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W & Rk Bl (high altitude pulmonary edema, HAPE) & i1 75 vy M4 3 [X il 3 ok & 3 7 8, I8 PN VAR 1)
L 205 TR K, AR, BB & . e IRAE (sildenafil, SIL) AT 45k il o L4, B A TR s 5 il 7K ik 4 15 1, 5 E
BRI R 750 R0 SR 2, A7 AR 45 25 ) B K A PSR 4 B A )R N K S5 i) ji o A S 4% 1 T b AR AR i
& (liposomal sildenafil, LS) J-3E 47 Jili i 5 24, 25 22 L TR v S Ml K e R0 FH o P R i s 88 ¥ 1) 4% LS, 3R &4
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(3 mg-kg™) M SIL LS K 25 i A4 50 5l 5 40 24 R0 SR I N /N ST v, S A5 700 2 4% 2 245 4/ 3L T #5540
5000 m fEH R R A 1 h G IUH . B4 /N BRTE W 3 5256 P iz Bl A B R BRAR, S Sl st ] T v, [ B i 4 v A
J& (percutaneous oxygen saturation, SpO,) F#AI, fiti 40 23 i ¥ iR SR BE I 1 - (TNF-a) 7K1 BE IR 35 20 /0N Bl s, 3 J5i Y
2 WEH K (reduced glutathione, GSH) 7K1 b IE 4 21 /0N BRI 28 25 20 A 11 Al o8 s 0 S 38 A B S e 3 /0 B0 1) A2 i AR AE
MIVESRE ST, TN LS 40 BH & o35 /N g B e 70, SRTRLHAR TL, i S R B2 T 51, TNF-a F GSH 7K~ 34 #2355 1E
WA WA 2R (3 mg-kg™) AH F A SIL BB LS 228 BTN /IN BRI, oK A 20 21 J 5 24 21 /08 BB TR R 4
fits b R TR A T J B o AR 2L /0N BRI 2 PR AR DR TNF-a 41 F-15 (IL-18) /KT ELIE# 4/ R, 144
ZiJa MR, A LS AH AR, #an IEH /K. B L h A E AR 48 h 1 LS 2H /) B I3 A 1L-18 7K ~F- b SIL H A% (P <
0.05). HEAILL /N Rl AL 2 b B 5 R T -1a (HIF-10) 3RIETF T, 45 25 )5 HIF-1a 3% PR 4230 15 5 /K7, LS 4L
HIF-1a I8 L0 SIL 2H 54K, H A G B 48 h 1 HIF-1a /KA BE M2 R (P < 0.01). WHM A TG AR IE I 54 2 — Fh
T T B TS e S K i ) 751
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Abstract: High altitude pulmonary edema (HAPE) is a result of leaking of the fluids from blood vessel to the
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lung tissue due to pulmonary artery hypertension in the high altitude place, which happens very quickly and shows
high mortality. Sildenafil (SIL) can prevent HAPE by expanding pulmonary vessels; however, only oral tablets and
injections of SIL are currently available. The formulations have the disadvantages of high doses, inconvenient use,
and high systemic side effects. Here, liposomal sildenafil (LS) was prepared for pulmonary delivery and the preven-
tion of HAPE was explored. The ammonium sulfate gradient method was used for the preparation of LS with a
high entrapment efficiency of nearly 100%, the particle size of 116.97 nm, and the zeta potential of -30.93 mV. All
animal experiments had been approved by the Ethics Committee of Academy of Military Medicine, Academy of
Military Sciences, and carried out in accordance with relevant guidelines and regulations. The dose (3 mg-kg™
SIL) of sildenafil suspensions, LS or blank liposomes was intragastrically or intratracheally administered to the
lungs of mice. The mice with or without treatment were put in the hypobaric oxygen chamber of 5 000 m altitude
for 1 h. In the open field text the model mice had the shorter total distances and longer dead time than the healthy
mice and they showed the lower percutaneous oxygen saturation (SpO,), the higher tumor necrosis factor-a (TNF-a)
levels of and the lower reduced glutathione (GSH) in the lung tissues. By contrast, oral LS remarkably modified
the moving ability of the mice and they had the higher SpO, than the model mice and the similar TNF-o and GSH
levels to the healthy mice. Sildenafil suspensions and LS with the same dose (3 mg-kg™ SIL) were intratracheally
administered to mouse lungs, respectively, and the mice of the model group and the treatment groups were put in
a hypobaric oxygen chamber for predetermined time. In the rotating rod experiments, the mice in the model
group showed shorter drop latency and more drop times than those in the healthy group, indicating that the physical
activity of the mice was improved due to treatment. The inflammatory cytokines, TNF-a and interleukin-14 (1L-15)
in the blood of model mice were higher than those from the healthy group and they decreased after treatment,
where the LS group maintained the lowest level close to the normal level. IL-15 in the blood of mice in the LS
group was lower than that in the SIL group (P < 0.05) 1 hour and 48 hours post-hypoxia. Hypoxia inducible factor-1a
(HIF-1¢) in the lung tissues of model mice increased but decreased to the normal range after treatment. Moreover,
HIF-1o in the LS group was lower than that in the SIL group, where the values were significantly different 48
hours post-hypoxia (P < 0.01). Inhaled liposomal sildenafil is a promising medication for the prevention of HAPE.

Key words: sildenafil; high altitude pulmonary edema; ammonium sulfate gradient method; liposome;
pulmonary drug delivery
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HAPE A0 32 S BT b T3 B 32 5l 5 B8 0 468 0] g
s R BT R, ol v, B A H AT RE
HHAPE?, #5411, IS HAPEJ% 5219 122 4 A & BT+
% 4559 m I HAPE & i % 4 6% . 53 45 SCRRMHR &,
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P 24 il 0 S 1) R g T M R N TR AR 24 v v 2,
2230 2% IR 0 T i R 22 BB 1Y) IR 40 e AS49 1) £ B
NI 42 75 22 3% R YU IE P, P B 45 7 VA I
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FMALS AT L2, B3E © HE5 PR S5 IH [ R
FE L (wiw) A 31151181 7:1; @ 2454 F1EE i OR
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Table 1 Factors and levels for the orthogonal design of liposomal
sildenafil (LS) formulations. SIL: Sildenafil

Factor
A B C
Level o - -
Egg yolk lecithin/  Egg yolk lecithin/ Ammonium
cholesterol (w/w) SIL (mol/mol) sulfate/mol-L™*
1 31 9:1 0.1
2 5:1 6:1 0.2
3 7:1 3:1 0.3

PO ARIEBE FRR RO & HUEE 35 UF @5 15 150 mg.
JIH [ % 30 mg #1747 58 (Brij-58) 7.5 mg i& T 10 mL 2
%, T 500 mL B JEI 50 °C/K i Ik e i 78 &, B R
AW, 19203 5 I8 5 e, 0N 0.3 mol- L™ i BR £ 1%
W10 mL, 7 37 °CH 100 r-min &R IR, K4k 5 T RlE
JRAA VR B, B 10 min J5 i 0.22 pm 38 10 4K, 133
TR R AR . A5 FBNEEE 7375 3 500 Da iz b4
1, 7£ 500 mL 0.9% NaCl /K& 3 (pH 10) HiE#r 2 X,
B L h, A3 TR B AR FE AR TR . 7E g o AR TR 2
A SC 15 mg, 40 °C/K¥# 14k % 30 min, 153 LS.

BEHFMNE HEBRA S (HPLC) JilE LS H
SILIEE, (i Kromasil C184% (150 mm x 4.6 mm,
5 um); HEi 30 °C; it 3l A A& H I/ £, J§5/0.05 mol - L
= LR (pH 4.0, 25:17:58, viviv); 6 il 2% & —
B I 1) K 00 4% 5 A6 00 38 K 290 nm; I3 1 mL-min'™;
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HAHITACHI 2 ) MR RARTEE .
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% 1mg SC) /r#tF 3 mL AN T (3R 2)™), & Ti&EHr
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(9 = #  -h P 7 37 °CH1100 r-min 4R 8. 40 5T 5.
30 min f11.2.3.4.5.6.12.24 f148 h HURE i 1 mL,
F110.22 pum P8 2% 5 98, 37 Z0 % 70 A ]I R N A
1mL. A HPLC & B eH H SIL: 1%+ v Kromasil
C18 % (150 mm x 4.6 mm, 5 um); ¥ i 25 °C; Wi 54
& 415110 mmol- L™ 3 R & — 8NV (pH 7.5, 50: 50,
VIV); ar I 2% g R R SRS I AR K 220 nm;
I 0.8 mL-min; B S ARA 20 plo 5 5 FH Z R T2
[X (2)]. — 25 #2 [5X (3)] F1 Higuchi 77 2 [3X (4)] *F
SC J& LS A SNBE WL 2T 5

M, /M, =k, xt (2)
In(1- M,/M,) =k xt ©)
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S, MO LR (9254 2 BB HCR: M d k254
SRR O T MM, U 2590 B URE U ET 4025 KK,
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Table 2 Formula of 1 000 mL simulated lung fluids™

Chemical Molecular Amount/g
structure
Magnesium chloride hexahydrate MgCl,-6H,0 0.203 3
Sodium chloride NaCl 6.019 3
Potassium chloride KCI 0.298 2
Sodium hydrogen phosphate Na,HPO, 0.250 1
Sodium sulfate Na,SO, 0.0710
Calcium chloride CacCl, 0.2775
Sodium acetate CH,COONa 0.574 4
Sodium bicarbonate NaHCO, 2.604 3
Sodium citrate Na,H.C.O 0.097 0

P ARAE TS = R B K B A 2530 F L0830
FUNRBENL S A6 4L, /415 1, Hdal (healthy) F1b
41 (model) NEATATALHE; ¢ 21 (blank liposomes) /)N KUt
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£ SIL 75 pg) 0.2 mL; e 41 (i.t. SIL) /MR Al #8457 SIL
AL KR B (R JE 1.5 g-L Y, 7 3 mg-kg™, & SIL
75 ug) 50 pL; F4H (i.t. LS) ZNERUAHAZE T LS (7% SIL 75 pg)
50 ubo /NRGASERNRIETR, WEBKER, 7THE
T B SR, TN NS AR R R, R R, A
2L N5 min JFE L5 000 m = E, 7£ 5 000 m i
JE 4 40 min, 2R J5 T HE 15 min BEZE 0 m = 7, EGE
A A S TR A 1 b
APBENTFARSEMNBIHNAEFESIE K
65 /N BB N 1340, B4 5 W, HdEH 4] (healthy)
AN GATAT b 3, A5 40 (model). P8 BB AE4L (SIL) &
G R A AE AR 5 R 4 (LS) AR 3 4 75 A% R 2 A8 Y )
B IF) %% 53 B 4 40, DAH SIS BRI B (7] 204 Sy 40 44,
Model-1 h2H .SIL-12 hZH A1 LS-48 h#H . #7 41 /N R 245
TAIEERIK; SILH/N RS T SIL AT KRB (RS
1.5 g-L*, 78 3 mg-kg®, & SIL 75 ng), & &Mk 1E N
89.75 + 43.22 nm (n = 3), £ B & % (PDI) ~0.512 +
0.025 (n = 3); LS4/ 45 T LS (% SIL 75 pg). FImE
Brdd NN O, B EE S, o B IR 25 8 4R NS
BHRSEBMNG A, 8 H/NRA AR50 pl. /»
A 24 fa IO BRE N B K 8 88, n] H 32358 AL
1, NN AR AR, DR R, AR TR T R
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IS IA], 4R 5 T FE 15 min PR 2 0 m = B, FEAR R e A 1Y
SIS TR 23 Sl A 1,12 24 148 ho /NRRHAAR S5 37 R E
TRERR I I A I B4R 9 93 mm (R #E b 20 s K
T 2 38 r-min™ 5 i HIE S22 5 3 min, 18]/ B 7%
J SERPAE N B DA SRR AT 1 2ORCE T i 57 A b
MEIBFEFEN 12345 A5 1/ B ED 48
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il [ 52 T 10% F S V5 0 b 24 h, A i BE ) R | e
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TERE TR HLREIES
TR E AR E/N B 42U ) i A
K, BT R AT R R PR S Z P (pH 6.0) 25
R TR TIEEE, BRRHERT A E
T2 5 22 v (PBS, pH 7.4) v, 7E B (32 K b SR 3h e
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B, ZIR B 30 min, hn—3dt. =90, UL A I
SRR G T, I AAR B, JRRFEE G 3 min 48
Az, 7Kk, 19% EhER SRS 588 01k K Bk, FRINZ K K
e, VIA SR KACEE, e fid A, A N SRR ]
AH, 8 Image J BG4 BT 511F o3 A i BB A S
F-la (HIF-10) [ P62 2 (average optical density,
AOD).

TNF-a., IL-18 FIR R B A Bt H BK (GSH) 2 2
E IRERBUMLS, S HEE 2 h, 1 000xg 4 °CE5 40> 20 min,
I b3 525, RIAF L35, A7 T80 °CUKAE . Hilifq H
AR, FRE E NN 10 £ R AR ER K (0 °C), i
IR EEACRE B, 4% 1 60 Hz, 4 min, &6 % 1 min {2
10 s, A BE 5 T 4 °C, 5 000 xg &0 10 min, B35 702,
RIS4H 2R 500, I 4ET-80 °CUK A . I ELISA 7 & il
SE M3 S U5 2 R i TNF-a, IL-148 F11 GSH #I7K T

AIASEYS AR RVIRAS U)W RS, R
Rz, BV RTAE T 37 VEAL /N 3 ) ) £5 B8 DA R 4R
ZHZ R 1P, AT AR FE (0 44K /N 25 em x
25 cm x 50 cm, /)N BB T R R I 0 TSN, 3
00 I o ] e — MRk, BT RSO, T
HLIE SR /N 5 min P 1) A B AR S A Bl I 8] . B R SR
SR G, 1S HR R SRR FEAE, I 75% 18R
BRAR, FrRRBUR E 4T N — A s, Pl
BRAIR ST S5 22 S0 3 s . S R T R B R R
i, AT B D A TR BT /N BRUE T

SIS K H SPSS 18.0 #4: % B # AT 4k
TR (FRIR R 5 Z 0 B, LSD), SZUe 3 DA% +
FrEZ (x +5) Fox, P<0.05 % x B %R, P<0.01
KrEAERENER.

#HR
1 FARIERE R RMA S

IS A R AR AR AL T (3R 3), BLAL T ()l
Eb o 1:9) (A0 $F R BT 100%, IE W 245 i b A2 5 i 4,
FARWEFER K. BT IEL T LS &by
9 A2B1C3, R 2 2 BF % Jlig 15 A [ 1 (%) 7 & Bk 50 1,
ZiHEEE N 109, B R B Vi WVR 5 8 0.3 mol L 1% ik
1) 25 1 LS 1.8 3R Oy 103%, #2458 N 5.41%. 52U LS
35 2 i B IR 3R O 24 T B, G A A R A [
2 Vb, R P, L R 8 i, ] A n A
J5R X3 T J2 S 1 U i 2, AT 5 ok OB 3 5 N 1
HYBIR
2 Pt ARIERE BRSNS BRI R B AL

LS 2 2IRE AR ER . TEM E/RLSZ
BISII BRI B0, NE AR o BB 6, oA A (B

Table 3 Entrapment efficiencies of LS according to the orthogo-
nal design of formulations (n = 3, X + 5)

Factor Entrapment
Formula -
A B C efficiency of LS/%
1 1 1 1 100.4 +0.88
2 1 2 3 86.40 + 1.38
3 1 3 2 78.20+0.15
4 2 1 3 103.00 + 0.41
5 2 3 1 61.0 £0.57
6 2 2 2 75.60 + 0.87
7 3 1 2 82.20 £ 0.63
8 3 2 1 74.20+0.23
9 3 3 3 4750 £ 1.14
K, 88.33 95.20 78.53
K, 79.87 78.73 78.67
K, 67.97 62.23 78.97
R 20.37 32.97 0.43

1A). /KEh % E AN 116.97 £ 9.13 nm (n = 3, K 1B),
PDI50.426 +0.019 (n = 3), zeta H14i7 /y-30.93 + 0.90 mV
(n=3, E1C).
3 P ARIERE B A INE 2 HHE

LS 7E N Tl A 88 HRE B3R K, w3 PR EORE TR,
Ja GBI, 22 48 h AR 2 2. SCHEpH 4 7.68
MR, B2 AR L SIL 2 1T A7 7P, SIL 4 i B 4%

1000 10000

Size / nm

200000 == =nnesen

Total counts

=200 =100 100 200

i)
Zeta potential / mV
Figure 1 TEM images (A), particle size distribution (B), and
zeta potential (C) of LS. Arrows indicate LS
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Figure 2  Sildenafil (SIL) release profiles of sildenafil citrate

(SC) and liposomal sildenafil (LS) in simulated lung fluids. n = 3,

X*s
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BE

1E 5 Bl 2 43 T o, A 7R 2 /) R R 2 1 g T Ak 4L
ZIN BT 8 S B K B, 0 R 7 A S 2 /S BT 8 K A
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Figure 3 Appearance of lung tissues and motion trail in 5 min of the open-field testing
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Figure 4 Dead time (A) and total distance (B) in 5 min of healthy mice (a), high altitude pulmonary edema (HAPE) mice without treatment
(b), HAPE mice treated with blank liposomes (c), p.o. SIL (d), i.t. SIL (e), and i.t. LS (f). n =5, x +s. "P < 0.05, "P < 0.01, ™"P < 0.001
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Figure 5 The level of percutaneous oxygen saturation (SpO,) of
the mice tails. The meanings of a-f are referred to Figure 4. n =5,
Xx+s. P <0.05 “P<0.01, P <0.001
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Figure 6 Expression of tumor necrosis factor-o (TNF-a, A) and reduced glutathione (GSH, B) in the lung tissues. The meanings of a-f are

ok

referred to Figure 4. n =5, x +s. "P < 0.05, "P < 0.01, ™"P < 0.001
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Figure 7 Appearance of lung tissues, the images of hematoxylin and eosin (H&E, 200x) and the expression of hypoxia-inducible factor 1«

(HIF-1a, 200x). The scale bars indicate 50 um



TR IR VH MR A R A ) o e Bl E 4 24 TR v K e 4 2665 -+

HIEG 225 (B8). LS-1h K LS-48 h4l/Nil IL-18
25 SIL-1h [ SIL-48 h4H A 2 % (P < 0.05). 45 %
FEWH, LS 7E HAPE #5578 4 57 f wiy J91 A0 Ji 34148 45 1R 47 1
PRAEH, BRCRMRT SIL.

A [J Healthy W Model _1__“
11

- P SIL = LS L1
T 204w

=

e

=

=

s

E

=]

=

Time post-hypoxiz / h

B [ Healthy mm Model
-, 150 S Em LS 2
=]
=)
£ 100
3 100
I
£
= 504
=]

o
=
S o

Time post-hypoxiz / h
Figure 8 Expression of interleukin-14 (IL-14, A) and TNF-a (B)
in the serum of the mice depending the time post-hypoxia. n = 3,
x+s."P<0.05 "P<0.01, P < 0.001
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Figure 9  Average optical density (AOD) of HIF-1a of the mice
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0.01, ™"P < 0.001
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Figure 10  Schematic illustration of LS preparation process.

Sildenafil is remotely loaded into the liposomes by creating an am-
monium sulfate gradient between the inner aqueous phase and the
outer aqueous phase of the liposome. S indicates sildenafil, SC in-
dicates sildenafil citrate
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