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Abstract
Aims/hypothesis Stearoyl-CoA desaturase 1 (SCD1) is the
rate-limiting enzyme in monounsaturated fatty acid synthesis.
It is imperative for the assembly of VLDL particles, which
transport triacylglycerol (TG) from liver to adipose tissue and
other sites. We aimed to determine the role of hepatic SCD1
activity in human glucose and lipid metabolism.
Methods We studied 54 people participating in a lifestyle
intervention programme with diet modification and increased
physical activity. Insulin sensitivity was determined during a
euglycaemic–hyperinsulinaemic clamp and estimated from
an OGTT. Liver fat was quantified by 1H-magnetic resonance
spectroscopy at baseline and after 9 months of intervention.
The pattern of fatty acids in serum VLDL-TGs was
determined by ultracentrifugation followed by thin layer
and gas chromatography, with the 18:1 n-9: 18:0 ratio provid-
ing an index of hepatic SCD1 activity.
Results The hepatic SCD1 activity index correlated nega-
tively with liver fat (r=−0.29, p=0.04) and positively with
insulin sensitivity, both OGTT-derived (r=0.42, p=0.003)

and clamp-derived (r=0.27, p=0.07). These correlations
depended on overall adiposity. They were absent in leaner
participants (n=27, liver fat: p=0.34, insulin sensitivity
[OGTT]: p=0.75, insulin sensitivity [clamp]: p=0.24), but
were strong in obese individuals (n=27, p=0.004, p=0.0002
and p=0.006, respectively). Furthermore, during intervention
a high SCD1 activity index at baseline predicted a decrease
in liver fat only in obese participants (r=−0.46, p=0.02).
Conclusions/interpretation Our data suggest that high
hepatic SCD1 activity may regulate fat accumulation in the
liver and possibly protects from insulin resistance in obesity.

Keywords Diabetes . Fatty acid pattern . Fatty liver . Insulin
resistance . Obesity . Prevention . Proton magnetic resonance
spectroscopy . Stearoyl-CoA desaturase 1 . Thin layer
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Abbreviations
1HMRS proton magnetic resonance spectroscopy
NAFLD non-alcoholic fatty liver disease
SCD1 stearoyl-CoA desaturase 1
TG triacylglycerol
TLC thin layer chromatography

Introduction

Non-alcoholic fatty liver disease (NAFLD) is the main
cause of elevated serum liver enzymes among the general
population and generates a wide spectrum of liver damage
ranging from simple steatosis to steatohepatitis, advanced
fibrosis and cirrhosis with end-stage liver disease [1].
NAFLD predicts development of the metabolic syndrome
and is involved in the pathophysiology of atherosclerosis,
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insulin resistance and type 2 diabetes [1–7]. While these
data emphasise the critical role of fatty liver in human
metabolism, the mechanisms involved in the process of
hepatic fat accumulation in humans are not fully under-
stood. Circulating levels of adiponectin, the adipokine that
increases lipid oxidation in liver and skeletal muscle [8, 9],
together with genetic variability in the adiponectin receptor
genes [10], as well as in the upstream transcription factor 1
and hepatic lipase genes [11], all of which regulate lipolysis
and lipid metabolism, may affect hepatic fat accumulation.
Furthermore, a high intake of total fat [12, 13] and
particularly of saturated fat [14], as well as the amount
and the pattern of fatty acids released from adipocytes to
the liver [12, 15], may also be involved. However, fatty
acids also derive from de novo lipogenesis in the liver [12,
15, 16], which is predominantly regulated by sterol-
regulatory binding protein 1c [17]. After the assembly of
triacylglycerol (TG), VLDL particles transport fatty acids
from the liver to adipose tissue and other sites [17]. The
enzyme stearoyl-CoA desaturase 1 (SCD1), which is
predominantly expressed in liver but also in a variety of
other tissues, plays an important role in this pathway. SCD1
is a microsomal enzyme that catalyses the synthesis of
monounsaturated long-chain fatty acids from saturated fatty
acyl-CoAs. The preferred substrates for SCD1 are palmitoyl-
(16:0) and stearoyl-CoA (18:0), which are converted to
palmitoleoyl- (16:1 n-7) and oleoyl- (18:1 n-9) CoA respec-
tively. These fatty acids in the ester form are the major
constituents of VLDL-TGs [18]. The saturated/monounsat-
urated fatty acid ratio modulates the composition of phos-
pholipids in cell membranes and affects membrane fluidity;
differences in this ratio are associated with a number of
diseases, including diabetes and obesity [19–23].

Mice with whole-body SCD1 deficiency were lean [24]
and had decreased liver fat content [25, 26], suggesting that
lack of SCD1 protects from fat accumulation in the liver.
However, these lean SCD1-deficient mice developed severe
hypercholesterolaemia, had a large decrease in HDL-
cholesterol levels and displayed lower VLDL production
than the wild-type on a low-fat, high-carbohydrate diet
[27]. This finding implies that liver-specific downregulation
of SCD1 may impair VLDL assembly and thus may abolish
the capacity of the liver to clear intrahepatic TG. Accord-
ingly, liver-specific downregulation of SCD1 resulted in an
increase, not a decrease in liver fat in rodents [28]. The
latter findings suggest that total SCD1 deficiency represents
a relatively extreme phenotype that may not easily be
compared with human physiology. This is supported by a
recent finding that hepatic-specific SCD1 deficiency does
not protect from high-fat diet-induced hepatic steatosis or
insulin resistance [29].

To our knowledge, there are no data on the relationships of
hepatic SCD1 activity with glucose and lipid metabolism in

humans. In the present study, we specifically hypothesised
that hepatic SCD1 activity may be involved in the patho-
physiology of fatty liver and insulin resistance in humans.
Therefore, we determined the 18:1 n-9: 18:0 ratio in the
serum VLDL-TGs that are assembled in the liver, to estimate
hepatic SCD1 activity and tested the relationships of this
index with liver fat, as measured by 1H-magnetic resonance
spectroscopy (1HMRS), and with insulin sensitivity.

Methods

Participants

A total of 54 individuals were included in the present
study. They were participating in an ongoing trial to
reduce adiposity and to prevent type 2 diabetes [10].
Individuals were recruited from the southern part of
Germany. They were randomly included in this study on
condition that they fulfilled at least one of the following
criteria: a family history of type 2 diabetes, a BMI>27 kg/m2,
previous diagnosis of impaired glucose tolerance or ges-
tational diabetes. The participants were not taking any
medication known to affect glucose tolerance or insulin
sensitivity. None of them had a history of liver disease or
regularly consumed alcohol. They were considered healthy
according to a physical examination and routine laboratory
tests. Most of them were sedentary and not involved in
regular exercise programmes. Participants underwent base-
line measurements and had data re-measured at 9 months of
follow-up after they had undergone dietary counselling and
increased physical activity. Counselling aimed to reduce
body weight by ≥5% and total intake of energy (particularly
from fat) to <30% of energy consumed, and at increasing
intake of fibre to at least 15 g/4187 kJ (1,000 kcal).
Furthermore, they were asked to reduce intake of saturated
fat to ≤10% of energy. Participants were instructed to
increase physical activity and to perform at least 3 h of
moderate sports per week. For the day prior to tests,
participants were instructed to refrain from heavy exercise
and retain their regular diets, mostly consisting of a Western
diet at baseline and the aforementioned healthy diet at
follow-up. Informed written consent was obtained from all
participants and the local medical ethics committee ap-
proved the protocol.

Body composition and body fat distribution

Body fat was measured by the bioelectrical impedance
method (RJL, Detroit, MI, USA). Visceral fat was mea-
sured with an axial T1-weighted fast spin echo technique
with a 1.5 T whole-body imager (Magnetom Sonata;
Siemens Medical Solutions, Erlangen, Germany) [30].
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1HMRS for quantitative analysis of liver fat

Liver fat was measured by localised 1HMRS as previously
described [10]. We chose a liver fat cut-off of 5.5% as the
threshold to denote steatosis. This cut-off has been iden-
tified to separate participants with fatty liver from healthy
control persons [31].

Oral glucose tolerance test

All individuals underwent a 75 g OGTT. We obtained
venous plasma samples at 0, 30, 60, 90 and 120 min for
determination of plasma glucose and insulin. Glucose
tolerance was determined according to the 1997 WHO
diagnostic criteria [32]. Insulin sensitivity was calculated
from glucose and insulin values during the OGTT, as
proposed by Matsuda and DeFronzo [33].

Euglycaemic–hyperinsulinaemic clamp

A total of 48 participants underwent measurements of insulin
sensitivity by the euglycaemic–hyperinsulinaemic clamp. At
about 07:00 hours, after a 12 h overnight fast, an antecubital
vein was cannulated for infusion of insulin and glucose. A
dorsal hand vein of the contralateral arm was cannulated and
placed under a heating device to permit sampling of arteri-
alised serum. After basal blood was drawn, participants re-
ceived a primed insulin infusion at a rate of 40 mUm−2 min−1

for 2 h. Blood was drawn every 5 min for determination of
serum glucose. Glucose infusion was adjusted appropriately
to maintain the fasting glucose level. Insulin sensitivity
(μmol kg−1 min−1 [pmol/l]−1) for systemic glucose uptake
was calculated as the mean infusion rate of glucose
(μmol kg−1 min−1) necessary to maintain euglycaemia during
the last 60 min of the euglycaemic–hyperinsulinaemic clamp
divided by the steady-state plasma insulin concentration.

Analytical procedures

Plasma and serum glucose, insulin, NEFA and lipids Serum
glucose was determined using a bedside glucose analyser
(glucose-oxidase method; YSI, Yellow Springs Instruments,
Yellow Springs, CO, USA). For measurement of insulin
and total NEFA and lipoproteins, blood was placed on ice
after drawing, immediately transferred to the laboratory and
subsequently analysed. Plasma insulin was determined by
microparticle enzyme immunoassay (ADVIA Centaur;
Bayer HealthCare, Fernwald, Germany) and total serum
NEFA concentrations were measured with an enzymatic
method (WAKO Chemicals, Neuss, Germany). Serum total
cholesterol and HDL- and LDL-cholesterol concentrations
were measured with a standard colorimetric method using
the Bayer analyser (Bayer HealthCare).

Fatty acid pattern Fasting plasma samples were spun
down, frozen immediately and stored at −80°C for analysis
of the fatty acid pattern. First, the plasma VLDL-fraction
was separated from the HDL- and LDL-cholesterol fraction
by ultracentrifugation. For this, 1.5 ml sodium chloride
solution (1.006 g/ml) was added to 1.5 ml human plasma.
Subsequently, ultracentrifugation at 40,000 rpm (817,480 g)
and 10°C was done for 18 h using a preparative ultracen-
trifuge (Optima; Beckman Coulter, Palo Alto, CA, USA).
Afterwards, the top layer (VLDL fraction) was removed
and used for further analyses.

Next, the VLDL fraction was divided, using thin layer
chromatography (TLC), into five subfractions containing
phospholipids, diacylglycerol, NEFA, TG and cholesteryl
esters. In detail, the VLDL-fraction was cleared from protein
using 2-propanol, n-heptane and 2 mol/l phosphoric acid.
Toluol, methanol and water were added, and after centrifu-
gation at 4,000 rpm (8,175 g) the upper phase was dried
under nitrogen. The lipids were solved in CHCl3–CH3OH
and applied to a silica gel chromatography plate (Merk,
Darmstadt, Germany). The phospholipids, diacylglycerol,
NEFA, TG and cholesteryl esters were separated using
n-hexane, diethylether and acetic acid as a solvent. To
identify the localisation of the fractions, a pooled control
plasma was also separated on each plate and visualised by
2,7-dichlor-fluoresceine under ultraviolet light. The TG
fraction was scraped off the TLC plate, transferred to
screw-capped vials and dissolved in methanol/toluol mixture
(4:1, vol./vol.) containing cis-13,16,19-docosatrienoic acid
as an internal standard. Trans-esterification was performed
by incubation with acetyl chloride at 100°C. The cold
sample was neutralised with K2CO3 and the upper phase was
concentrated to 80 μl under nitrogen. The fatty acid methyl
esters were quantified with cis-13,16,19-docosatrienoic acid
as the internal standard using gas chromatography with a
flame ionisation detector, as previously described [34]. In a
subgroup of 38 participants for whom a sufficient sample
volume was available, the fatty acid pattern was also
determined in the NEFA fraction in serum.

Calculation of the desaturase activity indexes As 18:0 but
not 16:0 is the preferred substrate of SCD1 in humans [35],
the 18:1 n-9: 18:0 ratio was calculated as an index of he-
patic SCD1 (Δ9) desaturase activity. Furthermore, the 20:4
n-6: 20:3 n-6 and 18:3 n-6: 18:2 n-6 ratios were calculated
as indexes of hepatic Δ5 and Δ6 desaturase activities,
respectively.

Statistical analyses

Data are given as mean±SE. Statistical comparison be-
tween variables was performed using logarithmically trans-
formed data (for non-normally distributed parameters).
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Differences between baseline and follow-up were tested
using the matched pairs t test. To adjust for the effects of
relevant covariates (age, sex, percentage of body fat),
multivariate linear regression analyses were performed. A
p value ≤0.05 was considered statistically significant. The
statistical software package JMP 4.0 (SAS Institute, Cary,
NC, USA) was used.

Results

Baseline data

Characteristics of the population are shown in Table 1.
The two sexes were evenly represented. Anthropometrics
and metabolic characteristics covered a wide range that
was particularly large for body fat, liver fat and insulin
sensitivity.

At baseline, the hepatic SCD1 activity index was not
different between males (11.2±0.7) and females (9.8±0.7,
p=0.18) and was not correlated with age or total body fat
(p≥0.59 for all). The hepatic SCD1 activity index was also
not correlated with visceral fat (p=0.48). However, it was
negatively correlated with liver fat (r=−0.29, p=0.04), when
adjusted for sex and body fat in multivariate regression

analyses. In addition, participants with fatty liver (n=21,
liver fat >5.5%) had a lower hepatic SCD1 activity index
(9.5±0.8) than healthy control participants (n=33, 11.0±
0.7), independently of sex and body fat (p=0.04).

In univariate analyses, sex and body fat were determi-
nants of metabolic parameters. Regarding the relationships
of the hepatic SCD1 activity index, adjusted for sex and
body fat in multivariate linear regression analyses, with
metabolic parameters, no correlations with fasting glycae-
mia and NEFAwere observed (both p≥0.43). However, the
adjusted hepatic SCD1 activity index was negatively corre-
lated with fasting insulinaemia (r=−0.28, p=0.04), as well
as with 2 h glycaemia (r=−0.30, p=0.03) and 2 h insulin-
aemia (r=−0.41, p=0.002). In addition, the adjusted hepatic
SCD1 activity index was positively correlated with insulin
sensitivity estimated from the OGTT (r=0.42, p=0.003). A
statistical trend was seen for a positive correlation with
insulin sensitivity determined during the clamp (r=0.27,
p=0.07). Furthermore, the 16:1 n-7: 16:0 ratio also cor-
related positively with insulin sensitivity by OGTT (r=
0.31, p=0.02).

Because low insulin sensitivity is associated with a low
activity of Δ5 and a high activity of Δ6 desaturases as
calculated from product/precursor ratios in muscle and
adipose tissue [36], we also investigated whether indices

Table 1 Participant characteristics at baseline and after 9 months of follow-up

Baseline Follow-up p valuea

Demographics and body composition
Sex, men/women (n) 26/28 –
Age (years) 44±2 (23–65) 45±2 (24–66) –
Body weight (kg) 86.5±2.2 (53.7–123.0) 83.9±2.1 (55.8–114.4) <0.0001
BMI (kg/m) 29.3±0.6 (19.4–40.2) 28.4±0.6 (18.6–38.1) <0.0001
Body fatbioimpedance (%) 31.0±1.0 (16.0–50.0) 30.1±1.2 (7.3–54.9) 0.06
Visceral fatMRT (kg) 3.3±0.2 (0.5–7.6) 2.7±0.2 (0.3–6.4) <0.0001
Liver fat1HMRS (%) 6.3±0.8 (0.5–29.1) 4.3±0.6 (0.1–18.1) <0.0001

Metabolic characteristics
Fasting glucose (mmol/l) 5.15±0.06 (4.22–5.89) 5.07±0.6 (4.28–6.39) 0.05
2 h glucose (mmol/l) 6.81±0.22 (4.17–11.0) 6.40±0.22 (3.50–9.94) 0.02
Fasting insulin (pmol/l) 57±4 (19–135) 50±4 (14–148) 0.007
2 h insulin (pmol/l) 475±49 (78–1513) 412±57 (50–1913) 0.01
Fasting serum NEFA (μmol/l) 588±33 (199–1291) 627±27 (199–1188) 0.94
Fasting TG (mmol/l) 1.82±0.23 (0.57–11.40) 1.25±0.10 (0.44–4.33) 0.008
Fasting total cholesterol (mmol/l) 4.84±0.10 (2.50–6.29) 4.60±0.10 (2.39–6.14) 0.0004
Fasting HDL-cholesterol (mmol/l) 1.32±0.05 (0.81–2.39) 1.31±0.05 (0.81–2.55) 0.48
Fasting LDL-cholesterol (mmol/l) 3.07±0.08 (1.04–4.50) 2.94±0.70 (1.04–4.76) 0.03
ISclamp (µmol kg−1 min−1 [pmol/l]−1) 0.07±0.01 (0.02–0.20) 0.08±0.01 (0.02–0.27) 0.03
ISOGTT (arbitrary units) 13.6±1.1 (4.4–32.1) 16.3±1.2 (4.0–40.6) 0.009

Values represent mean±SE (range)
a p values are for paired differences
Insulin sensitivity clamp data (ISclamp) at baseline were available in n=48
ISclamp and MRT measurements at follow-up were available in n=40 and n=51
ISOGTT, OGTT-derived insulin sensitivity; MRT, magnetic resonance tomography
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reflecting activities of these enzymes in the liver are
associated with liver fat and insulin sensitivity in humans.
The indexes of Δ5 (20:4 n-6: 20:3 n-6) and Δ6 (18:3 n-6:
18:2 n-6) desaturase were not correlated with liver fat or
insulin sensitivity (p≥0.25 for all).

Since obesity is a strong determinant of high liver fat
and insulin resistance, we divided the participants into
two groups by the median percentage of body fat (lean,
n=27, body fat 26.5±1%; obese, n=27, body fat 35.6±1%)
and investigated the relationships of hepatic SCD1 activity
with liver fat and insulin sensitivity within each group. In
lean participants, the hepatic SCD1 activity index, adjusted
for sex and body fat, was not correlated with liver fat
(p=0.34) or OGTT-derived (p=0.75) or clamp-derived insu-
lin sensitivity (p=0.24; Fig. 1a–c). In contrast, very strong
correlations of the index with liver fat and OGTT- and
clamp-derived insulin sensitivity measures were found in
obese individuals (r=−0.57, p=0.004; r=0.69, p=0.0002;
r=0.58, p=0.006, respectively, Fig. 1d–f).

Furthermore, we tested the relationships of the SCD1
activity index estimated from the serum NEFA fraction.
Under fasting conditionsmost of the serumNEFA derive from
adipose tissue [12]. The adipose tissue SCD1 activity index
was positively associated with the hepatic SCD1 index,
albeit weakly (r=0.32, p=0.053). In obese participants of
this subgroup, moreover, the relationships between the
hepatic SCD1 activity index and adjusted liver fat (p=
0.002) and insulin sensitivity (p=0.0002) were stronger than
those between the adipose tissue SCD1 activity index and
the same two parameters (p=0.02 and p=0.02, respectively).

Longitudinal data

Under a lifestyle intervention, there was a significant
decrease in BMI, percentage of body fat and visceral fat,
as well as a large decrease in liver fat (Table 1). Fasting TG,
total and LDL-cholesterol levels, 2 h insulinaemia and both
fasting and 2 h glycaemia decreased, while insulin
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Fig. 1 Cross-sectional relation-
ships at baseline of the hepatic
SCD1 activity index with liver
fat (a, d), adjusted for sex and
body fat, and with insulin sen-
sitivity estimated from the
OGTT (b, e) and determined by
the euglycaemic–hyperinsuli-
naemic clamp (c, f), adjusted for
age, sex and body fat, in lean
(body fat: 26.5±1%) (a–c) and
obese (body fat: 35.6±1%)
individuals (d–f). Continuous
lines, regression lines; dotted
lines, 95% CIs. r=0.20, p=0.34
(a); r=0.07, p=0.75 (b);
r=0.26, p=0.24 (c); r=0.57,
p=0.004 (d); r=0.69, p=0.0002
(e); r=0.58, p=0.006 (f). AU,
arbitary units
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sensitivity increased. Based on the cross-sectional findings
between hepatic SCD1 activity and liver fat, we next asked
whether the hepatic SCD1 activity index at baseline
predicted change in liver fat in prospective analyses.
Among parameters at baseline, such as sex, age, total body
fat, visceral fat, insulin sensitivity estimated from the
OGTT and measured by the clamp, fasting serum NEFA,
total cholesterol, LDL- and HDL-cholesterol, TG and the
hepatic SCD1 activity index, only sex was significantly
associated with change in liver fat in univariate analyses
in the lean group (fold-change men=0.49, women=0.94,
p=0.03). In contrast, only the hepatic SCD1 activity index
was significantly associated with change in liver fat in the
obese group (Fig. 2).

Discussion

In the present study, we investigated the role of hepatic
SCD1 activity in the pathophysiology of fatty liver and
insulin resistance in humans. We found that the hepatic
SCD1 activity index, estimated from the fatty acid pattern
in serum VLDL-TGs, was negatively associated with liver
fat. In contrast, it was not associated with total body fat or
visceral fat, which are known determinants of liver fat [1,
7]. Furthermore, the longitudinal data allowed us to
determine whether the hepatic SCD1 activity index pre-
dicted change in liver fat. A high hepatic SCD1 activity
index at baseline was associated with a decrease in liver fat
in obese participants. These findings support the hypothesis
that hepatic SCD1 activity may regulate liver fat content in
humans.

Furthermore, the hepatic SCD1 activity index was also
correlated with insulin sensitivity, both that estimated
from the OGTT and that determined by the euglycaemic–
hyperinsulinaemic clamp. Interestingly, we found a weak
correlation of the hepatic SCD1 activity index with insulin
sensitivity determined by the clamp, which is a function of
both insulin-stimulated glucose disposal and hepatic insulin
sensitivity in the suppression of endogenous glucose
production. In contrast, the hepatic SCD1 activity index
correlated more strongly with insulin sensitivity estimated

from the OGTT and derived from fasting values such as the
homeostasis model insulin resistance index (p=0.04, data
not shown). The latter two measurements closely represent
hepatic insulin resistance [1, 37]. Because of the relation-
ship of hepatic SCD1 activity with liver fat and since fatty
liver is closely associated with hepatic insulin resistance
[2, 5, 7], these data support the hypothesis that SCD1 may
be involved in the regulation of insulin sensitivity via
regulation of fat accumulation in the liver. In addition, since
high liver fat also induces hepatic, as well as skeletal
muscle insulin resistance via increased production of fetuin-
A [38], hepatic SCD1 activity may also be involved in the
regulation of skeletal muscle insulin sensitivity. In support
of this hypothesis, we found a negative correlation between
hepatic SCD1 activity and circulating fetuin-A in obese
participants (r=−0.53, p=0.027). The hepatic indexes of
the Δ5 and Δ6 desaturases did not display such correla-
tions with liver fat or insulin sensitivity, suggesting that the
activities of these enzymes in the liver are less important for
the regulation of liver fat and insulin sensitivity in humans.

Because fat in the liver commonly accumulates and
insulin sensitivity declines with increasing adiposity, we
tested whether the observed correlations depended on
adiposity. In lean participants, no correlations were found
between hepatic SCD1 activity and both liver fat and
insulin sensitivity, whereas very strong correlations were
seen in obese participants. There are several possible
explanations for these differences. It may be that SCD1
activity becomes important in the regulation of liver fat and
insulin sensitivity as adiposity increases. This hypothesis is
supported by recent findings that SCD1 activity is upreg-
ulated in obesity. Warensjo et al. [23] found that SCD1
activity in serum cholesteryl esters under fasting conditions
in humans predicted an increased risk of developing the
metabolic syndrome. However, since this association was
not independent of obesity and due to the fact that diets
with a high amount of saturated fatty acids [36] and glucose
[39] increased SCD1 activity, the authors of that report
concluded that the observed relationships reflected com-
pensatory upregulation of SCD1 activity to continuous in-
take of unhealthy diets [23]. Furthermore, in L6 myotubes
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Fig. 2 Relationships of the he-
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fat in lean (body fat: 26.5±1%)
(a) and obese (body fat: 35.6±
1%) (b) participants. Continuous
lines, regression lines; dotted
lines, 95% CIs; dashed lines, no
change in liver fat. r=0.03, p=
0.87 (a); r=−0.46, p=0.02 (b)
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SCD1 overproduction does not improve insulin signalling
in basal conditions, but does protect from fatty acid-induced
insulin resistance [40]. These data, together with our find-
ings in humans, suggest that SCD1 may particularly protect
from obesity-induced insulin resistance.

In the present study, we estimated hepatic SCD1 activity
from the fatty acid pattern within the VLDL-TG fraction.
VLDL-TG are synthesised in the liver from fatty acids
originating from adipose tissue lipolysis (62%), intra-
hepatic de novo lipogenesis (23%) and dietary lipids [12].
Under fasting conditions, serum NEFA predominantly arise
from adipose tissue lipolysis (82%) [12]. The SCD1 activity
index estimated from the fatty acid pattern within the NEFA
fraction was only weakly correlated with the hepatic SCD1
activity index, insulin sensitivity and liver fat. Therefore,
the SCD1 activity index estimated from VLDL-TG may not
only reflect the fatty acid pattern and SCD1 activity within
the adipose tissue, but also hepatic SCD1 activity.

The role of SCD1 activity in lipid and glucose metab-
olism has been extensively studied in vitro and in rodents,
and SCD1 has been identified as a potential drug target to
improve insulin sensitivity [41]. Mice lacking whole-body
SCD1 were lean, were protected against adiposity [24] and
displayed increased insulin signalling in skeletal muscle
[42]. They also had decreased liver fat content, suggesting
that SCD1 deficiency protected against fatty liver [25, 26].
Interestingly, however, these findings in SCD1-deficient
animals were mostly associated with a lean phenotype.
Hepatic steatosis can develop in a dietary mouse model
despite sustained downregulation of SCD1 [43]. In addi-
tion, total SCD1 deficiency resulted in a noticeable pheno-
type with alopecia [44], abnormalities in the epidermal lipid
barrier leading to breakdown of thermoregulation and a
metabolic wasting syndrome that could in part explain
the excessive energy expenditure [45]. Moreover, SCD1-
deficient mice on a low-fat, high-carbohydrate diet devel-
oped severe hypercholesterolaemia and had a large decrease
in HDL-cholesterol levels [27]. In this respect it is also
important to mention that loss of hepatic SCD1 activity
leads to significantly lower VLDL-TG content in vivo and
TG secretion in isolated hepatocytes [18, 46]. Furthermore,
hepatic SCD1 and diacylglycerol acyltransferase closely
interact for the final step of TG synthesis and control their
composition and subsequent secretion as VLDL [47]. Thus,
the latter findings suggest that liver-specific downregulation
of SCD1 may impair VLDL assembly and subsequently
may reduce the capacity of the liver to clear intrahepatic
TG. This hypothesis was supported by recent data showing
that reduction of hepatic SCD1 expression by antisense
oligonucleotides did not result in a decrease, but in an
increase in hepatic lipid content in rodents [28]. In addition,
very recently and in contrast to whole-body SCD1 de-
ficiency [25, 26], hepatic-specific SCD1 deficiency did not

protect from high-fat diet-induced hepatic steatosis or in-
sulin resistance [29]. Furthermore, it was shown that: (1)
genetically obese (ob/ob) whole-body SCD1-deficient mice
displayed an accelerated progression to severe diabetes
[48]; (2) high SCD1 activity protected both from obesity
and from palmitate-induced insulin resistance and lipotoxicity
[40, 49]; and (3) the insulin-sensitisers thiazolidinediones
increased the expression of SCD1 mRNA in adipose tissue
and this increased expression of SCD1 was associated with
increased insulin sensitivity [50]. Therefore, it is necessary to
precisely test the effects of more moderate regulation of
SCD1 activity on metabolism, particularly in the light of
SCD1 having become an important drug target.

In conclusion, with this approach we provide novel data
that a high hepatic SCD1 activity index is associated with
low liver fat content and high insulin sensitivity in obese
participants. These data suggest that high hepatic SCD1
activity may protect from fat accumulation in the liver and
insulin resistance in obesity.
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