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Abstract: The enzyme transketolase (sedoheptulose-7-phosphate:D-glyceraldehyde-3-phosphate glycolaldehydetrans-

ferase, EC 2.2.1.1) is involved in the pentose phosphate pathway (PPP) and catalyses the transfer of a 2-carbon fragment 

from a 5-carbon keto sugar (xylulose-5-P) to a 5-carbon aldo sugar (ribose-5-P) to form a 7-carbon keto sugar (sedoheptu-

lose-7-P) and a 3-carbon aldo sugar (glyceraldehyde-3-P). Transketolase requires thiamine pyrophosphate as a co-factor. 

Advanced glycation endproducts (AGEs) are implicated in the complications of diabetes and aging, primarily via adven-

titious and crosslinking of tissue proteins. ALT-711 is an AGE crosslink breaker and has been tested as an intervention 

therapy in established complications of diabetes. It has been noticed that it has a similar structure to that of thiamine and it 

was hypothesized that it might inhibit transketolase by replacing the active co-factor rendering the enzyme inactive. In 

this study, we have established a novel microtiter plate format transketolase assay which determines the concentration of 

NADH by measuring its fluorescence. Using this assay, it was found that ALT-711 does not inhibit the activity of transke-

tolase up to concentration of 5 mM. We conclude that ALT-711 does not interfere with transketolase activity at clinically 

relevant concentrations.  
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INTRODUCTION 

 The accumulation of advanced glycation end products 
(AGEs) is responsible for many complications of diabetes 
[1]. Many of the effects of AGEs are due to their ability to 
cause crosslinking of proteins. Collagen is a primary exam-
ple of a protein that commonly becomes crosslinked, which 
results in stiffening of the connective tissue in arteries and 
the skin [2]. ALT-711 has been proposed to break AGE 
crosslinks and has proved to be successful as an intervention 
therapy in established complications in diabetes in a variety 
of animal models [3-6]. Whilst ALT-711 has many advanta-
geous properties, it has been noticed, that it and its major 
metabolite ALT-1235, have similar structures to that of 
thiamine (Fig. 1). Thiamine is a precursor of thiamine pyro-
phosphate (TPP). TPP is an essential cofactor for enzymes 
such as pyruvate dehydrogenase (E1 subunit), -
ketoglutarate dehydrogenase ( -KGDH), branched chain -
keto acid dehydrogenase and transketolase (TK) [7]. A de-
creased activity of these enzymes due to TPP deficiency re-
sults in serious disorders such as Beriberi and Wernicke-
Korsakoff syndrome [8-10]. The enzyme TK (sedoheptu-
lose-7-phosphate:D-glyceraldehyde-3-phosphate glycolalde-
hydetransferase, EC 2.2.1.1) is involved in the pentose phos- 
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phate pathway (PPP) and catalyses the transfer of a 2-carbon 
fragment from a 5-carbon keto sugar (xylulose-5-P) to a 5-
carbon aldo sugar (ribose-5-P) to form a 7-carbon keto sugar 
(sedoheptulose-7-P) and a 3-carbon aldo sugar (glyceralde-
hyde-3-P) [11, 12]. TK, the rate limiting enzyme in the non-
oxidative part of the PPP, plays a crucial role in nucleic acid 
ribose synthesis utilising glucose carbons in tumour cells 
[13]. TK has been suggested as a promising drug target in 
the treatment of cancer [14], based on the fact that thiamine 
analogues can replace the non-covalently bound co-factor 
TPP, rendering the enzyme inactive [15]. Should ALT-711 
compete with TPP for TK, there could be serious side-effects 
associated with the drug, particularly after long-term expo-
sure. The importance of active TK is particularly important 
in diabetes, since the accumulation of triosephosphates and 
the increased formation of the potent glycating agent meth-
ylglyoxal and methylglyoxal-derived AGEs in intracellular 
hyperglycaemia are implicated in the development of dia-
betic complications [16]. Thiamine supplementation in-
creases the activity of TK, decreases the concentration of the 
triosephosphate pool, the concentration and metabolic flux of 
the formation of methylglyoxal, and increases the concentra-
tion of total sedoheptulose-7-phosphate and ribose-5-
phosphate [17]. In contrast, intracellular methylglyoxal lev-
els are increased in animals on a thiamine-reduced diet [18].  

 It was hypothesized that ALT-711 could actually increase 
AGE levels if it would inhibit TK. Therefore, the aim of this 
study was to determine if ALT-711 is able to inhibit TK ac-
tivity in vitro.  
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MATERIALS AND METHODOLOGY  

Materials 

 Triosephosphate isomerase (TPI) and -glycerophosphate 
dehydrogenase (GDH) were from Boehringer Mannheim. 
Fructose-1,6-bisphosphate (F-1,6-P), NADH, MgCl2, TRIS, 
HCl, Ribose-5-phosphate (R-5-P) were purchased from 
Sigma. -mercaptoethanol was from Merck and ALT-711 
was donated by Synvista Therapeutics.  

Methodology 

Protein Extraction from Liver  

 102 g of frozen chicken liver were homogenized with a 
handheld blender in 510 mL of a TRIS-HCl buffer (20 mM, 
pH 7.4) containing 2 mM -mercaptoethanol and 1 mM 
EDTA. After centrifugation at 10,000 g for 10 min the su-
pernatant was removed and kept at 4 ºC for subsequent en-
zymatic reactions. 

Transketolase Assay 

 The activity of TK in chicken liver extract was deter-

mined following the protocol of Chamberlain and Thornalley 

with modifications [17, 19]. Briefly, an aliquot (200 L) of 
substrate cocktail (14.8 mM R-5-P, 253 mM NADH, 185 

U/mL TPI, and 70 mL of 21.5 U/mL GDH in 250 mM 

Tris/HCl buffer, pH 7.8) was added to the wells of a 96-well 
microtiter plate and up to 20 L of the chicken liver extract. 

The absorbance at 340 nm was monitored at 10 min intervals 

for 2 h and the rate of decrease in fluorescence between 20 to 
110 min was used to deduce the rate of oxidation of NADH 

in the GDH catalyzed reaction, which is rate limited by the 

TK catalyzed conversion of R-5-P and xylulose-5-phosphate 
to sedoheptulose-7-phosphate and GA3P under these condi-

tions. For inhibition experiments, 20 L of liver homogenate 

were preincubated with different concentrations of ALT-711 
(0.5 mM – 10 mM) before the reaction was started. A nega-

tive control that contained no R-5-P, and a positive control, 

which contained no fluorescence was measured as previ-
ously described, with measurements at 10 min intervals. Re-

action rates for the TK assays containing ALT-711 were 

calculated based on a standard curve of NADH fluorescence. 

The same reaction was also performed using 1 mL cuvettes, 

with the volumes adjusted proportionally to a final volume 
of 500 L. The absorbance was then measured at 340 nm 

every 10 min for 2 h.  

Data Analysis  

 Experiments were performed in triplicates and data are 

presented as mean ± SEM. Graphs were constructed and 
analyzed with Graphpad Prism 5 software (ISI Software San 

Diego, CA, USA).  

RESULTS  

Establishment of the TK assay in Microtiter Plate For-

mat with Fluorescence Detection  

 The activity of TK was measured using a linked enzyme 
assay with NADH as the “reporter” product. The conven-

tional method of TK activity assay uses ribose-5-phosphate 

and xylulose-5-phosphate as substrates [20]. However, we 
had to establish a new method of the TK assay since xylu-

lose-5-phosphate is no longer commercially available. How-

ever, ribose-5-phosphate can be used as the sole substrate 
since the second substrate, xylulose-5-phosphate, can be 

produced from ribose-5-phosphate in situ through the action 

of ribulose-5-phosphate isomerase and ribulose-5-phosphate 
epimerase (Fig. 2). To measure TK activity, glyceraldehyde-

3-phosphate produced by TK is converted to dihydroxyace-

tonephosphate by triosephosphate isomerase, then reduced to 
-glycerophosphate by glycerophosphate dehydrogenase 

oxidizing one NADH molecule to NAD
+
 in the process, 

which can be measured spectrophotometrically (Fig. 2). 
NADH (but not NAD

+
) has an absorbance maximum at 340 

nm and is usually detected by UV absorbance spectropho-

tometry. However, it can be detected even much more sensi-
tively by fluorescence spectrometry with excitation/emission 

wavelengths set at 360/460 nm, respectively [21]. As the 

NADH decreases proportial to glyceraldehyde-3-phosphate, 
the activity of TK can be determined by monitoring the loss 

of NADH fluorescence over time [22].  

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (1). Structure of thiamine, thiamine pyrophosphate and the crosslink breaker ALT-711. 
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 In a first set of experiments, a fluorescence based mi-
crotiter plate assay was established, which allows to use re-
duced reaction volumes and decreases the substantial costs 
for the reagents. To determine the reaction rate accurately, it 
was particularly important to determine the linear phase of 
the reaction and proves a dose- and substrate dependent TK 
activity. An enzyme-dependent increase in TK activity could 
be clearly detected since the addition of increasing volumes 
of liver extract (= increase in the concentration of active TK) 
lead to a steady increase in the reaction rate (Fig. 3). As ex-
pected, the highest activity was obtained with the highest 
enzyme concentration (present in 20 μL liver extract), and 
therefore 20 l liver extract was chosen for all further ex-
periments (Fig. 3). The time points at 10 minutes often 

showed a spike in fluorescence (most likely caused by a mix-
ing artefact), and therefore the reaction rates were calculated 
between 20 and 80 minutes.  

TK Activity in the Presence of ALT-711  

 A potential inhibitory effect of ALT-711 on TK activity 
was determined after preincubating the liver extract with 
various concentrations of the drug (to allow replacement of 
TPP by ALT-711) for 10 minutes before starting the reac-
tion. The reaction rates of samples containing ALT-711 are 
very similar to those of the positive control containing only 
liver extract. Furthermore, it was observed that ALT-711 
with concentrations up to 5 mM does not inhibit the activity 
of TK (Fig. 4). Using a standard curve of fluorescence unit 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (2). Principle of the TK assay. 

The rate of oxidation of NADH in the GDH catalyzed reaction controlled by the TK catalyzed conversion of ribose-5-phosphate and xylu-

lose-5-phosphate to sedoheptulose-7-phosphate and GA3P under these conditions. Xylulose-5-phosphate is generated in situ from ribose-5-

phoshpate. 

 

 

 

 

 

 

 

 

 

 

 

Fig. (3). TK assay with fluorescence detection. 

TK activity was measured using a linked enzyme assay with NADH as the “reporter” product, expressed as fluorescence units (FU). The 

reaction rate was calculated in linear phase of the reaction ranging from 20 min up to 80 min. The highest activity was obtained with the 

highest enzyme concentration (present in 20 μL liver extract), and this enzyme concentration was chosen for all further experiments. 
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vs [NADH], the reaction rates of TK alone, and in the pres-
ence of ALT-711 were calculated (Table 1). The negative 
control, with the reaction mix without the substrate ribose-5-
phosphate, had a reaction rate of 0.65 μM NADH/min, 
whereas 2 μM NADH/min were used by TK present in 20 
μL of liver extract in the presence of the substrate. ALT-711 
did not inhibit TK activity up to a concentration of 5 mM, 
and demonstrated a (non-significant) slight increase in activ-
ity compared to the control, as the rates of NAD

+
 production 

vary between 2.2 μM/minute and 2.4 μM/minute. When the 
experiments were repeated in 0.5 mL cuvettes detecting 
NADH by UV absorbance, no difference between the ALT-
711 and control samples were recorded. The only difference 
was that the drop in NADH signal in the negative control 
was not observed (data not shown).  

Table 1. Effect of ALT-711 on TK Activity  

[ALT-711] (mM) Reaction Rate [NADH] (μM/min)  

0  2.0  

1.0  2.4 

2.5  2.3 

5.0  2.2  

 

DISCUSSION  

 In vitro and in vivo investigations suggest that ALT-711 
(Alagebrium) is a breaker of AGE-derived cross-linking 
[23]. Specifically, oral administration of ALT-711 to dia-
betic rats results in a dose-dependent reduction of IgG-RBC 
crosslinks. Furthermore, rat, dog and non-human primate 
animal models have each demonstrated the beneficial effects 
of ALT-711 in reversing some of the cardiovascular compli-
cations resulting from aging, hypertension, and diabetes [1, 
4, 24]. Since ALT-711 exhibits a close structural homology 
to thiamine (Vitamin B1) we hypothesized that it might be a 
possible inhibitor for thiamine pyrophosphate containing 
enzymes such as TK. In a further study we have shown that 

ALT-711 acts as a low-affinity competitive inhibitor of 
thiamine pyrophosphokinase (Krautwald and Münch, unpub-
lished observation). In this study we show that ALT-711 – at 
least with the short pre-incubation time of 10 minutes - does 
not inhibit the activity of TK up to a concentration of 5 mM. 
Although pharmakokinetic data of ALT-711 in humans have 
not been published, ALT-711 was given in doses up to 420 
mg/day [25]. If one compares this dose to the recommended 
daily intake of thiamine in adults (1.2 mg/day for males, 1.1 
mg/day for females) [26], it is unlikely that ALT-711 con-
centrations exceed low micromolar concentrations in plasma 
or tissues. Therefore, we suggest that ALT-711 does not in-
terfere with transketolase activity at clinically relevant con-
centrations and is therefore unlikely to lead to increased 
methylglyoxal levels via this mode of action.  

CONCLUSION 

 Although ALT-711 exhibits a close structural homology 
to thiamine (Vitamin B1), it does not replace the transketo-
lase co-factor thiamine pyrophosphate. An inhibition in TK 
activity would increase the accumulation of triosephosphates 
and therefore increase the concentration of methylglyoxal 
and methylglyoxal-derived AGEs which are implicated in 
the development of diabetic complications, and therefore 
counteract the anti-AGE properties of the drug. However, 
our data show that ALT-711 is unlikely to inhibit transketo-
lase activity and cause any serious side effects via this 
mechanism at clinically relevant concentrations.  
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Fig. (4). Activity of TK in the presence of ALT-711. 

A potential inhibitory effect of ALT-711on TK activity was determined after preincubating the liver extract with various concentrations of 

the drug. [NADH] as the assay readout was determined by fluorescence and is expressed as fluorescence units (FU). The reaction rates of 

samples containing ALT-711 are very similar to those of the positive control containing only liver extract, suggesting that ALT-711 does not 

inhibit TK activity up to a concentration of 5 mM. 
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