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Enzyme Activity in Aging Articular Cartilage 

B o t h  u l t r a s t ruc tu re  and  e n z y m a t i c  a c t i v i t y  of a r t i cu la r  
car t i lage change  w i t h  advanc ing  age l, ~. Dur ing  g rowth  
and  midlife,  t h e  ac t iv i t ies  of several  g lycolyt ic  enzymes ,  
of myokinase ,  of c rea t ine  phosphok inase  and  of isocitric 
d e h y d r o g e n a s e  var ied  inverse ly  of D N A  c o n t e n t ;  t he  
la t t e r  had  r isen s l ight ly  dur ing  t h e  f i rs t  t h r ee  mon ths ,  
d r o p p e d  s teep ly  a t  the  end of the  f i rs t  yea r  of life and  
r ema ined  abou t  s t a t i ona ry  thereaf te r .  Howeve r  in old 
age, t o t a l  e n z y m e  ac t iv i ty  of the  car t i lage as well as t h a t  
of ind iv idua l  c h o n d r o c y t e s  rose again.  This  func t iona l  
s t imu la t ion  was  associa ted  w i t h  rap id  t u r n o v e r  and  
organel lar  d e v e l o p m e n t  of tile cells. 

The p r e s e n t  inves t iga t ion  was car r ied  ou t  in order  to  
de t e rmine  w h e t h e r  or  n o t  s imi lar  aging changes  m i g h t  
occur  in regard  to  o t h e r  e n z y m e  sys t ems  invo lved  i n  
car t i lage  homeos tas i s  or degrada t ion .  

M a t e r i a l  and  methods.  The samples  of ar t icular  cart i lage 
were  o b t a i n e d  f rom the  same u n t r e a t e d  an imal s  used in 
t he  prev ious  inves t iga t ion ,  excep t  for a few ins tances  in 
wh ich  the  t issue had  to  be s u p p l e m e n t e d  f rom add i t iona l  
animals ,  Ar t icu lar  car t i lage was r e m o v e d  f rom the  femoral  
heads  and  knee jo in t s  of u n t r e a t e d  female  guinea-pigs ,  
2 weeks,  12 weeks,  1 year ,  21/2 years  a n d  53/4 years  of 
age. 4 an inmls  were  used for  each age group.  The  m e t h o d s  
used for collection,  and  p repa ra t ion  of t he  car t i lage were  
t h e  s ame  as those  r epo r t ed  earlier,  excep t  t h a t  0 .5% 
Tr i ton  X-100 was a d d e d  du r ing  the  general  d i lu t ion  of 
t h e  samples .  

The fol lowing enzymes  w e r e  p re sen t ly  assayed  : ur id ine  
d i p h o s p h a t e  glucose d ehyd rogenase  ( U D P D H )  3, 6-phos-  
phogluconic  d e h y d r o g enase  (6GPDH) *, mal ic  e n z y m e  5, 
g lu tamic  oxaloacet ic  t r a n s a m i n a s e  (GOT) 6, mal ic  de- 
hydrogenase  (MDH) 7, g lu tamic  dehydrogenase  (GLDH) 8 
f l-galactosidase 9, a -mannos idase  x°, ~-glucosidase xx, fl-ace- 

ty l  g lucosaminidase  7, sul fa tase  12, xo, and  ca theps in  D 9 
(Table I). Sul fa tase  was  s topped  w i t h  alkal ine quinol .  
f l -galactosidase and  ~¢-mannosidase were  s t o p p e d  wi th  
glycine (0.2M)-NaCI (0,1M)-Na2CO 3 (0.125M) buffer  
p H  10.7. Ca theps in  D and  x-glucosidase were  s t o p p e d  
wi th  5% Tr ichloroacet ic  Acid. 

Resul ts .  The  ac t iv i ty  of U D P G D H  changed  l i t t le  dur ing  
the  first  2~/2 years,  bu t  had  r isen to  a life t ime  peak  a t  
the  end of the  s i x t h  year  of life, t he  increase being a b o u t  
twofold  on t h e  basis  of d r y  we igh t  and  fourfold as cal- 
cu la ted  per  un i t  D N A  (Figure 1). 

The ac t iv i ty  of 6 P G D H  d r o p p e d  con t inuous ly  to  t he  
age of 2~/, years,  increas ing  t he r ea f t e r  to  more  t h a n  
twice  the  p rev ious  level as ca lcula ted  per  d ry  we igh t  and-  
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Table I. Reagents and incubation periods for enzyme determinations 

Enzyme Buffer Substrate (s) Other additions Standard Incubation 
time 

UDP-glucose 0.1 M Tris 0.5 mM DPN 
dehydrogcnase 8.6 2 mM UDPG 
6-P-gluconic 0.04N glycyl 0.5 mM TPN 
dehydrogenase glycine 7.6 2 mM 6-P-gluconate 
Malic enzyme 0.1M Tris 0.2 ruM TPN 

7.5 3 mM malate 
Glutamie oxalo- 0.1 M Tris 16 mM aspartic acid 
acetic transaminase 8.2 10 mM ccKG 

0.5 mM DPNH 
Malic 0.04M Imidazole 0.5 mM DPNH 
dehydrogenase 7.3 1 mM oxaloacetate 
Glutamic 0.1 M Tris 5 mM ~KG 
dehydrogenase 7.6 0.5 mM 

fl-galactosidase 0.02 M lactate 1 mM methylum 
4.0 bclliferyl-fl-D- 

gataetopyranoside 
~-mannosidase 0.02 M citrate 10 mM 4-methylum 

5.5 belliferyl-~-D- 
mannopyranoside 

~-glucosidase 0.02 M lactate 10 mM maltose 
4.0 

/5-acetyl 0.05 M acetate 1 rag/m1, 2-nitrophenyl- 
glucosaminidase 5.0 2-acetamido-2-deoxy- 

B-n-glucopyranoside 
Cathepsin 0.1M borate-acetate- 5 mgfinl bovine serum 

cocodylate 4.0 albumin 

DPNH 15 rain 

5 mM MgCI 2 TPNH 30 min 

0.02% BSA TPNH 30 rain 
0.1 mM MnC12 
1 [xg/ml MDH DPN 15 rain 
30 mM K2HPO, 

0.02% BSA DPN 30 rain 
15 mM nieotinamide 
30 mM KzHPO 4 DPN 30 rain 
40 mM (NH,)zSO 4 
1 mM ADP 
5 mM sodium amytal 

4-methylum 2 ix 
belliferone 

4-methylum 2 h 
belliferone 

Glucose 2 h 

p-nitrophenol 2 h 

Bovine serum 24 h 
albmnin 
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Table I I. Age-linked anges i enzyme activity • in articular cartilage of the lower extremity of female guinea-pigs 

EXPERIENTIA 2712 

Enzyme 2 weeks 12 weeks 1 year 2:[2 years 5814 years 

UDP glucose dehydrogenase (mM) 37.7 
6-phosphogluconic 
dchydrogenase (mM) 
fl-galaetosidase (raM) 
~-mannosidase ([/.M) 
Sulfatase ([xM) 
~-glueosidase (mM) 
Glutamic oxaloacetic 
transaminase (raM) 
Glutamic dehydrogenase (mM) 
i a l i c  dehydrogenase (mM) 
fl-aeetyl glucosaminidase (raM) 
Cathepsin (BSA) (g) 
Malie enzyme 

4- 5.5 37.8 4- 1.4 28.8 4- 2.5 32.1 4- 4.7 64.5 4- 8.6 
145 4- 14 43 4- 5 32 4- 3 30 4- 3 84 -t- 8 

10.16 4- 1.67 3.10 ~ 0.77 1.46 4- 0.17 1.78 4- 0.27 0.56 -4- 0.17 
398 4- 57 164 i 15 115 4- 7 132 4- 8 49 4- 13 

2.38 4- 0.24 2.74 :h 0.18 1.98 4- 0.09 2.70 q- 0.34 4.65 -4- 0.59 
241 4- 20 259 4- 29 175 4- 11 207 4- 37 379 4- 56 
634 4- 81 489 4- 94 374 4- 54 297 4- 58 247 4- 51 

50.0 ± 3.7 58.3 4- 6.7 35.6 ~ 9.1 28.4 i 3.7 <3 .5  
2137 4-346 1541 ±197 1506 -t=147 1492 -t=141 1918 i 1 4 2  

19.5 =t= 3.1 12.8 -I- 1.8 12.7 =[: 1.2 6.7 =12 1.3 1.1 -t- 0.3 
1.006-t- 0.124 0.723± 0.058 0.691± 0.089 0.587-t- 0.115 0.749~ 0.174 

Activity < 20 m M [ K d / h  for all samples 

CaIeulated as moles (M), millimolcs (m3/), micromoles (~tM), or grams (g)/kilogram dry weight/h. 4-, indicates s tandard error. 

to  6 t i m e s  t h e  p r e v i o u s  level  as  ca l cu l a t ed  on  t he  basis  
of DNA.  

Sulfa tase ,  a f t e r  showing  o n l y  m i n o r  v a r i a t i o n s  t h r o u g h  
g r o w t h  a n d  midl i fe  r e ach ed  a p e a k  of a c t i v i t y  a t  t h e  end  
of t h e  s i x t h  year .  T h e  increase  a m o u n t e d  to  a l m o s t  
twice  or  4 t i m e s  t h e  p r ev ious  level  as  ca l cu l a t ed  pe r  d r y  
weight ,  or  on  t h e  bas i s  of D N A  respec t ive ly  (F igure  2). 

T h e  a c t i v i t y  of ~-glucosidase  as ca lcu la ted  pe r  d r y  
we igh t  d r o p p e d  a f t e r  cessa t ion  of g rowth ,  b u t  rose a g a i n  
d u r i n g  midl i fe  a n d  in  old  age. As ca l cu la t ed  on  t he  basis  
of D N A  t h e  e n z y m e  c h a n g e d  l i t t l e  d u r i n g  g r o w t h  a n d  
midlife,  b u t  rose s l igh t ly  la te  in life. 
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Fig. 2. Sulfatase, -- ,  [zM[kg dry weight/h;  - - - ,  FM/g  DNA/h. 

Changes  in  M D H  a c t i v i t y  c a l c u l a t e d  p e r  d r y  w e i g h t  
were c h a r a c t e r i z e d  b y  a s h a r p  i n i t i a l  d r o p  fol lowed b y  a 
more  or  tess s t a t i o n a r y  p h a s e  d u r i n g  t h e  f i r s t  ha l f  of t h e  
life span ,  a n d  r i s ing  a g a i n  in old  age. As  ca l cu la t ed  p e r  
DNA,  t h e  e n z y m e  c h a n g e d  i nve r se ly  w i t h  t i le  f o r m e r  
d u r i n g  t h e  f i r s t  y e a r  b u t  inc reased  in  a c t i v i t y  d u r i n g  t h e  
l a t t e r  p a r t  of life (F igure  3). 

C a t h e p s i n  a c t i v i t y  dec reased  d u r i n g  g r o w t h  a n d  m i d -  
life, r i s ing  s l igh t ly  d u r i n g  t h e  l a s t  pe r iod  of obse rva t i on ,  
t h i s  r ise b e i n g  a b o u t  25% if ba sed  on  d r y  w e i g h t  a n d  
a b o u t  65O/o if ca l cu la t ed  on  t h e  bas i s  of D N A  (Figure  4). 

Malic  e n z y m e  was  too  low in a c t i v i t y  to  be  m e a s u r e d  
b y  t h e  m e t h o d  used.  T h e  ac t iv i t i e s  of t he  o t h e r  e n z y m e s  
a s sayed  dec l ined  more  or  less c o n t i n u o u s l y  w i t h  a d v a n c i n g  
age, e i t h e r  in  r e l a t i on  to  b o t h  d r y  w e i g h t  a n d  DNA,  or  
in  r e l a t i on  to  d r y  we igh t  on ly  a n d  a t  t h e  s ame  t i m e  
c h a n g i n g  inve r se ly  to  DNA.  

D i s c u s s i o n .  Q u a n t i t a t i v e  h i s t o c h e m i c a l  ana lys i s  of 
a r t i c u l a r  ca r t i l age  disclosed age- l inked  changes  in e n z y m e  
a c t i v i t y  in  a d d i t i o n  to  those  obse rved  p rev ious ly .  The re  
was a genera l  t r e n d  for all  e n z y m e s  to  decrease  in  a c t i v i t y  
a f t e r  cessa t ion  of ac t ive  g r o w t h  a n d  d u r i n g  midl i fe .  I n  
old age, a n u m b e r  of e n z y m e s  c o n t i n u e d  to  decl ine  in 
a c t i v i t y :  g l u t a m i c  oxa lace t i c  t r a n s a m i n a s e ,  e - m a n n o s i -  
dase,  f l -galactosidase,  g l u t a m i c  d e h y d r o g e n a s e  a n d  fl-ace- 
t y l  g lucosamin idase .  F o r  U D P G D H ,  6 - P G D H ,  sul fa tase ,  
e -g lucos idase  a n d  M D H ,  however ,  t h e  d o w n w a r d  t r e n d  
was  r eve r sed :  t h e  increase  f rom t h e  p r eced ing  level  be ing  
h i g h l y  s ign i f i can t  or, for  M D H  a n d  ca theps in ,  s ign i f ican t  
a t  t h e  5 0/o level.  

All  e n z y m e s  inc reas ing  in  a c t i v i t y  in  r e l a t i on  to  d r y  
weight ,  a lso increased  if ca l cu la t ed  pe r  u n i t  D N A .  The  
cu rve  for M D H  in p a r t i c u l a r  closely r e s e m b l e d  t h a t  of 
isoci tr ic  d e h y d r o g e n a s e  2, a n o t h e r  e n z y m e  of t h e  c i t r ic  
ac id  cycle, w h i c h  t h u s  seems to  p a r t i c i p a t e  in  t h e  s t imu-  
l a t i o n  of m e t a b o l i c  a c t i v i t y  of ag ing  car t i lage .  

The  increase  in  su l fa tase  a c t i v i t y  is of p a r t i c u l a r  
i n t e r e s t  in  v iew of t he  inc reased  u p t a k e  of S 35 b y  ag ing  
h u m a n  ca r t i l age  5 on  t h e  one  h a n d  a n d  t h e  p r e s u m e d  loss 
of c h o n d r o i t i n  su l fa te  f rom ag ing  ca r t i l age  on  t h e  o t h e r  13. 
T h e  r a t h e r  n a r r o w  r a n g e  of t h e  a c t i v i t y  of c a t h e p s i n  
t h r o u g h o u t  t h e  pe r iod  of o b s e r v a t i o n  sugges t s  2 possibi l i -  
t ies :  e i t h e r  t h i s  e n z y m e  so f a r  as  i t  is de r ived  f rom chon-  
d rocy t e s  does  n o t  p l a y  a m a j o r  role in  t h e  age - l inked  
d e g r a d a t i o n  of a r t i c u l a r  car t i lage ,  or  t h e  p a r t i c u l a r  
d e g r a d a t i v e  processes  in  w h i c h  i t  p a r t i c i p a t e s  p roceed  a t  
c o m p a r a t i v e l y  u n i f o r m  r a t e  t h r o u g h o u t  life. T h e  decl ine  
in t h e  ac t i v i t i e s  of o t h e r  e n z y m e s  p o t e n t i a l l y  a c t i v e  in 
d e g r a d a t i v e  processes  - such  as  f l-acetyl  g tucosamin idase ,  
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Table III. Age-linked changes in enzyme activity • in articular cartilage of the lower extremity of female guinea-pigs 
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Enzyme 2 weeks 12 weeks 1 year 2~li years pb 5at, years 

UDPGDH (mM) 5.98 ± 0.65 6,67 -t- 0.99 4.84 ~ 0.83 3.75 4- 0.62 a 16.65 4- 2.17 
6PGDH (mM) 22.69 4- 0.48 7,44 ± 0.48 4.55 4- 1.05 3.44 + 0,34 a 22,14 4- 3.05 
fl-galactosidase (mM) 1.6914- 0 . 4 3 0  0.5724- 0 . 0 9 3  0.2474- 0 . 0 3 3  0.172-t-. 0,023 NS 0.137:t= 0,022 
cc-mannosidase (~M) 63.0 4- 8.5 23.1 4- 0.6 18.8 4- 3.2 17.5 4. 2.9 NS 14,8 4- 1.3 
Sulfatase (tzM) 0.384=t= 0 . 0 5 8  0.5084- 0 . 0 9 0  0.337± 0.040 0.3124- 0.044 a 1.2094- 0.129 
c~-glueosidase (mM) 37.7 4- 1.2 24.7 4- 3.2 29.3 4- 3.9 28.4 4- 4.3 a 97.8 4- 10.7 
Glutamic oxaloacetic 422 -t- 46 264 4- 32 282 4- 35 173 4- 22 NS 191 4- 31 
transaminase (mM) 
Glutamicdehydrogenase (mM) 34,2 4- 5.5 32.9 4- 2.6 25,4 ~ 1.5 15.9 4- 1.2 a < 2  
Malie dehydrogenase (mM) 1 4 0 5  =t=167 849 4- 68 1167 4-187 887 4- 47 e 1516 -I-153 
fl-aeetylglueosaminidase (mM) 12.51 4- 0.84 7.11 4- 0.35 11.98 4- 0,67 3.84 4- 0.38 a 0.81 4- 0.26 
Cathepsin (BSA)(rag) 680 4- 90 410 4- 29 641 4- 13 333 4- 27 e 568 4- 51 

~' Calculated as micromoles (~M), millimoles (mM), moles (M), or milligrams (mg)/g DNA/h. b Statistical significance of difference between 
21], and 5814 year values, c p < 0.05. a p < 0.001. NS, P not significant. ~ ,  indicates standard error. 
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: t -mannos idase  and  f i-galactosidase - seems r emarkab l e  
in old age, w h e n  de te r io ra t ion  of t h e  g round  subs t ance  
is supposed  to  be p r o m i n e n t .  

No clear  cu t  cor re la t ion  be tween  organel lar  m o r p h o l o g y  
and  func t ion  is recognizable  beyond  the  fact  t h a t  in a 
non-specif ic  m a n n e r  the  d e v e l o p m e n t  of t h e  cel lular  
c o m p o n e n t s  is cons i s t en t  w i t h  increased  funct ion .  Of 
t he  e n z y m e s  assayed,  3 are p r e s u m e d  to  be p re sen t  in 
m i t o c h o n d r i a  a n d / o r  microsomes .  In  aging ar t icu lar  
chondrocy t e s  m i t o c h o n d r i a  m a y  be numerous  x; y e t  no 
co r respond ing  change  was  n o t e d  in microsomes.  Of the  
e n z y m e s  associa ted  w i t h  t hese  organelles,  GOT, G L D H  
and  a lkal ine  P ' a s e  decreased,  whereas  M D H  considered 
tobe  mi tochondr i a l  was  enhanced  in ac t iv i ty .  Of lysosomal  
enzymes ,  t h e  a c t i v i t y  of su l fa tase  increased m a r k e d l y  
a n d  t h a t  of a-glucosidase and  ca theps in  D sl ight ly,  b u t  still 
s igni f icant ly  a t  the  5% level. Conversely,  t h e  a c t i v i t y  of 

o the r  lysosomal  enzymes ,  such as f l-galactosidase,  u-man-  
nosidase,  f l -acetylglucosaminidase  a n d  acid  p h o s p h a t a s e  
dec l ined  or  changed  insignif icant ly ,  insp i te  of  a s l ight  
increase in the  n u m b e r  of lysosomes.  The  ac t iv i t ies  of 
var ious  enzymes  thus  va ry  i n d e p e n d e n t l y  of each  o t h e r  
an effect  observed  also fol lowing mechanica l  in jury  to  t he  
ar t icular  cart i lage zs. 

A decreasing ra t io  of M D H / L D H  has, on the  basis  of 
observa t ions  in the  rot i fer ,  been  cons idered  as an ind ica to r  
of aging le. If  the  values  o b t a i n e d  p resen t ly  for M D H  
are compared  w i t h  those  recorded  earl ier  for L D H  2, 
M D H / L D H  ra t ios  of 0.46, 0.32, 0.12, 0.28 and  0.11 are 
ob ta ined  for t h e  5 age  groups  respect ive ly .  W i t h  t h e  
excep t ion  of t h e  t w o  a n d  one  ha l f  yea r  s tage,  t he  M D H /  
L D H  ra t io  in a r t i cu la r  car t i lage  t h u s  also decl ined  in to  
old age. 

The  p r e s e n t  f ind ings  di f fer  f rom earl ier  r epor t s  1~ in 
t h a t  6 -phosphogluconic  d e h y d r o g e n a s e  could be d e m o n -  
s t r a t e d  in all age groups  e x a m i n e d  zs. 

Zusammen]assung. Ergebn i sse  q u a n t i t a t i v  h i s tochemi-  
scher  U n t e r s u c h u n g e n  am Gelenkknorpe l  yon Meer- 
s chwe inchen  ve r sch iedener  Al te r ss tu fen  werden  disku- 
t ier t .  U n m i t t e l b a r  nach  Abschluss  des L ~n g e n w a c h s t u ms  
s ink t  die E n z y m t ~ t i g k e i t  ab ;  im vorgeschr i t t enen  Al te r  
s enk t  s ich die Tit t igkeit  e iniger  E n z y m e  welter,  wi thrend 
ftir andere  wie U D P G L D H ,  6-PGDH,  MDH,  :~-Glucosi- 
dase,  Sulfa tase  und  K a t h e p s i n  D eine E r h 6 h u n g  der  Akt i -  
vi t l i t  b e o b a c h t e t  wurde .  
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