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Abstract: Although thiamine pyrophosphate (TPP) is considered a protective agent for endothelial cells, it is still unknown if this is associated
with nitric oxide (NO) synthesis. Our aim was to evaluate the synthesis of NO in endothelial cells incubated with TPP and high glucose
concentrations. Endothelial cells from the umbilical cord vein from newborns (n = 20), were incubated with 5, 15 or 30 mmol/L glucose, in
absence or presence of 0.625 mg/ml of TPP. Our results showed a significant increase in cell proliferation (> 40%; P < 0.05), and cell viability
(>90%; P < 0.001) after 48 h in endothelial cells cultured with glucose plus TPP. Likewise, in the presence of glucose and TPP an important rise
in the consumption of glucose by the endothelial cells was observed after 24 h (> 7%; P < 0.001) and 48 h (> 10%; P < 0.05). Additionally, the
levels of lactate after incubation with glucose and TPP showed only slight variations after 48 h (P < 0.05). However, these changes were clearly
different from those observed in the absence of TPP. Interestingly, we found that the changes mentioned were linked with reduced levels of
nitrites both at 24 h (< 171 pmol/pg protein; P < 0.001), and 48 h (< 250 pmol/ug protein; P < 0.05), which was associated with a reduced
expression of mRNA of eNOS in endothelial cells incubated with TPP and high glucose. In conclusion, the presence of TPP regulates the
consumption of glucose and the synthesis of NO, which would explain its protective effect in the endothelium of diabetic patients.
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Introduction

Thiamine (vitamin B1) which was identified in 1926 by
Jansen etal. [1], plays roles as coenzyme and non-coenzyme
within the body [2]. Inadequate levels of thiamine have
been associated with impaired oxidative and energy meta-
bolism, which can lead to neurological damage or death in
severe cases [3]. Its active form, thiamine pyrophosphate
(TPP) intervenes at different stages of the anabolic and
catabolic metabolism [4, 5]. In particular, TPP is very
important to the metabolism of glucose, since it is involved
in the glycolysis, Krebs cycle and pentose-phosphate cycle
[2, 4, 5]. Recently, the role of both thiamine and TPP in
critically ill patients or in metabolic diseases has been
re-evaluated [2, 3]. In patients with diabetes mellitus, it
was reported that thiamine or TPP levels are diminished,
a fact that was associated with a diminished activity of
the transketolase enzyme due to the reduced levels of
TPP [6, 7]. In comparison, it has been reported that thi-
amine supplementation for six months has numerous ben-
efits for the diabetic patient since it improves the lipid
profile, and creatinine and thiamine serum levels [8].
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Therefore, the utility of continuous thiamine supple-
mentation to the diabetic patient has been suggested [7].
It is relevant to mention, that these beneficial effects could
derive from anincrease in the TPP levels, as it was observed
in healthy subjects that received infusions of thiamine
[8,9].

In the patient with diabetes mellitus, the endothelial cell
is an important target of the damage induced by the
increase in glucose levels [10, 11]. Previous evidences have
shown that high glucose impaired the synthesis of nitric
oxide (NO), animportant mediator produced by endothelial
cell [12]. Some reports have shown that thiamine corrects
the delayed replication, and diminishes the synthesis of lac-
tate and of advanced glycation end products (AGE prod-
ucts) in endothelial cell incubated with high glucose [13].
Additionally, it has been reported that thiamine inhibits
the endothelial activation as well as negative effects of
hyperglycemia on endothelial cell migration [14]. On the
other hand, Gioda et al. [15], after evaluating the effects
of thiamine deficiency on NO synthesis, found that an insuf-
ficient quantity of this vitamin diminishes the NO synthesis
leading to decreased vasorelaxation of rat aorta.

Int J Vitam Nutr Res (2020), 1-9
https://doi.org/10.1024/0300-9831/a000650



- IP Address:187.217.34.45

https://econtent.hogrefe.com/doi/pdf/10.1024/0300-9831/a000650 - Noe Alvarado <nnooee@gmail.com> - Thursday, April 02, 2020 12:46:19 PM

S. Alcazar-Leyva et al., TPP and NO synthesis in endothelium

Thiamine pyrophosphate (TPP) is an essential cofac-
tor for three enzymes essential for glucose metabolism:
the transketolase (TK), a-ketoglutarate dehydrogenase
(aKDH), and pyruvate dehydrogenase (PDH) [16], there-
fore its use is considered as beneficial. However, and in
spite of these evidences, information about the effects of
TPP on the NO synthesis by the endothelial cell is scarce.
Recently, it has been reported that TPP significantly
reduced the degree of hyperglycemia-induced retinopathy
in rats treated with alloxan, as well as the retinal sugar-
induced neovascularization in Wistar rats, in addition to
having the capability to inhibit the formation of AGE prod-
ucts [17-19]. TPP relevance in cellular metabolism, as well
as its protective effect in retinopathy, suggests that this
coenzyme may play a role as a protective agent in the
endothelium. Therefore, the objective of this work was to
evaluate the effect of TPP on the NO synthesis in endothe-
lial cells obtained from the umbilical cord (HUVECS) vein
and cultured in high glucose conditions.

Material and methods

Isolation and culture of human umbilical
vein endothelial cells (HUVECS)

Umbilical cords were obtained from newborn (n = 20) with
young non-diabetic mothers (20-25 years-old), without a
family history of type 2 diabetes, nor gestational diabetes
at the time of delivery (Table 1). Human umbilical vein
endothelial cells (HUVECs) were isolated of each cord
using type II collagenase (0.2 mg/mL, GIBCO/BRL, Grand
Island, NY, USA), these were cultured individually in T-75
tissue culture flasks (NUNC) in M-199 medium (GIBCO/
BRL), which contained 5 mmol/L glucose (medium
control), and supplemented with 20% Fetal Bovine Serum
(FBS) (HyClone, Logan, UT, USA), 100 IU/mL penicillin,
100 pg/mL streptomycin, and 37.5 pg/mL of endothelial

Table 1. Characteristics of the pregnant women and newborns

Data of pregnant women

n 20
Age (years) 23.2 +1.1
Weight (kg) 65.1 + 1.6
Height (m) 1.59 + 0.4
BMI (kg/m?) 257 1.0
Fasting glucose (mmol/L) 43+0.2
HbATc (%) 5.4+ 0.4
Data of newborns

n 20
Weight (kg) 36+03
Height (m) 0.46 £ 0.05

Data represent the mean + S.D.
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cell growth factor (ROCHE, Mannheim, Germany), at
37 °C in a humid atmosphere containing 7% CO, [20].
In some cultures, the M-199 medium was complemented
with additional glucose to obtain a final glucose concentra-
tion of 15 or 30 mmol/L (experimental medium), and with
or without 0.625 mg/ml of TPP (gift from Investigaciones
Filosoficas y Cientificas, S.A de C.V., HYPATIA, Mexico).
HUVECs were used within passages 5-10 and identified
as endothelial by its positive stain to CD105 surface antigen
(BD Pharmigen, San Diego, California, USA), and by their
morphology. This protocol was approved by the Institu-
tional Scientific and Bioethics Committees of the National
Institute of Respiratory Diseases “Ismael Cosio Villegas”.
All patients signed a written informed consent.

Cell proliferation and cell viability

Isolated HUVECs (5 x 103 cells) were cultured for 24 h in
96-multiwell tissue culture plates with M-199 culture med-
ium (without phenol red). After this period, the medium was
discarded and 100 pL of fresh medium with 5, 15 or 30
mmol/L of glucose and with or without TPP were added
to the cultures for a further 24 or 48 h cultivation period.
After this time, the plates were washed with saline phos-
phate buffer (PBS) (PBS: 0.01 M NaH,PO, e H,O, 0.01 M
NaHPO,, 0.15 M NaCl, pH 7.2) and stained with 100 pL
from 0.1% crystal violet solution (w/v) (Sigma, St. Louis,
MO, USA) dissolved in 70% ethanol for 20 min. Later, the
plates were washed with deionized water and air-dried.
The bound dye was dissolved with 100 uL of a 10% acetic
acid. Optical density was measured at 595 nm in a
96-multiwell-plate spectrophotometer (BIOTEK Instru-
ments, Inc. Highland Park, Winooski, VT, USA). Crystal
violet stain allows the evaluation of cellular proliferation
in relation to the culture time [20]. Additionally, to evaluate
cell viability we determined mitochondrial activity.
Different cultures of endothelial cells were stained with
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bro-
mide (MTT, 5 mg/mL, Sigma) dissolved in sterile PBS
[20]. Endothelial cells were incubated during the times
mentioned with medium alone or supplemented with either
15 or 30 mmol/L of glucose, and with or without TPP. Cells
were stained with 20 uL of PBS-MTT for the last 4 h of the
culture period. The MTT reduced end-product, formazan,
was dissolved with 100 pL of 0.04 N-HCl in isopropyl alco-
hol, and the absorbance was recorded at 570 nm.

Determination of glucose consumption,
and levels of lactate and nitrites

HUVECs (10 x 10%) were cultured in 96-multiwell tissue
culture plates with M-199 culture medium without phenol
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red, with 5, 15 or 30 mmol/L of glucose and with or without
TPP for further 24 or 48 h. Glucose consumption was deter-
mined in the culture medium before and after incubating
the cells during the times mentioned using Amplex® red
glucose/glucose oxidase assay kit (Molecular Probes,
Eugene, OR, USA), and the difference in the culture med-
ium was determined. The levels of lactate were obtained
using a Lactate reagent (Sigma, St. Louis, MO, USA) after
growing HUVECs in our experimental conditions. All
results were normalized and expressed as pg Glc/ug of pro-
tein, and pglactate/pg of protein, which was determined by
the micro Lowry method. To evaluate the synthesis of nitric
oxide (NO), the levels of nitrites in our cultures were deter-
mined. Before determining the concentration of nitrites in
the culture medium using the Griess reagent (Sigma), the
culture media were incubated with nitrate reductase. Later,
100 pL of the culture medium obtained from the different
experimental conditions were mixed with 100 uL of the
reagent and incubated for 15 min. Afterwards, the absor-
bance was evaluated at 540 nm in a 96-multiwell plate
spectrophotometer (BIO-TEK, Winooski, VT, USA). The
concentration of nitrites was obtained by comparison with
a standard curve of sodium nitrite [21]. The results are
expressed as pmol of nitrites/ug of protein.

RT-PCR for endothelial nitric oxide
synthase

Total RNA was extracted from 1 x 10 HUVECs cells incu-
bated for 48 h in the glucose concentrations previously
mentioned, and in presence or absence of TPP, using
1 mL of Trizol (Life Technologies, USA). The RNA pellet
was re-suspended in diethyl pyrocarbonate-treated water
and its concentration was determinate in a Lambda 18 Spec-
trometer (Perkin Elmer, Germany) at 260 nm. RNA (1 pg)
was mixed with 1 pL of oligo-d[T], 4 pL of 5 x reverse
transcriptase first strand buffer, and 10 pL of diethyl pyro-
carbonate-treated water. Reverse transcription was per-
formed using 20 units of Moloney murine leukemia virus
reverse transcriptase (Life Technologies, Carlsbad, CA,
USA). The RT mixture was incubated at 42 °C for 50 min
and then at 70 °C for 15 min. The resulting cDNA was ampli-
fied by PCR. The primers for eNOS were 5'-CCA GCT AGC
CAA AGT CAC CAT-3' (upstream) and 5'-GTC TCG GAG
CCA TAC AGG ATT-3' (downstream), the amplified pro-
duct was of 350 pb [21]. The primers for B-actin, used as
internal control, were 5'-CGT TCA CCT TGA TGA GCC
CAT T-3' (upstream) and 5-TCC AAG GGT CCG CTG
CAG GTC-3' (downstream), with a final amplified product
of 230 pb [21]. The conditions for PCR were 94 °C for 1
min (denaturation), 55 °C for 1 min (annealing), and 72 °C
for 2 min (extension) in a Px2 Thermal Cycler (Thermo
Electron Corporation, USA). After 35 cycles, PCR products
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were detected by electrophoresis on 2% agarose gel and
stained with ethidium bromide. Each band was analyzed
and its optical density was determined in an UVP image
analyzer (Ultraviolet Products, CA, USA), and finally the
ratio of eNOS/beta actin mRNA expression was obtained.

Statistical analysis

For the analysis of the data, the mean and standard devia-
tion were used as summary measures. To determine the
type of distribution, the Shapiro-Wilk test and the Levene’s
test were used to verify the homogeneity of variances. For
the analysis between more than two groups we use the
Kruskal-Wallis test and the Mann-Whitney U test between
two groups. The level of significance for the P value was <
0.05. The statistical analysis was made using software
Stata 13.

Results

Cell proliferation and cell viability

First, we evaluated the effect of different concentrations of
TPP on proliferation and cell viability of HUVEC cells
(Figure 1). Results showed that cell viability (using MTT),
was significantly modified in the presence of 2.5 and
5 mg/ml of TPP (P < 0.05 and P < 0.0001, respectively).
In comparison, the cell proliferation (crystal violet) was
affected only in the presence of 5 mg/ml of TPP (P <
0.001). Based on these results, we decided to use
0.625 mg/ml in all experiments.

Ithas been established that high glucose affects the meta-
bolism, proliferation, and migration of endothelial cell [13,
14]. Therefore, we consider important to evaluate the viabil-
ity and cell proliferation of endothelial cells incubated with
5,15 and 30 mmol/L of glucose, in absence or presence of
0.625 mg/ml of TPP (Figure 2). Our results showed a min-
imal increase in the cell viability percentage after 24 h of
culture with glucose only, an increase that was significant
when compared with the results observed in endothelial
cells incubated with 5 mmol/L of glucose (P < 0.05;
Figure 2A). A similar response was observed in HUVECs
after 48 h of culture with glucose only, our results showed
an increase in the cell viability of 98.7 £7.6 in the presence
of 15 mmol/L, and of 87 + 12.7% in the presence of 30 mmol
of glucose (P < 0.001) (Figure 2A). However, the presence
of 0.625 mg/ml of TPP plus 15 or 30 mmol/L of glucose
induces a drastic increase of 88.4 + 6.4 and 83.3 £ 19.2%
in the cell viability in HUVEC cells after 24 h of culture
(P < 0.001; Figure 2B). In addition, the incubation of
endothelial cells with glucose plus TPP during 48 h showed

Int J Vitam Nutr Res (2020), 1-9
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Figure 1. Percentage of cell viability (A, stained with MTT) and percentage of cell proliferation (B, crystal violet stain) of human umbilical vein
endothelial cells (HUVECs; n = 20) after 24 h of incubation with four different concentrations of thiamine pyrophosphate (TPP). Results show the
mean + SEM; n = 3 for each concentration of TPP; *P < 0.0001, all concentrations vs 5 mg/ml; **P < 0.001, 2.5 mg/ml vs 5 mg/ml of TPP; #P <

0.001, all concentrations vs 5 mg/ml.

the next results: in 15 mmol of glucose the increase was of
90 + 12.7%, while that of the incubation with 30 mmol of
glucose showed arise 0£91.3+12.2% (P < 0.001; Figure 2B).

The results for proliferation after 24 h in endothelial cells
incubated with glucose only, showed an increase of 21.7 +
7.3% in the cell proliferation in presence of 15 mmol/L of
glucose, while culturing with 30 mmol/L glucose induced
an increase of 13.8 + 5.5% (P < 0.05; Figure 2C). Results
showed that after incubation during 48 h with 15 mmol of
glucose an increase of 74 * 4.4% was observed; in compar-
ison, this rise was of 86.5 + 2.6% in the presence of
30 mmol/L glucose (P < 0.001; Figure 2C). Meanwhile,
the incubation with glucose plus TPP during 24 h induced
an increase in the cell proliferation in the presence of
15 mmol (49.6 * 18.9%), and 30 mmol of glucose (46.1 +
17.6%). Statistical analysis showed significant differences
in comparison with endothelial cells incubated with 5 mmol
glucose (P < 0.05; Figure 2D). Here, itis relevant to mention
that incubation with glucose plus TPP for 48 h, was also
associated with an increase in cell proliferation. Our results
showed an increase of 49.4 + 8.9% in HUVEC cells incu-
bated with 15 mmol glucose plus TPP; while the endothelial
cells incubated with 30 mmol glucose plus TPP showed a
rise of 44.3 +1.1% of cell proliferation (P < 0.05; Figure 2D).

Determination of glucose consumption,
and levels of lactate and nitrites

In previous reports, an increase in the levels of thiamine
pyrophosphate (TPP) in healthy subjects that received infu-
sions of thiamine has been observed; and also, it is well
known that TPP is an essential cofactor for three enzymes
essential for glucose metabolism [8, 9, 16]. Therefore, we
considered important to determinate the effect of TPP in

Int J Vitam Nutr Res (2020), 1-9

the consumption of glucose, as well as on the levels of lac-
tate and nitric oxide which are associated with the metabo-
lism of glucose. Determination of glucose uptake by
HUVEC cells after 24 h of culture was 8.05 + 1.7 pg; and
31.5+3.5 pg, and 45.7 + 9.8 pg Glc/pg of protein in the pres-
ence of 5mmol, 15 mmol and 30 mmol/L of glucose, respec-
tively (P < 0.0001, this after comparing with the values of
cells incubated with 5 mmol of glucose). In comparison,
the uptake of glucose was 12.3 + 0.9 pg; 25.2 + 3.1 pg, and
50.7 £5.6 pg Glc/pg of protein after 48 h culture of endothe-
lial cells with 5 mmol, 15 mmol (P < 0.001) and 30 mmol/L
of glucose (P < 0.0001) (Figure 3A). The incubation during
24 h of HUVECs with glucose plus TPP showed that the
intake of glucose was 7.9 + 1 pg; 14.9 + 3.2 pg, and 21.7 +
6.7 pg Glc/pg of protein after incubation with 5, 15 and
30 mmol/L of glucose (P < 0.001). Results obtained after
48 h of culture with glucose (5, 15 and 30 mmol/L) plus
TPP showed that these were 13.6 = 2.1 ug; 15.2 + 1.8 ug,
and 19.7 £ 8.9 ug Glc/pg of protein (P < 0.05) (Figure 3B).
After comparing results in the absence or presence of
TPP, a diminution in the consumption of glucose in the
cultures where the TPP was present both at 24 h and at
48 hours was observed.

About the levels of lactate these did not show drastic
changes, however, they were significantly different in some
conditions. After 24 h, the levels of lactate showed signifi-
cant differences between 5 and 30 mmol of glucose vs
15 mmol of glucose (P < 0.05). The incubation for 48 h only
showed difference between 15 and 30 mmol/L of glucose
(P < 0.01) (Figure 3C). Interestingly, the presence of TPP
was not associated with changes in the levels of lactate after
24 h (P > 0.05); and although slight changes after 48 h of
culture with glucose plus TPP were observed, this was only
observed between the cultures with 15 and 30 mmol/L
glucose (P < 0.05) (Figure 3D).

© 2020 Hogrefe
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Figure 2. Percentage of cell viability and cell proliferation in human umbilical vein endothelial cells (HUVECS) incubated with 5, 16 or 30 mmol/L of
glucose (Glc) by 24 h (A) and 48 h (C); or with glucose more 0.625 mg/ml of thiamine pyrophosphate (TPP) by 24 h (B) and 48 h (D). Results show the
mean + SEM, n = 3 to each time and concentration evaluated. The intragroup statistical differences are shown, *P < 0.03, **P < 0.001; ***P <

0.0001 vs 5 mmol/L with/without TPP.

In relation to nitrites levels, they showed an increase
linked to glucose concentration. After 24 h of culture in
the presence of glucose, our results showed significant dif-
ferences between 5 mmol vs 15 mmol of Glc (P < 0.05), but
not when compared to 30 mmol glucose. These changes in
the levels of nitrites were noticeable after 48 h of culture;
the levels determined were 298.7 + 41.5 pmol for 5 mmol
of glucose, and were different in comparison to the values
obtained for 15 mmol (782.5 + 20.5 pmol) (P < 0.001), and
30 mmol of Glc (580.7 +£18.6 pmol) (P < 0.003) (Figure 4A).
Here, it is very important to highlight that the presence of
TPP had an inhibitory effect on the levels of nitrites, which
was associated moreover with reduced expression of the
mRNA of endothelial nitric oxide synthase (eNOS). The
levels of nitrites after 24 h of culture with glucose plus
TPP were 171 +£9.1; 81.1 £ 10, and 80.2 + 9 pmol nitrites/pg
of protein in the presence of 5, 15 and 30 mmol of glucose,

© 2020 Hogrefe

respectively (P < 0.001). Although an increase in the levels
of nitrites was observed after 48 h of culture, these increases
were lower than those observed in the cultures without TPP.
In the cultures with 5 mmol of Glc plus TPP the levels of
nitrites were 265 = 50 pmol; with 15 mmol of Glc they were
360 * 20 pmol, and finally with 30 mmol of glucose they
were 350 * 75 pmol of nitrites per pg of protein (P < 0.05)
(Figure 4B).

Although some evidences suggest that TPP has the
capability to protect the endothelium of side effects derived
from high glucose, a fact probably linked with the synthesis
of NO [17-19], the reality is that the mechanism associated
with these facts is still unknown. Therefore, we evaluated
after 48 h of culture the levels of expression of eNOS
mRNA, taking into consideration that in our study the
effects of TPP were observed principally at this time. Our
results showed similar expression levels after 48 h of

Int J Vitam Nutr Res (2020), 1-9
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Figure 3. Determination of glucose (Glc) consumption by human umbilical vein endothelial cells (HUVECs) incubated for 24 h and 48 h with
glucose only (A), or with glucose more 0.625 mg/ml of thiamine pyrophosphate (TPP) (B). Also, in endothelial cell cultures incubated in the same
conditions, were determined the lactate levels in the absence (C) or presence of TPP (D). Results show the mean + SEM, n = 3 to each time
evaluated. All results were normalized and expressed as pg Glc/pg of protein, and pg lactate/pg of protein. The intragroup statistical differences
are shown, a *P < 0.03, **P < 0.001; ***P < 0.0001 vs 5 mmol/L with/without TPP.

culture, in HUVECs cultured with different glucose concen-
tration only (Figure 4C), however and interestingly, the
levels of expression of eNOS mRNA diminished in the
presence of TPP, but moreover, this event was principally
linked to the high glucose concentrations (Figure 4D).

Discussion

Thiamine pyrophosphate (TPP, the active form of thiamine)
has an important role in both cellular and glucose metabo-
lism since it intervenes in glycolysis, Krebs cycle and
pentose-phosphate cycle [2-5]. Our results showed that
0.625 mg/ml of TPP in the presence of 5mmol/L of glucose

Int J Vitam Nutr Res (2020), 1-9

has no effect on viability or proliferation of endothelial
cells. However, the incubation of endothelial cells with
TPP plus a high glucose concentration resulted in an
increase in viability and cellular proliferation. Previous
reports showed that deficiency of thiamine inhibits the
mitochondrial activity in brain endothelial cell through its
action on both pyruvate dehydrogenase complex and
a-ketoglutarate mitochondrial complex [22]. Therefore,
in our study the presence of TPP could be inducing an
increase in the cell proliferation, through its effect on this
mitochondrial complex in the endothelial cells incubated
with high glucose concentrations. Probably, our results
are similar to those previously observed in endothelial cells
incubated with high glucose and thiamine [13]. It is impor-
tant to mention, that these results can be very relevant

© 2020 Hogrefe
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Figure 4. Levels of nitrites found in the culture medium from human umbilical vein endothelial cells incubated with different concentrations of
glucose by 24 h and 48 h in absence (A) or presence of thiamine pyrophosphate (TPP) (B). The results are expressed as pmol of nitrites/pg of
protein. Results show the mean + SEM; n = 3 to each time evaluated. The intragroup statistical differences are shown, a *P < 0.03, **P < 0.001 vs
5 mmol/L with/without TPP. Expression levels of mRNA endothelial nitric oxide synthase (eNOS), as well as eNOS/beta actin mRNA ratio in

HUVECs incubated by 48 h in absence (C) or presence of TPP (D).

since it has been reported that high glucose per se, inhibits
the cell proliferation and induces the apoptosis of endothe-
lial cells [20, 22, 23]. Consequently, the increase in glucose
levels has been considered as the initial event to damage
endothelial cells.

Our results showed that consumption of glucose was
directly proportional to its concentration. Interestingly,
the presence of TPP diminished this effect. Previous reports
showed that a deficient diet or the inhibition of thiamine

© 2020 Hogrefe

transport using pyrithiamine stimulates glucose consump-
tion, as well as a rise in lactate levels [22]. However, in our
study, we observed a minor consumption of glucose, as well
as adiminution in the lactate levels after culturing cells with
the coenzyme. These results could be explained by the
effect of the TPP on the metabolism of endothelial cells,
especially at the mitochondrial level associated with a
better utilization of glucose [24, 25]. Results obtained in
animal models showed that high doses of thiamine inhibit
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the hexosamine pathway, improve cell proliferation and
decrease the lactate levels [25]. Additionally, alternate
pathways of glucose metabolism as for instance the pentose
pathway are activated in the presence of TPP; the glucose
levels and percentage of glycated HbAlc are reduced also
after a short treatment with thiamine [25]. Likewise, the
development of lactic acidosis in the absence of thiamine
has been reported [26], which is rapidly reversed in criti-
cally ill patients treated with thiamine [27]. Altogether,
these results support the important role of the of thiamine
active form in stimulating cellular and bodily metabolisms.
Here, it is important to remember that we used TPP, which
directly intervenes with different pathways of cellular
metabolism, and that it does no longer needed any further
phosphorylation to fulfill its function.

The endothelial cell is one of the main sites damaged by
high glucose concentrations [10, 11], and, as a side effect,
induces the impaired synthesis of nitric oxide (NO) [11,
12]. Gioda et al. [15], reported that a thiamine deficiency
was linked with a deficient synthesis of NO, however, they
did not determine the mechanism implicated in this
alteration. In our work, we found that high glucose levels
induce asignificantincrease in NOj;in comparison, the pres-
ence of the coenzyme reduces them. Currently, the evi-
dences regarding the effect of higher glucose levels on
NO synthesis are divergent. Some evidences reported a
deficient synthesis of NO [12], while other described that
increased glucose levels initially augment drastically the
NO synthesis [28]. The results of our work showed a strong
increase in the levels of NO (nitrites) associated with
glucose concentration and with the time of incubation.
However, the expression levels of eNOS transcripts were
stable after 48 h of incubation. In comparison, the culture
with glucose and TPP for 48 h had as an effect a reduced
nitrites synthesis which was linked with a lower expression
of eNOS mRNA. Although more experiments are still neces-
sary to find out the mechanism that explains the differences
observed in the synthesis of nitrites and transcripts of
eNOS, our results suggest the importance of TPP in activat-
ing cellular metabolism therefore stimulating NO synthe-
sis. In this regard, a similar association between nitrites
levels with the expression of eNOS mRNA in the presence
of high glucose has been reported [28]. Likewise, some
works show that using benfotiamine (synthetic analogous
of thiamine) favors the glucose metabolism, and the activa-
tion of eNOS which increases the levels of NO, avoiding
consequently the endothelial dysfunction [25, 29].

Although, our work has some limitations as the number of
samples evaluated, they were carefully selected especially
in relation to their family history, since the relevance of
the history of diabetes or hypertension for the endothelium
response has been reported [20, 21]. Additionally, it is
important to mention that each sample of HUVEC was
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cultured individually, this fact is important since it has
been reported that by using pools of HUVECs the response
of endothelial cell is modified [30]. This fact gives addi-
tional support to our conclusions. Also, it is important to
mention that HUVECs are more sensitive to changes in
the culture conditions than other cell types therefore they
were used only between the passes 5 to 10 a fact that unfor-
tunately limits the number of questions what we can answer
with these cell cultures.

Conclusions

Our results support the importance of TPP in cellular meta-
bolism activation, which was associated with a regulation of
eNOS mRNA expression, as well as with the synthesis of
NO. These results, allow us to suggest that this is the mech-
anism activated by TPP, which inhibits the development of
endothelial dysfunction. However, more experiments are
still necessary to determinate the mechanisms associated
with this activation of endothelial nitric oxide synthase in
the presence of TPP.

References

1. Jansen BCP, Donath WF. Geneeskundig Tijdschrift Voor
Nederlandsch-Indie. The isolation of the anti beri beri vitamin.
Nutr Rev. 1982:40(2):53-4.

2. Frank LL. Thiamine in Clinical Practice. JPEN J Parenter
Enteral Nutr. 2015;39(5):503-20.

3. Polegato BF, Pereira AG, Azevedo PS, Costa NA, Zornoff LAM,
Paiva SAR, et al. Role of Thiamine in Health and Disease. Nutr
Clin Pract. 2019;34(4):558-64.

4. Frank RA, Leeper FJ, Luisi BF. Structure, mechanism and
catalytic duality of thiamine-dependent enzymes. Cell Mol
Life Sci. 2007;64(7-8):892-905.

5. Beltramo E, Berrone E, Tarallo S, Porta M. Effects of thiamine
and benfotiamine on intracellular glucose metabolism and
relevance in the prevention of diabetic complications. Acta
Diabetol. 2008;45(3):131-41.

6. Saito N, Kimura M, Kuchiba A, Itokawa Y. Blood thiamine
levels in outpatients with diabetes mellitus. J Nutr Sci
Vitaminol (Tokyo). 1987;33(6):421-30.

7. Kursat Dabak T, Ozdemir H, Feyyaz Akyildiz F. Thiamine
status in patients undergoing lower extremity amputation due
to diabetic foot lesion. Int J Vitam Nutr Res. 2012;82(6):369-
73.

8. Al-Attas O, Al-Daghri N, Alokail M, Abd-Alrahman S, Vinodson
B, Sabico S. Metabolic benefits of six-month thiamine
supplementation in patients with and without diabetes
mellitus type 2. Clin Med Insights Endocrinol Diabetes.
2014;7:1-6.

9. Drewe J, Delco F, Kissel T, Beglinger C. Effect of intravenous
infusions of thiamine on the disposition kinetics of thiamine
and its pyrophosphate. J Clin Pharm Ther. 2003;28(1):47-51.

10. Seyama Y, Kimoto S, Marukawa Y, Horiuchi M, Hayashi M,
Usami E. Comparative effects of vitamin K2 and estradiol on
experimental arteriosclerosis with diabetes mellitus. Int J
Vitam Nutr Res. 2000;70(6):301-04.

© 2020 Hogrefe



https://econtent.hogrefe.com/doi/pdf/10.1024/0300-9831/a000650 - Noe Alvarado <nnooee@gmail.com> - Thursday, April 02, 2020 12:46:19 PM - IP Address:187.217.34.45

S. Alcazar-Leyva et al., TPP and NO synthesis in endothelium

20.

21.

22.

23.

. Alcazar-Leyva S, Alvarado-Vasquez

. Tousoulis D, Kampoli AM, Stefanadis C. Diabetes mellitus and

vascular endothelial dysfunction: current perspectives. Curr
Vasc Pharmacol. 2012:10(1):19-32.

. Kemeny SF, Figueroa DS, Clyne AM. Hypo- and hyperglycemia

impair endothelial cell actin alignment and nitric oxide
synthase activation in response to shear stress. PLoS One.
2013;8(6):e66176.

. La Selva M, Beltramo E, Pagnozzi F, Bena E, Molinatti PA,

Molinatti GM, et al. Thiamine corrects delayed replication and
decreases production of lactate and advanced glycation end-
products in bovine retinal and human umbilical vein endothe-
lial cells cultured under high glucose conditions. Diabetologia.
1996;39(11):1263-68.

. Ascher E, Gade PV, Hingorani A, Puthukkeril S, Kallakuri S,

Scheinman M, et al. Thiamine reverses hyperglycemia-
induced dysfunction in cultured endothelial cells. Surgery.
2001;130(5):851-58.

. Gioda CR, Capettini LS, Cruz JS, Lemos VS. Thiamine

deficiency leads to reduced nitric oxide production and
vascular dysfunction in rats. Nutr Metab Cardiovasc Dis.
2014;24(2):183-88.

N. Could thiamine
pyrophosphate be a regulator of the nitric oxide synthesis in
the endothelial cell of diabetic patients? Med Hypotheses
2011,76(5):629-31.

. Cinici E, Ahiskali I, Cetin N, Suleyman B, Kukula O, Altuner D,

et al. Effect of thiamine pyrophosphate on retinopathy
induced by hyperglycemia in rats: A biochemical and patho-
logical evaluation. Indian J Ophthalmol. 2016;64(6):434-39.

. Cinici E, Mammadov R, Findik H, Suleyman B, Cetin N, Calik I,

et al. The Protective Effect of Thiamine Pryophosphate
Against Sugar-Induced Retinal Neovascularisation in Rats.
Int J Vitam Nutr Res. 2018;88(3-4):137-43.

. Suji G, Sivakami S. DNA damage during glycation of lysine by

methylglyoxal: assessment of vitamins in preventing damage.
Amino Acids. 2007;33(4):615-21.

Alvarado-Vasquez N, Paez A, Zapata E, Alcazar-Leyva S,
Zenteno E, Masso6 F, et al. HUVECs from newborns with a
strong family history of diabetes show diminished ROS
synthesis in the presence of high glucose concentrations.
Diabetes Metab Res Rev. 2007;23(1):71-80.
Alvarado-Vasquez N, Zapata E, Alcazar-Leyva S, Masso F,
Montano LF. Reduced NO synthesis and eNOS mRNA
expression in endothelial cells from newborns with a strong
family history of type 2 diabetes. Diabetes Metab Res Rev.
2007;23(7):559-66.

Romero IA, Rist RJ, Aleshaiker A, Abbott NJ. Metabolic and
permeability changes caused by thiamine deficiency in
immortalized rat brain microvessel endothelial cells. Brain
Res. 1997;756(1-2):133-40.

Kageyama S, Yokoo H, Tomita K, Kageyama-Yahara N,
Uchimido R, Matsuda N, etal. High glucose-induced
apoptosis in human coronary artery endothelial cells involves
up-regulation of death receptors. Cardiovasc Diabetol. 2011;
10:78.

© 2020 Hogrefe

24,

25.

26.

27.

28.

29.

30.

Depeint F, Bruce WR, Shangari N, Mehta R, O’Brien PJ.
Mitochondrial function and toxicity: role of B vitamins on the
one-carbon transfer pathways. Chem Biol Interact. 2006;163
(1-2):113-32.

Page GL, Laight D, Cummings MH. Thiamine deficiency in
diabetes mellitus and the impact of thiamine replacement on
glucose metabolism and vascular disease. Int J Clin Pract.
2011;65(6):684-90.

Madl C, Kranz A, Liebisch B, Traindl O, Lenz K, Druml W. Lactic
acidosis in thiamine deficiency. Clin Nutr. 1993;12(2):108-11.
Giacalone M, Martinelli R, Abramo A, Rubino A, Pavoni V,
lacconi P, et al. Rapid reversal of severe lactic acidosis after
thiamine administration in critically ill adults: a report of 3
cases. Nutr Clin Pract. 2015;30(1):104-10.

Adela R, Nethi SK, Bagul PK, Barui AK, Mattapally S, Kuncha
M, et al. Hyperglycaemia enhances nitric oxide production in
diabetes: a study from South Indian patients. PLoS One.
2015;10(4):e0125270.

Berrone E, Beltramo E, Solimine C, Ape AU, Porta M.
Regulation of intracellular glucose and polyol pathway by
thiamine and benfotiamine in vascular cells cultured in high
glucose. J Biol Chem. 2006;281(14):9307-13.

Cristina de Assis M, Cristina Plotkowski M, Fierro IM.
Barja-Fidalgo C, de Freitas MS. Expression of inducible nitric
oxide synthase in human umbilical vein endothelial cells
during primary culture. Nitric Oxide. 2002;7(4):254-61.

History

Received November 11, 2019
Accepted March 11, 2020
Published online March 31, 2020

Conflict of interest
The authors declare that there are no conflicts of interest.

Ethical approval

This protocol was approved by the Institutional Scientific and
Bioethics Committees of the National Institute of Respiratory
Diseases “Ismael Cosio Villegas”. All patients signed a written
informed consent.

ORCID
Noé Alvarado-Vasquez

https://orcid.org/0000-0001-6465-9961

Noé Alvarado-Vasquez

Department of Biochemistry

National Institute of Respiratory Diseases “Ismael Cosio Villegas”
Calzada de Tlalpan

4502 Col. Seccioén XV, C.P.

14080 Mexico City, Mexico

nnooee@gmail.com

Int J Vitam Nutr Res (2020), 1-9


https://orcid.org/0000-0001-6465-9961


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2540 2540]
  /PageSize [612.000 792.000]
>> setpagedevice


