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[Abstract] Objective To develop a matrix metalloproteinase (MMP) -responsive hyaluronic acid (HA) -based controlled-
release material for brain-derived neurotrophic factor (BDNF) to provide a novel therapeutic strategy for intervention and repair of
traumatic brain injury (TBI). Methods HA was modified with amination, followed by condensation with Suflo-SMCC carboxyl
group to form amide, and then linked with glutathione (GSH) to synthesize HA-GSH. The recombinant glutathione S-transferase
(GST) -tissue inhibitor of metalloproteinase(TIMP) -BDNF (GST-TIMP-BDNF) expression plasmid was constructed using
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molecular cloning technique with double enzyme digestion by BamH 1 and EcoR | . The recombinant GST-TIMP-BDNF protein
was expressed in the Escherichia coli prokaryotic expression system, and purified by ion exchange chromatography, confirmed by
Western blotting. MMP diluents were supplemented with PBS, MMP inhibitor marimastat, and varing concentrations (0.4, 0.6,
0.8 mg/ml) of GST-TIMP-BDNF or GST-BDNF. MMP-2 activity was analyzed using an MMP activity detection kit to evaluate the
inhibitory effect of the recombinant protein on MMP. Primary rat neurons were extracted and cultured to establish an iron death
model induced by RSL3. The effect of recombinant protein GST-TIMP-BDNF on neuronal injury was detected by
immunofluorescence staining. Results MRI hydrogen spectrum identification confirmed the successful synthesis of HA-GSH.
Western blotting results showed the successful expression of the recombinant protein GST-TIMP-BDNF containing the GST tag
using the E. coli prokaryotic expression system. MMP activity detection results indicated that the recombinant protein GST-TIMP-
BDNTF had a superior inhibitory effect on MMP-2 activity compared to GST-BDNF (P<0.05). Immunofluorescence staining results

showed a significant increase in fluorescence intensity in rat neurons treated with GST-TIMP-BDNTF after RSL3 induction (P<0.05).

Conclusion
protective effect on neuron damage.
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matrix, ECM) " IY—Fh KIRZHEIS), TE4ERFZHE
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B BRSNS AGAE, (HIRAR B HA A WSRO A
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(matrix metalloproteinase, MMP) & &AM GE, W
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1.1 MBS HALR SRR AR R0 A BR
AN S REChEE 2R 4o s
(DAMP) , 3- — H S FL N 3k -3- £ Fe e — W e 6 R 4
(EDC). N-fERLBRHIME e (NHS) . A BEH ik (GSH)
(2N H AR A F); pMD18-T Fil pGEX-4T-2
FRi AR (A 2B ERHCA R A FD s 4-(N-E ki
Vi FR L) B 0 - 1- % T i R 66 B 1 TG IV i g
(Sulfo-SMCC). T, DNA % 4% iy , FR il ¥4 1 1) i

A MMP-responsive HA-based BDNF controlled-release material has been successfully developed, exhibiting a
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BamH I F1 EcoR I(f&[E Merck A ) ; KIMAFT B (E. coli)
BL21(DE3) Ml E. coli DHSo( 7 5% b5 MEHE 4= W BHEE By
AT, ABEH K S ## 1f (GST)/BDNF H e
BEPUIAR (FE [ Abcam 23 7)) ; ECL k2% & 65 (35 [
PerkinElmer 23 1)) ; #5143 1 5 1 (2 1 marker) |
DNA 73 T b5 (DNA marker) (35 [ 2828 K /R B
) B PR Y A . BCA SR & A
A (A B RAEYHAR A E]) ;. MMP 6 PRI
A (3L AAT Bioquest 2\ H]); MMP Ill il 7
Marimastat ., MMP-2(32E MCE /A A]). SPARK 10M %
IREEAMY (Bt TECAN/A ) .

1.2 J7ik

1.2.1 HA-GSHMfil# (1)HA R 1L (HA-NH,) .
B 5eBE ] 1 mol/L HCL A 1 mol/L NaOH ¥ ¥ o 1 mol/L
HCI: ERfIFREL 12 mol/L YK HCI 8.4 ml, fE AL,
60 mIZEIRK ML , PP, CE R
BERG, BB 100ml AT, 10 ml 2818 K
VEBEAR, IR BRI R, vhYk3 Ik, EJEInzE
PKEZF) 100 ml; 1 mol/LNaOH: fEHHIFRI NaOH
4g, BIABAR, HHL60 ml AN AL, HiEHE
W, ERNEZRG, FEE] 100 ml I,
10 ml ZE TR /K iR Bedts, —IFReRe BIAE s, ik
3, FJEINZERAKE 255 100 ml. HERHFRIL S00 mg
HA, JIIA 100 ml ZE48/K, G S BEPERRIEFE 0
BCH Y S mg/ml T HAWS TR, N HA(LATE & FoTiH5)
() EE 7R 1 30 f5 1 & e Z HA W, A
5 mg DAMP i A ¥ SR 9F W R4 T o 1) s I Y
TN 1 mol/L HCLS R, JA77 pH 2 5.0 SRJ5 /35
A HA(H & HLI0) i BE /R it S0 %59 EDC MINHS, 7t
A3V G T 1 mol/L HCLYE Y pH % 5.0, 7ERE St +E
v B E RN 48 h, O (R 2L HERE pH 7E 5.0 22
fio WG, 1 mol/L NaOH 75 pH 270,



LAk . SRIGRBENTASENT, SeH 30% L EEE T
24h, SRJE 1% NaCl¥WIENT 24 h, fJa 2810 /KiENT
24h, BIERE, BOERRDIE, A% TESH
(=20 CH-H572h, 20 CIFHF4h).

(2) 5 Sulfo-SMCC RIS A ML IEE . FH 1 ml 2847
IK A 2.5 mg Sulfo-SMCC,  FEKHANA A 5 mmol/L
EDTA ffY) PBS H1 (V=9 ml) o #Fic il &7 /1 Sulfo-SMCC
WM AR TR HA-NH, ' (V=10ml), 4 CFIHH
2h, BEJE, KIRGWEPBS hiE T 24h, HAF8hE
#—k PBS, 3K,

(3)#E A GSH. [WIRA W in AAH R & A

26mg GSH [ PBS 1A, 4 C NIFE 2h, K HAE
PBS VAW FHiE T 24 h, 48 h B H—IK PBS; &M,
BDEBRIIE, BT ERS .
1.2.2  GST-4: )& 25 I i 20 219 57 (TIMP)-BDNF
HEAMMEE  (V)51ikit. #4E NCBI L TIMP-
BDNF XM JF %], & Primer S #4:i% 11 TIMP-BDNF
HHEEG1Y: i S-GCGGATCCCCGCTGGGCTTG
GCGGGTATGACCATCCTTTCCTT-3'; B i S-GCG
AATTCTCTTCCCCTTTTAATGGT-3',

(2)TIMP-BDNF # 41 3£ [H i 7 48 5 [l i . LA
human-BDNE Ji1 ¥ DNA A 455 4 3£ 17 PCR [z b 7 1
TR &4 95 CHIZEPE Sming 95 CZ8PE30s, 58 C
Bk 30s, 72 CHEfH 1 min, F:30MEH; 572 C
HEAH 10 mino R FH B IR R I FL UK A3 BT 738 7
L HMT R LRSS S, X PCR e T Ik, 345 &
HH M B

(3) TIMP-BDNF 2] ki iR e, 4] H A 2L
FrBE, 5#K pMDI18-T 7E T, DNA #E 3£ B A9/ ] T 1%
BAER, PAREAR, W IEE Wi gz &
Yl DHS, PRI TO R A 75 01T PCREESE, SR
PRiE Ve T, N BRI T DNADIY , 3k
A B B REH A 4 R

(4)GST-TIMP-BDNF 3% ik Jit A7 (1) # . 21
TIMP-BDNF Jii ki 2 BamH 1 1 EcoR T XY, W4
AF| pMDI8-T Z AR  H iy R B, el H &
KA B 5EME2Z BamH 1 1 EcoR 1 XU V) Yy
pGEX-4T-2 KL F AR, 0K Z &40 M DHS e,
PRI TR, NI R, FRA5 H 4 GST-
TIMP-BDNF 3k JFihi 34T DNA T

(5)GST-TIMP-BDNF 41 £ [ 19355 7 235 5 4l
1t 4 BL21(DE3)/EAZ g A -80 C R, ik
BTk Rk, U1l B4 GST-TIMP-BDNF 335 Jii
A 100 wl BL21(DE3) Bz i Hp, 52504 R
At GFHAIRT), VK L#E 30 min, SRJFHLA 42 C
KB 90 s, FRHGE B T UK L E 2 min, JIA
1 ml LB} F#3E, AT E THEA(37 °C, 200 r/min)H?
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5 1h, SRJ5 5000 r/min 0> 3min, 7 FiF, LB
BRI B R B S TR A TE B 2R PE AR (AMP) 1 LB [#]
IR FRIER b, )58 37 CH5 3 12~16h, PRI
W T VR HERD T8 AMP 4 LB [BR B 35 5 |, IR
A)JEE THEIR (37 °C, 220 r/min) 5577 X0 EUAE K
AT AMP (1) Magic Media™ KT 7 R 5 15 57 5,
BAEBTHIKAC, 220r/min), %5 %1k 24h
Ja, BODWEERER, BrAEmer, BSOS -
THFITHE, SDS-PAGE LUK EHHRE; RAET
A ENT o B AL A

(6) HE 41 % 11 GST-TIMP-BDNF [ %5 . [ iR 4l
b8 148 SDS-PAGE HLUK T, IR T HIB 1L 7%
FINCEE [, s9% WG Wik &4 1h, TBST PYEIA 3 ¥k x
Smin, SRJ5 LAY BDNE HL1A(1:1000) FIHT GST Bk
(1:1000)4 CHE R F 12 4, TBST PE A 3 YK xS min;
T HRP bR A L 25T/ B 1gG(1:5000) F L 2E BT
IgG(1:5000) — i, ZEIEWFH 1h, TBST Pk 3 K x
Smin, F 5 R ECL Ak 2% K G5 76 w5 = v i
5, MRS A TR AR E]
1.2.3  #4H% ( GST-TIMP-BDNF %f MMP-2 i 1 5%
ARSI $Z BT A2, R MMP JE PRSI
&R DEMIERA LS Wb MMp2 936 %, TEN
GST-TIMP-BDNE %} MMP-2 (I 7E FH . (1) k9%t
MR, 2RO ()W I HRAL, MMP R B+
BDNF [ 5 (3) W0 il ) % B4, MMP # B +
BDNEF #ifil] 5 ; (4)32504H, MMP i B +0.4. 0.6,
0.8 mg/ml GST-TIMP-BDNF & GST-TIMP-BDNF.,

KT B pro-MMP-2, B 4 I 2% b i (B 3
C) % B 1 mol/L APMA(1:500) 5 %] 2 mmol/L APMA T.
VE% W (2x ), FE¥ MMP-2 5 25 K F1 (1 2 mmol/L
APMA TAEW 2x) M H 1h; BH LSRG H 580
MMP-2(35nmol/L) Al A [6] ¥ & # B (04. 06.
0.8 mg/ml) 1) GST-TIMP-BDNF il 5 2% i (W43 C)
R S0 pl, SRJTANA S0 ul MMP JEEH) T AW (843
A), PHRAYEZIR T EEHH 30 min £ 1h, F
FRATE 490 nm 38 % I K A1 525 nm & S K K 4
ASKE S 2SS DR B, Bt DLAE X2 Ot B A
(RFU) R,
1.2.4 JRACH G Tl R BUREE SR BLEL6.S SD K

F1 MMPIGHEARRINR & R AIE B
Tab.1 Specific reagent information of MMP activity detection kit

% T A B
WY A: MMP (AR IR (<-15°C)  1J(60 pl)
BLAY B: 4- SRR TR RO LIf(20 w,
i (APMA) RIRI 8 (<-15 °C) 1 mol/L)
LAY C: I RE 2% vl {RIRIFHE (<-15 °C)  1Jfi(20ml)
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BT, R T 19 IR E HE 2 BRI FH 75% 21
RUITHEEZ Smin, 7R (PERT 5 ARG KER)
i 35 B R G /N BRI 0 7E 10 mmol /L A4 ¥ U TG 1A
HEPES W (A fnd S5 (B2 17 55 SIS K ) R
EBR R BT LLAMA R B 2040, 340 88 H B A e, H
10 mmol/L Y4 4 JCT# HEPES I8 R 1k 3 T i 20 41,
MBS RRZHZY, 1] B RE A ZH 2L A 0.1259% JRR i
W, BT 37 CREFEFIHEAL 1S min; A H ALK
I FBS H5 7R A2 R4k, JTA 0.1 mg/ml DNasel,
BREWRIT RTINS, ERSEN A E
BWE, 1570 um IHETH, 1000 r/min B5.0> S min, 57
7%, F DMEM £% 3% % (DMEM basic+20% FBS+1%
Penicillin-Streptomycin) # &L 40 i, T RATIR S 5 4%
Pl % PDL AL i 48 FLAR T, “FF427 LRSI
M, BEA37C. 5% CO, M FMbEF; gk 4~6 hiFdl
MuoE e NERE S 55 258555 5, 340l Neurobasal 5t 414
F7 4k (Neurobasal +2% B27+1% GlutaMAX™+19% Penicillin-
Streptomycin), TE37 °C . 5% CO, IR R,
3 d 25 B Neurobasal 56 45573, /N
1.2.5  JRAR B2 o0 4 Dk H K Ak S Ak 4 T 4 990 i 55
(RSL3) B fy gt 7 MR gze o e e o JRAR M2 0T
ISR s~7d, ERRFEA IR, FIV A PBS L
3, RIGSTRUAT 4 TR FR TRl (1)XF ]
2H, Neurobasal 5SE 1534 ; (2)RSL34H, Neurobasal
56 4 45 97 3 +1 mmol/L RSL3; (3)GTB(10 ng/ml) 4 ,
Neurobasal 58 421557 2£+1 mmol/L RSL3+10 ng/ml GST-
TIMP-BDNF & 41 & M ; (4)GTB(S0ng/ml) 4 ,
Neurobasal 78 421537 2£+1 mmol /L RSL3+50 ng/ml GST-
TIMP-BDNF HHE [ .
kel BE S 2 h R FRF IR, Ve U PBS Wi Uk

3K xS min; 4% 2 5 H 5 2 30 min 5, PBSIH
PE 37K xS min; JIlLA 0.3% Triton X-100 % i 10 min; fill
A 5% BSA Z R B 1h, $RJ5 A —$ Tuj1(1:500)
4 °CWFH L, PBS ¥ 3K xSmin; Sl AP 9
(1:500), ZEIREHEHFE 1h, PBSYE3 XS min; MIA
Hoechst %5 Ji G 1S min, PBS¥E 3 xS min, "%
MR, AR, RO R
e PR SR Image] B4 X RS2 740 B Ab B
1.3 GilaAab e RH GraphPad Prism 8 TS
Tt AR, THEGORHISF G IES 3, Plass
7~, PIZLIR FE SR ek, 224 HE R LR 3R
5220381, P ELECR I LSD 5. P<0.05 4
EFAGITHE X

2 # R

2.1 HA-GSH Wil £ FMZRAE  #FH 2 —ReX HA B3R
FEI AT R I, T HA-NH,, FE8 A ha ik

Suflo-SMCC, BfiJi7 GSH 5 A& % £ il HA-GSH.,
X B EL B ) HA M2 HA-GSH HEAT 1% L4k S0 70t
gELEOR,, SARBMN HA L, LIRS 2,75
3.00 b5 L FEAFAE I BT RE H, R & %
WA HA Y M4 GSHEMG, —Z3afky
MR AR, BN GSH S AN (K 1A—D).
2.2 GST-TIMP-BDNF & I NS E  TIMP-
BDNF JE[H 2 PCRY )5, 7= W1T 0.8% S g 56 e
HLUk,, 193144 756 bp () TIMP-BDNF H B9 %N F B ;
Xt H L R Bt T M R e, SR e 5 R
pMD18-T # 4%, #AIEZ Ui DHSo, Pk 78
R PH P P /N R TR, RIS A B R A R
R, JF UE4T DNA P (B 2A—G). ¥ E A
TIMP-BDNF Jii .45 BamH I F1 EcoR 1 7] J5 8- 7]
W H B9 B, 55 pGEX-4T-2 F ik g A 1 )5 3k
5 T 41 GST-TIMP-BDNF 3 ik Jii ki . ¥ 41 GST-
TIMP-BDNF & ik JFi 47 %% A Rosetta(DE3) /B 32 ZS 40 il ,
FIRA KGR A W IR R R G IF R REAE A RE,
FEIR =) 2 P S SR AR R0 3R T AN R L R AR
17 SDS-PAGE i Pk I 3 1 % H 17 53 i Yo £ 4 7 e ik
THoL, R ER, B AR IR Rk
T R, WOEEE TR R B A TR TR i
JEHTor s alifl, SRR EE NaClUE b i 2K Uk
W6, W Ve TR 2E 4T SDS-PAGE LUK, 181 QA4
A A B IR Al B i o FIFH Western blotting %5
& kgl (1 GST Al BDNF 25 (04 S 6 0k
B, @RBR, WIESERIEIFHI T GST-
TIMP-BDNF 4% 11 (E 2H—L).
2.3 H 0% 1 GST-TIMP-BDNF X} MMP-2 i ¥ i 5
M MMP-2 JG PRI 25 5 R, 576 B4 MMP-2
TP B e 5 TR BE A AN i 406t BB 2H (P<0.0001) .
0.4. 0.6, 0.8 mg/ml GST-TIMP-BDNF 41 f{) MMP-2 i
P 247 B AKX T 8] — Wk J¥ 19 GST-BDNF 4H (P<0.0S)
(El3).
2.4 GST-TIMP-BDNF X {4 &} #1 £ I 5 103 14 52
BIEDOEY LR TR, 45T GST-TIMP-BDNF 4
1% GTB(10 ng/ml) 41 F1 GTB(50 ng/ml) £ #f £ JC
DO EI R T RSL3IAL, ZFAGIT#E L (P<0.05
B P<0.01, K4).
3 3 i

TBL KA, HpE R s 20 512 vk
RIBWA FE R S EBCHER, PFRARTE
TBI {4955 AL 5 T 5 vk A SRl UF o3 4l T Jie 1
KETAE, ZHH/R T 7 TR BRE b & 4% 5 2
TERMsZm R 2, iEM A RAED | A %
AR R RS, IR R T —RINGIT B,
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WAEPLRIGITY . Prafipyr s REF LT
YRR AR WAMA KRBT A TER TBI 1
LUYE 7@TBI*&{nﬁ?ﬁE@ﬁ%%&TE%gﬁmo ik
2:304F, At 50 Fh TBI L 259 o 4 H s kA

I PR 1 ! {Hi‘.%”’i%ﬂ?ﬁﬁﬁiﬁﬁﬁﬁﬁ FI Al
%ﬁx&ﬂﬁTBI*ﬁ{nW#’JT{ﬁLFﬁ Wi, #—242
3 5 A S ER A B AL - IR k%%ﬁﬂ’]f %,

J& TBLRIAIFIE Y 27 1) o

AR AT 9T 8%, ECM H ) HA 1T 38
1t CD44 SZ R FI Z4RFET, IR S 451
SR, KIRHA BTGP A R . 76 TBIHSifi
I HA W] R R BT A i N B, IR R
PE SN AR P LA AR A, R 2 58 B 7 A R
Som 24 RO, &FXE TBLR 06 BRELERBIERAE, il
i AL A HA SEORRRE, SR A il ol
2o 05 S A 2B R ALRE T REE R R IF &
TBUEE MR E IR

MMP J&:—JE1E ECM Rt o J2 4 S SR FH R it
FE TBI Y S L o i 4 J 22 (0 (L & MMP-2
FMMP-9)™), TBIF, G4 FE P e S 4 i iy

EAL B MMP ik E i, 151 ECM i [F
i, T AU A 2 A B R SR AR, InEE Ak &
PERGE 5. AFFE R B, i MMP-2 Al MMP-9 175
PER] I 22 G 0529, BDNFAE PRI R S8 %
B2 IT T I i AR, X TBLE 4
JCIAAETG . R S fh T S T REMK At 2 T
E}ur‘l[ZQS’Z]

AHIGEER X TBLG e B 2 g i 2 b MMP 3 3% |
JERERAE , R T MMDP i PR B 2206 2 IR T
BDNF ) HA FE A B BL . 1 564 MMP SO Y ik B
TIMP 55 BDNF DI RPNz, SR)5 5 GSTAnsshli

ik, W4 H GST-TIMP-BDNE il & 8 (1, Jf-1f
GSH e[ &A% W TR R SRR R, #0753 GSH B (1)

75 WA R L A R (HA-GSH) . Bl i i GSH 5 GST
1) 3% FE 1 4 1 HA-GSH-GST-TIMP-BDNF IJj fE #1
BHELS)

ARG T GSH B HASEA B, IFFIH
KI5 R A% 38 RGEMIHE T GST-TIMP-BDNF
HEH, kB8 T GSThHAEMEHAEN . HA
GST-TIMP-BDNF H % 45 TIMP(— Fff MMP JiK ¥ i),
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ol 550) 756 bp
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ggggg TN 21| T\ SexAl (1053)
‘3534?&:1 ~ PpGLA4.73-BDNF(human)-SV40-hRluc 2\l |
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