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Abstract

The application of metabolomics in nutritional research may be a useful tool to analyse and predict the response
to a dietary intervention. The aim of this study was to examine metabolic changes in serum samples following
exposure to an energy-restricted diet (-15% of daily energy requirements) over a period of 8 weeks in
overweight and obese older adults (n=22) using a GC/MS metabolomic approach. After the 8 weeks, there were
significant reductions in weight (7%) and metabolic improvement (glucose and lipid profile). Metabolomic
analysis found that total saturated fatty acids (SFAs), including palmitic acid (C16:0) and stearic acid (C18:0)
and monounsaturated fatty acids (MUFAs) were significantly decreased after the 8 week intervention.
Furthermore, palmitoleic acid (C16:1) was found to be a negative predictor of change in body fat loss. Both the
total w-6 and w-3 polyunsaturated fatty acids (PUFAs) significantly decreased although the overall total
amounts of PUFAs did not. The branched chain amino acid (BCAA) isoleucine significantly decreased in the
serum samples after the intervention. In conclusion, this study demonstrated that the weight loss intervention
based on a hypocaloric diet identified changes in the metabolic profiles of serum in overweight and obese older

adults, with a reduction in anthropometric and biochemical parameters also found.
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1. INTRODUCTION

The prevalence of overweight and obesity, established as excessive fat accumulation, has increased rapidly
worldwide [10]. Fat excess is considered a major predisposing factor for a number of chronic diseases such as
Type 2 diabetes mellitus, hypertension, dyslipidemias, cardiovascular disease (CVD) and cancer [53]. In turn,
overweight and obesity prevalence is growing even among older adults (=60 years) in developed countries [58].
Aging is associated with significant changes in body composition causing a decrease of muscle mass and an

increase of total fat mass especially in the abdominal region. [33].

Essentially, many treatments for overweight and obesity include lifestyle modification through weight loss
challenges and exercise with the purpose of balancing energy intake with energy expenditure. Nevertheless,
most of the dietary interventions result not only in the desired body fat mass loss but also in a decrease in lean

mass which is discouraged especially in older adults [40,48].

Metabolomics is a technique that aims to identify and quantify the metabolome [57]. It is the study of
metabolites present in biological samples such as biofluids/cellular extracts and culture media. Its use in
nutrition research is increasing and applications range from assessing novel biomarkers of dietary intake to
utilization of metabolomics in intervention studies [4]. Application of this technique to analyse the response to a
dietary intervention generates valuable information on the effect and predisposition of the prescribed diet on

metabolic regulation. It also allows a connection between dietary intake and a particular metabolic phenotype



[15,46,50]. The two main approaches employed in metabolomics are nuclear magnetic resonance (NMR)
spectroscopy and mass spectrometry (MS). These approaches both have their advantages and disadvantages and
at present there is no unique analytical technique capable of measuring and identifying all metabolites in a
single sample simultaneously. Therefore comprehensive metabolomic data needs to be assessed by bringing
together data from different platforms [12,51,54]. A number of nutritional studies have used a gas
chromatography/mass spectrometry (GC/MS) based metabolomic approach to analyse fatty acids (FAs) and
amino acids (AAs) [34,41]

FAs play an important role in metabolic health taking part in many cellular processes, serving as energy reserves
or regulating gene expression. Obese subjects report elevated concentrations of serum total FAs, which may
have an impact on the development of metabolic syndrome and related disorders [22,50,52]. However, aside
from the amount of total lipids, the type of fat has been suggested to be crucial in the development of obesity
[36]. The FA composition in the human body mirrors not only the dietary fat composition but also the
endogenous synthesis and metabolism of FAs, mainly by FA synthesis from carbohydrates (CHO), desaturation
and elongation [2,55]. In this way desaturases have been suggested to play a role in the growth of metabolic

disorders [1,23].

Due to the rising prevalence of overweight and obesity among older adults, the design of effective weight loss
interventions in this age group is needed. Therefore, the aim of this study was to examine metabolic changes
after the exposure to an energy-restricted diet over a 8-week period in overweight and obese older adults using a

GC/MS metabolomic approach and also using anthropometric and biochemical data.

2. MATERIAL AND METHODS
Study population

Twenty-two of the twenty-six enrolled Caucasian healthy older adults with overweight or obesity (BMI between
27-34.9 kg/m?) finished the study. All participants were non-smokers, followed a diet free of antioxidants or
vitamin supplements and presented a stable weight (+3 kg) for the previous 3 months. Diabetes mellitus, history
of previous psychiatric disorders or chronic diseases related with the metabolism of nutrients was considered as
exclusion criteria. The volunteers were recruited through a local newspaper and the Department database. Prior
to beginning the study, subjects attended the Metabolic Unit of the University of Navarra, where the physician

informed them in detail about the study conditions and they signed the written informed consent.
Study protocol

The present study was designed as a prospective intervention study in which subjects followed a personalised
and hypocaloric diet (-15% of daily energy requirements) over 8 weeks. The macronutrient distribution was as
follows: 45% of calories from CHO, less than 30% from lipids and 25% from proteins. The diet was designed
by trained dieticians using a food exchange system and a menu indicating what the volunteers should choose
each day of the week in order to follow a healthy diet. In addition, the volunteers were instructed to weigh all
the food they consumed and were advised to eat 5 meals per day. Similarly, they were asked to continue with

their usual physical activity which was controlled with pedometers (Omron, HJ-152K-E, Japan).



This study was approved by the Ethics Committee of the University of Navarra (033/2011) and conforms to the

principles outlined in the Declaration of Helsinki.
Anthropometric and biochemical measurements

Anthropometric and body composition measurements were taken at the beginning and at the end of the study.
Body weight was assessed to the nearest 0.1 kg using a Tanita bioelectrical impedance (SC-330, Tanita, Tokyo,
Japan) and height was measured using a wall-mounted stadiometer (Seca 220, Vogel & Halke, Germany) to the
nearest 1 mm. Body Mass Index (BMI) was determined as the body weight divided by the squared height
(kg/m?). All measurements were carried out after an overnight fast and with the subjects in their underwear.
Waist circumference was measured at the narrowest point between the rib cage and the iliac crest and the hip
circumference at the widest point over the buttocks. Body composition was measured by a dual-energy X-ray

absorptiometry (DEXA Lunar Prodigy, GE Medical Systems, Madison, WI, USA).

Serum samples were collected at baseline and at the end of the study, after a 12-h overnight fast from each
volunteer. Serum glucose, total cholesterol, HDL-c, triglycerides and non-esterified fatty acids (NEFA) were
measured in an autoanalyser Pentra C-200 (HORIBA ABX, Madrid, Spain) with commercially available kits.
LDL-c levels were calculated following the Friedewald formula: LDL-c = Total cholesterol — HDL-c — TG/5
[14].

Metabolite extraction & GC/MS analysis

For analysis of FAs, 300 pl of serum was combined with 50 ul of nonadecanoic acid (C19:0) (2 mg/ml
methanol) as an internal standard and extracted using a 1:2 mixture of chloroform:methanol based on the
method of Bligh & Dyer [3]. Briefly, extracts were derivatised by methylation using methanolic BF;.
Derivatives were re-suspended in 200 ul of hexane and 1 ul was injected into the GC/MS. The GC/MS system
comprised of an Agilent 7890A GC coupled with a 5975C MS. The GC temperature was initially 70 °C for 2
min, increased at 15 °C/min to 190 °C and held for 9 min, then increased at 5 °C/min to 230 °C and held for 13

min and finally raised to 320 °C at 20 °C/min and held for 10 min.

Aqueous compounds were isolated using a methanolic extraction [21] following deproteinisation with
acetonitrile. An aliquot of 100 y1 of serum were combined with 20 ul of *C myristic acid (2 mg/ml methanol)
as an internal standard prior to extraction with 800 x1 methanol. Following drying, samples were methoximised
using 60 pul of methoxyamine hydrochloride (20 mg/ml pyridine) for 17 hours at room temperature prior to
silylation with 60 pl of N-methyl-N-(trimethylsilyl)fluoroacetamide for 1 hour. Samples were diluted with 210
w1 of hexane and analysed by GC/MS. The GC temperature was initially 70 °C for 2 min, increased at 5 °C/min
to 260 °C, held for 41 min and finally raised to 320 °C at 30 °C/min and held for 3 min. After a solvent delay of

1 min full scan, mass spectra were recorded within a scan range of 45-650 amu (atomic mass units).

Metabolite identification & quantification

Calibration was achieved by comparison of peak areas for amino and FAs with reference to known standards
(Amino acid standard A9906 and Supelco 37 component FAME mix, Sigma Aldrich, Ireland) using Agilent
Chemstation (MSD E.02.00.493) and by comparison of their mass spectra with those in the National Institute of
Standards and Technology (NIST) library 2.0. Automatic peak detection was carried out with Agilent

Chemstation. Mass spectra deconvolution was performed with the Automated Mass Spectral Deconvolution and



Identification System (AMDIS, version 2.65). Peaks with a signal to noise (S/N) ratio lower than 30 were
rejected, which is an acceptable level to avoid false positives as reported by Norli and colleagues [42]. To obtain
accurate peak areas for internal standard and specific peaks/compounds, one quant mass for each peak was
specified as the target ion and three masses were selected as qualifier ions. Each data file was then manually

analysed for false positives/negatives in Agilent Chemstation.
Enzyme activity determination

The desaturase activity was calculated using the ratio of individual FAs according to the following criteria: C16
A9-desaturase = (C16:1/C16:0), C18 A9-desaturase = (C18:1n-9 /C18:0), A6-desaturase = (C18:3n-6/C18:2n-6)
and AS5-desaturase = (C20:4n-6/C20:3n-6) [2]. The elongase activity index of FAs was assessed from the ratio
C18:0/C16:0 [45].

Statistical analysis

Data are expressed as mean + standard deviation (SD), unless otherwise specified. The Shapiro Wilk test was
used to analyse the normality of the measured variables. The differences between baseline measurements and
those taken after the 8 week intervention were assessed using a paired t-test or by using the nonparametric
Wilcoxon test when variables followed a non-normal distribution. Correlation analyses were applied to assess
the potential relationships between specific metabolites with biochemical and anthropometrical parameters.
Linear regression analysis was performed to predict changes in anthropometric variables according to FA levels
at baseline. Average weight loss between groups (more weight loss vs less weight loss) was assessed using an
independent measure t-test. All statistical procedures were conducted using SPSS version 15 for Windows

(SPSS Ibérica, Madrid, Spain). P<0.05 was considered statistically significant.

3.RESULT

After the 8-week weight loss intervention, there were significant reductions in body weight, BMI, waist
circumference, total fat mass, lean mass and diastolic blood pressure (Table 1). Physical activity did not change
during the weight loss intervention (Table 1). In addition, the dietary program was effective in reducing total

cholesterol, LDL-c and transaminases, however it also decreased HDL-c concentrations (Table 2).

The FA concentrations of serum samples at baseline and after the 8-week intervention are reported in Table 3.
Analysis of the FAs revealed a significant decrease in total SFAs (p<0.05), including myristic acid (C14:0),
palmitic acid (C16:0), stearic acid (C18:0) and lignoceric acid (C24:0) after the 8-week intervention. Final
serum levels of total MUFAs including oleic acid (C18:1) and cis-11-eicosenoic acid (C20:1) were significantly
decreased after the 8-week intervention. Although total PUFA levels did not significantly decrease, linoleic acid
(C18:2n-6), arachidonic acid (C20:4n-6), cis-8, 11, 14, 17-eicosatrienoic acid (C20:3n-6), cis-11, 14—
eicosadienoic acid (C20:2) and cis-4, 7, 10, 13, 16, 19-docosahexaenoic acid (C22:6n-3) were significantly
reduced following the 8 week diet. Total w-6 and w-3 PUFAs also significantly decreased, although the ratio of

-6/ ®-3 did not change following the intervention.

The activity of A5-desaturase significantly increased after weight loss, whereas the activity of the remaining

investigated enzymes did not significantly change from the beginning of the study to the end of the study (Table



3). Analysis of correlation showed significant positive association between the change in elongase activity and
the variation of total cholesterol (r=0.648, p=0.003), HDL-c (r=0.457, p=0.049) and LDL-c (r=0.562, p=0.012).
Furthermore, the resulting change in percentage of body fat was positively predicted by the baseline circulating

concentrations of palmitoleic acid (C16:1) (Figure 1).

In this study weight loss was categorised into two groups (greater weight loss (7 4 kg) vs less weight loss (3.4
kg)) in order to identify whether there were differences in the metabolomic profiles between the groups. In this
context, we found that individuals who achieved greater weight loss also reduced their total MUFA levels

(p=0.021), particularly oleic acid (C18:1) (p=0.042) and stearic acid (C18:0) (p=0.024).

A positive association between triglycerides and total SFAs (r=0.517, p=0.023), including myristic acid (C14:0)
(r=0.486, p=0.035), pentadecanoic acid (C15:0) (r=0.702, p=0.001), palmitic acid (C16:0) (r=0.456, p=0.050),
heptadecanoic acid (C17:0) (r=0.474, p=0.040), behenic acid (C22:0) (r=0.546, p=0.016) and tricosanoic acid
(C23:0) (r=0.507, p=0.027) were found at baseline. Likewise, the change in triglyceride levels were positively
associated with the variation in pentadecanoic acid (C15:0) (r=0.748, p=<0.001), heptadecanoic acid (C17:0)
(r=0.489, p=0.033), behenic acid (C22:0) (r=0.481, p=0.037) and lignoceric acid (C24:0) (r=0.732, p=<0.001).

A total of 4 AAs were identified and semi-quantified in the serum (Table 4), of these 3 were BCAAs. Of the

BCAAs it was found that isoleucine significantly decreased in the serum following the intervention (p=0.02).

4. DISCUSION

The effectiveness of the dietary intervention was reflected in the decrease in body weight, BMI, waist
circumference, total fat mass and the diastolic blood pressure. However, subjects also showed a decline in lean
mass. In general, lean mass reduces after following a hypocaloric diet, with this being more notable with aging
[27,33]. In order to avoid losing lean mass the prescribed hypocaloric diet presented a higher percentage of
protein (25%). Despite our attempt to prevent lean mass loss, it was significantly decreased in subjects after the

dietary intervention.

Subjects were asked to continue with their usual physical activity, which was controlled throughout the weight
loss treatment with pedometers so as to control the effect of physical activity on weight loss. Consequently, the
variations in anthropometric, biochemical parameters and metabolite concentrations cannot be associated to

changes in physical activity, but to the dietary weight loss intervention.

Levels of NEFA in serum decreased, although not significantly after the weight loss intervention. In this sense,
high levels of total FAs in blood have been positively related with CVD, particularly with obesity and diabetes
[59]. However, evidence suggests that the dietary fat quality rather than quantity might have a greater influence
on disease risk [20,22,36]. In this context the analysis of the contribution of each FA has emerged indicating
that SFAs are positively associated with the development of obesity and diabetes, increasing comorbidities

related to metabolic disease [20,22].

In this study, total SFAs in serum significantly decreased with the hypocaloric diet, among them palmitic acid
(C16:0) and stearic acid (C18:0), which have been previously related with the incidence of Type 2 diabetes
[19,24]. Also, total SFAs may increase CVD risk by raising levels of LDL-c and total cholesterol [13]. Total



MUPFAs and in particular oleic acid serum levels decreased in this study. The health benefits of (C18:1), which
represents the most abundant MUFA provided in the diet have been described previously [22,47]. Both total -
6 and w-3 PUFAs decreased significantly in this study. The w-6 PUFAs are thought to promote adipogenesis
and increase expression of lipogenic genes, while the w-3 PUFAs have been suggested to do the opposite
[30,37]. Nevertheless, the association between weight loss and the w-3 PUFAs remains controversial [38].
Linoleic acid (C18:2n-6) as well as cis-4, 7, 10, 13, 16, 19-docosahexaenoic acid (C22:6n-3), which have been
suggested to decrease obesity features [7,8], decreased significantly in this study. Mice under calorie restriction
have shown increased expression of genes responsible of FA [3-oxidation compared with ad libitum-fed controls
[5], what may be implicated in the reduction of body fat after weight loss. Therefore, it can be proposed that in
this study the energy restriction has increased FA -oxidation [25], decreasing body fat and for that reason these

metabolites are presented in lower amounts in the bloodstream.

This research also found that for individuals who lost more body weight they also had reduced levels of stearic
acid (C18:0), total MUFAs and oleic acid (C18:1) levels. This might be explained by a lower FA production or
a higher oxidation of these compounds, thus decreasing serum levels leading to a greater body weight reduction.
Furthermore, it was observed that subjects with higher circulating values of palmitoleic acid (C16:1)
experienced lower reduction in percentage body fat. The role of palmitoleic acid in human metabolism has not
been fully clarified. Animal models have shown that adipose-derived palmitoleic acid may contribute to
resistance to diet-induced obesity by inhibiting stearoylcoenzyme A desaturase 1 activity in the liver [6].
However, studies carried out in humans have not observed this effect [16], and others have observed a
detrimental influence of this MUFA on health [44,56]. High levels of this particular FA have been associated
with increased risk of suffering cardiovascular diseases, since it has been positively associated with metabolic
syndrome (MetS) [56], including hypertriglyceridemia [44] and abdominal adiposity [16]. Mice supplemented
with palmitoleate presented higher fat deposition, hepatic steatosis and also increased hepatic expression of
sterol regulatory element-binding protein lc and FA synthase, demonstrating the pro-lipogenic effect of this
MUPFA [17]. Moreover, in a Chinese population, high erythrocyte palmitoleic acid concentrations were related
with lower plasma adiponectin and higher inflammatory markers [60]. Palmitoleic acid (C16:1) serum
concentrations mostly show de novo hepatic FA synthesis from palmitic acid (16:0) by the C16 A9-desaturase
enzyme [43,60]. Therefore, it can be speculated that subjects with higher palmitoleic acid (C16:1) at baseline

could be predisposed to present a lower response to the dietary treatment by decreasing less amount of body fat.

The present finding of a positive association between SFAs and triglycerides is consistent with previous data in
which serum SFAs have been suggested to increase triglyceride levels [29], whereas PUFAs are thought to

reduce triglycerides levels but we did not find this association.

It is known that exist an inverse balance between CHO and FA [-oxidation [25]. The role of CHO in controlling
the balance between fat intake and fat oxidation is well-established, since CHO consumption reduces the use of
fat for fuel [32]. De novo lipogenesis (DNL) reflects the conversion of excess CHO to new FA and
triacylglycerol, which are key substrates for the formation of TG and cholesterol [18]. FA desaturases are
enzymes that create MUFAs from SFAs [9]. The use of desaturase indices is particularly useful when liver
tissue samples are not available [23]. The activity of the enzymes elongase, A6-desaturase, C16 A9-desaturase

and C18 A9-desaturase did not change during the weight loss intervention. Increased levels of the previous



enzymes have been detected in subjects with obesity and MetS [2,23]. Nevertheless, A5-desaturase significantly
increased after the 8 week intervention, indicating that activity appears to be decreased in obese individuals

[55]. Therefore, the increase of this desaturase during the study suggests a potential benefit to the participants.

Higher levels of circulating BCAAs have been reported in obese individuals compared to lean individuals
[35,39], with a number of studies reporting a reduction in BCAAs levels after weight loss [26,28]. BCAAs
predicted improvements in insulin resistance in patients participating in a weight loss intervention [31,49], and a
positive association between BCAAs and insulin resistance has been also reported [34,49]. In the current study,
insulin levels were not determined. Regarding BCAAs values, only isoleucine serum levels significantly
decreased. Existing evidence suggests that the reduction in isoleucine levels promote lipolysis via induction of

lipolytic genes and by the suppression of lipogenesis in liver [11].

Although these results are interesting, the study has a number of limitations such as the small number of
participants. Future studies in larger cohorts would be required in order to validate these findings. Additionally,
dietary intake data was not available: such data might be helpful in further understanding the alterations in the

diet following the 8-week intervention.

In conclusion, this study demonstrates that the weight loss intervention based on a hypocaloric diet not only
improved anthropometric and biochemical parameters but also metabolite serum levels in overweight and obese
older adults. Metabolomic analysis identified a significant decrease in FAs and isoleucine levels and an increase
in A5-desaturase activity. Moreover, the MUFA palmitoleic acid (C16:1) predicted the change in the percentage

of body fat and an association between SFAs and triglycerides levels was observed.

Acknowledgments

The authors wish to thank the volunteers for their participation in the study and the physician Blanca E.
Martinez de Morentin, the nurse Salomé Pérez, as well as the technician Verdnica Ciaurriz for excellent
technical assistance in the University of Navarra. We thank Ciara Morris and Martina Wallace from University
College Dublin for their contribution to this study. Aurora Pérez-Cornago gratefully acknowledges the pre-
doctoral research grant from the “Asociacién de Amigos Universidad de Navarra”, as well as the mobility grant

from the Spanish Government.



References

1.

10.

11.

12.

13.

14.

15.

16.

Attie AD, Krauss RM, Gray-Keller MP, Brownlie A, Miyazaki M, Kastelein JJ, Lusis AJ, Stalenhoef AF,
Stoehr JP, Hayden MR et al., (2002). Relationship between stearoyl-CoA desaturase activity and plasma
triglycerides in human and mouse hypertriglyceridemia. J Lipid Res 43, 1899-1907.

Bjermo H, Riserus U, (2010). Role of hepatic desaturases in obesity-related metabolic disorders. Curr Opin
Clin Nutr Metab Care 13, 703-708.

Bligh EG, Dyer WIJ, (1959). A rapid method of total lipid extraction and purification. Can J Biochem
Physiol 37,911-917.

Brennan L, (2013). Metabolomics in nutrition research: current status and perspectives. Biochem Soc Trans
41, 670-673.

Bruss MD, Khambatta CF, Ruby MA, Aggarwal I, Hellerstein MK, (2010). Calorie restriction increases
fatty acid synthesis and whole body fat oxidation rates. Am J Physiol Endocrinol Metab 298, E108-116.
Cao H, Gerhold K, Mayers JR, Wiest MM, Watkins SM, Hotamisligil GS, (2008). Identification of a
lipokine, a lipid hormone linking adipose tissue to systemic metabolism. Cell 134, 933-944.

Chen SC, Lin YH, Huang HP, Hsu WL, Houng JY, Huang CK, (2012). Effect of conjugated linoleic acid
supplementation on weight loss and body fat composition in a Chinese population. Nutrition 28, 559-565.
Chen YJ, Chen CC, Li TK, Wang PH, Liu LR, Chang FY, Wang YC, Yu YH, Lin SP, Mersmann HJ et al.,
(2012). Docosahexaenoic acid suppresses the expression of FoxO and its target genes. J Nutr Biochem 23,
1609-1616.

Chong MF, Hodson L, Bickerton AS, Roberts R, Neville M, Karpe F, Frayn KN, Fielding BA, (2008).
Parallel activation of de novo lipogenesis and stearoyl-CoA desaturase activity after 3 d of high-
carbohydrate feeding. Am J Clin Nutr 87, 817-823.

Chopra M, Galbraith S, Darnton-Hill I, (2002). A global response to a global problem: the epidemic of
overnutrition. B World Health Organ 80, 952-958.

Du Y, Meng Q, Zhang Q, Guo F, (2012). Isoleucine or valine deprivation stimulates fat loss via increasing
energy expenditure and regulating lipid metabolism in WAT. Amino Acids 43, 725-734.

Etxeberria U, de la Garza AL, Martinez JA, Milagro FI, (2013). Diet-induced hyperinsulinemia
differentially affects glucose and protein metabolism: a high-throughput metabolomic approach in rats. J
Physiol Biochem 69, 613-623.

Flock MR, Kris-Etherton PM, (2013). Diverse physiological effects of long-chain saturated fatty acids:
implications for cardiovascular disease. Curr Opin Clin Nutr Metab Care 16, 133-140.

Friedewald WT, Levy RI, Fredrickson DS, (1972). Estimation of the concentration of low-density
lipoprotein cholesterol in plasma, without use of the preparative ultracentrifuge. Clin Chem 18, 499-502.
Gibney MJ, Walsh M, Brennan L, Roche HM, German B, van Ommen B, (2005). Metabolomics in human
nutrition: opportunities and challenges. Am J Clin Nutr 82, 497-503.

Gong J, Campos H, McGarvey S, Wu Z, Goldberg R, Baylin A, (2011). Adipose tissue palmitoleic acid and

obesity in humans: does it behave as a lipokine? Am J Clin Nutr 93, 186-191.

10



17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Guo X, Li H, Xu H, Halim V, Zhang W, Wang H, Ong KT, Woo SL, Walzem RL, Mashek DG et al.,
(2012). Palmitoleate induces hepatic steatosis but suppresses liver inflammatory response in mice. PLoS
One 7, €39286.

Hudgins LC, Hellerstein MK, Seidman CE, Neese RA, Tremaroli JD, Hirsch J, (2000). Relationship
between carbohydrate-induced hypertriglyceridemia and fatty acid synthesis in lean and obese subjects. J
Lipid Res 41, 595-604.

Iggman D, Arnlov J, Vessby B, Cederholm T, Sjogren P, Riserus U, (2010). Adipose tissue fatty acids and
insulin sensitivity in elderly men. Diabetologia 53, 850-857.

Jakobsen MU, O'Reilly EJ, Heitmann BL, Pereira MA, Balter K, Fraser GE, Goldbourt U, Hallmans G,
Knekt P, Liu S et al., (2009). Major types of dietary fat and risk of coronary heart disease: a pooled analysis
of 11 cohort studies. Am J Clin Nutr 89, 1425-1432.

Jiye A, Huang Q, Wang G, Zha W, Yan B, Ren H, Gu S, Zhang Y, Zhang Q, Shao F et al., (2008). Global
analysis of metabolites in rat and human urine based on gas chromatography/time-of-flight mass
spectrometry. Anal Biochem 379, 20-26.

Kien CL, Bunn JY, Poynter ME, Stevens R, Bain J, Ikayeva O, Fukagawa NK, Champagne CM, Crain KI,
Koves TR et al., (2013). A lipidomics analysis of the relationship between dietary fatty acid composition
and insulin sensitivity in young adults. Diabetes 62, 1054-1063.

Kroger J, Schulze MB, (2012). Recent insights into the relation of Delta5 desaturase and Delta6 desaturase
activity to the development of type 2 diabetes. Curr Opin Lipidol 23, 4-10.

Kurotani K, Sato M, Ejima Y, Nanri A, Yi S, Pham NM, Akter S, Poudel-Tandukar K, Kimura Y,
Imaizumi K et al., (2012). High levels of stearic acid, palmitoleic acid, and dihomo-gamma-linolenic acid
and low levels of linoleic acid in serum cholesterol ester are associated with high insulin resistance. Nutr
Res 32, 669-675 e663.

Labayen I, Diez N, Parra MD, Gonzalez A, Martinez JA, (2004). Time-course changes in macronutrient
metabolism induced by a nutritionally balanced low-calorie diet in obese women. Int J Food Sci Nutr 55,
27-35.

Laferrere B, Reilly D, Arias S, Swerdlow N, Gorroochurn P, Bawa B, Bose M, Teixeira J, Stevens RD,
Wenner BR et al., (2011). Differential metabolic impact of gastric bypass surgery versus dietary
intervention in obese diabetic subjects despite identical weight loss. Sci Transl Med 3, 80re82.

Leidy HJ, Carnell NS, Mattes RD, Campbell WW, (2007). Higher protein intake preserves lean mass and
satiety with weight loss in pre-obese and obese women. Obesity (Silver Spring) 15,421-429.

Lien LF, Haqq AM, Arlotto M, Slentz CA, Muehlbauer MJ, McMahon RL, Rochon J, Gallup D, Bain JR,
Ilkayeva O et al., (2009). The STEDMAN project: biophysical, biochemical and metabolic effects of a
behavioral weight loss intervention during weight loss, maintenance, and regain. Omics 13, 21-35.
Lopez-Alvarenga JC, Ebbesson SO, Ebbesson LO, Tejero ME, Voruganti VS, Comuzzie AG, (2010).
Polyunsaturated fatty acids effect on serum triglycerides concentration in the presence of metabolic
syndrome components. The Alaska-Siberia Project. Metabolism 59, 86-92.

Lorente-Cebrian S, Costa AG, Navas-Carretero S, Zabala M, Martinez JA, Moreno-Aliaga MJ, (2013).
Role of omega-3 fatty acids in obesity, metabolic syndrome, and cardiovascular diseases: a review of the

evidence. J Physiol Biochem.

11



31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

Magkos F, Bradley D, Schweitzer GG, Finck BN, Eagon JC, Ilkayeva O, Newgard CB, Klein S, (2013).
Effect of Roux-en-Y Gastric Bypass and Laparoscopic Adjustable Gastric Banding on Branched-Chain
Amino Acid Metabolism. Diabetes 62, 2757-2761.

Marques-Lopes I, Ansorena D, Astiasaran I, Forga L, Martinez JA, (2001). Postprandial de novo
lipogenesis and metabolic changes induced by a high-carbohydrate, low-fat meal in lean and overweight
men. Am J Clin Nutr 73, 253-261.

Mathus-Vliegen EM, (2012). Prevalence, pathophysiology, health consequences and treatment options of
obesity in the elderly: a guideline. Obes Facts 5, 460-483.

Morris C, Grada CO, Ryan M, Roche HM, De Vito G, Gibney MJ, Gibney ER, Brennan L, (2013). The
relationship between aerobic fitness level and metabolic profiles in healthy adults. Mol Nutr Food Res 57,
1246-1254.

Morris C, O'Grada C, Ryan M, Roche HM, Gibney MJ, Gibney ER, Brennan L, (2012). The relationship
between BMI and metabolomic profiles: a focus on amino acids. Proc Nutr Soc 71, 634-638.

Moussavi N, Gavino V, Receveur O, (2008). Could the quality of dietary fat, and not just its quantity, be
related to risk of obesity? Obesity (Silver Spring) 16, 7-15.

Muhlhausler BS, Ailhaud GP, (2013). Omega-6 polyunsaturated fatty acids and the early origins of obesity.
Curr Opin Endocrinol Diabetes Obes 20, 56-61.

Munro IA, Garg ML, (2012). Dietary supplementation with n-3 PUFA does not promote weight loss when
combined with a very-low-energy diet. Br J Nutr 108, 1466-1474.

Newgard CB, An J, Bain JR, Muehlbauer MJ, Stevens RD, Lien LF, Haqq AM, Shah SH, Arlotto M, Slentz
CA et al., (2009). A branched-chain amino acid-related metabolic signature that differentiates obese and
lean humans and contributes to insulin resistance. Cell Metab 9, 311-326.

Newman AB, Lee JS, Visser M, Goodpaster BH, Kritchevsky SB, Tylavsky FA, Nevitt M, Harris TB,
(2005). Weight change and the conservation of lean mass in old age: the Health, Aging and Body
Composition Study. Am J Clin Nutr 82, 8§72-878; quiz 915-876.

Ni Raghallaigh S, Bender K, Lacey N, Brennan L, Powell FC, (2012). The fatty acid profile of the skin
surface lipid layer in papulopustular rosacea. Br J Dermatol 166, 279-287.

Norli HR, Christiansen A, Holen B, (2010). Independent evaluation of a commerical deconvolution
reporting software for gas chromatography mass spectrometry analysis of pesticide residues in fruits and
vegetables. J] Chromatogr A 1217, 2056-2064.

Ntambi JM, Miyazaki M, (2004). Regulation of stearoyl-CoA desaturases and role in metabolism. Prog
Lipid Res 43,91-104.

Paillard F, Catheline D, Duff FL, Bouriel M, Deugnier Y, Pouchard M, Daubert JC, Legrand P, (2008).
Plasma palmitoleic acid, a product of stearoyl-coA desaturase activity, is an independent marker of
triglyceridemia and abdominal adiposity. Nutr Metab Cardiovasc Dis 18, 436-440.

Pan DA, Lillioja S, Milner MR, Kriketos AD, Baur LA, Bogardus C, Storlien LH, (1995). Skeletal muscle
membrane lipid composition is related to adiposity and insulin action. J Clin Invest 96, 2802-2808.

Rezzi S, Ramadan Z, Fay LB, Kochhar S, (2007). Nutritional metabonomics: applications and perspectives.
J Proteome Res 6, 513-525.

12



47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Ryan M, Mclnerney D, Owens D, Collins P, Johnson A, Tomkin GH, (2000). Diabetes and the
Mediterranean diet: a beneficial effect of oleic acid on insulin sensitivity, adipocyte glucose transport and
endothelium-dependent vasoreactivity. Qjm 93, 85-91.

Santanasto AJ, Glynn NW, Newman MA, Taylor CA, Brooks MM, Goodpaster BH, Newman AB, (2011).
Impact of weight loss on physical function with changes in strength, muscle mass, and muscle fat
infiltration in overweight to moderately obese older adults: a randomized clinical trial. J Obes 2011.

Shah SH, Crosslin DR, Haynes CS, Nelson S, Turer CB, Stevens RD, Muehlbauer MJ, Wenner BR, Bain
JR, Laferrere B et al., (2012). Branched-chain amino acid levels are associated with improvement in insulin
resistance with weight loss. Diabetologia 55, 321-330.

Smilowitz JT, Wiest MM, Watkins SM, Teegarden D, Zemel MB, German JB, Van Loan MD, (2009).
Lipid metabolism predicts changes in body composition during energy restriction in overweight humans. J
Nutr 139, 222-229.

Sumner LW, Mendes P, Dixon RA, (2003). Plant metabolomics: large-scale phytochemistry in the
functional genomics era. Phytochemistry 62, 817-836.

van Dijk SJ, Feskens EJ, Bos MB, Hoelen DW, Heijligenberg R, Bromhaar MG, de Groot LC, de Vries JH,
Muller M, Afman LA, (2009). A saturated fatty acid-rich diet induces an obesity-linked proinflammatory
gene expression profile in adipose tissue of subjects at risk of metabolic syndrome. Am J Clin Nutr 90,
1656-1664.

Van Gaal LF, Mertens IL, De Block CE, (2006). Mechanisms linking obesity with cardiovascular disease.
Nature 444, 875-880.

Walsh MC, Brennan L, Malthouse JP, Roche HM, Gibney MIJ, (2006). Effect of acute dietary
standardization on the urinary, plasma, and salivary metabolomic profiles of healthy humans. Am J Clin
Nutr 84, 531-539.

Warensjo E, Ohrvall M, Vessby B, (2006). Fatty acid composition and estimated desaturase activities are
associated with obesity and lifestyle variables in men and women. Nutr Metab Cardiovasc Dis 16, 128-136.
Warensjo E, Riserus U, Vessby B, (2005). Fatty acid composition of serum lipids predicts the development
of the metabolic syndrome in men. Diabetologia 48, 1999-2005.

Weckwerth W, Morgenthal K, (2005). Metabolomics: from pattern recognition to biological interpretation.
Drug Discov Today 10, 1551-1558.

Witham MD, Avenell A, (2010). Interventions to achieve long-term weight loss in obese older people: a
systematic review and meta-analysis. Age Ageing 39, 176-184.

Xie B, Waters MJ, Schirra HJ, (2012). Investigating potential mechanisms of obesity by metabolomics. J
Biomed Biotechnol 2012, 805683.

Zong G, Ye X, Sun L, Li H, Yu Z, Hu FB, Sun Q, Lin X, (2012). Associations of erythrocyte palmitoleic
acid with adipokines, inflammatory markers, and the metabolic syndrome in middle-aged and older

Chinese. Am J Clin Nutr 96, 970-976.

13



180 R?=0.247

2160 o P=0.030
< 140
= 120
2 100
E 80
s 60
g
0

-8 -6 -4 -2 0 2
% Body fat change

Figure 1. Association between baseline FA C16:1 serum values and % of body fat change in response to the 8-

week energy restriction intervention (n=19).

FA: fatty acid.
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Table 1. General characteristics of the study population (n=22) at baseline and at the end of the dietary
intervention (8 weeks).

Baseline 8 weeks P-value
Age (years) 60 £5
Female sex. % (n) 68.2% (15)
Anthropometric variables
Weight (kg) 76.8 +10.3 714 +8.6 <0.001
BMI (kg/m?) 207+20 276+19 <0.001
Waist circumference (cm) 92.7+7.5 87.7+6.9 <0.001
Total fat mass (kg) 30.6£5.1 264 +£53 <0.001
Lean mass (kg) 434 +9.7 424+94 <0.001
Other variables
Systolic Pressure (mmHg) 1269 +223 118.1 +13.8 ns
Diastolic Pressure (mmHg) 793 +8.8 72.6+9.2 0.004
Pedometer (steps/day) 12447 + 6835 11562 + 5558 ns

Data are expressed as means + SD. P-values were based on paired t-test.
BMI: body mass index; SD: standard deviation.



Table 2. Biochemical parameters of the study population (n=22) at baseline and at the end of the dietary

intervention (8 weeks).

Baseline 8 weeks P-value
Glucose (mg/dL) 95272 91.9+8.2 0.046
Total Cholesterol (mg/dL) 240 + 37 212 +23 <0.001
HDL-col (mg/dL)* 553 +10.6 473+80 <0.001
LDL-col (mg/dL) 165.6 +32.7 1478 £21.7 0.006
Triglycerides (mg/dL) 952+338 86.5+39.5 ns
NEFA (ug/ml) 138.7+52.6 1155+38.5 ns
Total proteins (g/L) 68.8 £33 669+42 0.034
Alanine aminotransferase (U/L) 22.8+7.0 19.8+53 0.017
Aspartate aminotransferase (U/L) 227+6.5 19.1 4.7 0.002

Data are expressed as means + SD. P-values were based on paired t-test or Wilcoxon test. HDL-c: high-density
lipoprotein cholesterol; LDL-c: low-density lipoprotein cholesterol; NEFA: non-esterified fatty acids; SD:

standard deviation.

* P-value based on non-parametric Wilcoxon test compared the two time points of the study.
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Table 3. Fatty acid composition of serum samples (n=19) taken at baseline and at the end of the dietary

intervention (8 weeks).

Fatty acid (ug/ml) Baseline 8 weeks P-value
SFAs 1783.8 + 588.7 1449.8 +£520.8 0.002
Myristic acid (C14:0)* 68.16 = 40.72 49.51 +£26.46 <0.001
Pentadecanoic acid (C15:0) 7.07 £2.41 6.95+2.73 ns
Palmitic acid (C16:0)* 1097.44 £ 47992  901.69 + 381.39 <0.001
Heptadecanoic acid (C17:0) 8.80 £2.77 7.69 +3.55 ns
Stearic acid (C18:0) 566.26 +220.57 452.94 + 166.59 0.003
Arachidic acid (C20:0) 8.45 +4.39 8.31+3.26 ns
Behenic acid (C22:0) 12.65 +£4.36 11.30 +£4.37 ns
Tricosanoic acid (C23:0) 5.67+2.03 496 +2.06 ns
Lignoceric acid (C24:0) 930 +3.88 645 +2.24 0.003
MUFAs 2011.6 +497.1 1765.6 £ 528.5 0.001
Palmitoleic acid (C16:1) 78.17 £32.88 6347 +£25.53 ns
Oleic acid (C18:1n9¢)* 1902.75 £488.09 1676.62 +532.75 <0.001
Cis-11 Eicosenoic acid (C20:1) 8.69 +£6.22 643 +2.77 0.046
Nervonic acid (C24:1) 2198 £ 11.16 19.08 £ 8.10 ns
PUFAs 2367.5 +383.0 1901.2 +391.9 ns
Polyunsaturated w-6 2204.6 +383.9 1775.6 £393.3 <0.001
v-Linolenic acid (C18:3n6) 8.67+4.12 8.16 £5.19 ns
Linoleic acid (C18:2n6¢c)* 1548.39 + 126442 + 361.06 <0.001
Arachidonic acid (C20:4n6)* 551.88 +172.93 446.62 + 128.99 0.004
Cis-8,11,14-Eicosatrienoic acid (C20:3n6) 90.27 £39.12 52.23 £25.69 <0.001
Cis-11,14-Eicosadienoic acid (C20:2n6) 536290 4.15+2.67 0.017
Polyunsaturated -3 1629 +61.0 125.6 +27.0 0.007
Cis-5,8,11,14,17-Eicosapentaenoic acid (C20:5n3) 7893 +51.24 58.83 £26.27 ns
Cis-4,7,10,13,16,19-Docosahexaenoic acid (C22:6n3)’ 84.01 +£49.22 66.81 +34.26 0.004
Ratio w-6/ m-3 153+62 149 +5.1 ns
C16 A9- desaturase® 0.088 = 0.060 0.079 £0.036 ns
C18 A9- desaturase® 397245 422 +2.20 ns
A6- desaturase® 0.006 = 0.002 0.007 £ 0.005 ns
A5- desaturase® 7.48 +4.08 10.00 +4.35 0.023
Elongase’ 0.60 +0.29 0.54+0.19 ns

Data expressed as mean + SD. P-values were based on paired t-test or Wilcoxon test.

MUPFAs: monounsaturated fatty acids; PUFAs: polyunsaturated fatty acids; SFAs: saturated fatty acids; SD:

standard deviation.

“ P-value based on non-parametric Wilcoxon test compared the two time points of the study. "C16 A9-
desaturase = (C16:1/C16:0); °C18 A9-desaturase (C18:1n-9/C18:0); ¢ A6-desaturase = (C18:3n-6/C18:2n-6); ©

A5-desaturase = (C20:4n-6/C20:3n-6); "elongase activity C18:0/C16:0; PUFAs w-6 = C18:3n6 + C18:2n6c +

C20:4n6 + C20:3n6 + C20:2n6; PUFAs w-3 = C20:5n3 + C22:6n3.
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