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Summary. The amino-carbonyl reaction (The Maillard reaction) of bovine lens 
crystallin, serum albumin or skin collagen with glucose was investigated to 
find effective means to prevent the formation of Advanced Glycation End 
Products (AGE) and induce the reversible solubilization of polymerized glycated 
proteins. The organic germanium compounds (Ge-132, 373, 385), derivatives of 
amino acids containing germanium as the linker of framework, were combined 
by the box titration method to determine the dose that would be most effective, 
compared with Aminoguanidine-HC1 (AMG), 0~-tocopherol (VE), and 
pirenoxine (Catalin-K, CK). Although AMG suppressed the formation of AGE, 
effective concentrations were higher than 20 raM. Ge-385, when administered 
by itself at a low dose, induced the reversible solubilization of AGE made from 
crystallin, and albumin. The addition of any two reagents such as AMG, VE, 
CK and Ge-132 or 385 together to proteins lessened the effective range, and the 
peaks of smaller molecules in the profiles of HPLC and PAGE were quite 
remarkable. Examination was made of the effects of Ge-132 on the eyes of SAM 
mice, which show senescence accelerated cataracts at a relatively young age. The 
prevention of cataract-genesis and induction of reversible transparency of turbid 

* Abbreviations used in this paper: BLC bovine lens crystallin; BSA bovine serum albumin; 
AsCol acid soluble bovine skin collagen type III; AGE advanced glycation end products; 
Ge-132 2-Carboxyethylgermanium sesquioxide, Ge-373 2-Carboxy-2-amino-6-phenyl ger- 
manium sesquioxide; Ge-385 2-Carboxy-ethyl-2-aminogermanium sesquioxide; AMG or 
AG aminoguanidine-HC1; V. E. vitamin E or ~-tocopherol; CK 1-Hydroxy-5-oxo-5H- 
pyrido [3, 2-a] phenoxazine-3-carboxylic acid or catalin-K or pirenoxine; PACE poly- 
acrylamide gel electrophoresis; SAM senescence accelerated mouse; HPLC high pressure 
liquid chromatography; SDS sodium laurylsulfate; FT fructose-p-toluidine. 
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lenses became evident following the administration of Ge-132 to the eyes 4 times 
a day. The mode of action of organic germanium compounds was demonstrated 
quite capable of disconnecting the sugar-parts from AGE by decarbonylation, 
resulting in the formation of glucosone and amino residues, and further leading 
subsequently to fewer AGE. 

Keywords: Amino acids - The Maillard reaction - Advanced glycation end 
products (AGE) - Reversible solubilization - Organic germanium compounds 
- Decarbonylation 

Introduction 

The Maillard reaction may possibly be the major etiology of cataracts, arterio- 
sclerosis, mutations and even aging. However, research on etiology and therapy 
for these diseases has just started (Monnier, et al., 1984, and Brownlee, et al., 
1988). It is commonly considered that the final glycation products (AGE) cannot 
be digested by proteinases except Fructosyl-amino acid oxidase from Cory- 
nebacterium sp. 2-4-1 (Horiuchi, et al., 1989). However, the application of this 
enzyme for human therapy involves several difficulties such as antigenicity, and 
drug-delivery and penetration into disease-foci. From this viewpoint it is the 
most urgent research project to find out the drugs with low antigenicity and 
molecular size, and which can disconnect AGE into components with smaller 
sizes. 

Although the etiology of all cataracts is not necessarily the Maillard reaction, 
the amino-carbonyl reaction in the human body would account for this disease. 
For complete clarification of this point, an in vitro cataract model was first 
established, and the effectiveness of aminoguanidine-HC1 (AMG) (Brownlee, et 
al., 1986), VE, and CK was subsequently examined and comparison was made 
with the effects of the organic germanium compounds, Ge-132, 373, and 385, 
derivatives of amino acids containing germanium as the linker of framework. 
AMG was found actually prevent the glycation of proteins but only when 
administered at a very high dose. The Ge-compounds, VE, and CK were effec- 
tive, even when given alone at various concentrations. The same effectiveness 
could be attained at a lesser dose of either when both were administered together. 
They were quite capable of causing reversible solubilization of AGE. The effec- 
tiveness of Ge-132 and CK for preventing and solubilizing senile cataracts in 
SAM mice was confirmed. The effects of Ce-compounds and AMG in the 
Maillard reaction of BSA and collagen with glucose were also examined, and 
the results obtained appear to hold potential as a basis for therapy that would 
prevent the progress of glycation and induce the reversible transparency of 
polymerized proteins formed by the Maillard reaction in vivo. 

Material and methods 

Proteins, reagents, and experimental procedures 

Bovine lens ~-crystallin (BLC), bovine serum albumin (BSA), acid soluble bovine skin 
collagen type III (AsCol; SIGMA, St. Louis, MO) were dissolved separately in 0.5M 
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phosphate buffer, pH 7.4, containing 6 mM NaN3 at a specified concentration. An equal 
volume of 400 mM glucose in distilled water was mixed with each of these protein solutions. 
Aminoguanidine-HC1 (AMG) (Tokyo Kasei Co., Itabashi, Tokyo), a-tocopherol acetate 
(vitamin E) (SIGMA), 1-Hydroxy-5-oxo-5H-pyrido [3, 2-a] phenoxazine-3-carboxylic acid 
(pirenoxine, Catalin-K, CK, Senju Pharmaceutical Co., Osaka) (Ogino, 1955), 2-Carboxy- 
ethylgermanium sesquioxide (Ge-132) (Miyao, et al., 1988), 2-Carboxy-2-amino-l-phenyl- 
ethyl-germanium sesquioxide (Ge-373) and 2-Carboxy-2-aminoethylgermanium sesquioxide 
(Ge-385) (Fig. 1) were dissolved in 50 mM phosphate buffer, pH7.4 at the 20 times concentra- 
tions, and 1/20 volume of the serial diluent was added to each well by the box-titration 
method. Plates were incubated at 37 ° C in a moisture saturated plastic box. On the sampling 
day, 7/zl were taken into a small tube and diluted with 133/~1 of 5 mM phosphate buffer, 
pH6.8 prior to conducting HPLC using a TSK-G3000SW column, UV detector (280 rim, 
UV-8010), and fluoro-detector FS-8010 (Ext:350 nm, Emt:440 nm) controled by a super 
system controler SC-8010. The results were automatically calculated and recorded by a 
PP-8010 recorder (Toso, Co., Akasaka, Tokyo). 

(1) 2-Carboxyethylgermanium sesquioxide : Ge-132 

03(GeCH2CH2COOH) 2 NW : 333 

(2) 2-Carboxy-2-aminoethylgermanlum sesquioxlde : Ge-385 

03(GeCH2CHCOOH) 2 MW : 369 
I 

NH 2 

(3) 2-Carboxy-2-amino-l-phenylethylgermanium sesquioxide : Ge-373 

03(GeCH-CHCOOH) 2 MW- 521 

O NH 

(4) Aminoguanidine.HC1 

H2N-C-NHNH2"HC1 MW : 111 
II 
NH 

(5) a-Tocopherol, vitamin E MW : 431 
CH3 

CH3 CH3 CH3 CH3 CH~ 

(6) 1-Hydroxy-.5-oxo-SH-pyrido [3,2a]phenoxazine-3-carboxylic acid : 

Pirenoxine, Catalin-K 

H O . , ~ - -  COOH MW 308 

Fig. 1. Molecular formula of reagents used in this study 

Electrophoresis 

AGE made from collagen and glucose was analysed by polyacrylamide gel electrophoresis 
containing 1% sodium laurylsulfate (SDS) (SDS-PAGE) consisting of 4 to 12% continuous 
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gradient polyacrylamide. The gels were stained by silver stain (Woko Pure Chem. Co., 
Osaka) (Poehling, et al., 1981) and the profiles analysed by a densitometer (Type DNS-300, 
Shimadzu, Kyoto). 

Senescence accelerated mouse (SAM) as a cataract model 

SAM (P-3) mice at various months of age were kindly provided by Dr. M. Namiki, Nagoya 
University School of Agriculture, Chikusa-ku, Nagoya (Takeda, et al., 1981). One drop of 
eye solution consisting of 4% Ge-132 in saline and 0.005% pirenoxine (Catalin-K, CK) were 
applied together or separately to the eye 4 times per day (8, 12, 16, 20 o'clock). The progress 
of cataract development was followed under an anatomical microscope, with the animals 
anesthetized by nembuthal and their pupils dilated with a drop of0.5% tropicamide (Mydrin- 
P) which had been applied at four to five week interval. 

Mode of action of Ge-compounds 

Fructose-p-toluidine was used as a model for elucidation of the mechanism of reversible 
solubilization of turbid crystallin (Kawakishi, et al., 1990). Briefly, fructose-p-toluidine (FT) 2 
mM suspended in 50 mM phosphate buffer, pH7.4, was mixed with Ge-compounds (Ge-132, 
373, 385) at various concentrations and incubated at 40°C for 24 hours. As the control 
reagent, Cu 2+ 50/~M was used in FT 2 raM. The mixtures were analysed using a Develosil 
ODS-5 column (4.6 x 150 mm) with a solvent consisting of 3 parts CH3CN, and one part 
H20, the elution speed was 2.0 ml/min and monitoring was conducted by a UV detector at 
240 nm. 

Results 

Preventive effects of organic Ge-compounds and other reagents 
on the AGE formation from BLC 

When A M G  was used alone, the effective range exceeded that at 20 mM. At 
lesser doses, the effect was small or none. Ge-132 or Ge-385 administered alone 
was effective up to 51.20 nM or 10.24 nM or less, respectively. Together, their 
preventive effect was remarkable, as shown in Table 1. 

The effects of VE, C K  and Ge-132 on AGE formation from BLC were 
examined and are summarized in Table 2. Administered together, their suppres- 
sion of AGE formation was markedly more. 

The effects of A M G  and Ge-compounds on precipitated ready made AGE 
containing BLC and glucose were examined. A M G  200 mM, Ge-385 at all 
concentrations and 20 m M  Ge-132, when given alone, effectively induced the 
reversible transparency of turbid BLC. With A M G  and Ge-385 together, the 
transparent spots changed to 64 # M  A M G  and 32 # M  Ge-385. With Ge-132, 
they shifted to 4.0 m M  and 64 /~M AMG. In these spots, turbid crystallin 
became transparent within 13 days following their combined administration 
(Table 3). 

Glycation of BSA and effects of AMG and Ge-compounds 

The effects of A M G  and Ge-132 on the glycation of BSA are summarized in 
Fig. 2. A M G  or Ge-132 alone was incapable of preventing glycation, though 
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Fig. 2. Effects of aminoguanidine-HCl and Ge-132 on AGE formation from BSA and glucose 
were examined by mixing 100 mg/ml BSA in 0.5 M phosphate buffer containing 6 mM NaN 3 
and an equal volume of 200 mM glucose solution, followed by adding the reagents (AMG 
or AG, and Ge-132) at various concentrations. On each sampling day, 7 pl were taken and 
diluted by 5 mM phosphate buffer pH6.8 and analysed by HPLC using a TSK-G3000SW 

column, and fluorescence intensity was measure (Ext:350 nm, Emt:440 nm) 

A M G  did so when administered at the highest possible concentration. Their 
administration together caused decrease in fluorescent intensity with rise in 
A M G  concentration. 

The characteristic effects of Ge-385 were comparatively examined with Ge- 
132 on the glycation of BSA. Even though Ge-385 was present in the mixtures, 
glycation continued up to day 10 (Fig. 3) Thereafter, depending on the concentra- 
tion of Ge-385, fluorescence intensity decreased. Ge- 132 was incapable of having 
any such drastic effect. 

The collaborative effects of Ge-385 and A M G  on ready made AGE con- 
sisting of BSA and glucose were examined. With 4 m M  Ge-385 alone, glycation 
accelerated for a while and then decreased up to day 31 (Fig. 4). Of several 
combinations, 4 m M  Ge-385 and 1.6 m M  A M G  were clearly noted to prevent 
glycation (Curve No  2, the middle figure in the lower line). Higher concentra- 
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Fig. 3. Effects of Ge-compounds (Ge-132 and Ge-385) on the formation of AGE from BSA 
and glucose were examined by mixing 100 mg/ml BSA in 0.5 M phosphate b~ffer and 200 
mM glocuse containing 6 mM NaN 3, and Ge-compounds at various concentrations. Fluo- 
rescence intensity was measured at an excitation wave length of 350 nm and emission wave 

length of 440 nm using a fluoro-spectrophotometer type 850 (Hitachi Co., Tokyo) 

tions of A M G  (AG) generally appeared to suppress further progress of AGE 
formation. 

Glycation of collagen and effects of Ge-compounds and AMG 

Acid soluble bovine skin collagen incubated with 200 m M  glucose developed 
AGE, when  analysed by PAGE, as shown in Fig. 5. In the profiles of  PAGE, each 
reagent effectively prevented AGE formation at the specified concentration. 
On using Ge-compounds  and A M G  together, lesser doses were required for 
effectiveness, and large molecular AGEs clearly ceased to be evident in the 
P A G E  profile. 

The effects of  A M G  and Ge-compounds  on AGE formation as determined 
by a f luoro-spectrophotometer are summarized in Fig. 6. Although A M G  8.0 
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Ami noguan i d i ne-HC 1 Ge- 132 Ge- 385 

1 2 3 4 5 6 I 2 3 4 5 6 I 2 3 4 5 6 

I .  Col lagen I .  Co l l  + Gluc + Ge-132 8 .0  mM I .  Col lagen + Glucose 

2. Col lagen + Glucose 2. + Ge-132 1.6 mM 2. + Ge-385 40.0 mM 

3. + AG 20.0 mM 3. + Ge-132 0.32 mM 3. • Ge-385 8 .0  mM 

4. + AG 4 .0  mM 4. + Ge-132 0.064 mM 4. + Ge-385 1.6 mM 

5. + AG 0.8 mM 5. + Ge-132 0.0128 mM 5. + Ge-385 0.32 mM 

6. + AG 0.16 mM 6. + Ge-132 0.00256 mM 6. + Ge-385 0.064 mM 

AMG + Ge-132 

16 
2. 
3. 
4 .  

50 

6. 

3 4 5 6 

AMG 0.064 mM + Ge-132 8.0  mM 

+ Ge-132 1.6 mM 

+ Ge-132 0.32 mM 

+ Ge-132 0.064 mM 

+ Ge-132 0.0128 mM 

+ Ge-132 0.00256 mM 

I .  Collagen + Glucose 

2. + AG 0.064 mM + Ge-385 40.0 mM 

3. + Ge-385 8.0  mM 

4. + Ge-385 1.6 raM 

5. + Ge-385 0.32 mM 

6. + Ge-385 0.064 mM 

7, + AG 0.064 mM 

AMG + Ge-385 

I 2 3 4 5 6 7 

Fig. 5. Profiles by polyacrylamide gel electrophoresis (PAGE) of acid soluble bovine skin 
collagen. Various concentrations of reagents were added separately or together to the tube 
containing 10~mg collagen, 200 mM glucose and 3 mM sodium azide in 0.05 M phosphate 
buffer, pH7.4, and incubated at 37°C. A continuous gradient of 4 to 12% polyacrylamide 

gel with 1% SDS was used for analysis. The gels were stained by Silver stain 
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Fig. 6. Preventive effect of aminoguanidine-HC1 and germanium compounds on the forma- 
tion of advanced glycation end products (AGE) from calf skin collagen type III and glucose. 
In the control, reagent was added to the tube containing 10 mg bovine skin collagen type 
III and 200 mM glucose. In the experimental groups, various concentrations of reagents, 
indicated by numerals, were added. Fluorescence intensity was analysed using a fluorescence 
spectrophotometer (Type 1201, Hitachi-Nisseisangyo Co., Tokyo), at an excitation wave 

length 350 nm, and emission wave length 440 nm 
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mM effectively suppressed AGE formation, Ge-compounds could do so at lesser 
doses, such as 12.8 #M. By application of AMG and Ge-compounds together, 
Ge-132 was effective at 2.56 #M and AMG at 64 #M. 

The addition of Ge-132 3 weeks after incubating collagen and glucose at 
37°C accelerated AGE formation, and no definite decrease could be detected 
in the fluorescence by the effect of AMG or Ge-385. Neither was effective 
for preventing further progress of AGE formation, once the reaction had started 
(data not shown). 

Effects of Ge-132 on cataracts in senescence accelerated mouse (SAM) 

SAM (P-3) mice manifest cataracts at a very high rate (Hosokawa, et al., 
1988). The preventive effects of Ge-132 and CK when the mice were 1 month 
old were examined. One drop of 4% Ge-132 in saline and 0.005% CK in 1% 
boric acid were administered separately or together to the eyes 4 times per 
day. The simultaneous administrations of Ge-132 and CK to three SAM mice 
each one month old completely prevented any change in the lens for as long 
as 120 days, while all control lens showed macroscopic changes by day 60. 
The separate administration of each drug caused reduction in the rate of cata- 
ract-genesis (Fig. 7). 

The effects of Ge-132 at 10 months of age were also studied. As shown in 
Figure 8, in the group treated by Ge-132, the transparent eyes manifested 
change from 3 to 4 by 78 days, although transparency had been zero on day 
39. In the control group, no such reversibility could be observed by 123 days. 
SAM mice administered Ge-132 survived longer than the control group (number 
of eyes in surviving animals is indicated in Fig. 8 with numerals). 

Mode of action of Ge-compounds 

Ge-compounds were noted to degradate fructose-p-toluidine into all of its 
separate components, so that glucosone appeared to be free from FT molecules. 

Ef fec ts  of  Ge-132 and Pirenoxine on the CataracL of  SAM Mice ( I  Month of Age) 

Ge-132 
1oo% - -~ i  7 -  100% "7 I00~ 

I 

I 

Pirenoxine 
,oo, 

0 30 60 90 120 

Ge + PJ_renox 

i ! 

! 

' , I 

i ' ] i J 

! iii_~ 
0 30 60 90 120 0 30 60 90 120 120 day 

C o n t r o l  

i ~  i:~:i:l I iiiiiil 

i ::5:: ~ ::5:: 5:::: 

' iiiiii ...... i i!iii! :;:5: 
. . iiliii iiiiiX 

0 30 60 90 

Fig. 7. Preventive effects of Ge-132 and Catalin-K (Pirenoxine) on cataract-genesis in SAM 
mouse eyes at 1 month of age were examined, the drugs being administered separately or 
together. Each group consisted of 6 eyes. The numerals indicate days after starting the 
administration of the drugs 4 times a day. Black column: turbid, diagonally striped column: 

distortion of lens, meshed column: wedge formation, white column: transparent lens 
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Fig. 8. Induction of reversible transparency in the lens of SAM mice. Numbers on the right 
margin of each column indicate the number of eyes examined. SAM mice at 10 months of 
age were used as 0 time, and a drop of Ge-132 was continuously applied 4 times a day. Black 
column: 7o of turbid lens, meshed column: nuclear hardening of lens, and white column: 

transparent lens 

Table 4. Mode of action of Ge-compounds was investigated by fruc- 
tose-p-toluidine (FT) 2 mM suspended in 50 mM phosphate buffer, 
pH7.4, at 40°C for 24 hours. A Develosil ODS-5 column was used to 
analyse the degradation of FT to glucosone and toluidine, eluting the 
buffer consisted of CH3CN:H20 = 3:1, elution speed:2.0 ml/min, 

detecting at 240 nm 

Oxidative degradation of fructose-p-toluidine with Ge-compounds 

FT(peak area) Residual FT(~) Activity(~) 

None 70 100 0 
Cu 2+ 50/~M 7 10 100 
Ge-132 3 mM 51 72.9 30.2 

0.3 mM 50 71.4 31.7 
0.03 mM 52 74.3 28.6 

Ge-373 3 mM 36 54.3 50.8 
0.3 mM 46 65.7 38.1 

0.03 mM 48 68.6 34.9 
Ge-385 3 mM 41 58.6 46.0 

0.3 mM 49 70.0 33.3 
0.03 mM 52 74.3 28.6 

The  results summar ized  in Table  4 demons t ra t e  quite clearly that  Ge-com-  
pounds  can cause the b r e a k d o w n  of A G E  into glucosone and  amino  residues. 
The induc t ion  of reversible solubilization of A G E  m a y  thus occur  th rough  
non-enzymat i c  decarbonyla t ion .  
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Discussion 

The present results show the novel Ge-compounds, Ge-132, 373, and 385, to 
be effective for preventing the glycation of BLC, BSA, and collagen. In in vitro 
experiments, AMG was effective at relatively high doses. When AMG was 
administered along with any of these Ge-compounds, only 1/125 the original 
dose was effective for bringing about the solubilization of AGE consisting 
of BLC, and also BSA. The dose of Ge-132 was varied when used with AMG at 
high dose (20 mM). Ge-132 was generally effective at lower doses. 

The present results confirm Ce-132 to be adequate for treating cataracts 
in SAM mice by application to the eyes. Some turbid lens became transparent 
on day 78. This compound has long been used in Japan. Basic clinical data 
on its mode of action have thus accumulated and present authors undertook 
the present study using the weaker Ge-132, rather than Ge-385, though the 
later appeared a more effective agent for treatment. 

The effect of Ge-385 were much more stronger than 132 for reversing the 
solubilization of AGE and preventing glycation in BLC, BSA and collagen. 
This capacity for AGE solubilization revarsal in in vitro systems is the outstand- 
ing feature of this drug. However, the authors so far have not used it in in vivo 
experiments. Ge-385 is a derivative of alanine whose molecular formula is 
O3(GeCHzCHNH2COO)2, 2-Carboxy-2-aminoethylgermanium sesquioxide. 
Additional research on its toxicity and effects on protein synthesis has been 
conducted and neither toxicity nor incorporation into proteins has been detected 
(data not shown). 

In the present study, we did not show the biological activity of Ge-373, 
a derivative of phenylalanine, because this compound disconnected DNA 
strands and increased the absorption at 256 nm by the spectrophotometrical 
analysis (data not shown). Though we found that Ge-373 could also prevent 
AGE formation from BLC and BSA, such experimental data were not cited to 
avoid confusion with other Ge-compounds. 

The mode of the action of reagents used in this study is the focal point 
for application to practical clinical treatment. AMG, (molecular conformation, 
NHzC(NH)zNHzHC1 ), competitively binds to the carbonyl residue in sugar, and 
prevents further Amadori rearrangement. Ge-compounds supposedly possess 
activity for decarbonylation from amino-carbonyl complexes. In the model 
experiment using fructose-p-toluidine, the amino residue and glucosone were 
isolated as the effect of Ge-compounds. However, this free glucosone is reactive 
with amino acids through the assistance of trace transitional metals as contami- 
nates. Ge-385, having amino residues in its molecule, may effectively function to 
bring about decarbonylation and prevent amino residues of AGE separating 
from the reactive carbonyl residue. Thus, the effects of Ge-compounds particu- 
larly significant for reversing the solubilization of AGE produced from various 
proteins. 
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