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Abstract

Purpose Fatty acid composition in blood and adipose tissue (AT) is a useful biomarker of dietary fat quality. However,
circulating saturated fatty acids (SFA) and monounsaturated fatty acids (MUFA) have been proposed to also reflect carbo-
hydrate-induced de novo lipogenesis (DNL) and stearoyl-CoA desaturase (SCD) activity. We aimed to test the hypothesis
that high carbohydrate intake is related to SFA and MUFA in serum or AT in a Swedish population.

Methods Fatty acid composition was measured in serum phospholipids (PL) and AT by gas chromatography in 63-year-
old men (n=299). Carbohydrate and alcohol intake was assessed (validated 7-day food records) in relation to total SFA,
16:0 (palmitate), 16:1 (palmitoleate), and estimated SCD activity (16:1n-7/16:0-ratio) in serum PL and in AT, respectively.
Results Total carbohydrate intake was inversely associated with 16:0 in PL (P=0.005), independently of BMI. Disaccharides
were non-linearly (restricted cubic splines) and weakly associated with 16:1 and SCD activity in PL (nonlinear trend, P <0.02)
but not AT. Carbohydrate intake and SCD expression were not associated (P >0.08, n=81). Alcohol intake was, however,
linearly associated with 16:0 in PL (P <0.001), and with 16:1 (P <0.001) and SCD activity (P <0.005) in both PL and AT.
Conclusions Higher carbohydrate intake from sugar-rich foods or beverages was not clearly reflected by higher SFA or SCD
activity in serum PL or AT. Alcohol was, however, associated with higher SFA and MUFA.

Keywords Carbohydrate intake - Fatty acid composition - Saturated fatty acids - De novo lipogenesis - Stearoyl-Co A
desaturase (SCD) - Alcohol intake

However, whereas essential polyunsaturated FAs are over-

Introduction all useful biomarkers of PUFA intake, even-chain saturated
fatty acids (SFA) and monounsaturated fatty acids (MUFA)
Fatty acid (FA) composition in plasma lipids and adipose tis-  are weaker biomarkers of dietary intake. This discrepancy

sue (AT) are widely used as biomarkers of dietary fat quality. among FA biomarkers may in part be due to the fact that SFA
are non-essential and are thus to some extent endogenously
synthesized. In addition, the major SFA palmitic acid (16:0)
seems to be tightly regulated and can be readily desaturated to
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subsequently to MUFA [2]. 16:0 is the major dietary SFA, but
may also be endogenously synthesized through DNL during
certain dietary conditions. Interventional studies suggest that
hepatic DNL is induced by a high-carbohydrate and low-fat
diet [3], leading to increased proportions of circulating 16:0
and other even-chain SFA [4-6]. Further, overfeeding studies
suggest that hepatic DNL is increased in healthy subjects over-
fed with carbohydrates [7]. Observational data are scarce, but
in a US population of elderly individuals, there was a positive
association between higher carbohydrate intake replacing fat
and alcohol, and plasma SFA in phospholipids (PL) [8-10]. In
the EPIC-interact study, there were inconsistent associations
between carbohydrate-rich foods and SFA in plasma PL, but
still a possible role of DNL in explaining the increased risk of
even-chained SFA with type 2 diabetes [11].

To our knowledge, no studies have investigated carbo-
hydrate intake and the association with both circulating
and AT SFA, SCD activity and SCD gene expression in the
same population. Since the AT SFA turnover is lower than
in serum lipids, and also that DNL may occur in AT, we
found it of high interest to investigate FAs also in AT. Yet
no studies have been conducted in Scandinavian populations,
despite that several Swedish prospective cohort studies have
demonstrated a direct link between serum SFA (especially
16:0) and diabetes and CVD [12, 13]. To interpret these
associations between serum SFA and increased risk of dis-
ease outcomes, dietary and food intake data of carbohydrates
and sugars are of clear interest. The aims of this study were
to evaluate the association between carbohydrate, sugar, and
alcohol intakes with individual SFA in the DNL pathway
and total even-chain SFAs and MUFA in serum phospho-
lipid and adipose tissue. Also, the associations between car-
bohydrates, SCD activity and SCD gene expression were
evaluated. We hypothesized that higher intakes of total car-
bohydrates or sugar-rich foods, and/or alcohol intakes may
be reflected in serum PL and AT as higher proportions of
16:0, 16:1, total SFA and possibly also as increased esti-
mated SCD activity and AT gene expression.

Methods
Study population

The study population has been described previously [14].
In brief, a cross-sectional study of 301 healthy men aged
63 years was conducted between March 2000 and Octo-
ber 2001. The men were recruited from a cohort study of
60-year-old men and women (60YO) who had a baseline
investigation between 1997 and 1999 regarding risk factors
for cardiovascular disease. Participants of 60YO were born
in Sweden, had BMI between 20 and 35 kg/mz, were without
CVD, had no pharmacological treatment of hypertension,
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diabetes or hypercholesterolemia, and had no other seri-
ous disease. Men were divided into three groups based on
tertiles of their fasting insulin concentrations. Requests to
participate in a study concerning diet and metabolic syn-
drome were overall randomly sent until positive responders
reached approximately 100 men in each group. Classification
of groups was used only to recruit subjects with a wide range
of insulin concentrations and not for analyses in this study.

Clinical procedures

The participants underwent a medical examination includ-
ing fasting blood sampling in the morning and anthropo-
metric measurements. Information was collected about
their medications, physical activities and smoking histories
during interview. Written and oral instructions were given
individually about how to complete 7-day food record. Par-
ticipants were told not to change their eating habits during
the study time and they returned with completed food record
and urine samples after approximately 1 week. A biopsy
of subcutaneous AT from the left upper buttock was taken
using a 1.2 X 50-mm needle after applying an anaesthetic
cream (Emla 5% (Astra), containing 2.5% lidocaine and
2.5% prilocaine) on skin for 20-30 min [15].

Dietary data

The dietary assessment method has been described previ-
ously [14, 16]. Briefly, food record was completed during
seven consecutive days by an optically readable version of
a questionnaire used in a national dietary survey performed
in 1989 by the Swedish National Food Administration and
Statistics Sweden [17, 18]. Intake of food and nutrients was
calculated using the food composition database of the Swed-
ish National Food Administration (PC-Kost, version 1/99;
Swedish National Food Administration) and SAS software
(SAS Institute Inc, Cary, NC USA) [19]. Individual food
items were grouped into main food groups such as milk,
bread, and fruits.

Macronutrient intake were calculated based on intake
of energy for carbohydrates, fiber, fat, protein, and alcohol.
Total energy intake was expressed as megajoules per day
(MJ). The intake of food groups was expressed as gram per
10 MJ. Intake of carbohydrates: total carbohydrate, disac-
charide, monosaccharide, and fiber was expressed as per-
centages of total energy intake (%). Also, alcohol intake was
expressed as percentages of total energy intake. Intake of fat:
total fat, saturated fat, polyunsaturated fat, and monounsatu-
rated was expressed as percentages of total energy intake.

Food groups were created based on the estimated level of
carbohydrate contents. Three food groups were defined; the
sugar-rich food group included sugar, syrup, honey, candy,
chocolate, jam, soft drinks, lemonade, juices, ice cream,
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desserts, cookies, crackers and buns. The starch-rich food
group included bread, cereals, porridge, pancakes, pizza,
pasta, potatoes, and rice. The fruit and vegetable food group
included fruit, berries, vegetables, and root vegetables.

Fatty acid composition in serum phospholipids
and adipose tissue

Briefly, serum and fat biopsies were stored up to 1 year at
—70 °C until FA measurement by gas-liquid chromatog-
raphy [20] which was conducted as previously described
in detail [21]. SCD activity was estimated as the 16:1/16:0
ratio. Total even-chain SFA was defined as the sum of 14:0,
16:0 and 18:0. The relative amount of FA was expressed as
the percentage of the sum of all fatty acids detected.

SCD gene expression

For gene expression analysis, a subsample of 87 individuals
was selected from all men who had fat biopsies collected and
were equally distributed throughout the tertiles of fasting
insulin concentration. The laboratory procedures of measur-
ing SCD expression have been previously described [22, 23].
Briefly, SCD mRNAs were quantified by real-time polymer-
ase chain reaction and normalized for the expression of the
housekeeping gene RPLPO [22].

Statistical methods

Median and interquartile range (IQR) calculated for general
characteristics such as clinical measurement and anthropo-
metrics were presented. Circulating FA proportions, SCD
activities and gene expression ratios were presented as mean
and 95% confidence interval (CI). Spearman rank correla-
tion coefficients and their 95% CI were calculated to evalu-
ate the relationship between carbohydrate intake and FAs,
sum of SFA, and SCD. Skewed variables were logarithmi-
cally transformed. Associations of nutrient intakes (i.e. car-
bohydrates, carbohydrate-to-fiber ratio, di- and monosac-
charides, and alcohol) with FAs (i.e. 16:0, 16:1, and sum
of SFA), SCD activity, SCD gene expression, and plasma
triglycerides were assessed in linear regression models, with
FAs, SCD activity, SCD gene expression, or plasma triglyc-
erides as dependent variables and tertile median intake as
independent variable. Crude associations were adjusted for
BMI. Non-linear trends were assessed using restricted cubic
splines with three knots and BMI as a covariate. In a post
hoc exploratory analysis, association of disaccharide intake
with FAs or SCD activity was assessed (with and without
adjustment for BMI) in linear regression models, stratified
by disaccharide intake (i.e. < 10%E versus > 10%E), with
FAs or SCD activity as dependent variable and disaccharide
intake as a continuous independent variable. P values <0.05

were considered significant. Statistical analyses were car-
ried out by STATA version 13.0 (STATA Corporation, TX,
USA).

Results

Of the 301 men, two were excluded for not completing the
7-day food record, leaving the final sample size of the pre-
sent study to 299 men. General characteristics including
anthropometrics, clinical measurements, smoking habits and
FA proportions and ratios in serum PL and AT are presented
in Table 1. A majority (84%) of men were non-smokers. The
median energy intake was 9.3 MJ/d and carbohydrates pro-
vided most of the energy intake (44%E), before fats (33%E)
and proteins (16%E). The median energy percentage from
disaccharides was 11%E of which sucrose was the major
contributor (7%E). Alcohol contributed to a median of 4%E
(Table 2).

After adjusting for BMI, carbohydrate intake was
inversely associated with 16:0 in PL (P=0.005) (Table 3).
However, associations of carbohydrate-to-fiber ratio with
FAs and SCD activity were not evident (BMI-adjusted
P >0.13). There was little evidence of linear associations of
disaccharide intake with fatty acids or SCD activity (BMI-
adjusted P >0.15). However, disaccharide intake was non-
linearly associated with 16:1 and SCD activity index in PL
(P for non-linearity <0.02), with apparently higher 16:1
and SCD activity at high and low disaccharide intake (Sup-
plementary Fig. 1). In a post hoc exploratory analysis with
participants stratified by disaccharide intake (i.e. < 10%E
versus > 10%E), disaccharide intake was negatively asso-
ciated with 16:0 in PL among those with lower intake
(P=0.038 after adjustment for BMI), and positively associ-
ated with 16:1 and SCD activity in PL among those with
higher intakes (P=0.026 and P=0.024, respectively, after
adjustment for BMI) (Supplementary Table 1). Monosac-
charide intake was not associated with FA or SCD activity
after adjusting for BMI. Alcohol consumption was linearly
associated with higher levels of 16:0 in PL (BMI-adjusted
P <0.001) and with 16:1 and SCD activity (BMI-adjusted
P<0.001 and P<0.001, respectively) in both PL and AT
(Table 3). In addition, non-linear associations of alcohol
intake and 16:1 and SCD activity in PL were evident (P for
non-linearity <0.02), with apparently stable levels at low
and medium alcohol intake that rapidly increased at higher
intakes (Supplementary Fig. 2). Intakes of carbohydrates,
disaccharides, monosaccharides, and alcohol were not asso-
ciated with plasma triglyceride concentrations, neither was
the carbohydrate:fiber ratio (Supplementary Table 2).

Intake of sugar-rich foods and beverages was weakly and
negatively correlated (r=—0.12; P=0.044) with 16:0 in PL
but not in AT, and was not correlated with 16:1, total SFA,
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Table 1 Anthropometrics, clinical measurements, smoking habits,
and fatty acid proportions and ratios in serum and adipose tissue in
the study participants

Median (IQR)?

Weight, kg

BMI, kg/m>

Plasma LDL cholesterol, mmol/L
Plasma HDL cholesterol, mmol/L
Plasma VLDL cholesterol, mmol/L
Plasma triglycerides, mmol/L

81.4 (74.7-88.4)
25.4 (23.8-27.7)

3.6 (2.99-4.32)
1.58 (1.38-1.84)
0.32 (0.17-0.50)
1.11 (0.80-1.39)

Plasma glucose, mmol/L 4.9 (4.6-5.2)
Systolic blood pressure, mm Hg 135 (123-145)
Diastolic blood pressure, mm Hg 81 (75-86)
Smokers % (no.)
Nonsmoker 84 (254)
Smoker 16 (47)

Fatty acids in serum PL, (% of total FA)

Total even-chain SFA® 45.8 (45.1-46.3)

16:0 31.7 (31.0-32.6)

16:1 0.64 (0.54-0.75)

SCD, 16:1/16:0 0.020 (0.017-0.023)
Fatty acids in AT (%)

Total even-chain SFA 29.6 (27.9-31.7)

16:0 22 (21-24)

16:1 7.7 (6.8-9.1)

SCD, 16:1/16:0 0.35(0.30-0.42)

BMI body mass index, PL phospholipid, AT adipose tissue, SCD
stearoyl-CoA desaturase

*Values are expressed as median (IQR) or % (n)

Total even-chain saturated fatty acids (SFA) equals the sum of 14:0,
16:0 and 18:0

Table 2 Macronutrient intake of the study population

Percentile

25 50 75
Total energy, (MJ) 8.0 9.3 10
Total carbohydrate (%E) 40 44 48
Sucrose (%E) 5.7 7.7 10
Disaccharide (%E) 8.5 11 14
Monosaccharide (%E) 4.5 5.6 7.0
Fiber (g/d) 15 19 24
Fiber (%E) 1.7 2.0 24
Total fat (%E) 31 33 37
Saturated fat (%E) 13 15 17
Polyunsaturated fat (%E) 3.8 4.3 4.9
Monounsaturated fat (%E) 11 12 14
Protein (%E) 15 16 17
Alcohol (%E) 2.0 4.4 7.9

Intake of energy percentages are presented in 25, 50, and 75 percen-
tiles
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or SCD activity in PL or AT (Fig. 1). Starch-rich food intake
was not correlated with 16:0 (r=—0.06; P=0.34) but corre-
lated negatively with total SFA (r=—0.13; P=0.027) in AT,
but not in PL (r=0.07; P=0.24) and was not correlated with
16:1 or SCD activity regardless of FA compartment. Intake
of alcoholic beverages correlated with 16:0 in PL (r=0.29;
P <0.0001), and with 16:1 (r=0.28, P<0.0001 and r=0.27,
P <0.0001 in AT and PL, respectively) and SCD activity
(r=0.25, P<0.0001 and r=0.24, P=0.0001 in AT and PL,
respectively). Total SFA in AT was negatively correlated
with intake of alcoholic beverages (r=—0.17; P=0.004).
Intakes of fruits and vegetables were not correlated with FAs
and SCD activity (Fig. 1).

Among the 81 men with dietary and gene expression
data, no association of dietary carbohydrates, disaccharides,
monosaccharides, alcohol, and the carbohydrate-to-fiber
ratio with SCD gene expression was evident (P for linear
trend > 0.25; P for non-linearity >0.08) (Table 4).

Discussion

In this Swedish male population, we found no evidence
to suggest that higher total carbohydrate or sugar intake
is reflected by higher serum or adipose SFA derived from
DNL. In fact, there was an inverse association between total
carbohydrate intake and 16:0 in serum PL, but not in AT.
Alcohol intake was, however, associated with higher 16:0 as
well as 16:1 and SCD activity in PL and AT, possibly reflect-
ing an activation of DNL in both liver and AT at higher alco-
hol intakes [24]. Estimated SCD activity was not associated
with carbohydrate intake, and in support to this result there
was no significant association between SCD gene expression
and carbohydrate intake or other macronutrients in this pop-
ulation. To our knowledge, this study is the first to examine
the potential associations between carbohydrate intake and
circulating and AT fatty acids in a Scandinavian population.
Notably, in this population serum and plasma even-chained
SFA has been directly linked to incident CVD, diabetes and
mortality in other cohorts [12, 13]. Thus, our findings may
provide some help to interpret those associations in terms
of carbohydrate intake, indirectly suggesting none or only
a minor role of high-carbohydrate or sugar-rich foods as
drivers of those associations in Swedish populations. The
median carbohydrate intake of the current Swedish men was
44% E% which is within the similar range of that reported
for the Swedish population at this time [18]. This is, how-
ever, lower than the 54E% shown in a US population [25]
that reported a positive association between, e.g. 16:0 in
plasma PL and increasing intake of total carbohydrates in
place of total fat (but not SFA) [10, 25]. Thus, it is possible
that the level of carbohydrate intake will determine to what
extent circulating SFA may reflect carbohydrate intake in
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Table 3 Fatty acid proportions and SCD activity in serum phospholipid and adipose tissue per intake tertiles
Tertile 1 Tertile 2 Tertile 3 Plude  Phdjused  Plontinear
Carbohydrates Intake, %E 38.5 (35.8-40.2) 44.4 (43.0-45.9) 49.8 (48.5-52.9)
16:0, %" PL 32.0 (31.8-32.3) 31.6 (31.4-31.9) 31.6 (31.4-31.8) 0.006 0.005 0.37
AT 22.0(21.7-22.4) 22.5(22.2-22.9) 22.1(21.7-22.5) 0.77 0.73  0.13
Sum® SFA, %  PL 45.9 (45.7-46.1) 45.8 (45.6-46.0) 45.7 (45.6-45.9) 0.26 0.69 0.70
AT 29.4 (28.9-30.0) 29.9 (29.4-30.5) 29.6 (29.0-30.1) 0.67 093 031
16:1, % PL 0.67 (0.63-0.71) 0.62 (0.59-0.65) 0.64 (0.61-0.67) 0.21 0.37 0.21
AT 8.24 (7.88-8.59) 7.79 (7.46-8.13) 7.67 (7.33-8.02) 0.02 0.07 0.71
SCD PL 0.021 (0.020-0.022) 0.020 (0.019-0.021) 0.020 (0.019-0.021) 0.32 0.53 0.25
AT 0.38 (0.36-0.40) 0.35 (0.33-0.37) 0.35(0.33-0.37) 0.06 0.13  0.37
Disaccharides Intake, %E 7.5 (6.5-8.5) 11.3 (10.5-12.4) 15.6 (14.0-17.0)
16:0, % PL 31.8 (31.6-32.1) 31.6 (31.4-31.8) 31.8 (31.6-32.1) 0.86 0.86  0.06
AT 22.0 (21.7-22.4) 22.2(21.8-22.6) 22.4 (22.1-22.8) 0.16 0.16 0.96
Sum SFA, % PL 45.8 (45.6-45.9) 45.7 (45.5-45.9) 45.9 (45.7-46.1) 0.26 0.19 0.06
AT 29.4 (28.8-30.0) 29.5 (28.9-30.1) 30.0 (29.5-30.5) 0.14 0.15 0.69
16:1, % PL 0.64 (0.61-0.68) 0.62 (0.60-0.65) 0.66 (0.63-0.69) 0.60 0.57 0.01
AT 7.97 (7.65-8.29) 7.80 (7.46-8.15) 7.93 (7.55-8.30) 0.87 092  0.95
SCD PL 0.020 (0.019-0.022) 0.020 (0.019-0.021) 0.021 (0.020-0.022) 0.57 0.56  0.02
AT 0.37 (0.35-0.39) 0.36 (0.34-0.38) 0.36 (0.34-0.38) 0.57 0.61 0.85
Monosaccharides Intake, %E 3.8 (3.2-4.5) 5.6 (5.3-6.1) 7.7 (7.0-8.6)
16:0, % PL 31.8 (31.5-32.0) 31.9 (31.6-32.1) 31.6 (31.4-31.8) 0.37 0.36 0.43
AT 22.1 (21.7-22.4) 22.3 (22.0-22.7) 22.3(21.9-22.7) 0.38 0.34 0.52
Sum SFA, % PL 45.8 (45.6-46.0) 45.8 (45.6-46.0) 45.7 (45.5-45.9) 0.45 1.00  0.82
AT 29.4 (28.8-29.9) 29.9 (29.3-30.4) 29.6 (29.1-30.2) 0.49 0.76  0.51
16:1, % PL 0.66 (0.62-0.70) 0.63 (0.60-0.67) 0.64 (0.61-0.66) 0.35 0.58  0.65
AT 8.11 (7.72-8.50) 8.01 (7.70-8.33) 7.58 (7.26-7.90) 0.03 0.09 0.81
SCD PL 0.021 (0.020-0.022) 0.020 (0.019-0.021) 0.020 (0.019-0.021) 0.36 0.61 0.72
AT 0.37 (0.35-0.40) 0.36 (0.35-0.38) 0.34 (0.33-0.36) 0.03 0.07 0.84
Carbohydrate:fiber ratio® Intake 10.1 (9.3-10.8) 12.5 (12.1-13.0) 15.5 (14.6-17.4)
16:0, % PL 31.8 (31.6-32.0) 31.8 (31.6-32.0) 31.7 (31.4-31.9) 0.41 0.41 0.15
AT 22.1(21.7-22.6) 22.3(21.9-22.7) 22.2 (21.9-22.6) 0.81 0.83  0.26
Sum SFA, % PL 45.7 (45.5-45.9) 45.8 (45.6-46.0) 45.8 (45.6-46.0) 0.36 055 0.30
AT 29.5 (28.9-30.1) 29.8 (29.3-30.4) 29.6 (29.0-30.1) 0.86 0.74 0.18
16:1, % PL 0.65 (0.62-0.69) 0.62 (0.59-0.65) 0.65 (0.62-0.69) 0.87 099 0.53
AT 7.90 (7.58-8.22) 7.81 (7.47-8.16) 7.99 (7.62-8.36) 0.69 0.89 0.73
SCD PL 0.021 (0.020-0.021) 0.019 (0.019-0.020) 0.021 (0.020-0.022) 0.69 0.83 0.37
AT 0.36 (0.34-0.38) 0.36 (0.34-0.37) 0.36 (0.35-0.38) 0.86 097 0.77
Alcohol Intake, %E 1.2 (0.2-2.0) 44 (3.3-5.2) 10.3 (7.9-14.0)
16:0, % PL 31.4 (31.2-31.6) 31.6 (31.4-31.9) 32.2 (32.0-32.5) <0.001 <0.001 0.53
AT 22.4 (22.0-22.8) 22.0 (21.6-22.4) 22.3 (21.9-22.6) 0.94 0.90 0.54
Sum SFA, % PL 45.7 (45.5-45.8) 45.7 (45.5-45.9) 46.0 (45.8-46.2) 0.01 0.09 0.63
AT 30.1 (29.5-30.6) 29.4 (28.9-30.0) 29.4 (28.9-29.9) 0.13 0.26 0.55
16:1, % PL 0.61 (0.58-0.64) 0.62 (0.59-0.65) 0.70 (0.67-0.74) <0.001 <0.001 0.02
AT 7.45 (7.10-7.80) 7.76 (7.43-8.08) 8.51 (8.19-8.84) <0.001 <0.001 0.93
SCD PL 0.019 (0.019-0.020) 0.019 (0.019-0.020) 0.022 (0.021-0.023) <0.001 0.001 0.01
AT 0.34 (0.32-0.36) 0.36 (0.34-0.38) 0.39 (0.37-0.40) 0.001 0.005 0.58

Intakes are presented as median (IQR) and FA proportions and ratios are presented as mean (95% CI)

PL phospholipid, AT adipose tissue, SCD stearoyl-CoA desaturase, SFA saturated fatty acids

#Fatty acids proportions are expressed as % of total FA
"Sum of 14:0, 16:0 and 18:0
“Carbohydrate:fiber ratio was calculated by dividing carbohydrate intake by fiber intake, both as gram per day

4Crude associations were evaluated using a linear regression model with tertile median intake as only independent variables

€ Associations adjusted for BMI were evaluated using linear regression model with tertile median intake and BMI as independent variables

"Nonlinear trends were evaluated using restricted cubic splines with three knots and BMI as a covariate
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16:0 16:1 Sum SFA SCD
Sugar-rich foods & beverages
- Adipose tissue — —_— _— —_—
- Serum phospholipids —_— —_— _— _—
Starch-rich foods
- Adipose tissue —_— —_— —_— —_—
- Serum phospholipids —_— _— —_— _—
Fruit, vegetables & pulses
- Adipose tissue —_— _— —_— P S—
- Serum phospholipids — — —_— —_—
Alcoholic beverages
- Adipose tissue —_— _—
- Serum phospholipids —_— _— — —_—
T T T T T T T T T T T T T
4 2 0 2 4 2 0 2 4 2 0 2 4 -2 0 2 4
r s r s r s rs

Fig. 1 Correlation coefficient and 95% Cls for correlations between fatty acids, sum even-chain SFAs, SCD activity in PL and AT, and food

groups

Table 4 Stearoyl-CoA desaturase gene expression in adipose tissue per intake tertiles

Tertile 1 Tertile 2 Tertile 3 Pérude Phdjusted Plionlinear

Macronutrients

Carbohydrates 0.23 (0.18-0.31) 0.21 (0.15-0.28) 0.31 (0.22-0.43) 0.23 0.25 0.08

Disaccharides 0.21 (0.15-0.30) 0.30 (0.23-0.40) 0.23 (0.17-0.31) 0.79 0.77 0.94

Monosaccharides 0.26 (0.19-0.35) 0.23 (0.18-0.31) 0.25 (0.17-0.36) 0.96 0.93 0.56

Carbohydrate: fiber ratio® 0.25 (0.18-0.35) 0.27 (0.20-0.36) 0.22 (0.17-0.30) 0.72 0.63 0.80
Alcohol 0.23 (0.16-0.32) 0.27 (0.19-0.38) 0.24 (0.19-0.32) 0.56 0.61 0.40
Food groups

Sugar-rich foods 0.24 (0.19-0.29) 0.26 (0.18-0.37) 0.25 (0.17-0.35) 0.87 0.83 0.73

Starch-rich foods 0.24 (0.18-0.31) 0.26 (0.18-0.37) 0.24 (0.17-0.33) 0.94 1.00 0.83

Fruits and vegetables 0.26 (0.20-0.34) 0.23 (0.17-0.31) 0.25 (0.17-0.37) 0.90 0.86 0.37

Intakes are presented as mean (95% CI)
SCD Stearoyl-CoA desaturase

4SCD expression is gene expression of SCD

Carbohydrate:fiber ratio was calculated by dividing carbohydrate intake by fiber intake, both as gram per day

P value <0.05 was considered significant for P crude, P adjusted, and P nonlinear; P adjusted were evaluated using adjusted model for BMI; P
Nonlinear, we applied restricted cubic splines with three knots located at 25th, 50th, and 75th percentiles of nutrient intake to explore the asso-

ciation between FAs, SCD activity and nutrient intake

a given population, and thereby also explain the different
results between these US and Swedish populations.

In the pan-European EPIC-interact study, it was shown
that total even-chain SFA in plasma PL were positively asso-
ciated with the incidence of type 2 diabetes [11]. There was,
however, inconsistent association between the intakes of dif-
ferent types of carbohydrate-rich foods and circulating SFA,
thus not clearly supporting that carbohydrates per se were
mediating the observed link between PL. SFA and diabetes
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risk [11]. Short-term interventional studies, however, sug-
gest a potential link between certain circulating SFA and
high carbohydrate intake. A very low fat diet (10%E) and
very high carbohydrate diet was found to markedly up-reg-
ulate DNL and increase plasma TG concentrations (with
54% higher proportion of 16:0) compared to a high-fat diet
(40%E) [26]. In that study, there was a significant increase
in 16:0 when subjects were fed a very high carbohydrate/
very low fat diet [26]. Volk et al. instead found that increased
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carbohydrate intake across a range of intakes promoted an
increase in 16:1 in cholesteryl esters and plasma triglyc-
erides, but without consistent dose-response changes in
plasma 16:0. Interestingly, 16:0 in plasma PL, in contrast to
total SFA including 14:0, seemed to decrease with increas-
ing carbohydrates [27], thus in line with the current obser-
vational data that found a carbohydrate intake to be inversely
associated with serum 16:0 in PL. It should be noted that in
these short-term feeding studies, there were differences in
study designs and a clearly different range of total fat and
carbohydrate intake that could explain some of the different
results. We may speculate that our observational study set-
ting may reflect a more habitual and realistic intake of both
fat and carbohydrates, at least in Sweden. However, in line
with Volk et al. [27] our post hoc sub-group analyses showed
that 6:1n-7 levels in serum PL were associated with a disac-
charide intake in the population with higher than 10E %
intake. Still, the non-linear relationship between 16:1n-7
and lack of association with the intake of sugar-rich foods
warrant careful interpretation of the potential role of 16:1n-7
as a biomarker of excessive sugar intake.

It should be noted that in the present population of Swed-
ish men, the intake of total and simple carbohydrates were
fairly representative for a Swedish population at the time
[18]. Sucrose was a main source of simple sugars in the pre-
sent population. Low-fat diets are rarely consumed in Swed-
ish populations, but as such it would be stimulating DNL,
especially when mostly consisting of short-chain glucose
polymers (75% E), but less so when consisting substantial
proportions of starch and complex of carbohydrates [11, 26,
28]. A short-term overfeeding with simple carbohydrates,
either fructose or glucose, leads to several potentially delete-
rious metabolic alterations in healthy human subjects [29].
In overweight subjects, overfeeding with simple carbohy-
drate markedly increased liver fat and stimulates DNL [30].
In opposite to the present healthy men, sugar intake was not
associated with serum 16:0 or total SFA even after adjust-
ment for BMI. Our results accord well with recent data we
reported from another cohort (Uppsala Longitudinal Study
of Adult Men, ULSAM) of Swedish elderly men [31]. In
that study, there was also an inverse association between
total carbohydrate and sugar intake, with 16:0 or the SCD
product 16:1 in AT [31]. Notably, SFA intake was weakly
but significantly directly associated with adipose tissue
16:0 and 16:1, suggesting that in Swedish male populations
around the time of the 1990s, higher proportions of SFA
and 16:1 in serum and AT do not seem to reflect a higher
carbohydrate intake and DNL activity, but more probably a
higher dietary SFA and alcohol intake. These relationships,
however, need to be studied and replicated in other Swed-
ish populations, especially in younger populations and in
women. There are no current data to suggest that the current
results would be much different in other European countries,

but it is warranted that these associations are also carried out
in other countries, as well as in the US and other parts of
the world that may have a more excessive consumption of
simple sugars than the present Swedish men. Interestingly,
when only including individuals (approximately 60% of
this population) with higher sugar intake (> 10%E %) there
was still no positive association between sugar intake (i.e.
disaccharides) and 16:0 levels, although 16:1n-7 and SCD-1
activity index were significantly associated, also after adjust-
ment for BMI. The non-linear relationship between these
two latter biomarkers and disaccharide intake, however, war-
rant further study of both 16:1n-7 and SCD-1 index in PL as
potential biomarkers of very high sugar intake.

Our results show an association between higher alcohol
intake and higher 16:0, 16:1 and estimated SCD activity.
This is in line with previous studies showing that alcohol
consumption is positively associated with 16:0 in plasma
PL [32] and in erythrocyte membranes [25, 33, 34]. As a
potential mechanism, alcohol consumption may increase the
activity of acetyl-CoA carboxylase, a key lipogenic enzyme,
and thereby the synthesis of 16:0 [33].

We found that total carbohydrate and alcohol intake were
associated with lower and higher estimated SCD activity,
respectively. However, no significant associations of dietary
intake with SCD gene expression were observed. Previ-
ously, it was shown that SCD activity (in addition to DNL)
increased in the short-term during very low fat diets (10%E),
while lipogenic gene expression in subcutaneous AT lipo-
genic was unaffected by such diet [9]. In vivo animal studies
suggest that lipogenic genes including SCD and sterol regu-
latory element-binding protein (SREBP)-1 are up-regulated
at high carbohydrate intakes [35]. Thus, our observations in
these Swedish men do not accord with such findings.

Our study has several strengths. We used a validated 7-d
food record to assess dietary records and the macronutrient
composition reported here is representative of the general
Swedish population [36], thus increasing generalizability.
FA composition was analysed in two biomarker compart-
ments, circulating PL and AT, the latter considered as the
preferable compartment to assess long-term dietary habits.
All men included in the study were of similar age, thereby
reducing the potential bias due to age differences.

Some limitations should be highlighted. The use of a
cross-sectional and observational study design does not
allow any causal inferences. Although we adjusted the asso-
ciations for BMI, we cannot rule out residual confounding.
Furthermore, we did use a validated 7-d food record, but we
acknowledge that possible misreporting may have influenced
our findings. Also, we estimated SCD activity in serum and
AT, which may not reflect true SCD enzyme activity. In
addition, it should be noted that our SCD-1 gene expression
analyses was conducted in adipose tissue biopsies from the
buttocks, which may not be comparative with those obtained
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from abdominal adipose tissue. Finally, we did not stratify
or adjust for DNL regulatory hormones (e.g. testosterone
or insulin levels) due to lack of available data, although
it is possible that individual hormonal differences may to
some extent influence the associations between carbohydrate
intake and fatty acids in the lipogenic pathway.

Conclusion

Our observations in this population of Swedish men indi-
cated no clear evidence to suggest that high total carbohy-
drate intake or sugar-rich foods or beverages is reflected
by higher DNL-derived SFA in serum PL or AT. Further
studies may be needed to investigate if 16:1n-7 in serum
PL reflects disaccharides at higher intakes. Instead, alcohol
was consistently associated with higher SFA and MUFA.
Further population-based studies are needed to confirm these
findings, and the effect of quantitative and qualitative car-
bohydrate intakes on circulating SFA and MUFA should
optimally be evaluated in randomized studies in a Swed-
ish population, to allow for casual inference and reduce the
impact of inaccurate dietary assessment.
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