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Abstract
Aims/Hypothesis: Amino-acid (AA) metabolic signatures differ in insulin resistant (IR) obese vs normal weight subjects, improve after weight loss, and appear to predict the risk of type-2-diabetes (T2DM). It is unknown if weight maintaining dietary measures aimed at influencing IR alter AA-signatures of high-risk subjects.
Methods: In the randomised controlled “Protein, Fiber and Metabolic Syndrome” (ProFiMet) trial we investigated effects of four isoenergetic, moderately fat-reduced diets varying in protein and cereal-fiber contents on complete AA metabolic signatures, in 76 group-matched overweight or obese high-risk subjects. We analysed the relation of whole-body and hepatic IR with AA-signatures, body fat composition and liver fat, after 0, 6 and 18-wk of dietary intervention. Discrimination between diets was further enhanced by providing tailored dietary supplements for twice daily consumption over 18-wk in all groups. 
Results: Baseline AA, including branched-chain (BCAA) signatures significantly related to IR, liver fat and visceral fat mass. Isoenergetic variation of protein and cereal-fiber dietary contents, but not fat restriction, significantly influenced IR, whereas the relation of AA with IR changed with all diets. The tryptophan ratio was significantly suppressed in obese vs overweight participants, but increased after 6-wk of high cereal-fiber intake to a non-obese phenotype. Modeling analyses revealed diet-induced alterations of complex AA-profiles to relate to 70% and 62% of changes in whole-body and hepatic IR. 
Conclusions/Interpretation: We demonstrate that relatively short-term isoenergetic changes in the diet significantly alter the relation of AA-signatures with IR, with possible implications on the determination and treatment of diabetes risk. 
Trial registration: Clinicaltrials.gov as NCT00579657


The development of type 2 diabetes (T2DM) in high-risk obese subjects can be determined by fasting AA profiles, and especially the branched-chained AA (BCAA) metabolic signature (1-3). High postabsorptive AA concentrations appear to increase the risk of developing T2DM at least four-fold and are elevated up to 12 years before the onset of the disease (3). 
Weight loss potently improves IR (4) and also partially reverses altered AA and BCAA signatures of obese subjects back to normal, although tryptophan, a precursor of the neurotransmitter serotonin that competes with several AA for transport into the brain, regulating ingestive behavior, remains suppressed (5-7). Causal relationships have been suggested and may involve: disruption of insulin signaling via activation of the mammalian target of rapamycin (mTOR)/serine kinase 6-1 (S6K1) pathway (8,9), impaired BCAA catabolism under concomitant high-fat intake (10), and resistance of the protein anabolic response to insulin in the obese state (11). 
It is unknown whether AA metabolic signatures of high-risk subjects can be modulated by changing the macronutrient composition and cereal-fiber contents of a diet. Here, we report an analysis from the randomised controlled isoenergetic “Protein, Fiber and Metabolic Syndrome” (ProFiMet) intervention (12), investigating baseline and diet-induced changes of complete AA and BCAA metabolic signatures and their relation to body composition, liver fat content, and whole-body and hepatic IR. 

Subjects and Methods

Study population Data are from the ProFiMet dataset (clinicaltrials.gov, NCT00579657) (12). The Ethics Committee of the University of Potsdam approved the study (BMBF FKZ 0313826) and participants had given written informed consent. Plasma for the analysis of AA metabolic signatures was available at all study days in 76 of the eligible participants. Changes in body weight or physical activity during the intervention, or intake of drugs known to influence IR were pre-defined exclusion criteria (clinicaltrials.gov, NCT00579657). Participants were characterized using oral glucose tolerance tests (oGTT) prior to the study (Table 1). All participants were overweight (BMI ≥25 but < 30 kg/m², n=35) or obese (BMI ≥30 kg/m², n=41). Baseline characteristics of group-matched participants are presented in Table 1.
Dietary intervention
Participants were randomly allocated to one of four moderately fat reduced (30% of energy content) diets varying in protein and cereal-fiber content and group-matched for age, sex, waist circumference, BMI and drug intake.  All four diets were isoenergetic and based on assumed healthy foods. In the high-protein (HP)-group, high fat animal-protein sources were restricted.  Protein, carbohydrates and cereal fiber intake per 1000 kcal/d were set at 15%, 55%, and 15 g for controls; at 15%, 55%, and 20 g for the high cereal-fiber (HCF) group; at 25–30%, 40–45%, and 15 g for HP; and at 20–25%, 45–50%, and 15–20 g for the MIX-group, who consumed a diet both rich in protein and cereal-fiber, but to a more moderate extent than the HP and HF-groups. To further enhance discrimination between diets, supplements were given to the participants in 4 lots containing 63 portions each at weeks 0, 3, 6 and 12 respectively, for twice daily consumption throughout the 18-wk intervention. 
AA contents of the dietary supplements are presented in the Supplemental Data.
During the first 6-wk of the dietary intervention, participants weighed all foods and gave information on processing, cooking and brand names. Biomarkers in blood, urine, feces and breath indicated that participants were largely successful in reaching their dietary targets, with a moderate drop in dietary adherence under prolonged dietary intervention from 6-wk when less intense supervision was provided (12). 
Body Composition and Liver Fat Content
Magnetic resonance imaging for the measurement of visceral and subcutaneous adipose tissue were performed on a 1.5 T whole-body imager (Magnetom Avanto, Siemens Healthcare, Erlangen, Germany) (12). Proton magnetic resonance spectroscopy (1H-MRS) was used for the measurement of hepatic lipid content (12,13). Anthropometric measurements were performed by trained staff, using standard methods.
Whole-body and Hepatic Insulin Sensitivity
Euglycemic-hyperinsulinemic clamps for the measurement of whole-body IR were performed in the overnight fasted state in all participants, at wk 0, 6, and 18 (n = 228 experiments, n = 17–20 participants/group and study day). Tracer experiments for the measurement of endogenous glucose production (EGP) were performed in a matched subset of participants (n = 143 experiments, n = 9–11 participants/group and study day). Hepatic IR (HEP-IR) was calculated as EGP multiplied by fasting plasma insulin (FPI) (14). HOMA-IR was additionally used to allow comparison with results from previous studies that have not used clamp and tracer techniques for the measurement of IR in this context (3,10).

Postabsorptive plasma free amino acid (AA) concentrations 
Blood samples were drawn between 07:30 and 08:45 from a forearm vein, after a 10-hour overnight fast. Plasma was immediately chilled, separated by centrifugation (10 min, 4 °C, 2000 x g), frozen within 30 min of blood collection and stored at -80°C. Plasma free AA and urea concentrations were measured by high-performance liquid chromatography (HPLC; System Gold, Beckman Instruments GmbH, Munich, Germany) (15,16). Details are given in the Supplemental materials. All analyses were performed in random order and in a blinded fashion.
Statistical analyses
All data are given as means ± SEM. Significance was defined as P < .05. ANOVA and t-tests were used to compare study sub-groups, with multiple comparison adjustments if required.  Repeated measures ANOVA and mixed linear model analyses for repeated measures were used for longitudinal comparison between dietary groups and time at wk- 0, 6 and 18, with corrections for sphericity applied.  K-means cluster analysis was used to divide the cohort into two homogeneous groups, based on visceral and non-visceral fat measurements.  Forward stepwise regression and Spearmen correlation tests were used to generate one-to-one relationships between AA concentrations and measures of IR. Multivariate analysis techniques (Principle Component Analysis (PCA) and Partial Least Squares Regression (PLSR) were used to identify combinations of AA and measures of IR (performed in Matlab version R2012a, The Mathworks Inc, Natick, Massachusetts). All other analyses were performed using SPSS version 19 (SPSS Inc., Chicago, IL),

Results

Baseline characteristics
Table 1 depicts baseline data (wk-0) of the group matched participants. Apart from the matched parameters, there were also no significant differences between dietary groups in subcutaneous, abdominal and liver fat contents; and measures of IR (Table 1). 
AA metabolic signatures at baseline
Postabsorptive plasma AA and BCAA concentrations were statistically not significantly different between the group-matched participants (see Table 3 in Supplemental Materials).  
Baseline differences in AA signatures and IR between overweight and obese subjects
Glutamic acid, cysteine and leucine significantly differed at baseline between overweight (BMI ≥25 but <30 kg/m², n=31) and obese subjects (BMI ≥30 kg/m², n=38) (Figure 1A). Marked differences in various AA and BCAA were found when dividing the cohort according to liver fat content (n=41 and 28,Figure 1B) or visceral fat mass (n=43 and n=25; Figure 1C). In contrast, when splitting the cohort according to non-visceral fat mass effects (n=38 and n=30) were moderate, as observed when partitioning according to BMI, with only cysteine and taurine differing (Figure 1D). 
M-value (4.70 ± 1.19 vs 3.92 ± 1.84 mg∙kg−1∙min−1, P = .025), HOMA-IR 1.67 ± 0.65 vs 2.26 ± 1.26, P = .010, HEP-IR 10.12 ± 7.84 vs 14.81 ± 9.62, P = .016, and EGP (1.67 ± 0.16 vs 1.59 ± 0.19 mg∙kg−1∙min−1, P = .039) were significantly different between overweight and obese subjects. 
Diet-induced changes in AA-related metabolic signatures
One way ANOVA with time (0, 6, and 18-wk) as the distinguishing factor showed significant diet-induced differences between the dietary sub-groups in postabsorptive concentrations of 10 of the AA, including all BCAAs (all P < .05); see column Pt in (Table 2).
When investigating the interaction between treatment period and dietary intervention, using mixed linear models for repeated measures, only isoleucine showed a statistically significant effect of time and diet (P = .05), which was lost after post-hoc correction.
Diet-induced effects on the Tryptophan ratio
The tryptophan-ratio (ratio of tryptophan to the sum of its large neutral AA competitors for uptake in the brain, which include BCAA, phenylalanine and tyrosine) was significantly suppressed in obese vs overweight subjects (.088 ± .002 vs .103 ± .003, P = .001) but comparable between matched dietary groups at baseline (P = .69). The depressed baseline tryptophan-ratio in obese subjects consuming the HCF-diet significantly improved after 6-wk of dietary intervention (from .085 ± .005 to .090 ± .005, P = .042), but decreased back to the baseline level (.082 ± .005, P = .03) after 18-wk. No significant changes were apparent in the other dietary groups. 
Diet-induced effects on IR and body composition
Mixed-model analysis for repeated measures showed a treatment x time interaction for M-value (0–18-wk: P = .005). Whole-body IR was comparable between groups at baseline (P = .62) but significantly improved by 21% with HCF and reduced by 8% with HP-diet after 6-wk (ANOVA, treatment x time interaction: P = .010; HCF vs HP, P = .006, after Bonferroni correction). After 18-wk, differences in IR were attenuated (P = .053). Changes of M-value were not significant in the control (+3%; P = .65) and MIX-groups (+11%, P = .151). Fasting EGP was comparable at baseline (P = .31) and significantly increased in the HP-group by 6% after 6-wk (P = .035); and by 10% after 18-wk (P = .01). Neither HOMA-IR nor HEP-IR showed significant diet-induced effects. 
Body weight showed minor changes, with a mean reduction of 0.31 kg after 6-wk (wk-0, 87.36 ± 1.35 vs wk-6, 87.04 ± 1.35 kg, P = .02) and no relevant further change after 18-wk (87.19 ± 1.39 kg, P > .44 vs both wk-6 and wk-0); with no significant differences between groups (all P > 0.2: Supplementary Table 3). 
Correlation Analyses 
At baseline, several plasma AA negatively correlated with M-value (proline, glycine, phenylalanine, and lysine), and positively with HOMA-IR (again proline, glycine, and phenylalanine). Comparing the changes in correlations over the intervention showed unexpected changes in all subgroups (Figure 2). Clear reductions, and even reversal in correlations were observed at 6-wk across all groups, with further changes after 18-wk.
Significant correlations of BCAA with all measures of IR were seen at baseline. All BCAA negatively correlated with M-Value and positively correlated with HOMA-IR and HEP-IR. Surprisingly, when repeating the same analyses after 6-wk of dietary intervention, these correlations disappeared, with only glutamic acid and glycine remaining correlated with M-value. Instead, several new relationships occurred, with glutamine and histidine negatively correlating with HOMA and HEP-IR, whereas urea and serine correlated negatively with HEP-IR only. However, at 18-wk, correlation patterns tended to resemble wk-0. Once again, BCAA showed strong correlations with all four indices. In addition, methionine correlated significantly with all indices, and tryptophan with all but M-value.  If applying Bonferroni multi-comparison correction, significant correlations would reduce to asparagine and HEP-IR (Control), citrulline and HOMA-IR (HF) and tyrosine and HOMA-IR at wk-0; proline and HOMA-IR at wk-6; and ornithine and HOMA-IR at wk-18. 
Postabsorptive AA signature for determination of IR
Linear Regression
Stepwise regression analyses provided significant results for M-value, HEP-IR, and EGP indices. For M-value, glycine, glutamic acid, alanine, BMI and a constant were selected by the stepwise process, resulting in an explanation of 58% variation of M-value on the wk-0 dataset (R2 = .58, P < .001). In comparison, when BMI alone was used in the regression equation, only 12% of the variation was explained (p=0.001). Some predictive capacity was observed at wk-18 (R2 = .31, P < .001), but not at wk-6 (R2= .03, P = .17). 
For HEP-IR, a linear combination of isoleucine, glutamic acid, tryptophan, and glutamine was identified, explaining 53% of the variation (R2 = .53, P < .001) on the wk-0 data set, but it performed poorly under the dietary intervention (6-wk: R2 = .03, P = .27; 18-wk: R2 = 0.02, P = .78). 
The regression process did not provide a consistent selection of variables for HOMA-IR. 


Principle Component Analysis
PCA on the AA data from wk-0 (pooling the four dietary subgroups) resulted in 6 significant principle components, which explained 70% of the total variance in the AA data, the principle component accounting for 32%. This principle component was primarily loaded by the BCAAs isoleucine (.86), valine (.85) and leucine (.82), with methionine (.72), phenylalanine (.76), and tryptophan (.70) further contributing and the remainder of the AA variable loadings being ≤ 0.4. If this analysis was repeated on wk-6, valine was lost as a significant loading factor (.85 to -.02). Arginine was increased (.23 to .70) at 6-wk, becoming significant on the principle component. When applied to the 18-wk profiles, the same components as at 0-wk were selected. 
Correlating the principle components against the IR measures yielded highly significant results for M-value, HOMA-IR, and HEP-IR for wk-0 (M-value, R = -.40; HOMA-IR, R = .37; HEP-IR, R = .28; all P < .001) and 18-wk (HOMA-IR, R = .41; HEP-IR, R = .40; and M-value, R = .39, all P < .001), but as seen previously not at 6-wk. Correlations with EGP were small and insignificant at all weeks. The new components identified by PCA were used for regression equations, resulting in 4 linear equations with moderate values for the determination of variability (M-Value: R2 = .42, P < .001; HOMA: R2 = .28, P < .001; HEP-IR: R2=.36, P < .001; EGP: R2 = .17, P = .12).
PCA analyses of sub-groups during dietary intervention
PCA analyses for dietary subgroups were performed at 6-wk, when most pronounced differences were seen compared to the wk-0 data set. Separating the data set increased the total explained variance for each set (control: 85%, HP: 81%, HCF: 85%, and Mix: 87%). The principle components for the control, HCF, and MIX-diets contained a cluster of AA, as seen in the combined datasets (e.g. BCCAs, methionine, phenylalanine, and tryptophan), with the principle component describing most of the variability (control: 50%; HCF: 50%, and MIX: 39%). However, for the HP-group the explained variance was distributed across several components, between 16% and 8%. For the HP-group, the principle components contained isoleucine and leucine (total variance 16%), but valine was excluded. However, valine and glycine significantly contributed to the fourth component (total variance 9%). 
Partial Least Squares Regression (PLSR)
PLSR was performed using each of the response variables against the data collected at wk-0, 6, and 18. Analyses were performed iteratively, using a maximum of 24 components. Using all components resulted in excellent determination of variance values between data and simulated output, with further improved determination of IR after 6-wk and 18-wk (M-Value, R2 = .77; HOMA, R2 = .75; HEP-IR, R2 = .68; EGP, R2 = .70; all P < .001). Given the size of the data-set, 24 components might be considered as over-fitting. Therefore, by choosing the number of components that minimized the mean squared error of the residuals of the fitted vs. observations, a smaller regression equation with five components was created. Despite this reduction in variables, excellent determination of variance was maintained (Figure 3). PLSR produced an improved measure based purely on AA concentrations, by incorporating information about the relationship between the AAs in conjunction with the variability of the response variables. A feature of PLSR is that it is difficult to identify which of the AA were responsible for the variation. However, variable weights revealed strong modulation on BCCAs, methionine, lysine, and histidine (Figure 4). Unlike standard PCA, in PLSR glutamic acid, glycine, and ornithine further contributed to the principle regressed components. Due to the limited sample size it was not feasible to conduct separate analyses on the dietary subgroups. 

Discussion
AA and especially the BCAA metabolic signatures correlate with BMI (5) and simple basal estimates of IR such as HOMA-IR (10). Furthermore, AA signatures appear to predict the risk of developing T2DM in subjects matched for age, BMI and fasting glucose levels (3). 
Here, we measured complete postabsorptive AA and BCAA metabolic signatures in extensively characterized overweight or obese subjects at high risk of developing T2DM. We then group-matched participants according to age, sex, BMI, waist circumference and drug intake, and exposed them to 18-wk of moderately fat reduced but isoenergetic diets differing in cereal-fiber and protein content (12). Strikingly, correlations of AA metabolic signatures with IR were significantly modified in all four dietary groups, in the absence of any changes in body weight or body fat composition. This included the control group, where all measures of IR remained unaffected by the dietary intervention, therefore arguing against the assumption that the here observed diet-induced modulation of AA signatures was exclusively driven by changes in IR and as such circulating plasma insulin levels (5). Changes in body weight were minimal in this isoenergetic intervention (- 0.3 kg between wk-0 and wk-6 and stable from wk-6, with no difference between dietary groups). Our analyses suggest that regulation of the AA metabolic signature can be achieved in the absence of weight loss, with potential implications on the use of AA signatures for the determination of diabetes risk (1,3). By using an isoenergetic approach, known satiating effects of HP-diets with consequent weight loss were taken out of the equation, thereby reflecting the most common outcome in longer term nutritional interventions in humans (3,17).
Moreover, cereal-fiber intake, both alone or in combination with HP, diminished correlations of AA with IR and was associated with marked improvement of whole-body IR in the HCF-group, possibly related to interference of cereal fibers with the absorption or digestion of dietary protein and subsequent inhibition of activation of the mammalian target of rapamycin/S6 kinase 1 (mTOR/S6K1) signalling pathway (12). Our findings also suggest that relatively short-term moderate fat restriction alone is sufficient to significantly modulate the AA metabolic signature. Thorough assessment of dietary habits should be included in future related studies. 
In all four dietary groups, AA metabolic signatures again significantly changed after 18-wk and were more similar to the baseline profiles. Metabolic adaptation to sustained changes in the diets, as well as a modest drop in dietary adherence and particularly to reduced fat intake may contribute explaining this phenomenon. 
Another novel finding of our study was that the previously reported relation of AA signatures with BMI (18) was mainly driven by high intra-abdominal fat mass including liver fat content, rather than body weight or BMI per se. When separating overweight from obese subjects using the traditional cutoff in BMI of 30 kg/m2, AA metabolic signatures moderately differed at baseline, with comparable effects when separating the cohort according to non-visceral, mainly subcutaneous fat mass. However, when clustering the cohort according to liver fat content (19) or excessive visceral fat, differences in AA and BCAA profiles were striking and closely matched the expected aggravated IR in more obese subjects. These results indicate that excess intra-abdominal fat mass and liver fat contribute to determine the observed changes in AA metabolic signatures in the obese, more insulin resistant state. 
We further demonstrate that simply to obtain estimates of IR such as fasting glucose and HOMA-IR (20) remained unaffected by our dietary intervention. In contrast,  whole-body IR as measured using euglycemic hyperinsulinemic clamps and reflecting the maximally stimulated state (20) impressively changed after 6-wk, with a significant difference of 29% of IR between the HP and HCF-groups. Given that euglycemic clamps and tracer techniques were not carried out in previous related studies, it cannot be excluded that subjects matched according to BMI and fasting glucose, as done e.g. in the study of Wang and colleagues (3), may have shown differences in IR in the maximally stimulated state, thereby possibly explaining the strong prediction of T2DM by AA metabolic signatures. 
We also show that individual AA concentrations were only limited successful to determine IR, with the selected AA (isoleucine, glutamic acid, tryptophan, glutamine, glycine, and alanine) not being consistent across the selected indices. In contrast, using analyses that considered AA combination, either in terms of postabsorptive variation (PCA), or additional variation in the IR indices (PLSR), all indices were well described by the new equations, and similar AA were identified as those highlighted by Newgard (10). These included all BCAA, and several additional AA, most notably methionine, lysine, and arginine. Combined, these results suggest interaction of various AA in complex subgroups, rather than single AA, as the main driving factors for altered AA profiles in the IR state. 
Finally, we demonstrate that high cereal-fiber intake improved the suppressed tryptophan ratio of obese subjects in the absence of weight loss, with possible favorable effects on the regulation of appetite and food intake (6,7) and perhaps representing another novel aspect that could contribute explaining beneficial effects of HCF diets on IR and diabetes risk (21,22). 
Combined, our results suggest that diet-induced alteration of IR could be, in part, related to changes in AA metabolism. A relevant influence of diet-induced changes in dominant groups of the gut microbiota, covering some 80% of the total human microbiota, was not evident in the current setting (23). Increasing protein intake increases AA flux to muscle and fat cells, possibly resulting in increased protein turnover with changes in plasma AA and BCAA patterns, and substrate competition with glucose (24). Therefore, AA induced IR might be a consequence of decreased use of glucose as a substrate, which was reflected by increased EGP and a trend to increased lean body mass by ~0.3 kg, in exchange for fat mass in the HP-diet. Potential diet-induced differences in AA catabolism may further contribute to explain our findings (10,25,26). We further advance previous work, both in humans (3,5,10,11) and animal models (10,27), by measuring dietary effects on a complete AA metabolic signature, and using an array of gold standard methods for the measurement of IR. 
Limitations of our study include the lack of information about postprandial increases in circulating AA, although feeding studies in humans suggest that the HP-diet in our intervention was sufficient to lead to marked increases in AA during at least a 6-h postprandial period (28). Furthermore, information about diet-induced changes of acylcarnitines, recently suggested intermediates in mitochondrial BCAA catabolism (10), were not available. However, dietary effects on acylcarnitines in the mentioned study in mice were observed with high fat feeding only (10), whereas in our study fat intake was restricted. Finally, the cohort only contained Caucasian subjects, reducing the applicability to other ethnicities.



In conclusion, in the context of a moderately fat reduced diet, and strict adherence to the respective diet, modulation of the AA and BCAA metabolic signatures can be achieved in the absence of weight loss, by varying the dietary protein and cereal-fiber contents. This was associated with marked changes of IR, with implications on the use of AA metabolic signatures for the assessment of diabetes risk; and possibly contributing to the observed changes of IR. 
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TABLE 1
Baseline characteristics of subjects; comparison between dietary subgroups was performed using one-way ANOVA, with diet as the discriminating factor (mean ± S.E.M). 

	Characteristics of participants
	Control
	HCF 
	HP
	MIX 
	P-value

	Matched variables
	
	
	
	
	

	Age (years)
	55.4±1.6
	54.2±2.9
	56.8±1.9
	55.9±1.8
	0.85

	Sex (no.)
	
	
	
	
	0.98

	     Female
	13
	12
	13
	13
	

	      Male
	7
	5
	7
	6
	

	Waist circumference (cm)
	100.2±1.8
	99.6±1.9
	101.2±2.5
	97.1±2.3
	0.58

	BMI (kg/m2)
	30.7±0.7
	31.2±0.7
	31.4±0.8
	30.0±0.5
	0.54

	Lipid lowering and/or antihypertensive drugs
	11/20
	9/17
	8/20
	6/19
	0.43

	Further characteristics
	
	
	
	
	

	Weight (kg)
	85.4±2.1
	89.6±2.7
	89.5±3.1
	83.2±2.4
	0.23

	Height (m)
	1.67±0.02
	1.69±0.02
	1.69±0.02
	1.66±0.02
	0.67

	Fat mass (kg)
	34.1±1.4
	36.0±1.5
	35.8±2.2
	32.3±1.6
	0.40

	Lean mass (kg)
	51.2±2.2
	53.4±2.7
	53.7±2.3
	50.8±2.1
	0.74

	VAT (l)
	4.2±0.4
	3.9±0.4
	4.5±0.4
	3.8±0.5
	0.60

	NVAT (l)
	14.9±0.7
	16.1±0.8
	16.1±1.4
	13.9±1.1
	0.40

	Liver fat (%)
	9.9±2.8
	7.7±2.0
	5.2±1.0
	8.3±2.5
	0.45

	Insulin sensitivity
	
	
	
	
	

	M-value (mg∙kg−1∙min−1)
	4.2±0.4
	3.9±0.4
	4.3±0.4
	4.7±0.3
	0.62

	HEP-IR (mg∙kg−1∙min−1)
	16.1±1.8
	14.2±1.4
	13.3±1.8
	14.9±2.0
	0.82

	HOMA-IR
	2.1±0.2
	1.8±0.2
	2.0±0.2
	1.8±0.2
	0.65

	EGP (mg∙kg−1∙min−1)
	1.61±0.03
	1.64±0.05
	1.45±0.03
	1.53±0.08
	0.31

	Glucose metabolism (oGTT)
NGM/PGM
	
8/20
	
11/17
	
8/20
	
12/19
	
0.24

	
Blood pressure (mm Hg)
	
	
	
	
	

	     Systolic
	142±3
	148±5
	135±4
	141±3
	0.16

	     Diastolic
	93±3
	96±3
	90±3
	91±3
	0.48

	RQ
	0.77±0.02
	0.74±0.01
	0.78±0.01
	0.79±0.02
	0.26

	REE (ckal/day)
	1452±48
	1514±64
	1515±57
	1360±57
	0.18

	Cholesterol 
	
	
	
	
	

	   Total (mmol/L)
	5.0±0.2
	5.3±0.2
	5.1±0.3
	5.5±0.2
	0.41

	   HDL (mmol/L)
	1.3±0.0
	1.4±0.1
	1.2±0.1
	1.5±0.1
	0.08

	   LDL (mmol/L)
	3.3±0.2
	3.4±0.2
	3.3±0.2
	3.5±0.2
	0.79

	Triglycerides (mmol/L)
	1.0±0.1
	1.2±0.1
	1.2±0.1
	1.1±0.2
	0.66

	Free fatty acids (mmol/L)
	0.63±0.05
	0.76±0.08
	0.68±0.05
	0.61±0.04
	0.24

	HbA1c (%)
	5.0±0.1
	5.1±0.1
	5.1±0.1
	5.2±0.1
	0.56

	Biomarkers of protein intake
	
	
	
	
	

	Urine nitrogen/creatinine ratio
	8.4±0.5
	8.0±0.4
	8.2±0.9
	7.8±0.5
	0.88

	Fecal isovalerate (mmol/L)
	3.5±0.6
	2.7±0.3
	3.2±0.3
	2.9±0.3
	0.57


Abbreviations: HCF, high-cereal fibre diet; HP, high-protein diet; Mix, mixed diet; VAT, visceral adipose tissue; NVAT, non-visceral abdominal adipose tissue; HEP-IR, hepatic insulin resistance; HOMA-IR, homeostasis model assessment for insulin resistance; oGTT, oral glucose tolerance test; NGM, normal glucose metabolism; PGM, pathologic glucose metabolism, which includes impaired fasting glucose, impaired glucose tolerance, or both; RQ, respiratory quotient; REE, resting energy expenditure; HDL, high density lipoprotein; LDL, low density lipoprotein

TABLE 2 
Changes in plasma amino acid (AA) concentrations, and plasma taurine, for the four dietary intervention groups. Results for plasma AA concentrations are given in μmol/L (mean ± SE), with the exception of plasma urea, which is given in mmol/l to conserve space. Fecal isovaleric acid was used as a biomarker for protein intake (29) and is given in mmol/l. All P-values show significance of difference between observation points (week 0, 6 and 18); all P values are unadjusted for multi-comparison correction. Under Bonferroni correction, the pooled comparison of urea, aspartic acid, citrulline, valine, cysteine, leucine and lysine (column Pt, ANOVA repeated measure) would retain significance.

	
	Control (N=21)
	High-fibre (N=19)
	High-protein (N=22)
	Mixed (N=19)
	Ptc
	

	Amino Acid
	Week 0
	ΔaWeek 6
	ΔaWeek 18
	Pwb
	Week 0
	ΔaWeek 6
	ΔaWeek 18
	Pwb
	Week 0
	ΔaWeek 6
	ΔaWeek 18
	Pwb
	Week 0
	ΔaWeek 6
	ΔaWeek 18
	Pwb
	N=70
	

	Urea
	4.7±0.3  
	0.01±0.2
	0.2±0.2
	0.64
	3.8 ±0.4
	0.9±0.5
	1.0±0.5
	0.16
	4.7±0.3
	1.5±0.5
	1.0±0.4
	0.01
	4.7±0.3
	0.7±0.3
	0.6±0.3
	0.05
	0.00
	

	Aspartic acid
	4.9±0.2
	-0.5±0.3
	-0.6±0.3
	0.19
	4.8±0.3
	-0.3±0.4
	-0.8±0.3
	0.12
	5.2±0.2
	-0.9±0.3
	-0.8±0.4
	0.07
	4.5±0.2
	0.1±0.5
	-0.6±0.2
	0.25
		0.00
	

	Threonine
	101.8±4.2
	0.11±4.9
	1.8±4.4
	0.93
	110.1±5.6
	-4.4±5.7
	2.9±5.8
	0.55
	112.5±4.9
	73.6±72.9
	62.3±51.7
	0.56
	117.2±7.2
	11.5±6.6
	13.9±8.1
	0.23
	0.47
	

	Serine
	89.2±4.0
	-2.7±3.4
	5.1±2.4
	0.08
	86.2±4.3
	1.3±3.6
	2.5±2.8
	0.81
	90.4±3.2
	-5.0±2.5
	-2.3±2.4
	0.23
	89.1±4.3
	0.8±2.6
	5.1±2.3
	0.17
	0.04
	

	Asparagine
	36.2±1.0
	-0.02±1.6
	1.0±1.5
	0.81
	39.3±1.8
	1.2±1.5
	1.4±1.6
	0.69
	40.0±1.6
	-0.7±1.2
	-0.8±1.0
	0.78
	40.4±1.5
	0.5±1.5
	2.4±2.2
	0.50
	0.53
	

	Glutamic acid
	52.5±3.8
	1.2±3.6
	.9.3±3.6
	0.06
	46.4±4.0
	3.6±4.7
	1.3±4.1
	0.77
	50.3±3.2
	0.9±3.9
	1.0±3.7
	0.97
	44.6±5.2
	6.7±3.6
	6.7±4.3
	0.26
	0.11
	

	Glutamine
	466.6±13.0
	-30.2±17.2
	-22.1±22.8
	0.41
	462.8±15.7
	21.8±17.4
	24.5±18.1
	0.43
	456.6±27.8
	-5.7±27.3
	5.0±28.0
	0.95
	428.8±33.0
	44.8±25.4
	28.6±26.7
	0.33
	0.89
	

	Proline
	174.6±9.3
	8.7±9.6
	-2.4±6.4
	0.47
	179.0±7.9
	11.5±7.9
	8.0±8.6
	0.47
	179.0±10.0
	7.2±9.2
	13.3±10.7
	0.52
	165.6±10.7
	16.1±7.4
	19.3±9.6
	0.13
	0.09
	

	Glycine
	216.6±15.4
	-0.4±11.9
	1.5±5.4
	0.98
	190.3±11.0
	-6.4±16.0
	9.5±9.3
	0.57
	193.0±8.9
	-11.9±5.2
	-10.9±7.5
	0.22
	205.6±14.4
	-5.8±7.7
	-4.5±7.2
	0.78
	0.51
	

	Alanine
	300.5±12.7
	142.9±145.6
	-1.0±13.1
	0.39
	324.0±20.8
	6.0±16.5
	6.3±16.1
	0.93
	303.2±17.2
	-9.1±13.2
	20.8±17.3
	0.24
	284.3±14.1
	6.4±16.1
	21.7±14.0
	0.45
	0.49
	

	Citrulline
	48.5±1.4
	-1.7±1.9
	3.8±1.9
	0.04
	49.8±2.0
	0.8±2.5
	4.8±1.7
	0.12
	52.1±2.1
	-2.4±2.0
	-0.3±2.2
	0.55
	49.4±2.2
	0.9±4.1
	4.4±1.7
	0.45
	0.00
	

	Valine
	200.9±7.5
	2.3±9.2
	21.2±6.2
	0.04
	200.9±9.6
	13.9±9.0
	19.8±6.4
	0.09
	208.1±8.4
	4.0±7.2
	6.8±9.5
	0.78
	198.5±12.2
	17.1±8.6
	16.9±9.0
	0.17
	0.00
	

	Cysteine
	51.6±2.3
	1.7±2.2
	7.6±1.9
	0.01
	53.1±2.3
	2.5±2.0
	3.6±1.4
	0.19
	54.2±2.3
	0.5±1.4
	3.2±1.7
	0.16
	48.9±2.0
	4.1±1.6
	7.1±1.4
	0.00
	0.00
	

	Methionine
	23.3±0.8
	-0.8±1.1
	0.1±0.9
	0.66
	24.1±1.3
	1.5±1.0
	1.1±0.8
	0.35
	24.0±1.1
	-0.8±0.8
	0.2±0.7
	0.49
	22.8±0.8
	1.3±0.6
	2.2±1.7
	0.31
	0.33
	

	Isoleucine
	51.7±2.6
	-1.1±2.4
	2.7±1.9
	0.30
	48.3±2.9
	8.0±3.0
	7.0±2.7
	0.04
	52.7±2.6
	-0.8±1.7
	-1.0±2.2
	0.89
	48.5±3.1
	3.3±1.8
	7.7±3.8
	0.10
	0.04
	

	Leucine
	104.8±6.3
	6.5±8.4
	17.8±6.5
	0.13
	110.9±6.1
	11.2±4.9
	15.0±4.6
	0.02
	117.0±5.2
	1.2±3.9
	0.04±4.7
	0.96
	108.2±6.3
	8.0±3.7
	15.1±6.0
	0.04
	0.00
	

	Tyrosine
	56.1±2.4
	-0.8±2.6
	3.6±1.7
	0.20
	59.6±3.1
	2.6±2.7
	5.3±2.9
	0.28
	59.6±3.6
	-1.8±2.9
	2.9±3.2
	0.41
	56.3±6.0
	4.6±1.9
	47.0±35.5
	0.22
	0.09
	

	Phenylalanin
	50.5±1.4
	-2.8±2.3
	1.2±1.7
	0.23
	52.6±2.0
	1.9±1.4
	2.4±1.3
	0.27
	53.0±1.3
	0.3±1.2
	-0.005±1.4
	0.98
	48.4±1.4
	2.6±1.5
	4.7±1.9
	0.07
	0.11
	

	Histidine
	68.9±1.8
	3.2±3.5
	8.1±3.2
	0.12
	66.7±5.0
	10.2±5.4
	13.13±5.0
	0.08
	75.0±4.4
	-4.8±4.0
	-2.5±4.8
	0.66
	71.8±2.9
	9.9±3.4
	7.9±3.6
	0.04
	0.03
	

	Tryptophane
	43.5±1.8
	-2.4±2.3
	2.9±2.3
	0.16
	43.8±1.7
	2.5±1.8
	1.0±1.5
	0.42
	44.0±1.7
	-0.02±1.9
	-0.1±1.7
	1.00
	45.0±2.4
	1.1±1.7
	1.3±1.7
	0.77
	0.43
	

	Ornithine
	46.8±1.9
	0.4±2.2
	2.3±1.3
	0.53
	47.1±2.1
	2.1±2.9
	1.8±2.0
	0.73
	52.3±2.4
	-5.1±1.8
	-3.2±3.0
	0.20
	46.1±3.1
	-0.4±1.8
	1.2±2.4
	0.80
	0.60
	

	Lysine
	144.4±3.6
	3.5±6.4
	14.0±3.9
	0.07
	145.4±9.1
	7.4±6.4
	13.7±6.6
	0.20
	156.8±8.1
	16.3±8.4
	13.5±6.9
	0.15
	144.2±8.0
	10.8±4.7
	18.0±6.6
	0.03
	0.00
	

	Arginine
	60.7±2.4
	-0.7±2.9
	3.5±1.8
	0.29
	65.7±3.7
	0.5±3.7
	1.9±3.9
	0.90
	64.7±3.4
	-3.4±2.3
	-1.1±2.8
	0.53
	62.2±3.5
	2.0±3.0
	3.8±3.1
	0.56
	0.29
	

	Taurine
	58.9±2.9
	-1.7±4.0
	3.5±3.6
	0.49
	62.9±2.7
	-0.7±4.0
	-1.2±3.9
	0.97
	60.1±3.4
	0.6±3.6
	-2.5±2.5
	0.65
	59.4±3.4
	-5.8±2.5
	-3.9±2.5
	0.15
	0.68
	

	Fecal isovaleric acid
	3.5±0.6
	-0.6±0.6
	-0.2±0.9
	0.72
	2.7±0.3
	-0.3±0.2
	0.4±0.3
	0.06
	3.2±0.3
	1.0±0.4
	1.1±0.5
	0.05
	2.9±0.3
	0.6±0.3
	0.6±0.5
	0.34
	0.18
	


a Δ is the change from week 0
b Pw denotes the p-value for significant changes from baseline levels at week 0, within a single dietary subgroup.
c Pt is the p-value from a one way ANOVA of repeated measures (weeks 0, 6 and 18) of each AA, when protein and fibre contents of the dietary intervention were ignored (i.e. all subsets are pooled into a single cohort), thus focussing on the effects of isoenergetic restriction of dietary fat to 30% of energy intake, which was comparable in all 4 dietary group







FIGURE 1 

One-way ANOVA comparison of amino acid (AA) signatures between overweight (white bars) and obese (black bars) subjects, as defined by four separate measures: a) Body mass index (obese, BMI > 30 vs overweight, BMI ≤ 30 kg/m2), b) Intra-hepatic lipid (IHL) content (liver fat > 5.56 vs ≤ 5.56%) (19) , c) Visceral adipose tissue (VAT, fat volume > 4.70 vs ≤ 4.70 L); and d) Non-visceral adipose tissue (NVAT, fat volume, mainly comprised of subcutaneous fat >15.75 vs ≤15.75 L). As cut-offs for c) and d) could not be obtained from literature, group means were calculated via k-means clusters, assuming two clusters a priori, with subjects ascribed to each group based on a simple (Euclidean) distance measure. In all cases the group with the greatest value for the characteristic (e.g. obese, or IHL > 5.56%) is represented by a black bar, the other group by a white bar. 
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FIGURE 2
Correlation plots of amino acids (AA) and insulin resistance (IR) markers, separated by dietary intervention and respective observation points at 0, 6, and 18-wk of dietary intervention.  On presentation at baseline (wk-0), similar patterns were observed across matched subjects. After 6-wk of dietary intervention, the magnitude of the correlations was significantly reduced across all sub-groups, and in several cases the trend was reversed. Further changes were seen between wk-6 and wk-18, with correlations after 18-wk tending to reverse to the baseline signatures and probably reflecting both metabolic adaptation to sustained changes in the diet, and an expected mild drop in dietary adherence, as assessed in the HP group using biomarkers of protein intake. The bar to the right of each graph quantifies the respective correlation values. Red indicates strong positive correlations, and blue indicates strong negative correlations. All correlations are shown, irrespective of statistical significance: (A) control group wk-0; (B) control group wk-6; (C) control group wk-18; (D) HCF group wk-0; (E) HCF group wk-6; (F) HCF group wk-18; (G) HP group wk-0; (H) HP group wk-6; (I) HP group wk-18; (J) MIX group wk-0; (K) MIX group wk-6; and (L) MIX group wk-18. 


FIGURE 3
Regression plots showing results of Partial Least Squares Regression (PLSR) analyses, using five principle components against the four insulin resistance (IR) markers. a) M-value, b) HOMA-IR, b) Hepatic Insulin Resistance (HEP-IR= EGPxFPI) and c) Endogenous Glucose Production (EGP). PLSR was performed using the SIMPLS method, on the amino acid (AA) concentrations and IR markers after 18 weeks of dietary intervention. In all cases five principle components yielded the minimum error between observed and fitted values. The data used contained obese and overweight subjects, without dietary intervention sub-grouping. Outliers were not removed. All co-efficients of variation (r2) were highly significant (P<0.001).



FIGURE 4 
Partial Least Squares Regression (PLSR) weights for the first four components, when of M-value was used as the response variable.  PLSR transforms the original data set to a new set of components, by considering variation in amino acids (AA) and insulin resistance (IR) expressed as M-value. The vertical axis denotes the weight applied to the normalized AA concentrations that is applied to transform to an alternative component. The horizontal axis lists the respective AA. In each group column 1 - component 1; column 2 – component 2; column 3– component 3; column – component 4.





