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ABSTRACT
Background: Epidemiological studies have shown that increased
circulating branched-chain amino acids (BCAAs) are associated with
insulin resistance and type 2 diabetes (T2D). This may result from
altered energy metabolism or dietary habits.
Objective: We hypothesized that a lower intake of BCAAs improves
tissue-specific insulin sensitivity.
Methods: This randomized, placebo-controlled, double-blinded,
crossover trial examined well-controlled T2D patients receiving
isocaloric diets (protein: 1 g/kg body weight) for 4 wk. Protein
requirements were covered by commercially available food sup-
plemented ≤60% by an AA mixture either containing all AAs or
lacking BCAAs. The dietary intervention ensured sufficient BCAA
supply above the recommended minimum daily intake. The patients
underwent the mixed meal tolerance test (MMT), hyperinsulinemic-
euglycemic clamps (HECs), and skeletal muscle and white adipose
tissue biopsies to assess insulin signaling.
Results: After the BCAA− diet, BCAAs were reduced by 17%
during fasting (P < 0.001), by 13% during HEC (P < 0.01), and by
62% during the MMT (P < 0.001). Under clamp conditions, whole-
body and hepatic insulin sensitivity did not differ between diets.
After the BCAA− diet, however, the oral glucose sensitivity index
was 24% (P < 0.01) and circulating fibroblast-growth factor 21 was
21% higher (P < 0.05), whereas meal-derived insulin secretion was
28% lower (P < 0.05). Adipose tissue expression of the mechanistic
target of rapamycin was 13% lower, whereas the mitochondrial
respiratory control ratio was 1.7-fold higher (both P < 0.05). The
fecal microbiome was enriched in Bacteroidetes but depleted of
Firmicutes.
Conclusions: Short-term dietary reduction of BCAAs decreases
postprandial insulin secretion and improves white adipose tissue
metabolism and gut microbiome composition. Longer-term studies
will be needed to evaluate the safety and metabolic efficacy in

diabetes patients. This trial was registered at clinicaltrials.gov as
NCT03261362. Am J Clin Nutr 2019;110:1098–1107.
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Introduction
Branched-chain amino acids (BCAAs) account for ∼20%

of total protein intake, are important for protein and glucose
metabolism, and are associated with insulin resistance in obesity
and type 2 diabetes (T2D) (1–3). Their increased plasma
concentrations predict impaired insulin signaling (4) and the
development of T2D in prospective studies (5–7). Short-term
intravenous infusion of amino acids (AAs) not only increases
insulin secretion, but also induces insulin resistance in humans,
likely due to activation of the mechanistic target of rapamycin
(mTOR) complex 1/ribosomal protein S6 kinase (p70S6K)
pathway (8–11).

Increased BCAA concentrations result from perturbed prote-
olysis in skeletal muscle (12), adipose tissue (13), and liver (14).
Because insulin inhibits protein breakdown, insulin resistance
may therefore also contribute to higher fasting BCAAs (15,
16). Finally, the microbiota can also alter protein degradation
and circulating BCAA concentrations (17). Animal models of
obesity exhibit less intestinal Bacteroidetes and correspondingly
more Firmicutes (18). However, data on the impact of dietary
BCAA modification on gut microbiome composition in humans
are lacking.

Overnutrition could also affect circulating BCAA
concentrations. Whereas diets enriched in either plant or animal
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protein rather increased peripheral insulin sensitivity (19), dietary
supplementation with essential AAs decreased glucose infusion
rates necessary during euglycemic clamp studies at different
degrees of insulinemia (20). Interestingly, ingestion of BCAA-
enriched whey protein increased postprandial insulinemia
without reduction of glycemia, suggesting decreased insulin
sensitivity (21). Moreover, acute whey protein supplementation
improved postprandial glycemia in lean, overweight and obese,
and T2D patients (22).

These findings raise the question of whether dietary reduction
of BCAAs would improve insulin sensitivity. In humans, 1
previous study on dietary protein reduction showed lower serum
BCAAs (23), but did not report metabolic effects. In mice, the di-
etary omission of leucine indeed improved glycemic control (11).

Thus, this study tested the hypothesis that a reduction of
dietary BCAAs increases whole-body insulin sensitivity. To
this end, we examined the effects of a controlled isocaloric
dietary reduction in BCAAs (BCAA−) on insulin sensitivity and
secretion in patients with T2D using the 2-step hyperinsulinemic-
euglycemic clamp (HEC) test with stable isotope dilution and
the mixed meal tolerance test (MMT). On a cellular level, we
assessed insulin signaling pathways and mitochondrial function
in skeletal muscle and white adipose tissue (WAT), as well as
intestinal microbiome composition. The primary outcome of this
study was whole-body insulin sensitivity in response to the HEC,
whereas the secondary outcome measures were insulin secretion,
insulin signaling, and microbiome composition.

Some data were presented as an abstract/poster at the 78th American
Diabetes Association, the 79th American Diabetes Association, and the 54th
European Association for the Study of Diabetes Annual Meeting in 2018 as
well as an oral presentation at the 53rd German Diabetes Association Annual
Meeting in 2018 and a poster presentation at the 54th German Diabetes
Association Annual Meeting in 2019.
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Methods

Patients

All participants (n = 12) gave written informed consent
before inclusion in the study (NCT03261362), consistent with
the Declaration of Helsinki and approved by the local ethics
board of Heinrich Heine University, Düsseldorf, Germany.
Inclusion criteria comprised 40–60 y of age; BMI 28–35
kg/m2; T2D treated with lifestyle modification, metformin, or
other oral glucose-lowering medication; and known disease
duration of ≤5 y. Exclusion criteria were smoking; acute or
chronic diseases including cancer; medications affecting the
immune system; antibiotics; regular endurance training >1 h/wk;
insulin; thiazolidinediones; glycated hemoglobin > 9.5% (80
mmol/mol); and a diabetes type other than T2D.

Study design

In a crossover double-blinded design, all participants, recruited
between May 2016 and June 2017, were randomly allocated
to a dietary intervention beginning either with the complete
set of AAs (BCAA+) or with a BCAA-reduced diet (BCAA−)
(Supplemental Figure 1). For this task, a reproducible code from
the program package in SAS version 9.3 (SAS Institute Inc.) was
used. The given number of analyzed participants allows detecting
large effect sizes (Cohen’s d = 1) of measures of whole-body
insulin sensitivity with a power ≥80% (24) and an α error rate
<5%.

At all visits, the study participants arrived at the Clinical
Research Center (CRC) in the morning after 10 h of overnight
fasting (Supplemental Figure 2). They were instructed to
refrain from any form of exercise for 3 d before the analyses.
Patients withdrew their oral glucose-lowering medication for
≥3 d before all measurements to exclude its acute effects
on glucose metabolism (25). Patients participated in a 4-wk
isocaloric dietary intervention with 55% carbohydrates, 30%
fat, and 15% protein uptake. The protein intake was kept
constant at 1 g/kg body weight (BW) for the entire period
of the study. During weeks 1 and 3, the protein intake was
covered by commercially available regular foods, whereas in
weeks 2 and 4 ∼60% of the protein intake was covered by
an AA-powder either containing all AAs (K-AM, Nutricia
Metabolics) or lacking BCAAs (ILV-AM3, Nutricia Metabolics)
dissolved in c.200 mL water at room temperature; the rest was
covered by commercially available regular foods. Powders were
indistinguishably packed and labeled by an external pharmacist
to ensure blinding of participants, care providers, and persons
involved in the assessment of outcomes. The individual daily
calorie intake was calculated using the basal metabolic rate
according to the Harris–Benedict formula—for males: basal
metabolic rate (in kcal) = 66.5 + (13.8 × BW in kg) + (5.0 ×
height in cm) − (6.8 × age in y) × physical activity level (PAL)
1.4; and for females: basal metabolic rate (in kcal) = 655.1 + (9.6
× BW in kg) + (1.9 × height in cm) − (4.7 × age in y) × PAL
1.4 (26, 27).

Monitoring of diet and exercise behavior

An experienced dietitian designed detailed individually
tailored nutritional protocols and supervised participants’ dietary
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behavior. Dietary protocols were analyzed using the Prodi
system [Prodi 6.3.0.1 (Nbase 3.60), Nutri-Science GmbH]. The
participants documented any deviation from these protocols,
which were adapted by nutritional advice. The intensive mon-
itoring ensured constant protein and correspondingly average
BCAA intake throughout the study period. BW changes had to
be <5%. The patients’ compliance was checked from serum AA
concentrations, measured in the fasted state at each visit, and
from urinary excretion of riboflavin (vitamin B-2), which had
been added to the AA powders as a dosage of 300 mg/d. Urine
samples were collected thrice—at baseline and at the end of each
of the 2 intervention weeks with/without AA supplementation—
over 24 h during the intervention to measure the concentration
of riboflavin by a fluorimetric assay (28) corrected for individual
creatinine concentrations. An exercise physiologist supervised
the physical activity behavior of participants. For monitoring,
3-axial acceleration sensors (move II, Movisens GmbH) were
attached to the participant’s waist above the right anterior
axillary line according to the manufacturer’s recommendations
and worn throughout the intervention. Steps and energy
expenditure were calculated with the Movisens DataAnalyzer
software (29).

MMT

To assess the acute effects of 1 MMT on top of 1 wk exposure
to a modified BCAA intake on insulin secretion, an MMT was
performed at the end of each intervention week (weeks 2 and 4).
These findings were referred to as “meal-induced.” After 10 h
overnight fasting, participants ingested a standardized liquid meal
(Duocal, Nutricia Metabolics), either containing the complete
set of AAs or being BCAA-free, within 2 min starting at zero
time. The meal size was adapted to the patients’ individual
energy requirements and corresponded to 25% of their estimated
daily energy requirement (30). Blood samples were taken at
minutes −10, −1, +10, +20, +30, +60, +90, +120, +180, and
+240 for measurements of glucose, insulin, C-peptide, free fatty
acids (FFAs), and triglycerides (TGs) to calculate incremental
AUCs (iAUCs), using the trapezoidal rule after subtracting the
basal (fasting) values (31). The oral glucose sensitivity index
(OGIS) was calculated from the MMT as described previously
(32). The PREDIcted M (PREDIM) index was computed from
the OGIS and MMT data and allows for nominal compari-
son with the HEC-derived M value as described previously
(33).

Tissue biopsies

The biopsies were obtained at the end of each interven-
tion period at the end of the MMT. For skeletal muscle
biopsies, the region above the vastus lateralis muscle was
anaesthetized by subcutaneous injection of 15 mL 2% li-
docaine. Thereafter, ∼70–200 mg tissue was obtained using
a modified Bergström needle with suction as described (8).
Adipose tissue biopsies were obtained in the paraumbili-
cal region at the level of the rectus abdominis muscle as
described (34).

High-resolution respirometry

Ex vivo analysis of mitochondrial oxidative capacity
was performed on permeabilized muscle fibers and isolated
mitochondria in a 2-chamber oxygraph (Oroboros Instruments)
as described previously (21). Maximal fatty acid oxidative
capacity (state 3) was measured using either octanoyl-carnitine
(50 μmol/L) and ADP (1 mmol/L) to assess β-oxidation–
linked respiration, or pyruvate (10 mmol/L), glutamate (10
mmol/L), ADP (1 mmol/L), and succinate (10 mmol/L) to assess
tricarboxylic acid cycle–linked respiration. Cytochrome C (10
μmol/L) was added to test the integrity of the outer mitochondrial
membrane. Respiration due to proton leak and not coupled to ATP
synthesis (state 4o) was measured after addition of oligomycin.
Finally, the maximal uncoupled respiration capacity of the
electron transport chain (state u) was assessed by incremental
titration with carbonyl cyanide p-[trifluoromethoxyl]-phenyl-
hydrozone (fccp) (0.1 mmol/L per step) and nonmitochondrial
respiration by adding 2.5 μM antimycin A. The respiratory
control ratio (RCR) and the leak control ratio (LCR), markers
of mitochondrial coupling and efficiency, respectively, were
calculated as the ratios of state 3:state 4o and state 4o:state u
respiration, respectively. A high RCR and low LCR indicate tight
coupling and high efficiency of mitochondrial function. Oxygen
consumption was normalized to adipose tissue wet weight or to
mitochondrial density assessed from a citrate synthase activity
assay (35).

Two-step HEC test

Patients arrived at the CRC at 0650 on the day of the clamp
test. A primed-continuous infusion {3.6 mg/kg [(free plasma
glucose in mg/dL)/90]} of D-[6,6-2H2] glucose (99% enriched,
Cambridge Isotope Laboratories) was started at 0700. At 0855,
the somatostatin infusion (0.1 μg · kg BW−1 · min−1) was
commenced, simultaneously with infusion of 20 mU · min−1 ·
m−2 (low-dose for 2 h, low clamp), followed by 40 mU · min−1

· m−2 (high-dose for 2 h, high clamp) of short-acting human
insulin (Insuman Rapid, Sanofi-Aventis) (36). Plasma glucose
was measured every 5 min and kept constant by a variable
intravenous glucose infusion (20% glucose, enriched in D-[6,6-
2H2] glucose). Insulin-stimulated whole-body glucose disposal
(M value: expressed as mg · kg BW−1 · min−1) was calculated
as described (37). M/I was calculated as the HEC-derived M
value adjusted for the prevailing insulin concentrations during
steady-state conditions. For measuring endogenous glucose
production (EGP), participants received a 20-min priming bolus
[0.36 mg · kg BW−1 · min−1 · fasting plasma glucose (mg/dL)]
of D-[6,6-2H2] glucose (99% enriched in 2H glucose; Cambridge
Isotope Laboratories) at −240 min, followed by a continuous
infusion (0.036 mg · kg BW−1 · min−1) (25).

Laboratory analyses

For analysis of AA concentrations, serum samples were
processed using the Phenomenex EZ:faast AA analysis kit
(Phenomenex) for GC-MS with norvalin and an isotopically
labeled AA mixture (Cambridge Isotope Laboratories) as internal
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standards (38, 39). AAs were analyzed on a Hewlett Packard
6890 gas chromatograph interfaced to a Hewlett Packard
5975 mass selective detector (Agilent Technologies). For the
analysis of arginine, serum samples were treated with arginase
(Creative Enzymes) for 20 min at 37◦C to convert arginine to
ornithine. Ornithine was then quantified after sample processing
as described above. Arginine concentration was calculated as the
difference of ornithine concentrations before and after arginase
treatment. The CVs for individual AAs ranged from 1.4%
to 5.1%.

Total LDL cholesterol, HDL cholesterol, TGs, and FFAs as
well as transaminases were measured on a Cobas c311 analyzer
(Roche Diagnostics) (25). Plasma fibroblast growth factor 21
(FGF21) concentrations were measured with the Human FGF21
Quantikine ELISA [R&D Systems (Bio-techne)] as described
previously (40).

Fecal microbiome composition

Stool samples were collected by the participants on the last
day of each intervention week and stored at −80◦C. Total
genomic DNA was extracted from 120 mg fecal material using
the QIAcube with QIAamp DNA mini kit (Qiagen) according to
the manufacturer’s instructions (41). Next-generation sequencing
was performed as described previously (42).

Western blot

Proteins were extracted from ∼30 mg frozen tissue (skeletal
muscle or WAT) and homogenized in 300 μL lysis buffer (25 mM
Tris-HCl), 1 mM EDTA, 150 mM NaCl, and 0.20% NP-40 with
protease (cOmplete Tablets, EASYpack, Roche Diagnostics)
and phosphatase (PhosSTOP, EASYpack, Roche Diagnostics)
inhibitors. Samples were shaken 3 times for 1 min at 20 Hz
in a Tissue Lyzer and centrifuged (16,000 × g for 15 min at
4◦C) to pellet insolubilized material, such as DNA, nuclei, and
unbroken cellular membranes. The concentration of the extracted
proteins was determined in the supernatant using the Bradford
Assay (Quick Start Bradford, Biorad) (43). Aliquots of 30 μg
total proteins were diluted 6 times with the loading buffer [0.35 M
Tris-HCl at pH of 6.8, 10% sodium dodecyl sulfate (SDS), 30%
glycerol, 0.6 M dithiothreitol, 0.175 mM Bromophenol Blue]
and then loaded onto an SDS-polyacrylamide gradient gel (4–
20% Mini-PROTEAN TGX Precast Protein Gels, Biorad). After
electrophoresis, a semidry blotting to a polyvinylidene difluoride
membrane was performed at 8 mA/cm2 for 1 h. After blocking
the membranes for 2 h at room temperature using the blocking
solution (5% milk in Tris-buffered saline-Tween), the membranes
were incubated with the primary antibodies diluted in blocking
solution in combination with the respective horseradish peroxi-
dase (HRP)-conjugated secondary antibodies: anti-rabbit 1:2500
for all the primary antibodies. The membranes were finally coated
with Immobilon Western Chemiluminescent HRP Substrate
(Millipore) and the proteins were detected using a Bio-Rad
ChemiDoc MP Imaging System in combination with the soft-
ware ImageLab 6.0.1 (Bio Rad Laboratories) for densitometric
analysis.

Primary antibodies were all purchased from Cell Signaling
Technology: phospho-AKT (Thr308) (9275) [pAKT (Thr308)];

TABLE 1 Study participants’ anthropometric and metabolic
characteristics1

Variables Values

n (men/women) 12 (8/4)
Age, y 54 ± 4
BMI, kg/m2 30.8 ± 2.8
HbA1c, mmol/mol 49 ± 10
HbA1c, % 6.6 ± 0.9
Fasting blood glucose, mg/dL 118 ± 8
Triglycerides, mg/dL 273 ± 245
Total cholesterol, mg/dL 224 ± 135
LDL cholesterol, mg/dL 145 ± 32
HDL cholesterol, mg/dL 45 ± 11
ALT, U/I 38 ± 14
AST, U/I 28 ± 6
GGT, U/I 48 ± 8
Total BCAAs, μmol/L 531 ± 98
Isoleucine, μmol/L 87 ± 25
Leucine, μmol/L 159 ± 35
Valine, μmol/L 285 ± 41

1Values are mean ± SD unless otherwise indicated. ALT, alanine
aminotransferase; AST, aspartate aminotransferase; BCAA, branched-chain
amino acid; GGT, γ -glutamyltransferase; HbA1c, glycated hemoglobin.

phospho-AKT (Ser473) (9271) [pAKT (Ser473)]; phospho-
p70S6K (Thr389) (70-kDa p70S6K) (9205) [p-p70S6K
(Thr389)]; phosphor-p70S6K (Thr421/Ser424) (70-kDa
p70S6K) (9204) [p-p70S6K (Thr421/Ser424)]; phospho-
mTOR (Ser2481) (2974) [pmTOR (Ser2481)]; and GAPDH
(2118) as the housekeeping protein. Data are expressed
in arbitrary units and normalized to the housekeeping
protein.

Statistical analyses

Data are presented as means ± SDs or percentages. Because
time sequence effects may cause systematic variations in the
outcomes of crossover studies, differences between treatment
effects were tested using the classical crossover test, which
compares the intraindividual period differences of the outcome
between the sequence groups (24). Variables with skewed
distributions were ln-transformed before analyses to approximate
normality. P values <5% were considered statistically significant
effects. All statistical analyses were performed using SAS version
9.4 (SAS Institute).

Results

Patients’ characteristics

All patients had near-normal glycemic control (Table 1) under
treatment with lifestyle modification (n = 6) or metformin
(n = 6). BW decreased similarly, by 1.7 ± 1.1 kg in the group
which first received the BCAA+ diet and by 1.2 ± 0.8 kg in
the group which first received the BCAA− diet, at the end of
the whole intervention period relative to BW at baseline. The
change in BW relative to baseline after the dietary intervention
was <2% (both P < 0.05) in both groups and not different
between the groups. Total energy expenditure (2621 ± 516 kcal/d
under BCAA+ compared with 2576 ± 483 kcal/d under BCAA−)



1102 Karusheva et al.

and steps (6340 ± 3897/d under BCAA+ compared with
5646 ± 2811/d under BCAA−) were similar in all participants
during both diets (both P > 0.05).

Fasting BCAA concentrations and diet adherence during the
intervention

The 60% reduction of dietary BCAA intake (BCAA−) resulted
in a 17% decrease of total circulating BCAA concentrations
from 507 ± 90 to 422 ± 56 μmol/L (P < 0.001) under
fasting conditions. Serum concentrations of valine, leucine, and
isoleucine decreased by 22% from 276 ± 50 to 214 ± 28 μmol/L
(P < 0.001), 11% from 155 ± 28 to 139 ± 19 μmol/L (P < 0.05),
and 9% from 76 ± 14 to 69 ± 12 μmol/L (P < 0.05), respectively,
whereas those of non-BCAAs increased by 10% from 2706 ± 217
to 2982 ± 163 μmol/L (P < 0.01) (Supplemental Table 1). At
the end of weeks 1 and 3, when participants did not receive AA
mixtures, serum concentrations of all BCAAs, non-BCAAs, and
total AAs were comparable.

Adherence to diets was demonstrated by a 33.4-fold increase
of urinary concentration of riboflavin after the BCAA+ diet
(from 1.3 ± 1.2 to 43.4 ± 15.8 mg/24 h) and a 48.8-
fold increase after the BCAA− diet (from 1.3 ± 1.2 to
62.1 ± 31.2 mg/24 h) (both P < 0.05). There were no differences
in urinary concentrations of riboflavin between the 2 diets
(P > 0.05).

Meal-induced effects of BCAA reduction during the MMT

During the MMT, serum BCAAs decreased by 62% from
158,484 ± 24,410 μmol · L−1 · 4 h−1 after BCAA+ to
61,864 ± 9386 μmol · L−1 · 4 h−1 (P < 0.001) after BCAA−

diet (Figure 1A, B). Serum valine, leucine, and isoleucine were
reduced by 54% from 75,689 ± 11,562 to 35,195 ± 5138
μmol · L−1 · 4 h−1 (P < 0.001), 71% from 48,848 ± 7938
to 14,931 ± 2610 μmol · L−1 · 4 h−1 (P < 0.001), and
71% from 26,229 ± 4229 to 7699 ± 1524 μmol · L−1 · 4
h−1 (P < 0.001), respectively. Blood glucose concentrations
were similar after both dietary interventions (Figure 1C, D).
Furthermore, there were no changes in maximal concentrations
of blood glucose during the MMT. Incremental insulin release
(iAUC) was lower after 1 wk of BCAA− compared with BCAA+

diet (21 ± 11 compared with 29 ± 19 mU · mL−1 · 4 h−1,
P < 0.05) (Figure 1E, F). In parallel, incremental C-peptide
release was lower after BCAA− diet (2.5 ± 0.8 compared with
2.8 ± 0.9 μg · mL−1 · 4 h−1, P < 0.05) (Figure 1G, H).
Accordingly, incremental release of insulin and C-peptide was
reduced by 28% and 11%, respectively (both P < 0.05). The time
course of serum FFA concentrations was similar after both diets
(Figure 1I, J).

Assessment of postprandial insulin sensitivity during the
MMT revealed that under conditions of reduced BCAA con-
centrations, OGIS was 24% higher (increased from 279 ± 94
mL · min−1 · m−2 after BCAA+ to 346 ± 91 mL · min−1 ·
m−2 after BCAA−, P < 0.01) (Figure 2A) and PREDIM was
27% higher (increased from 2.6 ± 0.9 mg · kg−1 · min−1 after
BCAA+ to 3.3 ± 1.3 mg · kg−1 · min−1 after BCAA−, P < 0.01)
(Figure 2B).

Changes in HEC during 2–4 wk of BCAA reduction

During the HEC steady state, circulating BCAA concentra-
tions were only 13% lower after the BCAA− (307 ± 57 μmol/L)
than after the BCAA+ diet (352 ± 85 μmol/L) (P < 0.01);
specifically, valine concentrations were reduced by 15% from
206 ± 48 to 175 ± 35μmol/L (P < 0.001), leucine concentrations
were reduced by 8% from 101 ± 25 to 93 ± 18 μmol/L
(P < 0.05), and isoleucine concentrations were reduced by 14%
from 44 ± 13 to 38 ± 9 μmol/L (P < 0.05).

Whole-body (M/I), hepatic (insulin-mediated EGP suppres-
sion), and adipose-tissue insulin sensitivity (insulin-mediated
FFA suppression) remained unchanged after 1 wk of the BCAA−

or BCAA+ diet (Table 2).
The BCAA− diet increased fasting FGF21 concentrations in

serum by 21% (from 323 ± 55 to 405 ± 68 pg/mL, P < 0.05)
relative to the BCAA+ diet.

Insulin signaling and mitochondrial function in skeletal
muscle and WAT

At 240 min of the MMT, Ser473- and Thr308-phosphorylation
of AKT as well as phosphorylation of mTOR p70S6K in skeletal
muscle were not different between the 2 dietary interventions
(data not shown). Also, skeletal muscle oxidative capacity was
similar after both diets (data not shown).

On the other hand, adipose tissue pAKT (Ser473) and pAKT
(Thr308) decreased by 61% (P < 0.05) and 64% (P < 0.01),
respectively, after BCAA− (Figure 3A, B). Also, pmTOR
(Ser2481) decreased by 38% (P < 0.05) (Figure 3C). The
BCAA− diet resulted in increased RCR by 67% (Figure 3D) and
unchanged LCR (data not shown), whereas oxidation capacity
after exposure to oligomycin, fccp, and antimycin A decreased
(Figure 3E).

Composition of fecal microbiota

Next-generation sequencing revealed an 11% lower abundance
of Firmicutes after BCAA− dietary intervention compared with
BCAA+, whereas the abundance of Bacteroidetes was 40%
higher (both P < 0.05, Figure 4) in stool samples collected at
the end of each intervention period.

Discussion
A short-term dietary reduction of BCAAs in patients with T2D

1) decreased insulin secretion, 2) increased postprandial insulin
sensitivity, 3) stimulated mitochondrial efficiency in adipose
tissue, and 4) altered gut microbiome composition in favor of
Bacteroidetes.

The acute effects of BCAA reduction during the MMT
reflect the endocrine response of the pancreas to the absence
of the physiological AA stimulus. Leucine is a prominent
allosteric activator of insulin secretion from the pancreatic β-
cell (44) and all BCAAs are potent insulin-secretion stimulators
(45). Interestingly, the lower insulin secretion did not result
in higher blood glucose concentrations during the MMT,
suggesting improved insulin sensitivity. Indeed, postprandial
insulin sensitivity as calculated from the OGIS and PREDIM,
which have been validated and correlate with clamp-derived
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FIGURE 1 Insulin secretion assessed by mixed meal tolerance test. (A) Concentrations of BCAAs, (B) iAUC for BCAAs, (C) blood glucose, (D) AUC
for blood glucose, (E) insulin, (F) iAUC for insulin, (G) C-peptide, (H) iAUC for C-peptide, (I) FFAs, and (J) iAUC for FFAs at the end of each intervention
week. Differences between treatment effects were tested using the classical crossover test, which compares the intraindividual period differences of the outcome
between the sequence groups. Values are mean ± SEM. ∗P < 0.05, ∗∗∗P < 0.01 compared to the corresponding BCAA− values, n = 12. BCAA, branched-chain
amino acid; FFA, free fatty acid; iAUC, incremental AUC.
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FIGURE 2 OGIS (A) and PREDIM (B) at the end of both interventions.
Differences between treatment effects were tested using the classical
crossover test, which compares the intraindividual period differences of the
outcome between the sequence groups. Values are mean ± SEM. ∗∗P < 0.01,
n = 12. BCAA, branched-chain amino acid; OGIS, oral glucose sensitivity
index; PREDIM, PREDIcted M.

measures of whole-body insulin sensitivity (33), was >20%
higher than after the BCAA+ diet. This improvement could have
resulted from increased insulin-mediated glucose disposal, which
mainly occurs in skeletal muscle under these conditions (46).
Alternatively, EGP could have been decreased under BCAA-
depleted conditions owing to lower substrate supply for hepatic
gluconeogenesis (47). Improvements in OGIS and PREDIM were
registered in insulin-resistant patients in the face of decreased
peripheral insulin concentrations. Of note, the lower degree
of insulinemia would rather favor glycogenolysis and thereby
stimulation of EGP (47). The reduced insulin and C-peptide
secretion upon acute stimulation after the BCAA− diet is in line
with a previous finding of decreased ex vivo glucose-stimulated
insulin secretion in isolated pancreatic islets from mice (48).

Interestingly, insulin-stimulated peripheral glucose disposal
was not different between the 2 dietary interventions under
HEC conditions, when skeletal muscle is responsible for the
majority of glucose disposal (49). Of note, hepatic and adipose
tissue insulin sensitivity were also comparable during HEC.
Also of note, the experimental setup created conditions of
dynamic changes during the MMT compared with constant
concentrations of hormones and metabolites during the clamp.
This includes different degrees of splanchnic compared with

peripheral insulinemia, which markedly affect hepatic glucose
turnover (50). Nevertheless, the most obvious explanation for the
difference between the MMT and HEC resides in the different
degree of BCAA reduction. The 60% decrease in total serum
BCAA concentrations during the MMT was associated with
higher postprandial insulin sensitivity. In contrast, the minor
reduction of circulating BCAA concentrations during HEC
did not correlate with insulin sensitivity. Insulin decreases the
appearance and increases the uptake of AAs in the periphery (51).
Consequently, the reduction of BCAA concentrations during
the HEC steady state under hyperinsulinemia was, as expected,
lower than during the MMT. It is conceivable that the dietary
reduction of BCAAs by 60% does not suffice to improve the
insulin resistance of these patients with overt T2D. These data
also suggest that the acute effect of BCAA reduction observed
during the MMT does not persist during the course of the dietary
intervention. Thus, another possible reason for the lack of an
effect on insulin sensitivity could be the short intervention period.
But even a modulation of BCAA intake for 1 mo failed to
affect whole-body insulin sensitivity as assessed from HEC (52).
Because BCAAs are essential and are ubiquitously present in
regular foods, it was not possible to further reduce their dietary
intake. BCAA degradation may also stimulate fatty acid synthesis
and induce insulin resistance in skeletal muscle or WAT (53);
however, measuring BCAA catabolic products was beyond the
scope of this study.

The tissue-specific contributions to improved postprandial
insulin sensitivity were examined in biopsies from skeletal
muscle and adipose tissue taken at 4 h after the start of
the MMT. In skeletal muscle, there were no differences in
the phosphorylation of AKT or mTOR/p70S6K. This may be
due to the relatively small differences in circulating insulin
and BCAA concentrations at the end of the MMT and the
transient nature of insulin on its cellular signaling pathways
(54). Although skeletal muscle strongly relies on mitochondrial
oxidative phosphorylation and decreased oxidative capacity can
be a major contributor to the development of insulin resistance
(55), there were also no differences in ex vivo mitochondrial
function.

Previous studies suggested that adipose tissue can also metab-
olize substantial amounts of BCAAs (56) and may be a prominent
site to store excess BCAAs as lipids (4). Indeed, the reduction of

TABLE 2 Results from whole-body insulin sensitivity testing by 2-step HEC test1

Low clamp High clamp �L vs. �H2

BCAA+ BCAA− P value BCAA+ BCAA− P value P value

BCAAs, μmol/L n.d. n.d. — 346.6 ± 80.2 312.1 ± 67.3 <0.001 —
Glucose, mg/dL 91.9 ± 2.2 91.6 ± 2.3 0.78 90.7 ± 1.8 91.4 ± 2.4 0.41 0.17
Insulin, μU/mL 25.5 ± 5.9 26.3 ± 7.0 0.43 54.2 ± 10.4∗ 52.2 ± 11.4# 0.46 0.31
M/I 0.04 ± 0.03 0.04 ± 0.03 0.98 0.07 ± 0.04∗ 0.06 ± 0.04# 0.21 0.17
EGP suppression, % 29.2 ± 16.6 49.4 ± 10.6 0.97 83.1 ± 18.0∗ 86.8 ± 11.4# 0.36 0.17
FFA suppression, % 65.7 ± 19.5 64.6 ± 14.8 0.84 85.1 ± 11.0∗ 86.6 ± 6.2# 0.66 0.07

1Values are mean ± SD, n = 12. All parameters were measured during the HEC steady state. ∗P < 0.05 between variables derived after BCAA+
intervention under low and high clamp conditions; #P < 0.05 between variables derived after BCAA− intervention under low and high clamp conditions.
BCAA, branched-chain amino acid; EGP, endogenous glucose production; FFA, free fatty acid; HEC, hyperinsulinemic-euglycemic clamp; M/I,
HEC-derived M value adjusted for prevalent insulin concentrations during steady state; n.d., not done; �H, changes of parameters during high clamp; �L,
changes of parameters during low clamp.

2P values of comparisons between �L and �H.
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FIGURE 3 Insulin signaling and mitochondrial oxidative efficiency/capacity in white adipose tissue biopsy samples. (A) Phosphorylation of protein kinase
B (AKT) at serine 473, (B) phosphorylation of AKT at threonine 308, (C) pmTOR at serine 2481, (D) RCR (state 3:state 4o), and (E) β-oxidation–linked
respiration in adipose tissue. Differences between treatment effects were tested using the classical crossover test, which compares the intraindividual period
differences of the outcome between the sequence groups. Values are mean ± SEM. ∗P < 0.05, ∗∗P < 0.01, n = 12. BCAA, branched-chain amino acid; fccp,
carbonyl cyanide p-[trifluoromethoxyl]-phenyl-hydrozone; pmTOR, phosphorylation of mechanistic target of rapamycin; RCR, respiratory control ratio.

BCAA intake resulted in lower mTOR phosphorylation. Reduced
AKT activity in WAT, however, might result from decreased
peripheral insulinemia. Meal-induced effects of reduced BCAA
intake were also detected in WAT energy metabolism, resulting
in higher RCR and lower oxidative capacity. A high RCR in
adipose tissue indicates a higher efficiency of mitochondrial

FIGURE 4 Alterations in microbiota: abundance of fecal Firmicutes
and Bacteroidetes. Values are mean ± SEM. Differences between treatment
effects were tested using the classical crossover test, which compares the
intraindividual period differences of the outcome between the sequence
groups. ∗P < 0.05, n = 10.

function under conditions of BCAA reduction. The difference
in RCR can be explained mainly by a difference in the proton
leak and, to a certain extent, by altered substrate oxidation (57).
Substrates contributing electrons to the ubiquinone pool such
as succinyl-CoA under reduced-BCAA conditions possibly alter
proton translocation stoichiometry and proton leak compared
with predominantly NADH-linked substrates during high-BCAA
conditions.

Furthermore, the hepatokine FGF21 could contribute to the
interplay between BCAAs and altered adipose tissue energy
metabolism. In line with previous findings (23), plasma FGF21
concentrations increased after 1 wk of the BCAA− diet. The
insulin-sensitizing hormone FGF21 is considered a metabolic
signal of dietary protein restriction (58) and a marker of
improvement of metabolic health (48) by enhancing glucose
uptake in adipose tissue. Thus, the increase in FGF21 after
BCAA reduction may support increased mitochondrial efficiency
in adipose tissue. This possibly results in subsequent activation
of the FGF21–AMPK (5’-adenosine monophosphate-activated
protein kinase) pathway. In line with this, increased FGF21
concentrations after deprivation of the single BCAA leucine have
been reported previously (59).

Reduced BCAA intake also affected the gut microbiome,
with increased Bacteroidetes and decreased Firmicutes phyla. In
contrast, long-term protein-rich diet revealed a correlation with
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increased abundance of Bacteroidetes (60). In addition, short-
term dietary changes have been proven to alter the human gut
microbiome (61). The altered composition of gut bacteria at the
end of only 1 wk of BCAA-reduced food intake might be the
link to decreased insulin secretion. Dietary modifications may
affect gut microbiome composition including bacterial species
producing SCFAs such as acetate, propionate, and butyrate,
which contribute to the regulation of glucose homeostasis (62).
Precisely, acetate modulates insulin secretion (63) and increased
concentrations of acetate and butyrate have been found in parts
of the distal guts of obese mice, which grants the microbiome an
independent role in the development of obesity (64). However,
gut acetate and butyrate were not measured in this study.

The present study benefits from the supervised dietary
intervention, the comparison of meal-induced effects with effects
during 2–4 wk treatment, and the comprehensive phenotyping of
the patients. On the other hand, this study does not allow us to
draw conclusions as to dose–effect relations and chronic effects
of dietary BCAA depletion.

In conclusion, short-term dietary reduction of BCAAs acutely
decreases meal-induced insulin secretion, and improves post-
prandial insulin sensitivity and the mitochondrial efficiency
of WAT. Dietary BCAA reduction for 1 wk does not affect
whole-body insulin sensitivity, but increases circulating FGF21
concentrations and the abundance of intestinal Bacteroidetes.
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