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Abstract
Aims/hypothesis Previous studies have shown relationships
between fatty acid ratios in adipose tissue triacylglycerol
(TG), adipocyte size and measures of insulin sensitivity. We
hypothesised that variations in adipose tissue de novo
lipogenesis (DNL) in relation to adiposity might explain
some of these observations.
Methods In a cross-sectional study, subcutaneous abdomi-
nal adipose tissue biopsies from 59 people were examined
in relation to fasting and post-glucose insulin sensitivity.
Adipocyte size, TG fatty acid composition and mRNA
expression of lipogenic genes were determined.
Results We found strong positive relationships between
adipose tissue TG content of the fatty acids myristic acid
(14:0) and stearic acid (18:0) with insulin sensitivity
(HOMA model) (p<0.01 for each), and inverse relation-

ships with adipocyte size (p<0.01, p<0.05, respectively).
Variation in 18:0 content was the determinant of the
adipose tissue TG 18:1 n-9/18:0 ratio, which correlated
negatively with insulin sensitivity (p<0.01), as observed
previously. Adipose tissue 18:0 content correlated positive-
ly with the mRNA expression of lipogenic genes (e.g.
FASN, p<0.01). Lipogenic gene expression (a composite
measure derived from principal components analysis) was
inversely correlated with adipocyte cell size (p<0.001).
There was no relationship between dietary saturated fatty
acid intake and adipose tissue 18:0 content.
Conclusions/interpretation Our data suggest a physiologi-
cal mechanism whereby DNL is downregulated as adipo-
cytes expand. Taken together with other data, they also
suggest that hepatic and adipose tissue DNL are not
regulated in parallel. We also confirm a strong relationship
between small adipocytes and insulin sensitivity, which is
independent of BMI.
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Introduction

Obesity and insulin resistance are increasingly prevalent
risk factors for type 2 diabetes and CHD. Whilst total fat
mass and its distribution are undoubtedly important, it is
becoming clear that the size of the adipocyte is a more
subtle predictor of adverse metabolic status. It has been
recognised for many years that there is a relationship
between small adipocyte size and whole-body insulin
sensitivity (IS) in humans [1–3]. In rats, adipocyte
hypertrophy is strongly linked to peripheral insulin resis-
tance, independently of total body fat [4]. Human adipocyte
size is an independent predictor of the development of type
2 diabetes [2]. Thus, an understanding of the mechanisms
that govern adipocyte size is important.

Enlargement of adipocytes might arise from increased fat
deposition (lipogenesis), either from fatty acids (FAs) taken
up from plasma or from those synthesised de novo (de novo
lipogenesis [DNL]). The literature regarding the relationship
between cell size and lipogenesis is not consistent. In vitro
experiments in rats and human cells report increased DNL in
large cells [5, 6], whereas other rat studies have reported
decreased insulin-enhanced DNL from glucose [7, 8].
Caution should be exercised in extrapolating results from
rat studies, as the lipogenic capacity of adipose tissue in
humans is lower than in rats [9]. Nevertheless, it is clear that
DNL does operate in human adipose tissue [10, 11],
although it is not the major pathway for fat deposition.
Expression of several lipogenic genes, principally FASN, has
been shown to be higher in smaller human adipocytes [12,
13]. Recently, however, it has been proposed that increased
energy intake and accumulation of body fat is linked to
increased expression of the lipogenic gene FASN in adipose
tissue [14].

Closely related to DNL is the process of FA desaturation.
Currently there is interest in the expression and effects of
the enzyme stearoyl-CoA desaturase (SCD), as reflected in
FA ratios in plasma [15] or in adipose tissue [16], in
relation to insulin status. SCD is regulated in parallel with
the pathway of DNL [17], and is responsible for desaturat-
ing palmitic acid (16:0) and stearic acid (18:0) to
palmitoleic (16:1 n-7) and oleic acid (18:1 n-9), respective-
ly. Individuals with a high ratio of 18:1 n-9/18:0 in adipose
tissue triacylglycerol (TG) are more likely to be insulin
resistant [16]. There is little evidence in the literature
linking adipocyte FA composition to cell size in humans,
although greater n-6 and n-3 polyunsaturated FA content is
associated with smaller adipocytes in subcutaneous adipose
tissue [18].

Our aim was to investigate adipocyte cell size in relation
to IS and adipocyte TG FA composition in normally fed
humans. We wanted to test the hypothesis that increased
DNL might drive fat cell expansion, in parallel with whole-

body insulin resistance. We set out to test this hypothesis in
a cross-sectional study by examining the expression of
genes in adipose tissue which are associated with lipogen-
esis, and by investigating the TG FA composition in cells of
different sizes. In order to understand the origins of
variation in adipose tissue TG FA composition between
people, we have also conducted dietary analysis.

Methods

We recruited 59 healthy individuals with a range of
adiposity (BMI 20–37 kg/m2) to take part in a cross-
sectional metabolic investigation. All participants gave
written informed consent and the study was approved by
the Oxfordshire Clinical Research Ethics Committee.

They were studied at rest, following an overnight fast,
after refraining from strenuous exercise and alcohol for
24 h. A cannula was inserted retrogradely into a distal
forearm vein and kept patent by a continuous slow infusion
of saline (NaCl 9 g/l). The lower part of the forearm was
heated to provide arterialised blood samples. Three fasting
samples were taken every 30 min and a further six samples
were taken after ingestion of 75 g glucose, for 2 h. The oral
glucose challenge provided a dynamic measure of IS as
described below. Blood samples were taken into hepari-
nised syringes and plasma separated rapidly by centrifuga-
tion at 4°C and stored at −20°C for later analysis.

A subcutaneous abdominal adipose needle biopsy was
taken at the end of the study as described previously [19].
The biopsy was washed with saline. A portion was placed
in 4% (wt/vol.) formalin, and the remaining tissue placed in
TRI Reagent (Applied Biosystems, Warrington, UK) and
homogenised immediately in a ball mill homogeniser
(MM301 Mixer Mill; Retsch UK, Leeds, UK) with 6 mm
cone ball-bearings.

Sample analyses

Biochemical analyses Plasma glucose, TG and NEFA
concentrations were determined enzymatically (glucose
and TG; Instrumentation Laboratory, Warrington, UK:
NEFA C kit; Wako Chemicals, Neuss, Germany) using an
ILab 600 Multianalyser (Instrumentation Laboratory). Plas-
ma insulin concentrations were determined by RIA using a
commercially available kit (Linco Research, St Charles,
MO, USA).

Cell size analysis A histological method was used for
adipocyte size analysis, based on the method of Chen and
Farese [20]. This gives an average cell diameter for
comparison purposes between samples. Adipose tissue
was embedded in paraffin within 2 weeks of the biopsy,
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and cut into 4 µm sections. The sections were de-waxed
and stained with haematoxylin. A low-power image was
captured using an Olympus C-4040 Zoom digital camera
(Olympus UK, London, UK) and the images analysed using
Adobe Photoshop CS2 9.0.2 (Adobe Systems, San Jose,
CA, USA) and Image Processing Tool Kit (Reindeer
Games, Gainesville, FL, USA). Using a script (Photoshop
Action) the calibrated images were processed to minimise
background variations and converted to a binary image by
selecting a fixed proportion of the darkest pixels. This
image was skeletonised and the areas of cell profiles were
measured. Cross-sectional areas were calculated as µm2.
Results were directly loaded into a spreadsheet program
(Excel; Microsoft, Redmond, WA, USA) for analysis.
Values <50 µm2 were assumed to represent artefacts from
the image-conversion process and were excluded from
analysis. A minimum of 200 cell areas were recorded per
individual.

There are many methods for analysing adipocyte size,
some of which are discussed by Chen and Farese [20],
along with validation of this particular method. Smith et al.
[21] compared a tissue section method very similar to that
of Chen and Farese with collagenase digestion, and
obtained very similar results. The strength of the correlation
that we observed between cell size and IS (see the Results)
was almost identical to that observed in another cross-
sectional study, in which an independent method for cell
size analysis was used [2].

Gene expression The homogenised biopsy samples were
diluted in TRI Reagent to 1 ml/100 mg of tissue and
centrifuged at 9,500×g for 30 min at 4°C. The lipid layer
was removed and stored at −20°C for later FA analysis.

Adipose tissue total RNA was isolated using a mirVana
miRNA isolation kit (Applied Biosystems), following the
manufacturer’s instructions. Total RNA was then treated
with DNAase (Applied Biosystems) and cDNA was
synthesised using a high-capacity cDNA reverse transcrip-
tion kit (Applied Biosystems).

The mRNA expressions of ACACA, ACLY, DGAT1,
DGAT2, ELOVL6, FASN, PPARG1, PPARG2 and SCD were
quantified by real-time PCR using TaqMan gene expression
assays (Assay-on-demand; Applied Biosystems) and nor-
malised for expression for the housekeeping genes, PPIA,
RPLP0 and PGK1, using the ΔΔCt method [22]. Assay
identification details for the genes are given in the
Electronic supplementary material (ESM) Table 1. Stand-
ards and samples were analysed in quadruplicate and
reaction efficiency was calculated using a standard curve
for each assay by serially diluting a pool of all cDNAs
generated. Amplification and detection were performed
using an ABI PRISM 7900HT sequence detection system
(Applied Biosystems) using standard ABI RT qPCR

thermal cycling conditions. Further details have been given
previously [23].

FA analyses The FA composition of plasma NEFA and of
adipose tissue TG was analysed. For the latter, a sample
(approximately 200 µl) of the lipid layer from the RNA
isolation step was used to determine TG FA composition
[24]. Total lipids were extracted, and FA methyl esters
prepared from NEFA or TG fractions, respectively, as
previously described [25]. FA composition (µmol/100 µmol
total FA) was determined by GC as previously described
[26]. For TG analysis, an internal standard containing 15:0
was used, which precluded measurement of the proportion
of 15:0 directly in adipose tissue TG.

Dietary analyses All foods and beverages consumed on
three representative non-consecutive days (2 weeks/1
weekend) over a 2 week period prior to coming in for the
study day were weighed or estimated and recorded into
food diaries. The energy and nutrient composition of the
diets was calculated using the food composition data from
the Microdiet 2 program (Downlee Systems, Chapel-en-le-
Frith, UK).

Calculations and statistical analysis

Fasting IS (HOMA-IS) was calculated from fasting glucose
and insulin concentrations as the reciprocal of the HOMA
of insulin resistance [27].

Post-glucose IS was calculated as follows: ISI glyð Þ ¼
2= INSp� GLYpð Þ þ 1½ �, where INSp and GLYp are insulin
and glucose AUCs, respectively, over 2 h after glucose
ingestion, expressed relative to average values from the
group of individuals [28].

FA ratios were calculated as proxy measures of
elongation and desaturation activity (Fig. 1) [16], as
follows: 18:0/16:0 (proxy for FA elongase activity); 16:1
n-7/16:0 and 18:1 n-9/18:0 (proxy for SCD activity).

Data were analysed using SPSS for Windows v11 (SPSS
UK, Chertsey, UK). The normal distribution of the
continuous variables was examined with a Shapiro–Wilk
test, and skewed variables were log10 transformed to
normalise or approximately normalise the distribution.

To determine how the variables in this study related to
one another, we performed a principal components analysis
(PCA). This is a multivariate statistical method by which a
dataset can be represented by a few new variables (called
‘principal components’), which are linear combinations of
the original variables. This analysis was applied to both the
metabolic data (including the biochemical analysis, the FA
composition, the adipocyte cell size data, BMI and HOMA-
IS values) and the data for gene expression. Only the results
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for the gene expression are included in the paper, although
the ‘metabolic PCA’ influenced our analysis of the data.
The ΔΔCt values for the gene expression were entered.
The resulting factor patterns were interpreted using factor
loadings, and the most powerful factors (eigenvalues >1.0)
were retained for further analysis. Factor loadings >0.4
were considered to be of importance.

In order to understand variation in FA ratios, as
described under Results, we generated random values for
mol% of the FAs 18:1 n-9 and 16:0, between the maximum
and minimum values from the dataset, using the RAND-
BETWEEN function in Excel.

Results

Participants

Table 1 details the volunteers’ characteristics. From the
results of the oral glucose administration, 40 individuals
were found to have normal glucose tolerance and 19 to
have impaired glucose tolerance [29].

No age or sex effect was seen in any analyses; therefore
results are presented as a single group and not divided by sex,
although men and women are distinguished in the figures.

Insulin sensitivity

The fasting IS index, HOMA-IS, was negatively correlated
with adipocyte cell size (r=−0.57, p=1.4×10−5) (Fig. 2a),
as was post-glucose IS (r=−0.39, p=0.005) (Fig. 2b). This

relationship remained significant for both indices when
controlling for BMI (r=−0.37, p=0.01 and r=−0.30, p=0.04,
for HOMA-IS and post-glucose IS, respectively).

When we examined the FA composition of adipose
tissue TG, we observed that the proportions of 14:0 and
18.0 (mol% of adipose tissue TG) correlated with HOMA-
IS and post-glucose IS (Table 2, Fig. 2c, d). Adipose tissue
TG 18:0/16.0 and 18:1 n-9/18:0 ratios, but not the 16:1 n-7/
16:0 ratio, also correlated strongly with the indices of IS
(Table 2). The 14:0, 16:0 and 18:0 content, as well as the
18:0/16.0 and 18:1 n-9/18:0 ratios, were also correlated
with BMI (Table 2). In a partial correlation controlling for
BMI, HOMA-IS remained positively significantly correlat-
ed with 14:0, 18:0 and 18:0/16:0 ratio, and negatively with
18:1 n-9/18:0 ratio. Post-glucose IS remained significantly
positively correlated with 18:0 and 18:0/16.0, and nega-
tively with 18:1 n-9/18:0. The adipose tissue content of
14:0 and 18:0, and the 18:0/16:0 ratio, correlated negative-
ly, and the 18:1 n-9/18:0 ratio positively, with adipocyte
cell size (Table 2, Fig. 2e, f).

The relationship of the ratios 18:0/16:0 and 18:1 n-9/
18:0 with IS appeared to be determined by the proportion of
adipose tissue TG 18:0. To test this, random values for mol
% for the FAs 16:0 and 18:1 n-9 were generated, and new
ratios for 18:0/16:0 and 18:1 n-9/18:0 were calculated,
called below 18:0/16:0RAND and 18:1 n-9RAND/18:0,
respectively. Correlations were performed against HOMA-
IS and the relationships remained equally strong (18:0/
16:0RAND and HOMA-IS, r=0.64, p<0.001; 18:1 n-9RAND/
18:0 and HOMA-IS, r=−0.51, p<0.001).

Gene expression, FA composition and cell size

Correlation matrix and PCA for gene expression Genes
involved with the DNL pathway strongly correlated with
each other (Table 3).

Malonyl-CoA

Glucose

Pyruvate

Acetyl-CoA

Citrate

Acetyl-CoA

ACC1

Palmitic acid

16:0

Stearic acid

18:0

Oleic acid

18:1 n-9

Palmitoleic acid

16:1 n-7

Myristic acid

14:0

Citrate

SCD

SCD

Elong

ACLY

Fig. 1 Pathway of DNL. The dotted line represents a mitochondrion.
ACC1, acetyl-coenzyme A carboxylase alpha; ACLY, ATP citrate
lyase; Elong, elongation; SCD, stearoyl-coenzyme A desaturase

Table 1 Characteristics of study volunteers

Variable Value

Age (years) 44 (19–58)

BMI (kg/m2) 27 (20–37)

Fasting glucose (mmol/l) 5.0 (4.0–6.1)

Fasting insulin (pmol/l) 54.6 (6.0–321.0)

Fasting NEFA (µmol/l) 492 (224–1,034)

Fasting TG (mmol/l) 1.0 (0.4–3.2)

Cholesterol (mmol/l) 4.5 (3.3–7.2)

HDL-cholesterol (mmol/l) 1.1 (0.6–1.9)

Resting heart rate (beats per min) 60 (44–86)

Systolic BP (mmHg) 110 (89–149)

Diastolic BP (mmHg) 72 (58–99)

Data are medians (range)
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Table 2 Correlation coefficients for adipose tissue TG FAs and the relationships with HOMA-IS, post-glucose IS, BMI and adipocyte cell size

Variable Fatty acid

14:0 16:0 16:1 n-7 18:0 18:1 18:0/16:0 16:1 n-7/16:0 18:1 n-9/18:0

HOMA-IS 0.45a −0.28b 0.03 0.54a −0.05 0.59a 0.11 −0.51a

Post-glucose IS 0.34b −0.14 −0.11 0.57a −0.00 0.57a −0.07 −0.48a

BMI −0.37a 0.28b −0.05 −0.45a 0.04 −0.50a −0.13 0.40a

Cell size −0.37a 0.24 0.07 −0.33b 0.10 −0.38a 0.02 0.39a

ap<0.01, bp<0.05; Pearson correlations

Fig. 2 Relationships between adipocyte cell size, TG FA content and
IS in men (black circles) and women (white circles). Adipocyte cell
size was related to fasting IS (HOMA-IS) (a) and post-glucose IS (b).
HOMA-IS was related to adipose tissue (AT) TG content of 14:0 (c)

and 18:0 (d). Adipocyte cell size was related to AT TG 14:0 (e) and
18:0 (f). Results of statistical analyses are given in the text and in
Table 2
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In a PCA of ΔΔCt values of lipogenic gene expression
(ACLY, ACACA, FASN, ELOVL6, SCD, PPARG1, PPARG2,
DGAT1 and DGAT2), maximum factor loadings all oc-
curred in the first principal component of gene expression
data (PC1) (which could be seen as a composite marker of
expression of genes involved in DNL), hereafter known as
PC1genes, with values between 0.6 and 1.0 (ESM Table 1).
PC1genes is therefore effectively a composite measure of
the expression of the genes involved in DNL. HOMA-IS
was positively associated with PC1genes (r=0.34, p=0.02)
whereas BMI and cell size were negatively associated with
PC1genes (r=−0.63, p<0.001 and r=−0.55, p<0.001,
respectively) (Fig. 3). The relationship with adipocyte cell
size remained significant after partial correlation control-
ling for BMI (p=0.01). HOMA-IS did not significantly
correlate with PC1genes after partial correlation controlling
for either BMI or adipocyte cell size.

There were no correlations between expression levels of
the three housekeeping genes PPIA, RPLP0 and PGK1 and
measures of the FA composition of adipose tissue TG.
However, the expression levels of these three genes were
highly inter-correlated (r=0.93–0.98, p<0.001).

Relationship of SCD expression with FA ratios Expression
of SCD did not correlate with the proxy markers of SCD
activity, i.e. adipose tissue FA ratios 16:1 n-7/16:0 and 18:1
n-9/18:0 (Table 4). Also, SCD expression did not correlate
with adipose tissue TG 16:0, 16:1 n-7, 18:0 or 18:1 n-9 mol%.
Both PC1genes and the expression of FASN were associated
with the adipose tissue TG FA ratios 18:1 n-9/18:0 and
18:0/16:0, as well as with 18:0 mol% (Table 4). These
correlations were repeated with randomly generated 18:1
n-9 and 16:0 values in the ratios, and the relationships
remained significant (PC1genes, p=0.003 and p=0.01,
respectively; FASN, p=0.001 and p=0.05, respectively),
implying that variation in the 18:0 content was the
important determinant of variations in the ratios.

Relationship of adipose composition to diet

The percentage contribution of dietary polyunsaturated
FAs to total energy intake correlated positively with 18:2
n-6 mol% in the TG fraction in adipose tissue (r=0.42,
p=0.002). No correlation, however, was seen with saturated

Gene Gene

ACLY ACACA FASN ELOVL6 SCD PPARG1 PPARG2 DGAT1

ACLY

ACACA 0.90a

FASN 0.82a 0.79a

ELOVL6 0.80a 0.73a 0.59a

SCD 0.75a 0.82a 0.69a 0.50a

PPARG1 0.47a 0.50a 0.51a 0.38a 0.45a

PPARG2 0.40a 0.45a 0.46a 0.33b 0.40a 0.92a

DGAT1 0.45a 0.50a 0.53a 0.32b 0.58a 0.33b 0.35b

DGAT2 0.76a 0.72a 0.61a 0.72a 0.63a 0.25 0.24 0.52a

Table 3 Correlation coeffi-
cients between ΔΔvalues of
lipogenic gene expression in
abdominal subcutaneous adi-
pose tissue

The full names for genes are
given in ESM Table 1. PPARG1
and PPARG2 are different tran-
scripts produced from the
PPARG gene
ap<0.01, bp<0.05; Pearson
correlations

a

b

, , ,

Fig. 3 Relationships with expression of lipogenic genes in adipose
tissue. Data are shown for men (black circles) and women (white
circles). Expression of DNL genes in adipose tissue was related to
BMI (a) and adipocyte cell size (b). Results of statistical analyses are
given in the text
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FA intake (expressed as per cent total energy) and adipose
tissue content of 14:0, 16:0 or 18:0 (mol%). The FA 15:0 is
solely derived from diet, mainly from dairy sources, and
should represent a major component of saturated FA intake.
Although 15:0 could not be measured, for technical
reasons, in adipose tissue TG, values were assessed in
plasma NEFA. For other saturated FAs, there were
correlations between proportion in plasma NEFA and in
adipose tissue TG (e.g. 14:0, r=0.50, p=0.001; 18:0, r=
0.38, p<0.01). There were no correlations between plasma
15:0 and adipose tissue proportions of 14:0 or 18:0,
implying a predominantly non-dietary origin for these FAs.

Discussion

We found that small adipocyte size was related to
peripheral IS, independently of BMI. We also found that
the 14:0 and 18:0 content of the adipocyte TG was strongly
correlated with IS and smaller fat cells, which has not been
previously reported.

The relationship between cell size and IS that we
observed is in line with a prospective study in Pima Indians
[2], but contrary to the findings of McLaughlin et al., who
used a cell-size profiling method and showed that, after
controlling for obesity, there was a predominance of large
adipocytes in an insulin-sensitive subgroup [30]. Our study
is not directly comparable as we looked at lean as well as
obese individuals, and we used a mean adipocyte value
instead of a cell size distribution. This could mean that we
missed subtle differences in cell size distribution. However,
there is some consistency in our findings: McLaughlin et al.
[30] showed a lower mRNA expression of genes concerned
with adipocyte differentiation, including PPARG1 and
PPARG2, in adipose tissue from insulin-resistant people.
We also found this, although in our data the relationship with
IS/resistance was lost after controlling for BMI or mean
adipocyte size. Further studies using a variety of cell-sizing
methods would be needed to explore these issues fully.

Not only is there a relationship between adipocyte size and
whole-body insulin resistance, but larger adipocytes are
themselves more insulin-resistant in vitro. Again, this has been
recognised for many years in both humans [1, 6, 31, 32] and

rodents [33], usually by comparing cells from lean and obese
individuals. Even within an individual, however, smaller cells
are more insulin-sensitive than are larger cells [34].

Our findings on FA composition are at first sight
surprising, since saturated fat intake is generally associated
with adverse metabolic health consequences. It could be
that some people have a higher dietary intake of 18:0 or
14:0 and this is reflected in their adipose tissue TG [24]. We
did not see any correlation between dietary saturated fat and
the proportions of these FAs in adipose tissue TG, despite
finding the expected correlation between adipose tissue TG
18:2 n-6 and polyunsaturated FA intake [24]. Therefore, we
conclude that the relationship seen between adipose tissue
14:0 and 18:0 content, and BMI and IS, is likely to
represent DNL. In line with this, we found a strong inverse
relationship between expression of genes associated with
DNL, and both BMI and adipocyte cell size. This is in
agreement with previous studies where lower expression of
FASN was seen in adipose tissue of obese individuals,
despite this group having increased hepatic lipogenesis
compared with the lean [13], and where lower expression of
FASN was seen in adipose tissue of obese individuals
irrespectively of diet [35]. Other studies have not found any
clear evidence that DNL is more active in adipose tissue
obtained from obese individuals [36], even following a high
carbohydrate diet [12]. In contrast to our findings, Berndt et
al. [14] recently found increased FASN expression in the
adipose tissue of obese compared with lean individuals.
The associations they observed were much stronger in
visceral fat samples, although subcutaneous adipose tissue
FASN gene expression did correlate positively with per-
centage body fat. It is difficult to explain why these
findings are different from ours.

In agreement with our findings, DGAT and FASN mRNA
expression in adipose tissue have been shown to correlate
strongly and positively with IS, which was increased further
following treatment with the peroxisome proliferator-
activated receptor gamma agonist pioglitazone [37]. In
addition, fat cell lipogenesis in vitro was shown to correlate
strongly and positively with IS, both basally and after
insulin stimulation [38]. In our study, IS was not indepen-
dently related to DNL gene expression after controlling for
BMI. BMI and cell size, however, remained strongly

Gene Fatty acid

16:1 n-7/16:0 18:1 n-9/18:0 18:0/16:0 16:0 16:1 n-7 18:0 18:1 n-9

SCD 0.25 −0.17 0.17 −0.12 0.25 0.17 −0.16
ELOVL6 −0.03 −0.31 0.20 −0.02 0.04 0.21 −0.30b

FASN −0.07 −0.40a 0.42a −0.08 −0.05 0.45a −0.17
PC1genes 0.05 −0.37a 0.32b −0.14 0.06 0.32b −0.25

Table 4 Relationship of lipo-
genic gene expression with FA
ratios and FA mol% in adipose
tissue TG

The full names for genes are
given in ESM Table 1
ap<0.01, bp<0.05; Pearson
correlations
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inversely correlated with DNL gene expression even after
controlling for IS, suggesting that fat mass and, more likely,
cell size relates directly to the regulation of adipocyte DNL.

Human adipose tissue DNL is less responsive to dietary
carbohydrate than is hepatic DNL [10, 35]. Also, the
increased hepatic DNL in obese individuals compared with
lean is not accompanied by increases in adipose tissue
lipogenic capacity [13]. Together with our results, this
implies that lipogenic genes do not seem to be expressed in
tandem in the liver and adipose tissue, and may even be
regulated in a reciprocal fashion. Dietary composition is
known to have a large influence on hepatic and adipose
DNL [36]. In our study, the participants were following
their habitual diet, and no correlation was seen between
adipose tissue DNL gene expression and carbohydrate or
fat, or indeed total energy intake (data not shown). We were
thus able to isolate the relationship of DNL gene expression
with metabolic features rather than to short-term dietary
manipulations.

There has been much interest recently in FA ratios as
markers of the activity of SCD. We found a strong
correlation between IS and the adipose tissue TG 18:1 n-
9/18:0 ratio, but not 16:1 n-7/16:0. This is in agreement
with the findings of Sjögren et al. [16]. We did not,
however, see any relationship between adipose tissue SCD
expression and adipose tissue or plasma TG or NEFA 16:1
n-7/16:0 and 18:1 n-9/18:0 ratios (TG and NEFA data not
shown), which was not in agreement with other studies [15,
16]. This discrepancy may be due to the fact that a Western
diet contains a high proportion of the FAs 16:0 and 18:1 n-9
[18, 24], which would obscure these simple proxy SCD
activity ratios in plasma and adipose tissue. In addition, in
our study abdominal adipose tissue was investigated,
whereas in the study by Sjögren et al. thigh fat was studied
[16]. These two fat depots are known to have different
relationships with disease risk factors [39, 40] and different
FA composition [41], and thus there may be different
relationships with gene expression and certain FA ratios. In
addition, our studies showed that the correlations between
IS, expression of genes involved in DNL, and the proxy
SCD activity ratio, 18:1 n-9/18:0, and the proxy FA
elongase activity ratio, 18:0/16:0, were in fact dominated
by the content of 18:0 in adipose TG. To the best of our
knowledge, this has not been previously demonstrated.

We have not measured DNL in human adipose tissue
directly, but we have shown that the end-products 14:0 and
18:0 are present, and correlate with expression of the genes
involved in DNL. Further, dynamic, studies would be
required now to follow up these observations. It would also
be valuable to compare smaller and larger cells from one
individual, as has been done previously [34].

The downregulation of lipogenic gene expression that we
observed in larger adipocytes may be seen as ‘an impairment

of fat cell function’, as has been suggested previously [38].
However, we believe a more likely explanation is that we are
observing a physiological adaptation to prevailing condi-
tions, helping to prevent uncontrolled lipid storage from
dietary sources other than FAs. It could also be that the IS of
smaller adipocytes allows insulin to stimulate DNL, and that
this stimulation is reduced in larger, more insulin-resistant
cells. Thus, larger adipocytes may downregulate lipogenic
genes in order to limit expansion of the TG store and prevent
a metabolically detrimental morphology.
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