o

British Journal of Nutrition

British Journal of Nutrition (2013), 109, 43-49 doi:10.1017/S0007114512000888

© The Authors 2012

Betaine reduces the expression of inflammatory adipokines caused by
hypoxia in human adipocytes

K. Olli*, S. Lahtinen, N. Rautonen and K. Tiihonen
DuPont Nutrition and Health, Kantvik Active Nutrition, Sokeritebtaantie 20, FIN-02460 Kantvik, Finland

(Submitted 3 October 2011 — Final revision received 11 January 2012 — Accepted 26 January 2012 — First published online 19 March 2012)

Abstract

Obesity is characterised by a state of chronic low-grade inflammation and the elevated circulating and tissue levels of inflammatory
markers, including inflammation-related adipokines, released from white adipose tissue. The expression and release of these adipokines
generally rises as the adipose tissue expands and hypoxic conditions start to develop within the tissue. Here, the effect of betaine,
a trimethylglycine having a biological role as an osmolyte and a methyl donor, on the expression of inflammation-related markers was
tested in human adipocytes under hypoxia. Differentiated adipocytes were cultivated under low (1%) oxygen tension for 8—20h. The
expression of different adipokines, including IL-6, leptin, PPARy, TNF-a and adiponectin, was measured by quantitative PCR by deter-
mining the relative mRNA level from the adipocytes. Hypoxia, in general, led to a decrease in the expression of PPARy mRNA in
human adipocytes, whereas the expression levels of leptin and IL-6 mRNA were substantially increased by hypoxia. The cultivation of
adipocytes under hypoxia also led to a reduction in the expression of TNF-a mRNA. The results showed that hypoxia increased the relative
quantification of leptin gene transcription, and that betaine (250 pmol/D reduced this effect, caused by low oxygen conditions. Under
hypoxia, betaine also reduced the mRNA level of the pro-inflammatory markers IL-6 and TNF-a. These results demonstrate that the
extensive changes in the expression of inflammation-related adipokines in human adipocytes caused by hypoxia can be diminished by
the presence of physiologically relevant concentrations of betaine.
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White adipose tissue is an important endocrine organ,
secreting several key hormones which are part of the large
group of cellular signalling factors termed adipokines.
Many of these adipokines are linked to immunity and
inflammatory responses. These include important cytokines
and chemokines, such as IL-6, 1L-8, IL-10, leptin, monocyte
protein-1, TNF-a,
factor-B and plasminogen activator inhibitor-1. The pro-
duction of these signalling factors by adipose tissue is
increased in obesity. During the expansion of adipose tissue
mass in obesity, there is a major inflammatory response
in the tissue, with increased expression and release of
adipokines related to inflammation”.
demonstrated to occur in fat depots inside the expanding adi-
pose tissue mass in both obese animals®® and obese human
subjects(4). As the adipose tissue expands, the enlarged
adipocytes become more and more distant from the vas-
culature. Partly as a response to this relative hypoxia, the
production of pro-inflammatory adipokines is increased
in the adipose tissue mass®~”. The elevated circulating

chemoattractant transforming growth

Hypoxia has been

and tissue levels of several acute-phase proteins and pro-
inflammatory cytokines contribute to the development of
chronic low-grade inflammation in the adipose tissue ®®?,

In the obese state as well as in hypoxia, the expression
and secretion of several factors, such as IL-6, leptin and adi-
ponectin, are disturbed. With the exception of adiponectin,
which is decreased, the level of these circulating factors is
elevated in obesity™®. Since most of these factors are pro-
inflammatory, obesity can be described as an inflammatory
condition and inflammation is linked to hypoxic conditions
that have developed in the adipose tissue . Adipose
tissue also plays an important part in glucose homeostasis.
Hypoxia stimulates glucose transport by adipocytes and
hence may alter normal cell function within the adipose
tissue>'?”, The inflammatory state in the adipose tissue of
the obese can be causally linked to insulin resistance and
A9 An excess of adipose tissue
mass increases the risk for a number of conditions, including

coronary artery disease, hypertension, dyslipidaemia, type 2
an

the metabolic syndrome

diabetes and cancer

Abbreviations: FD, fold difference; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; HIF-1a, hypoxia-inducible factor-1, a subunit.
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Betaine, also known as trimethylglycine or glycinebetaine,
is found in every kingdom of life. The main dietary sources
of betaine are typically grain products(u*m. It functions as
an organic osmolyte, protecting cells under hyperosmotic
stress, and acts as a methyl donor in many biochemical path-
ways. In humans, betaine insufficiency is associated with
several metabolic disorders and CVD">!'®. Betaine has been
extensively used as a feed ingredient in livestock production
due to its positive impact on both animal performance
and carcass quality’”. However, the efficacy of betaine in
reducing carcass fat in pigs seems to depend on dietary
energy content™®. In high-fat diet animal models, betaine
has been shown to improve hepatic and adipose tissue
function by correcting insulin resistance and abnormal adi-
pokine production®”. Methionine/homocysteine metabolism
and improved insulin signalling pathways have been pro-
posed as the mechanisms underlying the beneficial effect
of betaine on adipose tissue™'**”.

In the present study, we examined the relative expression
and secretion of inflammation-related adipocyte-derived
factors in differentiated human omental adipocytes stressed
with 1% hypoxia. This condition is close to the adipose
tissue oxygen level detected in obese mice®. The present
study indicates that the hypoxia-stress adipocyte model can
be used in examining the effects of different circulating
nutrients on adipocyte function. We show that betaine may
reduce the inflammatory status of adipocytes caused by
hypoxic conditions.

Experimental methods
Cell culture

Human visceral preadipocytes (OP-F-2; Zen-Bio, Inc.) were
derived from adipose tissue in the omentum of an African-
American female subject (age 40 years, BMI 26'1kg/m?
non-smoker and non-diabetic). Written informed consent was
obtained from the donor. Fibroblastic omental preadipocytes
were plated at a density of 40 000 cells/cm?, and differentiated
into mature adipocytes according to the manufacturer’s
instructions using the cell-culture media OM-PM, OM-DM
and OM-AM (Zen-Bio, Inc.). At day 14 post-induction,
approximately 80-90% of the cells were differentiated, as
confirmed by microscopic evaluation (data not shown).
Adipocytes were treated, post-differentiation, with and with-
out betaine, exposed to hypoxic conditions (1% O, 94% N,
and 5% CO,) and maintained in a CO, incubator (HeraCell
150i; Thermo Fischer Scientific). The cells were stressed with
hypoxia for 8 h (short-term hypoxia induction) to 20h (long-
term hypoxia induction). The normoxic control cells were cul-
tivated in a standard O, atmosphere (21% O, and 5% CO,).
Each treatment was administered in six separate wells, i.e.
each treatment was run in six replicates. Before RNA extrac-
tion, two replicate samples were pooled, leaving triplicate
treatments for gene expression analysis.

Anhydrous betaine (Betafin® BP20; Danisco Finnfeeds) was
used in three concentrations, 50, 250 and 500 pmol/l, which
correspond to the average concentration of betaine in

human plasma and peak concentrations in the serum after
single doses of 1 and 3 g of betaine, respectively®’. Betaine
was administered in the media either simultaneously or 16 h
before hypoxia induction.

RNA extraction, complementary DNA synthesis and real-
time PCR

Total RNA was isolated from the cells using 1 ml Trizol Reagent
(Invitrogen) per 10cm? cultivation area and followed by
further purification with the RNeasy Mini Kit (Qiagen). RNA
isolation and purification were performed according to the
manufacturer’s instructions. RNA concentrations and the ratio
of A260:A280 were determined with a NanoDrop ND-1000
Spectrophotometer (NanoDrop Technologies, Thermo Fisher
Scientific). The isolated RNA was subjected to complementary
DNA synthesis. Reverse transcription was done according to the
manufacturer’s instructions using SuperScript III and random
primers (Invitrogen). The concomitant relative gene transcript
analyses were done with quantitative real-time PCR and
using specific TagqMan® Gene Expression Assays (Applied
Biosystems). The adipokines analysed for gene transcript
amount were PPARy (Hs01115512_m1), IL-6 (Hs00174131_m1),
leptin (Hs00174877_m1), TNF-a (Hs00174128_m1), hypoxia-
inducible factor-1, a subunit (HIF-la, Hs00153153) and
adiponectin (Hs00605917_m1). Glyceraldehyde-3-phosphate
dehydrogenase (GAPDH, Hs99999905_m1) was used as a con-
trol. All assays were run in triplicate from each sample using
a 7500 FAST Real-Time PCR System (Applied Biosystems).

Measurement of adipokines by ELISA

The total amount of leptin and IL-6 protein in cell-culture
media was measured with commercial Human Quantikine
ELISA kits (R&D Systems). The assays were conducted accord-
ing to the manufacturer’s instructions and ninety-six-well
microplates were analysed with a SpectraMAX 250 Microplate
Spectrophotometer (Molecular Devices Company).

Data analysis and statistics

Quantitative PCR results were analysed with the delta-delta
method, i.e. the relative quantification method®? describing
the change in the expression of the target gene transcript in
a treatment group relative to a reference group. The amount
of the target gene transcript was also normalised to an internal
control gene, GAPDH?**%_ The calibrator, i.e. the control
group, was a medium-only treatment both with and without
hypoxic conditions. No significant changes in GAPDH gene
transcript amount were found between the different treatment
groups. The gene transcription results are reported as the
mean relative mRNA level (also referred to as fold difference,
FD) and the ELISA results as protein release (pg/ml. The
statistical significances of the differences between the different
treatments were determined by ELISA analysis using one-way
ANOVA and Tukey’s multiple comparison test. For gene tran-
scription analysis, Student’s # test with a two-tailed distribution
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Fig. 1. Relative adipokine mRNA expression levels in human adipocytes
after (a) a short-term (8 h) and (b) a long-term (20 h) hypoxia induction. The
relative mRNA levels of PPARy (W), leptin (O), IL-6 (O0), TNF-o (m) and
adiponectin (z2) were measured by quantitative PCR after the indicated
induction times. Values are means, with their standard errors represented
by vertical bars (n 3). Mean values were significantly different from those of
normoxia: * P<0-05, ** P<0-01, *** P<0-001 (Student’s t test).

was assessed. P values of 0-05 or less were considered to be
statistically significant.

Results
Effects of hypoxia on adipokine mRNA expression

To measure the effect of low (1%) oxygen conditions on
human omental adipocytes and to test the competence and
reliability of the hypoxia stress model, changes in the gene
transcription of adipokines were measured with real-time
quantitative PCR. The relative mRNA levels of leptin and IL-6
increased in adipocytes in hypoxia while the mRNA level of
PPARy decreased (Fig. 1(a)). Hypoxia also decreased the rela-
tive mRNA level of TNF-a. After 8 h hypoxia, the expression of
leptin mRNA was increased 7-fold (FD=7-1, P=0-014) and the
expression of IL-6 mRNA 3-fold (FD = 2-7, P=0-032). The
relative mRNA level of both PPARy (P=0-030) and TNF-a
(P =0009) showed a FD of 0-52 after 8h hypoxia, i.e. a 2-
fold decrease. The 8 h hypoxia induction did not have any sig-
nificant effect on the mRNA level of adiponectin. After 20h in
hypoxia, the expression levels changed even more dramati-
cally; the leptin mRNA level increased 11-fold (FD = 11-0,

P=0:000), and PPARy and TNF-a mRNA levels decreased 6-
fold (FD =016, P=0-0002) and 9-fold (FD =011,
P=0-0001), respectively (Fig. 1(b)). Adiponectin mRNA
expression was not measured after 20h hypoxia. The results
of the IL-6 mRNA expression level varied after long hypoxia
incubation. The extended hypoxia treatments (20h) also
caused a decrease in the RNA yield from the adipocytes as a
consequence of the stress caused by hypoxia, thus enough
RNA could not be collected for over 20h hypoxia measure-
ments. Cell viability or apoptosis was not measured, but the
morphology of the cells was clearly altered after the 24h
hypoxia treatment (microscopic evaluation, data not shown).
HIF-la. mRNA
differentiated adipocytes before and after the hypoxic stress,
and it decreased significantly after 4h hypoxia (P=0-0008,
data not shown).

expression was measured from the

Effects of betaine on adipocyte inflammation

The effect of betaine on the mRNA expression of the inflam-
matory markers IL-6 and leptin was tested in adipocytes in
normoxic (21% O,) and hypoxic conditions (1% O). In nor-
moxic conditions, betaine (250 wmol/l) decreased the mRNA
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Fig. 2. Effect of betaine (250 umol/l) on adipokine mRNA expression in
human adipocytes in (a) normoxia and (b) hypoxia. The relative mRNA levels
of IL-6 (O), leptin (O0) and TNF-a (W) were measured by quantitative PCR
after 8 or 24 h in normoxia and after 8 h in hypoxia. Betaine was administered
to the cell culture either simultaneously with or 16 h before hypoxia induction,
the latter indicated as a pretreatment. Values are means, with their standard
errors represented by vertical bars (n 3). Mean values were significantly
different from those of the appropriate medium control: * P<0.05, ** P<0-01
(student’s t test). t11 Mean values were significantly different between the
indicated treatments (P<0-001; Student’s t test).
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Fig. 3. Effect of hypoxia (8—16h) on adipokine secretion by human adipo-
cytes. The protein release of IL-6 and leptin is expressed as pg/ml. Values are
means, with their standard errors represented by vertical bars (n 3). ***Mean
values was significantly different from that of the appropriate medium control
(O) (P<0-001; one-way ANOVA). O, Hypoxia 8 h; W, hypoxia 16 h.

expression of both adipokines (Fig. 2(a)). After 24 h induction
with betaine, the mRNA expression level of IL-6 decreased
14-fold (FD =0:07, P<0:05) and that of leptin 3-fold
(FD = 0-32, P<0:01). In normoxia, betaine did not have any
significant effect on the mRNA expression level of PPARy or
TNF-a (data not shown).

In hypoxic conditions, betaine decreased the mRNA
expression of the pro-inflammatory adipokines IL-6 and
TNF-a compared with the hypoxia-induced samples without
any additional betaine treatment (Fig. 2(b)). This inflam-
mation-reducing effect was significant when betaine was
administered to the cell culture as a pretreatment 16 h before
the succeeding 8h hypoxia induction; the relative mRNA
levels of IL-6 and TNF-a showed a 4-fold (FD = 0-26,
P<0-01) and 1-5-fold (FD = 069, P<0-05) decrease, res-
pectively. Betaine pretreatment significantly fortified the
inflammation-reducing effect of betaine (P<0-001; Fig. 2(b)).

Effects of hypoxia and betaine on adipokine secretion

The secretion of selected adipokines into the cell-culture
medium was measured with specific ELISA. Under hypoxic
conditions (1% O,), an induced secretion of IL-6 and leptin
was observed. There was a 1:5-fold significant increase
(P<0:0D) in the release of IL-6 after 20 h exposure to hypoxia,
but not earlier (Figs. 3 and 4(a)). On the other hand,
a significant 5-7-fold increase (P<0-001) in the release of
leptin was detected after 16h hypoxia induction, and the
level of secreted leptin was even higher after a 20 h induction
(a 17-fold increase compared with the control, P<0-001)
(Figs. 3 and 4(b)). A beneficial effect of betaine on
inflammation-related adipokine protein release was detected
in hypoxia after 20 h (Fig. 4). A slight non-significant decrease
in secreted IL-6 was observed with betaine concentrations of
50 and 250 pwmol/l, when compared with hypoxia treatment
without betaine (Fig. 4(a)). The highest dose of betaine
(500 wmol/l) appeared not to have any additional benefits
to the release of IL-6. Betaine also decreased the secretion
of leptin after the 20h induction in hypoxia (Fig. 4(b)), and

a statistically significant decrease (1-3-fold, P<<0-001) was
measured with the highest betaine dose (500 pmol/D.

Discussion

Earlier cross-sectional surveys have indicated an improved
effect of orally ingested betaine on low-grade inflammation.
In a study by Detopoulou et al.*, a high dietary intake of
betaine resulted in lower concentrations of the inflammation
markers TNF-a and C-reactive protein in human blood. Our
experiments show that betaine lowered the inflammatory
status in adipocytes suffering from hypoxic conditions.
The present results show that hypoxia
expression and secretion of the pro-inflammatory marker IL-
6, and that physiologically relevant concentrations of betaine
reduced this effect. Under hypoxia, betaine also reduced the
expression of the pro-inflammatory marker TNF-a. Hence,
betaine reduced the effects of inflammation caused by
hypoxia in human adipocytes. Betaine induced a clear
decrease in IL-6 mRNA expression also in normoxia, implying
that betaine also has a potential inflammation-reducing effect
during normal adiposity.

The hypoxia stress model with human adipocytes was
shown to respond as expected, and the results of gene

increased the
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Fig. 4. Effect of betaine (50, 250 and 500 p.mol/l) on adipokine secretion by
human adipocytes in hypoxia (20h). The protein release of (a) IL-6 and
(b) leptin was measured with ELISA and expressed as pg/ml. Values are
means, with their standard errors represented by vertical bars (n 3). Mean
values were significantly different from those of the control (O0): * P<0-05,
** P<0-01, ***P<0-001, tttMean values were significantly different
between the indicated treatments (P<<0-001; one-way ANOVA). B, Hypoxia;
B, hypoxia + betaine 50 pmol/l; O, hypoxia + betaine 250 umol/l; &,
hypoxia + betaine 500 pmol/l.
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transcription analysis are in line with previously reported
literature. The expression of a central inducer of adipocyte
differentiation, PPARYy, is known to decrease in hypoxia(ZG),
and the present data are in agreement with this, showing
the diminished amount of PPARy mRNA in the differentiated
adipocytes after hypoxia. Hypoxia is known to inhibit the
27 and the diminished
PPARy expression in a hypoxic environment serves as one
mechanistic explanation for this®”. PPARy is activated by
an agonist ligand in fibroblastic cells stimulating a full
cascade of differentiation, including morphological changes,
lipid accumulation and the expression of several genes
characteristic of fat cells"'”. Hence, the overall expression of
PPARy in normoxia suggests the successful differentiation
of human preadipocytes used in the present experiment.
The expression and secretion of leptin, both of which
occur principally in mature adipocytes®”,
P, We examined here

differentiation process of adipocytes

increase as a
consequence of hypoxic conditions
the expression of leptin mRNA, which was detected in both
normoxia and hypoxia. Leptin is known to be essentially
undetectable in preadipocytes in normoxia®”, hence the
presence of leptin mRNA in normoxia demonstrates the suc-
cessful differentiation of human preadipocytes. The leptin
mRNA level showed, as expected, a clear increase under
hypoxic stress. In addition to the effect of low oxygen tension
on transcription processes in adipocytes, a part of the vast
increase in leptin mRNA after hypoxic treatment could be
explained by the fact that the exposure of preadipocytes to
1% O, can also result in the induction of leptin expression®®.
Most of the preadipocytes matured into adipocytes after the
14d differentiation period, but in the cell culture, some
preadipocytes may have remained whose leptin production
would have started only after hypoxic stress.

In hypoxia, the gene expression and secretion of IL-6, a
pro-inflammatory protein, increase in adipocytesm . This
observation was also measurable in our experiments with
the adipocyte model, where hypoxia induction increased the
mRNA levels of IL-6. The observed increased IL-6 transcript
amount in short-term hypoxia was not reflected in the protein
amount, but the increase in IL-6 protein amount was observed
in extended (over 20 h) hypoxia, during which the IL-6 tran-
script amount was not clearly affected. It is known that the
mRNA transcript levels can only give an estimation of the
gene product and its function, and therefore further analyses
of functional protein abundance are needed to fully investi-
gate the effects on the whole process of gene expression.
Adipose tissue IL-6 expression and circulating levels of 1L-6
protein are also known to positively correlate with obesity,
impaired glucose tolerance and insulin resistance®*3"
suggesting that a preventive or reducing effect on IL-6
expression could potentially help to reduce the risk of such
obesity-related diseases.

Another pro-inflammatory marker, TNF-a, in addition to
being highly autocatalytic, is known to also stimulate the
expression of several other cytokines®?
TNF-a resulted in a decreased amount of the gene transcript
after hypoxic stress. In the literature, the effect of hypoxia
on TNF-a levels has been reported to be inconsistent in

. In our experiments,

in vitro experiments. While some studies have shown an
increase in TNF-a expression after hypoxic treatment®,
others have not reported any significant effects at all””. In the
present study, variable responses were also obtained, mostly
showing no effects while in some experiments, the expression
of TNF-a was also reduced. The variable results from past
and present studies suggest that TNF-a may not necessarily
be up-regulated under hypoxia in human adipocytes.

Several studies have shown that circulating levels of
leptin are closely correlated with body fat mass and fat cell
size®>*? Notwithstanding, most obese individuals do not
respond to the increased leptin levels with an adequate
reduction in food intake®. Since there were indications
that betaine could lower leptin gene transcription and
secretion in adipocytes in both normoxic and hypoxic con-
ditions, it could be hypothesised that betaine may have a
role in normalising the high leptin levels in obese subjects.
Further experiments with an obese animal model are required
to study this hypothesis. Leptin gene transcription in hypoxia
is known to be regulated transcriptionally by HIF-1°%,
therefore, it would be interesting to see whether the effects
disclosed by betaine are also mediated through it. However,
in the present study, the role of HIF-la was not studied in
depth and further investigations would be needed in order
to fully characterise the effect of betaine in hypoxia.

Betaine is known to work as an osmolyte in various cell

and

types. In rat liver macrophages, betaine has shown to modu-
late immune function by restoring cell volume homeostasis
during phagocytosis®”. As a methyl donor, betaine can also
reduce homocysteine levels in adipose tissues, which can con-
tribute to the improved adiponectin production and thus
reduced inflammation in experimental animal models®®.

The beneficial effects of betaine supplementation on non-
alcoholic fatty liver disease have been reported recently™®.
Long-term exposure to a high-fat diet can induce fatty liver
and other liver injuries associated with obesity, insulin resist-
ance and adipokine dysfunction'”. Dysregulated adipokine
production, especially elevated leptin expression, together
with insulin resistance has been shown to be associated
with the pathogenesis of non-alcoholic fatty liver disease
and therefore the potentially normalising effect of betaine
supplementation on leptin levels can be an important physio-
logical factor in maintaining liver health.

The aim of the present study was to test the effect of betaine
on the inflammatory response of adipocytes in vitro and to
assess the usefulness of the hypoxia stress model of human
adipocytes in research targeting the health effects of dietary
supplements. One of the limitations of the present study is
the fact that preadipocytes were obtained from a single
donor. We chose this approach in order to minimise the
number of variables in the study and to focus on the effects
of betaine alone. We show that betaine may reduce inflam-
mation in adipose tissue in hypoxia and may therefore
potentially help to reduce systemic inflammation and the
risk for other obesity-related diseases. Further investigations
to assess the efficacy of betaine in reducing obesity-related
inflammation i vivo are warranted.
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