ 7.26 (dd, J = 10.0, 3.5 Hz,
H), 7.19–7.18 (m, 4H), 5.61 (d, J = 4.8 Hz, 1H), 4.56 (d, J = 5.6 Hz,
H), 4.32–4.21 (m, 4H), 4.10 (d, J = 5.3 Hz, 1H), 3.44–3.40 (m, 1H),
.29 (d, J = 7.9 Hz, 2H),3.05 (d, J = 7.9 Hz, 1H), 2.88 (d, J = 7.5 Hz,
H), 2.71 (dd, J = 8.6, 5.1 Hz, 1H), 2.60–2.56 (m, 2H), 2.07–2.01 (m,
H), 1.90 (s, 3H), 1.66 (ddd, J = 13.7, 8.1, 3.4 Hz, 2H), 0.93–0.83 
m, 6H); 13 C NMR (600 MHz, DMSO–d 6 , δ ppm) 174.05, 169.38,
59.19, 156.41, 141.69, 137.34, 136.31, 129.82, 128.75, 126.28,
2.60, 57.66, 54.73, 50.88, 49.62, 48.69, 47.26, 43.36, 30.35, 29.83,
3.11, 22.53, 21.32, 18.60, 17.82, 13.03, 12.32, 11.80. 

Peramivir-(CH 2 ) 2 -l-Pro (8g): yield 23.7%, 1 H NMR (600 MHz,
MSO–d 6 , δ ppm) 7.26 (dd, J = 10.0, 3.5 Hz, 4H), 7.19–7.18 (m, 4H),
.61 (d, J = 4.8 Hz, 1H), 4.56 (d, J = 5.6 Hz, 1H), 4.32–4.21 (m, 4H),
.10 (d, J = 5.3 Hz, 1H), 3.44–3.40 (m, 1H), 3.05 (d, J = 7.9 Hz, 1H),
.88 (d, J = 7.5 Hz, 1H), 2.80 (m, 2H), 2.71 (dd, J = 8.6, 5.1 Hz, 1H),
.60–2.56 (m, 2H), 2.07–2.01 (m, 2H), 1.96 (m, 2H), 1.90 (s, 3H),
.66 (ddd, J = 13.7, 8.1, 3.4 Hz, 2H), 1.64 (m, 2H), 0.93–0.83 (m,
H); 13 C NMR (600 MHz, DMSO–d 6 , δ ppm) 174.05, 169.38, 159.19,
56.41, 62.60, 57.66, 54.73,50.88, 49.62, 48.69, 47.26, 46.87, 43.36,
0.30, 29.83, 25.31, 23.11, 21.32, 18.60, 17.82, 13.03, 12.32, 11.80. 

Peramivr-l-Val (11a): yield 45.2%; 1 H NMR (600 MHz, DMSO–
 6 , δ ppm) 12.51 (s, 1H), 8.13 (dd, J = 36.3, 8.5 Hz, 1H), 7.82 (s,
H), 7.48 (dd, J = 79.6, 8.1 Hz, 1H), 7.26 (s, 1H), 6.79–6.68 (m, 1H),
.15 (d, J = 4.9 Hz, 0.5H), 4.37 (dd, J = 10.5, 8.4 Hz, 0.5H), 4.16–4.11
m, 1H), 3.84 (dd, J = 8.4, 6.1 Hz, 0.5H), 3.39–3.33 (m, 0.5H), 2.93–
.78 (m, 1H), 2.75–2.70 (m, 0.5H), 2.58–2.53 (m, 0.5H), 2.16 (td,
 = 10.4, 4.5 Hz, 0.5H), 2.14–1.99 (m, 3H), 1.76 (s, 1H), 1.56–1.02 (m,
H), 0.99 (dt, J = 14.8, 7.2 Hz, 1H), 0.95–0.77 (m, 12H); 13 C NMR
600 MHz, DMSO–d 6 , δ ppm) 173.50, 169.97, 159.06, 156.17, 74.48,
9.48, 48.85, 48.08, 47.63, 43.39, 30.25, 23.16, 21.33, 19.60, 12.40. 

Peramivir-l-Phe (11b): yield 39.4%; 1 H NMR (600 MHz,
MSO–d 6 , δ ppm) 12.51 (s, 1H), 7.32–7.13 (m, 5H), δ 7.26 (dd,

 = 10.0, 3.5 Hz, 4H), 7.19–7.18 (m, 4H), 5.61 (d, J = 4.8 Hz, 1H),
.56 (d, J = 5.6 Hz, 1H), 4.10 (d, J = 5.3 Hz, 1H), 3.44–3.40 (m, 1H),
.29 (d, J = 7.9 Hz, 2H),3.05 (d, J = 7.9 Hz, 1H), 2.88 (d, J = 7.5 Hz,
H), 2.71 (dd, J = 8.6, 5.1 Hz, 1H), 2.60–2.56 (m, 2H), 2.07–2.01 (m,
H), 1.90 (s, 3H), 1.66 (ddd, J = 13.7, 8.1, 3.4 Hz, 2H), 0.93–0.83 
m, 6H); 13 C NMR (600 MHz, DMSO–d 6 , δ ppm) 174.05, 169.38,
59.19, 156.41, 141.69, 137.34, 136.31, 129.82, 128.75, 126.28,
7.66, 54.73, 49.62, 48.69, 47.26, 43.36, 30.35, 29.83, 23.11, 22.53,
1.32, 18.60, 17.82, 13.03, 12.32, 11.80. 

Peramivir-d-Phe (11c): yield 36.1%, 1H NMR (600 MHz,
MSO–d 6 , δ ppm) 12.51 (s, 1H), 7.32–7.13 (m, 5H), δ 7.26 (dd,

 = 10.0, 3.5 Hz, 4H), 7.19–7.18 (m, 4H), 5.61 (d, J = 4.8 Hz, 1H),
.56 (d, J = 5.6 Hz, 1H), 4.10 (d, J = 5.3 Hz, 1H), 3.44–3.40 (m, 1H),
.29 (d, J = 7.9 Hz, 2H),3.05 (d, J = 7.9 Hz, 1H), 2.88 (d, J = 7.5 Hz,
H), 2.71 (dd, J = 8.6, 5.1 Hz, 1H), 2.60–2.56 (m, 2H), 2.07–2.01 (m,
H), 1.90 (s, 3H), 1.66 (ddd, J = 13.7, 8.1, 3.4 Hz, 2H), 0.93–0.83 
m, 6H). 13 C NMR (600 MHz, DMSO–d 6 , δ ppm) 174.05, 169.38,
59.19, 156.41, 141.69, 137.34, 136.31, 129.82, 128.75, 126.28,
7.66, 54.73, 49.62, 48.69, 47.26, 43.36, 30.35, 29.83, 23.11, 22.53,
1.32, 18.60, 17.82, 13.03, 12.32, 11.80. 

Peramivir-l-Ile (11d): yield 29.7%, 1 H NMR (600 MHz, DMSO–
 6 , δ ppm) 12.51 (s, 1H), 8.26 (dd, J = 7.8, 6.5 Hz, 1H), 7.82 (s,
H), 7.57 (d, J = 7.3 Hz, 1H), 7.33 (dd, J = 8.9, 7.0 Hz, 1H), 6.82–
.70 (m, 1H), 5.12–5.03 (m, 1H), 4.37 (t, J = 10.6 Hz, 1H), 4.27–4.24 
m, 1H), 3.86 (dd, J = 8.6, 5.6 Hz, 1H), 2.74–2.67 (m, 1H), 2.05 (d,
 = 5.5 Hz, 3H), 1.76 (s, 2H), 1.67–1.56 (m, 1H), 1.55–1.44 (m, 2H),
.35 (ddd, J = 14.4, 9.0, 3.5 Hz, 2H), 1.31–1.24 (m, 1H), 1.18 (dt,
 = 11.5, 7.1 Hz, 1H), 1.13–1.05 (m, 1H), 0.98 (dd, J = 14.0, 8.1 Hz,
H), 0.91–0.82 (m, 12H). 13 C NMR (600 MHz, DMSO–d 6 , δ ppm) 
74.74, 172.02, 169.74, 159.20, 65.91, 55.18, 48.75, 47.91, 46.86,
2.69, 24.77, 23.35, 21.75, 20.86, 12.38. 

Peramivir-l-Pro (11e): yield 23.1%, 1 H NMR(600 MHz, DMSO–
 6 , δ ppm) 174.05, 7.26 (dd, J = 10.0, 3.5 Hz, 4H), 7.19–7.18 (m, 4H),
.61 (d, J = 4.8 Hz, 1H), 4.56 (d, J = 5.6 Hz, 1H), 4.10 (d, J = 5.3 Hz,
H), 3.44–3.40 (m, 1H), 3.05 (d, J = 7.9 Hz, 1H), 2.88 (d, J = 7.5 Hz,
H), 2.80 (m, 2H), 2.71 (dd, J = 8.6, 5.1 Hz, 1H), 2.60–2.56 (m, 2H),
.07–2.01 (m, 2H), 1.96 (m, 2H), 1.90 (s, 3H), 1.66 (ddd, J = 13.7, 8.1,
.4 Hz, 2H), 1.64 (m, 2H), 0.93–0.83 (m, 6H); 13 C NMR (600 MHz,
MSO–d 6 , δ ppm) 174.05, 169.38, 159.19, 156.41, 57.66, 54.73,
9.62, 48.69, 47.26, 46.87, 43.36, 30.30, 29.83, 25.31, 23.11, 21.32,
8.60, 17.82, 13.03, 12.32, 11.80. 

Peramivir-d-Leu (11f): yield 30.6%, 1 H NMR (600 MHz,
MSO–d 6 , δ ppm) 12.51 (s, 1H), 8.26 (dd, J = 7.8, 6.5 Hz, 1H), 7.82

s, 1H), 7.57 (d, J = 7.3 Hz, 1H), 7.33 (dd, J = 8.9, 7.0 Hz, 1H), 6.82–
.70 (m, 1H), 5.12–5.03 (m, 1H), 4.37 (t, J = 10.6 Hz, 1H), 4.27–4.24
m, 1H), 3.86 (dd, J = 8.6, 5.6 Hz, 1H), 2.74–2.67 (m, 1H), 2.05 (d,
 = 5.5 Hz, 3H), 1.76 (s, 2H), 1.67–1.56 (m, 1H), 1.55–1.44 (m, 2H),
.35 (ddd, J = 14.4, 9.0, 3.5 Hz, 2H), 1.31–1.24 (m, 1H), 1.18 (dt,
 = 11.5, 7.1 Hz, 1H), 1.13–1.05 (m, 1H), 0.98 (dd, J = 14.0, 8.1 Hz,
H), 0.91–0.82 (m, 12H); 13 C NMR (600 MHz, DMSO–d 6 , δ ppm) 
74.74, 172.02, 169.74, 159.20, 65.91, 55.18, 48.75, 47.91, 46.86,
2.69, 24.77, 23.35, 21.75, 20.86, 12.38. 

Peramivir-l-Leu (11 g) : yield 43.1%, 1 H NMR(600 MHz,
MSO–d 6 , δ ppm) 12.51 (s, 1H), δ 8.32–8.01 (m, 1H), 7.82 (s, 1H),
.46 (d, J = 8.2 Hz, 1H), 7.24 (s, 1H), 6.76–6.66 (m, 1H), 4.48–4.35
m, 1H), 4.23–4.19 (m, 1H), 4.12–4.06 (m, 1H), 3.84 (dt, J = 14.5,
.7 Hz, 1H), 2.82 (m, 1H), 2.74–2.65 (m, 1H), 2.07–2.03 (m, 1H),
.86–1.71 (m, 2H), 1.65–1.45 (m, 5H), 1.40–1.35 (m, 1H), 1.33–1.28 
m, 1H), 1.26 (dd, J = 9.9, 8.3 Hz, 1H), 1.21–1.14 (m, 1H), 1.13–1.03
m, 2H), 1.03–0.94 (m, 1H), 0.94–0.80 (m, 12H); 13 C NMR(600 MHz,
MSO–d 6 , δ ppm) 174.59, 172.64, 169.73, 159.92, 74.51, 56.48,
0.69, 48.09, 47.32, 43.00, 27.66, 24.84, 21.30, 19.45, 12.40. 

.3. Caco-2 culture 

aco-2 cells were obtained from the American Tissue Culture 
ollection (Rockville, MD) and were grown routinely on 75 cm 

2 

ulture flasks in Dulbecco’s modified Eagle’s medium (DMEM,
500 mg/L glucose) as previously described [17] . 

.4. Caco-2 permeability 

or transport experiments, Caco-2 cells were seeded onto 

olycarbonate membrane (0.6 cm 

2 growth area, 0.4 μm pore 
ize, Millipore, MA) at a density about 1.0 × 10 5 cells/cm 

2 and 

llowed to grow for 21–25 d [17] . Permeability studies were 
onducted with the monolayers that developed the transep- 
thelial electrical resistance (TEER) values above 250 � cm 

2 .
amples (100 μl) at 15, 30, 45, 60, 90, 120 min were taken from
he basolateral (BL) solution, and the volume was replaced 

ith prewarmed Hanks’ balanced salt solution (HBSS). Be- 
ause the amino acid prodrugs were partially metabolized 

o peramivir and amino acids during the transport across 
he Caco-2 monolayers, the prodrugs transported was cal- 
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culated as the total sum of the unchanged prodrugs and
peramivir. 

2.5. Gly-Sar uptake inhibition 

For uptake experiments, Caco-2 cells were seeded onto 24-
well plastic cluster trays at about 1.0 × 10 5 cells/ cm 

2 for 15
days after seeding. After washing twice with HBSS buffer,
Caco-2 were incubated with 20 μM Gly-Sar along with vari-
ous concentrations of peramivir-(CH 2 ) 2 - l -Val or peramivir- l -
Ile (0.05 − 10 mM) at 37 °C for 10 min [18,19] . After 10 min, the
medium was removed, and the cells were rapidly rinsed twice
with 1 ml of ice-cold uptake buffer (pH 6.0). The cells were col-
lected and homogenized in 0.25 ml water. The homogenates
were centrifuged at 1500 g for 6 min, and gly-sar in the super-
natant was analyzed by HPLC/MS/MS [18] . The protein concen-
tration of each sample was determined by Coomassie Brilliant
Blue assay using a bovine serum albumin as standard. IC 50 was
determined using nonlinear data fitting. 

2.6. Uptake by MDCK-hPEPT1 cells 

MDCK-PEPT1 and MDCK mock cells were grown in DMEM as
described previously [19] . The uptake of peramivir-(CH 2 ) 2 - l -
Val or peramivir- l -Ile by MDCK-PEPT1 cells and MDCK cells
in the presence or in the absence of inhibitor was evaluated
to study the role of PEPT1. The samples were analyzed by
HPLC. 

The concentration-dependent uptake of peramivir-(CH 2 ) 2 -
l -Val or peramivir- l -Ile was also studied at pH 6 over a
concentration range of 0.01–50 mM. The mock cells and
the MDCK-PEPT1 cells were incubated with each individ-
ual substrate for 10 min. The mock cell line kinetics val-
ues were subtracted from those observed in MDCK-PEPT1
cells [19] . 

2.7. Hydrolysis stability study 

2.7.1. Chemical study 
The chemical study of peramivir-(CH 2 ) 2 - l -Val or peramivir- l -
Ile was determined in pH 1.2 hydrochloric acid solution and
phosphate buffers (pH 4.5, 6.8, 7.4) at 37 °C for 4 h. At every
time point, 100 μL of the samples was taken and analyzed by
HPLC. 

2.7.2. Hydrolysis in rat gastric juices and intestinal fluids 
The gastric juices and intestinal fluids for stability studies
were collected from male Sprague-Dawley rats. The experi-
ments were carried out by adding 200 μl of a stock solution of
compound peramivir-(CH 2 ) 2 - l -Val or peramivir- l -Ile to 1.8 ml
of gastric juices or intestinal fluids preheated to 37 °C, and the
concentration of peramivir-(CH 2 ) 2 - l -Val or peramivir- l -Ile in
the biological media was about 80 μg/ml and 100 μg/ml, re-
spectively. Hydrolysis of the prodrugs was studied at 37 °C for
a period of 4 h. Samples (100 μl) were taken at various time
points and quenched with 300 μl of ice-cold methanol, then
centrifuged at 2500 g and 4 °C for 10 min. The supernatants
were analyzed by HPLC. 
2.7.3. Stability in intestinal and liver homogenates 
The jejunum segment and liver were removed from the euth-
anized Sprague-Dawley rat and washed with ice-bath buffer
C (25 mM KCl, 5 mM MgCl 2 and 10 mM HEPES, pH 7.4) sev-
eral times to remove blood, then homogenized with a tissue
homogenizer and centrifuged at 2000 g and 4 °C for 10 min.
The resulting supernatant was collected, and the total pro-
tein amount was determined as above. The hydrolysis exper-
iment was carried out by addition of drug solutions to the
homogenates at 37 °C. Peramivir-(CH 2 ) 2 - l -Val, peramivir- l -Ile
and protein concentrations in the mixture were 100 μg/ml,
100 μg/ml, and 200 μg/ml, respectively. The sample was pre-
treated as above, and the supernatant was analyzed using
HPLC. 

2.7.4. Stability in rat plasma 
Plasma was obtained from rat after centrifugation at 2500 g
for 10 min. One volume of drug stock solution was mixed with
nine volumes of plasma preheated to 37 °C. Aliquot samples
were collected at various time points (0, 30, 60, 90, 120 min).
Extraction and analysis methods were similar to those for the
gastrointestinal fluids experiment. 

2.8. Pharmacokinetics study 

Male Sprague-Dawley rats ranging from 180 to 220 g were used
for the pharmacokinetic study. The animal experiment was
approved by the University Committee on Use and Care of
Animals, Jiangxi University of Traditional Chinese Medicines.
Animals were housed under standard conditions of tempera-
ture (25 ± 2 °C), humidity (65 ± 10%) and light. The rats were
allowed free movement and had access to food and water
for 7 d before the experiments. Rats were fasted overnight
with free access to water before the day of the experiment.
The rats ( n = 5 to 6 per treatment) were administered by
gavage of peramivir, peramivir-(CH 2 ) 2 - l -Val or peramivir- l -Ile
(160 mg/kg calculated as peramivir) in aqueous solution, re-
spectively. Serial blood samples (0.2 ml) were obtained from
orbital plexus at 5, 15, 30, 45 min and 1, 1.5, 2, 3, 4, 6, 8, 10, 24,
48 h after oral administration. The solution of peramivir was
also intravenously administered to 6 rats at 8 mg/kg. During
sampling, rats were anesthetized with ether. The blood sam-
ples were centrifugated at 1200 g and 4 °C for 10 min, and the
plasma was collected and frozen at −40 °C until analytes were
determined by HPLC/MS/MS. 

2.9. Analytical method 

(a). HPLC Analysis . Peramivir and amino acid prodrugs were
analyzed on SHIMADZU LC-20AT HPLC system consist-
ing of a SPD-M20A DAD, a SIL-20A autosampler and a
LabSolution workstation. The analytes were separated
on ODS C 18 (4.6 mm × 250 mm, 5 μm) with a wavelength
of 210 nm and the mobile phase was the mixture of ace-
tonitrile: water (containing 0.1% glacial acetic acid). The
column temperature was set at 25 °C. 

(b). HPLC-MS/MS analysis . The analytes were determined
by SHIMADZU LCMS-8050 liquid chromatograph mass
spectrometer system. HPLC-MS/MS method was fully
validated in selectivity, linearity, precision and accuracy,
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Fig. 1 – Synthesis of N -Boc-protected peramivir. (i) HCl-1, 
4-dioxane, ether, room temperature, overnight; 
(ii) triethylamine, Boc-TU, HgCl 2 , DMF, room temperature, 
2 h; (iii) 5% NaOH, EtOH and THF, room temperature, 3 h. 
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extraction recovery, matrix effect and stability accord- 
ing to Guidance for Industry, Bioanalytical, Method Valida- 
tion US F ood and Drug Administration. Quantification 

was achieved by constructing a calibration curve with 

the least-square linear regression. 

For determination of peramivir, peramivir and internal 
tandard berberine were extracted from rat plasma with the 
rotein precipitation. A reversed-phase C18 column (Phe- 
omenex, 2.1 mm × 50 mm, 1.7 μm) was used to retain and 

eparate the analytes from the endogenous components. The 
olumn was eluted by the gradient of acetonitrile and water 
ontaining 0.1% formic acid. ESI was set in positive ionization 

ode. Quantification was performed using multiple reaction 

onitoring (MRM) and the optimized MRM transitions were 
29.1 → 270.1 for peramivir and 336.2 → 292.0 for berberine. 

The determination of peramivir- l -Ile was similar to 
eramivir, but peramivir- l -Ile was pretreated from the plasma 
ith the liquid-liquid extraction. The optimized MRM transi- 

ion of 442.2 → 383.3 was used for peramivir- l -Ile. 

.10. Data analysis 

(a). The permeability coefficient (P app ) was calculated using the 
following equation: 

P app = d Q/d t × 1 / C 0 × 1 /A. 

where dQ / dt is the steady-state appearance rate of the 
test compound on the receiver side, C 0 is the initial con- 
centration of the test compound on the donor side, and 

A is the monolayer growth surface area. 
(b). Plasma pharmacokinetic parameters were calculated by 

noncompartmental analysis. The plasma concentration 

at different times was expressed as mean ± standard 

deviation (S.D.), and the mean concentration-time pro- 
files were plotted. The C max and T max were observed di- 
rectly from the concentration–time curves. The area un- 
der the plasma concentration–time profiles (AUC) was 
calculated using the linear-trapezoidal rule. 

(c). Statistical Analysis . The statistical differences were 
tested using a one-tailed Student t test at the P < 0.05 
level. 

. Results and discussion 

.1. Synthesis of amino acid prodrugs of peramivir 

o avoid the potential side reactions, Boc-peramivir was syn- 
hesized and then used as the starting materials for prodrug 
ynthesis ( Figs. 1 –3 ). The structures of all prodrugs were con- 
rmed by NMR and MS. 

.2. Caco-2 permeability 

he apical to basolateral permeability for peramivir and 14 
rodrugs was in Fig. 4 A. All prodrugs were of higher perme- 
bility than the parent drug, peramivir. Peramivir-(CH 2 ) 2 - l - 
al exhibited the highest permeability in all ester prodrugs 
nd its permeability was approximately 10.9-fold higher than 

eramivir. The permeability of Peramivir- l -Ile was the high- 
st in all amide prodrugs, which was about 9.1-fold higher 
han peramivir. Therefore, in the subsequent experiments,
eramivir-(CH 2 ) 2 - l -Val and peramivir- l -Ile were selected as 
he representative compounds for further study. 

The extent of prodrug hydrolysis across Caco-2 monolayer 
as listed in Fig. 4 B. The amide prodrugs were all more stable 

han the ester prodrugs. The amino acid promoiety and the 
tereochemistry had a really important effect on the hydroly- 
is rate of the ester prodrugs. 

.3. Inhibition of gly-sar uptake by Caco-2 cells 

n inhibition effect of peramivir-(CH 2 ) 2 - l -Val and peramivir- 
 -Ile for PEPT1 was determined by studying their ability to in- 
ibit the uptake of gly-sar by Caco-2 cells. The initial rate time 
oint (10 min) for the uptake of gly-sar was selected because 
he accumulation of gly-sar was linear up to 20 min after in- 
ubation in Caco-2 cells (data not shown). As shown in Fig. 5 ,
ly-sar uptake was inhibited by Peramivir-(CH 2 ) 2 - l -Val and 

eramivir- l -Ile in a concentration-dependent manner, and the 
C 50 was 1.34 ± 0.31 mM and 1.78 ± 0.48 mM, respectively. 

.4. Uptake of peramivir-(CH 2 ) 2 - l -val and peramivir- l -ile 
y MDCK-hPEPT1 cells 

o further confirm that Peramivir-(CH 2 ) 2 - l -Val and Peramivir- 
 -Ile were the substrates of PEPT1, the uptake of the two com-
ounds by MDCK-hPEPT1 cell and MDCK mock cell was in- 
estigated. Peramivir-(CH 2 ) 2 - l -Val and Peramivir- l -Ile showed 

.5-fold and 4.6-fold increase in uptake by MDCK-hPEPT1 cells 
hen compared with the mock cells, respectively. This kind 

f uptake can be inhibited by excess of gly-sar, a well-known 
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Fig. 2 – Synthesis of amino acid ester prodrugs of peramivir (8a–8g). (i) Ethylene glycol, DMAP, EDC and CH 2 Cl 2 , room 

temperature, 20 h; (ii) DMAP, EDC, overnight, room temperature; (iii) TFA, CH 2 Cl 2 , room temperature, 16 h. 

Fig. 3 – Synthesis of amino acid amide prodrugs of peramivir (11a–g). (i) TEA, EDC, HOBt, amino acid methyl ester, DMF, room 

temperature, 24 h; (ii) LiOH, EtOH, THF and water, overnight, room temperature; (iii) TFA, CH 2 Cl 2 , room temperature, 16 h. 
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Table 1 – The Stability of Peramivir-(CH 2 ) 2 - l -Val and Peramivir- l -Ile in Different Phosphate buffer, in Rat Tissue Ho- 
mogenate, Plasma, Gastric and Intestinal fluids (Mean ± SD, n = 3). 

Medium pH t 1/2 

Peramivir-(CH 2 ) 2 - l -Val (min) Peramivir- l -Ile (h) 

Phosphate buffer 1.2 306 ± 23 43.2 ± 1.3 
4.5 246 ± 34 37.5 ± 1.2 
6.8 214 ± 31 33.1 ± 0.5 
7.4 178 ± 22 25.7 ± 0.8 

Intestinal homogenate 7.4 78 ± 29 28.4 ± 0.2 
Liver homogenate 7.4 65 ± 13 8.3 ± 0.1 
Gastric fluids 1.3 203 ± 15 27.6 ± 0.6 
Intestinal fluids 6.6 161 ± 12 9.4 ± 0.1 
Rat plasma 75 ± 13 5.3 ± 0.8 

Fig. 4 – (A) The apical-to-basolateral permeability ( P app ) for 
the amino acid prodrugs (0.5 mM) in Caco-2 cells 
(mean ± SD, n = 3). ∗, P < 0.05, compared with peramivir. (B) 
Percent prodrug remaining intact in receiver side at 120 min 

across Caco-2 cell monolayer (mean ± SD, n = 3). 
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Fig. 5 – Inhibition of Peramivir-(CH 2 ) 2 - l -Val and 

Peramivir- l -Ile on gly-sar uptake by Caco-2 cells. Caco-2 
cells were incubated with 20 μM gly-sar at 37 °C for 10 min 

in the presence of various concentrations of 
peramivir-(CH 2 ) 2 - l -Val or peramivir- l -Ile (0.05 − 10 mM). 
After the incubation, the concentrations of gly-sar were 
determined by HPLC-MS/MS. Data are presented as 
mean ± SD, n = 3. 
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ubstrate of PEPT1. In contrast, no PEPT1-mediated transport 
f peramivir was observed ( Fig. 6 A). 

Concentration-dependent profiles of Peramivir-(CH 2 ) 2 - l - 
al and Peramivir- l -Ile determined in MDCK-hPEPT1 cells af- 
er correcting for mock cells were shown in Fig. 6 B. V max 

alues for Peramivir-(CH 2 ) 2 - l -Val and Peramivir- l -Ile were 
4.89 ± 0.65 and 14.07 ± 0.54 nmol/mg protein/10 min, respec- 
ively. K m 

values for Peramivir-(CH 2 ) 2 - l -Val and Peramivir- l -Ile 
ere 4.23 ± 0.11 and 5.92 ± 0.14 mM, respectively. 
.5. Stability studies 

he stability of Peramivir-(CH 2 ) 2 - l -Val and Peramivir- l -Ile was
tudied in pH 1.2 hydrochloric acid solution, different pH 

hosphate buffers, intestinal and liver homogenates, gastric 
nd intestinal fluids, rat plasma. The estimated half-lives (t 1/2 ) 
ere calculated from linear regression of pseudo-first-order 
lots of the concentration vs. times. From Table 1 , Peramivir- l - 

le was more stable than Peramivir-(CH 2 ) 2 - l -Val under all con-
itions, which may be that the amide bond was more stable 
han the ester bond. The chemical hydrolysis of two prodrugs 
as in a pH-dependent manner, and they were more stable in 

he acidic environment than at the neutral and alkaline pH.
n the biological fluids, Peramivir-(CH 2 ) 2 - l -Val and Peramivir- 
 -Ile hydrolyzed at a higher speed (shorter t 1/2 ) than in the
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Fig. 6 – (A) Uptake of Peramivir-(CH 2 ) 2 - l -Val and 

Peramivir- l -Ile by MDCK-hPEPT1 cells. The MDCK-hPEPT1 
cells were incubated with Peramivir-(CH 2 ) 2 - l -Val or 
Peramivir- l -Ile (0.5 mM) for 10 min, pH 6.0, in the presence 
or absence of gly-sar (10 mM). After incubation, the 
concentration of Peramivir-(CH 2 ) 2 - l -Val and Peramivir- l -Ile 
was determined by HPLC. ∗, P < 0.05, compared with the 
presence of gly-sar. (B) Concentration-dependent uptake of 
Peramivir-(CH 2 ) 2 - l -Val and Peramivir- l -Ile in MDCK-hPEPT1 
cells. Each value was calculated after subtracting the 
endogenous transporters contributions observed in the 
mock MDCK cells. Data are presented as mean ± SD, n = 3. 

 

 

 

 

 

 

 

 

 

 

Fig. 7 – Mean ( ± SD) plasma concentration-time of peramivir 
and Peramivir- l -Ile ( n = 5 to 6). ( , , ): the 
concentration of peramivir after oral administration of 
Peramivir-(CH 2 ) 2 - l -Val, Peramivir and Peramivir- l -Ile, 
respectively, (160 mg/kg calculated as peramivir); ( ): the 
concentration of Peramivir- l -Ile after oral administration of 
Peramivir- l -Ile (160 mg/kg calculated as peramivir). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

phosphate buffer with the same pH, which indicated that a
catalytic effect of enzyme may arise from these biological
fluids. 

3.6. Pharmacokinetics study 

The pharmacokinetics performance of Peramivir-(CH 2 ) 2 - l -Val
and Peramivir- l -Ile was studied in rats to determine whether
the amino acid prodrug strategy could improve the oral
bioavailability of peramivir in vivo. The aqueous solution
of peramivir, Peramivir-(CH 2 ) 2 - l -Val and Peramivir- l -Ile (all
160 mg/kg calculated as peramivir) were orally administered
to rats, respectively. Peramivir was also intravenously injected
to rats at a dose of 8 mg/kg. PK parameters were presented
in Table 2 and plasma-concentration curves were showed in
Fig. 7 . 

After Peramivir-(CH 2 ) 2 - l -Val was orally administered to the
rats, Peramivir-(CH 2 ) 2 - l -Val could not be found in plasma
because of the rapid hydrolysis. As shown in Table 2 , the
AUC for peramivir after dosing of Peramivir-(CH 2 ) 2 - l -Val and
peramivir was 47,107.7 and 2955.9 ng h/ml respectively. The
absolute oral bioavailability of peramivir following oral ad-
ministration of peramivir-(CH 2 ) 2 - l -Val and peramivir was
65.3% and 4.1%, respectively. 

After Peramivir- l -Ile was administered to the rats, only
portion of Peramivir- l -Ile was hydrolyzed to peramivir. The
AUC for peramivir- l -Ile and peramivir was 20,030.3 and
26,914.5 ng h/ml, respectively. Therefore, the oral bioavail-
ability of peramivir after dosing of peramivir- l -Ile was 37.3%,
which was 9.24-fold increase when compared with oral ad-
ministration of peramivir. 

3.7. Discussion 

Peramivir has been approved for the treatment of influenza
A and B by many countries. But the intravenous administra-
tion limited the patients’ compliance because of the high po-
larity and low oral bioavailability resulting from the carboxyl
and the guanidine group. The intestinal peptide transporter,
PEPT1, was abundant in the epithelium of the gastrointestinal
tract, and it was a promising target for oral drug delivery strat-
egy for the broad substrate specificity [20–23] . Therefore, a lot
of amino acid prodrugs of peramivir targeted to PEPT1 have
been synthesized with the aim to improve the oral bioavail-
ability and develop the oral alternative to peramivir in the
present study. 

Amino acid amide prodrugs targeted to PEPT1 have been
applied to many successful cases, for example LY2140023
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Table 2 – Mean pharmacokinetic parameters of peramivir after oral administration of Peramivir-(CH2)2- l -VAL, Peramivir- 
l -Ile and Peramivr (160 mg/kg calculated as peramivir) and intravenous injection (8 mg/kg) to the Male Sprague-Dawley 

rats, respectively ( n = 5 to 6). 

Dosing C max (ng/ml) T max (h) t 1/2 (h) AUC 0- ∞ 

(ng • h/ml) F (%) 

Peramivir-(CH 2 ) 2 - l -VAL 16,101.9 ± 3467.1 1.0 4.3 47,107.7 65.3 
Peramivir- l -Ile 9227.1 ± 1675.2 1.0 3.5 26,914.5 37.3 
Peramivir ( p.o.) 771.6 ± 278.3 1.0 3.2 2955.9 4.1 
Peramivir ( i.v.) 3.9 3604.8 

(
d  

L
p
c
b
d
s
a
a
P
p
p
c
c
a
p
I
t
p
t

b
c
h
P
M
b
t
M
t
t
l
E
t
u
l  

V
t
t
c

c
d
s
t
l

m
(  

w  

T
P
c
f
p
t
s
i
t  

b
s
a
p
t  

t
t

4

I
i
t
t
r
d
a
a
s

C

T
a

A

T
t
S

methionine prodrug of LY404039) [15,16] , lisdexamfetamine 
imesylate (the lysine amide of d -amphetamine) [24,25] ,
Y544344 [26,27] and midodrine [28] . The amide linkage could 

rovide sufficient stability in the gastrointestinal tract when 

ompared with the ester bond, and it may exhibit potentially 
etter oral absorption. Therefore, seven amino acid amide pro- 
rugs were also synthesized in the present study, except for 
even amino acid ester prodrugs. The transport experiment 
cross Caco-2 cells was performed to evaluate their transport 
cross the intestinal membranes. Peramivir-(CH 2 ) 2 - l -Val and 

eramivir- l -Ile were of the highest permeability in all ester 
rodrugs and in all amide prodrugs, respectively. The l -valine 
rodrug was the most permeable drug in most cases, which 

ould be attributed to that the l -valine may have the optimal 
ombination of chain length and branch at the β-C position of 
mino acid for the intestinal transport [13] . But as the amide 
rodrugs were concerned in the present study, Peramivir- l - 

le had the highest permeability, and it was slightly higher 
han Peramivir- l -val. Therefore, peramivir-(CH 2 ) 2 - l -Val and 

eramivir- l -Ile were selected as the candidate compounds for 
he next studies. 

From gly-sar uptake inhibition by Caco-2 cells, it can 

e concluded that Peramivir-(CH 2 ) 2 - l -Val and Peramivir- l -Ile 
ompeted with gly-sar to interact with PEPT1. In the MDCK- 
PEPT1 cells, the direct uptake of Peramivir-(CH 2 ) 2 - l -Val and 

eramivir- l -Ile were 5.5-fold and 4.6-fold higher than in mock 
DCK cells, respectively, and this uptake can be inhibited 

y excess of gly-sar. The uptake of peramivir was not (sta- 
istically) significant different between MDCK-hPEPT1 and 

DCK mock cells [19] . These results showed hPEPT1 con- 
ributed to the uptake of these two prodrugs by the small in- 
estine. The uptake of Peramivir-(CH 2 ) 2 - l -Val and Peramivir- 
 -Ile in MDCK-hPEPT1 cells conformed to Michaelis–Menten 

quation, which further confirmed the transport and up- 
ake of two prodrugs was a PEPT1-mediated process. K m 

val- 
es for peramivir-(CH 2 ) 2 - l -Val were smaller than peramivir- 
 -Ile (4.23 mM vs 5.92 mM), which showed peramivir-(CH 2 ) 2 - l -
al had a higher affinity to PEPT1 than peramivir- l -Ile, and 

hese results was consistent with the gly-sar uptake inhibi- 
ion by Caco-2 cells and the direct uptake by MDCK-hPEPT1 
ells. 

In the pharmacokinetics studies, no Peramivir-(CH 2 ) 2 - l -Val 
ould be found in the plasma, which might result from rapid 

egradation during the first-pass process [29] . These were con- 
istent with the stability experiment result. The t 1/2 in the in- 
estinal homogenate, liver homogenate and rat plasma was 
ess than 80 min, which suggested the first-pass metabolism 
ight be striking. After oral administration of Peramivir- 
CH 2 ) 2 - l -Val, the oral bioavailability of peramivir was 65.3%,
hich was 15.9-fold higher than the oral doing of peramivir.
he oral availability of peramivir after oral administration of 
eramivir- l -Ile was 37.3%, which was 9.24-fold increase when 

ompared with oral administration of peramivir. But the AUC 

or Peramivir- l -Ile was 20,030.3 ng h/ml, which was com- 
arable to the AUC of peramivir (26,914.5 ng h/ml). Though 

he affinity of Peramivir- l -Ile to PEPT1 was similar (slightly 
maller) to Peramivir-(CH 2 ) 2 - l -Val, Peramivir- l -Ile could not 
mprove the oral bioavailability of peramivir to the same ex- 
ent as Peramivir-(CH 2 ) 2 - l -Val because of the limited in vivo
ioactivation, which can be forecasted from the stability re- 
ults of Peramivir- l -Ile. Therefore, to improve the oral bioavail- 
bility of peramivir with amide prodrug, more amino acids 
rodrugs, such as some unnatural amino acids, must be at- 
empted in the future to combine the improve of permeability,
he stability in the gastrointestinal tract with the rapid bioac- 
ivation. 

. Conclusions 

n summary, the prodrug strategy targeted to PEPT1 described 

n the present study has been very successfully in improving 
he oral bioavailability of peramivir and developing its oral al- 
ernative. Peramivir-(CH 2 ) 2 - l -Val with good oral profiles and 

apid conversion to the parent drug might be a promising pro- 
rug for the further clinic development. The present studies 
lso corroborated the idea that the PEPT1-mediated prodrug 
pproach has enormous promise for improving the oral ab- 
orption of poorly absorbed drug [21,22] . 
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