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Abstract: Objective The present study aims to investigate the role of calcium/calmodulin-dependent protein kinase 4 ( CAMK4)
in bilirubin-mediated auditory central neurotoxicity. Methods The binding ability between CAMK4 and bilirubin was assessed using
molecular docking and micro-scale thermophoresis (MST). The expression of CAMK4 in the cochlear nucleus was detected by im-
munofluorescence staining on paraffin sections. Primary cochlear nucleus neurons were cultured in vitro and treated with bilirubin
(25 wmol/L) or bilirubin combined with the CAMK4 inhibitor KN-93 (1 wmol/L). The neuronal ROS levels, mitochondrial mem-
brane potential changes, Annexin V/PI staining, and live/dead cell staining were then evaluated. Results The molecular docking
analysis revealed that the binding energy between bilirubin and CAMK4 was —9.71 kcal/mol, and the MST analysis gave a dissocia-
tion constant of (1.294 4+1.080 3) wmol/L, suggesting a strong binding affinity between the two. In the cochlear nucleus, CAMK4
was predominantly expressed in neurons. In vitro experiments demonstrated that the CAMK4 inhibitor KN-93 significantly suppressed
bilirubin-induced ROS accumulation, mitochondrial membrane potential decline, late-stage apoptosis, and reduced cell survival in
cochlear nucleus neurons. Conclusion CAMK4 has been demonstrated to play a crucial role in bilirubin-mediated oxidative stress
injury in auditory central neurons.

Key words: Calcium/calmodulin-dependent protein kinase IV ;bilirubin ; neurotoxicity ; oxidative stress

075 B #5:2024-10-09

ELRT . HA AR FRELSEFHHERFHE 4 (82322020) ; H K AR FF 2= 5 4 (82071042) ; B K & S0 & i1 R & F R K Wi H
(2023 YFC2509800)

BEEE . 2HM, E-mail ;7250012693@ shsmu.edu.cn



AR H B R 224k 2025 4E 5 F 55 39 45 45 3 51

+ 2. Journal of Otolaryngology and Ophthalmology of Shandong University, Vol.39, No.3, 2025

AR TS TR 2 2R TSR et B L
FRZT 2R AT ( RIHT AR L) J2 5 B0 52 vh A D fig
PO WL FE I R R B D A
LA LTS LR KT e i e i i B AT 3R
ML i — A B R, LA T HL R A | B AMIRIAZ T
ZERG DX, 5 S 28 M W v R 7, T 1A e s
E T R

JIBET 2R BRI A 28 70 1 AL P I 8, AT 5]
LR AR RES 5>, Seriifs > R B, L
FROM AT PO B B T | PR R e B R T
BEINAT AR RE S fi 1 328, 5 R85 8 1 e R % i g
Pk, 85 BEE0E I FR G0 A 48 A 2 (reactive oxy-
gen species, ROS) , 5| & F LN i, i L RR I 75
ST T RAE X R R TR T
e p AL (B B 7R S AT — DR
ARZLZ AT LAz I 2 s R Ak . & Tk
PR A2 DB 5 1 4 L A e e S R S 1
Wiz — A5 55 5 D FRaR I DL S A A= 1745
A R T R R A . TERTIIE ST
H AT o R AL AL 2 3 kB, L 3R
AR 2R TC B T2 B BRI AL AP, 45
GIERZE G A, BA T 38 N EHAR
HASEW N ERRAER , RIEXEE R
CLRI DI RE , FRATTE 5585 I 2 1 O 1 2 1 e 4
( calcium/calmodulin-dependent protein kinase IV,
CAMK4) VE R e 8 3, I AT SR S gk, A1 22
R/ IR A W A, CAMK4 TR 5 /]y
i AR A0 45 P iR M 22 R G XU R 4 S
PR TR SR A T RE 45 1 LA K A O A 2
YRR OB W CAMKAS [ 5
AL S Z R R 2 R GEA 1 i BRI R DA
Ko B, CAMK4 it BE#E ] {2 tau 3 HBERR 1L
HAFEFHL I CAMKA T4 80 f AT 14
2 PN U Y L T e, DT Sl AR 9 5 ik A i,
ST 52 W60 4t 228 58 22 18] (9 1F 8 3 12 A 5L st
ABFFER G A B 27 S 50K 57 CAMK4 5 7
LRSS AR AR IR 235 3 1) TPk s 2 3 1
FHPEH]

1 MREFE

1.1 ##
1.1.1 L5 shY)

WA E 1~3d(P1~3) LI RHAS 7 d(PT)HY
Sprague-Dawley (SD) K Bl I ¥ F- it A= W BHEL A
FRZS F AL | s 1F nTIE S . SCXK (97) 2021-0002,
S SLs Ol BT AR S N R B sh i A B
Z: A 1% (2023-0348)

1.1.2 FEIEIRG

DMEM = 8585 32 W 4% (w/v) 20 58 W [ o
% ( paraformaldehyde, PFA) . £ R-L-#i & R . Jh 4
M¥E W T [E 42 T4 %), Neurobasal-A i 57 2 |
B27 N2 | L-A 2 B W T3 [E Gibco, Calcein-AM/
PI 20 o35 14 -5 40 2 P G I 3k 5] | 34 i AU 4k (R
FRCERLAS Je-1 i3] 4 . Annexin V-FITC 40 i i -
LU Nm Wi R R i = a7 Wi | g L B R R ES B N
AN i T 5€ [ Worthington, DNasel ) F 3%
Stemcell, TransIntro ® EL #4550 T [E 4
4, M-PER™ I L 3 91 2 (1 il $2 120500 1) 7 3¢ [
ThermoFisher, & B 41 i 771 14 T 2& & Cell Signa-
ling Technology, CAMK4 #i/& MAP2 Hiiklly T rf
Proteintech, GFAP B #4310 PiiA ( Alexa Fluor™
647) . Alexa Fluor™ 555 ) F 3% E Invitrogen,
Alexa Fluor ® 4884 T ¥ [E Abcam, KN-93 Ity
MedChemExpress
1.2 A&
12,1 JrFRbE

3T XA AL o AH EAE R S0 2 B R
INFTFZ IRy 25 G RIS T H . M Protein Data
Bank ( PDB ) %{ % J% ( https://www.rcsb.org/) T %%,
TR HTHY CAMK4_HUMAN 4 5142544 PDB 18
ok 2W40 , LBRIC 7 4544, % 8 A a5 A TPk,
BIER AR P EE &S, LR EY
254438 1F PubChem ( https : //pubchem. ncbi. nlm. nih.
gov/) T &, {1 MOE $# 44 (2022) #4745 #r , FI HH
GBVI/WAS AT 73 sBREGHAT VAl X i det R 47 R
FRUPRE R S
1.2.2  f#E#9ksl ( microscale thermophoresis, MST)

Fg# CAMK4 i 3 ik Jit i PGMLV-CMV-H _
CAMK4-eGFP-PGK-Puro , DNA 1l J7- B A 2 i 301
A TransIntro ® EL %% 4% 30 5] X} 293T 40 My ik 17
CAMKA4 1o 36 3k Jiokr % 4y | %o BE 4 W] i 17 PGMLV-
CMV-MCS-eGFP-PKG-Puro % #5 Jfi i 5% %, 48 h
Jei B BERR B IR 1:100 BN A KR | 75 7
R T 2R LRI . & 0.05% (v/v)
Tween20 BERREE 2% & ( phosphate buffered saline
with Tween 20, PBST) 1 4 IHZT 2 Rl 1 5T 1) 7
2% W , 38 1 Monolith NT. 115 {#% ( NanoTemper
FEE) KRR 2T 2R 8 IR 54 . FH Mo. Affinity
Analysis B AT 53Hr, B 3 IR 552 30 55040 22 1l
-1l f% B W %L ( equilibrium  dissociation constant,
Kd) A HhZe I, AT DL Kd [HRR
1.2.3 HZAL A R HE B Dl X s

P sl
I P7 i SD KR, O IEEEE R IR T 4%



IR KA EE R R 2441 2025 45 5 A 45 39 4% 45 3 0]

Journal of Otolaryngology and Ophthalmology of Shandong University, Vol.39, No.3, 2025 <3

PFA 1 4 CEE 24 h, A A S L)L 3 wm JBREIEAT
LY A, VIR LS 4T 95 AR — B £1 ( hematoxy-
lin-eosin, HE) 44, if i3 1 4% ( Leica, 5 [E ) W<
HIZE M IR A IR, A e sty R
I AR 8 15 min, Jo/K S8 T #1110, 95% Al
75% CBEMR YR UL 5 min , i R £ 2% 1 ( phosphate
buffered saline, PBS) ¥E¥ 5 min 5 IIAAFE R BT
B2, O & 95 B F 95 CH 30 min, PBS U
%5 min, H 5% 4 I35 M & 1 ( bovine serum
album, BSA) Tz R 4] 45 min, il CAMK4 MAP2
Pk GAFP hilk T 4 CWHE K, KRS PBS Uk
3 W ERR S min, ARG BEGF ) BT T = TRk
§¥H 1 h,PBS PRIk 3 Ik, 5 47, 6-JpkHk-2- 2 |
WE (4’ 6-diamidino-2-phenylindole, DAPI) HJ$17%¢
VK & R 31T B R, OB ISR £ B R
(Nikon A1, HA) WA IR

1.2.4  JFAREmAZ pp 28 ou ks 5% K 2 ) Ak 3

HUP1~3 SD KRk b 8 , 1 b5 i B h,
% (Leica, f8 ) T HCH H 1% B T 4 CTHIR W
DMEM s Rk A Bk R s
B LYE, 59, N A TLSE F DMEM . = B 85 77 3 K
JIVEE [#5 (40 U/mL) .DNase 1( 125 U/mL) fic & 47
FTE AL ,37 TH44L 10 min, 5 5 min #25%—k., H
% 10% (v/v)FBS 1§ DMEM 572 & -4k, % 52
WCFT, B RV, R — W, 1 000 rpm O
5 min, 3 F35, A 10% FBS £ DMEM 5 55
T E BN, 70 m U IE T g, DL 5x10°/mL
HE R T U A 2 R -L- R R 48 fLikak
35 mm BYJE ML A 4 ~6 h J5 3 5% TG I35 # 28 0 4k 45
Bt Wk, B 3% WK 6L 75 Neurobasal-A 1 37 3 B27
(1x) N2(1x) L-AZ WM (2 mmol/L) , B 2 K
EIE K,

AR H B A% b 2 T4 R T 48 FLAR B 35 mm 3
JRMLH R SR 4 d JG AT 3R, BT A 253 DL —
FH 3L 9 ( dimethy] sulfoxide, DMSO) Bl , 3 F 5
FRIEFHRE TG 0 B 2, P DMSO ik BE A
Mt 1%0 v/v, S2H6530 4 20 W2 (1%0 DMSO) JiH
41 %4 (25 wmol/L) \KN-93 #J ] 5 2H (1 wmol/L) .
KN-93 il Ik 5 AL R AL FRLH , 7E LA RS f for
Kl . Annexin V/PI 41 B 8 TR | 15 /L 40 ARG )
SEEG X R A 2T 2 4 RN KIN-93 100 il 751 41 i 24
Y Ab TR E] Ay 12 h i KN-93 3770 B4 AR 21 & Ab
FHEAMILA 1 wmol/L KN-93 k|5 AL B 2 h, 65 fn
NI E N 25 pmol/L BUARLT K, 4R SEA0FE 12 h,
1.2.5 M4 ROS £l

JRARE IR A% P 28053 0 THHZTL 3R (25 pmol/L)
AbFH 6,12 24 h J5 4T DCFH-DA ZtH 4 e 5

K, W 3 TH K% 252 3, A HZ R 101 000 F B 1)
DCFH-DA #¢3tYek} 37 CHREOEIEF 30 min, {4
B 2G5 (Nikon, H A) WLEE ROS A= M 0t
ROS 7] LI AL IC7E ) DCFH 4= il A ¢ 6 HY DCF
(Zrfa) 103K ROS /K-, i Image J FAFiHEA779¢
TSR B (e 65 B S X AR HeqE ) A
HRIEGETT AT EE F % AR 24 h ABFRERE] DL 78
J3 W ROS 7K F-IOFR a2 . KIN-93 #5154 H
LLENFEZH L) 1 umol/L KN-93 I Fikb 3 2 h
JEIANBLLZ  AREEACFE 24 h, BEEFT FRAG
1.2.6 Lk A fs e o A5

Jo-1 J2 5 FH A 2 A 5 el A7 YL RS, BB 1K
B LR AL B b S 5 Lok R N IS A TE 4 i
PN LR A (AR BRI R AS [R] (408 A7 A, 0T e 2
i AWm (445 fk | B 7 ZRE A 25 4 A0 A FH B4 58 55,
L2 R B VK 4 I Je-1 TE LR & &
LT, B LR AR L A K3, Je-1 DLBRAR
WA & gk @sot, AR E iR 2o kb B LS
W, WA IH R IR A 1:200 BB Je-1 TAE
W ,37 CROCIEE 20 min, 55 58 UG HEOEH
LB i f0B% (Nikon A1, HZAS) Mg, &
1545 Image J #4759 608 B2 % & 43 B, 11H5A
ST/ 537 G BE FU A DA S e i v, 457 28 A
1.2.7 Annexin V/PI 40 & 760

M T 7K 38 15 Annexin V-FITC/PI X4t
PEATREI AR E I A% b 22 e Ab BRES RS, W5 IH
Wge i, % M4 fL 5 wL Annexin V.5 pL PI fl
195 pL Annexin V5622 v 1 Fo 491 e 1) 44 9%, fin
AL 28 T B EI A 10 min J5 , 7% /0 Hoechst 33342
(LR 10 pg/mL) , k22 %= IR F 10 min, {5
B WA (Nikon, H A) W11, FITC i
TE T AGIN 03 0 T A A (26 ) |, P 3 G T AG U
e 08 T B PR A 4N i (41 €4) , Hoechst FH T 45 ic 4
W%, LA HTiE 3 Image T B0FHHBOR [R] 26 7 40
J i) HE A
1.2.8 /34 ey (a

2 B 35 PR3 3 Caleein-AM/PI ALY 460 it
RE A% PR 22 oAb BEZE R, W5 IR G 97 38, A
1 :1 000F% B ) Calcein-AM/PI TAEW ,37 C kG0
A 30 min, 3 fF B 2¢OE R (Nikon, H 4% ) M
MBI 1, Calcein-AM TE 3 40 MY 0 4 i P4 s
it 7K A 5 2 L 68,5 5 5 P VI 28355 BE. T 41 B J 5 4%
4 DNA, Z s, it Image T EMZ 5 HrEk
PR (o R AR ) FNZL 6o (FEAR N ) 6640 %L,
TS A B A0 B Y A AR R AT R
1.3 Zit=F4biE

R GraphPad Prism 10.0 B4, 1T & % RLL



IR K SR IR 2235 2025 4 5 F 4539 4% 453 10

<4 Journal of Otolaryngology and Ophthalmology of Shandong University, Vol.39, No.3, 2025

xxs PR, 410 25 5 L BCR FH IR R O 22 4
Turkey# S0 71 TP MG LLAR . R 7K #E «=0.05,

2 # R

2.1 CAMK4 FBLAEWFENH

M 4E CAMK4 _Human ) i /& 45 #) ( PDB ID;
2W40) , iff 55 18 12 MOE %4 (2022) # CAMK4 _
Human LA JHZT 2R 43 BIAE Sk % 0 1) A2 47 0 G A 3
TP F X 0 TRUAL R AU A4, e XA I 2
[E] 8 X5 22 3 B0 H - 9.71 kcal/mol, CAMK4 _Human
FRLT Z X & 1A FiR, 25 A anE 1B 1C

B 1

TR IALT R 5 CAMK4_HUMAN 45 [ 45 51

FiiR IR ZE ] 5 CAMKAS 8 g 45 4 1k v %) 42 L 1
{7 55 G124 (Gly) . D185 ( Asp) JE it & B AH B/ 1,
F1 G53(Gly) V60 ( Val) .E168 ( Glu) 1 1 75 7 3 -
SHER

L MST S5 i — 22 e ik IH 21 % il CAMK4
BIZEA SRR T, X B8 TR 5 Y 293 T 41 i J $R B AR
FAT, R & B0 P 5 41 R 22 ) 9 RN REJE A Kd
P Hh 28 (B 2A), I 7E 293T 4 i Hh ad 36 3k
CAMK4 Ji5 , 4& By 85 1 B FI B 2T 3R 2Z [HE A&
£k Kd {0 (1.294 4+1.080 3) wmol/L( & 2B) .,

V60

A :CAMK4 FIIRZT R G W EEARS5HE s B . 3D 25 S m MR P (R L FR 45 e Il 1~ AR (8 Sticks /i, BC ARk i
TLLEE Sticks SR, AR TLL0, R T i 0, L@ A S AT T, 20 GOR 4 05 75 30 - S HERR AN ) C:2D

R ENE]
Figure 1

Molecular docking simulation of bilirubin binding to the CAMK4_HUMAN protein

A Overall structure of the CAMK4-bilirubin complex; B: Enlarged 3D view of the binding mode. Carbon atoms of
amino acid residues are shown as green sticks, carbon atoms of the ligand are shown in purple, oxygen atoms in red, and
nitrogen atoms in blue. Red dashed lines indicate hydrogen bonds, and green dashed lines indicate w-H interactions;

C. 2D schematic representation of the binding interactions

A —
gsn = 1.00

o i é( 0.95| |
i 953 ﬁf 0.90 f
;ng 952 OS5
:R 051k MSTEH}A]/s
=S [ i
7 oosor 1}t Fipe]t,t
m
= 949}

1x10°  1x10® 1x107 1x10° 1x10= 1x10*

A Ak & /(mol - L)

so]

U — AR %0

9515} i 00

951.0F 2 ool

950.5 £ 08—
950.0 | MSTH]Al/s
949.5

949.0 |

Ix10°  1x10°* 1x107 1x10° 1x10° 1x10* 1x1073
P AR P /(mol- L)

K2 MST #MARLI R A CAMK4 (45 G180 (47 LA —1Liy MST B [0l &, iRl 1.5~2.5's)
A I8 TR e 4 5 B 1 AR 2T 2% 22 (6] A Kd LA 2R B CAMKA4 5 38 0k ks 6 4L 40 i 3 1 SRR IR 21 % 2 1)

) Kd LA 2k

Figure 2 MST analysis of the binding affinity between bilirubin and CAMK4 ( Top right: normalized MST time traces, with the

analysis window set to 1.5-2.5s)

A Kd fitting curve of bilirubin binding to proteins extracted from cells transfected with control plasmid. B Kd fitting
curve of bilirubin binding to proteins from cells transfected with CAMK4-overexpressing plasmid
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Figure 3  Anatomical localization of the cochlear nucleus and CAMK4 expression
A Expression levels of Camk4 in different cell types; B: HE staining of paraffin-embedded cochlear nucleus sections
(the cochlear nucleus region is indicated by a black dashed circle) ; C: Immunofluorescence staining of cochlear nucleus

sections
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Figure 4 CAMK4 inhibitor attenuates bilirubin-induced ROS accumulation in cochlear nucleus neurons( **“P<0.001)

A: DCF fluorescence images showing ROS levels in control group and after bilirubin treatment; B: Quantification of

average ROS fluorescence intensity across groups;

C. DCF fluorescence images after 24 h of different treatments;

D: Quantification of average ROS fluorescence intensity across treatment groups
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Figure 5 CAMK4 inhibitor alleviates bilirubin-induced mitochondrial membrane potential loss( “"P<0.001)

A': Mitochondrial membrane potential ( Ayym) changes in neurons from different treatment groups; B Statistical analysis

of the ratio of Jc-1 aggregates to monomers
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Figure 6 Effect of CAMK4 inhibitor on bilirubin-induced neuronal apoptosis( “'P<0.001)

A: Apoptosis detection of cochlear nucleus neurons under different treatments; B The proportion of early and late apop-
totic cells in each group and statistical differences. Blue bars represent early apoptotic cells, red bars represent late apop-
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