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Abstract: GC-MS metabolomics was used to investigate the effects of fudosteine on lung cancer A549 cells in
an inflammatory microenvironment. Eleven metabolites (malic acid, isoleucine, lactose, galactinol, creatinine,
gluconic acid, oleic acid, phosphate, S-carboxymethyl-L-cysteine, uridine and tagatose) were identified in the
metabolomics results and could be used as biomarkers of fudosteine treatment. Pathway enrichment analysis
showed that the metabolic pathways of amino acids including isoleucine, valine, leucine, glycine, serine and
threonine were significantly altered, as were the metabolic pathways of carbohydrates such as galactose and
pentose phosphate. Fudosteine significantly reduced the level of inflammatory factors in A549 cells and corrected
the inflammatory microenvironment by interfering with the effects of amino acid metabolites and amino acid
metabolism pathways. This study reveals that fudosteine may be able to inhibit the continuous inflammatory
response and prevent the further progression of lung cancer by suppressing the inflammatory microenvironment.
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RN 14%~17%, /N e 1) 5 4 i AR A7 2300 6%
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Kl 7 7K °F-, B AR TNF-a 175 5 1 il 46 40 i NCI-H292 24
MO B AR IE . AR 4% (metabolomics) #2 J& %
[R] 2 2 A= A 2 TG R e TR 4K, A& Th g 25 TR 40 24 1)
AR 7R 20 AR 1 20 27 BE X A A s B2 = 42 1) P U
PE/N G F-3EAT A, 3 10 48 78 7635 40 9 I AL T R,
I Be AR 4 fa B RN S AR A Y B A A 2 R AR
PV AE SR R (45 R, R4 25T TR H AR A
BB A0 A TR U TS € 1% -5 RS (gas chro-
matography-mass spectrometer, GC-MS) F 4T iy 4K, 4 2H
R, T AR 22 =) 35T S RE PR B R il AS49 20 i )
AR W, T AT ZE AR ) 25 1 4% A P AR 1 AR £ H)
L% fiAE it e 200 B 9% 5 BHR 5 (0 4 T ML

MR 57E%E

YHBERE R A AS549 (R VE A R
HIRAF]), CiEd STR HE K BAG I .

R A4 ML (20040502, Wi VL R ALY R
WA A PR 28 7)), Wi R £ 2% 4 (33820004, £ [E Corning
N l); 0.25% i AR 1 BE-EDTA (AE29456443, 35 [H Gibco
AW, BB R R R NPT (J200039, 3 [E Hyclone 24
7)); F-12k 3% 9% % (H210810, L #3555 A= W RL B A TR
/3 )); TNF-a (41 > 98%, MB604, K% % & AW #
KA B A #l); CCK-8 ik 7 (K10189133EFSE, 3
APE-BIO 2 #); & RNA 42 HUisl 7] & (090420201102,
iR RAEWRHE AR A ), 85l n &
(7E402J0).SYBR qPCR i /% (7E430K0), 3304 [ 74 5L
W ME R AR A IR\ H R (T 28, 42 [E Merck),
1,2-C,- A 5 RE TR L IE W N-O0- X0 = F JE Tk 3 = 4 2 1
ffZ (MBBC6775. BCBZ4865), ¥ ) H 3% [ Sigma-
Aldrich 2~ 7] ; 4 2 i 3R R £h (WXBDO0638YV, 3%
Sigma-Aldrich 2 #]); IE & %t (3 [ ROE Scientific
AF])s

{8 Thermo Forma 3111 CO,H IR 744 (3£
Thermo Fisher Scientific A #]); SW-CI-2F*# % T/E &
(T E e THEGHRAR); B8 BHE (HAE
Olympus 2 #)); Leica DMi8 8] & % )¢ & i 85 (1%
Leica 24 7); HYQ-3110 {4 % % A HE iR 21 %% (32
Crystal 4 7]); TDL-80-2B i i# & 20 & O AL (1 ifg 22 5
BFEACERTT); HH-ZK 1 AR R K B (iR T
WA A F); TOMY SX-500 & 5 K #H (H A TOMY
2 7)), Milli-Q i 267K £ 4t (35 [H Millipore 2 7)); Infinite
200 Pro Tecan % I g I 45 1 (Hfi & Tecan /A &)); Bio
Rad CFX96 %¢ )t & & PCR 1X (3 [ Bio Rad 2 #));
Applied Biosystems i B PCR A #5 (/4 H 3 [ ABI &
#]); Trace 1310 S AH & 4« TSQ 8000 Jii 1% 1% (3%
Thermo Fisher Scientific A 7); TG-5MS E 4l i 4+
(0.25 mm x 30 m, 0.25 pm).

TNF-a SR EREEFLW  AS49 fili & 48 fu H
10% FBS ] F12K 537 3£ 7F 37 °C 5% CO, N HH{T #4537,
A KA 90% Rl A I AT 11440 128 94K A549 2
PAFESL 5} 10° N0 T- 96 LA, 40 s X IR AL AN
[F) ¢ £ TNF-a 25 (43 51 79 5.10.25.50 #1100 ng'-mL™),
HEFL6A. dUMEINGEE 24 hJ5, A AR & ) TNF-o
W24 h)F, BFLIIN CCK-8 X7 10 uL, I B 2 h )5
TE U 450 nm A 5 WO B8 48 T B 40 B AE S
W Bk % 2H 40 i Ab B S 52 B RNA, 2347 IL-6 1
ME o

BEENBRERBEIEZFESII  AS49 il 41 i H
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10% FBS (1] F12K ¥ 7 F£ ££ 37 °C . 5% CO, T #E 4T 55
7, K 90% b & I AT 114 15 91K AS49
2 i LAARE AL 5% 10° A0 M B2 b T 5 FLAR, 23 7 B
I8 4 . TNF-a 41 (50 ng-mL™Y). 4% £ &) H 4 (0.1. 1.
10 mmol-L™"), fZH R L3 4. AUl BE 24 h 5, TNF-a
4 5 i £ 50 ng-mL! ) TNF-a AL F 24 h, 45 % =]
S R A RIR FE B4R 2 A3 (48 0 014 1.
10 mmol-L™") 5 50 ng'mL" TNF-o 4b B 24 h, 4 B &
YL H RNA BEAT 0 % 5%, 10 4% 5% 55 I 37 °CHE 4L
15 min, 85 °CHF4E 30 s, P4 J5 HUE & cDNA #H1T IL-6 5
IL-18 % K 1) % ) 52 & PCR SE 4%, JF % B GAPDHAE N
WS EH, W& H 2 E. FIMFHInE L.

Table 1 Primer sequences

Gene Primer Sequence
IL-1p Forward GGCTGCTCTGGGATTCTCTT
Reverse ATTTCACTGGCGAGCTCAGG
1L-6 Forward AGAGGCACTGGCAGAAAACA
Reverse TCACCAGGCAAGTCTCCTCA
GAPDH Forward AATGGGCAGCCGTTAGGAAA
Reverse GCCCAATACGACCAAATCAGAG

1& % RIIE X} TNF-a T 1 H) AS49 4B A9 K 5 4R 5
BHET AS49 filieE 40 i FH 10% FBS [ F12K 5% 9% 3 76
37 °C.5% CO, T #4755 9%, 4K 2 90% Filt & i) HEAT
1464 B 28 91X AS49 41 g LA AL 5x10° A 41 g 2
FhF S FUMR, 43 87 E A IEZH TNF-a 2 (50 ng'mL™).
1% @48 20 (10 mmol L"), &2 5 7L 6 A~ 20 i I B
24 h J&, TNF-o 41 % # 4 7 50 ng-mL™" ) TNF-o &b 2
24 h, 18 % A $H 20 e AR £ B3 (10 mmol L) 5
50 ng-mL" TNF-a 4B 24 h, 1 N4 ACET 4122 RE A

GC-MS#martBS51TE 4 W Eikg k=
GG R, 72 BIEWL M 37 °C PBS &1k 2 i,
3£ 2 PBS J& £ L A -80 °C % HEPES (70 mmol-L™)
) 60% HVEE 1 mL, PROE W 2, 4K It E
1,2-°C,- I F 7R (S pg-mL™") 11 75% H EE-MTBE (9: 1,
v/v) 500 pL, FH 40 E| )8 AR, 55 F8 % 1.5 mL B0
L, TEW AN 37 °C | ¥k fil 3 1K, 7E 4 °C 14 000 r'min’
2500 10 min, 135 RS B H0 1.5 mL B0 R, ff
FHE A IRAGALAE 45 °C FHET o ¥ TG TATAEA, FE
AT 30 uL BLAC ) HAAUGIEBE (w/v, 10 mg-mL™) ¥
W, WA TE S min, £ 30 °C FHR#E 1.5 ho FE 1A 30 pL
BSTFA (1% TMCS), ## i€ 5 min, 37 °C F#E#£0.5h. L
I A P 25 H S E 4 °C . 18 000 r-min” & 0> 10 min, HX
50 pLBEFESTHT

GC-MS 7 #7&#  {i FH 3¢ [ Thermo Fisher 2 &)
ff) Trace 1310 UAH R 4, FE A1 4> B £ TG-5MS &4

EAOEFE (025 mm x 30 m, 0.25 um) F#EAT. ZA B
P 1.2 mL-min™ £F 29 8, #ERFE FHREE A 300 °C, R
FH 43 L A 24.0 mL-min™', 73 ¥ b 2001 #EAT #EFE,
BEFERN T uL. fERIZIEZ 9300 °C, KL P THik:
e 11 60 °C4E £ 1 min, ff LA 20 °C -min™ {32 & Tt 2
320 °C, #4E¥F 5 min. 3% [ Thermo Fisher 2 &) it TSQ
8000 Ji #E X, % FH L ¥ 2% i B 1AL (BLE 5, & 7
JRIRIE N300 °Co Bk M — e fin 7 k7R
A EIGHRE A 4 min, 357G FE E m/z 50~500.

SREEHRESFLESFHITFESH K GC-MS
KA 3 (1) B A5 238 B MS-DIAL 8 347 (3 1 1)
PRI (fe /NI 10 000, J5T & 95 0 0.5 Da, Jit & #E
J%: 0.5 Da), £ HUs I NISTH#HT L &R %2 . 155
W 5 U 1 5 P AR 1,2-°C,- PR O 7 R I v LB AT
s 5 — Ak, 13 20 B R T N 2 ou AR B8R i
AL BRER AT SIMCA-P 13.0 34T 2 4 G it 43 Hr, K
43 43 M7 (principal components analysis, PCA) %5 %% %
AR A R AR o3 A A O, R FH i 5 /s — 31 Bl o
(partial least squares discriminant analysis, PLS-DA) ¥7
16 7E A 18] AT X ) 1) 22 5 A2 &, 72 TNF-a 44 5 2% A X
HEL2H rp DL AR & HE B 4% 52 (variable importance in the
projection, VIP) > 1 &7 7 m A E ¥ % . AU 4 % %L
35 73 M A8 1] SPSS 26.0 X i e 45 21 () 72 7 AL BEAE B A
w4 UG Wi N7 A 3E 47 Shapiro-wilk (SW) 1E 25 73 A7 K6 5,
5 A IEZS 7340, 0 H s 3847 Levene J7 22 5% PR 56,
A7 Z S, HEAT AL B I KB 5 T EATE, X
BAE AT Welch i E Aol ek 96 o 2 B A 1 4 A7
FEARG Hoh —HARF G IEZS 2040, W0 P 20 508 2E 47
£ 2 Bk 56 (Mann-Whitney U test). FT 45 52 46 15 5% H
(x £5) FR, BLP<0.05 R HAT G AR . ik
F5& VIP > 1 H1 P <0.05 1N TNF-a 20 5 % FU IR 41
(1) 25 AR, -4 0T BE S BLAR 2 W] 3E 6 TNF-o T 1
AS549 A J5 G 9T A RS FE L br B . K B
F A\ MetaboAnalyst 5.0 (https: //www. metaboanalyst. ca/)
X B AT AR BR 20 T 5 8 20 Hr . FH GraphPad
Prism 9.0 #2547 R B 2 1) LS oo 45 31 1 22 5 4k
R BEAT I 22 ) . 0 B 19 8 H08E 5 PCR # 4 1
SKH 77 2 558 (analysis of variance, ANOVA) #£47 4t it
IrHr.

R
TNF-a X A549 4HRE5E 1 IL-6 FiXHI R0
CCK-8 £ F i & 1A Fir 7x, TNF-a ¥ & 9 5~
100 ng-mL" ¥ BE 30 A549 40 i A4 58, TNF-a 3 Z N
5.10.25.50. 100 ng-mL" [ 17 3 2 473 51 N 93.44% +
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4.91%- 93.37% + 3.12%- 90.60% + 5.38%- 90.29% =
2.61%-85.80% + 5.16%. M 50 ng-mL" ¥ & FF 4 TNF-a
X IL-6 98 MRk B W R (B 1B). AR 5256 45
S, [F B 2 B S5 AR 22w R R L M U 4 Ak B
TNF-a T T 1 2 5E, HUEHL 50 ng-mL" 1B A J& 824K 41
412 P AR AS49 YT A T o
2 @EEIEEK TNF-« T THHS K ERF
KFE

WK 1C. 1D fizR, TNF-a 4B 24 h )5, IL-18 5 IL-
6 MRIE D ITHE T 3.89 M14.14 1% (P<0.01). &iEA
5] U 4 %2 R 552 5 IL-15 5 IL-6 (R 3R 15 %54 A [
FEE R PG, 5 TNF-a HAH L, 8 2 R A IL-18 13K
IE ) B PRI 66.7%67.4% F176.7%; IL-6 1323 43 5l B#
1% 57.5%-45.5% F166.9%, 28Uk FE i, b mik
J% 10 mmol L™ 4% 2 w $H & AK IL-18 5 IL-6 (RIS A
BE . FIR SIS H R 1 T R WIAE 2w 3 A A
AS549 48 9 SE TR B A (1) 98 9 [R5 IL- 18 RN IL-6 1 3%
KK, R EIAE 2w HH 0] R I PRI AS49 40 L 48 g I
FIL-15 5 IL-6 {323 T 2 1E 55 1 9 SE AR 88,
B I SORE R — B R o JE SRARU A 5 S ik
B 6 B 10 mmol- L, PLERTE5E 2 (AR 15 B
3 GC-MS % ERE
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BT 1R ZEMUNEREER . TNFall5
Fudosteine ZH ¥ A 58 4 X 73 JF, K JC I B 1) PCA 1) H)
Al A, 3 —5 R IO B 8 R 7 U7 % PLS-DA
HEAT FIA 53 BT o SR A BB 43 17 7 12 PLS-DA A5
FEA o 1 G JEAT 50 W, 2 A (R B ATL 22 5, 13T 5%
TNF-a Fudosteine . Control #1 ] (1] 25 5%, & 3B n] i,
Control 41 . TNF-a 41 55 Fudosteine 41 [7] ¥4 B & i %
B, RX 5 RY 5 4 0.626 5 0.974, L %A R4
TR iy o A 075 0.940, 2 B A5 284 T 0 7% FE
B

42 ETPLS-DAMEZFMREHMOHF RAA R
B 73 M1 J7 i PLS-DA 12 i i £5c /) —3fe [a] I X} Control
45 TNF-o H LAY R IK B 5 FEA I B 2 8] ) 5%
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Figure 1 The survival rate (A) and the expression of /L-6 mRNA in A549 cell (B) treated with different concentration of TNF-a, and the
relative mRNA expression of JL-1f (C) and IL-6 (D) in A549 cell treated with TNF-a and fudosteine (mmol-L™). C: Control, T: TNF-a. "'P <
0.01 vs control group, “P < 0.01 vs TNF-a group. The black dot represents each independent sample
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Figure 3 The PCA (A) and PLS-DA (B) score plots among three groups, and the PLS-DA score plot (C) and permutation test (D) of

control and TNF-a groups
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BV RAS IR O AR 2 AR TR B IR  S-(FR 1T 5% )-
L-P- PR SR IR AU e (3R 2). Hdb, %
AR ZG 2 5 3 R R e R TR VLI LR
TG LR T 461 26 0 I 1R U IR L R IR L S-(FR P 3% )-
L-F s IR 36 M B A PR 1 3L 11 MR 35 2 304
A R FEE R . 3% 1A IR R T R AR 2
) 3H T 028 RE PR R A T R AS549 41 il 1) 24 3L
bR B . FH Pearson A 9% & H0# Control . TNF-a A1
Fudosteine 21 111 22 AR IH — 4 & [-1,1], 2l #4 &
(BE14A) B R AU GO, B 203 A
KR LT IABO, EAaRERTIH, L6a/R%
i
6 EFKIFINLE S

¥ 7 AR ) KEGG D, P 5 FC Al 5 N1

Cytoscape 3.7.2 1 [1) 4 14 Metascape #J & “compound”
W2 1, ]S PR, 49 30 OGB4 344, 4t
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YIFEAE (degree) A2 . Jy T #E— B0 Hr AR, BA
JEAH = 5 2, ik s AR 4, 43 3 OB 4
A, G R PR R R 3 R A e R . Hor, JR
R E IR SRR e 45 254 2 w1 E 5153 31 i
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7 EFREVHKEGGEBR IS EE N

W 2 AR 5 0 = B3 5 N\ MetaboAnalyst (]
“Pathway Analysis” 15 5t~ ] “Concentration Table”, 13
B ST A AR T 30 2% L 23 2%, 18 B% 20 M BH K B 15 Fl
Z 5 R 2 5 51 SRR AU KA & A
A4 )y D] R A R A JF At i T A AR IR o A

ok

Table 2 Fifteen differential expressed metabolites in TNF-a and control group. TNF-a vs control group, ‘P < 0.05, P < 0.01,
P <0.000 1; Fudosteine vs TNF-a group, “P<0.05,%P<0.01,*P<0.001

P <0.001,

TNF-a vs control Fudosteine vs TNF-a

z
o

Molecule Metabolite VIP

Trend P value Trend P value
1 C,HN,0 Creatinine 1.245 53 17 0.004 2 14 0.036 6
2 CH,,0, Gluconic acid 1.407 41 o 0.004 0 T 0.002 0
3 CH,,NO, Isoleucine 1.300 43 1 0.036 0 * 0.009 0
4 C,H,0, Lactose 1.030 30 I’ 0.028 5 1 0.000 9
5 C,HO; Malic acid 1.097 06 LT 0.017 4 17 0.023 9
6 C,H,0, Galactinol 1.390 96 L 0.000 5 1 # 0.002 4
7 CH,,0, Oleic acid 1.363 05 T 0.000 8 L 0.000 4
8 H,PO, Phosphate 1.160 96 L 0.006 0 T 0.049 0
9 C,H)NO,S S-Carboxymethyl-L-cysteine 1.133 36 L 0.0127 1 0.000 2
10 CH 0, Tagatose 1.425 30 T 0.001 1 7 0.041 6
11 C,H ,N,O, Uridine 1.079 02 L 0.0198 T 0.020 0
12 C,H.NO, Aspartic acid 1.091 08 1 0.002 0 - 0.000 4
13 C,H,NO, Glutamic acid 1.125 74 I 0.013 5 - 0.010 4
14 CHN,0 Niacinamide 1.460 35 . 0.000 1 - 0.0110
15 C.HNO, Serine 1.463 08 | 0.016 0 - 0.0110
B Overview of enriched metabolite sets (Top 25)
Alpha linolenic acid and linoleic acid metabolism [
Fatty acid elongation in mitochondria )
Fatty acid biosynthesis (]
Carnitine synthesis (]
A Control TNF-a Fudosteine Steroid biosynthesis ®
Creatinine Lysine degradation [
Gluconic acid Glutathione metabolism &
Isoleucine 0 Porphyrin metabolism @
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Figure 4 The heatmap representing upregulated and downregulated metabolites of control, TNF-a and fudosteine groups (A), and the

bubble map of the pathway enrichment analysis (B)



FLIEEE: A% F) AR A58 T At i 20 B 0 Qo 4L 2 7 5 - 425

Figure 5 Metabolite map containing 34 related components
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