
High glucose concentrations impair the replication of
cultured human umbilical vein (HUVEC) [1–3] and
bovine retinal endothelial cells (BREC) [4] and this
may be secondary to enhanced glycolytic flux. Al-
tered concentrations of intermediate phosphorylated
metabolites could play a role in determining cell

damage. In particular, increased availability of glycer-
aldehyde 3-phosphate (G3P), which is much more ac-
tive than glucose in promoting protein glycation and
AGE formation [5], might be one of the mecha-
nism(s) involved.

Thiamine (vitamin B1) acts as a coenzyme for tran-
sketolase [6], pyruvate-dehydrogenase [7] and a-ke-
toglutarate-dehydrogenase [8]. The former shifts
G3P from glycolysis to the pentose phosphate shunt,
the second transforms pyruvate in acetyl-coenzyme
A, which then enters the Krebs cycle, and the third
catalyses the oxidation of ketoglutaric acid to succi-
nyl-CoA within the Krebs cycle.

The aim of this study was to ascertain whether thi-
amine would modify glycolysis, AGE production and
replication in HUVEC and BREC cultured in high
glucose concentrations.
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Summary This study aimed at verifying whether thia-
mine, a co-enzyme which decreases intracellular gly-
colysis metabolites by allowing pyruvate and gly-
ceraldheyde 3-phosphate to enter the Krebs cycle
and the pentose-phosphate shunt, respectively, cor-
rects delayed replication caused by high glucose con-
centrations in cultured human umbilical vein (HU-
VEC) and bovine retinal endothelial cells (BREC).
After incubation in physiological (5.6 mmol/l) or
high (28.0 mmol/l) glucose with or without 150
mmol/l thiamine, cells were counted and proliferation
assessed by mitochondrial dehydrogenase activity.
Lactate was measured in both cell types as an index
of glycolytic activity and fluorescent advanced glyco-
sylation end-products (AGE) concentration was de-
termined in the HUVEC lysate. Both cell counts and
proliferation assays in either of the cell types con-
firmed the impairment to cell replication induced by

high glucose. When thiamine was added to cells kept
under high glucose conditions, the number of surviv-
ing cells was significantly increased and the reduced
cell proliferation appeared to be corrected. Lactate
assays confirmed the increased production of this me-
tabolite by BREC and HUVEC in high glucose,
which was reduced by thiamine. Fluorescent AGE
determination showed that thiamine may prevent
non-enzymatic glycation in HUVEC. Thiamine res-
tores cell replication, decreases the glycolytic flux
and prevents fluorescent AGE formation in endothe-
lial cells cultured in high glucose, suggesting that ab-
normal levels of glycolytic metabolite(s) may damage
cells. [Diabetologia (1996) 39: 1263–1268]
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Materials and methods

Cell cultures. HUVEC were obtained and cultured with a par-
tial modification of Jaffe’s method [9], as previously described
[3]. BREC were obtained from bovine retinas with a partial
modification of the methods of Wong et al. [10] and McIntosh
et al. [11], as previously described [4].

HUVEC were cultured in Dulbecco’s modified Eagle’s me-
dium (DMEM, 5.6 mmol/l glucose) (Sigma Chemical Co., St.
Louis, Mo.,USA), added with 20 % fetal calf serum (Sigma),
whereas BREC were cultured in DMEM with the addition of
10 % human serum (a gift from Turin Blood Bank) and 10 %
tryptose phosphate broth (TPB) (Sigma), until confluent.

After trypsinization, cells were cultured in the appropriate
plates or flasks (see below) with standard media containing
5.6 or 28.0 mmol/l glucose (Sigma), with or without 150 mmol/l
thiamine (Sigma).

Cell counts. Cells in primary culture were detached by trypsin/
EDTA (Sigma) and seeded in 6-well plates (approximately 20
000 cells well, 2500 cells cm2), with 2 ml of standard medium.
After 24 h, the medium was completely removed and changed
with the appropriate media (physiological or high glucose,
with or without thiamine), as described above. The media
were changed every 48 h. After 7 days, the wells were washed
twice with phosphate buffered saline Dulbecco “A” (PBS)
(Oxoid, Unipath Ltd., Basingstoke, UK); the cells were then
detached by trypsin/EDTA and counted in Bürker chambers.

Proliferation assay. The assay is based on the detection of mito-
chondrial dehydrogenase activity, through cleavage of yellow
tetrazolium salts to purple formazan crystals, in metabolically
active cells [12]. Cells in secondary cultures were seeded in
24-well plates (approximately 10 000 cells/well, 5000 cells/
cm2). After 24 h, appropriate media (500 ml/well) were added
as described above. After a further 48-hour incubation, 50 ml
5 mg/ml MTT (3-[4, 5-dimethylthiazol-2-yl]-2,5-diphenyl tetra-
zolium bromide) solution (Boehringer Mannheim Biochemi-
ca, Mannheim, Germany) was added to each well. The cells
were incubated at 37 °C for 4 h and then 500 ml of solubilization
solution (10% sodium dodecylsulphate (SDS) in 0.01 mol/l
HCl) (Boehringer) was added. The plates were left overnight
at 37 °C and then the absorbance at 580 nm of each well was
measured spectrophotometrically.

Lactate assay. Cells were seeded in sterile Petri dishes 3.5 cm in
diameter (approximately 20 000 cell/well, 2500 cell/cm2) and
incubated for 24 h with 2 ml standard medium. The latter was
then changed with the above experimental media and cells
were incubated for 2 and 7 days to confirm the data obtained
at the same time points of the cell counts and proliferation as-
says. Twenty-four hours before the assay, the media were re-
moved and DMEM without serum and phenol red pH indica-
tor (both of which interfere with the spectrophotometer read-
ings) was added instead. Lactate concentrations in the media
were calculated as generation of NADH by lactate dehydroge-
nase, as detected spectrophotometrically at 340 nm. Results
are expressed as mmol/l lactate produced in 1 h by 100 000
cells.

Fluorescent AGE determination. HUVEC were cultured for
20 days with the above experimental media in 25 cm2 flasks
(seeding density: approximately 5000 cell/cm2). Cells were
then detached by trypsin, washed and lysed by NaOH 0.1 N.
Total protein concentrations were determined by the Lowry
method (Sigma) and spontaneous fluorescence was detected
at 370 nm excitation and 440 nm emission by a fluorimeter

(Jenway mod. 6200, Dunmow, Essex, UK), as described by
Monnier et al. [13]. Results are given as fluorescence/total pro-
tein ratio. Fluorescence was used as a non-specific marker of
AGE production.

Statistical analysis

Because of the wide batch-to-batch variations, data are ex-
pressed as percentages (mean ± SD) of the results obtained in
5.6 mmol/l glucose within each experiment, unless otherwise
stated. Statistical comparison among groups was carried out
by analysis of variance and then both Bonferroni’s t-test and
Wilcoxon’s rank-sum test were used to confirm the signifi-
cances of the differences between any two groups. Results
were considered significant if the p-value was 0.05 or less.

Results

After 1 week of culture in the relevant media, both
HUVEC and BREC grown under high glucose con-
ditions (28.0 mmol/l) were significantly less numer-
ous than those grown in physiological glucose (5.6
mmol/l).

HUVEC counts in high glucose (n = 6) were
61.6 ± 18.4% of those in physiological glucose (p <
0.01), 96.0 ± 15.6% in normal glucose and thiamine
(NS vs normal glucose, p < 0.05 vs high glucose
alone), and 93.5 ± 7.9% in high glucose plus thiamine
(NS vs normal glucose, p < 0.05 vs high glucose and
NS vs normal glucose plus thiamine) (Fig. 1).

BREC counts in high glucose (n = 10) were
82.5 ± 9.6% (p < 0.01 vs physiological glucose),
106.3 ± 20.8% in physiological glucose plus thiamine
(NS vs physiological glucose alone, p < 0.05 vs high
glucose alone), and 127.5 ± 24.0% in high glucose
plus thiamine (p < 0.05 vs physiological glucose
alone, p < 0.01 vs high glucose alone, NS vs physio-
logical glucose plus thiamine) (Fig. 2).
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Fig. 1. HUVEC recovered after culture in glucose 5.6 R and
28.0 mmol/l, with or without 150 mmol/l thiamine, ex-
pressed as percentages of the cell counts in glucose 5.6 mmol/
l. * p < 0.01 vs 5.6 glucose; = NS vs 5.6 glucose; E, p < 0.05 vs
28.0 glucose;F, NS vs 5.6 glucose + thiamine



The proliferation assay results in HUVEC (n =
10) were as follows. High glucose: 95.4 ± 2.3%
(p < 0.01 vs physiological glucose). Physiological glu-
cose plus thiamine: 100.4 ± 7.4% (NS vs physiologi-
cal glucose alone, p < 0.05 vs high glucose alone).
High glucose plus thiamine: 100.7 ± 8.1 % (NS vs
physiological glucose alone, p < 0.05 vs high glucose
alone, NS vs physiological glucose plus thiamine)
(Fig. 3).

The proliferation assay in BREC (n = 12) was as
follows. High glucose: 83.2 ± 6.8% (p < 0.01 vs physi-
ological glucose). Physiological glucose plus thia-
mine: 94.6 ± 5.2% (NS vs physiological glucose
alone, p < 0.01 vs high glucose alone). High glucose
plus thiamine: 94.8 ± 5.4% (NS vs physiological glu-
cose, p < 0.01 vs high glucose, NS vs physiological glu-
cose plus thiamine) (Fig. 4).

The results of lactate measurements (n = 6) are
shown in Table 1 (HUVEC) and Table 2 (BREC).

Finally, fluorescent AGE production in HUVEC
seemed to be prevented by thiamine. High glucose
241.5 ± 163.2% (p < 0.05 vs 5.6 glucose), physiologi-
cal glucose plus thiamine 106.9 ± 24.5% (NS vs 5.6
glucose, p < 0.05 vs high glucose), high glucose plus
thiamine 117.5 ± 21.2 (NS vs 5.6 glucose and 5.6 plus
thiamine, p < 0.05 vs 28.0 glucose) (Fig. 5).

Measurements of glucose concentrations and pH
in the media at the time of exchange and at the end
of the experiments did not show any relevant modi-
fication from the starting conditions (data not
shown). Osmotic pressure after addition of glucose
was 334 vs 311 mosmol/l of standard medium; addi-
tion of thiamine had no relevant effect on osmotic
pressure.
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Fig. 2. BREC recovered after culture in glucose 5.6 R and
28.0 mmol/l, with or without 150 mmol/l thiamine, ex-
pressed as percentages of the cell counts in glucose 5.6 mmol/
l. *p < 0.01 vs 5.6 glucose; = NS vs 5.6 glucose; E, p < 0.05 vs
28.0 glucose; F, NS vs 5.6 glucose + thiamine; k, p < 0.05 vs
5.6 glucose

Fig. 3. Proliferation assays of HUVEC after culture in glucose
5.6R and 28.0 mmol/l, with or without 150 mmol/l thi-
amine, expressed as percentages of the absorbances at 580 nm
of glucose 5.6 mmol/l. * p < 0.01 vs 5.6 glucose; = NS vs 5.6 glu-
cose;E, p < 0.05 vs 28.0 glucose;F, NS vs 5.6 glucose + thia-
mine

Fig. 4. Proliferation assays of BREC after culture in glucose
5.6R and 28.0 mmol/l, with or without 150 mmol/l thi-
amine, expressed as percentages of the absorbances at 580 nm
of glucose 5.6 mmol/l. * p < 0.01 vs 5.6 glucose; = NS vs 5.6 glu-
cose;E, p < 0.01 vs 28.0 glucose;F, NS vs 5.6 glucose + thia-
mine

Fig. 5. AGE production in HUVEC after culture in glucose 5.6
Rand 28.0 mmol/l, with or without 150 mmol/l thia-
mine, expressed as percentages of the fluorescence/total pro-
tein ratio of glucose 5.6 mmol/l. * p < 0.05 vs 5.6 glucose; =NS
vs 5.6 glucose;E, p < 0.05 vs 28.0 glucose;F, NS vs 5.6 gluco-
se + thiamine



Discussion

It has not been possible up to now to identify the
mechanisms through which high glucose concentra-
tion delays endothelial cell replication in culture.
This paper was aimed at testing the hypothesis that
damage by high glucose concentration is produced
via direct stimulation of the glycolytic pathway. The
results suggest that thiamine (vitamin B1), a coen-
zyme of transketolase [6], pyruvate-dehydrogenase
[7] and a-ketoglutarate-dehydrogenase [8], prevents
endothelial cell damage due to high glucose [1–4], by
re-directing the glycolytic flux.

Upon entering endothelial cells, glucose is either
shuttled to the surrounding tissues by GLUT1 and
GLUT3 glucose transporters [14, 15], or phosphor-
ylated to glucose 6-phosphate, by the enzyme hexoki-
nase, to enter the cell metabolism. A relatively con-
stant amount enters the pentose phosphate shunt [6]
while, in the presence of supraphysiological concen-
trations, aldose reductase may activate the polyol
pathway [16, 17]. Thiamine reduces anaerobic glycol-
ysis and increases the aerobic pentose phosphate
pathway by helping transketolase to transform glyc-
eraldehyde-P into ribulose-P [6]. Increased lactate
production, as shown in this paper (Tables 1 and 2),
suggests that glycolysis was indeed potentiated by
high glucose in the cells tested, whereas its reduction
after addition of thiamine suggests that the co-en-
zyme managed to deviate the flux towards the pen-
tose-phosphate shunt and/or to re-direct pyruvate to-
wards the Krebs cycle.

Increased glycolysis suggests that hexokinase had
been activated by high glucose. Hexokinase is the

first key enzyme of glycolysis and has a low Km for
glucose [18], which means that it is maximally func-
tional for physiological substrate concentrations. To
account for the finding of increased lactate produc-
tion, it must be assumed that the enzyme was further
activated by high glucose. Some authors have re-
ported that hexokinase activity is indeed modified
by high glucose in the diabetic rat kidney cortex [19]
and in the rete mirabilis of the eel swimbladder [20],
but did not establish whether this is due to over-ex-
pression or post-translational modifications of the en-
zyme.

Both cell counts and mitochondrial dehydroge-
nase activity assay confirmed the damage induced by
high glucose to the cell replication machinery (Figs.
1–4). When thiamine was added, the number of sur-
viving cells was significantly increased. Hence, de-
layed cell replication induced by high glucose seems
to be corrected by thiamine.

Potentiation of glycolysis may lead to increased
production of some metabolites that are very active
in non-enzymatic binding of the NH2-epsilon-termi-
nal lysine groups of proteins. In particular, glucose 6-
phosphate, fructose 6-phosphate, fructose 1,6-bis-
phosphate and G3P may be orders of magnitude
more active than glucose itself in glycating proteins
[5, 21]. After 20 days of culture in high glucose, HU-
VEC proteins were glycated to a greater extent than
those of the cells grown in physiological glucose. Thi-
amine appeared to prevent AGE formation (Fig. 5),
possibly by shifting excess G3P towards the pentose
phosphate cycle.

Thiamine had no stimulating or inhibiting effects
on cell growth and lactate or fluorescent AGE
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Table 1. Lactate concentrations in HUVEC (mmol ⋅ l ⋅ 105 cells ⋅ h), expressed as percentages of those produced in physiological
glucose alone (n = 6)

Day Glucose
5.6 mmol/l

Glucose
28.0 mmol/l

Glucose
5.6 mmol/l + thiamine

Glucose
28.0 mmol/l + thiamine

2 100.0 ± 0.0 163.5 ± 33.1
(p < 0.05 vs 5.6 glucose)

130.7 ± 28.3
(NS vs 5.6 and 28.0 glucose)

134.5 ± 33.1
(NS vs 5.6 glucose and 5.6 + thiamine,
p < 0.05 vs 28.0 glucose)

7 100.0 ± 0.0 209.2 ± 83.2
(p < 0.05 vs 5.6 glucose)

112.8 ± 40.0
(NS vs 5.6 glucose, p < 0.05 vs
28.0 glucose)

113.2 ± 20.5
(NS vs 5.6 glucose and 5.6 + thiamine,
p < 0.05 vs 28.0 glucose)

Table 2. Lactate concentrations in BREC (mmol ⋅ l ⋅ 105 cells ⋅ h), expressed as percentages of those produced in physiological glu-
cose alone (n = 6)

Day Glucose
5.6 mmol/l

Glucose
28.0 mmol/l

Glucose
5.6 mmol/l + thiamine

Glucose
28.0 mmol/l + thiamine

2 100.0
± 0.0

149.3 ± 47.8
(p < 0.05 vs 5.6 glucose)

102.2 ± 12.2
(NS vs 5.6 glucose and
p < 0.05 vs. 28.0 glucose)

97.0 ± 11.6
(NS vs 5.6 glucose and 5.6 + thiamine,
p < 0.05 vs 28.0 glucose)

7 100.0
± 0.0

158.0 ± 32.5
(p < 0.05 vs 5.6 glucose)

97.5 ± 23.9
(NS vs 5.6 glucose,
p < 0.05 vs 28.0 glucose)

84.8 ± 19.0
(NS vs 5.6 glucose and 5.6 glucose +
thiamine, p < 0.05 vs 28.0 glucose)



production, when added to physiological (5.6 mmol/l)
glucose concentrations. The data on cell counts in
BREC and lactate measurement in HUVEC at day
2 cannot be fully accounted for, but do not appear to
disprove the protective effects of the coenzyme on
glucose-produced damage.

The 150-mmol/l thiamine concentration used in the
experiments is higher than the concentrations found
in serum (about 150 nmol/l). However, circulating
thiamine is promptly taken up and stored in tissues,
where higher, though unknown, concentrations are
present. The amount used in this study, though pre-
sumably higher than physiological, was definitely ef-
fective in preventing damage caused by high glucose
through putative mechanisms (activation of meta-
bolic pathways alternative to glycolysis and removal
of excess damaging metabolites, such as G3P) which
are not sufficiently activated in the presence of the
thiamine concentrations contained in the culture me-
dia (about 15 mmol/l, depending on the batch of se-
rum added).

Alternative mechanisms of high glucose-induced
damage to cell replication may be related to ex-
cess acetyl-CoA production, as derived from en-
hanced glycolysis. Acetyl-CoA binds to tubulin
subunits and stabilizes the microtubular network,
thus impairing the formation of the mitotic spindle
[22]. We were previously able to show colchicine
resistance, a sign of tubulin stabilization, in HU-
VEC maintained in high glucose [23] and correc-
tion of delayed HUVEC replication following the
addition of l-tyrosine [24], which is involved in tu-
bulin depolymerization [25]. By activating a-keto-
glutarate-dehydrogenase, thiamine might facilitate
the utilization of excess acetyl-CoA in the Krebs
cycle.

The possibility that glucose exerts merely os-
motic damage, rather than direct toxic effects, is
ruled out by previous reports that equiosmolar
concentrations of mannitol do not impair cell
growth [2, 3]. Aldose reductase has been described
in HUVEC [16], whereas doubts remain about its
relevance to the pathophysiology of retinal capil-
laries [26]. High glucose might upregulate the ex-
pression of the enzyme in chronic hyperglycaemia
[16] but addition of specific inhibitors of aldose-re-
ductase to the culture media could not correct the
antimitotic effect of high glucose on HUVEC [27,
28].

In conclusion, thiamine corrects delayed endothe-
lial replication. Reduced lactate production and
AGE formation may be among the mechanisms in-
volved in this effect.
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