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Study on effects and mechanisms of roxadustat and ennaduostat on
pharmacokinetics of cyclosporine A in rats
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Abstract: Objective To investigate the effects of roxadustat and ennaduostat on the pharmacokinetic characteristics of cyclosporine
A'in rats and to preliminarily explore the potential mechanism of the pharmacokinetic changes caused by their combination, providing
experimental evidence for the safety and rationality of the clinical combination of these two drugs. Methods Eighteen male SD rats
were randomly divided into the control group, roxadustat group, and ennaduostat group. They were intragastrically administered 0.9%
sodium chloride solution, roxadustat (10 mg-kg™!), and ennaduostat (1 mg-kg™') for 7 consecutive days, respectively. Thirty minutes
after the last administration, all groups were ig administered cyclosporine A (10 mg-kg™"). The blood concentration of cyclosporine A
at different time points was determined by high-performance liquid chromatography-tandem mass spectrometry (HPLC-MS/MS), and
the pharmacokinetic parameters were calculated by fitting the drug-time curve. The mRNA expression levels of hypoxia-inducible
factor (HIF)-1a, cytochrome P450 3A enzymes (CYP34) 1/2 in the liver and P-glycoprotein (P-gp) in the small intestine were detected
by real-time fluorescence quantitative PCR (qRT-PCR), and the protein expression levels of HIF-1a and CYP3Al in the liver were

detected by Western blotting. Results In terms of pharmacokinetics, compared with the control group, the area under the drug-time
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curve (AUC)o-» AUCo-«, and peak concentration (Cmax) Were significantly increased in the roxadustat group and the ennaduostat
group (P <0.01, 0.001), and the clearance rate (CL) was significantly decreased (P < 0.05). The CL in the roxadustat group decreased
by 54.78%, and that in the ennaduostat group decreased by 94.78%. There was no significant difference in the time to peak
concentration (fmax) and half-life (#12). At the molecular level, compared with the control group, there was no significant difference in
the mRNA expression of HIF-1o in the liver of the roxadustat group and the enadutamide group, but the protein expression was
significantly increased (P < 0.05). The mRNA and protein expression of CYP3A1 and the mRNA expression of CYP342 in the liver
were significantly decreased (P < 0.05). There was no significant change in the mRNA expression of P-gp in the small intestine (P >
0.05). Conclusion Roxadustat and ennaduostat can significantly increase the systemic exposure of cyclosporine A in rats and decrease
its clearance rate. This effect may be achieved by stabilizing the protein expression of HIF-1a at the post-translational level in the liver,
thereby down-regulating the expression of CYP3A1/2 in the liver and inhibiting the hepatic metabolic clearance of cyclosporine A.
When roxadustat/ ennaduostat and cyclosporine A are used in combination clinically, the blood concentration of cyclosporine A should

be closely monitored and the dose adjusted in a timely manner to reduce adverse reactions caused by drug accumulation and ensure

the safety of medication.
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", CYP3A11 Hitfk (5 ab3572) I 3% [E Abcam
ATl P-actin A (LS AF7018) W H Affinity 2
A3 EPrh 1gG-HRP (it BK0027) e H TR A
Yaw]; PCR 510 B HigdEsAEY) TR R AR
kB Eili & (15 23275) IH%EE Thermo
Fisher Scientific A & .

1.2 3%

Triple Quad 4500MD — & /U 25 A 5 BB 53 T4
Jasper = RUBAH (3 5148 (361E SCIEX 22 7]); Bio-
Rad HL3K1X (3£ [E Bio-Rad /A #]); Tanon 4600 1t.2%
RICEG T RZE (L REREARAFD;
Spectra Max iD3 £ D el #ri (FE[E Molecular
Devices A 7] ); ProFlex™ PCR 3 #%{% (Z£[& Thermo
Fisher Scientific A ] ); DS-11FX+#iE %5506
JEETH (3E1H DeNovix A H]); QuantStuHFD 5 SEH)
W PCR {X (qQRT-PCR, Z[E Thermo Fisher
Scientific A #] ).

1.3 Eh4Y

SPF iM% SD KB, 145 & 200~220 g, H

TLIPRHR R 2Rl A B A w44k, seaesh¥ il - vE

AMES SYXK (#7) 2021-0013. #h#13% T SPF 2%
B, SR AERFE (254+2)°C, VL N 40%~
70%, YCEEJEMIN 12 h BE/12 h BE, B HBEETUK.
LI RAEFMNHE - NRERSNMICHEE 2
fibE (HEUES TACUC25-0255).

2 FAEEHER

2.1 BIESRILEEMNG

2.1.1 i K Phenomenex Kinetex® Cig (1%
¥ (100mmX 3 mm, 2.6 um); EIAHAN 10 mmol-L!
LRI 0.1% H R IR (A -0.1% HH R H R 1 VR
(B), BAFEZE¥EML: 0~0.8min, 40% B, 0.8~2.0 min,
40%—100% B; 2.0~3.8 min, 100% B; 3.8~4.0 min,
100% B—40%B; 4~5min, 40% B; #EFEE 5L,
AR 0.55 mL-min~'; A3 40 C.

212 JREIEKME SRA MBI B R (ESD /EIEES +
R, a2 NN (MRMD $iARBATHH. o8t
s SHWEA E: BAMEHREREN 5500 V,
B TYRIR MR ERZE 550 C, ALK SHBIARIE
JIBIRE A 345 kPa, “FAUN 207 kPa, TifEAE <
W 55 kPa. RENAIIE S BRI REBESHONER 1.

®1 FlRDRIESH

Table 1 Parameters of spectrum of component to be measured

&=t KT miz TET miz IR AN AAY, ES LAY t/min
HHE A 1202.8 1184.8 40 210 3.30
FHEEER (W) 809.5 756.6 30 100 3.13

22 MNERmEARERAIE S

221 X RAEEBPIHIS  RERIA MR A
X HR TSR, DL RO IR RO AR, T
BRREIREAN 5 mgmL™" AR A IR &
W, ¥IBT-20 C&MF FABMRLT, %M. WA,
BRI 2R A XTI it 25, DA B R R R A T 1R
WFRE, HIRARIRERE N 0.5, 1.0, 2.0, 5.0,
10.0~ 20.0 pgrmL™' FIRVIFFER A XIS TAER,
[e) ) ) R v A 1,04 2.0+ 10.0 pg-mL! [IFR1H
A TR

222 WARERIIH & R PRI R Rm
miE L, DA AR e AR, IO B
EIREN 2.5 mgmL! ARG &, 58 T-20C
FKAE TR, &H. IHA, WMTRERME
W, AR AR R T R 2N 0.02 pg-mL! [ A bR
TAEM

23 {RHSEMBERRE

18 Rt SD K ERBENL 3 x4, B b
A2 K BB E At AL, AL 6 W o SEIG T 4f R AT
ARBEEE 120, WA H BROK SRR ig 4
T 0.9%FMNEW; DI Efhd ig 45T Vb Al b
(10 mg-kg ™', UL 0.9% AW 12 RIREE
afh ig 4T RIAEEME (1 mgkg™, PL0.9%5
TENIRTRAAR) 131, 3 dHIELLLE25 7d, RIREZ
ISR AEEK 12h; RIRG 2 )5 30min, #5403 ig
5 TR A 10 mg-kg ',

BTHMBE AJE, 70T 025, 050, 0.75.
1.00. 2.00. 3.00. 4.00. 6.00. 8.00. 10.00. 12.00.
24.00 h ZHRIEF# KA KLE 100 L A, BT
SR 1.5 mL EP &, 4 CIRAERFI, YisE
JHREFN 2 I A AR AE T80 "CHI RNAlater &
TR A3,
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2.4 MFHEOLIE

BB S AR BRIMZERE & S0 ul, BT 1.5 mL
B0, ARUOIMN S uL AR TAER (0.02 pg-mL™)
A1 150 uL HEE- 215 (90 & 10) #59, R iR ~] 3 min,
16 400 r'min~! F 5.0 10 min. B J5H 50 pL i
EHEOLE, N 50 uL A KRR, BRI ORI
EIEWHT
2.5 FHEFWIE
251 LREMEFER ROKRTAMK. SEMK+
PRSI GAFEER A RN 50 ngmL ™D, 4
2505 h FEZMmKEE, ik “247 BUNTTE
WERJE AT b RSN, ST, 37§
iz A, TEEZR (W) HIERE350 3.30.
3.13 min, H.7¥ E 5 35 A I R T
g, RIZOTERA RIFEEE. WE 1.

bl sl

t/mln t/mm
A1 A 3.30 o
R Tamx 18
B }
0 2 4 0o 2 4
t/min t/min
HHEA 330 TH®EER 313
C H
Il 1 il
.4 0 2 4
t/min t/min

A7 SRR s B B S ) LR s C-4525 0.5h )R
PRI SEAE b o
A-blank plasma sample; B-plasma mixed with reference standard; C-

plasma after 0.5 h of administration.

El1 KERMIRFIFMEEASFESEHEN MRM &iLE
Fig.1 MRM chromatograms of cyclosporine A and

ascomycin in rat plasma

252 RMERARFLE HC2.27 TR XTSI R
SuL, 43t 45yl B F RIS, % “2.47 i
TIRAEERE . DLARFIIA) 5 A b T AR I:ME(Y) Xof A Ifi
SRR EIRE OO FATIMBUEE >, BUE R
o1/, WARE RN Y=2.82231 X—0.016 39,
r=0.99157, &MV 0.05~2.00 pg'mL™!, E& R

R 50 ng-mL"',
253 REEREUERMRE S BURR A H MK

45 uL, MIARHIE AR, F. & 3 DN EIREN
XTI SR VATR S ul, 4% “2.47 TOTVEALER, B
FAMK B SRR R R EREA, A EIR
FEPATHI#% 6 4, JEIME Iz A DL AR
ST AR LUAE, MR TG N I bt h 42 1 B
TEA M P B . R |, SESRIE 3 it
o 3 dabAT), X H N RTH TR 2 R AR 5 34T
Fad, SR TR, ARSI N 99.88% ~
114.41%, ALK E RSD 35/ T 15%, &
B2 7 1R A B 5 05 5 R i S AR WD RE AN 8 2 0
Bk, WK 2.
254 PREUEICER RN E SR KRS H
A 45 pl, AR, . & 3 MKRERTER A
N FER TRV S ul, 1% “2.47 WUJTiEALHE, % 217
TR IR b, DI & e AR, 129 Aus
B (U2 45 ul, 3% “2.47 TR ik A, H
BB RGBSR EIR AR A XY
MR, IR S), SPATHIE 6 4, F& “2.17 T
AR T, W S R VETTAR, 120 Aos 1
AN IR R SO, FATHIS 6 i s
i 3 AN B BE AT B AR S 100 ul, 4% “2.47
TR T4 3, B ETEW, 4% “2.17 TR 2k Ak
I3HTs DE B R ETHIAR, 108 A3. THEFEEUANL
R (/A FFEFRRN (Ao/d3), ZERNE 3, K.
o 3N REIRE T, IR A KRR R
7 79.27%~85.19%, RSD<13.62%; &5 3N HI7E
130.52%~143.19%, RSD<<9.37%. LA 455 3&H,

Fx2 A=A SHREEEE

Table 2 Accuracy and precision of cyclosporine A

H 4 (n=6) H ia(n=18)
U (ug ML) SN R R o RSD/% S EER T RSD/%
(ng mL™) (ng mL™)
0.1 0.11 112.84 11.98 0.10 99.88 12.87
0.2 0.23 113.25 7.47 0.22 109.36 10.92
1.0 111 111.44 5.62 1.14 114.41 9.14
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®3 AR A RBEWERMERYNEGR (1=06)

Table 3 Recovery and matrix effect of cyclosporine A (2=6)

JRER B (ug mLY) FREL AR 1% FEE AR RSD/% FE RN % RS RSD/%
0.1 85.19+8.34 9.79 143.1946.29 4.39
0.2 82.6718.90 10.77 135.66+9.46 6.97
1.0 79.274+10.80 13.62 130.52+12.23 9.37

ZT AT A EEE F T B AR ISR, AR R
PEVIR 52 B AR R

255 FEtEs BB A4 45 pL, H¥
HECH G H & 3 MR EIRE AR A
(ML 2R, RS TEIRE AT R 3 4, BERA

FfEAF 26 N CEIEE 72 hy —80 CURELIEIA 3
W 4 CHBIFERTE 720 FRab iR,
GERNEK 4, FEPTAMAFRMET, SHRERER
RSD ¥J#E+14.52% VAN, RFAHME A fESMHEF
FIFFRE M RIT.

R4 NEARZARENHERER (n1=6)
Table 4 Results of the stability study of cyclosporine A (n=6)

) EME 72h 4 CHFJL 72 h —-80 ‘Cifh 3 X
IR FES T P T——
(ug ML) %yﬂUJﬁiE‘{fﬁﬁl — %MHJﬁEY}U}E/ — %ﬂﬂbﬁg?ﬁ%ﬂ%/ —
(ng ML™) (ngmL™) (ng-mL™)

0.1 0.11 105.61 0.09 90.87 0.09 85.48

0.2 0.20 99.81 0.18 90.48 0.19 92.69

1.0 1.07 107.05 1.01 101.15 0.99 98.60
2.6 HENEHR oy %

VELE 7 dig 45T B b v At B B B At L 3 4 7 if);‘iﬁ
PR A ML 269K - 28 T 2, 255 58 24 AR
W 5. SXHHRALMIEL, B b ] R B A ¥
SHIZHET 2R A (AUC) goin AUC o~ IR FE vl
(Coax) ZFETHE (P<0.01. 0.001), JEFRZE (CL) &

HH 2 PR (P<<0.05), TR IR ] Ctimax) FIA-ZE 1] (112D 2y 0 T 3 2 e
TEEMEZER ., BVl AUC- 3T 0.9 %, th

AUCo~3E11 T 1.24 %, Coax 39007 0.90 £i5, CL [% ) BREARESMHIFEE A MZ5RE-BFE#Z%
KT 54.78%; B w20 AUCo- 01T 0.69 1%, (X x5,n=6)

AUCo~28017T 0.88 1%, Conax BT 0.70 f%, CL [
KT 94.78%.

Fig.2 Concentration-time curves of cyclosporine A in

biood of rats in each group ( X *s, n=6)

#=5 EEHHESH (X £5,n=6)
Table 5 Key pharmacokinetic parameters ( X *s, n=6)

ZH AL X iR Db A b B R = Atk
AUCo- pg-mL 1 h 23.78+5.89 45.27+8.12" 40.16 +7.58"
AUCo-» pgmLth 31.82+8.88 71.42+22.67" 59.91+15.27™
tmax h 1.801+0.84 1.794+0.51 213%£1.22
Crax pg-mL™? 2.01£0.22 3.81+1.45™ 3.41+0.65"
CL mL ht kg 333.98+91.62 151.01+42.87"" 17.45+3.68™
tu2 h 12.02+0.88 16.34£6.26 1453+2.61

Exti4itbi: *P<0.05 *"P<0.01 **P<0.001.

*P<0.05 *P<0.01 " P<0.001 vs control group.
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2.7 Western blotting #&1X FR AT At 2822 HIF-10 50
CYP3A1 EFFRIE

R AR BRI EAEA. 2FA
BCA RAEESG, 97 'C. 10 min A, oA 5X
+ TR (SDS) BRI, 10% SDS-
PAGE JcHi¥k 80 V 1 h, J5#% N 120V 0.5h, 032A
1h B, 5%MAEWYHFY 37 “CHFI 1.5h. TBST &
¥ 7min X4 X, I HIF-10/CYP3A1 —#$i (1:
1000) #ifE, 4 CHFEIEA . TBST iHHE 7 min X 4

HIF-1a | — 1 37x10*
p-actin [ | 4.2x10*
TR BYb Al R A A
*
| N 1
1.0 -
| P |
iy
) 0.8 A
#®
E 06 1
i
o044
S
L
I 02 A
0

WG mYbEfh IR

55500 B2 PLAS

W, NPt (1:2000) %7 1.5 h, FH TBST
JEPE 7 minX4 k. S|EAMHA ECL &5, T Tanon
4600 1h2E RIEEG I RGOt . KA Image J
EUR T A AT S5 S, MAS 4 IR FEE, TH
H 1455 HIF-10/CYP3A1 F1 2 B-actin 1] EHLAE -

SERILE 3, SxiAMLtt, BYEfhdl R
AR A Ml 2K SUFFIE R HIF-1o0 (2 A RIE KT
BEFE (P<0.05), CYP3Al MEARLYEE
FEAS (P<<0.05).

CYP3AL [ e & o] 5.7x10
B—actinl_ —— ! 4.2X104

Xt Pbwfh BB A

15 S
1 r 1
<
®
2 10 A
=
I
B
3 05
g
>
(@)

A Byl B

*P<<0.05.

P <0.05 vs control group.

B3 SEARABEF HIF-1aw CYP3A1 EAKRIE (X £5,1=3)
Fig. 3 HIF-1a and CYP3A1 protein expression in livers of rats from each group ( X *s, n=3)

2.8 qRT-PCR LG M AFAE 4R 42 HIF-1a .
CYP3A41, CYP342 F/\BA2H4R P-gp mRNA FRik
KF

HWFF AL 2R3/ /8 i 2H 2R, 4l 6 vt B P PR U
RNA, W5 RNA #KE 5405 . #5870 S e,
SN cDNA JE#EATH 14 . PCR )2k 95 C
A1 5 min; 95 °C 10s. 60 C 30s, 3L 40 4ME
W, ST R 60 K 270 H SR R AR X 3R
K

SER LK 4, SxHAMLtL, BYEfhd R
AR F Al K PR R HIF-1aw P-gp 1) mRNA [f]
RIEKFE LR ZEZESR (P>0.05); CYP3AI.
CYP3A2 f] mRNA FRix/K-FRERFIK (P<0.05.
0.001).

29 FHEFEFE

KA WinNonlin 6.0 FA4X W15 1) ifi 24 4% FE - It
(B BEAT AL B S0 E T SRAS 2458 7 280, B #dE
KM XESER. KA ¢ MEBRFEER T Z 5

&6 SHF5
Table 6 Primer sequences
e F5 (5°—3")
HIF-1a F: CGGACAACCTCACCAGACAG R: TGCTGCTTGAAAAAGGGAGC
CYP3A1 F: CTTTCCATTCCTCACGCCAG R: TAGGGCTGTATGAGATTCTTTGT
CYP3A2 F: CCGACTTGGAACCCATAGACA R: AACACAGGCGTTTGACCATC

P-gp F: CGCTCCCACTTATGATGCTG
F: AGAGACAGCCGCATCTTCTT

GAPDH

R: TACGTGGTCATTTCGTCCTCC
R: TTCTCAGCCTTGACTGTGCC
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150 150 + el 150
150 - * —
il I « I -
= B X I
£ 100 £ 100] £ 100, & 100
= £z = 7
< < < =
zZ Z = <
o4 o @ zZ
S E 5. E 504 Z 0.
S < 2 E
L g g &
T 5 S o
0 0

Wi B B

Aft Al Aftt Alfh

Hx AR "P<0.05

*P<0.05
4

AR B B

W BV
YR

W B I
A

*P<<0.001.

***P < 0.001 vs control group.

BB KRAFBES HIF-1a. CYP3AI. CYP3A2. P-gp mRNA HE3RIAKE(X £, n=3)

Fig. 4 Relative expression levels of HIF-1a, CYP3AI, CYP342, and P-gp mRNA in livers of rats in each group ( X *s, n=3)

(One-way ANOVA) J5iERT R 3T Sivt 22 4
P<0.05 REZERAGIFE L.
3 it

AW TRV T B b w] A AN B R =) At 2 ol 2
HIF-PHI X} K BRAR N PRI ZR A 2530 2 (1 fmm S
TEAERNLS] . SRR, B ybal A B0 A = A mT
BEMMAME A WEGREKT, BAERIA
AUC K Crax 3T+ 51, 1 CL B E K. #—20H1
B TR, 2 PGPyl fE B F i /K P AR T sk
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