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Abstract

BACKGROUND: Macrophage polarization plays a key role in chronic inflammatory joint diseases such as rheumatoid arthritis. Cerium dioxide (CeO,)
nanoparticles have a wide range of biomedical applications such as modulating the local inflammatory microenvironment of tissues.
OBIJECTIVE: To investigate the role of CeO, nanoparticles on macrophage polarization and inflammatory factor expression, as well as inflammatory modulation

in a co-culture system of macrophages and fibroblasts.

METHODS: (1) CeO, nanoparticles were dispersed and observed morphologically by transmission electron microscopy. (2) Human leukemia monocytes (THP-
1) were induced to differentiate and establish the M1 macrophage pro-inflammatory cell model of rheumatoid arthritis. The cells were divided into MO

group (undifferentiated macrophages), M1 group (successful macrophage modeling), CeO, nanoparticle treatment group (M1 group with CeO, nanoparticle
treatment), and dexamethasone control group (M1 group with dexamethasone treatment) and incubated for 48 hours. The effects of CeO, nanoparticles

on the expression of inflammatory factors (endogenous nitric oxide synthase, CD86, CD80) in M1 macrophages and M1 macrophage phenotype (CD80,
CD206) were detected by RT-gPCR, western blot assay, and flow cytometry. (3) A co-culture system of macrophages and fibroblasts was established, and CeO,
nanoparticles acted on the upper macrophages. The regulation of CeO, nanoparticles on the expression of inflammatory factors (interleukin-6, tumor necrosis
factor-a, cyclooxygenase-2, and endogenous nitric oxide synthase) of fibroblasts in the co-culture system was observed at the mRNA and protein levels.
RESULTS AND CONCLUSION: (1) Transmission electron microscopy showed that the diameter of CeO, nanoparticles was (19.5+2.0) nm. (2) Compared with
the MO group, the mRNA of endogenous nitric oxide synthase and CD86, and the protein expression of endogenous nitric oxide synthase and CD80 in the

M1 group were upregulated. Compared with the M1 group, the mRNA expression of endogenous nitric oxide synthase and CD86, and the protein expression
of endogenous nitric oxide synthase and CD80 in the CeO, nanoparticle treatment group were downregulated. Flow cytometry showed that 20 nm CeO,
nanoparticles downregulated the number of M1 macrophages. (3) Compared with the M1 group, 20 nm CeO, nanoparticles downregulated the mRNA and
protein expression of inflammatory factors (tumor necrosis factor a, interleukin 6, cyclooxygenase 2, and endogenous nitric oxide synthase) in the co-culture
system HFL1 cells. (4) The results showed that 20 nm CeO, nanoparticles can alleviate inflammation in the co-culture system by inhibiting the expression of pro-
inflammatory factors in M1 macrophages, providing a new idea for the treatment of inflammatory diseases such as rheumatoid arthritis.

Key words: CeO, nanoparticle; macrophage polarization; rheumatoid arthritis; synovitis; Transwell co-culture; engineered microenvironment
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HAEH MBS, Ewtth, g B, B
WG T 2 S T R (SR B AN . —, T M BT 4 4
P38 3 AR 6 R SRR 18 4 S RO AT Y, R B
TR RAR GO M B IRBH R K X LL 40 M 43 WA e 4N
FRLEE - AR DR AR 0T 4 A e, A G g TR S5 T A
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A 9K (Cerium oxide nanoparticles, CeO, NPs)
PR B Ry ) 2R T A 2 MU A S o I e R B S8 AL AR /D B
BT R ™, 7R AR B T RO, AR R
PAPE AR AR VR T i M SEURE PR 5 R BV 22 500 77 THD
AR . CeONPs FEHUMRT L HUi "L Hudfe .
PUBE PRI A 11 A5 70025 TG O LA Tz e 7T B, R
CeO,NPs Xif T KB ST RIATT BB FAHR D

WG PRI S it 7 37 2 XG5 28 v LR A 10 2 2 4 M
B (M1 A E RS ), FH RT-qRCR. it U1 i AR AT Western
blot {1 il F- B £ mRNA FlHg 7K1 R Z CeO,NPs %f ELlk
MR, IF BN T M1 Y B R A S R AT 44
) Transwell FE3% 7K R KT R h AW IR, T
RT-gPCR F1 Western blot 2 CeO,NPs X 3t 1% 7% i 41 4 41 ity
P R FHIRYEIE .

Be b, Wt 7T IR R R BE 5 A0 1 o o A R BT
RRMEE G U T IRAE, ARG HE NG AL LA SRE S B
et M1 i) M2 28 G AR A A . R o i 2 e ) i
PR A JRE 3 BT [ an R — AL A 8 (inducible nitric
oxide synthase, iNOS] Fl1¥f % 4LAfF 2(cyclooxygenase-2, COX-2)
(R 530, BRARIE 40 A/ 2 10 [FIA SRR IEHT R AR 17,
PRI, AE LRI 50 Hh e 36 ZE R A A U BRI B 2454, I EA
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1 #EF1753E Materials and methods

1.1 3%t RSN ARG, A BRI R T 2 5T .
1.2 BflE AL SZI0T 2023 4F 9 H & 2024 4F 4 AL
KRB e 0 i 58 2 S R

1.3 A

1.3.1 4iiffs THP-1 AR AAZMM R, wiEd 30l
BRI HFLL AR 2T 44,  4ipsiisk B o E bt
PSRRI A ] .

1.3.2 FZ A CeO, NPs( &F 4K, H[H ), Ham’s F-12K
Ri et (Gibco, £ ), R4 (4EfR4E, EKR), B2
BERIE T K AP 0111 @ B4, —FHIETRHA (Sigma, 3£ ),
#HHNJETHE —v(PeproTech, £[EH ), HANBLMMAN K
13 # A (Abcam, 1), AN DM M &K 4 HE (Med-
ChemeExpress, H1[H ), CD80 Hitfk. WIE—F LA G MDA
GAPDH Jifk (Biolegend, SE[H ), MR IRIER T o Pk, 3
FALEE 2 Fiik. B4IiiNER 6 ik, 1L EHT R 1gG(Affinity,
HE ), DABIRFE (H A&, ), HrimBR (1H L1,
F1[H ), & A marker. Tween-20. PVDF JiX (Solarbio, H1[H ),
HA) S B E 5Bl &, BCA K EEN
TERANE (SR, FE), HiScript Il All-in-one RT Super Mix
Perfect for gPCR(Vazyme, 1 [E ), HiZE KA (MedChemExpress,
K ).

1.3.3 FEUE R (Spectramax Gemini, [ ), CO, i
FRHf (Thermo fisher, SE[E ), BLOFRIR (EIaiBEsT I,
), [EIE/KIBES (Invitrogen, £ ), 4 J@¥ (Invitrogen,
S<H), IEE S 6B (Olympus, HA), 5 7 2 (JEOL,
HA), myrRP (£, hE), #ERGES (R
BHEAIR AR, PE), B (BIORAD, [ ), B ME
%4t (BIORAD, £[H ), %K O6MME 7 11X (BIORAD, 3 ),
B¢ 7€ 7 PCR 1Y (Applied Biosystems, Z£[H ),

1.4 STk

141 ZRFPRLEIHI & SRAE 25— 5 R 2% AT AR A
#4 Ce (IlN) V& fi# 7£ 50 mL ddH,0 H, ££ 70 °C [a] I 4+ 1) 1%
0.26 [T ARAR IR . NN SEE AL BB (3 mol/L, 25 mL),
VW pH A 12 1 21 8.8 J5 AL ED R B [ B, HFLE S ming X
TEEAEUTIE 21, ¥R WRAE 65 C FCEFE 20 h,
Z ALY BRI R K b th it — B oK, IR R IR SR N AT
W - e dd . KoM E e, E%IE T 10 000 r/min
B0 15 min KRR BS . BrE RIEWUE, HIK CREBRR 5
Wo AT —FNWEGKPLAE ddH,0 BVF W IRAF, FFTE

RNAiso Plus(TAkara,

S BB R, EE S R CeO, NPs (17
AHAT AR T A

1.4.2 THP1 4HH A0 HFLL 4HARIG G N A I A% 40 i R
(THP-1 41 i ) R H &5 1A £ 43 4 10% fift 21 L 35 AT 1% XUt 1)
RPMI 1640 15 F2 5532, H4E 37 °C. (KR4 % 5% CO, (1)
FAF TR IR . FRUR A KRl E 4 80%-90% i, 41 @ 3
Pl BEAT e AR TERG IR, RRFR 2 d B4 — P B5 3R 5L DA
YRR M 2R K. EIREHD, K HFLL 20 BB Fh T 2 R AR 4 H
10% it 2F I3 A0 1% XHLH) DMEM 1, 7E 37°C . #1554 5%
CO, AN Er FRFI 5 72 . Ml A KRl & 2 80%-90% I,
Ji PBS jE ¥k, RGN 0.25% FEEGHA R TIHALALHE . BEJS,
ZOEEAI IR0, LIEW, EREIE MR
B AR PTG A4 MR T, %% A R A BT B RS SR
F A IRIFE IO %A R AT, JFE SR A KORAS
143 F THPL UAARAIEEL  7F 6 FLANMLES FRAR H AL
N THP-1 ZH MR IR 2 mL, %680y 5x10° A/ 4L, U8 T4
B FRAAh IR IR, B A RS SRR B R BT A M R 3R, g
WHE3IANEI. MEsHT: OMOH: mEFREF A
10 ng/mL {1 3% fig (Phorbol 12-myristate 13-acetate, PMA,
MedChemExpress), W% & 24 h., @ M1 4H: 7£ MO B 5 I 4
s FRH AN 100 ng/mL )5 2 BE A 20 ng/mL 1 FHEEK v,
7 48 h. (@ CeO, NPs KbFHAL: 7E M1 A W4T A5 7 v i
A 50 pg/mL [¥] CeO, NPs, 54[fudtiz & 48 h. @HhFE K
FEPEZG W0 A ( HBZERAAXTIRAE ). 76 M1 B E W o i ige Y
HEI RS AN 50 pg/mL (IR ZEK KL, S4HMILEE 48 h,

1.4.4 RT-qPCR K&l 5 FH i RNA SR B 7 &0 4 N 4R
HU 1 ug RNA, f8 F cDNA S 571 &, #% RNA [R5ty
cDNA, f#i ] SYBR Green 4ui}iL%} cDNA #4748 43 #7. PCR
P E N 95 CHIAEME 35s, 2 )5 95 ‘CAE 10's,
60 CiBK 30s, X—{EHEL 40 Ik, Hja—MEH N 95 C
As P 155, 60 ‘C 4L 60's, 95 C %1l 15s. 1L GAPDH
BN SR, RN R Rk, R 2% ik &
HX R Rk, IFX A oDNA FE AT 3 IR EE.,
S F AR 1.

1.4.5 Western blot #&ll ARZA4NM K E 3 ML, HIBEE
FHR R & SR B R 5, BCA 20 st Sl e 2%
B BB R . 100 “CoKIE 10 min 8 AP, 73,
it A7 (-80 C ). M. L E 53 B9 IRk 46 e 3047 B R o
ERE, H 10% + BB IRER B — S DU R FELK (R
120 kV. 100 min) 73 &5 S8 (1, F0K 1 300 mA i 1.5 h,
e & AW 5 LM% (PVDF) 58 1, - 5% Mg 95 kn b 4 A
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Table 1 | Primer sequences

eS| S5 PR

(bp)

CD86 F: 5-CTG CTC ATC TAT ACA CGG TTA CC-3’ 127
R: 5-GGA AAC GTC GTA CAG TTC TGT G-3'

WM —F LR Sl F. 5-TTC AGT ATC ACA ACC TCA GCA AG-3’ 554
R: 5'-TGG ACC TGC AAG TTA AAA TCC C-3’

GAPDH F: 5-TGA AGG TCG GAG TCA ACG GAT TTG GT-3' 108
R: 5'-CAT GTG GGC CAT GAG GTC CAC CAC-3’

SEIPDS F: 5-ACT CAC CTC TTC AGA ACG AAT TG-3’ 120
R: 5-CCATCT TTG GAA GGT TCA GGT TG-3’

REIRIE R F a F: 5’-CCT CTC TCT AAT CAG CCC TCT G-3’ 132
R: 5-GAG GAC CTG GGA GTA GAT GAG-3’

AL 2 F: 5'-CTG GCG CTC AGC CAT ACA G-3' 107
R: 5-CGC ACT TAT ACT GGT CAA ATC CC-3’

1h, TBST ¥t 1 min JE5—HilF &1L 4 Cid 7K (CD8O. P IETE
—HAMNWAEEE. GAPDH, JEIASEN T a. AN 2. A
I3 6, FMBELLBEIIYA 1 1 1000). H TBST Pl (5 X,
5min/ k), MAZPUSETHRTPE 1h, H TBST Bl (5
W, 5 min/ K)o DINRSIRE T4 2% K OCER UG R4+
JA4%, H Image J ARG T K FEARL,  SEAT AR SE RO AT .

1.4.6 A ML AR 3 T CeO, NPs Xif IR 41 il R 7 5o 4%
THP-1 41 g B e Fh 21 6 FLAR b, LKL 2x10° 41 g,
oy Ab IR 1.4.3, AbPRANNRS IR IRI, JFAEH PBS BEk
PH =R A8 FH IR AL 4, R LA 3 4 mUIK B0
1 200 r/min 5.0» 5 min, ] 2 mL PBS 240 i 3 #4715,
Bt 5 B 5%10° A4 BN BT R 1.5 mLEP & b it B CD8O
F1 €D206 % im APTAIR A, 1 © 200 Hike T 3%BSA MK
(BSA [ FE BRI 2 PBS), RFFLINA 100 pL, SRJ5HILIA 4 C
fIVKEE T, WEEIEE 30 min, FRAI 1 mLPBS DLyt 2201
Bifh, #byets., FH 300 ulL PBS T B IF40M, {4 A R g
ARSI -5 BRI 235, FlowJo_V10 HEATHE Ab 3,

1.4.7 Transwell FL553% & THP-1 4 w4 Fh T Transwell [ |
24 (100 ul), 4 VK FE Oy 5x10° LY 4 HFLL 46 i 45 F T
Transwell 1) 25 P4 (500 pb B384 ), ZHBM Ry 5x10° L7,
ERET 37 °CL KB H5% CO, 4r T HE R . dHf S AR
@O MO #H: HFL1 4iJf1 52 10 ng/mL {1l e e AL 3 24 h J5 )
THP-1 41 il 7€ Transwell £ 4 3L 3% 5%, 4k 4205 & 48 h,
@ M1 4H: HFLL4ifill 52 T E v FIlE 2 AL 5 48 h 511
MO ! B R A AE Transwell R4th3tds9%, IHF4k4LF & 48 h.
(® 20 nm CeO, NPs XbHHIZH: 7E M1 B [ W5 41 i A 24 v [ B
N\ 50 pg/mL ff] 20 nm CeO,NPs , JLiifH 48 h, #XJ5 5 HFL1
Y HAE Transwell R HLRE TR, IFHER T . @HLZEKN
PHPE 250 HEA . 76 M1 B4 B 020 i B e[RRI\ 50 pg/mL
B ZE KRS, JLEE 48 h, SAJ5 5 HFL1 4HAEAE Transwell 5

378 | PEHERATIEHAR | 5530% | 5528 | 2026518

Gih LR IR, JFAREE A

1.5 FZIEEH @ CeO,NPs XF M1 %I [ W5 41 i (1t 4 1
H; @ CeO, NPs X} Transwell 35235 A7 HFLL 28 fifd 6] 8 5iE [ 1
RIS IEIER .

1.6 %itF o BT RH] SPSS 17.0 #F (SPSS Inc., Chicago,
L) HEAT O A3 AT . SR s FoR. SRA ¢ R HEAT AL
PRI, A AN IE 25 20 Al K FH B[R 3 75 22 73t (One-way ANOVA)
i Tukey’s EHEAT % B L, P<0.05 A N2 AT BV L.
RGN A DA H IR E R A IR R B g it
BREA.

2 58 Results

2.1 CeO, NPs #5738 X CeO,NPs #4745 82 )5, N HIE St
H1 8% 5T CeO,NPs [N A HEAT T W2, Wi 1A-C BIRgh
KBLAEAR b s8N #E4T R AE, CeO, NPs EANKIIN 234,
BRI TG R 2 R, Sl E AT (19.522.0) nm.

2.2 RT-gPCR #:] CeO, NPs xF F M1 & E v tmfittg %vhn
1D, EZiRPR, 5 MO RIGCIRAH ERLfIAHEL, M1
i M1 B E R bR B ( WTRTE — SRR & BE. CD86)
MRNA FRIE 7K 80 3 B . 6 ML Y [543 i A5 284 4 Sl s
7 20 nm CeO, NPs J 1T 48 h 15, Z5HE/K, CeO,NPs 4b
L M1 T B bR B RR R N Bk aE R,
M1 7 B4 & R % ), 20 nm CeO,NPs ZE 1| M1 7 5 i
4l mRNA ZKF ERA BESIR.

2.3 Western blot #0] CeO, NPs F F M1 A E v 4m &L 49 3 vk
N T D E AR I A4S ST CeO,NPs X M1 ELIE4H
MLEI1ER, FH Western blot ik — 54l . Wi 1F-H 45 5L R,
5 MO R 73 AR A 1 B0 AH B, M1 2 M1 RS g 4
HL bR B (NI — AR S B A CD80) i Rk /K- i
ZWN. 7E CeO, NPs 4bFZH 1, CeO, NPs & 2 [&1K T IR
PE—% A Gl CD8O MR IE. LIRS REH, M1 A
W 4 & A5 % 2, 20 nm CeO, NPs 7E4)I M1 KA | 2 A
REMA.

24 AX AR CeO, NPs - F M1 & E v 49 it 64 % v
WE 2 g5 1R, 5 Mo 4, M1 4% M1 4 i br &)
¥R EFb, 5 ML AL, 20 nm CeO, NPs 4b P 2 1)
CDSO AL 4 A B B35 N, 149 20 nm CeO, NPs X M1
W 4 P A At R

2.5 CeO, NPs %} Transwell 3% 3% 4 % F HFL1 4m itL 49 18] 34E
A WE 3 Frr, FIH Transwell BLRBLRIIE KIE T 483055,
b EEFE THP-1 Al JF 58 i M1 R F, T )Z855% HFLL
Eiiliioe
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A F
I —
D 2.0+ E 8- [ Mo MO e
i €. i — m1 M1 P
X X [ M1+20 nm CeO, NPs 20 nm CeO, NPs (50 pg/mL) .
® 1.54 64 DXM (50 pg/mL) * B Mo
E El Ml
< 1.0 = a4 [ M1+20 nm CeO, NPs
<Z( c <Z( 1 M1+DXM
o o
E 054 E o] G 1.5+ . H 154 .
2 8 I i3
= O pond] )
0- 0- 104 g 1.0 4 a
KIiE: A-C/y 20 nm CeO, NPs )35 i i 63 [€f2: D, EJyiNOS fil CD86 & . =
If] RT-qPCR #& ll 4 5%; F—H >y CD80 F1 iNOS (WK I Ep Ak Ml &5 . 5 I gﬂzﬁ
M1 4UAILE, "P<0.05, "P<0.01, P<0.001, P<0.0001, 15 MOALALL, o 057 d 3 031
“P<0.05, n=3, CeO, NPs: —ffLAgHKAL; DXM: HiZEKFA; iNOS: 2 g
IR — LB S B, THP-1: A MRS & . 0- 0

1 | CeO,NPs X THP-1 5S4 MO F0 M1 ERE4RA 4B E F =4 FAR (AR 2 R0 AT E R

Figure 1 | Regulatory effects of CeO, nanoparticles on cytokine production and polarization markers in THP-1-induced M0 and M1 macrophages

A MO M1 M1+20 nm CeO, NPs M1+DXM
L SRR I a2 @z |da a2 |Jaor 02
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i . 7
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g a3 e @3 Q3 3 Q3
i o J 0.014 6.20 T0.0
(=] d L
U b LR | Lak | Tvien T T T T i ) T ooy T
10D 101 102 10‘3 10 10 |Ul 102 103 lo-I 0 10' 102 103 10;l mo n:r1 10 103 m‘1
CD206 a
B MO M1 M1+20 nm CeO, NPs M1+DXM
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Figure 2 | Flow cytometry analysis of macrophage-specific markers
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Figure 4 | Effects of CeO, nanoparticles on HFL-1 cells in rheumatoid arthritis environment via Transwell co-culture
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