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Metabolomic Analysis Reveals
Vitamin D-induced Decrease
“in Polyol Pathway and Subtle
e Modulation of Glycolysis in
A HEK293T Cells

. G.C.Santos? J. D. Zeidler', J. A. Pérez-Valencia®, A. C. B. Sant’Anna-Silva*, A.T. Da Poian?,
- T.El-Bacha®’ &F. C. L. Almeida*?

© We combined *H NMR metabolomics with functional and molecular biochemical assays to describe the
metabolic changes elicited by vitamin D in HEK293T, an embryonic proliferative cell line adapted to
high-glucose concentrations. Activation of the polyol pathway, was the most important consequence
of cell exposure to high glucose concentration, resembling cells exposed to hyperglycemia. Vitamin D
induced alterations in HEK293T cells metabolism, including a decrease in sorbitol, glycine, glutamate,
guanine. Vitamin D modulated glycolysis by increasing phosphoglycerate mutase and decreasing
enolase activities, changing carbon fate without changing glucose consumption, lactate export and
Krebs cycle. The decrease in sorbitol intracellular concentration seems to be related to vitamin D
regulated redox homeostasis and protection against oxidative stress, and helped maintaining the high
proliferative phenotype, supported by the decrease in glycine and guanine and orotate concentration
and increase in choline and phosphocholine concentration. The decrease in orotate and guanine

. indicated an increased biosynthesis of purine and pyrimidines. Vitamin D elicited metabolic alteration

: without changing cellular proliferation and mitochondrial respiration, but reclaiming reductive power.

. Our study may contribute to the understanding of the metabolic mechanism of vitamin D upon
exposure to hyperglycemia, suggesting a role of protection against oxidative stress.

1,25-dihydroxycholecalciferol (1,25(0OH),D3; vitamin D) is a hormone that has a plethora of biological effects,

such as regulation of calcium and phosphate homeostasis' -, immune response®>, and anti-cancer related effects,

including inhibition of cell proliferation®”, invasive potential® and metastasis’. It has been shown that vitamin

D treatment inhibits glycolytic flux in metastatic ras transformed MCF10A cells, as shown by a decrease in

3-phosphoglycerate and lactate contents and a reduced activity of lactate dehydrogenase'”. In the same cells, vita-
. min D inhibits glutamine metabolism, reducing glutamate and glutamine intracellular contents''. Additionally,
© vitamin D treatment increased insulin secretion in polycystic ovary syndrome (PCOS) patients'?, and suppressed
. the expression of angiotensinogen induced by hyperglycemia by blocking NF-kB-mediated pathway'®. These
. results show that vitamin D regulates several metabolic pathways and cell proliferation and survival, but the
© molecular mechanisms involved in these effects are not well understood.

One of the most important genes up-regulated by vitamin D is the thioredoxin interacting protein (TXNIP),
initially named as vitamin D up-regulated protein-1, VDUP-1'* TXNIP is an a-arrestin known to inhibit glucose
uptake by binding directly to glucose transporter GLUT-1, inducing its internalization'>. TXNIP also binds to

. thioredoxin (TRX)'S, linking the intermediary and primary metabolism, the redox regulation and cell cycle'”".
TXNIP also competes with apoptosis signal-regulating kinase 1, ASK1, for binding to TRX. Up-regulation of
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TXNIP, such as observed in diabetes mellitus type 2, leads to the displacement of TRX from binding to ASK1,
promoting the activation of apoptosis®®?!. Since vitamin D is a major regulator of TXNIP, one conceivable sug-
gestion is that vitamin D is an important regulator of cellular and redox metabolism.

Metabolomics, the study of low-molecular-weight metabolites of physiological relevance, combined with
measurements of mRNA and protein contents, as well as enzymatic activities, is a powerful approach to reveal
new mechanism for cellular metabolic reprogramming associated with the disease state, as described for different
cancer-subtypes®> ** and also for subjects infected with viruses, as recently described by our group®*. Recently,
metabolomics was proved an important tool for understanding the role of vitamin D on multiple sclerosis®.

In this work, we combined 'H Nuclear Magnetic Resonance (NMR) metabolomics with functional and molec-
ular biochemical assays to describe the metabolic changes elicited by vitamin D in HEK293T, an embryonic pro-
liferative cell line adapted to high-glucose concentrations. Vitamin D treatment reprogrammed the metabolism
of these cells by decreasing the polyols pathway and by channeling glucose carbons to the maintenance of the cell’s
reductive power and the cell proliferative phenotype, possibly protecting them from the oxidative stress promoted
by high glucose concentration.

Results

Vitamin D treatment alters cellular metabolic profile. To understand the effect of vitamin D on
metabolism we first performed '"H NMR exploratory metabolomics on HEK293T cellular extracts. HEK293T is
an embryonic non-cancerous proliferative cell line adapted to high-glucose concentrations. We are particularly
interested in the metabolic mechanisms in the presence of high-glucose concentrations and the way cells deal
with oxidative stress.

Using NMR, we first mapped the consumption and fate of glucose carbons, showing that HEK293T is highly
glycolytic (Supplementary Figure 1), as expected for an embryonic cell?®. We used growth medium containing
25mM glucose, and after 24 hours of incubation, ~10 mM glucose was consumed, remaining ~15mM in the
culture medium. 23% of 13C-glucose that was consumed by the cells was metabolized to *C-lactate, measured in
the conditioned media (~4.5 mM after 24 hs), indicating that almost a quarter of the glucose consumed followed
the anaerobic glycolytic pathway. The presence of vitamin D did not change *C-glucose consumption and the
amount of *C-lactate export by the cells.

NMR analysis showed that the most prevalent metabolites in HEK293T extracts are sorbitol and glycine.
Figure 1A and B show a representative 'H NMR spectrum of the cellular extracts” polar phase after cell treatment
with vitamin D. Figure 1C and D show results of the multivariate analysis, which accounts for the HEK293T cells
before and after treatment with 100 nM of vitamin D. Vitamin D reprogrammed the cells to a different metabolic
phenotype, as observed by the decrease in the content of sorbitol, glutamate, glycine, orotate and guanine and
small differences in the content of lactate and alanine (Fig. 1E and Supplementary Figure 2).

We observed a clear separation between the vitamin D-treated and control cells, as shown in the multivariate
analysis PLS-DA score plot (Fig. 1C and D). We validated the PLS-DA analysis using cross-validation by the
leave-one-out method* 2. We also observed a reasonable (but not strong) separation into classes in the principal
component analysis (PCA), which is unsupervised and not biased toward classification (Supplementary Figure 3).
It is important to note that our main emphasis was not the classification power of our model, but the hierarchy of
metabolites that contributed to classification, which were remarkably similar for the PLS-DA and PCA analysis
(Supplementary Figure 3).

Cross validation revealed an accuracy of 0.875, R? of 0.978 and Q? of 0.545 for 3 components, which is a good
classification model. R2 measures how good is the fit, while Q* measures the predictive ability of the model. For
both parameters, the value 1 would reflect perfect fitting and predictive power®’. Values of Q? above 0.5 usually
reflect a good classificatory power without overfitting. Although the classification power of the model presented
here is reasonable, in this work we did not use it as a predictive tool, but rather to provide directions for the
understanding of the main metabolic changes in HEK293T cells elicited by vitamin D.

Several variables were important for group discrimination, as shown on PLS-DA loading factors on compo-
nents 1, 2 and 3, and variable importance in projection (VIP) scores on PLS-DA component 1 (Supplementary
Table 1). Scores on PLS-DA components 1, 2 and 3 accounted for almost 90% of the variation (Fig. 1C). From
these buckets, we picked up some with the highest VIP-scores and loading factors, and added some other assigned
metabolites, as shown in Supplementary Table 2. Figure 2 points to the metabolites with the most discriminating
power between vitamin D treated and control HEK293T cells, according to PLS-DA multivariate and univari-
ate statistics. The variables/metabolites with the highest VIP-scores and loading factors are shown in Fig. 2 and
Supplementary Table 2.

Glycine, sorbitol, glutamate and guanine strongly contributed to the discrimination of the groups, taken by
their high VIP-scores (Fig. 2, lower panel). These metabolites appear in the chemical shift values between 3.6-
4.0 ppm (Fig. 1A) and presented the highest negative loading factors, indicating that vitamin D significantly
decreased their content in HEK293T cells (Fig. 2, upper panel). Other amino acids and metabolites related to the
pentose phosphate pathway, phospholipid metabolism, Krebs cycle and glucose metabolism also contributed to
discriminating the metabolic phenotype of control and vitamin D-treated HEK293T cells (Fig. 2). These included
a decrease in alanine, orotate, acetate, succinate and formate and an increase in phosphocholine, lactate, pyruvate
and creatine in vitamin D-treated HEK293T cells.

To individually evaluate each metabolite, we also performed univariate analysis (Fig. 2) and confirmed the
statistically significant (p < 0.05) changes of sorbitol, glycine, glutamate and guanine, as shown in Fig. 1E.

We also evaluated whether vitamin D treatment affected the cell cycle and the growth curve of HEK293T cells,
but despite the metabolic effects induced by vitamin D treatment, no changes in cell proliferation were observed
(Supplementary Figure 4).
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Figure 1. NMR metabolomics shows different metabolic profile by vitamin D treatment. 1D 'H NMR
representative spectra from HEK293T cells polar extract of aliphatic region (a), and aromatic region (b). Arrows
1| indicate increased or decreased metabolites, respectively, by vitamin D treatment. PC- Phosphocholine;
GPC- Glycerophosphocholine; DSS- 4,4-dimethyl-4-silapentane-1-sulfonic acid. (¢) 3D Score plot of Partial
Least-Square Discriminant Analysis (PLS-DA), with components 1, 2 and 3. (d) 2D Score plot of PLS-DA

with components 1 and 2. Control (vehicle) replicates (red circle) exhibit more variability than 100 nM (green
circle) vitamin D treatment. (e) Intensity of the NMR resonance correspondent to the most significantly

altered metabolites in the presence and absence of vitamin D (p value < 0.05). Values represent the average of 4
independent experiments, & SD. For the analysis of the statistical significance with and without vitamin D we
used unpaired t-test (*p value < 0.05).

Anaerobic glycolysis is reprogrammed in the presence of vitamin D.  We observed a slight increase
in intracellular lactate concentration in vitamin D-treated cells (Fig. 2, Table S2), corroborating the subtle effect
of vitamin D on glycolysis, which was already described for other cell models'® !, To better understand this
effect, we measured the fate of glucose carbons by incubating HEK293T cells with *C-glucose and measuring
13C-lactate accumulation in the culture medium. Both *C-glucose consumption and *C-lactate accumulation
in the culture medium were not affected by vitamin D, in agreement with the subtle increase in intracellular
concentration of lactate (Fig. 2, Table S2). This experiment agrees with the *C-lactate accumulation observed
in Supplementary Figure 1. Remarkably, when HEK293T cells were exposed to antimycin A, an inhibitor of
cellular respiration, which forces cells to rely solely on anaerobic glycolysis, vitamin D-treated cells exhibited a
less pronounced increase in *C-glucose consumption when compared to control cells, which displayed a 2-fold
increase in lactate accumulation (Fig. 3). These results support that anaerobic glycolysis is reprogrammed in the
presence of vitamin D. It could be suggested that (1) vitamin D impairs glycolytic capacity of HEK293T cells; or
(2) the small increase in intracellular lactate observed in PLS-DA is due to a decreased transport out of cell. These
hypotheses were tested by different approaches, shown in the next topics.

Vitamin D induced changes in the activity of glycolytic enzymes. To better evaluate vitamin D
effects on glycolysis, we measured the activity of all 10 glycolytic enzymes (Fig. 4). Phosphoglycerate mutase
(PGM) activity presented a 50% increase and enolase activity a 45% decrease in cells treated with vitamin D when
compared to controls. The activity of enolase decreased from 42 + 9 to 24 + 16, while phosphoglycerate mutase
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Figure 2. Effect of vitamin D on the metabolic profile of HEK293T cells. The figure reports the metabolites with
the most discriminating power in between vitamin D treated and control HEK293T cells, according to PLS-DA
multivariate and univariate analysis. The bottom graph shows the VIP score as a function of the metabolites. The
arrows indicate the effect of vitamin D on the content of the metabolite (PLS-DA). The top plot shows the results
of the univariate analysis, with the bars indicating the percentage of change in the average area of the peak
(bucket) for each metabolite. For the analysis of the statistical significance with and without vitamin D we used
unpaired t-test (*p < 0.05, Fig. 1E). Note that the univariate analysis agrees with the multivariate analysis for all
metabolites. Supplementary Table 2 details PLS-DA and univariate analysis for most discriminating metabolites.

increased from 299 £ 52 to 452 £ 61 (nmol of product x min~! x g protein~?), for control and vitamin D-treated
cells, respectively. These results reinforce the idea that vitamin D reprogram glucose metabolism. We did not
observe significant changes in the activity of the other glycolytic enzymes.

Vitamin D does not alter mitochondrial respiration. To understand the contribution of oxidative
metabolism to HEK293T cells metabolic phenotype and the effect of vitamin D on HEK293T respiratory activ-
ity, we performed a set of experiments using high-resolution respirometry. Figure 5A shows a representative
trace of oxygen consumption rate in intact cells, respiring in a complete culture medium, containing glucose,
glutamine and other respiratory substrates. Figure 5B presents the average effect of vitamin D on mitochondrial
function parameters, including proton leak, maximal respiration capacity and residual oxygen consumption rate,
all measurements expressed as percentage of the basal respiration. Oxygen consumption rate in the presence of
oligomycin, a compound that inhibits ATP synthase activity, is referred to as “leak” respiration since it evaluates
oxygen consumption uncoupled to ATP synthesis, while the fraction of oxygen consumption that was inhibited
by oligomycin represents the “coupled” respiration. Maximal oxygen consumption rates were evaluated in the
presence of p-triflouromethoxyphenylhydrazone (FCCP), which is a measure of electron transfer system (ETS)
capacity, and non-mitochondrial or residual oxygen consumption rate (ROX) was measured in the presence of
antimycin A. All these respiratory parameters were not affected by vitamin D incubation.

To investigate possible effects of vitamin D on the cell preference for specific respiratory substrates, we evalu-
ated mitochondrial respiration in the presence of glucose (Fig. 5C) or glutamine (Fig. 5D) alone. Glucose induced
a concentration-dependent decrease in cellular respiration, with no significant differences in vitamin D-treated
and control cells. The decrease in respiration caused by glucose is compatible with the Crabtree effect®, showing
that HEK293T cells present a proliferative phenotype.

Since vitamin D caused a decrease in glutamate content in HEK293T cells, we next sought to investigate cellu-
lar respiration in the presence of glutamine as the sole respiratory substrate. Addition of glutamine increased cel-
lular respiration by approximately 50%, with no significant differences upon vitamin D incubation. Collectively,
the results shown in Fig. 5 indicate that mitochondrial bioenergetics of HEK293T cells was not affected by vita-
min D and that the alteration in the metabolic profile is not directly related to alterations in mitochondrial oxi-
dative pathway.

Key genes involved on glucose metabolism were modulated by vitamin D.  The functional exper-
iments presented on the previous sections were followed by mRNA quantification for several genes linked to glu-
cose and glutamine metabolism, redox regulation and apoptosis (Fig. 6). We chose to evaluate the transcription
of the following genes: glucose transporters 1 and 3 (GLUT 1/3); hexokinase 1 and 2 (HK 1/2), which catalyze
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Figure 3. Vitamin D restrained anaerobic glycolysis. HEK293T cells were treated for 24 hours with 100nM

of 1,25 dihydroxyvitamin D3, after cell medium was changed by the same medium except *C-U-glucose.

Cell medium was aliquoted every 15 minutes, up to 180 minutes. After 30 minutes, antimycin A (inhibitor of
mitochondrial complex IIT) was added. Lactate in the culture medium was measured by one-dimension *C-
NMR spectra acquisition, with proton decoupling, of aliquots of the culture medium. *C-Lactate accumulation
was calculated by the ratio of peak intensities in 180 min:30 min. We measured the lactate peak intensity for
every 15min. The intensity ratio 180/30 min normalizes for small changes at the beginning of the kinetics

(30 min) and better reports for the significance of the effect of vitamin D and antimycin. Only after 120 min (we
chose 180 min) the difference among the tested condition arose. Values represent the average of 3 independent
experiments, = SD. For the analysis of the statistical significance with and without vitamin D we used unpaired
t-test (*p < 0.05).

the first step of the glycolytic pathway; lactate dehydrogenase (LDH), which reduces pyruvate to lactate (LDHa)
and the reverse reaction (LDHb); monocarboxylate transporters 1 and 4 (MCTs1/4), which act on lactate trans-
port into and out to the cells; TRX; apoptosis signal-regulating kinase 1 (ASK1), which are linked to apoptosis;
glutamine synthetase (GS), which synthesizes glutamine from glutamate; glutaminase 1 and 2 (GLS1/2), which
breaks down glutamine to glutamate; and glutamate dehydrogenase (GDH), the enzyme that converts glutamate
into a-ketoglutarate. As a control of vitamin D effect on HEK293T cells, we confirmed the increase in TXNIP
gene transcription (Fig. 6) and protein expression by vitamin D (Supplementary Figure 5).

LDHa and MCT#4 transcripts, related to lactate production and efflux from the cells, were downregulated, and
HK1, HK2 and LDHb were upregulated by vitamin D incubation.

Glucose transporter GLUT1 is the most abundant isoform of the glucose transporters and is ubiquitously
expressed in most cells*?, and can be down-regulated by TXNIP'. In the present study, despite TXNIP overex-
pression (Supplementary Figure 5), GLUT1 mRNA content did not show any difference by vitamin D incubation
(Fig. 6). Moreover, no difference in glucose consumption was observed after 24 hours of U-*C-glucose addition,
as shown in Fig. 4. Together, these data indicate that vitamin D-induced TXNIP up-regulation was not sufficient
to reduce neither GLUT1 transcript nor glucose uptake by HEK293T cells.

GLUTS3 was originally assigned to be the neuronal GLUT*, but more recently, several studies described
GLUT3 as present in different cell lines*>=*”. GLUT 3 transcript levels were decreased in HEK293T cells by vita-
min D incubation (Fig. 6), suggesting that vitamin D effect on glucose transport via TXNIP up-regulation, at least
in these cells, might involve more complex mechanisms.

Discussion

In the present study, we showed several evidences that vitamin D induced metabolic changes in HEK293T cells
exposed to high glucose concentrations, mimicking hyperglycemic glucose concentrations. Vitamin D repro-
grammed the metabolism of HEK293T cells, protecting them from oxidative stress and helping to maintain their
highly proliferative phonotype. This proposal is based in the following metabolic consequences related to the
cellular treatment with vitamin D: (a) the decrease in the concentration of sorbitol; (b) the decrease in glycine,
glutamate and alanine intracellular contents, together with an increase in pyruvate, choline and phosphocholine;
(c) the decrease in guanine and orotate concentration and (d) a subtle reprogramming of glycolysis evidenced by
inhibition of enolase and activation of phosphoglycerate mutase (PGM) activity in the extract. Each of these evi-
dences is explored in detail as follows. Figure 7 summarizes the metabolic reprogramming caused by vitamin D.
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Figure 4. Vitamin D treatment induces a decrease in enolase and an increase in PGM activities. To perform
enzymatic assays, HEK293T cells were treated for 24 hours with 100 nM of vitamin D or vehicle before cell lysis.
The activity of glycolytic enzymes was assayed as described in methods. The graph indicates the fold change on
the activity of each enzyme after vitamin D-treatment in relation to vehicle treatment (control). Values represent
average & SD; n =6 for HK, n =4 for PGM, n=7 for Eno and n =3 for the other enzymes. HK = hexokinase;
HPI =hexose phosphate isomerase; PFK = phosphofructokinase; ALDO = aldolase; TPI = triose phosphate
isomerase; GAPDH = glyceraldehyde 3-phosphate dehydrogenase; PGK = phosphoglycerate kinase;

PGM = phosphoglycerate mutase; Eno = enolase; PK = pyruvate kinase. For the analysis of the statistical
significance with and without vitamin D we used unpaired t-test (**%, **¥p < 0.05).

It is well stablished in the literature that the exposure of cells to high glucose concentrations elicits a series of
events, which, when persistent, causes pathological conditions to the organism. One of the main consequences of
high glucose exposure is the activation of the polyol pathway**~*, which, in the non-disease context, is known to
be important to cellular osmoregulation', but in the context of diabetes it is associated to tissue damaging during
hyperglycemia®® *2. The activation of the polyol pathway by high glucose levels (hyperglycemia) is correlated to
increases in intracellular ROS production, which may account for some of the complications of diabetes, such as
atherosclerosis and cardiomyopathy. Cells of diabetic patients display increased sorbitol levels, which is associated
to an increased production of intracellular ROS, triggering oxidative stress*. The polyol pathway is unique in the
capacity of interchanging NADPH with NADH, decreasing the reductive power of the cells, and this is the most
accepted hypothesis to explain the polyol pathway-dependent oxidative stress in a hyperglycemia situation. In this
context, the clinical correlation between vitamin D deficiency and the development of diabetes mellitus type 24
suggests a protective role of vitamin D from the harmful effects of hyperglycemia.

Indeed, in the present study, the most noticeable metabolic feature of HEK293T cells was that its most preva-
lent metabolite is sorbitol. Sorbitol is generated in the polyol pathway, as depicted in Fig. 7. In our experimental
model, HEK293T cells were exposed to high glucose concentrations (25 mM), mimicking hyperglycemia, which
could explain the high intracellular levels of sorbitol we found in this condition. Following this observation, we
showed that vitamin D treatment significantly reduced the intracellular concentration of sorbitol, which presum-
ably prevent cells from oxidative stress.

We observed a significant decrease in the glycine content in cells treated with vitamin D. Glycine is primarily
being used in choline and phosphocholine biosynthesis, which is increased in the presence of vitamin D. The
products of choline phospholipid metabolism, such as phosphocholine, diacylglycerol and phosphatidic acid, are
second messengers that are essential for mitogenic activity of growth factors, participating in the activation of the
MAP/ERK pathway (ras-raf-1-MAPK cascade) and protein kinase C pathway*%. The activation of this pathway is
particularly important for highly proliferative cells, such as HEK293T.

The significant decrease in guanine content in vitamin D-treated cells suggests an increased utilization of
purine molecules, as glycine contributes with up to four of the five carbons atoms in the purine ring, including
indirectly contribution via N10-formyltetrahydrofolate*>. Additionally, the lower content of orotate upon vitamin
D treatment (Figs 1C and 2) also points to an increased utilization of pyrimidine molecules, as orotate is an inter-
mediary in pyrimidine synthesis.

We also observed a decrease in glutamate upon treatment with vitamin D, which was not related to changes in
the glutamine metabolism, since no differences were observed in the respirometric parameters when glutamine
was the only substrate given (Fig. 5). Additionally, both mRNA contents for glutamine synthase and glutaminase
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Figure 5. Vitamin D does not affect mitochondrial respiration. High-resolution respirometry assay using
Oroboros 2K. Oxygen consumption was evaluated after the addition of modulators of mitochondrial activity.
Basal respiration corresponds to the oxygen consumption of resting cells. By treating the cells with oligomycin
(1 mg/mL), an inhibitor of ATP synthase, we obtained the oxygen consumption related to the proton leak
through the inner mitochondrial membrane. Treatment with the protonophore FCCP, titrated to increase its
concentration in 50 nM after each addition) allowed the measurement of the maximum oxygen consumption,
reflecting the maximum capacity of the electron transport system. Addition of rotenone (50 nM) and antimycin
A (1mg/mL), inhibitors of complex I and III, respectively, revealed the oxygen consumption not associated with
mitochondrial activity, the residual respiration. Representative traces of oxygen consumption rate in intact cells
(A) and average results of O, consumption relative to the basal respiration (B), or after adding either glucose
(C), or glutamine (D). Bars represent mean = SD of six independent experiments.

were like those found in control cells (Fig. 7) and glutaminase activity was not altered upon vitamin D incubation
(Supplementary Figure 6). Incorporation of °NH, into glutamate after cell incubation with *NH,Cl did not differ
between vitamin D-treated and untreated cells (data not shown).

The polyol pathways, glycine metabolism and purine and pyrimidine pathways are all connected in some way
to glycolysis (Fig. 7). We demonstrated that the relative importance of glycolysis is high in HEK293T, since ~23%
of the glucose that entered the cells were converted and exported as *C-lactate. Vitamin D elicited a subtle repro-
gramming of glycolysis. We observed lower enolase activity and higher phosphoglycerate mutase (PGM) activies
upon vitamin D treatment. Glycolysis was neither inhibited or activated by vitamin D (glucose consumption and
lactate accumulation is unaltered). Rather, it is subtly modulated in these two sequential enzymatic reactions.
When a single enzyme is downregulated, the velocity of a pathway can be deeply interfered, resulting in the
reduction or accumulation of metabolites that can take other metabolic fate. It has been shown that the inhibition
of enolase alone elicited a series of biological effects related to glucose homeostasis*. Indeed, enolase and PGM
catalyze sequential glycolytic reactions. Therefore, the decrease in enolase activity might favor the reverse reaction
of PGM, which would suggest a flux modulation of glycolytic intermediates by Vitamin D.

Lactate efflux was similar in the presence and absence of vitamin D, unless antimycin A was present. This
result implies that, under conditions where oxidative/mitochondrial metabolism is not impaired, the alterations
in glycolysis induced by vitamin D does not affect energy metabolism and, in fact, might guarantee the devia-
tion of glucose carbons to other pathways. On the other hand, when mitochondrial respiration was inhibited by
antimycin A, lactate production did not increase in the same manner as in control cells. This difference might
be explained by the decrease in enolase activity induced by vitamin D. Additionally, one would suggest that the
decrease in MCT4 expression in vitamin D-treated cells (Fig. 6) might have impaired lactate efflux when cells
were exposed to antimycin A.
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Figure 6. Vitamin D modulate expression of important genes. HEK293T cells were treated for 24 hours

with 100 nM vitamin D, and total RNA were extracted followed by RT-qPCR. TXNIP and TRX, are linked to
oxidative stress. ASK1 is linked to apoptose. MCT1/4 are linked to lactate exportation. GLUT1/3 are linked to
glucose transport. HK1/2 and LDHa/b are linked to glycolysis. GLS1/2, GS and GDH are linked to glutamine
metabolism. Each bar corresponds to the triplicate mean fold change relative to 3-actin gene. Error bars
correspond to SD of biological triplicate. Statistical significance was evaluated using unpaired t-test (*p < 0.05)
according Material and Methods.

In this study, HEK293T, an immortalized non-tumorigenic cell line, was treated with vitamin D for 24 hours*.
An important outcome of the present research is the small and undetected participation of TXNIP in the effect
of vitamin D on HEK293T cells. The lack of effect on cell proliferation, apoptosis and growth arrest-related
pathways, reinforced by the results of ASK-1 mRNA expression, might indicate that vitamin D effects on
non-tumorigenic cells seems to be related to cellular metabolism remodeling. In contrast, in cancer cell models,
up-regulation of TXNIP led cells to apoptosis and growth arrest*$-%0.

NMR-based metabolomics is limited to detection of the metabolites that are in higher concentrations. We
could not detect the variations of important metabolites, such as NADH/NAD*, NADPH/NADP™ and glu-
tathione. Glutathione concentrations in cells are usually detectable by "H NMR (mM range), but we could not
detect in the cell extracts of HEK293T because its main resonance (3.77 ppm) is overlapped by the sorbitol reso-
nances, which is in great excess.

Taken together, the observed effects of vitamin D regulated redox homeostasis (protection against oxida-
tive stress), supported by the decrease in sorbitol concentration, and helped maintaining the highly proliferative
phenotype, supported by the decrease in glycine and guanine and orotate concentration and increase in choline
and phosphocholine concentration. Additionally, the decrease in orotate and guanine are an indication of the
increased biosynthesis of purine and pyrimidines. The groundwork established by our metabolic findings sug-
gests that mitogenic efficiency and bursting the reductive power by rearranging glucose carbons between the
glycolytic and the polyols pathways are important features of vitamin D action in proliferative cells, as is the case
of HEK293 T cells. Since recent reports correlate vitamin D deficiency to the development of type 2 diabetes
mellitus®, this study may contribute to the understanding of the metabolic effect of vitamin D upon hyperglyce-
mia, suggesting a possible role in protecting the cells against the oxidative stress. Further studies, analyzing the
glutathione, NAD(P)*/NAD(P)H levels will be interesting to support the findings of the present work.

Materials and Methods

Cell Culture. HEK293T cells were cultured in DMEM-High glucose medium with 1X Penicilin/Streptomicin
and 10% fetal bovine serum at 37 °C in a humidified atmosphere at 5% CO2. Cells were tested for mycoplasma by
PCR. Cells were treated for 24 hours with 1 nM and 100 nM of 1.25 dihydroxyvitamin D3 (Sigma®) solubilized in
95% ethanol. For growth curves, 1-2 x 10° cells/cm? were seeded in complete medium with the respective addi-
tions of drugs and/or reagents, which was renewed every other day. Dishes were periodically harvested and cells
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Figure 7. HEK293T cells has several metabolic pathways affected by vitamin D. Blue and red colors represent

increased and decreased metabolites, respectively, by vitamin D treatment. (1) Genes or enzymes up-regulated
by vitamin D; (]) genes or enzymes down-regulated by vitamin D. (*) Metabolites with VIP-score on PLS-DA

component 1 higher than 1.

were detached, fixed in formaldehyde 3.7%, diluted in Phosphate Buffered Solution (PBS) and stored to be later
counted at Muse® Cell Analyser (Millipore).

Cell cycle analysis by flow cytometry.  Cells were fixed in ethanol 70% before total DNA staining with
propidium iodide at 50 pg/ml. RNA were digested with RNAseA at 100 ug/ml for 20 minutes at room temperature.
Samples were submitted to flow cytometry at BD FACSCan (BD Biosciences - Franklin Lakes, New Jersey, EUA).
Analyses were performed using Flowing software (version 2.5.1), where marks correspondent to the cells with
DNA content of G1, S and G2 were created in histogram plots to determine the number of events in each cell
cycle phase.

NMR Metabolomics. Supplementary Figure 7 describes the experimental design used for the experiments
describing NMR metabolomics (Fig. 1, Supplementary Figures 2 and 3) and to measure the fate of glucose in the
cell (Fig. 3 and supplementary Figure 1). Cells were thawed and grown in high-glucose DMEM for two passages.
1 x 10° cells were plated in 100 mm petri dishes and grown for 24 hs to approximately 60% of confluency. At this
point we added 100 nM of vitamin D. The cells were grow for another 24 hs in the presence (and absence) of vita-
min D, reaching approximately 90% of confluency. We then pelleted the cells for metabolite extraction.

Our protocol for metabolite extraction was adapted from Bligh and Dyer biphasic extraction®'. 3 x 10° cells
(~30mg) were extracted with one step of methanol/chloroform/water (2:1:0.8, 2.4 mL:1.2 mL:1.5mL, respec-
tively), vortexed for 2 minutes after each solvent addition and followed by shaking for 30 minutes on ice. The
mixture is finally centrifuged at 4600xg for 20 minutes at 15 °C. Supernatant (polar aqueous phase) was dried on
SpeedVac, and kept at —80 °C. Dried extracts were suspended in 50 mM phosphate buffer, pH 7.4, 10% of D,O
and 0.1 mM of 4,4-dimethyl-4-silapentane-1-sulfonic acid (DSS) for reference.

NMR spectra were collected in Bruker Avance IITHD operating at 500.13 MHz for 'H at 298 K. 'H spectra
were acquired with excitation sculpting for water saturation, 12.9836 ppm spectral width, 1.74 s relaxation delay,
32K points and 3 K accumulations. "H-*C HSQC, 'H-"H TOCSY, and pJRES spectra were used for assignments.
Spectra were processed in TOPSPIN 3.2 (Bruker-Biospin), and exported to AMIX (Bruker-Biospin).

For statistical sampling, we collected datasets for 4 independent polar extracts for vitamin-D treated cells and
4 for vehicles. Univariate analysis was done by multiple t test, considering same SD between control and vitamin
D treatment. Analysis was done on GraphPad Prism 6.0, with confidence level of 95%. For multivariate analysis,
spectra were calibrated using 4,4-dimethyl-4-silapentane-1-sulfonic acid (DSS) as internal reference. The spectra
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showed a high prevalence of two metabolites (sorbitol and glycine). We used Pareto scaling to reduce the impact
of sorbitol/glycine in the statistical analysis and keep the data structure intact. The spectra were binned at 0.02
ppm followed the deletion of water and DSS signals.

We used statistical multivariate methods to discriminate the effect of vitamin D on the cell metabolism. We
used Principal Component Analysis (PCA) and Partial Least Square- Discriminant Analysis (PLS-DA). To vali-
date class discrimination and avoid overfitting, we validated the PLS-DA using permutation test (1000 permuta-
tions) based on separation distance, B/W-ratio and cross-validation by leave-one-out method 32,

To rank the relative importance of each metabolite we calculated the variable importance in the projection
(VIP-score, Fig. 2, Table S2) and the PLS-regression coefficients for components 1, 2 and 3 (compl, comp2 and
comp3, Fig. 2, Table S2). VIP scores reflects the weighted sum of squares of the PLS loadings and it weights
the amount of Y-variance in each dimension. The regression coefficients reflect the weights as a function of the
reduction of the sums of the squares across the number of PLS components. We used MetaboAnalyst 3.0 for all
multivariate analysis and PLS-DA validation®” 3.

Western Blot. Whole cell lysates were made from 10° cells, with buffer containing 10 mM tris-HCI pH 7.0,
0.25 M sucrose, 20 mM NaF, 1 mM DTT, 5mM EDTA, and 1X PIC (protease inhibitor cocktail). Total protein was
measured by Bradford assay method. SDS-PAGE were done with 50 ug of protein, and transferred to nitrocellu-
lose membrane (iBlot -#IB1001-life technologies). Total protein profiles were visualized by Ponceau and TXNIP
were measured by anti-TXNIP antibody (#40-4600-life technologies), and b-actin were used as loading control
(#A5316), with WesternBreeze (#WB7103-life technologies). Densitometries were done at Image] 1.6.0. Western
blots were done in biological triplicate.

RT-qPCR. Total RNA was extracted from 5 x 105 cells, by RNeasy Kit (Qiagen). The RNA quality and
quantification was checked on Nanodrop (Thermo). Reverse Transcriptase (RT) reactions were done on
a PTC-100 thermocycler, with 1 ng of total RNA by two-step RT-qPCR kit (Promega®). gPCRs were done at
StepOnePlus (Applied Biosystems®), 1X of Master-Mix (Applied Biosystems®), and 1M of each primer pair
(Forward + Reverse), for genes (5'-3'):

TXNIP: F-TCGGCTTTGAGCTTCCTCAG; R-AGCAGACACAGGTGCCATTA,

TRX: F-GACGCTGCAGGTGATAAAC; R-CTGACAGTCATCCACATCTAC,

GLUTI1: F-AATGCTGATGATGAACCTGCT, R-CAGTACACACCGATGATGAAG

GLUT3: F-CTTTCTCATCCCACGCACTC; R-CACTCGGTCTCTCCTAAGCA

MCT1I1: F-GTGGCTCAGCTCCGTATTGT; R-GGACAGGACAGCATTCCACA

MCT4, F-AGGCAAACTCCTGGATGCGAGC; R-GGCTCTTTGGGCTTCTTCCT

LDHA: F-ACCACTGCCAATGCTGTA; R-CAGGATGTGACTCACTGG

LDHB: F-GTGGTTTCCAACCCAGTGGAC; R-CAGCCATAAGGTAGCGAAATC

HK1: F-GATCATCGGCACTGGCACCAA; R-CCAAAGGCTCCCCATTCTGTA

HK2: F-ATGAGGGGCGGATGTGTATCA; R-GGTTCAGTGAGCCCATGTCAA

ASK1: FFAAGTCCCAACCCATAGAAATTCCT, R-AGCCAGTCGGTAAGTTCAGAATCTT
GS: F-CCTGCTTGTATGCTGGAGTC; R-GATCTCCCATGCTGATTCCT

GDH: F-CCAGTAGCAGAGATGCGTCCA; R-CCAGACATGAGCACAGGTGAG

GLS1: FFAGAACCGGTCGCGGCAATCCTAGCG; R-CTGAGGCCACCAGCTCTTTGCCCTCG
GLS2: F-GCAGAGAGAAGACGCCACACAG; R-GCATCTCGCTCATGCAGTCT

B-actin: F-TTCCTTCCTGGGCATGGAGTC, R-AGACAGCACTGTGTTGGCGTA

SYBR-Green method was used with master mix (Applied Biosystems®). Gene expression were normalized by
B-actin gene with ACT method.

Oxygen consumption of intact HEK293T cells and calculation of respiratory parameters.
Oxygen consumption rates were measured by high resolution respirometry (Oroboros Oxygraph-2k) in intact
HEK293T cells after treatment with 100 nM Vitamin D or vehicle, for 24 hours. Cells (10° cells/mL) were sus-
pended in the culture medium (DMEM, 25 mM glucose) without fetal bovine serum. Cells were added to the
respiration chamber and the basal respiration was measured. Subsequently, oligomycin (1 mg/mL, final con-
centration) was added to record non-coupled respiration, referred as “LEAK”. The oxygen consumption that
is insensitive to oligomycin represents the respiration related to both proton leak through the inner mitochon-
drial membrane and the non-mitochondrial oxygen consumption. Conversely, oxygen consumption rate that is
inhibited by oligomycin corresponds to the respiration coupled to ATP synthesis**. The maximum uncoupled
respiration was measured in the presence of optimum carbonyl cyanide p-(trifluoromethoxy) phenylhydrazone
(FCCP) concentration, after titration. Maximal uncoupled respiration is a measure of the electron transport sys-
tem capacity, and is referred as “ETS”. Rotenone (50 nM, final concentration) and antimycin A (1 mg/mL, final
concentration), inhibitors of complex I and complex III, were used to evaluate the non-mitochondrial respiration,
or the residual oxygen consumption, referred as “ROX”. To evaluate the effect of glutamine or different glucose
concentration on HEK293T cells respiration, cells were suspended in DMEM without glucose, glutamine and
pyruvate, prior to the addition of oligomycin, 2mM glutamine or 0.5-5mM glucose to the chamber. Data acqui-
sition and analysis were done with DatLab 4.3 software (Oroboros Instruments, Innsbruck, Austria).

Glycolysis Enzymatic Assays. Enzymatic assays were adapted from previously described procedures®> >
For sample preparation, cells were resuspended in 10 mM Tris:HCI, 0.25 M sucrose, 20 nM NaF, 1 mM sodium
orthovanadate, 5mM EDTA, 1mM DTT (pH 7.0) and lysed with freeze-and-thaw in liquid nitrogen. Cell debris
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were removed by centrifugation at 200 x g for 5 minutes and the supernatant was used for enzymatic assays with
coupled enzymatic systems, in which the measurement of NADH production/degradation is performed by meas-
uring the absorbance of a reaction media after the addition of the sample (cell lysate) at 340 nm. Reaction medium
without the cell lysate was constant over time and used as blank. After the addition of the sample to the reaction
medium, the increase or decrease of the absorbance at 360 nm over time was used to calculate the amount of
product formed. The reaction medium for each enzyme contained: (1) for hexokinase (HK): 50 mM Tris-HCl pH
7.4,5mM MgCl2, 2mM sodium azide, 1 U/ml G6PDH, 0,5mM (3-NAD, 0,1% triton-X, 10 mM ATP and 1-5mM
glucose; (2) for hexose phosphate isomerase (HPI): 100 mM Tris-HCl pH 7.4, 1 U/ml G6PDH, 0,5mM 3-NAD
and 1 mM frutose-6-phosphate; (3) for phosphofrutokinase (PFK): 50 mM Tris:HCI pH 7.4, 5mM MgCI2, 5mM
(NH4)SO4, 1.5 U/ml aldolase, 3.2 U/ml; (4) for triosephosphate isomerase, 3.2 U/ml glycerophosphate dehy-
drogenase, 0.1 mM ATP, 0.25mM 3-NADH, 1 mM frutose-6-phosphate; (5) for aldolase: 100 mM Tris-HCI pH
7.4, 3.2 U/ml triosephosphate isomerase, 1 U/ml glycerophosphate dehydrogenase, 0.25mM (3-NADH, 5mM
fructose-1,6- bisphosphate; (6) for triose phosphate isomerase (TPI): 100 mM Tris-HCI pH 7.4, 2 U/ml glyc-
erophosphate dehydrogenase, 0.25 mM (3-NADH, 1 mM glyceraldehyde-3- phosphate; (7) for glyceraldehyde
3-phosphate dehydrogenase (GAPDH): 100 mM Tris-HCI pH 7.4, 2mM MgCI2, 1 mM ATP, 1 mM EDTA, 13
U/ml phosphoglycerate kinase, 0.25mM 3-NADH, 5 mM 3-phosphoglycerate; (8) for phosphoglycerate kinase
(PGK): 50 mM Tris-HCI pH 7.4, 2mM MgCl2, 1 mM ATP, 1 mM EDTA, 5 U/ml gliceraldehyde-3-phosphate
dehydrogenase, 0.25mM (3-NADH, 5 mM 3-phosphoglycerate; 24 (9) for phosphoglycerate mutase (PGM):
100 mM Tris-HCl pH 7.4, 5mM MgCl2, 3mM ADP, 1 mM EDTA, 4 U/ml pyruvate kinase, 8 U/ml lactate dehy-
drogenase, 1.4 U/ml enolase, 0.25 mM 3-NADH, 5mM 3-phosphoglycerate; (10) for enolase: 100 mM Tris-HCl
pH 7.4, 10mM MgCl2, 2mM ADP, 5U/ml pyruvate kinase, 55U/ml lactate dehydrogenase, 3-NADH, 1 mM
2- phosphoglycerate; (11) for pyruvate kinase (PK): 50 mM Imidazol, 100 mM KCI, 2mM MgCI2, 5 U/ml lactate
dehydrogenase, 1l mM ADP, 0.25mM 3-NADH, 1 mM phosphoenolpyruvate. The activity of each enzyme was
normalized by protein content and the result was expressed as nmol of product/ minute x g of protein.

Glutaminase activity. Glutaminase activity was performed using Ammonia Assay Kit (Sigma Cat. AA0100)
following manufactured specifications. Statistic were done by nonparametric one-way ANOVA on GraphPad
Prism 6.0. The assays is based on the quantification of ammonia, which reacts with a-ketoglutarate and NADPH
in the presence of L-glutamate dehydrogenase, to form L-glutamate and NADP. The reaction is followed by the
decrease in the absorbance at 340 nm. The enzyme activity is expressed as a function of the total protein concen-
tration in the whole cell lysate.

Statistics.  All graphs and statistics for western blot, enzymatic activities, RT-qPCR and oxygen consumption
experiments were done on GraphPad Prism 6.0 and 95% of confidence level. The evaluation of statistic significant
between two groups were done using unpaired t-test. In the graphs, we show as error the standard deviation (SD).
Statistical significance was calculated using SD values.

Univariate analysis in Fig. 1 was done by multiple t-test and applying the Holm-Sidak method for multiple
comparisons correction with alpha = 0.05. The multiple t-test was generated on GraphPad Prism version 7.00 for
Windows (GraphPad Software, La Jolla California USA).

References
1. Norman, A. W,, Roth, J. & Orci, L. The vitamin D endocrine system: steroid metabolism, hormone receptors, and biological response
(calcium binding proteins). Endocr. Rev. 3, 331-66 (1982).
2. Song, Y. et al. Calcium transporter 1 and epithelial calcium channel messenger ribonucleic acid are differentially regulated by 1,25
dihydroxyvitamin D3 in the intestine and kidney of mice. Endocrinology 144, 3885-94 (2003).
. Fukumoto, S. Phosphate metabolism and vitamin D. Bonekey Rep. 3, 497 (2014).
4. Tsoukas, C., Provvedini, D. & Manolagas, S. 1,25-dihydroxyvitamin D3: a novel immunoregulatory hormone. Science (80-.). 224,
1438-1440 (1984).
5. Cantorna, M. T,, Zhu, Y., Froicu, M. & Wittke, A. Vitamin D status, 1,25-dihydroxyvitamin D3, and the immune system. Am. J. Clin.
Nutr. 80, 17175-20S (2004).
6. Hill, N. T. et al. 1o, 25-Dihydroxyvitamin D; and the vitamin D receptor regulates ANp63a levels and keratinocyte proliferation.
Cell Death Dis. 6, 1781 (2015).
7. Bortman, P, Folgueira, M. A. A. K., Katayama, M. L. H., Snitcovsky, I. M. L. & Brentani, M. M. Antiproliferative effects of
1,25-dihydroxyvitamin D3 on breast cells: a mini review. Brazilian J. Med. Biol. Res. 35, 01-09 (2002).
8. Hansen, C. M., Frandsen, T. L., Brunner, N. & Binderup, L. 1-Alpha,25-Dihydroxyvitamin D-3 Inhibits the Invasive Potential of
Human Breast-Cancer Cells in-Vitro. Clin. Exp. Metastasis 12, 195-202 (1994).
9. Lokeshwar, B. L. et al. Inhibition of prostate cancer metastasis in vivo: a comparison of 1,23-dihydroxyvitamin D (calcitriol) and
EB1089. Cancer Epidemiol. Biomarkers Prev. 8,241-8 (1999).
10. Zheng, W. et al. 1,25-dihydroxyvitamin D regulation of glucose metabolism in Harvey-ras transformed MCF10A human breast
epithelial cells. J. Steroid Biochem. Mol. Biol. 138, 81-9 (2013).
11. Zhou, X. et al. 1,25-Dihydroxyvitamin D inhibits glutamine metabolism in Harvey-ras transformed MCF10A human breast
epithelial cell. J. Steroid Biochem. Mol. Biol. 163, 147-56 (2016).
12. Kotsa, K., Yavropoulou, M. P,, Anastasiou, O. & Yovos, J. G. Role of vitamin D treatment in glucose metabolism in polycystic ovary
syndrome. Fertil. Steril. 92, 1053-1058 (2009).
13. Li, Y. C. et al. 1,25-Dihydroxyvitamin D(3) is a negative endocrine regulator of the renin-angiotensin system. J. Clin. Invest. 110,
229-38(2002).
14. Chen, K.-S. & DeLuca, H. F. Isolation and characterization of a novel cDNA from HL-60 cells treated with 1,25-dihydroxyvitamin
D-3. Biochim. Biophys. Acta - Gene Struct. Expr. 1219, 26-32 (1994).
15. Wu, N. et al. AMPK-Dependent Degradation of TXNIP upon Energy Stress Leads to Enhanced Glucose Uptake via GLUT1. Mol.
Cell 49, 1167-1175 (2013).
16. Nishiyama, A. et al. Identification of thioredoxin-binding protein-2/vitamin D(3) up-regulated protein 1 as a negative regulator of
thioredoxin function and expression. J. Biol. Chem. 274, 21645-50 (1999).

w

SCIENTIFICREPORTS|7:9570 | DOI:10.1038/541598-017-10006-9 11



www.nature.com/scientificreports/

17.
18.
19.

20.
. Devi, T. S., Hosoya, K.-I., Terasaki, T. & Singh, L. P. Critical role of TXNIP in oxidative stress, DNA damage and retinal pericyte

22.
23.
24.
25.
26.
27.

28.
29.

30.
31.

32.
33.

34.

35.
36.
37.

38.

43.

44,
45.

46.

47.
48.

49.

53.
54.
55.

56.

Junn, E. et al. Vitamin D3 up-regulated protein 1 mediates oxidative stress via suppressing the thioredoxin function. J. Immunol. 164,
6287-95 (2000).

Yamanaka, H. et al. A possible interaction of thioredoxin with VDUP1 in HeLa cells detected in a yeast two-hybrid system. Biochem.
Biophys. Res. Commun. 271, 796-800 (2000).

Patwari, P,, Higgins, L. J., Chutkow, W. a., Yoshioka, J. & Lee, R. T. The interaction of thioredoxin with Txnip. Evidence for formation
of a mixed disulfide by disulfide exchange. J. Biol. Chem. 281, 21884-91 (2006).

Parikh, H. et al. TXNIP regulates peripheral glucose metabolism in humans. PLoS Med. 4, €158 (2007).

apoptosis under high glucose: Implications for diabetic retinopathy. Exp. Cell Res. 319, 1001-1012 (2013).

Rodrigues, M. E. et al. Enhanced OXPHOS, glutaminolysis and beta-oxidation constitute the metastatic phenotype of melanoma
cells. Biochem. J. BJ20150645, doi:10.1042/BJ20150645 (2015).

Shao, W. ef al. Malignancy-associated metabolic profiling of human glioma cell lines using 1H NMR spectroscopy. Mol. Cancer 13,
197 (2014).

El-Bacha, T. et al. 1H NMR metabolomics of plasma unveils liver dysfunction in dengue patients. J. Virol. JVI. 00187-16,
doi:10.1128/JVL.00187-16 (2016).

Luque-Cdrdoba, D. & de Castro, L. M. D. Metabolomics: A potential way to know the role of vitamin D on multiple sclerosis. J.
Pharm. Biomed. Anal. 136,22-31 (2017).

Panopoulos, A. D. et al. The metabolome of induced pluripotent stem cells reveals metabolic changes occurring in somatic cell
reprogramming. Cell Res. 22, 168-177 (2012).

Xia, J., Sinelnikov, I. V., Han, B. & Wishart, D. S. MetaboAnalyst 3.0-making metabolomics more meaningful. Nucleic Acids Res. 43,
W251-7 (2015).

Westerhuis, J. A. et al. Assessment of PLSDA cross validation. Metabolomics 4, 81-89 (2008).

Szymanska, E., Saccenti, E., Smilde, A. K. & Westerhuis, J. A. Double-check: validation of diagnostic statistics for PLS-DA models in
metabolomics studies. Metabolomics 8, 3-16 (2012).

Triba, M. N. et al. {PLS}/{OPLS} models in metabolomics: the impact of permutation of dataset rows on the {K}-fold cross-validation
quality parameters. Mol. Biosyst. 11, 13-19 (2014).

Ryan, Z. C. et al. 1,25-Dihydroxyvitamin D3 Regulates Mitochondrial Oxygen Consumption and Dynamics in Human Skeletal
Muscle Cells. J. Biol. Chem. 291, 1514-28 (2016).

De Deken, R. The Crabtree Effects: A Regulatory System in Yeast. ] Gen Microbiol 44, 149-156 (1966).

Wertheimer, E., Sassont, S., Cerasi, E. & Ben-Neriaht, Y. The ubiquitous glucose transporter GLUT-1 belongs to the glucose-
regulated protein family of stress-inducible proteins. Cell Biol. 88, 2525-2529 (1991).

Maher, E, Davies-Hill, T. M., Lysko, P. G., Henneberry, R. C. & Simpson, I. A. Expression of two glucose transporters, GLUT1 and
GLUTS3, in cultured cerebellar neurons: Evidence for neuron-specific expression of GLUT3. Mol. Cell. Neurosci. 2, 351-360
(1991).

Ciampi, R. et al. Expression analysis of facilitative glucose transporters (GLUTs) in human thyroid carcinoma cell lines and primary
tumors. Mol. Cell. Endocrinol. 291, 57-62 (2008).

Clarson, L. H., Glazier, ]. D., Sides, M. K. & Sibley, C. P. Expression of the facilitated glucose transporters (GLUT1 and GLUT3) by a
choriocarcinoma cell line (JAr) and cytotrophoblast cells in culture. Placenta 18, 333-339 (1997).

Simpson, L. A. et al. The facilitative glucose transporter GLUT3: 20 years of distinction. Am. J. Physiol. Endocrinol. Metab. 295,
E242-53 (2008).

Sharavana, G., Joseph, G. S. & Baskaran, V. Lutein attenuates oxidative stress markers and ameliorates glucose homeostasis
through polyol pathway in heart and kidney of STZ-induced hyperglycemic rat model. Eur. J. Nutr. doi:10.1007/s00394-016-
1283-0 (2016).

. Sakakibara, F, Hotta, N., Koh, N. & Sakamoto, N. Effects of high glucose concentrations and epalrestat on sorbitol and myo-inositol

metabolism in cultured rabbit aortic smooth muscle cells. Diabetes 42, 1594-1600 (1993).

. Giacco, F. & Brownlee, M. Oxidative stress and diabetic complications. Circ. Res. 107, 1058-1070 (2010).
. Grunewald, R. W,, Weber, I. I. & Kinne, R. K. Renal inner medullary sorbitol metabolism. Am. J. Physiol. 269, F696-701 (1995).
. Hao, W. et al. Hyperglycemia promotes Schwann cell de-differentiation and de-myelination via sorbitol accumulation and Igf1

protein down-regulation. J. Biol. Chem. 290, 17106-17115 (2015).

Bener, A., Al-Hamag, A. O. A. A, Kurtulus, E. M., Abdullatef, W. K. & Zirie, M. The role of vitamin D, obesity and physical exercise
in regulation of glycemia in Type 2 Diabetes Mellitus patients. Diabetes Metab. Syndr. Clin. Res. Rev. 10, 2-8 (2016).

Glunde, K., Bhujwalla, Z. M. & Ronen, S. M. Choline metabolism in malignant transformation. Nat. Rev. Cancer 23, 1-7 (2011).
Lane, A. N. & Fan, T. W. M. Regulation of mammalian nucleotide metabolism and biosynthesis. Nucleic Acids Research 43,
2466-2485 (2015).

Jung, D.-W. et al. A Unique Small Molecule Inhibitor of Enolase Clarifies Its Role in Fundamental Biological Processes. ACS Chem.
Biol. 8, 1271-1282 (2013).

Lips, P. Vitamin D physiology. Progress in Biophysics and Molecular Biology 92, 4-8 (2006).

Morrison, J. A. et al. Thioredoxin interacting protein (TXNIP) is a novel tumor suppressor in thyroid cancer. Mol. Cancer 13, 62
(2014).

Zhou, J. & Chng, W.-]. Roles of thioredoxin binding protein (TXNIP) in oxidative stress, apoptosis and cancer. Mitochondrion 13,
163-9 (2013).

. Bhatia, M. et al. The thioredoxin system in breast cancer cell invasion and migration. Redox Biol. 8, 68-78 (2015).
. Bligh, E. G. & Dyer, W. . A rapid method of total lipid extraction and purification. Can. J. Biochem. Physiol. 37, 911-917 (1959).
. Bijlsma, S. et al. Large-Scale Human Metabolomics Studies: A Strategy for Data (Pre-) Processing and Validation. Anal. Chem. 78,

567-574 (2006).

Xia, J. & Wishart, D. S. Web-based inference of biological patterns, functions and pathways from metabolomic data using
MetaboAnalyst. Nat. Protoc. 6, 743-60 (2011).

Hutter, E. et al. Senescence-associated changes in respiration and oxidative phosphorylation in primary human fibroblasts. Biochem.
7380, 919-928 (2004).

Pereira da Silva, A. P. et al. Inhibition of energy-producing pathways of HepG2 cells by 3-bromopyruvate. Biochem. J. 417, 717-26
(2009).

Reher, M., Gebhard, S. & SchA€nheit, P. Glyceraldehyde-3-phosphate ferredoxin oxidoreductase (GAPOR) and
nonphosphorylating glyceraldehyde-3-phosphate dehydrogenase (GAPN), key enzymes of the respective modified
Embden4€“Meyerhof pathways in the hyperthermophilic crenarchaeota Pyrobaculum aerophilum and Aeropyrum pernix. FEMS
Microbiol. Lett. 273, 196-205 (2007).

Acknowledgements
We thank CNPq, CAPES, FAPER], National Cancer Foundation for funding.

SCIENTIFICREPORTS|7:9570 | DOI:10.1038/541598-017-10006-9 12


http://dx.doi.org/10.1042/BJ20150645
http://dx.doi.org/10.1128/JVI.00187-16
http://dx.doi.org/10.1007/s00394-016-1283-0
http://dx.doi.org/10.1007/s00394-016-1283-0

www.nature.com/scientificreports/

Author Contributions

G.C.S. contributed to N.M.R. metabolomics, western blots, RT-qPCRs, lactate exportation kinetics and
multivariate statistics. ].D.Z. contributed to enzymatic activity assays, respirometry, growth curve and cell cycle.
J.A.P.V. and A.C.B.S.S. contributed to respirometry and glutaminase activity. A.T.P. is expert in metabolism
and contributed with scientific discussions, cell culture expertizes and laboratory installations. T.E.B. is expert
in metabolism and participated in the study design and critical revision of manuscript. F.C.L.A. conceived
and coordinated the study, participated in its design. EC.L.A. is expert in N.M.R. spectroscopy. All authors
participated in the writing and revision process.

Additional Information
Supplementary information accompanies this paper at doi:10.1038/s41598-017-10006-9

Competing Interests: The authors declare that they have no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2017

SCIENTIFICREPORTS|7:9570 | DOI:10.1038/541598-017-10006-9 13


http://dx.doi.org/10.1038/s41598-017-10006-9
http://creativecommons.org/licenses/by/4.0/

	Metabolomic Analysis Reveals Vitamin D-induced Decrease in Polyol Pathway and Subtle Modulation of Glycolysis in HEK293T Ce ...
	Results

	Vitamin D treatment alters cellular metabolic profile. 
	Anaerobic glycolysis is reprogrammed in the presence of vitamin D. 
	Vitamin D induced changes in the activity of glycolytic enzymes. 
	Vitamin D does not alter mitochondrial respiration. 
	Key genes involved on glucose metabolism were modulated by vitamin D. 

	Discussion

	Materials and Methods

	Cell Culture. 
	Cell cycle analysis by flow cytometry. 
	NMR Metabolomics. 
	Western Blot. 
	RT-qPCR. 
	Oxygen consumption of intact HEK293T cells and calculation of respiratory parameters. 
	Glycolysis Enzymatic Assays. 
	Glutaminase activity. 
	Statistics. 

	Acknowledgements

	Figure 1 NMR metabolomics shows different metabolic profile by vitamin D treatment.
	Figure 2 Effect of vitamin D on the metabolic profile of HEK293T cells.
	Figure 3 Vitamin D restrained anaerobic glycolysis.
	Figure 4 Vitamin D treatment induces a decrease in enolase and an increase in PGM activities.
	Figure 5 Vitamin D does not affect mitochondrial respiration.
	Figure 6 Vitamin D modulate expression of important genes.
	Figure 7 HEK293T cells has several metabolic pathways affected by vitamin D.




