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Abstract

Background/Aims: Cytosolic glycerol 3-phosphate dehydrogenase (cGPDH) is a key enzyme
providing glycerol 3-phosphate for triacylglycerol synthesis in adipose tissue and is regarded as
a marker for adipocyte differentiation. The aim of this study was to test the hypothesis that an
increase in cGPDH gene expression in subcutaneous adipose tissue is associated with obesity.
Methods: mRNA levels in human subcutaneous adipose tissue were analysed by Real-Time
PCR. Results: \We found that human subcutaneous adipose tissue cGPDH activity and cGPDH
MRNA level were greater in obese patients than in lean subjects and were positively correlated
with BMI and fat mass. Moreover, a strong positive correlation between subcutaneous adipose
tissue cGPDH mRNA level and cGPDH activity was found. The data presented here indicates
also that PPARy mRNA level is positively correlated with body mass index and fat mass as well
as with adipose tissue cGPDH mRNA level. Moreover, the association between subcutaneous
adipose tissue cGPDH mRNA level and fatty acid translocase (FAT/CD36) mRNA level was also
observed. Conclusion: The obtained results suggest that in comparison to lean subjects the
increase in subcutaneous adipose tissue cGPDH gene expression in the obese, is probably the

result of adipose tissue expansion during obesity.
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Introduction

Obesity, a global health problem, constitutes a heterogeneous disorder caused by the
interaction between genetic, environmental, and psychosocial factors [1]. It is associated
with numerous diseases, including type 2 diabetes mellitus and coronary heart disease [1,
2]. Generally, it is believed that the imbalance between food intake and caloric expenditure,
leading to the excessive accumulation of triacylglycerols (TAG) in adipose tissue, may play
a key role in developing obesity. It seems, therefore, that an excessive level of substrates
required for TAG synthesis could play an importantrole in the development of human obesity.
Fatty acids (namely, long chain acyl-CoA) and glycerol 3-phosphate (G3P) serve as the direct
precursors for TAG synthesis in adipose tissue. In fed state, fatty acids necessary for TAG
synthesis in human adipose tissue can arise from lipoproteins (mainly from chylomicrons
and VLDL) [3] and/or can be synthesized in adipocytes [4]. In human adipose tissue, G3P
can arise from: a) glucose, namely from dihydroxyacetone phosphate (DHAP) - a glycolytic
metabolite, b) lactate, pyruvate, and some amino acids through glyceroneogenesis pathway,
where PEP-CK plays a key role [5], and c) from glycerol via glycerol phosphorylation catalysed
by glycerol kinase. Since glycerol kinase activity is very low in human adipose tissue [6], it
is unlikely that G3P is formed directly from glycerol. Thus, G3P in human adipose tissue
can arise from glucose (mainly in fed state) and/or through glyceroneogenesis pathway (in
fasted state). DHAP, formed in glycolysis or glyceroneogenesis, is converted to G3P by cGPDH.
In an earlier paper, we have shown that cGPDH activity is elevated in human subcutaneous
adipose tissue of obese subjects [7]. Both in vivo and in vitro studies indicate that cGPDH
activity is proportional to mRNA level [8, 9]. However, we have not examined this issue
previously [7].

Peroxisome proliferator activated receptor y (PPARY), highly expressed in human
adipose tissue [10], is the master regulator of lipid storage in adipose tissue and adipocyte
differentiation [11-13]. Moreover, ithasbeen shownthat cGPDH geneisa PPARytargetgenein
adipose tissue [14]. The association between PPARy gene expression in human adipose tissue
and body mass index (BMI) has been observed, however, the published data is inconsistent.
Some data indicates that PPARy mRNA in subcutaneous adipose tissue of obese patients
is significantly higher than in non-obese subjects, while PPARy mRNA in retroperitoneal
adipose tissue of obese subjects is decreased as compared to non-obese subjects [15].
Macias-Gonzales et al. [16] reported that the PPARy mRNA level in subcutaneous adipose
tissue is significantly higher in morbidly obese patients with insulin resistance as compared
to morbidly obese patients without insulin resistance. Recently published data indicates
no difference in PPARy gene expression both in human subcutaneous and visceral adipose
tissue between non-obese and obese subjects [17]. Leyvraz et al. [18] showed that PPARy1
and 2 are differently regulated in obesity, only PPARy1 was found to be decreased in obese
women. Despite these discordances, we hypothesized that PPARy, which is responsible
for lipid storage in adipose tissue, adipocyte differentiation and regulation of cGPDH gene
expression [14], would be up-regulated in subcutaneous adipose tissue of obese subjects.

The aim of this study was to examine whether an increase in the expression of cGPDH
and PEP-CK genes (encoding enzymes providing G3P for TAG synthesis) are associated
with BMI (and fat mass) and with PPARy mRNA level. For comparative purposes, we also
measured the levels of FAT/CD36, leptin and adiponectin mRNA levels in the same sample
of adipose tissue.

Materials and Methods

Patients

Eighteen non-diabetic, obese patients (3 males and 15 females with BMI=46+1.6 kg/m? range: 38-
64) aged between 22 and 55 years (mean age: 42+1.9 years) underwent a Roux-en-Y gastric bypass (RYGB)
at the Department of General, Endocrine, and Transplant Surgery (Medical University of Gdansk, Poland).
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All the obese patients were on low-calorie diet (800-1000 kcal/day, with high proteins and low fat and
carbohydrates) for 3 months prior to the surgery. The lean group consisted of 14 subjects (3 males and
11 females with BMI = 25 + 1 kg/m? range: 18-29) aged between 18 and 63 years (mean age: 47 + 3.5
years) who underwent cholecystectomy or hernia operation at the Department of General, Endocrine, and
Transplant Surgery (Medical University of Gdansk, Poland). After an overnight fast, blood specimens were
obtained for assays. During the surgery, pieces of subcutaneous adipose tissue, weighing approximately 1g
each, were removed and immediately frozen in liquid nitrogen. The investigations were consistent with the
Declaration of Helsinki of the World Medical Association and were approved by the Medical University of
Gdansk Ethics Committee. All patients participating in the study signed an informed consent form for the
investigation. Serum insulin and glucose concentrations were assayed by Central Clinical Laboratory of the
Medical University of Gdansk. Adipose tissue mass of obese patients was measured by Tanita SC 330S Body
composition Analyser.

mRNA level analysis

The total cellular RNA was extracted from frozen adipose tissue with the Qiagen RNeasy Lipid Tissue
Midi Kit. The quantity and quality of the resulting RNA was assessed by automated gel electrophoresis
(Experion, Bio-Rad Laboratories). The cDNA was synthesized from 0.5 pg of total RNA using the Biorad
iSCRIPT cDNA Synthesis Kit. Each RNA sample was treated with RNase-free DNase [ before cDNA synthesis.
The mRNA levels were analysed with real-time PCR with the iCycler iQ Real Time Detection System (Bio-Rad).
The reaction was performed using the iQ SYBR Green Supermix (Bio-Rad). The combination of $-actin and
cyclophilin genes was used as the standard. The relative mRNA levels of the studied genes were calculated by
the method presented by Piehler et al. [19]. The primers sequences were: F: 5’TGTCACCAACTGGGACGATA,
R: 5’GGGGTGTTGAAGGTCTCAAA for B-actin; F: 5° TCGAGTTGTCCACAGTCA, R: 5’CGTCTCCTTTGAGCTGT
for cyclophilin, F: 5'GAGGTGGCTGATGAGAAG, R: 5'CTGTGATACGGAAGTTTGG for cGPDH, F:
5AGGCCATTTTCTCAAAC,R:5’ AGAAATGCTGGAGAAGTCAACAforPPARy1-3;F:5’ CGGAACCATCTTGGCAACA,R:
5'GCCGGTTGATAGGCAGCTTforSREBP1;F:5’GACAAGCACAGCGACGAGTA,R:5’AGCTGCTCCACCTTCTTCTGfor
C/EBPB; F: 5'-GCTCTGAGGAGGAGAATGG-3', R: 5'-TGCTCTTGGGTGACGATAAC-3' for phosphoenolpyruvate
carboxykinase (PEPCK), F:5’-AAGTCACTGCGACATGAT TAATGG-3’, R: 5-GAACTGCAATACCTGGCTTTTCTC-3’
for FAT/CD36, F 5’GGAATGAAGTCCAAACCGGTG,R: 5'GTGCGGATTCTTGTGGCTTT for leptin, and F:
5’-TGGTGAGAAGGGTGAGAA-3’, R: 5’-AGATCTTGGTAAAGCGAATG-3’ for adiponectin. The amplification of
specific transcripts was confirmed by obtaining the melting curve profiles and agarose gel electrophoresis
of the amplification products.

cGPDH activity assay

Approximately 0.5 g of adipose tissue was rinsed, blotted dry, and placed in 5 ml ice-cold 20 mM Tris
hydrochloride buffer (pH 7.8) containing 0.2% Triton X-100. The tissue was finely minced with scissors,
homogenized manually with a Teflon pestle homogenizer, and centrifuged at 30 000 x g for 20 min. After
removing the fat cake, the resulting supernatant was decanted, and the pellet was resuspended in 5 ml of
the isolation medium, rehomogenized, and centrifuged as before. The supernatant was combined with that
obtained after the first centrifugation step and used for enzyme assay. The activity of cGPDH (EC 1.1.1.8)
was measured as described previously [7]. All assays were performed in duplicate at 37°C using a Beckman
DU 68 spectrophotometer (Beckman Instruments, Fullerton, CA, USA). The absorbance changes both
against time and against enzyme concentration were linear. Protein concentration assays were performed
according to the method of Peterson.

Statistics

Statistical analyses were performed with SigmaStat. The statistical significance of the differences
between obese and non-obese patients was assessed by the Student's t-test. Pearson's correlation coefficient
was calculated to assess the correlation between the selected parameters in obese patients.

Results

The anthropometric and biochemical characteristics of lean and obese subjects
included in the study are presented in Table 1. All obese subjects had BMI above
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Table 1. Characteristics of non-obese ) )

. i . . " Nonobese subjects Obese patients
subjects and obese patients included in parameter Mean + SEM Mean + SEM
the study. *p < 0.01

Sex (female/male) 11/3 15/3
Age (years) 47 +3.5 42+19
Body weight (kg) 66 + 3.3 125+ 5.7*
Adipose tissue mass (kg) 16 £ 0.7 57 £3.3*
BMI (kg/m?) 25+1.0 46 £ 1.6*
Serum glucose (mg/dL) 8937 112 + 5.4*
Serum insulin (uU/ml) 5.1+0.66 4.5+0.75
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Fig. 1. The mean BMI (A), subcutaneous adipose tissue leptin (B), and adiponectin (C) rela-
tive mRNA levels in lean subjects and obese patients. Data are presented as mean * SEM,
*

p< 0.05.

Fig. 2. The mean cGPDH activity (A),
and cGPDH relative mRNA level (B) in 350 % 0.45 %
the subcutaneous adipose tissue in lean 300 1 0.4
subjects and obese patients. Data are T e § o038 ]
presented as mean + SEM, * p< 0.05. =3 2 03
Zo 200 1 < 025
S o e
LR <
©3 100 5 1
£ & o1
50 ° 0.05
0 0
A lean obese B lean obese

35 kg/m?. The mean BMI as well as mean body weight of obese subjects were approximately
2-fold higher, while the mean fat mass was 3.5 times greater than in the lean subjects.
Fasting serum glucose concentration was slightly higher in obese subject, however, insulin
concentration was within normal range, and similar in lean and obese subjects. The mean
age (and range of age) was similar in both groups. Since previous study on cGPDH activity
showed no differences among sexes [7], the results are presented as single group, not divided
by sex, although men are identified in some figures. The mean BMI and leptin mRNA level
in subcutaneous adipose tissue of obese patients participating in the study were greater
than in lean subjects (Fig. 1A and 1B), whereas adiponectin mRNA level in subcutaneous
adipose tissue of obese subject was slightly lower than in lean subjects (Fig. 1C). As expected,
based on the previously published data [7], subcutaneous adipose tissue cGPDH activity was
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cGPDH relative mRNA level in the subcutaneous

adipose tissue and the BMI (B); cGPDH activity and

cGPDH relative mRNA level in the subcutaneous

adipose tissue (C). Male subjects are labeled as 3.

significantly higher in obese patients as compared to lean subjects (Fig. 2A). The cGPDH
mRNA level in subcutaneous adipose tissue from obese patients was also significantly
greater than in lean participants (Fig. 2B). Regression analysis of the data presented in Figs.
1 and 2, yielded a positive correlation between cGPDH activity and BMI (r = 0.61; p < 0.01)
(Fig. 3A) and positive correlation between cGPDH mRNA level and BMI (r = 0.58; p < 0.01)
(Fig. 3B). Essentially similar correlation between cGPDH activity or mRNA level and adipose
tissue mass was found (r = 0.50, p < 0.01; r = 0.53, p < 0.01, respectively). To prove that
cGPDH activity in subcutaneous adipose tissue reflected cGPDH mRNA level, we analysed
the correlation between the above mentioned parameters. As indicated in Fig. 3C, we found
a strong positive correlation between cGPDH mRNA level and cGPDH activity (r = 0.66, p <
0.01). Moreover, we analysed the relationship between cGPDH gene expression and serum
glucose or insulin concentrations. We did not find significant correlation between cGPDH
mRNA level (and enzyme activity) and serum glucose or insulin concentrations (data not
shown).

Data presented in Fig. 4A indicate that PPARy mRNA level is positively correlated with
BMI (r = 0.55, p < 0.01). Essentially similar positive correlation between PPARy mRNA level
and body fat mass (r = 0.63, p < 0.01), as well as between PPARy mRNA level and body
mass (r = 0.58, p < 0.01), was also found. Strong positive correlation between PPARy mRNA
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Table 2. Correlations between BMI, adipose tissue cGPDH, and PPARy mRNA levels and selected
genes expression in human subcutaneous adipose tissue. * p < 0.01, * p < 0.05

BMI cGPDHmRNA level  PPARy mRNA level

PEPCK mRNA level ) -

(r- correlation coefficient) 0.30 0.17 0.56
FAT/CD36 llnRNA le'ffe‘l 0.47+ 0.54* 0.39%

(r- correlation coefficient)

C/EBPP mRNA level ) )

(r- correlation coefficient) 0.18 0.33 0.01
SREBP1 mRNA level 027 023 -0.20

(r - correlation coefficient)

level and cGPDH mRNA level in human subcutaneous adipose tissue (r = 0.71, p < 0.01) (Fig.
4B) suggests that up-regulation of PPARy gene expression in obese subjects could play a
role in up-regulation of cGPDH gene expression. Since C/EBPf plays an important role in
activating PPARY gene expression during early stage of adipocyte differentiation and SREBP1
potentiates the transcriptional activity of PPARy [20], we analysed the association between
cGPDH mRNA level (and enzyme activity) and these lipogenic factors. We have found a weak
positive correlation between cGPDH mRNA level (and enzyme activity) and C/EBP3 mRNA
level, however, the correlation did not reach statistical significance (Table 2). Surprisingly,
no correlation between cGPDH mRNA and PPARy was found (Table 2). Weak negative
correlation (statistically insignificant) between cGPDH mRNA level and SREBP1 mRNA level
was also observed (Table 2). Moreover, SREBP1 mRNA level displayed a decreasing trend in
relation to obesity (Table 2).

Since PEP-CK gene in adipose tissue is induced by PPARy [21], and a positive correlation
between PEP-CK and PPARy mRNA levels in human subcutaneous adipose tissue was found
[22], we examined the relationship between PEP-CK mRNA level and BMI and between
PEPCK mRNA level and PPARy mRNA in subcutaneous adipose tissue of our patients for
comparative purposes. We found a weak positive correlation between PEPCK mRNA level
and BMI (r = 0.3) and a significant correlation between PEPCK mRNA level and PPARy mRNA
(r=0.50; p<0.01) (Table 2). We found also a correlation between BMI and FAT/CD36 mRNA
level (Table 2) and between cGPDH mRNA and FAT/CD36 mRNA levels (Table 2).

Discussion

In the present work, we have confirmed the previous report indicating that human
subcutaneous adipose tissue cGPDH activity is positively correlated with BMI and body
and fat mass [7]. Moreover, we have shown for the first time an increase in cGPDH mRNA
level in obese patients. In contrast, previous studies suggested that cGPDH activity [23, 24]
and cGPDH mRNA level [25] were slightly lower in subcutaneous adipose tissue of obese
subjects as compared to the control. Variability in cGPDH activity, which exists in human
adipose tissue, and a small number of patients included in the previously performed study,
may constitute the possible explanation for the discrepancy between the results presented
here and those reported several years ago [23-25].

In view of the fact that cGPDH is up-regulated by PPARY in adipose tissue [14] and taking
into consideration data presented in this paper, which indicates a strong association between
cGPDH mRNA level and PPARy mRNA level (Fig. 4B), it can be assumed that the activation of
cGPDH gene expression results from PPARy action in human subcutaneous adipose tissue.
This corroborates well with previously reported observation that human subcutaneous
preadipocytes displayed coordinated high lipid accumulation and up-regulation of cGPDH
and PPARY genes expression [26]. Contrary to what would be expected, the results presented
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here suggest a weak positive correlation between cGPDH mRNA level (and enzyme activity)
and C/EBPB mRNA level, however, the correlation did not reach statistical significance
(Table 2). Moreover, no association between C/EBPB and PPARy mRNA level was found
(Table 2). It is likely that in adipose tissue of obese subject factors other than C/EBPf are
required to regulate PPARy gene expression and consequently cGPDH gene expression.
Another possibility is that regulatory cascade controlling adipogenesis in obese subjects is
disrupted by adipocytokine produced by adipose tissue. It is known that TNFa, which is
over-expressed in human adipose tissue of obese subjects [27], produced a marked decrease
in SREBP1 mRNA level in isolated human adipocytes [28]. The weak negative correlation
(statistically insignificant) between: a) BMI and SERBP1 mRNA level; b) cGPDH mRNA level
and SREBP1 mRNA level; c) PPARy and SREBP-1 genes expression (Table 2) seems to support
the suggestion that transcription network involved in the regulation of PPARy, SREBP1, and
C/EBPf genes expression is dysregulated in adipose tissue of obese subjects.

Insulin increases the cGPDH gene expression in isolated human adipocytes [29]. Our
results showed that serum insulin concentration in lean and obese subjects is similar. Thus,
itis unlikely that insulin is responsible for elevated cGPDH gene expression in adipose tissue
of obese subjects. No correlation between serum glucose concentration and adipose tissue
cGPDH gene expression was found despite slightly higher serum glucose concentration in
obese subjects. Thus, similarly to serum insulin, serum glucose concentration appears not to
be an important factor regulating cGPDH expression in human subcutaneous adipose tissue.

Similarly to our previous study [7], we have found no relationship between cGPDH
expression in adipose tissue and age and gender, however, the latter should be regarded with
caution as only 3 lean and 3 obese males were included in this study.

Coordinated up-regulation of PPARy and cGPDH genes expression during adipocyte
differentiation and adipogenesis was also recently reported [30]. Current data indicates that
resveratrol [31] or kefir [32] coordinately decrease lipid accumulation, cGPDH activity, and
PPARY gene expression in 3T3-L1 adipocytes. Furthermore, thiazolidinediones, recognized
ligands for PPARY, promotes TAG storage in subcutaneous adipose tissue [33]. These in vivo
and in vitro observations suggest that there is a strong association between TAG accumulation
and cGPDH and PPARy genes expression or PPARy activation in adipose tissue. Moreover,
it has been reported that the expression of PEP-CK gene can be stimulated by PPARy via
PPARY response element present in promoter region of PEP-CK gene in adipose tissue [21,
34]. A positive correlation between PEPCK mRNA level in human subcutaneous adipose
tissue and BMI was also reported [22]. Thus, one would expect that PPARY coordinately up-
regulates cGPDH and PEPCK genes expression. Data presented in this paper indicates that
this is the case. Both cGPDH and PEP-CK mRNA levels are positively correlated with PPARy
gene expression. Interestingly, cGPDH mRNA level correlated with the level of FAT/CD36
mRNA (Table 2) assayed in the same sample of adipose tissue. This suggests that common
regulatory mechanism(s) might exist for cGPDH, PPARy, and FAT/CD36 genes expression in
human adipose tissue and that this regulation is associated with obesity. Based on the data
presented here, we propose that the over-expression of cGPDH gene in adipose tissue is a
result of adipose tissue expansion during obesity development. Excessive accumulation of
TAG in adipose tissue during development of obesity requires G3P production. As already
mentioned, cGPDH activity is the main provider of G3P for TAG synthesis in adipose tissue. In
fed state, fatty acids (namely acyl-CoA), constituting the direct precursors for TAG synthesis,
can arise from lipoproteins [3]. Fatty acid translocase (FAT/CD36) facilitates FFA transport
across the adipocyte membrane [35-39]. Increased membrane content of FAT/CD36 is
associated with increased rate of LCFA transport [35-37]. Interestingly, up-regulation of FAT/
CD36 in adipose tissue of obese subjects has also been observed [40]. Thus, it is tempting
to speculate that coordinated up-regulation of cGPDH and FAT/CD36 genes expression is
involved in excessive TAG accumulation in adipose tissue during development of obesity.
However, this proposal is discordant with the results indicating that the overexpression of
cGPDH gene in subcutaneous adipose tissue in transgenic mice leads to a reduction in fat
mass [41]. One possible explanation for the discrepancy is that abnormal overexpression of
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cGPDH gene (50-200-fold) leads to the activation of catabolic processes (for instance G3P
cycle), which may result in the decrease of intracellular G3P concentration and consequently
in a decrease of fat mass. On the other hand, loss of cGPDH in adipose tissue should lead to
loss of fat mass. However, mice carrying the null allele for cGPDH are not deficient in their
body fat mass [42]. Plausible explanations for these seemingly discrepant findings include
the suspicion that mice synthesize TAG by acylation of DHAP by dihydroxyacetone phosphate
acyltransferase as an alternative pathway of TAG synthesis in adipose tissue [42].

Anumber of limitations are present in this study. Firstly, the number of patients included
in our study was relatively low. Secondly, applying our findings to the whole population of
obese subjects should be approached with caution as these observations were made in non-
diabetic, obese subjects, who were subjected to low-calorie diet with high proteins and low
fat and carbohydrates for 3 months prior to the surgery. However, as far as cGPDH activity
is concerned, the results presented here are essentially similar to those reported previously,
which were performed on 60 obese subjects consuming a conventional diet [7]. Furthermore,
very consistent correlation between cGPDH activity or cGPDH mRNA level and BMI supports
the validity and relevance of findings presented in this paper.

In conclusion, our data suggests that cGPDH gene expression is elevated possibly as a
result of adipose tissue expansion during development of obesity in humans. Coordinated
over-expression of cGPDH, PEP-CK, and PPARy genes together with up-regulation of fatty
acids transporter in adipose tissue of obese subjects provide links between excessive energy
intake and accumulation of TAG in adipocytes of obese subjects.
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