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Abstract We compared the antibacterial activities of spermidine and astaxanthin against two
gram-positive bacteria such as Streptococcus parauberis and S. iniae to find new antibacterial
candidates. We also evaluated the preventive effects of spermidine against oxidative stress-induced
cytotoxicity in C2C12 myoblasts. Our results indicated that spermidine has more significant anti-
bacterial activities than astaxanthin against both two fish pathogenic bacteria as well as gram-neg-
ative bacteria Escherichia coli used as a control group. Minimum inhibitory concentration and
minimum bactericidal concentration of spermidine were 0.25 mM and 1 mM against S. parauberis,
1 mM and 3 mM against S. iniae, and 0.5 mM and 1.5 mM against E. coli, respectively. In
addition, the postantibiotic effect lasted from 7 h, 5 h and 6 h for S. parauberis, S. iniae and
E. coli, respectively. The results also showed that the decreased C2C12 cell viability by H,0,
could be attributed to the induction of DNA damage and apoptosis accompanied by the increased
production of reactive oxygen species, which was remarkably protected by spermidine.
Additionally, the antioxidant effect of spermidine was associated with the activation of Nrf2 signal-
ing pathway. According to the data, spermidine may be a potential lead compound which can
be further optimized to discover novel antibacterial and antioxidant agents.
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S. parauberis?| X Pt 0] FHHOE F2 AE 3
A& = ATt T astaxanthin S. parauberis ‘§—<
iniaeS} E. coliolX 5 Fo)AR] &+t G858 24 X

= 218 Ssigick mebd o F Aol HE spemidine
£ ESE AU 3 2T BE) A4
i

fwﬂg

S. iniae

S. parauberis

0.25 mM

Spermidine

2.5 mM

Astaxanthin

Bacteria Spemidine (ug/disc) Astaxanthin (pg/disc) Am
0.25 mM | 0.5 mM 1 mM 2.5 mM 5 mM 10 mM | 10 pg/ml
S. parauberis 16£0.0 24%0.2% 32+0.4* - - - 35£0.3*
S. iniae 10+0.1 14+0.0* 20+0.1* - - - 16+0.1*
E. coli 15%0.1 20%0.1* 25+0.3* - - - 24+0.0*

Figure 1. Anti-bacterial activities of spermidine and astaxanthin on the fish pathogenic bacteria (Diameter of inhibition zone,
mm). Results shown are expressed as the mean of three independent experiments. NC, non-treated control; Am, ampicillin
('p<0.001 vs 0.25 mM spermidine-treated group).

S. parauberis, S. iniae 2 E. coli®ll T3} spermidinen E. colilX= A 55 Bt 3mM ¥ 1.5 mM=E
o] HAANAAA FEMIC) ¥ HAATH F5(MBO) e 3 o] 7 ARl AestE 1 = A
= 574 23+ Figure 20 YERd 1Ee} 2ol A of thglk 2 ofF AW Ao HLBFN A s =S
HAAA = S. inige D E. coli 4N 22t 1 mM H =23 A3} ampicillin®} amoxicillin 5] 2F 100 1
05 mM BEE YEow, 71 §50] £ S par- g/mlQl S 78T ufj[28], spermidine®] Oﬂ——rlcq]k]
auberis| A= 025 mM BEATH B HaddE  AMEE 45 oﬂﬁ 1~3mM ZEZ #Hzs o] vln
SO X = S parauberis? A 1 mMO| 2, S. iniae®} 3 FAFAL AT Qe U S 9k

Spermidine (mM) Spermidine (mM) Spermidine (mM)

0 025 05 1 Am 0 025 05 1 Am 0 025 05 1 Am

S. parauberis S. iniae E. coli

Bacteria MIC (pg/ml) MBC (pg/ml)
S. parauberis 0.25 mM 1 mM

S. iniae 1 mM 3 mM

E. coli 0.5 mM 1.5 mM

Figure 2. Minimum inhibitory concentration (MIC) and minimum bactericidal concentration (MBC) of spermidine against
fish pathogenic bacteria. Data represent the means of three independent experiments. Am, ampicillin.
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=2 spermidine®l] THe &8 A< G IH(PAE)
& ZASH] 918+ S parauberis® ™ g spermidine
2274 F5025 mM)2] 28(0.5 mM)Z 2}z
o] AMlgtoll Aeste] 1A1ZF S ¥ ARl & I3
AR A S R i dE A AEE Hl s
o}, Figure 39| Ao A & = )Xol spermidine®]
G A& a3= AA A0 B 2FE(No Drug)
S iniae L E. coliolA 22t SATF D oA AE=FHO
™, S parauberis| A= 1A T 72 AAo] o
A =] spermidine2 £ ATol|A ZAME 37HA] F5

=, S. parauberis®l| 3 o] vlwZ 534S
& = AT} GEbA spermidine©] A F WU Mt
o @ $53 Fede 1 5 Je Aoz A
H, &3 o7 AW o} Xzl {F&3kHA A
#8 5 9le ¥R BY2 AN}LA IO
1x10° Spermidine (0.5 mM)
-+ No Drug
& S parauberis
= -4 S iniae
S -+ E coli
(19
5]

0 Post- 2 4 6 8 10 (h)
wash
Figure 3. Postantibiotic effect of spermidine against fish

pathogenic bacteria. Results shown are expressed as the mean
of three independent experiments (‘p<0.001 vs control group).
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Figure 4. Inhibition of H,O,-induced cytotoxicity and apoptosis by spermidine in C2C12 myoblasts. Cells were treated with
the indicated concentrations of spermidine for 24 h, or pretreated with or without spermidine for 1 h, and then stimulated
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with 1 mM H,O, for 24 h. (A) Cell viability was assessed by an MTT reduction assay. The results are the mean + SD
obtained from three independent experiments. (B) To investigate morphological changes, cells cultured under the same
conditions were photographed using an inverted microscope (%200). (C) The cells were collected and stained with PI solution,
and the percentages of apoptotic sub-G1 cells were then analyzed by a flow cytometer. (D) The results are the mean =+
SD obtained from three independent experiments ( p<0.001 vs control group, *p<0.01 and "p<0.001 vs H,O,-treated group).

C2C12 A|3zol| A 4kl ~Eg 2o gt spermi- A B} 4ksd ~Ef o] AHAHR] Ao 9
dine®| A|XR S G377} AZAME i AA9F A gk ARAE ZAFSH] f18te] ROSS] Aol mA]&=
Aol A=AE EU5H7] 5k flow cytometry 2 3 , spermidine T | 2] 7| A]
< AAIBHAT Figure 5O UERA vEe} o] H,0,7F & ti&wd vlaste] #2291 Wshe= A=A of
GE AP HiA| oA wUSE C2C12 Al EAE Al SEATE 1 mM e H,0, &5 A glatoll A= ROS A4
FAME O] FHEE S-S o] stE sub-Gl7] el &3} o] AA3IA F7HE RS ™, spermidine> H,0,0 <]
= Alxze] RI=7F dA438] S71ek9 o, spermidine 3t F+=%F ROSY A S FolF oz sl

o AA YA YA TAE BATh ebA (Figure 6).
C2C12 AJ3Z oA spermidine®] A|ZH S 9 AZALE
(A) H,0; (1 mM) B) - 40
H i * %30 *kk
1.861% 27.14% _r..: .g i
- o
: ‘ 2 e e
g 3 g
. 188% . B20%| | % 210 o
" ' ' +|3 g
£ = ;._I]IM]IL
3 |a = [ ¥
A R I N e _w e e e - - + +  Spermidine (1 mM)
DCF-DA - S + : +  Hy0,(1mM)
© - - + +  Spermidine (1 mM) (D) Spermidine (mM)
- £ R HO (1w 0 025 05 1
‘ - ‘ p-yH2AX - —— | Nri2
— o —— H2AX l-———-—-‘Ho-1
m DNA-PKs ‘-- — — g ‘ NQO1

‘- — — —‘Actin Actin

Figure 5. Attenuation of H,O,-induced ROS generation and protection of H,O,-induced DNA damage and activation of
Nrf2/HO-1 signaling pathway by spermidine in C2C12 cells. (A and B) Cells were pretreated with 1 mM spermidine for
1 h, and then stimulated with or without 1 mM H,O, for 1 h. (A) The cells were incubated with DCF-DA, and DCF fluorescence
was measured by a flow cytometer. (B) The values represent the mean + SD obtained from three independent experiments
("p<0.001 vs control group, "p<0.01 and "*p<0.001 vs H,O,-treated group). (C and D) Cells were pretreated with 1 mM
spermidine for 1 h, and then stimulated with or without 1 mM H,O, for 1 h (C), or cells were treated with the+ indicated
concentrations of spermidine for 24 h (D). Equal amounts of cell lysates were used for Westen blot analysis. Actin was
used as an internal control.
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