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with a safety-razor 24 h before  the t reatment .  0.1 ml of  an  
e thanol  solution of  8 -MOP or of  angelicin,  at the concen-  
t ra t ion of  5 • 10 3 mol • 1 -~, was appl ied to an area of  skin 
within a polyethylene  ring of  1.7 cm diameter .  The  solute 
was evaporated with a s tream of  air for 1-2 min  6. E thanol  
was appl ied to the control  skin areas. The  surface concen-  
t ra t ion of  the substances appl ied was 2.2 x 10 7 mol x cm -2. 
The  skin was UV- i r rad ia ted  40 min after  appl ica t ion  of  the 
photosensit izers.  A SVD-120A high pressure mercury  l amp 
was used, with a glass filter, and a water  solution of  NiSO 4 
and CoSO 4 as ano the r  filter. The filters restricted the 
inc ident  i r radia t ion  main ly  to 334 nm. Q u a n t u m  fluence 
rates of  the inc ident  rad ia t ion  were dis t r ibuted (in percent-  
ages of  the total f luence rate) as follows: 10%, 63% and 27%, 
for the wavelengths  313, 334, and 366 nm, respectively, 
as es t imated with a r h o d a m i n e  q u a n t u m  counter  7. The  
total f luence rate of  UV radia t ion was 1.82• 1018 quan ta  
•  1 m-a (cor responding  to 1.03 J •  sec i m 2 as deter-  
mined  by ferrioxalate ac t inometry  v. The  cri terion of  the 
e ry thematous  response was the min imal  e ry thema dose 
(MED) ,  r edden ing  observed in 72 h after  the i rradiat ion.  
Five areas t reated with 8 -MOP or angelicin were i r radiated 

in order  to establish MED. The  fluence was enhanced  by 
30% for every o ther  area of  skin. 
Results ob ta ined  with 9 rabbi ts  are summar ized  in the 
table. The absolute  skin photosensi t ivi ty  of  individual  ani- 
mals is known to vary significantly. Tha t  is why we 
in t roduced one more pa rame te r  the ratio of  the M E D  of  
skin treated with 8 -MOP (MEDs_MOe) to the M E D  of skin 
treated with angelicin (MEDa@,  for each animal .  As is seen 
f rom the table, the e ry thema- induc ing  proper ty  of  angelicin 
under  i r radia t ion at 334 nm is comparab le  to that  of  8- 
MOP.  A 60-min i r radia t ion  (3700 J •  2) of  the skin 
treated with e thanol  a lone caused no reddening.  The  
known  values of  photosensi t iz ing activities, namely  37 and  
12 (relative units) for 8 -MOP and angelicin,  respectively, 
unde r  i r radia t ion  at 366 nm (2) may be accounted  for by 
the considerable  difference in the g366 values of  these 2 
substances.  
In our  exper iments  8 - M O P  and angelicin were shown to 
exhibi t  approximate ly  equal  photosensi t iz ing activities un- 
der  i r radia t ion  at  334 nm.  Consequent ly ,  cross-l inking with 
D N A  is not  impor t an t  in f u r o c o u m a r i n + U V A - i n d u c e d  
erythema.  

A comparison between skin photosensitizing activities of 8-MOP and 
angelicin. Incident irradiation is restricted mainly to 334 nm. 
MEDs_MO P, and MEDang are minimal erythema doses for 8- 
MOP + UVA and angelicin + UVA, respectively 

Animal No. MEDs_MOP MEDang MEDg_MOp 

(J m 2) (J m 2) MED~n, 

I 1483 803 1.85 
2 1483 1483 1.00 
3 536 803 0.67 
4 803 536 1.50 
5 803 357 2.25 
6 1112 1483 (/.75 
7 674 781 0.88 
8* 1112 > 1483 
9* 556 < 742 
Mean �9 SI) 987 • 144 892 • 165 1.27 • 

*These values were not taken into account in the ratio MEI)s MOP. 
MEDang 
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Summary. Phosphoci t ra te  and its ana logue  N-su lpho-2-amino  tr icarballylate were compared  with e t h a n e - l - h y d r o x y - l ,  1- 
45 d iphosphona te  for inhibi t ion of  calcium phospha te  crystall ization in hydroxyapat i te  induced crystal growth and  Ca 

uptake  by matr ix vesicles. Phosphoci t ra te  (1 ~tM) was the most  potent  inh ib i tor  followed by e t h a n e - l - h y d r o x y - l , l -  
d iphosphona te  and N-su lpho-2-amino  tr icarballylate,  the latter requir ing a high concent ra t ion  (100 gM) to be equally 
effective as an inhibi tor .  

Biological minera l iza t ion  is a complex p h e n o m e n o n  where-  
by calcium phospha te  salts are t rans formed to hydroxyapa-  
tite (HA), a process that  may be inf luenced by natura l  
inhibi tors  in the mic roenv i ronment .  Phosphoci t ra te  (PC) is 
one of  the most  po ten t  na tura l  inhibi tors  but  as yet its 
potent ia l  in vivo has not  been  thoroughly  investigated. 
However,  because PC may be prone to enzyme hydrolysis:,  
a search for new stable analogues  to PC was ini t iated.  One  
such analogue N-su lpho-2 -amino  tr icarballylate (SAT) has 
now been synthesized which is a little less active than PC as 

an anticalcifying agent  3. Nevertheless ,  its stability in vivo 
could enhance  its usefulness.  
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While growth and aggregation of HA or calcium oxalate 
crystals are negatively affected by PC and SAT, their ability 
to prevent heterogeneously nucleated crystal growth has 
not been assessed. Nucleation is an early stage proposed in 
calcification and epiphyseal cartilage matrix vesicles (MV) 
are thought to participate in this early event by accumulat- 
ing and transferring calcium and phosphate as HA to 
selected extracellular matrix sites 4-6. In order to compare 
the physicochemical and biological effects of the new 
anticalcifying agents in terms of nucleation and crystal 
growth, we have compared the responses of the inhibitors 
in a seeded crystal growth system and in the accumulation 
of calcium by isolated epiphyseal MV. 
Materials and Methods. Inhibitor assays systems, a) Seeded 
crystal growth: The system was essentially that developed 
in the laboratories of Fleisch 7. Metastable calcium 
phosphate solutions (0.5-ml aliquots) ranging in (Ca) • (Pi) 
product from 1.73 mM ~ to 6.73 mM 2 were seeded with 
16 pg of HA crystals 8 in the presence and absence of 
various concentrations of inhibitors. The mixtures were 
shaken in 5-ml screw-capped plastic vials for 24 h at 37 ~ 
and then centrifuged at 12,000 • g for 10 min. Total calcium 
in the supernatant was determined by atomic absorption 
spectrophotometry and inorganic phosphate by the method 
of Le Bel et al ~. In this system, the initial (Ca)• 
product necessary to induce 50% precipitation was the 
criterion by which the different inhibitors were judged and 
was previously found to be sensitive to inhibitors provided 
the incubation times were not too short m. 
b) Matrix vesicles: MV were isolated non-enzymatically 
from chicken epiphyseal cartilage by the method of 
Wuthier et alY which resulted in homogeneous vesicles in 
lighter sucrose density fractions A and B. Confirmation of 
purity was obtained through electron microscopy and alka- 
line phosphatase activity. 45Ca uptake by MV was deter- 
mined by the method of Warner and Wuthier m using the 
Millipore filtration technique on pooled fractions A and B 
incubated in the presence and absence of inhibitors. 
Assays and reagents. Protein associated with MV was 
estimated by the Coomassie blue dye binding method of 
Bradford ~. PC was synthesized by the method of Williams 
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Figure l. The effect of inhibitors of heterogeneously induced 
crystal growth. Phosphocitrate, N-sulpho-2-amino tricarballylate, 
ethane-1 hydroxy-l,l-diphosphonate and pyrophosphate were the 
inhibitors tested and a control value is included for comparison. 
The results shown are the mean_+ 1SD of triplicate assays from 
3 experiments. 

and Sallis ~4 by coupling triethyl citrate to cyanoethyl 
phosphate and subsequent alkaline hydrolysis whilst SAT 
was prepared by the sulphonation of 2-amino tricarbally- 
late with pyridine-sulphur trioxide 3. EHDP was a generous 
gift from the Proctor and Gamble Co. (Cincinnatti, Ohio). 
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Figure 2.  Comparative effectiveness of phosphocitrate, N-sulpho-2- 
amino tricarballylate, ethane-l-hydroxy-1, 1-diphosphonate on the 
inhibition of calcium accumulation by matrix vesicles. The data 
shown are the mean_+ 1 SD from 4 experiments. 
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Figure 3. Calcium accumulation by matrix vesicles in response to 
different concentrations of inhibitors. The inhibitors tested were 
phosphocitrate, N-sulpho-2-amino tricarballylate and ethane-1- 
hydroxy-1,1-diphosphonate. The data shown are the mean_+ 1 SD 
from 3 experiments. 
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Results and discussion. The compara t ive  effectiveness of  
PC, SAT and E H D P  and pyrophospha te  to block heteroge- 
neously induced crystal growth is shown in figure 1. Both 
PC and E H D P  at 0.5 I,tM concent ra t ion  were equally potent  
as inhibi tors;  SAT and pyrophospha te  required much high- 
er concent ra t ions  to exert s imilar  effects. Despite  the 
reduced response for SAT in this physicochemical  system, 
the compound  could still be a useful control ler  of  events in 
the in i t ia t ion of  calcification. 
In studies with calcium uptake  by MV, purif ied fractions 
were used in preference to he te rogeneous  MV enriched 
microsomes  because the characterist ics of  calcium uptake 
differ. It is known  that  microsomes accumula te  calcium 
actively whereas  MV are bel ieved to use a non-energy  
d e p e n d e n t  process ~2' 15. The  data  (fig. 2) reveal that  PC was 
the most  effective of  the inhibi tors ,  reducing accumula t ion  
by 85%. This  effect could not  be a t t r ibuted  to possible 
cleavage products  as in separate  experiments ,  Pi and citrate 
at concent ra t ions  up to 10 laM had no effect. This is 
interesting,  that  despite  a h igh alkal ine phospha tase  activity 
associated with the MV, PC was obviously still active. 
Inhib i t ion  (63%) was also seen with 1 g M  E H D P  but  
100 gM SAT was required to inhib i t  to the same degree. 
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The effect of  different  concent ra t ions  of  inhibi tors  on 
calcium accumula t ion  by MV is shown in figure 3. PC 
exhibi ted a maximal  response at 1 gM which remained  
unaffected with increased concent ra t ions  up to 100 btM. By 
contrast,  E H D P  which also exhibi ted maximal  response at 
1 laM showed decl ining effectiveness at concent ra t ions  in 
the range 10-100 I, tM. A different  pat tern  was seen with 
SAT, where  a l inear  increase in inh ib i t ion  up to 100 btM 
was observed.  Therea f t e r  (not  shown here)  no change  in 
effectiveness was appa ren t  up to 200 I~M. 
The differences no ted  may be in response to their  various 
mechan i sms  of  act ion because m a n y  factors in terplay  to 
de te rmine  the inh ib i to r  potency of  a c o m p o u n d  16. The  fact 
that  SAT is less effective than PC in bo th  test systems is not  
surpris ing consider ing their  s tructural  differences.  Ano the r  
area yet to be invest igated is the abili ty of  PC und SAT to 
b ind  to target  cell m e m b r a n e s  and  cross the p lasma m e m -  
b rane  of  cells. The  present  studies in h ighl ight ing  the 
potent ia l  of  SAT as a calcification inh ib i to r  do suggest that  
if  the c o m p o u n d  proves to be non- toxic  dur ing  long term 
adminis t ra t ion ,  it could be useful as a therapeut ic  agent  in 
some disorders  of  calcium metabol i sm.  
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Summary. (3H)Nit rendipine  b inding  to the bov ine  tracheal  muscle m e m b r a n e  at 25 ~ was rapid, sa turable  (Bma x = 14.8 • 
3.9 fmo l /mg  protein)  and of  high affinity ( K  d = 0.15 • 0.04 nM).  The  rank order  of  Ca 2§ antagonis ts  compe t ing  for airway 
(3H)nitrendipine b inding  was n i t r e n d i p i n e - n i s o l d i p i n e - n i f e d i p i n e > >  verapami l .  Cromolyn ,  however,  ne i ther  inh ib i ted  
nor increased the binding.  

Calc ium antagonis ts  such as nifedipine,  ve rapami l  and 
cromolyn have recently been  shown to be effective in 
prevent ing  exercise- or deep insp i ra t ion- induced  broncho-  
spasm in asthmatics  25. In addi t ion to their  stabil izing effect 
on the mast  cell m e m b r a n e  against  degranula t ion  of  the 

cell 6 8, the antagonists ,  except for cromolyn,  an ant ias th-  
matic  agent  used prophylact ical ly,  have a direct  inf luence 
on the tone of  the airway muscle.  Thus  n i fed ip ine  produces  
a potent  re laxat ion of  isolated t racheal  muscle e i ther  with  
intrinsic tone present  9' m or precont rac ted  by a b ronchocon-  


