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16 Abstract
17 Aims/hypothesis Branched-chain amino acids (BCAAs) and aromatic amino acids (AAAs) are associated with type 2 diabetes.
18 However, repeated measurements of BCAA/AAA and their interactions with dietary interventions have not been evaluated. We
19 investigated the associations between baseline and changes at 1 year in BCAA/AAA with type 2 diabetes in the context of a
20 Mediterranean diet (MedDiet) trial.
21 Methods We included 251 participants with incident type 2 diabetes and a random sample of 694 participants (641 participants
22 without type 2 diabetes and 53 overlapping cases) in a case-cohort study nested within the PREvención con DIeta MEDiterránea
23 (PREDIMED) trial. Participants were randomised to a MedDiet+extra-virgin olive oil (n = 273), a MedDiet+nuts (n = 324) or a
24 control diet (n = 295). We used LC-MS/MS to measure plasma levels of amino acids. Type 2 diabetes was a pre-specified
25 secondary outcome of the PREDIMED trial.
26 Results Elevated plasma levels of individual BCAAs/AAAs were associated with higher type 2 diabetes risk after a median
27 follow-up of 3.8 years: multivariable HR for the highest vs lowest quartile ranged from 1.32 for phenylalanine ([95% CI 0.90,
28 1.92], p for trend = 0.015) to 3.29 for leucine ([95% CI 2.03, 5.34], p for trend<0.001). Increases in BCAA score at 1 year were
29 associated with higher type 2 diabetes risk in the control group with HR per SD = 1.61 (95% CI 1.02, 2.54), but not in the
30 MedDiet groups (p for interaction <0.001). TheMedDiet+extra-virgin olive oil significantly reduced BCAA levels after 1 year of
31 intervention (p = 0.005).
32 Conclusions/interpretation Our results support that higher baseline BCAAs and their increases at 1 year were associated with
33 higher type 2 diabetes risk. A Mediterranean diet rich in extra-virgin olive oil significantly reduced the levels of BCAA and
34 attenuated the positive association between plasma BCAA levels and type 2 diabetes incidence.
35 Clinical trial number: SRCTN35739639 (www.controlled-trials.com)
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54 Introduction

55 Leucine, isoleucine and valine are branched-chain amino
56 acids (BCAAs) that are derived from the diet and vital for
57 normal growth and function at the cell and organism levels
58 [1]. High-throughput techniques for metabolomic profiling
59 have identified BCAAs as potential biomarkers for type 2
60 diabetes risk [2]. Elevated levels of plasma BCAAs have been
61 associated with obesity, insulin resistance, impaired glucose
62 tolerance and type 2 diabetes [3, 4]. Similarly, baseline phe-
63 nylalanine and tyrosine are aromatic amino acids (AAAs) as-
64 sociated with higher risk of incident type 2 diabetes [5].
65 In a meta-analysis [6], we reported positive associations
66 between elevated plasma or serum levels of BCAA and
67 AAA with higher type 2 diabetes risk. The pooled RR per
68 SD of each amino acid ranged from 1.26 (95% CI 1.10,
69 1.44) to 1.36 (95% CI 1.24, 1.48) [6]. However, none of these
70 studies or subsequent studies [7–13] used repeated measure-
71 ments of these amino acids over time nor evaluated how die-
72 tary interventions can influence changes in the levels of these
73 plasma amino acids and risk of type 2 diabetes. This more
74 dynamic assessment is important because a decreased uptake
75 and an increased release of amino acids from skeletal muscle
76 can also be a consequence of increased protein catabolism
77 with underlying insulin resistance [14]. Alternatively, circula-
78 ting amino acids may disrupt signalling in the liver and ske-
79 letal muscle and may directly promote insulin resistance or
80 promote the destruction of pancreatic beta cells and eventually
81 lead to the onset of type 2 diabetes [4].
82 In this study we tested the following four hypotheses in a
83 case-cohort study of participants, without type 2 diabetes at base-
84 line, nested within the PREvención con DIeta Mediterránea
85 (PREDIMED) trial: (1) baseline plasma levels of BCAA and

86AAA are positively associated with higher type 2 diabetes risk;
87(2) increases in these amino acids at 1 year are associated with a
88higher subsequent risk of type 2 diabetes; (3) a Mediterranean-
89style diet (MedDiet) can attenuate the positive association bet-
90ween BCAAs/AAAs and type 2 diabetes; and (4) a MedDiet
91intervention of one year duration is able to reduce the plasma
92levels of these amino acids.

93Methods

94Our study was nested, as an unstratified case-cohort study,
95within the PREDIMED study (www.predimed.es), a Spanish
96primary cardiovascular disease prevention trial using a
97Mediterranean diet as the main intervention. The methods
98and design of PREDIMED were previously reported in detail
99elsewhere [15]. Briefly, 7447 participants (men aged 55 to
10080 years and women aged 60 to 80 years) were randomly
101allocated to three equally sized groups: (1) a MedDiet supple-
102mented with extra-virgin olive oil (EVOO); (2) a MedDiet
103supplemented with mixed nuts or (3) a control diet where
104participants were advised to reduce the intake of all types of
105fat. The recruitment took place across 11 recruiting centres
106between 2003 and 2009 and the study was stopped early in
107July 2011 when a preplanned interim analysis provided early
108evidence of significant benefits for the two MedDiets.
109Participants were selected for the PREDIMED trial because
110they had either type 2 diabetes or had three or more major
111cardiovascular risk factors. In the full PREDIMED cohort,
1123541 participants did not have type 2 diabetes at baseline.
113Among them, we observed 273 incident cases of type 2 dia-
114betes, a pre-specified secondary outcome of the PREDIMED
115trial. Participants who were randomised to the MedDiet+

•

•

•

•

•
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116 EVOO (or bothMedDiets combined) had a significantly lower
117 risk of type 2 diabetes compared with the control group [16].
118 In the present study we performed additional metabolomic
119 measurements in a subpopulation of the PREDIMED trial.
120 Specifically, this case-cohort study comprises a random selec-
121 tion of 694 participants without diabetes (approximately 20%)
122 from the eligible volunteers of the PREDIMED cohort who
123 were free of diabetes at baseline and had available plasma
124 samples, together with all incident cases of type 2 diabetes
125 that occurred during a median of 3.8 years of intervention
126 (samples were unavailable for 22 out of the 273 participants
127 with incident type 2 diabetes occurring in the PREDIMED
128 trial; Fig. 1). Of the 892 participants included in our analyses,
129 251 were incident cases of type 2 diabetes and 641 (plus 53
130 overlapping participants) were selected from the random 20%
131 subcohort. In addition, 663 participants (505 without diabetes
132 and 158 cases that occurred after 1 year of follow-up) had
133 follow-up samples at 1 year and were included in the ‘1 year

134increases’ analyses. The Research Ethics Committees for each
135of the recruitment centres approved the study protocol and all
136participants provided written informed consent.

137Covariate assessment At baseline and at yearly follow-up
138visits, a questionnaire about lifestyle variables, educational
139achievement, personal history of illnesses, medication use and
140family history of disease was administered. Physical activity
141was assessed using the validated Spanish version of the
142‘Minnesota Leisure-Time Physical Activity’ questionnaire
143[17]. Participants were considered to have hypercholestero-
144lemia or hypertension if they had previously been diagnosed
145and/or they were being treated with cholesterol-lowering or
146antihypertensive agents, respectively. Trained personnel
147ascertained anthropometric and blood pressure measurements.

148Study samples and metabolite profiling Fasting blood sam-
149ples were collected at baseline and yearly thereafter during

Original PREDIMED study

Cohort: 3541 participants without T2D at baseline  

(273 incident cases)

Selected for nested study 

Total n=914  

Random 20% subcohort n=694   

(including 53 of the 273 incident cases) 

Non-cases n=641  

Plus all incident cases n=273  

Participants included with metabolites 

measured at baseline 

Total n=892   

Subcohort n=694  

(including 53 of the 251 incident cases) 

Non-cases n=641  

22 incident cases without 

available plasma samples 

Participants included with metabolites 

measured at 1 year

Total n=663  

Subcohort n=541  

(including 36 of the 158 incident cases)  

Non-cases n=505  

229 not included in the 1 year change analysis: 

- 136 non-cases without available plasma 

samples 

-  70 cases without available plasma samples  

-  23 incident cases within the first year of 

follow-up 

Fig. 1 Flow chart showing the
case-cohort design. T2D, type 2
diabetes
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150 follow-up. After an overnight fast, plasma EDTA tubes were
151 collected and aliquots were coded and kept refrigerated until
152 they were stored at −80°C. In June 2015, pairs of samples
153 (baseline and first year visits from each participant) were ran-
154 domly ordered and shipped on dry ice to the Broad Institute
155 (Boston, MA, USA) for the metabolomic analyses. Amino
156 acids, acylcarnitines and other polar plasma metabolites were
157 profiled using liquid chromatography tandem mass spectro-
158 metry (LC-MS/MS) as previously described [18–20]. For fur-
159 ther details, please refer to the electronic supplementary ma-
160 terial (ESM) Methods.
161 Additionally, fasting glucose and insulin were determined
162 in plasma samples, both at baseline and 1 year. Glucose was
163 measured using an enzymatic method to convert glucose to 6-
164 phosphogluconate (ADVIA Chemistry Systems, Tarrytown,
165 NY, USA). The intra- and inter-assay coefficients of variation
166 were 1.2 and 1.6. Insulin concentrations were measured using
167 an immunoenzymometric assay (ADVIA Chemistry Systems)
168 with and intra- and inter-assay coefficient of variation equal to
169 3.7 and 4.4, respectively. Insulin resistance was calculated
170 using HOMA-IR (insulin resistance = fasting insulin × fasting
171 glucose/155.25, where insulin is in pmol/l and glucose is in
172 mmol/l).

173 Clinical assessment The PREDIMED protocol included type 2
174 diabetes as a pre-specified secondary endpoint of the trial
175 among participants initially free of diabetes. The adjudication
176 for new diagnoses of incident cases of type 2 diabetes during
177 follow-up was made in a blinded assessment conducted by the
178 Clinical Endpoint and Adjudication of Events Committee of
179 PREDIMED; an ad hoc panel of medical doctors, and is
180 described elsewhere [15, 16]. The criteria of the American
181 Diabetes Association [21], namely two confirmations of
182 fasting plasma glucose ≥7.0 mmol/l or 2 h plasma glucose
183 ≥11.1 mmol/l after a 75-g oral glucose load, were used to
184 adjudicate confirmed cases. Only confirmed cases were
185 included in the statistical analyses.

186 Statistical analysis Individual BCAA values were normalised
187 and scaled to multiples of 1 SD using the rank-based inverse
188 normal transformation [22]. We fitted weighted Cox regres-
189 sion models using Barlow weights to account for the over-
190 representation of participants with type 2 diabetes, as recom-
191 mended for case-cohort designs [23]. We calculated HR and
192 their 95% CIs for type 2 diabetes by quartiles of the amino
193 acids and also for each SD as a continuous variable. Follow-
194 up time was calculated from the date of enrolment to either the
195 date of diagnosis of type 2 diabetes or to the date of the last
196 visit or the end of the follow-up period for participants without
197 type 2 diabetes (1 December 2010). We fitted crude models
198 adjusting for age (years), sex, intervention group and multi-
199 variable models. All models were stratified by recruitment
200 centre. Multivariable-adjusted models were additionally

201adjusted for smoking status (never/current/former), bodymass
202index (BMI, kg/m2), leisure-time physical activity (metabolic
203equivalent task [MET]-min/day), hypertension and
204dyslipidaemia. In a secondary analysis, we additionally ad-
205justed for plasma glucose (adding a quadratic term to account
206for the departure from linearity) because blood glucose was
207likely to be not only a confounder but also an intermediate link
208in the causal pathway between BCAAs or AAAs and risk of
209type 2 diabetes. As an ancillary analysis, we additionally ad-
210justed for an acylcarnitine score calculated as the sum of raw
211values of all these metabolites and categorised as quartiles.We
212used a simple imputation method (using age, sex, BMI and
213waist circumference as predictors) to estimate baseline glu-
214cose in 15 participants with missing values from glucose.
215We calculated a baseline BCAA score as the sum of leu-
216cine, isoleucine and valine, and baseline AAA score as the
217sum of phenylalanine and tyrosine. We used the simple sum
218of normalised values of these metabolites.
219Quartile cut-off points for amino acids and their scores
220were generated based on the distributions of BCAAs among
221participants without diabetes. We conducted tests of linear
222trend by examining an ordinal score based on the median
223value in each quartile of BCAAs in the multivariable models.
224We conducted joint analyses and interactions tests for the
225BCAA or AAA score and the intervention groups (MedDiet+
226EVOO and MedDiet+nuts vs control group) both with base-
227line levels. We considered as the reference group those parti-
228cipants who were randomised to the MedDiet+EVOO and
229with low BCAA or AAA scores (<percentile 50). The likeli-
230hood ratio test was used to assess the significance of interac-
231tion between the intervention and the BCAA or AAA score.
232We also examined how changes in the individual amino
233acid levels at 1 year and the overall BCAA and AAA scores
234were associated with diabetes risk. We used only cases of type
2352 diabetes occurring after 1 year follow-up as an outcome in a
236multivariable-adjusted Cox regression model. With respect to
237individual metabolites, we first calculated the difference
238between baseline and levels at 1 year and then normalised this
239difference using the inverse normal transformation. For
240changes in the scores at 1 year, we summed changes in the
241three metabolites at 1 year and subsequently normalised their
242sum.We additionally categorised the change in amino acids at
2431 year into three groups: decrease, no change or increase. The
244‘no change’ category included changes lower than 1 SD, a
245‘decrease’ was considered as a reduction greater than 1 SD
246and an ‘increase’ was defined as an elevation greater than 1
247SD.We repeated the multivariable-adjusted Cox models using
248these three categories as the main exposure.
249We evaluated the association between the intervention
250group and changes in individual metabolites at 1 year or in
251the overall BCAA/AAA scores using a multivariable-adjusted
252ANOVA model. In this model, we adjusted for age (years),
253sex (male/female), BMI (kg/m2), smoking (never/current/
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254 former), leisure-time physical activity (MET-min/day),
255 dyslipidaemia, hypertension and baseline fasting glucose.
256 We also assessed whether the association between the in-
257 tervention group and changes in these metabolites at 1 year or
258 the overall scores were mediated by changes in insulin or
259 HOMA-IR. To assess this potential mediating effect, we first
260 performed a multivariable linear regression to test the associa-
261 tion between the intervention group and changes in insulin or
262 HOMA-IR at 1 year (using both insulin and HOMA-IR as
263 dependent variables). Second, we assessed the association
264 between the intervention group and changes in metabolites
265 at 1 year after additionally adjusting for insulin or HOMA-
266 IR. We excluded from these analyses participants with a diag-
267 nosis of type 2 diabetes during the first year of follow-up.
268 For the analyses assessing changes in HOMA-IR or in
269 insulin at 1 year, we used both complete case analyses and
270 multiple imputation methods to replace the values of insulin or
271 HOMA-IR in participants with missing data for these varia-
272 bles (n = 160). We used the multivariable normal method with
273 the command mi impute in Stata version 13.1 (Stata Corp.,
274 College Station, TX, USA) and we ran 20 sets of random
275 imputations. This method uses multivariate data augmentation
276 to impute missing values of continuous variables. Predictors
277 for imputing the missing values of insulin and HOMA-IR
278 were age, sex, BMI, waist circumference, baseline glucose
279 levels, incident diabetes status, group of intervention and
280 changes in leucine, isoleucine, valine, phenylalanine and ty-
281 rosine at 1 year, as recommended by methodologists [24].
282 Finally, we examined the association between changes in
283 HOMA-IR at 1 year with BCAA and AAA scores (quartiles)
284 adjusting for age, sex, intervention group, smoking status,
285 BMI (kg/m2), leisure-time physical activity (MET-min/day),
286 hypertension, dyslipidaemia and baseline plasma glucose. In a
287 second model we additionally adjusted for changes in BMI at
288 1 year. In these analyses, we excluded participants with type 2
289 diabetes diagnosed during the first year of follow-up.
290 All statistical analyses were performed using Stata version
291 13.1 (Stata Corp.).

292 Results

293 Participant characteristics Table 1 presents the characteristics
294 of participants included in our analyses according to whether
295 they developed type 2 diabetes during follow-up and accor-
296 ding to extreme quartiles of the amino acid scores. Cases of
297 type 2 diabetes were more likely to be current smokers, to
298 have hypertension and higher average BMI, waist circumfe-
299 rence and higher baseline blood glucose levels. The propor-
300 tion of women was also lower in cases than in participants
301 without diabetes.
302 Participants in the top quartile of the BCAA score (vs the
303 lowest quartile) were more likely to be men and current

304smokers. They also exhibited higher than average values of
305BMI, waist circumference and blood glucose. On the other
306hand, they were more physically active and younger.
307Differences between extreme quartiles of the AAA score were
308smaller, showing only significantly higher BMI and waist
309circumference.

310Baseline associations between BCAAs/AAAs and type 2 dia-
311betes Table 2 presents the associations between the baseline
312BCAA and AAA scores with the incidence of type 2 diabetes.
313The positive associations between each of the two baseline
314scores (BCAA and AAA) and the risk of incident type 2 dia-
315betes were statistically significant in the total sample and also
316in the control and MedDiet+EVOO groups. The positive
317association between baseline plasma levels of BCAA and type
3182 diabetes was considerably attenuated in the MedDiet+nuts
319groups. When we considered a 2 degree of freedom interac-
320tion (Table 2) or when we restricted our analyses to the com-
321parison between the MedDiet+EVOO vs the control group,
322the interactions were statistically significant. The interaction
323between the intervention with MedDiet+EVOO and the base-
324line BCAA score (1 degree of freedom, after removing from
325the analyses the MedDiet+nuts group) was also statistically
326significant in the most adjusted model (p = 0.013). We repea-
327ted the analyses additionally adjusting for quartiles of an
328acylcarnitine score and the results did not materially change
329(data not shown).
330Figure 2 shows the HR of incident type 2 diabetes across
331quartiles of baseline levels of each plasma amino acid. Each of
332the BCAAs and tyrosine was associated with a higher risk of
333incident type 2 diabetes, with significant linear dose-response
334trends. The weakest association was observed for phenylala-
335nine and the strongest for leucine.

336Effects of dietary intervention on BCAAs/AAAs and type 2
337diabetes Figure 3 shows the HRs for the joint effects of the
338intervention and the baseline plasma levels of the BCAA and
339AAA scores (dichotomised at their median) on the risk of type
3402 diabetes. In the BCAA score, the highest risk was found in
341the control group when baseline levels of BCAAwere higher
342than the median, with HR 2.04 (95% CI 1.29, 3.23) compared
343with the control group with baseline BCAA score below the
344median. A negative and significant association was found in
345the MedDiet+EVOO with baseline score below the median,
346both in the BCAA and AAA scores.
347The intervention with MedDiet+EVOO was associated
348with significant reductions in the average levels of the
349BCAA score after one year, not only with respect to baseline
350levels, but also in comparison with the control group (p =
3510.005; Fig. 4). Changes in individual amino acids according
352to intervention group are presented in ESM Fig. 1. After one
353year, the intervention with MedDiet-EVOO was associated
354with significant reductions in leucine and isoleucine.
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355 When we additionally adjusted for changes in HOMA-IR
356 or in insulin at 1 year (ESM Table 1), we observed that, after
357 one year, the intervention with the MedDiet+EVOO brought
358 about average reductions in SD of −0.21 (95% CI −0.37,
359 −0.05) and − 0.23 (95% CI −0.40, −0.07) in the overall
360 BCAA score after adjusting for HOMA-IR and insulin,
361 respectively. These reductions were also statistically signifi-
362 cant for each of the three individual BCAAs.
363 We found no effect of the interventions on changes in plas-
364 ma insulin after 1 year, with average changes in plasma insulin
365 of −0.97 (95% CI −10.92, 8.92) pmol/l and 2.76 (95% CI
366 −7.22, 12.75) pmol/l, for MedDiet+EVOO andMedDiet+nuts
367 respectively. Similarly, no significant effects were found for
368 changes in the HOMA-IR index after 1 year. The adjusted
369 mean changes after 1 year of intervention were − 0.26 (95%
370 CI −0.74, 0.21) for participants in the MedDiet+EVOO group

371and − 0.07 (95% CI −0.56, 0.41) for participants in the
372MedDiet+nuts group.
373We examined whether changes in amino acids after 1 year
374of intervention were related with the subsequent incidence of
375type 2 diabetes occurring after one year (Table 3). In the over-
376all sample, only for isoleucine was the increase after 1 year
377positively associated with the risk of type 2 diabetes.
378However, these analyses were conducted with only cases oc-
379curring after the first year (n = 158) and may have limited
380statistical power. We observed positive associations in the
381point estimates, but with wider confidence intervals than for
382baseline levels. We found some evidence suggesting that the
383associations between changes in amino acids after 1 year and
384type 2 diabetes were significantly stronger in the control rather
385than in the intervention groups. Increases in isoleucine and in
386the BCAA score after 1 year were positively associated with

Table 1 Baseline participant characteristics according to diabetic status and baseline scores of metabolites

By diabetes incidence By extreme quartiles of BCAA By extreme quartiles of AAA

Subcohorta Cases Q1 Q4 Q1 Q4

n 694 251 194 254 222 239

Age (years) 66.5 (5.7) 66.4 (5.7) 67.9 (5.4) 65.2 (5.7) 66.5 (5.8) 66.3 (5.6)

Sex (% women), 62.8 55.0 89.7 37.8 63.1 57.7

Intervention group, %

MedDiet+EVOO 30.7 29.9 30.9 32.3 33.3 30.1

MedDiet+nuts 37.2 33.9 38.7 36.2 36.0 37.2

Control 32.1 36.3 30.4 31.5 30.6 32.6

Hypertension, % 90.8 96.0 91.2 92.1 90.1 91.6

Dyslipidaemia, % 85.0 79.7 88.7 80.7 83.3 84.1

Smoking, %

Never 61.0 52.6 78.4 43.7 59.5 59.4

Former 22.6 22.3 11.34 28.4 23.0 22.6

Current 16.4 25.1 10.31 28.0 17.6 18.0

Waist circumference, cm 99.0 (10.7) 103.4 (10.0) 96.7 (10.5) 102.6 (9.2) 98.7 (10.4) 102.4 (10.2)

BMI, kg/m2 29.9 (3.6) 30.8 (3.3) 29.7 (3.8) 30.5 (3.2) 29.5 (3.6) 30.7 (3.6)

Physical activity, MET-min/day 238 (238) 249 (232) 206 (195) 253 (251) 258 (228) 231 (255)

Education, %

Elementary or lower 75.4 76.5 82.5 69.7 75.7 72.0

Secondary or higher 24.6 23.5 17.5 30.3 24.3 28.0

Total energy intake, MJ/d 9.53 (2.37) 9.74 (2.60) 8.99 (2.03) 10.01 (2.59) 9.66 (2.35) 9.67 (2.45)

Mediterranean dietb 8.6 (1.9) 8.5 (1.8) 8.6 (1.9) 8.5 (1.9) 8.6 (1.9) 8.4 (1.9)

Fasting glucose, mmol/l 5.5 (0.8) 6.5 (1.0) 5.6 (1.0) 6.0 (0.9) 5.8 (1.0) 5.8 (1.0)

Fasting insulin, pmol/lc 99.0 (48.8) 119.6 (68.6) 82.2 (38.4) 125.0 (59.7) 89.5 (47.8) 121.1 (65.8)

HOMA-IR indexc 3.6 (2.1) 5.1 (3.1) 3.0 (1.7) 4.8 (2.9) 3.4 (2.2) 4.7 (2.9)

Values are mean (SD) or percentages

BCAA score was calculated as a sum of levels at baseline of leucine, valine and isoleucine

AAA score was calculated as a sum of levels at baseline of phenylalanine and tyrosine
a 53 cases are included in the randomly selected subcohort
b This score is based on the 14-item PREDIMED screener of adherence to the Mediterranean diet
c Available only from 572 participants in the subcohort and 176 cases
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387 higher risk of type 2 diabetes only in the control group, but not
388 in the two MedDiet groups (p for the interaction <0.001).
389 When we categorised individual metabolites according to
390 levels of change (decrease/no change/increase), we observed a
391 higher risk of type 2 diabetes in participants with increases
392 after 1 year in comparison with those showing no relevant
393 changes (less than 1 SD) for isoleucine and in the overall
394 BCAA score, with HRs of 1.88 (95% CI 1.20, 2.96) and
395 2.01 (95% CI 1.27, 3.18), respectively (ESM Table 2). We
396 also observed a lower risk of type 2 diabetes in participants
397 with decreases in phenylalanine after 1 year in comparison

398with participants with no relevant changes (HR 0.55 [95%
399CI 0.33, 0.93]).
400Finally, increases in HOMA-IR after 1 year were positively
401associated with both BCAA and AAA scores (ESM Table 3).
402These associations were stronger in the control group than in
403MedDiet groups, but no significant interactions were observed
404between amino acid levels and intervention groups on
405HOMA-IR changes (p for interaction = 0.246 for BCAA score
406and 0.754 for AAA score). Correlations between changes in
407BCAAor in AAA scores after 1 year and increases in HOMA-
408IR after 1 year were 0.24 (p < 0.001) and 0.19 (p < 0.001),
409respectively.

410Discussion

411We observed that: (1) Baseline BCAA and AAA scores were
412associated with a higher risk of incident type 2 diabetes; (2)
413the intervention with the MedDiet+EVOO was inversely
414associated with type 2 diabetes in participants with lower
415baseline BCAA and AAA values (below the median); (3)
416increases in BCAAs after 1 year was associated with a higher
417risk of subsequently developing type 2 diabetes (during years
4182 to 7 of follow-up) only in the control group, but not in the
419active intervention groups, of the trial, with statistically sig-
420nificant interactions and (4) the intervention with the
421MedDiet+EVOO was associated with significant reductions
422in the overall BCAA score after 1 year.
423These findings suggest that a Mediterranean diet could
424mitigate the adverse effects of elevated plasma levels of
425BCAA and AAA on type 2 diabetes risk. Of particular
426interest, the MedDiet+EVOO was associated with lower risk
427of diabetes in participants with low baseline levels of BCAA
428and AAA and it was also able to reduce circulating levels of
429BCAA after 1 year. These findings may explain in part our
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430 previous finding that, among participants of PREDIMEDwho
431 were initially free of diabetes, the MedDiet+EVOO interven-
432 tion significantly reduced risk of type 2 diabetes [16]. Our
433 results are consistent with the findings from our systematic
434 review on metabolomics and type 2 diabetes [6], other recent
435 findings [5, 7–12, 25] and our previous observation on the
436 association between plasma levels of BCAA and incident car-
437 diovascular disease [26].
438 The most likely metabolic mechanism to explain the ob-
439 served associations is related to the activation by amino acids
440 of the mammalian target of rapamycin (mTOR)/S6 kinase 1
441 pathway [27]. Mendelian randomisation analyses have sug-
442 gested both the causal role of BCAA metabolism in the
443 aetiology of type 2 diabetes [25] but also that higher BCAA
444 levels are not likely to be a cause, but rather a consequence, of
445 insulin resistance [28]. Therefore, debate still persists on whe-
446 ther the BCAAs are actually causal factors for the development
447 of insulin resistance or merely fellow travellers, which never-
448 theless can be used as clinically useful biomarkers [1].
449 Elevated levels of BCAAs are known to activate mTOR
450 complex 1 (mTORC1) which leads to insulin resistance
451 through the phosphorylation of insulin receptor substrate 1
452 (IRS-1) [1, 29]. BCAAs stimulate the activation of the
453 redox-sensitive transcription factor NF-κB, resulting in the
454 release of pro-inflammatory molecules (interleukin-6, tumour
455 necrosis factor-α, intracellular adhesion molecule-1, CD40L)
456 and the migration of peripheral mononuclear blood cells [27].
457 These pro-inflammatory changes could contribute to the de-
458 velopment of insulin resistance. Furthermore, in mouse
459 models, 3-hydroxyisobutyrate (identified as a catabolic inter-
460 mediate of valine) acts as a paracrine regulator of trans-
461 endothelial fatty acid transport by activating the endothelial
462 transport of fatty acids and the uptake of these fatty acids, thus
463 leading to lipid accumulation in muscle and consequently to
464 insulin resistance [30].
465 In large prospective epidemiologic studies, a higher intake
466 of BCAAs has been significantly associated with a higher sub-
467 sequent risk of developing type 2 diabetes [31]. Randomised
468 dietary interventions (in weight-loss trials) showed that de-
469 creases in plasma tyrosine were associated with improvements
470 in insulin resistance independent of weight loss [32]. This
471 evidence, together with parallel results in obese children [33]
472 and evidence on BCAA-associated metabolic disorders in el-
473 derly participants [34], supports a causal role for BCAAs in the
474 development of insulin resistance and type 2 diabetes, inde-
475 pendently of weight change.
476 The present findings, based on a unique longitudinal as-
477 sessment with repeated measurements and a randomised in-
478 tervention, shed light on a potential role of BCAAs/AAAs in
479 the development of type 2 diabetes and the benefits of a high-
480 quality dietary pattern to modulate their adverse effects. In
481 fact, we showed for the first time the ability of an extra-
482 virgin olive oil-rich Mediterranean diet to decrease the levels

483of plasma BCAA in a randomised trial. These associations
484persisted after additionally adjusting for changes in insulin
485or HOMA-IR and this finding suggests that the effect of the
486MedDiet on BCAA levels is not likely to be importantly me-
487diated by changes in plasma insulin or in HOMA-IR.
488The strengths of our study include adjustment for multiple
489potential confounders within a well-characterised trial, toge-
490ther with the design of a case-cohort study, which retains
491randomisation, maximises the efficiency of a high-throughput
492metabolomic profiling and enables the extension of our results
493to the full cohort. Several limitations also deserve conside-
494ration. First, type 2 diabetes was a secondary endpoint and
495not the primary endpoint of the PREDIMED trial. Second,
496our results may not be generalisable to other populations be-
497cause all the study participants lived in a Mediterranean coun-
498try and were at high cardiovascular risk. Third, we cannot rule
499out residual confounding in our observational associations
500between BCAAs/AAAs (or their changes) and the risk of type
5012 diabetes.
502In conclusion, elevated baseline levels of BCAA and AAA
503as well as increase in these amino acids after 1 year were asso-
504ciated with higher risk of type 2 diabetes in a Mediterranean
505population at high cardiovascular risk. A Mediterranean diet
506supplemented with EVOO was able to reduce the levels of
507BCAA and attenuate the positive association between BCAA
508levels and type 2 diabetes incidence.
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