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The Effects of Strontium Ions on Epidermal Permeability Barrier
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Jeong Taek Seo, M.D.3, Eung Ho Choi, M.D.4, Sung Ku Ahn, M.D.4, Sung Hun Lee, M.D."”

Department of Dermatology, Yonsei University College of Medicine', Seoul, Seoul Health College,
Electron Microscope Labomtoryz, Seongnam, Department of Oral Biology, Yonsei University College of Dentistryj, Seoul,
Department of Dermatology, Yonsei University Wonju College of Medicine’, Wonju, Cutaneous Biology
Research Institute, Yonsei University College of Medicine5, Seoul, Korea

Background: Several ions, such as calcium or magnesium ions, are reported to have regulatory effects on epidermal
permeability barrier homeostasis. Recently, it has been suggested that strontium ion can play a substitutive role for

calcium ion in various cellular reactions.

Objective: This study was conducted to investigate the effects of strontium ion, either alone or in combination with
calcium or magnesium ions, on epidermal permeability barrier homeostasis.

Methods: Female hairless mice were used to study the effects of various ions on epidermal permeability barrier
recovery. Calcium chloride solution, magnesium chloride solution or strontium chloride solution were topically
applied to barrier-disrupted skin, either alone or simultaneously. Change of transepidermal water loss, which re-
presents permeability barrier function, was measured by TEWameter and morphological change was also observed

by light and electron microscopy.

Results: Topical application of strontium chloride solution accelerated permeability barrier recovery rate, compared
with vehicle-applied skin. Magnesium chloride solution also accelerated barrier recovery rate, as reported in previous
studies. Interestingly, simultaneous application of strontium and calcium ions significantly accelerated barrier
recovery rate, compared to application of strontium or calcium ion alone. Nile red staining confirmed the increased
neutral lipid deposition in strontium ion applied skin. Electron microscopic observation also revealed an increased

lamellar body secretion in strontium ion applied skin.

Conclusion: Strontium ion can play a regulatory role in epidermal permeability barrier homeostasis due to, at least
in part, its competitive action on calcium ion for the same ion channel. (Korean J Dermatol 2006;44(11):1309 ~

1316)
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13 B3 Aol Zg oo HXe JTFL, 259 &
H (sonophoresis) 0] W} 0] &4+HF @ W (fontophoresis) ©] I %- &
gl &A4F glo] 3 ] L o] 7]&7]9 HelE f=s
o FHUALAL BEHE Z7MATE AS Fdte 8 4
ATHHY, o)s} A B ol ZHoE FFES o]FH

A B39 W 2 ol TEE BFE 9L = gycolic
acidg F-5E AF 3Fd AHgshe Aol FraFEed

O

T ‘0O

(transepidermal water loss)9] W3} §lo] SdAA 9] &0z}
7t Aoz Bad uh ot Z oL o9l o}
oko] L (multivalent cations)® %3 F3} AHo|| kS n|X]
H, 53] vfau|5 o] o] FEAFE o] &3 & oA
3 Aol 3ES X3k Aog Bud v okt

2EEF o]l Al U 4 o] Add vX= 9T
o] < o2 A FASHH, L o] Yt ik
£ 2EZ 3 (depolarization) S AstE &7 e AL
2 4HA dn’. w3 AP ENAN 2 o)L
A EZAZA interleukin-1q, tumor necrosis factor-a 53 2
2 G3A APIEFRIY HHIE dAEte Aoz HaH
HE I, o] Y3 Z4p o] 23 AEREF oL 7o 43 &
|2 2EEF oo 1Y T FH9 3F V)M JF
< uE F dde 7RSS AAISHY mEkA, B AT
Me Z2EEF o]2o] 13 F3} FEe 3l& vX= g
TS FH AFHE o] L3 BE 2dS Bl BAEHTy.
o|9} &7 3 T} o A= AoZ & A

2
o
tlo

[ere] T
A= Zg ol viavle oS 2EEF o2 T4
of Exsh= 45, 3% FHe S5 nA= dFe #F
a3tk ol& Slste], WEAQ Ho|lZ AEZFS Fdto]
AHE BRG] REEF o) &9, Ay ol &
A4, vpadlg o] &8 A4 =Xt Y IE £S5
S8t 479 oles 2Rt EXxshe 499 =
&= S8 olek A, B AvEa A Avl7

B 8~125F9 oA 1 AFH(hairless mouse: Hr /Hr)
= T 40~60%2] A TYg 3%
T AR E o] 83t AEsta AP AHEs AT Calcium
chloride, magnesium chloride, strontium chloride= Sigma
Chemical (St. Louis, MO, USA)ol A F3ted Z+zhe] ALE-
swo] BEE 2R50) H43e] Agsgon, Jg
FHA ge Aoke BAE olYe] £ER g

2. MEu

1) B4 Snf & 2 9 ARu$ELN X=X

4% Chloral hydrate 898 B7}FAIS £t FY51A
CAS RE AF ) wRE HEA Holx AEYYL
53l ARYFEEM0] 35~40 mg/em’/hrr} HEE X

39 B3 AHS &MY ARIFEEAS TEWameter
TM210 (Courage & Khazaka, Cologne, Germany)2 ©]-83}<]
St 29 53 g8 &4 A5 10 mMY 20 mM9
calcium chloride, magnesium chloride, strontium chloride &
HE Zh7E 1502 FH o] £4EH F9lol =ESHAL, 108
WA g & paper towel S ©]-8-3te] T FH Holgd
LAE AASET. WEZTOEA ethanol® polyethy-
lene glycol 400 (Sigma Chemical, St. Louis, MA, USA)S
473072 ERF $9S mEsdt 904 £4 4
.36 400 F ARAFEEAS A9, 2749 A
RS ARs 28 DA AdSAC
£4E Ader 2212°C, AUFE 40~60% 39
2 204 BT
A AFe] FAA frolA2 two-tailed Student’s t-test
g olfste] AASLLR, Fol5E e 05%2 AR

2) Nile red A4

243 ) AT Ade) BEE DA A3,
Nile red (9-diethyl amino-5H-benzo-a-phenoxazine-5-one:
Sigma Chemical, St. Louis, MA, USA)E o] &3} M-S
Algatdeh. 10pe] 10 mM Nile red 48 2 o] =3
& 1087F ®FX3}ar, Confocal laser scanning microscopy
Al 2~ (BioRad MRC 600 mounted on a Zeiss LSM510 in-
verted microscopy)S ©]-83t] S 33T}, Excitation 27
£ 488 nmP 2.1, emission FFL 514 nmF T}

3) MASHOIE AAt

£ o 24 olLe] REE B3] Slshel, calcium-
ion capture cytochemistry2 A]3§atach i &S A7
3 & ZA] 2% glutaraldehyde, 2% formaldehyde, 90 mM
potassium oxalate, 1.4% sucrose® ZAE 1A Ao =7} 4°C
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atol Al Bt 2417 3ol 2L 0.5 mm’Y 7|2 A
At & WA A A2t fld s Fe 11831
o} o]% 1 ml9 0sO, & (4%)&} 3 ml9 potassium
pyroantimonate £ (2%)°] EFH FuFYo 2 2A7t F
F ds HolA HAEA T ‘@%&%‘T‘(DH 10.0)E o] &3}
o 10827 AH3 & S o s g4 2 IvjE
Alg)star, 3 Az} w7 (H-500, Hitachi, Japan) 2.2 &
25190},

(3 W FHLAE &3] Y5t ruthenium tetroxide
T 145 Adsta dAdArFo 2 #AHAsHT =4S
A 7AS & 2% glutaldehyde, 2% paraformaldehyde, 0.06%
calcium chloride, 0.1 M sodium cacodylate =< (pH 7.4)
© 2 ZA % modified Karnovsky &80 Yo ALlox 1
AIZE FQt WAIS & 4°Col A 18~24417F B 1835

487 9 2ERE ool Fu A E3] £3} 44 3% nAE 4T 1311

o} 1A NS A AT 2 0.1 M sodium cacodylate 5N O
= 33) AA3staL, 0.25% RuO, £H O Z ALof A

4587 & 1339 0.1 M sodium cacodylate &5H o
21087 AFEe 3 50 Hos g4 9 IuE

Al 8}kal, uranyl acetate®} lead citrate2 GAste] E3} A
XP‘fiﬂlﬁ(H-soo Hitachi, Japan)© 2 ##a}¢]ch.
4) M=Z L 25 0|2 sE #HE =5

wjokE A F2 AAFAAMEF(human immortalized
keratinocyte cell line)?] HaCaTAH|E 3 mlS X33l e
g HE FE7} uMo] HEE Fura-2/AMS 718},
Ao A 3087 AAE AFEEA AEZ Yo 8221
%, 10 mM HEPES $% (130 mM NaCl, 4.5 mM KCl, 1
mM NaH,PO;, 1 mM MgSO4, 1.5 mM CaCl,, 25 mM

NaHCOs;, 10 mM D-glucose, pH 7.4)& £% 2 mle] £E2
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Fig. 1.

Effects of strontium, magnesium, calcium ions and ion mixtures on epidermal permeability barrier recovery rate. Topical
application of 10 mM strontium chloride solution (A) and 20 mM magnesium chloride solution (B) significantly accelerated the
barrier recovery, compared with vehicle-applied skin. Co-application of 10 mM magnesium chloride and strontium chloride solution
(C) also accelerated barrier recovery rate. While 10 mM calcium chloride solution did not induced any significant effect on the

barrier recovery rate, the mixture of the calcium chloride and strontium chloride solution significantly accelerated barrier recovery
rate (D)(*: p<0.05, ": p<0.01).



1312 39 27 e 3= A 44 A A 113 2006

THFAA AE Ul ZF ol T WH3tE S43HH.
ME W Z4E spectroflurometry (Photon Technology In-
ternational, Brunswick, NJ, USA)E o|-&3}o] A3} 0
o, &8 9 (excitation wavelength)< 340 nm<} 380 nm
7} MEEHEE #FQ 3, ¥ (emission wavelength)-<
510 nmolA] SA3AY. AE | dFole g5 U534
2 4G o]gste] Axtstdn

[Ca™1i=Kd X St/ [(R-Rpin)/(RenaxR) ]

oluf, Kd= fura-29] Kd Zt, RS =A= 340/380 nm
fluorescence HlE& %k, Rune 2.5 mM EGTAd| ®k§-3k
HaCaT A X2} 340/380 nm fluorescence Hl-& 3k, Ry 25
mM ionomycin®] ¥F$-3F HaCaT A|3E9 340/380 nm flu-
orescence H|-& Zt, Spe Rminol Al 380 nme] 34 Z=

3 hrs

' 4

Vehicle

e
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Magnesium

Strontium

Calcium +
strontium |

Magnesium
+ strontium

#, Swe RmaxolA] 380 nm¢] JBAE gs etk
A W Zg ol HIE FEdts EZZA sarco-
plasmic/endoplasmic reticulum calcium-ATPase inhibitor$]
thapsigargin (Sigma Chemical, St. Louis, MA, USA)<S 1uM
SERE ZHFTUA AE Y Zg o] HIE #E5H3
omn, ojmf A 9 ZFold FEE 1.5 mME FA 3}
o). Thapsigargin ] 2] & 240% Zof 1.5 mM9] strontium
chloride &H-& F93td AE ) L4 o] WHIE &

Baheleh,

74 J_l_l.
1. ZRurE2d 35
w4 O & F ARYFEEAY] 35S 10 mM
9] strontium chloride® =323 oA, A8 &4 F 34

6 hrs

Fig. 2. Topical application of mag-
nesium chloride solution (20 mM),
strontium chloride solution (10
mM) or mixture solution (10 mM
for calcium, strontium and mag-
nesium ions, respectively) on bar-
rier-disrupted skin showed increased
neutral lipid deposition in stratum
corneum, compared to vehicle ap-
plied skin. Note the yellow intense
fluorescence observed in stratum
corneum, which represents the SC
intercorneocyte lipids.
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H]3}e] 20 mM 2] strontlum chlorideE =¥3F A lz2T
o vstel A £ F AT AT Fo| AT 3
£ zol7k ‘4'51"4'11 e- 2kt Magnesium chlorideE E3¥
3 7o)X= 10 mM magnesium chloride E¥7¢] A% 3
A ZE 6A1ZE Fof] tztol] Hlstke] fofdk S EEY A
o7} YelUA &6 H]S}e], 20 mM magnesium chloride
TXTY S 742 3R oA 7Ol A bl el H]Efe
ol AH FEEY I/ BEHATFe 1A, B).
Magnesium chloride®} strontium chloride® Ao =¥3h
A, Z4Zo] o] 29 FE7}F 10 mMSl A% thZTtel Blst
o %9]5} SEE9 F77F #EHALY, 20 mMSl A
A £ 5 3Tl froldt FU1E YERAH. 19 3
AW £4A171 3 calcium chlorideE =X¥3F 739 g3
e IEE Wyt #FEHA LRk, strontium
chlorideZ calcium chloride®} & Al _‘.:_E??} AL 2T
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AZEATE 20 mMe] magnesium chloride?} 10 mME]
strontium chloride &g AY £ & =¥ 3 ZF A=
ZAME XA F7F Aol FFEYOH, 10 mM9
calcium chloride®} 10 mM9] strontium chlorideE = A] 9|
T¥3 ZAT 10 mM9 magnesium chloride®t 10 mM9]
strontium chlorideE FAJo] EX¥3F ZA AT hFT
H3te] ZHAAMEE A F77F FEREH AT (Fig. 2). &
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Fig. 3. Epidermal calcium gradient changes at 3 hrs after topical application of various ion solutions (A). Normal epidermal calcium
gradient, with highest levels in stratum granulosum and lowest levels in stratum basale, was observed in control skin (Control). While
loss of calcium gradient was observed in vehicle-applied skin (Vehicle) at 3 hrs after acute barrier disruption, partial recovery of
epidermal calcium gradient, induced by increased calcium ion distribution in stratum granulosum, was observed in magnesium
chloride- (Mg), strontium chloride- (Sr) only applied skin, as well as equimolar mixture of calcium chloride and strontium chloride
(Ca+Sr), and magnesium chloride and strontium chloride solution (Mg+Sr). Electron microscopic findings of the stratum
granulosum-stratum corneum junctions at 3 hrs after disruption (B). Increased lamellar body secretion at SG-SC junction was
observed in Sr or Mg applied skin, compared to vehicle-applied skin. Similar up-regulation of LBs secretion was also observed in Ca

+Sr, and Mg+Sr applied skin.
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Fig. 4. Extracellular strontium ions decreased the intracellular
calcium ion concentration by competing with extracellular cal-
cium ions. Treatment of 1uM of thapsigargin, a sarcoplasmic/
endoplasmic reticulum calcium-ATPase inhibitor, increased the
intracellular calcium concentration by inducing the release of
calcium ions stored in ER. The influx of extracellular calcium
ions into cytosol was observed immediately after thapsigargin
treatment (B, D 200 sec). After the 1.5 mM strontium treat-
ment, the intracellular calcium concentration was significantly
decreased, possibly due to the competing influx of extracellular
strontium ions (C, D 600 sec). The ratio of fluorescence inten-
sities (Fura-2AM, 340 nm/380 nm) represents the intracellular
calcium ion concentration. Cell color indicated the fura-2 AM
emission ratio (340 nm/380 nm) with blue (A) representing low
[Ca*1, and yellow/red (B, C) representing high [Ca®*]; in the
cytosol.

A8 & A AR A tixTelA ®29 W A
o] 71&719] Aol FFEH A O, magnesium chloride$}
strontium chloride® =X3%+ FolM= APdEF W 24 o=
o ARl ZAUA, E3) 1 B o1& A8} HE
o7 3HEE Aol THEHUG. ole} A calciumiq-
strontium, magnesium3} strontium< FA| o] E=E3F Lo A
T 329 U ZF o2 71&7]9 FEARI 5o #AEH
ThFig. 3A). %3] W] SH2AE BHE7] Hste] 24
ruthenium tetroxide & 14 & AxHu|Fo =z A& 2

7}, strontium ion¥} magnesium ionSs E=XE3FF ToA ZHE
23 B2 Apolel B SHLA BH9 Zb} B
gugor], o)ee EF FANAE FAD
2259w 1479 o2 §AG BT
T3 FHF Abole] Adute] shgo] BEEo] A
AR Ukt ARysEEY JEEY F

aA Zrle Sl o3 AU AAbekAtH(Fig. 3B).
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4. M=Z U 25 o|2 sk9 #sal
ZEEF o]20] 13 U 4 o] F=d JFS 1A
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