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Thiamine derivatives and vitamin B, analogues:
biochemical, structural and pathway analysis
and its implication in the pathobiology
of diabetic complications
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Abstract. Thiamine acts as a coenzyme for transketolase and for the pyruvate dehydrogenase and a-ketogluta-
rate dehydrogenase complexes, which enzymes play a fundamental role in intracellular glucose metabolism. The
relationship between thiamine and diabetes mellitus (DM) has been reported in the literature. Thiamine levels and
thiamine-dependent enzyme activities are reduced in DM. Genetic studies provide opportunity to determine the
relationship between thiamine and DM. Thiamine and its derivatives were demonstrated to prevent the activation
of the biochemical pathways (increased flux through the polyol pathway, formation of advanced glycation end-
products, activation of protein kinase C, and increased flux through the hexosamine biosynthesis pathway) induced
by hyperglycemia in DM. Thiamine definitively plays a role in the diabetic endothelial vascular diseases (micro- and
macroangiopathy), lipid profile, retinopathy, nephropathy, cardiopathy, and neuropathy.

Keywords: thiamine; diabetes mellitus; vitamin B,

Thiamine was the first of the water-soluble vitamins
to be described. In 1884, Kanehiro Takaki (1849—1920),
a surgeon general in the Japanese navy, rejected the pre-
vious germ theory for beriberi and hypothesized that the
disease was due to insufficiencies in the diet. Switching
diet on a navy ship, he discovered that substituting a diet
of white rice only, with one also containing barley, meat,
milk, bread, and vegetables nearly eliminated beriberi
on a 9-month sea voyage. Not until 1905, after the anti-
beriberi factor had been discovered in rice bran (removed
by polishing into white rice) and in brown barley rice,
Takaki’s experiment was rewarded. The specific con-
nection to grain was made in 1897 by Christiaan Eijk-
man (1858—1930), a military doctor in the Dutch Indies,
discovered that fowl fed on a diet of cooked, polished rice
developed paralysis, which could be reversed by discon-

tinuing rice polishing. Eijkman was eventually awarded
the Nobel Prize in Physiology and Medicine in 1929, be-
cause his observations led to the discovery of vitamins.
These compounds were named by Polish biochemist Ca-
simir Funk. In 1911, Casimir Funk isolated the antineu-
ritic substance from rice bran that he called a “vitamin”
(on account of its containing an amino group). Dutch
chemists, Barend Coenraad Petrus Jansen (1884—1962)
and his closest collaborator Willem Frederik Donath
(1889—1957), went on to isolate and crystallize the active
agent in 1926, which structure was determined by Robert
Runnels Williams (1886—1965), a US chemist, in 1934.
Thiamine (“sulfur-containing vitamin”) was synthesized
in 1936 by the same group. Lohman and Schuster in 1937
showed that the diphosphorylated thiamine derivative
(thiamine diphosphate, ThDP) was a cofactor required
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for the oxidative decarboxylation of pyruvate (a reaction
now known to be catalyzed by pyruvate dehydrogenase),
thereby elucidating the mechanism of action of thiamine
in the cellular metabolism.

It is on the World Health Organization’s List of Es-
sential Medicines, the most effective and safe medicines
needed in a health system.

Thiamine is a colorless organosulfur compound with
a chemical formula C ,H,/N,OS. Its structure consists
of an aminopyrimidine and a thiazole ring linked by a
methylene bridge. The thiazole is substituted with me-
thyl and hydroxyethyl side chains. Thiamine is soluble in
water, methanol, and glycerol and practically insoluble
in less polar organic solvents. It is stable at acidic pH, but
is unstable in alkaline solutions. Thiamine is unstable to
heat, but stable during frozen storage. It is unstable when
exposed to ultraviolet light.

Thiamine is released by the action of phosphatase
and pyrophosphatase in the upper small intestine. At
low concentrations, the process is carrier-mediated. At
higher concentrations, absorption also occurs via pas-
sive diffusion. Active transport is greatest in the jejunum
and ileum, but it can be inhibited by alcohol consump-
tion or by folate deficiency. Decline in thiamine ab-
sorption occurs when intaking above 5 mg/day. On the
serosal side of the intestine, vitamin discharge by those
cells is dependent on Na*-dependent ATPase. The ma-
jority of thiamine in serum is bound to proteins, mainly
albumin. Approximately 90 % of total thiamine in blood
is in erythrocytes. A specific binding protein called
thiamine-binding protein has been identified in rat se-
rum and is believed to be a hormone-regulated carrier
protein important for tissue distribution of thiamine.
Uptake of thiamine by cells of the blood and other tis-
sues occurs via active transport and passive diffusion.
About 80 % of intracellular thiamine is phosphorylated
and most is bound to proteins. In some tissues, thia-
mine uptake and secretion appears to be mediated by a
soluble thiamine transporter that is dependent on Na*
and a transcellular proton gradient.

Thiamine (vitamin B,) is an indispensable molecule
for all known organisms. Its phosphate derivatives are
involved in many cellular processes. The best-charac-
terized form is thiamine pyrophosphate (TPP), a coen-
zyme in the catabolism of sugars and amino acids. In
yeast, TPP is also required in the first step of alcoholic
fermentation. All organisms use thiamine, but it is made
only in bacteria, fungi, and plants. Animals must obtain
it from their diet, and thus, for humans, it is an essential
nutrient.

Apart from free thiamine five other phosphorylated
and adenylated derivatives of thiamine are known: thia-
mine monophosphate (ThMP), thiamine diphosphate,
also sometimes called thiamine pyrophosphate, thia-
mine triphosphate (ThTP), adenosine thiamine triphos-
phate, adenosine thiamine diphosphate.

The coenzyme role of ThDP is well-known and ex-
tensively characterized. The non-coenzyme action of
thiamine and its derivatives has recently been identified
to a number of proteins, which do not use the catalytic
action of thiamine diphosphate. Malate dehydrogenase,

glutamate dehydrogenase and pyridoxal kinase were
identified as abundant proteins binding to thiamine or
thiazolium-modified sorbents. Thiamine is not only a
coenzyme for acetyl-CoA production, but also an al-
losteric regulator of acetyl-CoA metabolism including
regulatory acetylation of proteins and acetylcholine bio-
synthesis.

No physiological role is known for thiamine mono-
phosphate. Free cytosolic ThDP is generally hydrolyzed
into ThMP, which is recycled to thiamine. No specific
enzymes have been identified for the latter reactions and
there is no known role for ThMP. Intracellular ThMP
levels are generally much lower than ThDP levels. Ho-
wever, ThMP seems to be excreted, probably by a pro-
cess involving the reduced folate carrier.

In mammalian cells, the synthesis of ThDP, also
known as thiamine pyrophosphate or cocarboxylase,
is catalyzed by an enzyme called thiamine diphospho-
kinase. ThDP is the coenzyme for five key metabolic
enzymes — mitochondrial pyruvate dehydrogenase
complexes, oxoglutarate dehydrogenase complexes,
2 branched-chain acid dehydrogenase complexes, 2-hy-
droxyacyl-CoA lyase 1 as well as the cytosolic trans-
ketolase.

ThTP is found in nearly all organisms and is the
only known triphosphorylated compound that is not a
nucleotide. With two phosphoanhydride bonds, it is an
energy-rich compound and as such it has been shown
to be able to phosphorylate proteins. ThTP seems to
be constitutively synthesized in animal cells, in E.coli
it accumulates only in the absence of amino acids
and therefore could be a signaling molecule involved
in the adaptation to amino acid starvation. Though
it was long thought that ThTP is synthesized by an
ATP:ThDP phosphotransferase, the existence of such
a mechanism has never been unambiguously demon-
strated.

Benfotiamine (synonym S-benzoylthiamine O-mo-
nophosphate) is a so-called allithiamine, a member of
the class of lipophilic thiamine derivatives, first identi-
fied in heated garlic in 1950. It was later confirmed that
similar compounds could be formed using other Allium
vegetables from compounds similar to allicin. The mo-
lecular formula of benfotiamine is C,;H,,N,OPS.

The unique properties of the allithiamines result
from the opening of thiamine thiazole ring upon reac-
tion with sulphur compounds. Upon benfotiamine
dephosphorylation in the intestinal tract a lipophilic
molecule is produced, which readily diffuses across
cell membranes and is absorbed much better than
water soluble thiamine salts. This property allows for
greater absorption both in the intestines and in target
tissues as compared with thiamine itself. Benfotiamine
is absorbed via passive diffusion through the intestinal
mucosa and is rapidly converted to biologically active
thiamine. Peak plasma concentrations of thiamine af-
ter oral benfotiamine administration are at least five
times greater than those observed after oral administra-
tion of water-soluble thiamine salts. Half-life of ben-
fotiamine is similar to thiamine salts, but bioavailabi-
lity of benfotiamine eight days after administration
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is roughly 25 % of the original dose, about 3.6 times
greater than after an oral dose of a thiamine salt. The
increase in relative bioavailability is most significant in
muscle (5-fold greater incorporation) and brain (25-
fold increase), but thiamine from benfotiamine is also
10—40 % better incorporated in other organs, such as
liver and kidney.

The relationship between thiamine and diabetes mel-
litus (DM) has been reported in the literature. Significant
proportion of healthy subjects (36—47 %) was reported as
a thiamine-deficient in a hyperglycemic state. Low plas-
ma thiamine level was noted in type 1 diabetic patients.
In children, acute thiamine deficiency can be manifested
by diabetic ketoacidosis, lactic acidosis and hypergly-
cemia [1]. Plasma thiamine level has been shown to be
decreased by 76 % in type 1 and 75 % in type 2 diabetic
patients. It was associated with increased renal clearance
and fractional excretion of thiamine [2]. Furthermore,
thiamine transporter protein concentration has been
shown to be increased in erythrocyte membranes of type
1 and type 2 diabetic patients.

Dysfunction of endothelial cells has been known to
play a major role in both micro- and macrovascular com-
plications of DM. Thiamine reversed hyperglycemia-
induced dysfunction in cultured endothelial cells [3].
Thiamine and benfotiamine have been demonstrated in
vitro to counteract the damaging effects of hyperglyce-
mia on cultured vascular cells [4]. In addition, thiamine
has been reported to improve endothelium vasodila-
tion in patients with hyperglycemia [5]. Daily intake of
thiamine positively correlated with the circulating level
of endothelial progenitor cells and vascular endothelial
function in type 2 diabetic patients [6].

Diabetic cardiomyopathy can progress toward overt
heart failure with increased mortality. Benfotiamine im-
proved functional recovery of the infarcted heart with
prolonged survival and reduced cardiomyocyte apoptosis
in diabetic mice [7]. High dose of thiamine rescues car-
diomyocyte contractile dysfunction and it also prevented
diastolic dysfunction, heart failure and cardiac fibrosis in
diabetes-induced mice models [8].

Nephropathy is a common complication of diabetes.
It is characterized by the development of proteinuria and
end-stage renal disease. In a double-blind placebo-con-
trolled study, urinary albumin excretion was decreased
in type 2 diabetic patients with microalbuminuria after
receiving high-dose of thiamine for 3 months [9]. In
another study with high dose of thiamine, the level of
urinary albumin decreased by 34 % in the type 2 diabetic
patients [10].

Benfotiamine has shown to effect in the diabetic
neuropathy patients with reduction in pain score and
improve neurophysiological parameters [4]. Benfo-
thiamine significantly reduced inflammatory (10—
300 mg/kg) and neuropathic (75—300 mg/kg) nocicep-
tion in non-diabetic and diabetic rats [7]. In a double
blind, placebo-controlled, phase-III clinical study
with benfotiamine in diabetic polyneuropathy, the
improvement of neuropathy symptom score was more
pronounced at the higher benfotiamine dose (600 vs.
300 mg) and increased with treatment duration [6].

Thiamine and benfotiamine were reported to regulate
the intracellular glucose and polyol pathway in bovine
retinal pericytes cultured in high glucose [1]. Early and
selective loss of pericytes and thickening of the basement
membrane are hallmarks of diabetic retinopathy. Thia-
mine and benfotiamine prevent apoptosis induced by
high glucose-conditioned extracellular matrix in human
and bovine retinal pericytes.

Thiamine definitively plays a role in the diabetic en-
dothelial vascular diseases (micro- and macroangiopa-
thy), lipid profile, retinopathy, nephropathy, cardiopa-
thy, and neuropathy.
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Aexkuia /Lecture/

CiHx K.", KO3seHKo T.", lNaHbkiB 1.2, Koryt A."

" YKpQiHCBKIT HAYKOBO-MPAKTUYHM LIEHTD €HAOKPUHHOI Xipypril, TOQHCAAQHTALT @HAOKPUHHYVX OPraHiB i TkaHuH MO3 Ykpainu,

M. Kuis, YkpaiHa

2 BAH3Y «byKOBUHCBKINA ASPXKQBH MEANYHNI YHIBEDCUTET», M. YepHiBLi, YkpaiHa

AepuBaTn TIAMiHY TQ GHOAOTU BITAMIHY B,:
Gioximisl, CTPYKTYpPA i 3HOUYEHHS B NATOreHesi Aia6eTUYHMX YCKACOAHEHDb

Pe3iome. ¥V crarti posmisgmarotbess TMTAHHS BIUIMBY Tia-
MiHy Ta WOro TMOXiZHUX Ha Tepedir yCKJIaaHEHb ILyKPOBO-
ro miabety (LIJ). Tiamin ciyrye kodepMeHTOM s TpaH-
CKeTOJIa3u, TMipyBaTAETiApOreHa3su i KOMIUIEKCIB a-KeTo-
rIyTapatiaeriiporeHasu, (GepMeHTU SKMX BidirpaioTb GyH-
JIAMEHTAJIbHY POJIb Y BHYTPIIIHbOKJIITUHHOMY MeTa0oIi3Mi
IJIIOKO3U. Y JIiTepaTypi MOBITOMIISIETHCS MPO B3aEMO3B’SI3KU
Mix TiamiHoM i LI/I. PiBHi TiamiHy i1 aKTUBHICTh 3aJIEXKHUX BiJl
TiaMiHy pepMeHTiB 3HMXKeHi y xBopux Ha LIJI. ['eHeTnyHi no-
CITIMXEHHST Jal0Th MOXIIUBICTh BCTAHOBUTH 3B’SI3yI0Ui JTAHKU

CuHx K.", KO3seHko T.", [aHbkuB U1.2, Koryt A."

Mix TiamiHoMm i LIJI. BctaHOBIeHO, 1110 TiaMiH i iioro aepuBaTu
3ar100iraloTh akTUBallil 010XiMIYHUX TPOLIECiB (MTOCUIEHE BU-
NIJIEHHS TOJIIOJ0BUM LIJISIXOM, HaAMIpHE YTBOPEHHSI KiHIe-
BUX MPOAYKTIB IJIiKyBaHHS, akTUBallis mpoTeiHkiHazu C i rmo-
CUJIEHHS TeKCO3aMiHOBOTIO LIJISIXY Oi0CUHTE3Y), CTPUYMHEHUX
rinepriuikemieto 3a L. ITinkpecaioeTbesl 3HAUEHHST TiaMiHYy
MpU €HAOTETiaIbHUX CYIMHHMX XxBopobax npu LI (mikpo- i
MaKpOaHTionaris), MOpYIIeHHSX JIiliHOro oOMiHy, MpU pe-
TUHO-, He(ppo-, Kapio- i Helporarii.

Karouosi ciioBa: riamin; ykposuit niabet; BiTamiH B,

T YKPQUHCKY HQYYHO-MPAKTUHECKV LIEHTD SHAOKPUHHOW XUPYPRIMM, TOQHCIAQHTALMN SHAOKDUHHBIX OPrQHOB U TKAHEM

M3 YkpawuHsl, r. Knes, YkpauHa

2 BI'Y3Y «byKOBUHCKI rOCYAQPCTBEHHbIV MEAVNLIMHCKIA YHUBEPCUTET?, I. YePHOBLIbI, YKpAUHO

AepuBaTbl TNAMMHA U AHAAOTM BATAMMHA B,
6MoXNMUS, CTPYKTYPA M 3HOYEHME B NATOreHe3e AMa6eTnyecKmnx OCAOXKHEHNN

Pe3iome. B crarbe paccMaTpuBaroTCs BONPOCHI BIAUSHUS
THAMUHA U €ro IPOM3BOAHBIX Ha TE€YEHME OCIOXHEHUI
caxapHoro auatdeta (CII). TuaMuH ciIyXUT KO(PepMEeHTOM
JUISI TPAHCKETOJa3bl, MUPYBaTACTUAPOreHa3bl U KOMILIEK-
COB 0-KETOTJyTapaTaeruaporeHasbl, (EepMEeHTH KOTOPBIX
UrpaloT (GyHIAMEHTAJIbHYIO POJIb BO BHYTPUKJIECTOUHOM
MeTaboyin3Me TJII0KO3bl. B tutepaTtype coobliuaeTcst o B3au-
MOCBsI3s1X Mexkay TuaMmuHoM u CII. YpoBHU THaAMUHA U aK-
TUBHOCTh 3aBUCMMBIX OT THAMUHA (DEPMEHTOB CHUXEHBI Y
6osnbHbIX C/I. ['eHeTHYECKUE UCCIEIOBAHMS JAIOT BO3MOX-
HOCTh YCTAHOBUTD CBSI3YIOLIME 3BEHbSI MEXAY TUAMUHOM U

CJI. YcTaHOBJIEHO, YTO TUAMUH U €T0 IePUBAThI IPEIOTBPA-
LIAIOT AKTUBALMIO OMOXMMUYECKHUX IIPOLIECCOB (YCUIEHHOE
BblJEJEHME TTOJIMOJOBBIM ITyTeM, U30BITOYHOE 0Opa3oBaHuE
KOHEUHBbIX MPOIYKTOB IJIMKWPOBAHMSI, aKTUBAllMs MPOTe-
nHKuHa3bl C U yCUIeHUe TeKCO3aMMHOBOTO YT OMOCHH-
Te3a), BhI3BaHHBIX rurepriaukemucii mpu CJI. [ToguepkuBa-
eTcsl 3HaYeHMe TUaMUHA MPU SHIO0TEIUATbHBIX COCYAUCTBIX
6ose3Hsx rnpu CII (MUKpO- U MaKpOaHTUOIATHSI ), Hapylle-
HUSIX JIMITUIHOTO 0OMeHa, MpHU peTUHO-, Hedpo-, Kapauo-
1 HEWpONaTum.

KiroueBbie c10Ba: TramiH; caxapHslit anaber; Butamut B,
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