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Summary. D-Lysine, the non-physiological isomer of L-lysine, 
can competitively reduce protein non-enzymatic glycation in 
vitro. To study the effect of D-lysine in vivo, 6-8-week old 
Sprague-Dawley rats with streptozotocin-induced diabetes 
mellitus were treated from diagnosis for 45 days with two 
daily subcutaneous injections of D-lysine (0.5 g- ml-1. day-i). 
Another group of diabetic rats was only injected with equal 
volumes of physiological saline (0.9% NaC1). Glycated 
haemoglobin was measured by ion exchange chromato- 
graphy, and glycated serum and lens proteins by boronate af- 
finity gel chromatography. Serum and urinary creatinine con- 
centrations were evaluated by the alkaline-picrate reaction. 
Urinary lysine concentrations at mid- and end-study were 
evaluated by cation exchange chromatography. Blood glu- 
cose concentrations, serum creatinine levels and creatinine 
clearances, measured at the end of the study, were similar 
in both diabetic groups ( > 22.0 mmol/1, < 106 gmol/1 and 
= 0.02 ml/s, respectively). Urinary lysine concentration in D- 

lysine-treated diabetic animals was more than 50-fold higher 
than in placebo-treated diabetic rats. In D-lysine-treated vs 
placebo-treated diabetic animals, a statistically significant 
reduction was found in the levels of glycated haemoglobin 
(stable HbA~; mean + SD = 3.00 + 0.74 % vs 4.02 + 0.46 %, 
p<0.05; labile HbAl=3.92+0.89% vs 5.84+0.61%, 
p < 0.005), glycated serum proteins (1.40 + 0.47 % vs 
2.52+1.15%, p <0.05) and glycated lens proteins 
(4.90 + 0.96 % vs 5.98 + 0.65 %,p < 0.05). Thus, D-lysine (i) is 
not nephrotoxic and (ii) causes a significant reduction of the 
early glycation products at the protein level. Therefore, the 
D-amino acid could be useful in attempting to control damag- 
ing phenomena associated with or due to an enhanced pro- 
tein non-enzymatic glycation. 

Key words: D-Lysine, Maillard reaction, non-enzymatic gly- 
cation, proteins, diabetes mellitus, streptozotocin rat model. 

Structural and functional characteristics of proteins can 
be altered by a series of interrelated chemical processes 
collectively known as "the Maillard reaction" [1]. The in- 
itial step of this reaction consists of a non-enzymatic con- 
densation between ambient glucose - i n  the open (aldose) 
form - and free protein terminal or side chain (mainly 
those of L-lysine) amino groups. It is now believed that the 
final adducts of the Maillard reaction, namely the late 
Amadori products or advanced glycation end-products 
(AGE), may be involved in physiological aging [2-4] and, 
in the case of diabetes mellitus with its associated hyper- 
glycaemia, in the pathogenetic sequelae leading to the late 
complications of this disease [5, 6]. Thus, pharmaco- 
chemical interventions, intended to modify the extent of 
the initial non-enzymatic glycation reaction, are being ac- 
tively investigated. Some of the products which have been 
studied in vitro and, in some cases, in vivo, are acetyl-sal- 
icylic acid [7, 8], vitamin C [9, 10] and Bendazac [11], al- 
though the most successful thus far is aminoguanidine 

[12-15]. It is believed that these compounds are capable of 
reducing the non-enzymatic glycation process either by 
interfering with glucose attachment to the free reaction 
sites on protein or by blocking further steps of the reac- 
tion. The main problem arising from this type of competi- 
tive effect is that other "foreign" chemical groups, instead 
of glucose, may become attached to proteins. This, in the 
long run, could hypothetically lead to functional and 
structural protein alterations, possibly just as damaging as 
those caused by glucose. 

We have approached the problem from a different 
angle: to try to reduce the extent of non-enzymatic glyca- 
tion by actively subtracting some of the reactive glucose 
(the open aldose form with the free carbonyl group, which 
makes up only a very small proportion of circulating sugar 
molecules, since, at any time, most of the glucose is in the 
form of the closed pyranose ring [16] ) from the protein 
reacting sites. For this purpose the dextro-isomer of L-ly- 
sine, D-lysine, has been chosen, on the principle that it pos- 
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Table 1, Metabolic and clinical chemical parameters measured in 
diabetic animals treated with D-lysine (Group A), diabetic animals 
treated with placebo (GroupB) and untreated control animals 
(Group C) 

Group A Group B Group C 

Blood glucose 25.1 + 3.8" 22.8 _+ 4.1 a 5.5 _+ 0.5 
(mmol/1) 

24-h urine 39 + 13 35 • 9 26 _+ 7 
volume (ml) 

Body weight 91 + 15" 95 + 9 a 151 + 16 
increase (%) 

Serum creatinine 97 + 9 97 + 26 106 + 18 
(gmol/t) 

Creatinine 0.02 + 0.003 0.02 • 0.008 0.02 + 0.01 
clearance (ml/s) 

24 h-urine lysine concentration (mmol/1) 

Mid-experiment 20.1 + 2.2 0.2 • 0.1 (not measured) 
End-experiment 15.9• 0.3 • 0.3 0.2• 0.1 

a p < 0.0001 VS control group C (unpaired two-tailed Student's t-test) 
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Fig.1. Effect of D-lysine on non-enzymatic glycation of HbA1. The 
percent glycation of both stable (k~) and labile ( [ ] )  forms of HbA1 
in D-lysine-treated diabetic animals (Group A) is significantly re- 
duced (see below) by comparison with placebo-treated (Group B) 
diabetic animals and is not different from that measured in normal 
animals (Group C). Group statistical analysis. One-way ANOVA: 
(stable HbAI) F ratio = 7.064, df - 14, p < 0.01; (labile HbA 0 F 
ratio=15.524, df=14, p <0.0005. Unpaired one-tailed t-test: 
(stable HbA 0 Group A (n = 5) vs Group B (n = 5), df = 8,p < 0.05; 
Group A vs Group C (n = 5), NS; Group B vs Group C, p < 0.002. 
(labile HbA~) Group A vs Group B, p <0.005; Group A vs 
Group C, NS; Group B vs Group C,p < 0.0002 

sesses the  s ame  chemica l  character is t ics  as the  levo- form,  
bu t  is phys io log ica l ly  inact ive  and  is exc re t ed  ma in ly  by 
g l omeru l a r  f i l t ra t ion  [17, 18]. In  two in vi t ro s tudies  we 
have  shown tha t  the  inh ib i to ry  ac t ion of  D-lysine on non-  
enzymat ic  g lyca t ion  is specific and  amino  acid  concen t ra -  
t i o n - d e p e n d e n t  [19] and is effect ive in reduc ing  A G E  
levels [20]. In  the  p re sen t  s tudy we have  inves t iga ted  the  
inh ib i to ry  ac t ion  of  D-lysine on  the f o r m a t i o n  of  the  ear ly  
p roduc t s  of  the  Ma i l l a rd  r eac t i on  in vivo in an an imal  
m o d e l  of  d iabetes .  
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Materials and methods 

Animals 

A total of 10 male Sprague-Dawley rats, bred in the animal care 
facility of the Universitfi Cattolica del Sacro Cuore, Rome, Italy, 
weighing between 250-300 g (age: 6-8 weeks) were made diabetic by 
a single i.p. injection of streptozotocin, at a dose of 60 mg/kg body 
weight. Five rats of the same sex, weight and age were used as normal 
controls. 

Experimental protocol 

Treatment with D-lysine was begun immediately at onset of hyper- 
glycaemia (5-6 days after streptozotocin administration). Diabetic 
animals were randomly divided into two groups. Group A received 
two daily s.c. injections (mid-morning and mid-afternoon) of D-ly- 
sine monohydrochloride (Sigma Chimica, Milan, Italy) at a concen- 
tration of 0.250 g in 0.5 ml sterile distilled water, brought to pH 7.3 
with NaOH (1.0 tool/l). Group B was similarly injected with an 
equal volume of physiological saline (0.9 % NaC1, pH 7.3). Group C, 
consisting of normal rats, received no treatment and was used as 
baseline. Five bilateral injection sites were selected on the animal 
backs and changed daily on a rotation system, so that each site was 
reinjected at 5-day intervals, to cause as little dermal tissue irritation 
as possible. Treatment with D-lysine and placebo was continued for 
45 days. At completion of the study, all the animals were killed under 
ether anaesthesia and two blood samples (one with and the other 
without anti-coagulant) collected to obtain haemoglobin and serum 
proteins, respectively. Lenses, as source of proteins with sizeable 
amounts of the early products of the Maillard reaction (ketoamines 
or early Amadori products), were also removed and stored in liquid 
N2 until use. 

Metabolic parameter determination 

Initial and final blood glucose levels were determined by Haemoglu- 
cotest 20-800 R strips (Boehringer Mannheim Italia S. p. A., Milan, 
Italy). Animal body weights were checked and recorded throughout 
the study at weekly intervals. At experiment mid-point (23 days) and 
at its completion, all animals were placed in metabolic cages for 24-h 
urine collection. 

Clinical chemical parameter determination 

Urinary lysine concentration: the amino acid concentration in the 24- 
h urine samples was determined by cation exchange chromato- 
graphy, with post-colum n fluorescence detection using o-phthalal- 
dehyde/N-acetyl-cysteine. The method does not distinguish be- 
tween D- and L-amino acids [21]. 

Creatinine: the plasma and urinary levels of creatinine were 
measured by the alkaline-picrate reaction (Creatinine SERA-PAK; 
Miles Italiana S. p. A., Divisione Ames, Milan, Italy) 

Quantitative evaluation of glycated proteins 

Preparation of protein samples 

Haemoglobin and serum proteins: heparinised blood samples were 
centrifuged at 400 x g for 10 min. The plasma and the bully coat 
were discarded and 0.1 ml of packed erythrocytes removed and 
washed twice with 1.0 ml physiological saline. Following the removal 
of the last wash supernatant, 0.05 ml of washed packed erythrocytes 
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were lysed with 1.0 ml ice-cold distilled water. After centrifugation 
at 4~ for 10 min at 400 x g, the clear erythrocyte lysate containing 
haemoglobin was removed and stored at -80~ for further use. 
Non-l~eparinised, clotted blood samples were centrifuged for 10 rain 
at 400 x g and the serum removed. Excess glucose in the serum sam- 
ples was removed by 24-h dialysis at 4 ~ against i litre physiological 
saline. The dialysed serum samples were then stored at - 80 ~ for 
f~rther use. 

Lens water-soluble proteins: lenses were homogenised with a hand- 
held glass homogeniser in 2.0 ml de-aereated phosphate buffered 
saline (PBS 0.15 mol/l: NaC1, 8.00 g. 1- z; KC1, 0.20 g. 1 - 1; Na2H PO4, 
1.15 g. l - t ;  KH2PO~, 0.20 g. 1-~), pH 7.3. The lens homogenates 
were dialysed for 24 h at 4 ~ against 1 litre PBS and centrifuged at 
4~ for 2 h at 10,000 • g. The supernatant, containing water-soluble 
lens proteins, was removed and stored at 4 ~ before use. 

Determination of glycated protein levels 

Percent glycated haemoglobin was measured by ion exchange chro- 
matography (A. Menarini, Divisione Diagnostici, Florence, Italy), a 
method which discriminates between the stable (s) and the labile (1) 
forms of HbAv Serum and lens glycated proteins were separated 
from their non-glycated forms by means, of boronate affinity gel 
chromatography using the Gtyco. Gel B test kit (Pierce Chemical 
Company, Rockford, Ill., USA) [22]. The protein concentration in 
each serum and lens fraction was spectrophotometrically deter- 
mined (absorbance readings set at 280 nm), thus allowing calcula- 
tion of the percent glycation. 

Statistical analysis 

The data, expressed as mean +_ SD, were analysed by means of the 
one-way ANOVA for differences among treatment groups. Where a 
statistical significance was found (p < 0.05), the differences between 
treatment groups were analysed with the unpaired, one-tailed (un- 
less otherwise stated) Student's t-test. 

m 
e -  

"3 3 

E 
.= 

~ 2 -  
"0 

1 .-e 

T 
~ \ \ \ \ \  

" \ \ \ \ ~ ?  T 

Group A Group B Group C 

Hg.2. Effect of D-lysine on non-enzymatic glycation of serum pro- 
teins. The percent serum protein glycation in D-lysine-treated 
diabetic animals (Group A) is significantly reduced (see below) by 
comparison with placebo-treated (Group B) diabetic animals. No 
difference is found when group A and group C (control animals) 
values are compared. Group statistical analysis: One-way ANOVA: 
F ratio=3.781, df= 14, p =0.05. Unpaired one-tailed t-test: 
Group A (n = 5) vs Group B (n = 5), df = 8, p < 0.05; Group A vs 
Group C (n - 5), NS; Group B vs Group C,p < 0.05 
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Results 

The metabolic and the clinical chemical parameters 
measured in the three groups of animals are shown in 
Table 1. Final blood glucose levels were significantly 
higher  and  the pe r c e n t  increase  in b o d y  weight  s ignif icant-  
ly lower  in bo th  d iabe t ic  g roups  A and  B as c o m p a r e d  to 
the  n o r m a l  con t ro l  g roup  C. U r i n e  ou tpu t s  (24-h) were  
also h igher  in d iabe t i c  animals ,  bu t  d id  no t  r each  stat is t ical  
significance.  N o  d i f fe rences  were  o b s e r v e d  b e t w e e n  
d iabe t ic  g roups  A and B. S e r u m  crea t in ine  levels  and  cre- 
a t inine c lea rances  were  no t  d i f ferent  a m o n g  the t h ree  
groups.  U r i n a r y  lysine concen t r a t ions  at  m i d - p o i n t  or  
end -po in t  of the  e x p e r i m e n t  were  s ignif icant ly  inc reased  
in the  d iabe t ic  g roup  A as c o m p a r e d  to d iabe t i c  g roup  B 
and  n o r m a l  con t ro l  g roup  C. 

The  pe r c e n t a ge  of  g lyca ted  h a e m o g l o b i n  (HbA~ s and  
HbA~ 1), s e rum and  lens p ro t e ins  m e a s u r e d  in the  t h ree  
an imal  groups  are  shown in F igures  1, 2 and 3, respec t ive-  
ly. In  each  case, g lyca ted  p ro t e in  levels a re  s ignif icant ly  
lower  in the  d iabe t ic  g roup  A (D-lys ine- t rea ted)  as com- 
p a r e d  to the  d i abe t i c  g roup  B (p l acebo - t r ea t ed ) .  M o r e -  
over, no  d i f fe rence  is o b s e r v e d  when  d i abe t i c  g roup  A 
values  are  c o m p a r e d  to the  n o r m a l  base l ine  va lues  of  
g roup  C. 

Discussion 

D-Lysine t r e a t m e n t  in d iabe t i c  an imals  has  pos i t ive ly  ef- 
fec ted  the  r educ t i on  of  non -e nz yma t i c  g lyca t ion  of  the  se- 
lec ted  p ro t e in  types.  This  is ev iden t  even  if the  des ign of  
this in vivo s tudy only  a l lowed  the  d e t e r m i n a t i o n  of  the  
ear ly  A m a d o r i  by -p roduc t s  of  the  M a i l l a r d  reac t ion .  
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Fig.3. Effect of D-lysine on non-enzymatic glycation of lens pro- 
teins. The percent lens protein glycation in D-lysine-treated diabetic 
animals (Group A) is significantly reduced (see below) by compari- 
son with the placebo-treated (Group B) diabetic animals. No dif- 
ference is found when group A and group C (control animals) are 
compared. Group statistical analysis: One-way ANOVA: F ratio 
- 4.038, df = 14, p < 0.05. Unpaired onektailed t-test: Group A 
(n = 5) vs Group B (n = 5), df = 8, p < 0.05; Group A vs Group C 
(n = 5), NS; Group B vs Group C,p < 0.0i 
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An important condition for the occurrence of an inhibi- 
tory action on non-enzymatic glycation is, in the case of 
D-lysine, a high blood level of the amino acid, possibly 
throughout the day. Some studies on amino acid load have 
clearly demonstrated a toxic effect on kidney function [23, 
24]. These studies were however performed using a fairly 
rapid i. v. administration of the amino acids [24]. Although 
the total daily amount of D-lysine injected in our experi- 
ment was extremely large (0.5 g), since we wanted (a) to 
achieve a circulating level high enough to produce an evi- 
dent inhibitory effect and (b) to gain information about 
local tissue damage, the steady reabsorption into the 
blood stream from the s.c. injection sites is probably slow 
and would not lead to an abrupt renal load. Moreover, it 
has been shown that the nephrotoxicity of some D-amino 
acids, such as I>serine or D-proline, is directly correlated 
to the proximity of the amino group to the side chain 
group [25]. However, lengthening the backbone carbon 
chain has been shown to progressively reduce nephrotox- 
icity [25]: thus D-lysine would be one of the least toxic, 
given its 4-carbon chain backbone separating the two 
amino groups. Lack of D-lysine nephrotoxicity on short- 
term administration is also confirmed in our study, since 
serum creatinine levels and creatinine clearances (as 
index of renal involvement) are approximately the same 
in normal and diabetic animals, regardless of whether the 
latter were treated from the onset of diabetes with D-ly- 
sine or placebo. 

Although its chemical reactivity is identical to that of 
its levo-isomer, the principle of using D-lysine as a non- 
enzymatic glycation inhibitor is namely: (i) it is not used as 
a building block for mammalian proteins; (ii) it is appar- 
ently not toxic; (iii) it is excreted mainly by glomerular fil- 
tration with little or no renal tubular reabsorption [17, 18], 
and (iv) D-amino acid oxidase activity is very low against 
o-lysine [17, 26, 27]. These characteristics would explain 
the finding of significant urinary recovery of D-lysine fol- 
lowing i.v. administration reported in past studies [17], 
also confirmed in this study by the high levels of lysine 
(which could only be D-lysine) in the urine samples of D-ly- 
sine-treated diabetic animals. 

Given the characteristics described above, one impor- 
tant question arising concerning the overall effectiveness 
of D-lysine as a non-enzymatic glycation inhibitor is its 
physiological handling by cells and tissues. It is accepted 
that both passive and active transport processes, similar to 
those working for L-lysine, seem to be functioning for D-ly- 
sine, although the rate at which they occur is much slower 
and is apparently absent at the renal tubular level [28]. 
This would not affect the activity of the D-amino acid in 
other tissues, since a steady high blood level would allow 
enough molecules to react with the free carbonyl group of 
the aldose glucose, effectively subtracting part of it from 
reacting with proteins. 

The advantages brough about by this type of glycation 
inhibition are obvious. Other agents, such as aminogua- 
nidine, might reduce the formation of the late by-products 
of the Maillard reaction very efficiently by reacting irre- 
versibly with early Amadori  by-products or by other 
mechanisms. Yet, in so doing, they might cause the forma- 
tion, in proteins with long half-lives, of other end-products 
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equally reactive as the ones that they should prevent for- 
ming, as has been shown to occur with vitamin C [29]. Di- 
basic amino acids such as D,L-arginine and L-lysine, which 
have been shown in vitro to affect the biochemical proper- 
ties of rat tail tendons by inhibiting non-enzymatic glyca- 
tion of collagen [30], would be probably actively handled 
by physiological feed-back pathways. The physiological 
characteristics and the chemical mode of action of D-lysine 
would prevent the occurrence of these phenomena and 
thus would avoid a direct protein involvement. It would 
also mean that if cessation of treatment was necessary, this 
could be done without having caused any damage to pro- 
tein structure and function. 

In conclusion, this study has demonstrated that o-ly- 
sine treatment in chemically-induced diabetes is capable 
of reducing the excessive formation of the early products 
of the Maillard reaction on proteins. Thus, we believe that 
using long-term pharmacological treatment, the D-amino 
acid could have an effect on the formation of the late pro- 
ducts of the Maillard reaction - as shown in vitro [20] - and 
that it could potentially delay the appearance of the late 
pathologies associated with diabetic hyperglycaemia and 
aging. 
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