ISSN 00062979, Biochemistry (Moscow), 2017, Vol. 82, No. 6, pp. 723736. © Pleiades Publishing, Ltd., 2017.
Published in Russian in Biokhimiya, 2017, Vol. 82, No. 6, pp. 954969.

Thiamine Induces LongTerm Changes in Amino Acid Profiles
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Abstract—Molecular mechanisms of longterm changes in brain metabolism after thiamine administration (single i.p. injec
tion, 400 mg/kg) were investigated. Protocols for discrimination of the activities of the thiamine diphosphate (ThDP)
dependent 2oxoglutarate and 2oxoadipate dehydrogenases were developed to characterize specific regulation of the mul
tienzyme complexes of the 2oxoglutarate (OGDHC) and 2oxoadipate (OADHC) dehydrogenases by thiamine. The thi
amineinduced changes depended on the brainregionspecific expression of the ThDPdependent dehydrogenases. In the
cerebral cortex, the original levels of OGDHC and OADHC were relatively high and not increased by thiamine, whereas in
the cerebellum thiamine upregulated the OGDHC and OADHC activities, whose original levels were relatively low. The
effects of thiamine on each of the complexes were different and associated with metabolic rearrangements, which included
(i) the brainregionspecific alterations of glutamine synthase and/or glutamate dehydrogenase and NADP+dependent
malic enzyme, (ii) the brainregionspecific changes of the amino acid profiles, and (iii) decreased levels of a number of
amino acids in blood plasma. Along with the assays of enzymatic activities and average levels of amino acids in the blood
and brain, the thiamineinduced metabolic rearrangements were assessed by analysis of correlations between the levels of
amino acids. The set and parameters of the correlations were tissuespecific, and their responses to the thiamine treatment
provided additional information on metabolic changes, compared to that gained from the average levels of amino acids.
Taken together, the data suggest that thiamine decreases catabolism of amino acids by means of a complex and longterm
regulation of metabolic flux through the tricarboxylic acid cycle, which includes coupled changes in activities of the ThDP
dependent dehydrogenases of 2oxoglutarate and 2oxoadipate and adjacent enzymes.
DOI: 10.1134/S0006297917060098
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The neurotropic effect of thiamine (vitamin B1),
which is used in high doses for treatment of neurological
disorders including neurodegenerative diseases [1], is
mostly considered to be due to the coenzyme action of

the diphosphorylated derivative, thiamine diphosphate
(ThDP). Studies on the role of ThDPdependent
enzymes in brain pathologies arising due to thiamine
deficiency pointed to an essential role of dysfunction of

Abbreviations: GDH, glutamate dehydrogenase; GS, glutamine synthase; MDH, malate dehydrogenase; ME, NADP+dependent
malic enzyme; OADH, 2oxoadipate dehydrogenase; OADHC, 2oxoadipate dehydrogenase complex; OGDH, 2oxoglutarate
dehydrogenase; OGDHC, 2oxoglutarate dehydrogenase complex; PDHC, pyruvate dehydrogenase complex; TCA, tricarboxylic
acid; ThDP, thiamine diphosphate.
* To whom correspondence should be addressed.
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2oxoglutarate dehydrogenase complex (OGDHC) in the
development of such pathologies [2, 3]. Oxidative decar
boxylation of 2oxoglutarate, catalyzed by OGDHC, is
important for degradation of amino acids, including
those with neurotransmitter functions [4]. In particular,
compared to other tissues, the thiaminedeficiency
induced decrease in OGDHC activity in the central nerv
ous system is associated with dysregulated metabolism of
the major excitatory neurotransmitter glutamate [57]
and its neurotoxicity [8]. In addition, perturbed metabo
lism may stimulate side reactions catalyzed by OGDHC,
thus enhancing production of reactive oxygen species [9].
On the other hand, thiamine deficiency causes
inflammatory processes in the brain, including microglia
activation [10], increase in the expression of CD40/
CD40L, proinflammatory cytokines IL1, TNF, IL6,
and products of arachidonic acid metabolism [11]. These
observations may be linked to the recently characterized
role of the 2oxoglutarate dehydrogenase (OGDH) and
dihydrolipoamide succinyltransferase components of
OGDHC in immune response [12]. In this regard, a new
ThDPdependent dehydrogenase (encoded by the dhtkd1
gene, homologous to OGDH [13]) deserves attention: it
is supposed to function as a component of the 2oxoadi
pate dehydrogenase complex (OADHC), which, like
OGDHC, would include dihydrolipoamide succinyl
transferase and dihydrolipoamide dehydrogenase [14
18]. Accordingly, OADHC is presumed to catalyze a
ThDPdependent reaction similar to that catalyzed by
OGDHC (reaction (1)) yet more specific to 2oxoadi
pate, a common intermediate of the lysine and trypto
phan degradation pathways.

(1)
2Oxoglutarate (n = 2)

SuccinylCoA (n = 2)

2Oxoadipate (n = 3)

GlutarylCoA (n = 3)

Accumulation of either 2oxoglutarate upon muta
tioninduced deficiencies in OGDHC [19] or 2oxoadi
pate upon mutations in dhtkd1 [1416] indicates that
under physiological conditions OGDHC and OADHC
oxidize 2oxoglutarate and 2oxoadipate, respectively.
However, a high similarity of the active centers and cat
alytic mechanisms of these homologous enzymes [13] is
consistent with oxidation of both 2oxoglutarate and 2
oxoadipate by classic OGDH encoded by the ogdh gene,
as has been observed in vitro. The similarity also suggests
analogous ability of the 2oxoadipate dehydrogenase
(OADH) encoded by the dhtkd1 gene. The question on
the physiologically relevant ratio of the 2oxoglutarate
and 2oxoadipate dehydrogenase activities of either
OGDH or OADH in animal tissues remains unresolved.
For the electrophoretically homogeneous multienzyme

complex of OGDH from an organism that lacks the
dhtkd1 gene (Azotobacter vinelandii), the catalytic rate
with 2oxoadipate was no more than 3% of that with 2
oxoglutarate [20]. In contrast, for OGDH and OGDHC
preparations from animal tissues the ratio is increased up
to 30% [21, 22]. Because selectivity to 2oxo acids of 2
oxo acid dehydrogenase complexes from animals is usual
ly significantly higher compared to the bacterial counter
parts, the relatively rapid transformation of 2oxoadipate
by OGDH and OGDHC from animal tissues may be due
to the presence of a previously unknown OADH encoded
by the dhtkd1 gene in the partially purified OGDHC
preparations. OADHC could be therefore involved in a
number of functions and pathologies that are commonly
attributed to OGDHC. In particular, study of molecular
mechanisms of thiamine action requires a differentiation
of the OADHC and OGDHC activities in homogenates
of analyzed tissues.
This work focuses on the role of the ThDPdepend
ent dehydrogenases of dicarboxylic 2oxo acids in long
term regulation of brain metabolism by thiamine. To
identify specific contributions of the dehydrogenases of
2oxoglutarate or 2oxoadipate to the thiamineinduced
metabolic changes in the brain, we developed a method of
differential quantification of the OADHC and OGDHC
activities in brain homogenates. Selection of the amino
acids and several enzymes of central metabolism as bio
chemical markers of the processes linked to the changed
function of the ThDPdependent dehydrogenases is
based on our previous results. We have taken into account
data on metabolic regulation by thiamine and its deriva
tives in vitro [23] and in situ [24], the role of OGDHC in
the metabolism of amino acids [6, 25, 26], and participa
tion of OADHC in catabolism of lysine and tryptophan
[18].

MATERIALS AND METHODS
Animals. Our studies were performed on female
Sprague–Dawley rats weighing 250300 g. The animals
were kept in standard conditions with 12 h light and 12 h
dark cycle in cages with free access to water and meal.
Manipulations with rats were carried out in accordance
with the European Convention for the Protection of
Vertebrate Animals Used for Experimental and Other
Scientific Purposes (Strasbourg, 1986 ETS No. 123,
Strasbourg, 18 March 1986).
Administration of thiamine. Thiamine was injected
once intraperitoneally (i.p.) at a dose of 400 mg/kg. For
investigation of stable metabolic changes initiated by the
high dose of thiamine, the animals were sacrificed eight
weeks after the treatment.
Preparation of rat blood plasma. Blood sampling was
performed upon decapitation of the rats. Heparin was
added to the blood as anticoagulant (10 μl/ml). After cen
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trifugation for 20 min at 4°C and 3220g, supernatants of
the blood plasma were stored in liquid nitrogen.
Homogenization and extraction of rat brain tissue.
After the rats were sacrificed by decapitation, the brain
was taken out, put on ice, and rapidly separated into the
cerebral hemispheres (further called the cortex), cerebel
lum, and brain stem. The tissue samples were frozen in
liquid nitrogen and stored at –70°C for at least 2 weeks
before the enzymatic assays. To analyze the enzymatic
activities, the samples were homogenized according to a
previously published protocol [5]. Both nonsonicated
and sonicated homogenates were analyzed in this work.
Under the “sonicated homogenates”, we will further refer
to samples where mitochondrial proteins were solubilized
by sonication and extraction with detergents as described
earlier [5]. To analyze the amino acid profiles, the brain
cortex and cerebellum of experimental animals were
extracted with methanol and acetic acid according to a
published procedure [25].
Enzymatic assays. Measurements were performed in
0.2 ml of reaction medium on a Tecan Sunrise microplate
reader (Austria). The NAD(P)+dependent enzymes were
assayed under previously described conditions [24] with
minor modifications, including substitution of the buffer
with 0.1 M TrisHCl, pH 7.5, for the malate dehydroge
nase (MDH) reaction, and with 0.05 M MOPS, pH 7.0,
for the OGDHC and OADHCcatalyzed reactions. The
reactions were followed by changes in absorbance of
NAD(P)H at 340 nm, using the initial linear parts of the
product accumulation curves. For determination of the
OADHC activity, 2oxoglutarate was replaced with 2
oxoadipate. Determination of enzymatic activities
included at least three technical replicates for each tissue
sample of individual animals. Activities of enzymes are
expressed in μmol of the product generated per minute
per gram of fresh weight of the tissue. The glutamine syn
thase (GS) activity was assayed according to [27, 28] by
absorbance at 540 nm of the reaction product γglutamyl
hydroxamate in complex with Fe3+ under acidic condi
tions.
Quantification of amino acids in rat blood plasma and
brain extracts. Before chromatography, the extracts and
plasma samples were filtered through Vivaspin 500,
MWCO 3000 (Sartorius, Germany). The samples were
assayed on an L8800 amino acid analyzer (Hitachi Ltd.,
Japan) according to the manufacturer’s instructions. For
HPLC, the 2622SCPF ionexchange column (Hitachi
Ltd., P/N 8554507, 4.6 × 60 mm) was eluted at a rate of
0.35 ml/min by step gradients of Licitrate buffers and
temperature (in the range 3070°C). Multichrom 1.71a
software (Ampersand Ltd., Russia) was used to quantify
the peaks obtained after chromatographic separation of
the extracts.
Statistical analysis. Data on the enzymatic activities
and content of amino acids are presented as means ±
SEM. Statistical significance of differences between the
BIOCHEMISTRY (Moscow) Vol. 82 No. 6 2017
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experimental groups was estimated using the nonpara
metric Mann–Whitney Utest. Correlation analysis was
carried out using Statistica 10.0 (StatSoft Inc., USA) with
Pearson’s test. Statistical significance of differences in the
parameters characterizing metabolic interactions
between amino acids was assessed by the Wilcoxon signed
rank test for paired samples based on continuity correc
tion using RStudio software (RStudio Inc., USA).
Differences with p ≤ 0.05 were considered to be statisti
cally significant.

RESULTS
Differential determination of OADHC and OGDHC
activities in rat brain homogenates. As described in the
introduction, one of the problems in biochemical investi
gation of dehydrogenases of dicarboxylic 2oxo acids is
the capability of these enzymes to catalyze reactions with
both 2oxoglutarate and 2oxoadipate. Hence, in unpuri
fied preparations, one needs to discriminate the activities
of the enzymes that are involved in physiological oxida
tion of 2oxoglutarate (OGDH encoded by the ogdh and
ogdhl genes) from that of the 2oxoadipatespecific dehy
drogenase (OADH encoded by the dhtkd1 gene). In par
ticular, this problem arises when the activities are used as
biochemical markers of (patho)physiological conditions
in tissue homogenates. Searching for the conditions to
discriminate the OGDHC and OADHC activities in the
brain, we have taken into account the possibility of both
the intra and extramitochondrial localization of the
dhtkd1 gene product that is predicted from the primary
structure analysis of the dhtkd1 protein [13]. Therefore,
we investigated the rates of reactions catalyzed by
OGDHC and OADHC of the rat brain homogenates both
before and after the enzyme solubilization by sonication
and detergents. As previously shown [29], the solubiliza
tion of intramitochondrial OGDHC in rat brain requires
sonication and detergent extraction even after the tissue
has been frozen and thawed, which is confirmed by the
results presented in Table 1. In most cases when OGDHC
is fully solubilized, the OADHC/OGDHC activity ratio
decreases 34fold compared to the ratio in nonsonicat
ed homogenates (Fig. 1). Such a drop in the OADHC/
OGDHC activity ratio is primarily determined by an
increase in the OGDHC activity due to its optimal solu
bilization after sonication and detergent extraction.
However, in most cases, the OADHC activity is notably
decreased after this procedure (Table 1). Hence, OADHC
is mostly inactivated under conditions of optimal solubi
lization of OGDHC. As a result, higher OADHC/
OGDHC ratios, which are indicative of increased contri
butions of OADHC to the measured 2oxoadipate dehy
drogenase reaction rate, are observed in the nonsonicat
ed brain homogenates (Fig. 1). In contrast, the maximal
OGDHC activity is observed only in the sonicated brain
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Table 1. Effect of solubilization conditions on oxidative decarboxylation of 2oxoadipate (OADHC activity) and 2
oxoglutarate (OGDHC activity) catalyzed by enzymes in homogenates of cerebral cortex, cerebellum, and brain stem
of rats
Sonication
and detergents

Rats after thiamine injection (n = 6)

Intact rats (n = 7)
Brain region
OADHC

OGDHC

OADHC

OGDHC

No

cortex
cerebellum
brain stem

0.21 ± 0.05
0.05 ± 0.04
0.08 ± 0.03

0.24 ± 0.04
0.21 ± 0.04
0.18 ± 0.03

0.10 ± 0.03
0.22 ± 0.03
0.12 ± 0.03

0.14 ± 0.03
0.45 ± 0.04
0.22 ± 0.03

Yes

cortex
cerebellum
brain stem

0.28 ± 0.07
0.00 ± 0.02
0.00 ± 0.04

0.44 ± 0.09
0.24 ± 0.05
0.19 ± 0.02

0.09 ± 0.02
0.01 ± 0.02
0.05 ± 0.04

0.47 ± 0.03
0.44 ± 0.02
0.31 ± 0.06

Note: The enzymatic activities are given in μmol/min per g fresh weight. Activities determined under conditions of the maximal contribution of
each of the complexes to the reaction rate are marked in bold. n, number of animals in groups.

homogenates (Table 1). This difference in optimal solubi
lization conditions of OGDHC and OADHC enables a
relatively specific characterization of the activities of
these enzymes in brain homogenates.
Figure 2 compares the activities of OADHC and
OGDHC determined in homogenates of different brain
regions across the studied experimental groups. Each
reaction was measured under its optimal conditions, i.e.
before and after the sonication and incubation with deter
gents for OADHC and OGDHC, respectively. The data
indicate that in intact Sprague–Dawley female rats, both
the OGDHC and OADHC activities are higher in the
cortex than in the cerebellum and brain stem, with no sig
nificant difference between the latter two regions (Fig. 2).

1.2

OADHC/OGDHC

1.0
0.8
0.6
0.4
0.2
0.0
Cor
–0.2
Sonication

CB

BS

Cor+Th CB+Th BS+Тh

n=7

n=6
No

Yes

Fig. 1. Ratio of 2oxoadipate and 2oxoglutarate oxidative decar
boxylation catalyzed by OADHC and OGDHC of homogenates of
rat cerebral cortex (Cor), cerebellum (CB), and brain stem (BS)
before and after sonication and detergent extraction. +Th,
homogenates from rats eight weeks after thiamine injection; n,
number of animals in groups.

Changes in OADHC and OGDHC activities in rat
brain after thiamine injection. In this study, longterm
(eight weeks) effects of a single intraperitoneal injection
of a high dose of thiamine (400 mg/kg) to rats were inves
tigated. As seen from Fig. 2, the injection changes the
OGDHC and/or OADHC activities in the brain. The dif
ference observed in the regulation of each of these activi
ties (Fig. 2) is evidence of specific assay of OADHC and
OGDHC by our protocol. The discrimination of the
activities is due to maximization of the contribution of
each of these dehydrogenases to the rate of oxidation of
their respective substrates under elaborated conditions.
According to Fig. 2, in the cortex the thiamine injection
decreases the OADHC activity without changing the
OGDHC activity. In contrast, in the cerebellum, the thi
amine injection increases both activities, but the degree
of OADHC activation is higher than that of OGDHC. In
the brain stem, only OGDHC activity is significantly
increased by thiamine. Thus, the developed protocol of in
vitro assays of OADHC and OGDHC of the brain
homogenates allows us to differentiate the influence of
thiamine on these complexes in vivo, revealing the inde
pendent and brainregionspecific regulation of OADHC
and OGDHC in rats after the thiamine injection.
In accordance with previous studies on regulation of
2oxo acid dehydrogenase complexes in vivo [4], the
decrease in the OADHC activity in the cortex that we
observe eight weeks after a single thiamine injection
(Fig. 2) may compensate for a hyperactivation of
OADHC due to increased level of the coenzyme ThDP
after the injection of its precursor thiamine. The long
term rearrangement of central metabolism may compen
sate for potential increase in the metabolic flux through
ThDPdependent dehydrogenases in response to thi
amine injection into the animals. This is confirmed by
changes in activities of several enzymes of central metab
olism that are functionally related to ThDPdependent
dehydrogenases and intermediates of the tricarboxylic
BIOCHEMISTRY (Moscow) Vol. 82 No. 6 2017
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acid (TCA) cycle (Fig. 3). Competing for glutamate with
glutamine synthase (GS), glutamate dehydrogenase
(GDH) produces 2oxoglutarate, which is oxidized by
OGDHC in the TCA cycle. NADP+dependent malic
enzyme (ME) produces pyruvate, which is a substrate of
ThDPdependent pyruvate dehydrogenase complex
(PDHC) supplying acetylCoA into the TCA cycle.
Malate dehydrogenase (MDH, measured as total activity
of the cytoplasmic MDH1 and mitochondrial MDH2
isoenzymes) produces oxaloacetate, which incorporates
acetylCoA to form citric acid (Fig. 3e). Figure 3 shows
that in the cerebral cortex the activities of GS and GDH
are reduced after the thiamine injection, whereas the ME
activity is increased. Other changes in the activities are
observed in the cerebellum, where the thiamine injection
decreases the activities of ME and GDH without affect
ing MDH and GS (Fig. 3, ad). Thus, not only OADHC
and OGDHC, but also a number of functionally related
enzymes (Fig. 3e) demonstrate longterm changes in ani
mals after a single thiamine injection, and these changes
are different in the cortex and cerebellum.
Amino acids in the brain as metabolic markers of long
term effect of thiamine administration. For several rea
sons, free amino acids are sensitive biochemical markers
of changes in activities of ThDPdependent dehydroge
nases of 2oxo acids in rat brain. First, degradation of
amino acids occurs in the TCA cycle, where OGDHC
limits the metabolic flux [8]. Second, the catabolism of
many amino acids initiated by or occurring through
transamination into pyruvate, 2oxoglutarate, 2oxoadi
pate, and branchedchain 2oxo acids is strongly coupled
to irreversible action of the 2oxo acid dehydrogenases
[4]. Indeed, the brainregionspecific differences in the
thiamine effects on OADHC, OGDHC, and functionally
associated enzymes (Figs. 2 and 3) are accompanied by
changes in amino acid profiles, which are also region
specific. In rat cortex, levels of many amino acids are
decreased after the thiamine administration, and some
amino acids demonstrated a similar decrease in the cere
bellum (Table 2). However, alanine content is elevated in
the cortex (p < 0.05) as well as in the cerebellum (p =
0.07) in response to thiamine. Increase in alanine often
indicates a reduction in the metabolic flux through the
TCA cycle [26]. Nevertheless, in the cortex accumulation
of alanine may be also due to the changed function of
affiliated enzymes, such as the increased activity of the
pyruvategenerating ME, and the reduced activities of
both GDH and GS, potentially affecting the production
of 2oxoglutarate from glutamate (Fig. 3). As noted
above, GS has a common substrate with the GDH reac
tion and utilizes ammonium generated in the catabolism
of nitrogen compounds in the brain [30]. Together with
the increased level of alanine, the decrease in both amino
acids content and GS activity in the cortex suggest a
reduction in the amino acid catabolism in this brain
region after the thiamine injection. This conclusion is
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0.0
OADHC OGDHC OADHC OGDHC OADHC OGDHC

Cortex

Cerebellum
Тh–, n = 7

Brain stem
Тh+, n = 6

Fig. 2. Rates of 2oxoadipate and 2oxoglutarate oxidative decar
boxylation catalyzed by OADHC and OGDHC in homogenates
of rat brain cortex, cerebellum, and brain stem measured under
conditions optimized for each of the activities. Th–,
homogenates from intact rats; Th+, homogenates from rats eight
weeks after thiamine injection; n, number of animals in groups; *,
significant (p ≤ 0.05) differences between intact and thiamine
treated rats.

consistent with a longterm decrease in the activity of
OADHC, which takes part in the catabolism of lysine and
tryptophan [16, 22] (Fig. 2). The changes in the enzy
matic activities in the cerebellum (Figs. 2 and 3) point to
another metabolic rearrangement in this brain region,
compared to cortex, which is also confirmed by the quan
tification of the cerebellar amino acids (Table 2). Indeed,
the GDH and ME activities in the cerebellum are
reduced by thiamine, whereas the GS activity does not
change (Fig. 3). Thiamine also increases the OADHC
and OGDHC activities of the cerebellum (Fig. 2).
Although OADHC and OGDHC participate in degrada
tion of lysine, tryptophan, and glutamate, with the latter
being a specific metabolic indicator of alterations in the
OGDHC activity [8, 31], the levels of these amino acids
remain constant (Table 2). However, it should be noted
that even after the increases in the OGDHC and OADHC
activities caused by thiamine in the cerebellum and brain
stem, the levels of these activities are not higher than in
the cortex of intact rats (Fig. 2). Apparently, this level
determines a maximal limit for the physiological varia
tions in the OADHC and OGDHC activities that occur in
the brain. Up to this limit, changes in the OADHC and
OGDHC activities (Fig. 2) may be appropriately com
pensated by regulation of activities of other enzymes
(Fig. 3). Such compensation is obviously required for
brain homeostasis, as it stabilizes levels of essential
metabolites, including a wide range of amino acids in the
cerebellum (Table 2).
Thus, the thiamine injection to animals results in
different alterations of the activities of the 2oxoglutarate
and 2oxoadipate dehydrogenases (Fig. 2). Tissuespecif
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c
ME
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0.8

*

0
n=7 n=6
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Cerebellum

d
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0.6

*
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*
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e

Fig. 3. Thiamineinduced changes in activities of central metabolic enzymes assayed in homogenates of rat cerebral cortex and cerebellum: a)
glutamate dehydrogenase (GDH); b) malate dehydrogenase (MDH); c) NADP+dependent malic enzyme (ME); d) glutamine synthase
(GS); e) role of the enzymes in the TCA cycle which substrate acetylCoA is produced by ThDPdependent pyruvate dehydrogenase complex
(PDHC). Th–, homogenates from intact rats; Th+, homogenates from rats eight weeks after thiamine injection; n, number of animals in
groups; *, significant (p ≤ 0.05) differences between intact and thiaminetreated rats.
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Table 2. Changes in amino acid profiles of blood plasma, brain cortex, and cerebellum of Sprague–Dawley rats eight
weeks after thiamine injection
Blood plasma
Amino
acids

Cortex
р

control
n=7

thiamine
n=6

Ala

359 ± 13

329 ± 34

0.534

Cerebellum

control
n=7

thiamine
n=6

р

control
n=7

thiamine
n=6

р

0.57 ± 0.05

0.78 ± 0.05

0.014 ↑

0.57 ± 0.05

0.69 ± 0.06

0.073 ↑

0.17 ± 0.02

0.13 ± 0.01

0.101 ↓

1.64 ± 0.15

1.61 ± 0.08

0.731

Arg

188 ± 8

177 ± 9

0.534

0.17 ± 0.01

0.11 ± 0.004 0.002 ↓

Asp

24 ± 3

16 ± 3

0.101 ↓

2.00 ± 0.11

2.09 ± 0.17

Cystine

n.d.

n.d.

–

0.017 ± 0.002

0.03 ± 0.002

0.013 ± 0.001

GABA

n.d.

n.d.

–

3.11 ± 0.32

2.21 ± 0.19

0.035 ↓

2.43 ± 0.29

2.09 ± 0.11

0.836

Gln

562 ± 15

599 ± 20

0.138

3.75 ± 0.30

4.14 ± 0.21

0.445

3.55 ± 0.23

4.04 ± 0.14

0.101 ↑

Glu

98 ± 5

70 ± 9

0.022 ↓

8.82 ± 0.63

9.34 ± 0.45

0.836

7.30 ± 0.50

8.02 ± 0.29

0.366

Gly

316 ± 15

200 ± 12

0.001 ↓

0.94 ± 0.08

2.20 ± 1.47

0.366

0.97 ± 0.15

0.74 ± 0.05

0.295

His

68 ± 2

62 ± 4

0.073 ↓

0.07 ± 0.01

0.06 ± 0.003 0.534

0.07 ± 0.01

0.07 ± 0.01

0.628

0.731

0.008 ± 0.001 0.008 ↓

0.001 ↓

Ile

79 ± 3

63 ± 4

0.022 ↓

0.05 ± 0.004

0.04 ± 0.003 0.014 ↓

0.05 ± 0.01

0.04 ± 0.01

0.295

Leu

126 ± 5

100 ± 6

0.005 ↓

0.10 ± 0.01

0.07 ± 0.003 0.005 ↓

0.11 ± 0.02

0.07 ± 0.01

0.101 ↓

Lys

484 ± 16

400 ± 21

0.014 ↓

0.24 ± 0.02

0.16 ± 0.01

0.014 ↓

0.32 ± 0.03

0.31 ± 0.02

0.836

Met

55 ± 4

49 ± 8

0.295

0.06 ± 0.01

0.04 ± 0.007 0.008 ↓

0.06 ± 0.01

0.04 ± 0.002

0.073 ↓

0.07 ± 0.01

0.06 ± 0.004

0.234

0.60 ± 0.08

0.69 ± 0.07

0.138
0.014 ↓

Phe

62 ± 1

52 ± 3

0.014 ↓

0.06 ± 0.01

0.04 ± 0.006 0.001 ↓

Ser

293 ± 9

242 ± 13

0.022 ↓

0.79 ± 0.08

0.97 ± 0.06

0.234

Thr

292 ± 6

174 ± 18

0.001 ↓

0.59 ± 0.05

0.44 ± 0.02

0.035 ↓

Trp

74 ± 1

47 ± 2

0.001 ↓

0.014 ± 0.001

0.63 ± 0.04

0.46 ± 0.03

0.008 ± 0.001 0.001 ↓

0.014 ± 0.002

0.017 ± 0.002

0.138

0.05 ± 0.01

0.05 ± 0.01

0.628

0.11 ± 0.02

0.09 ± 0.01

0.295

Tyr

49 ± 4

37 ± 2

0.022 ↓

0.05 ± 0.01

0.03 ± 0.002 0.001 ↓

Val

178 ± 6

132 ± 10

0.008 ↓

0.10 ± 0.01

0.09 ± 0.01

0.366

Note: Amino acids are given in alphabetical order. Amino acid quantities in extracts of cortex and cerebellum are presented as μmol per g fresh
weight, in plasma – as μmol per liter. n, number of animals in groups; n.d., not determined. Quantities of cystine and γaminobutyric acid
(GABA) in blood plasma were too low to detect. The direction of changes in the thiaminetreated group of rats compared to control is indi
cated by the upwards or downwards arrows next to the pvalues for p ≤ 0.1. Significant differences (p ≤ 0.05) and trends (p ≤ 0.1) are indicat
ed in bold italics and italics, respectively.

ic homeostasis is maintained by the regulation of ThDP
dependent dehydrogenases of 2oxo acids and associated
enzymes (Fig. 3). The changes in the activities of these
enzymes are directed to maintain the amino acid levels in
the cerebellum (Table 2) where thiamine activated the
originally low levels of the OADHC and OGDHC activi
ties. However, in the cortex, where the activities are ini
tially high, a longterm compensatory regulation in
response to thiamine also involves decreases in the con
tent of a number of amino acids (Table 2). A demand for
a more profound compensation of the activating action of
thiamine on the dehydrogenases of 2oxo acids in the
cortex is met by a longterm reduction of the activity of
OADHC and no increase in the activity of OGDHC
(Fig. 2).
Amino acids of blood plasma as indicators of metabol
ic regulation of the whole organism by thiamine. Unlike
the cortex or cerebellum, where the content of metabolic
intermediates could depend on tissuespecific metabo
lism (Table 2), the metabolome of the blood plasma
BIOCHEMISTRY (Moscow) Vol. 82 No. 6 2017

reflects the general state of an organism. Longterm
changes in the amino acid profile of the blood plasma
caused by the thiamine injection show a high degree of
similarity with the changes observed in the cortex. In both
cases, levels of the amino acids whose degradation is
directly linked to ThDPdependent dehydrogenases of 2
oxo acids, are decreased. Those include amino acids of
the pyruvate group, branchedchain amino acids, lysine,
and tryptophan. For some of these amino acids, a trend
(p ≤ 0.1) to decreased levels could also be seen in the cere
bellum (Table 2), but the changes do not reach statistical
significance (p ≤ 0.05). Remarkably, the glutamate con
tent decreases in the blood plasma, but not in the cortex
or the cerebellum. Obviously, constant level of glutamate
in the brain is required due to its neurotransmitter func
tion, whereas in the plasma the glutamate level is deter
mined also by metabolism of other tissues. On the other
hand, the alanine level is increased in the brain, but it is
not changed in blood plasma (Table 2). The elevation of
the alanine content that is observed in the brain is there
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Table 3. Analysis of changes in correlations between amino acid levels in blood plasma, cerebral cortex, and cerebel
lum of Sprague–Dawley rats before (Th–, n = 7) and eight weeks after (Th+, n = 6) thiamine injection
Blood plasma
Amino
acids

–
Х

∑

Cortex

–

∑

+

Cerebellum

–
Х

Th–

Th+

Th–

Th+ Th– Th+ Th– Th+ Th–

Th+

–

–
Х

∑

+

Th– Th+ Th– Th+ Th– Th+ Th–

+

–

Th+

Th–

Th+ Th– Th+ Th– Th+

Ala

7.1

8.8

0.44

0.55

0

0

1

0

13.6

12.7

0.76

0.71

0

0

11

10

13.9

13.4

0.78

0.75

0

0

12

8

Arg

9.3

1.2

0.58

0.07

1

0

5

0

13.4

12.7

0.74

0.70

0

0

10

9

12.7

13.2

0.71

0.73

0

0

11

8

Asp

5.9

5.2

0.37

0.33

1

0

4

1

12.0

14.0

0.67

0.78

0

0

4

12

13.4

8.8

0.74

0.49

0

0

11

0

Cystine

–

–

–

–

–

–

–

–

12.4

12.7

0.69

0.71

0

0

5

8

11.4

7.4

0.63

0.41

0

0

5

0

GABA

–

–

–

–

–

–

–

–

11.7

13.0

0.65

0.72

0

0

5

10

13.6

12.6

0.75

0.70

0

0

12

6

Gln

–8.5

10.5

–0.53 0.65

4

0

0

7

14.0

14.2

0.78

0.79

0

0

11

13

8.0

13.2

0.44

0.74

0

0

5

5

Glu

7.7

7.6

0.48

0.48

0

0

2

1

11.4

14.0

0.64

0.78

0

0

6

12

4.2

13.5

0.23

0.75

0

0

3

6

Gly

5.8

4.1

0.36

0.26

0

0

3

0

12.1

5.9

0.67

0.33

0

0

8

0

6.8

14.9

0.38

0.83

0

0

0

13

His

4.2

11.3

0.27

0.71

1

0

2

8

14.5

10.0

0.81

0.56

0

0

11

2

12.7

13.4

0.70

0.74

0

0

11

8

Ile

6.6

11.9

0.41

0.74

0

0

2

9

12.5

13.4

0.70

0.74

0

0

7

11

11.6

13.3

0.65

0.74

0

0

10

9

Leu

6.0

11.0

0.38

0.69

0

0

2

8

14.9

13.1

0.83

0.73

0

0

14

11

12.0

14.5

0.67

0.81

0

0

10

11

Lys

4.8

6.7

0.30

0.42

0

0

2

1

11.7

13.7

0.65

0.76

0

0

8

11

8.1

14.1

0.45

0.78

0

0

5

8

Met

7.7

9.6

0.48

0.60

1

0

6

6

13.5

13.0

0.75

0.72

0

0

11

11

12.2

14.4

0.68

0.80

0

0

10

11

Phe

8.6

11.4

0.54

0.71

0

0

3

6

15.1

11.0

0.84

0.61

0

0

12

3

13.0

13.9

0.72

0.77

0

0

11

10

Ser

9.5

10.4

0.59

0.65

0

0

7

5

13.0

13.4

0.72

0.75

0

0

10

11

13.3

14.8

0.74

0.82

0

0

12

11

Thr

6.6

10.3

0.41

0.64

0

0

0

9

15.1

7.8

0.84

0.43

0

0

16

0

12.8

11.9

0.71

0.66

0

0

7

3

Trp

4.5

10.6

0.28

0.66

0

0

1

6

11.4

3.7

0.63

0.20

0

0

8

0

3.7

12.2

0.20

0.68

0

0

1

8

Tyr

7.7

6.7

0.48

0.42

0

0

3

0

12.9

5.4

0.71

0.30

0

0

9

0

12.3

13.2

0.68

0.73

0

0

10

9

Val

9.4

11.5

0.59

0.72

0

0

5

9

14.8

14.0

0.82

0.78

0

0

14

12

13.3

14.2

0.74

0.79

0

0

12

10

Sum/
average

102.9

148.7

0.38

0.55

8

0

48

76

250.0

217.4

0.76 0.71

0

0

180

146

208.7 246.8 0.61

0.72

0

0

158 144

р

0.019

0.022

0.048

0.154

0.142

0.142

1.000

0.348

0.028

0.030

1.000

0.274

_
Note: Amino acids are given in alphabetical order. For each amino acid, the sum of correlation coefficients (Σ), average correlation coefficient (X ),
and total number
of statistically significant negative (–) and positive (+) correlations are shown. At the bottom of the table, the sum of Σs,
_
average of X s, and sum of all positive and negative correlations for all amino acids in each experimental group are listed, and pvalues of sig
nificance of the differences between Th– and Th+ groups are indicated. Data for cystine and γaminobutyric acid (GABA) in the blood plas
ma are not shown as the quantities of these amino acids were too low to detect.

fore not an indicator of a downregulation of the TCA
cycle at the wholeorganism level.
In general, the changed amino acid profile of the
blood that supplies tissues with amino acids suggests that
the thiamine administration induces a longterm meta
bolic reorganization of the whole organism to limit degra
dation of amino acids through ThDPdependent dehy
drogenases of 2oxo acids. Nonetheless, decreases in
amino acids in the blood plasma are not necessarily
accompanied by those in tissues. The specificity of the
thiamineinduced metabolic rearrangements in the cor
tex and cerebellum is obvious from both the amino acid
profiles (Table 2) and the profilelinked activities of
OGDHC, OADHC, and the enzymes associated with the
TCA cycle or its intermediates (Figs. 2 and 3).
Correlation analysis of tissuespecific metabolism of
amino acids. Multiple changes in the amino acid profiles
of tissues after the thiamine injection depend, in particu

lar, on significant interactions between the pathways of
amino acid metabolism, which are, e.g., due to the com
mon transporters or the TCA cyclemediated degradation
of amino acids. In a sample of n animals under given
experimental conditions, correlated levels of certain
amino acids may serve as a measure of such metabolic
interactions. Metabolic interactions of each amino acid
can be quantified by the sum of its correlation coefficients
with other
_ amino acids (Σ), the average correlation coef
ficient (X ), and the total number of statistically signifi
cant negative and positive correlations. Metabolic inter
actions between all amino acids in a given physiological
state can be characterized by the sums or average values of
the parameters determined for each amino acid.
Quantification of the metabolic interactions between
amino acids in the investigated groups of experimental
animals is shown in Table 3. According to these data, the
thiamine administration changes the correlations
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between amino acids in the studied brain regions. In the
cortex, where the number of total correlations is original
ly higher than in the cerebellum, thiamine reduces the
number more (by 19%) than it does in the cerebellum (by
9%). However, in both cases these changes in the total
numbers of correlations are not statistically significant
(Table 3). On the other hand, considering the summa
rized and average correlation coefficients, one can reveal
the statistically significant elevation of metabolic interac
tions between amino acids in the cerebellum after the thi
amine injection. For example, the sum of the correlation
coefficients of all amino acids in the cerebellum increas
es from 209 to 247, and the average correlation coeffi
cient – from 0.61 to 0.72 (Table 3). It should be noted
that in the absence of significant changes in overall meta
bolic interactions between amino acids in the cortex, thi
amine dramatically affects the distribution of such corre
lations among amino acids. The levels of five amino
acids – glycine, histidine, threonine, tyrosine and trypto
phan – become almost completely independent of the
other amino acids after the thiamine injection (Table 3).
In the cerebellum, the distribution of statistically signifi
cant correlations showed fewer changes after the thiamine
injection. Nevertheless, in the cerebellum, a low level of
metabolic interactions is shown by glycine and trypto
phan, whereas after the thiamine administration the lack
of interactions is shifted to aspartate and cystine.
Thus, thiamine induces considerable changes in
average levels of amino acids in the cortex (Table 2),
where their overall metabolic interactions do not change
significantly (Table 3). In contrast, the relative stability of
average levels of amino acids in the cerebellum (Table 2)
is accompanied by an increase in their metabolic interac
tions (Table 3).
Figure 4 shows the changes in correlation coeffi
cients characterizing metabolic interaction of glutamate,
which is degraded through OGDHC, and lysine and tryp
tophan, whose degradation pathways include OADHC.
According to Table 3, such parameters of metabolic inter
actions as the total and average correlation coefficients
and the number of correlations are increased after the thi
amine administration for glutamate and lysine both in the
cortex and cerebellum. Nevertheless, increases in both
parameters are much higher in the cerebellum (3fold for
glutamate and 2fold for lysine) than in the cortex (~20%
for glutamate and lysine). In the cerebellum, low correla
tions of glutamate and lysine with other amino acids in
intact rats rise dramatically after the thiamine administra
tion, reaching positive values typical for the statistically
significant correlations (Fig. 4, b and d). For instance,
this is observed for the glutamate correlations with ala
nine, glycine, histidine, branchedchain amino acids,
phenylalanine, methionine, serine, and tyrosine
(Fig. 4b). As discussed above, the changes are less mani
fested in the cortex (Fig. 4, a and c). In the case of tryp
tophan, thiamine increases the parameters of its metabol
BIOCHEMISTRY (Moscow) Vol. 82 No. 6 2017
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ic interaction with other amino acids only in the cerebel
lum, whereas in the cortex the correlations of tryptophan
with other amino acids decrease (Fig. 4, e and f). This
trend is also revealed by the thiamineinduced changes in
the overall correlation parameters of tryptophan shown in
Table 3. The quantitative and qualitative differences in the
effects of thiamine on the amino acid markers of
OGDHC and OADHC function in the cortex and cere
bellum agree well with the brainregionspecific influence
of thiamine on the activities of OGDHC and OADHC
(Fig. 2). In the cerebellum, where the injection of thi
amine increases activities of both OGDHC and OADHC
(Fig. 2), considerable changes in metabolic interactions
between the amino acid markers of OADHC and
OGDHC function are observed (Fig. 4). In the cortex,
where thiamine does not elevate the OGDHC activity
and decreases the OADHC activity (Fig. 2), only meta
bolic interactions of tryptophan, which is presumed to be
a marker of the OADHC function, are found to change
dramatically (Fig. 4).
It should be noted that no significant negative corre
lations between amino acids are detected in the brain of
either intact or thiaminetreated rats (Table 3). Never
theless, the four significant negative correlations and a
negative value of the average coefficient of the correla
tions between glutamine and other amino acids (–0.5) are
inherent in the blood plasma of intact rats (Table 3).
Because glutamine accepts ammonium arising from
degradation of nitrogen compounds [30], the negative
correlations mean that in intact rats, glutamine accumu
lation occurs at the expense of the degradation of amino
acids. Remarkably, after the thiamine injection the aver
age correlation coefficient of glutamine becomes positive
(0.7), with seven positive correlations being statistically
significant (Table 3). Such a change of the glutamine
metabolic interaction with other amino acids in the blood
favors a decrease in the overall degradation of amino acids
in rats after the thiamine administration.
As a result, the correlation analysis reveals metabol
ic rearrangements caused by the thiamine administration
(Table 3), which are consistent with the results of enzy
matic assays (Figs. 2 and 3) and are detectable even when
the average levels of amino acids do not change signifi
cantly (Table 2; cerebellum).

DISCUSSION
OADHC is a new ThDPdependent multienzyme
complex. Structural and functional differences of protein
products of the previously characterized ogdh(l) and
dhtkd1 genes [13] indicate that the biologically significant
oxidation of 2oxoadipate is catalyzed by the dhtkd1 gene
product [14, 16, 32]. Nevertheless, in many publications
on 2oxoadipate metabolism its oxidation is still attrib
uted to the 2oxoglutarate dehydrogenase (the isoen
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Fig. 4. Effect of thiamine on correlation coefficients (R) of glutamate (a, b), lysine (c, d), and tryptophan (e, f) with other amino acids in the
cortex (bar charts on the left) and cerebellum (bar charts on the right). Th–, homogenates from intact rats; Th+, homogenates from rats eight
weeks after thiamine injection; n, number of animals in groups.

zymes encoded by the ogdh and ogdhl genes). Moreover,
in databases on transcriptomics and other screening stud
ies, the protein encoded by dhtkd1 is often incorrectly
mentioned as 2oxoglutarate dehydrogenase. Indeed, the
biological role of the enzyme encoded by the dhtkd1 gene
is not well understood. Using genetic methods, it was
found that deficiency of this enzyme results in distur
bances in mitochondrial energy metabolism [32], which
in turn lead to neurological symptoms [17, 32].
Mutations of the dhtkd1 gene cause accumulation of 2
aminoadipate and 2oxoadipate, which are common
intermediates in pathways of the degradation of the essen

tial amino acids lysine and tryptophan [1416, 18, 33].
Hence, the dhtkd1 enzyme is supposed to participate in
the tissuespecific metabolism of these amino acids. Our
results show that OADHC activity, its regulation by thi
amine, and the role of OADHC in maintenance of the
levels of lysine and tryptophan vary in different regions of
the brain (Figs. 2 and 4 and Table 1). This finding suggests
that the OADHCrelated features of metabolic networks
support functional heterogeneity of the brain.
In view of the ability of OGDHC to catalyze the 2
oxoadipate dehydrogenase reaction in vitro [21, 22], the
main problem in studies on the biological function and
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regulation of the dhtkd1encoded OADH is discrimina
tion of the activities inherent in the dhtkd1encoded
enzyme, on one hand, and the highly expressed in differ
ent tissues OGDH encoded by the ogdh and ogdhl genes,
on the other hand. In this work, we found the conditions
for specific assays of the activities of the multienzyme
complexes of OADH and OGDH in brain homogenates.
Nonsonicated homogenates of the tissues stored at
–70°C were shown to be optimal for measuring the
OADHC activity. OADHC, which is assayed in such
homogenates, is either extramitochondrial, in accor
dance with the prediction of dual localization of the
enzyme [13], or solubilized from mitochondria already
after a single cycle of tissue freezing and thawing. The lat
ter condition is insufficient to solubilize intramitochon
drial OGDHC. Due to at least partial intramitochondrial
localization of OADHC [13, 34], the lack of increase in
the OADHC activity in most of the studied samples after
sonication and detergent extraction (Table 1) favors the
assumption on easier, compared to OGDHC, solubiliza
tion of OADHC. In general, low levels of the OADHC
activity in the nonsonicated brain homogenates
(Table 1) are correlated with a relatively low expression of
the dhtkd1 gene in the brain according to the PaxDB
database [35]. Nevertheless, our study has shown that in
the brain of Sprague–Dawley female rats the OADHC
activity is higher in the cerebral cortex compared to the
cerebellum and brain stem (Figs. 1 and 2; intact rats).
Sonication and detergent extraction are necessary to
solubilize a major part of OGDHC from brain
homogenates. After this treatment, the OADHC activity
remains only in the cerebral cortex, whereas OADHC in
the cerebellum and brain stem is inactivated (Table 1).
The inactivation does not depend on the level of the
OADHC activity in the studied brain regions. For exam
ple, in thiaminetreated animals, the OADHC activity in
the cerebellum and brain stem before sonication is com
parable to the OADHC activity in the cerebral cortex of
intact rats (Fig. 2). However, both the relatively high lev
els of OADHC activity in the thiaminetreated rats and
the relatively low levels of OADHC activity in intact rats
are decreased after the sonication and detergent extrac
tion in the cerebellum and brain stem (Table 1). In con
trast, OADHC of the cortex seems to be resistant to the
sonication and detergent extraction (Table 1). This may
be due to its higher, compared to the enzyme in the cere
bellum and brain stem, endogenous saturation by the
coenzyme ThDP, which is a known stabilizer of ThDP
dependent dehydrogenases. This suggestion is supported
by a lower exchange rate of the thiamine pool (and ThDP
as its major representative) in the cortex compared to the
cerebellum and brain stem [36].
The finding that after sonication and detergent
extraction, the cerebellum and brain stem of intact rats
had high (0.19 and 0.24 μmol/min per g fresh weight,
respectively) OGDHC activity, but no OADHC activity
BIOCHEMISTRY (Moscow) Vol. 82 No. 6 2017
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(Table 1), shows that OGDHC in the rat brain
homogenates does not have a detectable level of 2oxoad
ipate dehydrogenase activity. A further argument support
ing this conclusion comes from comparison of the
OADHC activity in sonicated homogenates of the cortex
of intact rats and cerebellum of thiaminetreated rats.
Having the same level of the OGDHC activity
(0.44 μmol/min per g fresh weight), the samples signifi
cantly differ in the OADHC activity (0.28 and
0.01 μmol/min per g fresh weight, respectively) (Table 1).
Obviously, such variations in the OADHC activity at a
constant level of the OGDHC activity point to the
involvement of the different catalytic systems, OGDHC
and OADHC, into oxidation of 2oxoglutarate and 2
oxoadipate. Because OGDHC of the brain strongly inter
acts with the inner membrane of mitochondria [37],
which requires sonication and detergent extraction to sol
ubilize OGDHC, the oxidative decarboxylation of both
2oxoadipate and 2oxoglutarate in nonsonicated
homogenates of the brain samples appears to be catalyzed
by the dhtkd1encoded enzyme. In this case, the average
ratio of the reaction rates with 2oxoadipate and 2oxo
glutarate for OADH is about 0.5 (Fig. 1). On the other
hand, the variations in the ratios of the OADHC and
OGDHC activities observed in nonsonicated
homogenates of different experimental groups (Fig. 1)
could be due to a varied minor part of OGDHC that has
been solubilized in the nonsonicated homogenates.
However, as shown above, even a relatively high level of
the OGDHC activity (0.44 μmol/min per g fresh weight)
does not provide a measurable oxidation of 2oxoadipate
(Table 1; cerebellum of thiaminetreated rats). Hence,
the OADHC activity in the nonsonicated homogenates
is due to the catalytic action of the enzyme encoded by
the dhtkd1 gene, regardless of the possibility of a lowlevel
partial solubilization of OGDHC under the assay condi
tions. In this case, only the question whether the dhtkd1
encoded OADH transforms 2oxoglutarate remains open.
Recent studies have shown that the dhtkd1 gene
and/or dhtkd1encoded enzyme are involved in the devel
opment of diabetes and treatment of obesity [33, 38].
Because thiamine is also involved in these processes [39],
the enzymatic assays elaborated in this work represent
new tools to study molecular mechanisms underlying
potential role of ThDPdependent OADH in diabetes and
obesity. As a result, the new ThDPdependent dehydro
genase encoded by the dhtkd1 gene may be an interesting
target for metabolic regulation.
Thiamine as a metabolic regulator. ThDP is a coen
zyme of oxidative decarboxylation of 2oxo acids, includ
ing 2oxoadipate and 2oxoglutarate. Accordingly, its
precursor thiamine (vitamin B1) is a physiological activa
tor of ThDPdependent 2oxo acid dehydrogenases. In
several previous studies about regulation of multienzyme
complexes of 2oxo acid dehydrogenases, we have shown
that the exposure of animals to effectors of these key
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metabolic enzymes evokes homeostatic mechanisms [4].
Such mechanisms compensate for the effectorinduced
perturbations in the oxidative decarboxylation of 2oxo
acids, normalizing changed fluxes by switching on natu
ral mechanisms of attenuation [5, 28]. Differences in the
metabolic networks of the cortex, cerebellum, or brain
stem may cause different perturbations and compensatory
responses to a physiological activator of 2oxo acid dehy
drogenases, thiamine. The differences are primarily seen
in the OADHC and OGDHC activities of the correspon
ding homogenates measured in vitro (Fig. 2).
However, the involvement of thiamine in regulation
of cell metabolism is not limited to its widely known role
as a precursor of the coenzyme for several enzymes of
central metabolism. The energydependent biosynthesis
of noncoenzyme derivatives of thiamine, such as its
triphosphorylated and adenylated forms [40, 41], sup
ports additional functions of this vitamin in living sys
tems. It was shown in vitro [23] and in situ [24] that thi
amine itself and/or its derivatives regulate a number of
central metabolic enzymes that do not require ThDP as
their coenzyme. Results presented in Fig. 3 demonstrate
that thiamine injection to rats also induces a longterm in
vivo regulation of these enzymes.
Recent studies have shown regulatory interactions
between the ThDPdependent OGDHC and thiamine
metabolism [31]. In particular, inhibition of OGDHC is
compensated by increased uptake of thiamine, both in
cultured astrocytes and in rat brain. Thus, shortterm
changes in activities of ThDPdependent enzymes may
launch longterm processes compensating for the
changes. In the present work, we have characterized such
longterm processes initiated by a high dose of thiamine.
Systemic longterm effects of thiamine may involve a
number of mechanisms in addition to those dependent on
the coenzyme type of ThDP binding. According to a
recent study, the most representative common feature of
rat brain proteins that bind to a thiaminemodified sor
bent is “acetylation” [23]. Involvement of thiamine in
metabolic regulation by this posttranslational modifica
tion may underlie the longterm effects of thiamine
observed in this work (Figs. 2 and 3). Besides, ThDP is
known to bind to a master regulator of metabolism, tran
scription factor p53, competing with the p53 binding to
DNA [42]. On the other hand, thiamine metabolism
interacts with mTOR signaling, which senses cellular
availability of amino acids [43]. Thus, the longterm
effects of a single high dose of thiamine on central meta
bolic enzymes and amino acid homeostasis in the rat
brain, which have been established in our work, may
manifest metabolic reprogramming controlled by acety
lation, p53, and mTOR.
Correlation analysis of amino acid levels to character
ize metabolic changes. Multiple interactions between the
pathways of amino acid metabolism include competition
of structurally similar amino acids for their transport or

for degradation by the same enzyme. Such enzymes are
exemplified by the ThDPdependent dehydrogenases of
2oxoadipate and branchedchain 2oxo acids. The for
mer transforms a common intermediate of the degrada
tion of lysine and tryptophan, whereas the latter partici
pates in catabolism of leucine, isoleucine, and valine.
Due to the intersections in the amino acid metabolism, its
organization requires a certain balance in the abundances
of amino acids, which is manifested in their correlated
levels. In general, the correlation coefficients are statisti
cal indicators of dependence of two random values, and
they do not point to a causal relationship between these
values, i.e. a relationship where one phenomenon is the
cause, necessarily leading to another phenomenon, a
consequence. For example, the highly correlated levels of
glutamate and alanine in the cortex (Fig. 4a) do not imply
that the level of alanine necessarily determines the level of
glutamate, or vice versa. However, in the system of our
consideration, the relationships between amino acids are
known to be mediated by a metabolic network. Therefore,
the changed correlations are indicative of changes in this
network. For example, appearance of high correlation
between alanine and glutamate levels in the cerebellum of
animals after the thiamine administration (Fig. 4b) is
accompanied by a rearrangement of the metabolic net
work, particularly of the enzymes associated with trans
formations of these amino acids (Figs. 2 and 3). Thus, the
observed change in the correlation coefficients of alanine
and glutamate (Fig. 4b) could be an indicator of such
rearrangement, even if all specific components of the
rearrangement are not known. Unlike the correlation
analysis, understanding the causeandconsequence rela
tionship requires more specific knowledge about the sys
tem.
Obviously, a degree of metabolic interactions
between the amino acids is linked to metabolic fluxes.
First, the fluxes are specific for different tissues, and that
explains different correlations between amino acids in the
various brain regions and in the blood plasma (Table 3).
Moreover, the fluxes may vary due to external factors. For
example, after the injection of thiamine, which is a regu
lator of central metabolism, statistically significant
changes are observed in correlations between amino acids
not only in the cortex and plasma, where thiamine
reduces the levels of many amino acids, but also in the
cerebellum, where multiple changes in the amino acid
levels do not occur. Significant increase in the total and
average correlation coefficients in the blood plasma and
cerebellum after the thiamine injection (Table 3) mani
fests increasing metabolic interactions between amino
acids. In other words, this increased interdependence of
the amino acids means that the thiamine treatment
induces a sensitization of the whole metabolic network to
a change in a single amino acid. The result is consistent
with published data on the thiamine regulation of the
mTOR system, which is a known sensor of the availabili
BIOCHEMISTRY (Moscow) Vol. 82 No. 6 2017
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ty of amino acids [43]. Thus, correlation analysis is an
additional tool to detect metabolic changes, which may
be more sensitive than the analysis of the average levels of
metabolites.

7.

CONCLUSION

8.

Our study shows that a single high dose of thiamine
administered to rats causes longterm changes not only in
the ThDPdependent dehydrogenases of dicarboxylic 2
oxo acids, but also in the functionally associated
enzymes. The regulation by thiamine results in a complex
metabolic rearrangement that limits amino acid degrada
tion. Restricted degradation is consistent with the obser
vation of decreased levels and/or changed metabolic
interactions of amino acids in the blood plasma.
Conditions for differential assays of the dehydrogenases
of 2oxoadipate and 2oxoglutarate in brain homogenates
have been found in this study, and these are useful to
detect differences in the role and regulation of these
enzymes in vivo. Thus, this study provides a necessary
basis for further characterization of the biological role of
the novel ThDPdependent dehydrogenase of 2oxoadi
pate.

9.

10.

11.

12.

Acknowledgments
This work was supported by the Russian Science
Foundation (project No. 141500133).

13.

REFERENCES
14.
1.

2.

3.

4.

5.

6.

Bunik, V. I. (2014) Benefits of thiamin (vitamin B1) admin
istration in neurodegenerative diseases may be due to both
the coenzyme and noncoenzyme roles of thiamin, J.
Alzheimer’s Dis. Parkinson., 4, 173177.
Butterworth, R. F., and Heroux, M. (1989) Effect of
pyrithiamine treatment and subsequent thiamine rehabili
tation on regional cerebral amino acids and thiamine
dependent enzymes, J. Neurochem., 52, 10791084.
Gibson, G. E., Blass, J. P., Beal, M. F., and Bunik, V.
(2005) The alphaketoglutaratedehydrogenase complex: a
mediator between mitochondria and oxidative stress in
neurodegeneration, Mol. Neurobiol., 31, 4363.
Artiukhov, A. V., Bunik, V. I., and Graf, A. V. (2016) Directed
regulation of multienzyme complexes of the 2oxo acid dehy
drogenases using phosphonate and phosphinate analogs of 2
oxo acids, Biochemistry (Moscow), 81, 17911816.
Graf, A., Trofimova, L., Loshinskaja, A., Mkrtchyan, G.,
Strokina, A., Lovat, M., Tylicky, A., Strumilo, S.,
Bettendorff, L., and Bunik, V. I. (2013) Upregulation of 2
oxoglutarate dehydrogenase as a stress response, Int. J.
Biochem. Cell Biol., 45, 175189.
Trofimova, L. K., Araujo, W. L., Strokina, A. A., Fernie, A.
R., Bettendorff, L., and Bunik, V. I. (2012) Consequences
of the alphaketoglutarate dehydrogenase inhibition for
BIOCHEMISTRY (Moscow) Vol. 82 No. 6 2017

15.

16.

17.

18.

735

neuronal metabolism and survival: implications for neu
rodegenerative diseases, Curr. Med. Chem., 19, 58955906.
Navarro, D., Zwingmann, C., and Butterworth, R. F.
(2008) Regionselective alterations of glucose oxidation
and amino acid synthesis in the thiaminedeficient rat
brain: a reevaluation using 1H/13C nuclear magnetic res
onance spectroscopy, J. Neurochem., 106, 603612.
Bunik, V. I., Tylicki, A., and Lukashev, N. V. (2013)
Thiamin diphosphatedependent enzymes: from enzymol
ogy to metabolic regulation, drug design and disease mod
els, FEBS J., 280, 64126442.
Bunik, V. I., Schloss, J. V., Pinto, J. T., Dudareva, N., and
Cooper, A. J. (2011) A survey of oxidative paracatalytic
reactions catalyzed by enzymes that generate carbanionic
intermediates: implications for ROS production, cancer
etiology, and neurodegenerative diseases, Adv. Enzymol.
Rel. Areas Mol. Biol., 77, 307360.
Wang, D., and Hazell, A. S. (2010) Microglial activation is
a major contributor to neurologic dysfunction in thiamine
deficiency, Biochem. Biophys. Res. Commun., 402, 123128.
Spinas, E., Saggini, A., Kritas, S. K., Cerulli, G., Caraffa,
A., Antinolfi, P., Pantalone, A., Frydas, A., Tei, M.,
Speziali, A., Saggini, R., Pandolfi, F., and Conti, P. (2015)
Crosstalk between vitamin B and immunity, J. Biol. Regul.
Homeost. Agents, 29, 283288.
DiazMunoz, M. D., Bell, S. E., Fairfax, K., Monzon
Casanova, E., Cunningham, A. F., GonzalezPorta, M.,
Andrews, S. R., Bunik, V. I., Zarnack, K., Curk, T.,
Heggermont, W. A., Heymans, S., Gibson, G. E.,
Kontoyiannis, D. L., Ule, J., and Turner, M. (2015) The
RNAbinding protein HuR is essential for the B cell anti
body response, Nat. Immunol., 16, 415425.
Bunik, V. I., and Degtyarev, D. (2008) Structurefunction
relationships in the 2oxo acid dehydrogenase family: sub
stratespecific signatures and functional predictions for the
2oxoglutarate dehydrogenaselike proteins, Proteins, 71,
874890.
Hagen, J., te Brinke, H., Wanders, R. J., Knegt, A. C.,
Oussoren, E., Hoogeboom, A. J., Ruijter, G. J., Becker, D.,
Schwab, K. O., Franke, I., Duran, M., Waterham, H. R.,
Sass, J. O., and Houten, S. M. (2015) Genetic basis of
alphaaminoadipic and alphaketoadipic aciduria, J. Inher.
Metab. Dis., 38, 873879.
Stiles, A. R., Venturoni, L., Mucci, G., Elbalalesy, N.,
Woontner, M., Goodman, S., and Abdenur, J. E. (2015)
New cases of DHTKD1 mutations in patients with 2
ketoadipic aciduria, JIMD Rep., 25, 1519.
Danhauser, K., Sauer, S. W., Haack, T. B., Wieland, T.,
Staufner, C., Graf, E., Zschocke, J., Strom, T. M., Traub,
T., Okun, J. G., Meitinger, T., Hoffmann, G. F., Prokisch,
H., and Kolker, S. (2012) DHTKD1 mutations cause 2
aminoadipic and 2oxoadipic aciduria, Am. J. Hum. Genet.,
91, 10821087.
Xu, W. Y., Gu, M. M., Sun, L. H., Guo, W. T., Zhu, H. B.,
Ma, J. F., Yuan, W. T., Kuang, Y., Ji, B. J., Wu, X. L., Chen,
Y., Zhang, H. X., Sun, F. T., Huang, W., Huang, L., Chen,
S. D., and Wang, Z. G. (2012) A nonsense mutation in
DHTKD1 causes Charcot–Marie–Tooth disease type 2 in a
large Chinese pedigree, Am. J. Hum. Genet., 91, 10881094.
Hallen, A., Jamie, J. F., and Cooper, A. J. (2013) Lysine
metabolism in mammalian brain: an update on the impor
tance of recent discoveries, Amino Acids, 45, 12491272.

736

TSEPKOVA et al.

19. Dunckelmann, R. J., Ebinger, F., Schulze, A., Wanders, R.
J., Rating, D., and Mayatepek, E. (2000) 2Ketoglutarate
dehydrogenase deficiency with intermittent 2ketoglutaric
aciduria, Neuropediatrics, 31, 3538.
20. Bunik, V., Westphal, A. H., and De Kok, A. (2000) Kinetic
properties of the 2oxoglutarate dehydrogenase complex
from Azotobacter vinelandii evidence for the formation of a
precatalytic complex with 2oxoglutarate, FEBS J., 267,
35833591.
21. Bunik, V. I., and Pavlova, O. G. (1993) Inactivation of alpha
ketoglutarate dehydrogenase during oxidative decarboxyla
tion of alphaketoadipic acid, FEBS Lett., 323, 166170.
22. Sauer, S. W., Opp, S., Hoffmann, G. F., Koeller, D. M.,
Okun, J. G., and Kolker, S. (2011) Therapeutic modulation
of cerebral Llysine metabolism in a mouse model for glu
taric aciduria type I, Brain, 134, 157170.
23. Mkrtchyan, G., Aleshin, V., Parkhomenko, Y., Kaehne, T.,
Luigi Di Salvo, M., Parroni, A., Contestabile, R., Vovk, A.,
Bettendorff, L., and Bunik, V. (2015) Molecular mecha
nisms of the noncoenzyme action of thiamin in brain: bio
chemical, structural and pathway analysis, Sci. Rep., 5,
12583.
24. Aleshin, V. A., Artiukhov, A. V., Oppermann, H.,
Kazantsev, A. V., Lukashev, N. V., and Bunik, V. I. (2015)
Mitochondrial impairment may increase cellular
NAD(P)H: resazurin oxidoreductase activity, perturbing
the NAD(P)Hbased viability assays, Cells, 4, 427451.
25. Araujo, W. L., Trofimova, L., Mkrtchyan, G., Steinhauser,
D., Krall, L., Graf, A., Fernie, A. R., and Bunik, V. I.
(2013) On the role of the mitochondrial 2oxoglutarate
dehydrogenase complex in amino acid metabolism, Amino
Acids, 44, 683700.
26. Bunik, V. I., and Fernie, A. R. (2009) Metabolic control
exerted by the 2oxoglutarate dehydrogenase reaction: a
crosskingdom comparison of the crossroad between ener
gy production and nitrogen assimilation, Biochem. J., 422,
405421.
27. Levintow, L. (1954) The glutamyltransferase activity of
normal and neoplastic tissues, J. Natl. Cancer Inst., 15,
347352.
28. Mkrtchyan, G., Graf, A., Bettendorff, L., and Bunik, V.
(2016) Cellular thiamine status is coupled to function of
mitochondrial 2oxoglutarate dehydrogenase, Neurochem.
Int., 101, 6675.
29. Graf, A., Kabysheva, M., Klimuk, E., Trofimova, L.,
Dunaeva, T., Zundorf, G., Kahlert, S., Reiser, G.,
Storozhevykh, T., Pinelis, V., Sokolova, N., and Bunik, V.
(2009) Role of 2oxoglutarate dehydrogenase in brain
pathologies involving glutamate neurotoxicity, J. Mol.
Catal. B Enzym., 61, 8087.
30. Cooper, A. J., and Jeitner, T. M. (2016) Central role of glu
tamate metabolism in the maintenance of nitrogen home
ostasis in normal and hyperammonemic brain,
Biomolecules, 6.
31. Bunik, V., Mkrtchyan, G., Grabarska, A., Oppermann, H.,
Daloso, D., Araujo, W. L., Juszczak, M., Rzeski, W.,

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Bettendorff, L., Fernie, A. R., Meixensberger, J., Stepulak,
A., and Gaunitz, F. (2016) Inhibition of mitochondrial 2
oxoglutarate dehydrogenase impairs viability of cancer cells
in a cellspecific metabolismdependent manner,
Oncotarget, 7, 2640026421.
Xu, W., Zhu, H., Gu, M., Luo, Q., Ding, J., Yao, Y., Chen,
F., and Wang, Z. (2013) DHTKD1 is essential for mito
chondrial biogenesis and function maintenance, FEBS
Lett., 587, 35873592.
Wu, Y., Williams, E. G., Dubuis, S., Mottis, A., Jovaisaite,
V., Houten, S. M., Argmann, C. A., Faridi, P., Wolski, W.,
Kutalik, Z., Zamboni, N., Auwerx, J., and Aebersold, R.
(2014) Multilayered genetic and omics dissection of mito
chondrial activity in a mouse reference population, Cell,
158, 14151430.
Goncalves, R. L., Bunik, V. I., and Brand, M. D. (2016)
Production of superoxide/hydrogen peroxide by the mito
chondrial 2oxoadipate dehydrogenase complex, Free
Radic. Biol. Med., 91, 247255.
Wang, M., Weiss, M., Simonovic, M., Haertinger, G.,
Schrimpf, S. P., Hengartner, M. O., and von Mering, C.
(2012) PaxDb, a database of protein abundance averages
across all three domains of life, Mol. Cell. Proteom., 11,
492500.
Rindi, G., Comincioli, V., Reggiani, C., and Patrini, C.
(1984) Nervous tissue thiamine metabolism in vivo. II.
Thiamine and its phosphoesters dynamics in different brain
regions and sciatic nerve of the rat, Brain Res., 293, 329
342.
Bunik, V., Kaehne, T., Degtyarev, D., Shcherbakova, T.,
and Reiser, G. (2008) Novel isoenzyme of 2oxoglutarate
dehydrogenase is identified in brain, but not in heart, FEBS
J., 275, 49905006.
Lim, J., Liu, Z., Apontes, P., Feng, D., Pessin, J. E., Sauve,
A. A., Angeletti, R. H., and Chi, Y. (2014) Dual mode
action of mangiferin in mouse liver under high fat diet,
PLoS One, 9, e90137.
Luong, K. V., and Nguyen, L. T. (2012) The impact of thi
amine treatment in the diabetes mellitus, J. Clin. Med. Res.,
4, 153160.
Bettendorff, L., Wirtzfeld, B., Makarchikov, A. F.,
Mazzucchelli, G., Frederich, M., Gigliobianco, T.,
Gangolf, M., De Pauw, E., Angenot, L., and Wins, P.
(2007) Discovery of a natural thiamine adenine nucleotide,
Nat. Chem. Biol., 3, 211212.
RossiFanelli, A., Siliprandi, N., and Fasella, P. (1952) On
the presence of the triphosphothiamine (TPT) in the liver,
Science, 116, 711713.
McLure, K. G., Takagi, M., and Kastan, M. B. (2004)
NAD+ modulates p53 DNA binding specificity and func
tion, Mol. Cell. Biol., 24, 99589967.
Liu, S., Miriyala, S., Keaton, M. A., Jordan, C. T., Wiedl,
C., Clair, D. K., and Moscow, J. A. (2014) Metabolic
effects of acute thiamine depletion are reversed by
rapamycin in breast and leukemia cells, PLoS One, 9,
e85702.

BIOCHEMISTRY (Moscow) Vol. 82 No. 6 2017

