The Journal of Nutrition r\
Nutrient Physiology, Metabolism, and Nutrient-Nutrient Interactions ASN

EST. 1928

Food Overconsumption in Healthy Adults
Triggers Early and Sustained Increases in
Serum Branched-Chain Amino Acids and
Changes in Cysteine Linked to Fat Gain

Amany K Elshorbagy,' Dorit Samocha-Bonet,>? Fredrik Jernerén,** Cheryl Turner,* Helga Refsum,*°
and Leonie K Heilbronn3’

!Department of Physiology, Faculty of Medicine, University of Alexandria, Alexandria, Egypt; 2Faculty of Medicine, University of New
South Wales, Sydney, New South Wiales, Australia; Diabetes and Metabolism Division, Garvan Institute of Medical Research, Sydney,
Australia; “Department of Pharmacology, University of Oxford, Oxford, United Kingdom; *Department of Pharmaceutical Biosciences,
Uppsala University, Uppsala, Sweden; ®Institute of Basic Medical Sciences, Department of Nutrition, University of Oslo, Oslo, Norway; and
"Discipline of Medicine, University of Adelaide, Adelaide, South Australia, Australia

Abstract

Background: Plasma concentrations of branched-chain amino acids (BCAAs) and the sulfur-containing amino acid cys-
teine are associated with obesity and insulin resistance. BCAAs predict future diabetes.

Objective: \We investigated amino acid changes during food overconsumption.

Methods: Forty healthy men and women with a body mass index (mean + SEM) of 25.6 + 0.6 were overfed by 1250
kcal/d for 28 d, increasing consumption of all macronutrients. Insulin sensitivity and body composition were assessed
at baseline (day 0) and day 28. Fasting serum amino acids were measured at days 0, 3, and 28. Linear mixed-effects
models evaluated the effect of time in the total group and separately in those with low and high body fat gain (below
compared with at or above median fat gain, 1.95 kg). At days 0 and 28, insulin-induced suppression of serum amino acids
during a hyperinsulinemic-euglycemic clamp test and, in a subset (n = 20), adipose tissue mMRNA expression of selected
amino acid metabolizing enzymes were assessed.

Results: Weight increased by 2.8 kg. High fat gainers gained 2.6 kg fat mass compared with 1.1 kg in low fat gainers.
Valine and isoleucine increased at day 3 (+17% and +22%, respectively; P < 0.002) and remained elevated at day 28,
despite a decline in valine (P = 0.019) from day 3 values. Methionine, cystathionine, and taurine were unaffected. Serum
total cysteine (tCys) transiently increased at day 3 (+11%; P = 0.022) only in high fat gainers (P-interaction = 0.043),
in whom the cysteine catabolic enzyme cysteine dioxygenase (CDO1T) was induced (+26%; P = 0.025) in adipose tis-
sue (P-interaction = 0.045). Overconsumption did not alter adipose tissue mMRNA expression of the BCAA-metabolizing
enzymes branched-chain keto acid dehydrogenase Ela polypeptide (BCKDHA) or branched-chain amino transferase 1
(BCATT1). In the total population at day 0, insulin infusion decreased all serum amino acids (—=11% to —47%; P < 0.01),
except for homocysteine and tCys, which were unchanged, and glutathione, which was increased by 54%. At day 28,
insulin increased tCys (+8%), and the insulin-induced suppression of taurine and phenylalanine observed at day 0, but
not that of BCAAs, was significantly impaired.

Conclusions: These findings highlight the role of nutrient oversupply in increasing fasting BCAA concentrations in
healthy adults. The link between cysteine availability, CDOT expression, and fat gain deserves investigation. This trial
was registered at www.clinicaltrials.gov as NCT00562393. J Nutr 2018;148:1073-1080.
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Introduction

There is increasing consensus that amino acid metabolism,
in particular that of sulfur-containing amino acids (SAAs)
and BCAAs, is linked to energy and glucose metabolism. The
BCAAs leucine, isoleucine, and valine are elevated in obesity
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(1) and predict future insulin resistance (2) and diabetes (3).
The reason for this elevation is unclear. BCAAs are catabo-
lized by sequential action of branched-chain aminotransferase
(BCAT) and branched-chain keto acid dehydrogenase (BCKD)
enzymes. Adipose tissue is estimated to account for 15% of
BCAA catabolism, with skeletal muscle being the single major
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contributor (4). Impaired catabolism of BCAAs occurs in adi-
pose tissue from individuals with obesity (5), particularly
metabolically unhealthy obesity (6).

Multidirectional associations exist between diet, BCAA con-
centrations, obesity, and insulin resistance. Circulating concen-
trations of BCAAs and aromatic amino acids are positively influ-
enced by the intake of animal-derived protein (7, 8), which is, in
turn, associated with future weight gain, insulin resistance, and
diabetes (9-11). On the other hand, insulin plays a key role in
regulating plasma amino acid uptake and metabolism. Plasma
BCAAs are decreased in patients with functioning insulinoma
(12), and insulin infusion triggers a dose-dependent decrease in
plasma amino acids (13). Findings of cross-sectional studies in-
vestigating the effect of obesity on insulin-induced suppression
of plasma amino acids have shown inconsistent results (14-16),
possibly due to differences in the duration of obesity and degree
of insulin resistance.

Insulin resistance is also linked to reduced expression and ac-
tion of BCAA catabolic enzymes [reviewed elsewhere (17, 18)].
Insulin-sensitizing therapy in subjects with type 2 diabetes low-
ered plasma concentrations of several BCAAs (19). Bariatric
surgery—induced weight loss was associated with upregulation
of BCAA catabolic enzymes in adipose tissue and lowered
plasma BCAAs (5). Together, these observations suggest that
obesity and insulin resistance produce a reversible impairment
in BCAA catabolism. However, weight loss and enhanced in-
sulin sensitivity brought about by calorie restriction often fails
to lower plasma BCAAs (20, 21).

SAAs are also linked to fat mass and energy metabolism.
Methionine is the only essential SAA, which, via several in-
termediates, including homocysteine and cystathionine, can be
converted to cysteine. Cysteine is the precursor of glutathione
and of taurine via catabolism by cysteine dioxygenase enzyme
(CDO). Total cysteine (tCys) in plasma and whole blood corre-
lates with fat mass, independent of other SAAs (22-24). In 950
children, plasma tCys and insulin were positively correlated, and
those in the upper tCys quartile had a doubled risk of being in-
sulin resistant, after adjustment for body fat. Unlike BCAAs (5),
plasma tCys does not change appreciably after major weight
loss (25). This suggests that tCys elevation is not a consequence
of the obese state. In fact, transgenic (26) and dietary data in an-
imals, as well as in vitro data, collectively suggest that increased
cysteine availability promotes fat gain (27, 28). Rats fed a diet
deficient in methionine and cysteine were lean and insulin sen-
sitive, an effect that was reversed by cysteine supplementation
(29).

Animal and in vitro studies showed that CDO is strongly in-
duced in liver and adipose tissue by increases in cysteine avail-
ability or cysteine or protein intake (30). To gain insight into
the dynamics of SAA and BCAA changes during weight gain,
we investigated the effect of increased energy intake in adults
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on serum BCAAs and SAAs, on insulin-induced suppression of
amino acids, and on adipose tissue expression of selected en-
zymes.

Methods

Participants. The study was conducted in 40 healthy, sedentary, non-
smoking men and women. Details on recruitment and exclusion crite-
ria have been published previously (31). Participants provided written
informed consent, and the study protocol was approved by the Hu-
man Research and Ethics Committee at St. Vincent’s Hospital, Syd-
ney, Australia. The participants consented to undergoing a 28-d food-
overconsumption regimen that contained ~1250 kcal/d above their
baseline energy requirements, as detailed previously (31). From days 0—
3 and 25-28, all foods were provided at baseline energy requirements
plus 1250 keal/d, with a nutrient composition of 45% fat, 15% pro-
tein, and 40% carbohydrate. Fat intake was approximately doubled by
providing 3 high-energy, high-fat snacks/d, each providing ~240 kcal
(e.g., potato crisps, chocolate bars, cheesecake) and a liquid oil-based
supplement (Benecalorie; Novartis; ~340 kcal) mixed in a dairy dessert
(~200 kcal). On days 3-25 of the overconsumption regimen, partic-
ipants were instructed to consume their regular diets and were pro-
vided with the above snacks and supplement to achieve an intake of
1250 kcal/d above their baseline energy requirement. Dietary energy
and macronutrient intakes at day 0 and day 28 were calculated from
3-d diet diaries with the use of FoodWorks 2007 based on the Aus-
tralian foods database (Xyris Software). The study was registered at
www.clinicaltrials.gov (NCT00562393). Body weight and blood pres-
sure were assessed and overnight fasted serum samples were obtained
on 3 visits, at days 0, 3, and 28 relative to the start of overconsumption
(on day 1).

Additional assessments at days 0 and 28. Insulin sensitiv-
ity was measured by using a 2-h hyperinsulinemic-euglycemic clamp
(60 mU - m~2 - min—'), as described (31). Glucose was infused at a vari-
able rate to maintain glucose at 5.0 mmol/L, and the steady-state glucose
infusion rate was calculated between 90 and 120 min. Body composi-
tion (fat mass, fat-free mass, and central abdominal fat) was assessed
by DXA (Lunar DPX-Lunar Radiation), as described previously (31).
Body-composition data at day 28 were not available for 3 participants.
Three cross-sectional computed tomography (CT) scans (Gemini GXL;
Philips) were also performed to assess abdominal adipose tissue distri-
bution as described previously (31). CT images were analyzed by using
Gemini (GXL Host System; Philips). Two participants did not undergo
CT scans.

Biochemical analysis. Blood glucose and serum insulin were mea-
sured as previously described (31). LDL cholesterol was calculated by
the Friedewald equation from total and HDL cholesterol, and TGs
were measured by enzymatic colorimetry (Roche). For the present study,
serum amino acids and total GSH (tGSH) were assayed in stored sam-
ples by using LC~tandem MS using a modified version of a previously
described method (32). Serum methionine, tCys, total homocysteine
(tHcy), cystathionine, and tGSH were analyzed in a single assay. The
protocol was modified to include valine, leucine, isoleucine, phenylala-
nine, tyrosine, and tryptophan. Briefly, deuterium-labeled isotopes were
added to serum as internal standards, followed by reduction of disul-
fides with the use of DTT and then protein precipitation by using per-
chloric acid. The acid supernatant was diluted with a solution contain-
ing heptane sulfonic acid as an ion pair reagent. Taurine was extracted
and assayed separately, by adding deuterium-labeled taurine to serum as
an internal standard, followed by protein precipitation with the use of
methanol. LC~tandem MS of all extracts was carried out by using a Shi-
madzu LC-20ADxg Prominence LC system coupled to a QTRAP5500
mass spectrometer with a Turbo V ion source (Sciex, Framingham, MA,
US). Chromatographic separation was achieved on a Phenomenex Kine-
tex Core Shell C18 (100 x 4.6 mm, 2.6 um) LC column with aqueous
formic acid (0.05%) and methanol gradient mobile phase. For taurine
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analysis, the mobile phase was a gradient of water with formic acid
(0.5%) and heptafluorobutyric acid (0.3%), and acetonitrile. Positive-
mode multiple reaction monitoring was used for detection. Linear cali-
bration curves of the peak area ratios of analytes and internal standards
were used for quantification. CVs for all amino acids were <5 %, except
for taurine, tryptophan, tGSH, and cystathionine (<10%).

Adipose tissue mRNA expression of selected amino acid
metabolic enzymes. Subcutaneous needle adipose tissue biopsy
samples were collected after an overnight fast,and mRNA was extracted
as described (33). The expressions of 3 enzymes involved in SAA and
BCAA catabolism, namely CDO1, BCAT1, and BCKD Ela polypep-
tide (BCKDHA), were evaluated in a subset of the study population
with adipose tissue samples available at day 0 and day 28 (7 = 20). To-
tal RNA was extracted from 100-150 mg adipose tissue with the use
of TRIzol reagent (Invitrogen). The integrity and concentration of RNA
were assessed by spectrophotometry (Nanodrop 2000; Thermo Fisher
Scientific). cDNA was synthesized with the use of an Omniscript RT
kit (Qiagen), according to kit instructions. We used gene-specific primer
probes from Tagman and Tagman universal FAST PCR master mix (Ap-
plied Biosystems). The samples were run in duplicate on an ABI Prism
7500 system with internal negative controls, and the threshold cycle (Ct)
value for each sample was normalized to the Ct value of B-actin, which
was not different between day 0 and day 28.

Statistical methods. Spearman correlations were used to examine
relations between amino acids and body-composition variables at days
0, 3,and 28 and to correlate the day 28 changes in insulin and HOMA-
IR with amino acid changes. Linear mixed-effects models were used to
evaluate the effect of time on anthropometric variables and amino acid
concentrations. We separately tested possible interactions by sex and
by the magnitude of fat gain at day 28. Low fat gainers were defined
as those with fat gain at day 28 relative to baseline below the median
value of 1.95 kg, whereas high fat gainers had median or higher fat gain.
When a significant interaction (defined as a P value for time x group
interaction <0.05) or a trend for interaction (defined as a P value for
time x group interaction of 0.05 to <0.1) was observed for amino acid
changes, both the results for the total population and those stratified
by the relevant interaction factor are shown. Sex distribution and age

at baseline were compared in low and high fat gainers by using Fisher’s
exact test and independent-samples # test, respectively.

For the purpose of evaluating the effect of food overconsumption on
adipose tissue enzyme expression, the expression data were multiplied
by 100,000 and log-transformed before analysis. We tested for possible
interactions by fat gain (median split) on the enzyme mRNA signal by
linear mixed modeling as for the amino acid changes. To maximize the
use of mRNA data, 1 participant with missing fat mass data at day 28
was allocated to the high fat-gain group on the basis of being in the
upper quartile for both weight gain and central fat mass gain. To com-
pare the effect of insulin infusion on serum amino acid concentrations
before and after overconsumption, we compared the percentage change
in the respective amino acids in response to insulin at day 0 compared
with day 28 with the use of a paired-samples ¢ test. All of the analyses
were conducted by using PASW Statistics for Mac (23.0; SPSS, Inc.), and
P < 0.05 was considered significant.

Results

Change in body composition and insulin sensitivity. Body-
composition and related data at day 0 and day 28 in the
total population and stratified by magnitude of fat gain are
presented in Table 1. The study population comprised 40 par-
ticipants (20 women), with a mean £+ SEM age of 36.7 £ 1.9y.
Mean baseline BMI (kg/m?) was 25.6 £ 0.6 (Table 1), with 21
normal-weight participants, 14 overweight participants, and 5
obese participants. During the overconsumption regimen, ab-
solute intakes of protein and carbohydrate increased by ap-
proximately one-third, whereas fat intake was doubled. At day
28, participants had gained an average of 2.8 kg, which in-
cluded 1.8 kg fat mass (Table 1). High fat gainers (z = 19)
showed an increase of 2.6 kg fat mass compared with 1.1 kg
in low gainers (n = 18), and also gained more lean mass. At
baseline, low and high fat gainers did not significantly differ in
their sex distribution, BMI, body fat percentage, lean mass, pro-
tein intake, blood glucose, or HOMA-IR, but high gainers had
higher intakes of carbohydrates, fat, and total energy (Table 1).

TABLE 1 Characteristics at baseline (day 0) and after overconsumption of food for 28 d in the total study population and subgroups

with low or high fat gain'

Total population (n = 40) Low fat gain (n = 18) High fat gain (n = 19) P
Day 0 Day 28 Day 0 Day 28 Day 0 Day 28 Time Group Time x group

Age, y 36.7 + 19 — 375 + 32 — 36.8 + 2.5 — — 0.87? —

Female, n 20 — 10 — 10 — — 0.86° —

Weight, kg 753 £ 1.9 781 £ 19 750 £ 2.7 76.6 + 2.8 756 + 2.7 80.0 £ 2.8 <0.001 0.64 <0.001
BMI, kg/m? 256 + 0.57 26.6 + 0.58 259 4+ 0.80 26.5 + 0.82 253 4+ 0.80 26.6 + 0.82 <0.001 0.84 <0.001
Energy intake, kcal/d 1978 + 104 3084 + 137 1827 2754 2128 3414 <0.001 0.027 0.068
Protein intake, g/d 90 +6 120 + 6 86 +£9 110 £ 7 9% + 8 131 £ 9 <0.001 0.17 0.14
Fat intake, g/d 77 £ 5 155 £ 6 69 + 7 140 + 8 86 + 7 171 £ 8 <0.001 0.017 0.12
Carbohydrate intake, g/d 210 £ 1 282 + 17 195 4+ 15 245 + 23 226 + 15 320 + 23 <0.001 0.029 0.15
Fat mass, kg 255 £ 15 273 £ 15 256 £+ 2.1 26.7 £ 2.1 253 + 2.1 279 £ 2.1 <0.001 0.88 0.001
Lean mass, kg 481 + 1.4 488 + 1.4 478 £ 2.1 481 + 20 484 + 2.1 495 + 2.0 0.001 0.73 0.049
Central fat, kg 19 £ 0.1 21+ 01 20 4+ 018 21 +02 19 £ 02 21 +02 <0.001 0.99 0.024
Body fat, % 334 £15 348 + 14 339 £ 21 347 £ 20 329 £ 21 346 £ 20 <0.001 0.86 0.061
Visceral fat area, cm? 79 +8 88 + 8 77 £ 1 85 + 11 81 + 11 91+ 1 0.001 0.76 0.75
Liver density, Hounsfield units 55.0 £ 1.8 526 +£ 1.8 522 £ 25 509 + 25 579 £ 25 543 + 25 <0.001 0.24 0.059
Serum LDL cholesterol, mmol/L 28 £ 0.1 28 + 0.1 28 £ 02 27 +£02 29+ 02 29 +02 0.94 0.58 0.76
Blood glucose, mmol/L 45 4+ 0.1 46 + 0.1 44 4+ 0.1 45 + 0.1 45 4+ 0.1 46 + 0.1 0.029 0.27 0.87
Serum insulin, pmol/L 69.1 £+ 3.8 785 £ 35 706 £ 54 825 £+ 5.0 676 £ 54 745 £ 5.0 0.008 0.4 0.46

"Values are means + SEMs unless otherwise indicated. Low fat gainers were defined as those with fat gain (at day 28) below the median value of 1.95 kg, whereas high fat
gainers had a median or higher fat gain. Means and P values are from linear mixed models unless otherwise stated.

?Independent-samples t test

SFisher's exact test.
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FIGURE 1 Fasting serum sulfurcontaining amino acids (A-E) and tGSH (F) at baseline (day 0) and after 3 and 28 d of food overconsumption in
healthy adults. Values are means + SEMs. Pvalues are for the effect of time in the total population (n = 40) and the time x fat gain interaction.
Where P-interaction is <0.1, insets depict amino acid changes separately for low fat gainers (n = 18; fat gain <1.95 kg/28 d) and high fat gainers
(n = 19; fat gain >1.95 kg/28 d). Labeled means without a common letter differ, P < 0.05. tCys, total cysteine; tGSH, total glutathione; tHcy,

total homocysteine.

During the overconsumption period, high fat gainers had a
marginally higher increase in energy intake (359 kcal greater
increase; P-interaction = 0.068), but the interaction for the dif-
ferent macronutrient intakes was not significant (Table 1).

Fasting serum insulin and HOMA-IR increased at day 3
and remained elevated at day 28 (Supplemental Figure 1),
despite a decline (P = 0.051 and 0.036, respectively) rela-
tive to day 3 values. These insulin and HOMA-IR changes
were similar in high and low fat gainers. As reported pre-
viously (31), peripheral insulin sensitivity assessed by the
hyperinsulinemic-euglycemic clamp was also decreased at day
28 (—8%; P = 0.03), with no difference between high and low
fat gainers (P-interaction = 0.29).

Changes in SAAs. Figure 1 shows the SAA changes in re-
sponse to food overconsumption. Methionine, cystathionine,
and taurine did not change in response to overconsumption ei-
ther in the total group or in low or high fat gainers (Figure 1A,
C, D). Fasting serum tCys showed a transient 11% increase at
day 3 of the overconsumption regimen in high but not low fat
gainers (P-interaction = 0.043), and returned to basal concen-
trations by day 28. tHcy transiently increased in the total popu-
lation, with a trend for interaction by fat gain (P-interaction =
0.063) (Figure 1B, E). tGSH increased at day 3, but by day 28
had declined to below baseline concentrations (Figure 1F).

Changes in BCAAs and aromatic amino acids. The BCAAs
isoleucine and valine acutely increased at day 3 (by 17% and
22%, respectively; P < 0.002 for both) and remained signifi-
cantly elevated at day 28 (both P < 0.001) despite a decline
(P =0.019) in valine from day 3 concentrations (Figure 2A, C).
The changes in leucine (Figure 2B) were modest (P = 0.088).
Total BCAAs in serum (the sum of leucine, isoleucine, and
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valine) increased from 397 £ 10 pmol/L at day 0, to 456 + 21
pmol/L at day 3, and 428 4+ 9 umol/L at day 28 (P = 0.004
and P < 0.001, respectively, relative to day 0). No significant
difference was observed between high and low fat gainers in
the changes in individual (Figure 2) or total (data not shown)
BCAA:s.

Among the aromatic amino acids, both tyrosine and tryp-
tophan were transiently increased at day 3 in the total popu-
lation (Figure 2E, F). Serum tryptophan additionally showed a
significant interaction according to fat gain, increasing at day 3
(+17%; P < 0.001) only in high but not low fat gainers. Pheny-
lalanine was transiently decreased at day 3 (Figure 2D).

Correlations of amino acids with metabolic and anthro-
pometric variables. The correlations between serum amino
acids and available body-composition variables at days 0, 3,
and 28 are shown in Supplemental Tables 1-3. At day 0, fasting
serum tCys, tHcy, and cystathionine correlated with adiposity
and insulin resistance markers. The correlations were weaker
for BCAAs and, with a few exceptions, did not reach signifi-
cance. Tryptophan uniquely showed a strong positive correla-
tion with lean mass (Spearman’s p = 0.60, P < 0.001), and an
inverse correlation with body fat percentage. At day 3, however,
no significant associations were noted for any amino acid with
BMI or HOMA-IR, except for cystathionine with BMI (Supple-
mental Table 2). At day 28, tCys correlated with adiposity vari-
ables (Supplemental Table 3). In addition, isoleucine, leucine,
valine, phenylalanine, and tyrosine correlated with waist cir-
cumference, and tyrosine, valine, and tHcy correlated with in-
sulin resistance measures.

No significant correlations were noted at day 3 or day 28
between A amino acids (relative to day 0) and A insulin or
HOMA-IR (Supplemental Table 4). There were similarly no
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FIGURE 2 Fasting serum BCAAs (A-C) and aromatic amino acids (D-F) at baseline (day 0) and after 3 and 28 d of food overconsumption
in healthy adults. Values are means + SEMs. P values are for the effect of time in the total population (n = 40) and for the time x fat gain
interaction. Where P-interaction is <0.1, insets depict amino acid changes separately for low fat gainers (n = 18; fat gain <1.95 kg/28 d) and high
fat gainers (n = 19; fat gain >1.95 kg/28 d). Labeled means without a common letter differ, P < 0.05.

significant correlations of A amino acids at day 28 (relative to
day 0) with A fat mass or A protein intake, apart from a positive
correlation of A isoleucine with A protein intake.

Adipose tissue mRNA expression of selected amino acid
metabolic enzymes. We assayed subcutaneous adipose tissue
mRNA expression of the cysteine catabolic enzyme CDO and
the BCAA catabolic enzymes BCKD and BCAT at day 0 and
day 28 of the overconsumption regimen. There was a trend
(P = 0.054) toward induction of adipose tissue CDO1 mRNA
in the total population (Figure 3A). In analysis stratified by
fat gain, a 26% increase in CDO1 expression was observed
in high fat gainers (P = 0.025) but not in low fat gainers (P-
interaction = 0.045). Overconsumption did not alter the expres-
sion of BCKDHA or BCAT1 (Figure 3B, C).

Effect of insulin infusion on serum amino acid concentra-
tions before and after the overconsumption regimen. At
day 0, insulin infusion lowered the serum concentrations of all
amino acids (—11% to —47%), except for tCys and tHcy, which
did not change, and tGSH, which increased by 53% (P < 0.001).
The largest insulin-induced decline was observed for leucine and
isoleucine, which were decreased by >45% (P < 0.001).

At day 28, insulin triggered elevation of serum tCys (+8%;
P = 0.014 compared with day 0; Figure 4). Overconsumption
did not significantly impair insulin-induced suppression of the
remaining amino acids, except for phenylalanine and taurine.
Serum tGSH was elevated similar to before overconsumption
(Figure 4).

Discussion

BCAAs, aromatic amino acids, and cysteine are elevated in
individuals with obesity and insulin resistance, but our un-
derstanding of the time course of this change is limited. In
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the present study, short-term food overconsumption triggered
rapid and sustained elevation of BCAAs in healthy adults, with-
out impairing insulin suppression of BCAAs. tCys and tHcy
also showed transient elevations in those who ultimately had
higher fat gain, along with induction of adipose tissue expres-
sion of the cysteine catabolic enzyme CDO. This study sug-
gests that elevations in BCAAs are an early event during in-
creased energy intake that occurs before significant impairment
of insulin-induced suppression of amino acids. The study also
extends epidemiologic evidence linking plasma tCys to human
obesity.

BCAAs and aromatic amino acids. Plasma BCAAs, and to
a lesser extent aromatic amino acids, predict the risk of future
diabetes (3, 34), metabolic syndrome (35), and cardiovascular
disease (36). Yet, acute studies suggest that BCAA infusion does
not impair glucose homeostasis in humans (37). Furthermore,
chronic oral BCAA supplementation did not alter HOMA-IR,
despite increasing plasma BCAAs (38). These studies suggest
that BCAAs are not causal in the development of insulin resis-
tance. However, these studies did not involve a key factor un-
derlying obesity, namely nutrient overconsumption.

In the present study, energy overconsumption including a
33% increase in protein intake was associated with a rapid
and sustained increase in BCAAs and induction of insulin
resistance by HOMA-IR and by hyperinsulinemic-euglycemic
clamp. Moreover, the concentrations of isoleucine, valine, and
tyrosine appeared to track changes in HOMA-IR, increasing
at day 3 and partly declining by day 28. One factor that
could argue against the increase in BCAAs and aromatic amino
acids being caused by insulin resistance is the effect of in-
sulin infusion on the amino acid concentrations. Although
food overconsumption significantly impaired peripheral insulin
sensitivity during the hyperinsulinemic-euglycemic clamp, it
did not impair insulin-induced suppression of BCAAs. The
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FIGURE 3 Adipose tissue mRNA expression of CDO1 (A), BCAT1
(B), and BCKDHA (C) in a subset (n = 20) of the total population (left
side of panel) and separately (right side of panel) in low fat gainers
(n=10; fat gain <1.95 kg/28 d) compared with high fat gainers (n = 10;
fat gain >1.95 kg/28 d) at baseline (day 0) and after 28 d of food over
consumption. Values are means + SEMs, calculated by linear mixed
models with the use of log-transformed data. P values are for the
effect of time in the total population and for the time x fat gain in-
teraction. *Different from day 0, P < 0.05. BCAT1, branched-chain
aminotransferase-1; BCKDHA, branched-chain keto acid dehydroge-
nase Ela polypeptide; CDO1, cysteine dioxygenase-1.

diet-induced elevation in BCAAs, or their metabolites, such as 3-
hydroxyisobutyrate, may have contributed to the development
of insulin resistance. 3-Hydroxyisobutyrate is a product of va-
line catabolism that has been recently implicated in the patho-
genesis of insulin resistance triggered by high protein intake (39)
via increasing FA uptake by skeletal muscle (40).

BCAA elevation in longstanding obesity is believed to result
from decreased oxidation of BCAAs due to a proinflammatory
shift, and increased muscle protein breakdown, secondary to in-
sulin resistance (41). A vicious circle whereby BCAAs decrease
insulin sensitivity, which, in turn, impairs BCAA catabolism
cannot be excluded. Adipose tissue BCAT1 and BCKDHA
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expressions were not altered by overconsumption. Although
this implies that the impairment of BCAA catabolism only oc-
curs late in established obesity, muscle is a quantitatively greater
contributor to BCAA catabolism (4) and was not assessed. Over-
all, this study shows that BCAA changes are an early event dur-
ing nutrient overload and weight gain, before significant impair-
ment of insulin-induced suppression of amino acids, and hence
are unlikely to be triggered solely by insulin resistance.

Phenylalanine decreased at day 3, concomitant with the in-
crease in tyrosine. This likely reflects induction of the pheny-
lalanine hydroxylase enzyme responsible for conversion of
phenylalanine to tyrosine, as occurs in animals in response to
increased dietary protein (42, 43). These findings show the im-
portance of diet in determining circulating BCAA and aromatic
amino acid concentrations, at least partly independently of obe-
sity and insulin resistance.

SAAs. In contrast to the rapid increase in BCAAs and aromatic
amino acids, serum methionine, cystathionine, and taurine were
not altered by overconsumption, despite an average increase in
protein intake from 90 g to 120 g/d. The stability of methionine
may result from conversion to S-adenosylmethionine, which did
increase in response to overconsumption (44). tGSH increased
acutely at day 3, but decreased below baseline values at day 28,
as is often reported in individuals with obesity (24, 45).

tCys and tHcy increased transiently at day 3 in high fat gain-
ers, who showed a 26% increase in adipose tissue CDO1 ex-
pression at day 28. CDO oxidizes cysteine to cysteine-sulfinic
acid, which ultimately forms either taurine or pyruvate+sulfate.
In mouse tissues, CDO expression is highest in liver and adipose
tissue (30, 46) and is dramatically upregulated in both tissues in
response to increased dietary protein or SAA intake (30). The
acute CDO1 induction observed in overfed participants at day
3 may explain the return of tCys to baseline values by day 28
via enhanced cysteine catabolism. In this case, taurine may have
been expected to increase, which did not occur. However, tau-
rine is mainly an intracellular amino acid and it is questionable
how far the serum concentrations reflect whole-body taurine
status (47).

CDO1 induction specifically in high fat gainers is interesting
in view of the relation of CDO with adipogenesis. In 3T3-L1
cells, Cdo1 expression increased by 6- to 9-fold during differ-
entiation from preadipocytes to adipocytes (46, 48) and is re-
quired for adipogenesis and lipid accumulation via interaction
with PPAR-y (49). Recent data show that cysteine concentra-
tions positively affect preadipocyte differentiation and lipid ac-
cumulation (50) and Cdol mRNA expression in 3T3-L1 cells
(N Haj-Yasein, Institute of Basic Medical Sciences, University
of Oslo; personal communication, 2018) in a dose-dependent
manner. An effect of CDO on fat cell size is yet to be shown.
Thus, a possible interpretation of our findings is that CDO1
induction in participants with acute tCys elevation is causally
linked to higher fat gain via enhancing adipogenesis. Adipogen-
esis was not assessed in the current study, but the previously
reported lack of detectable increase in fat cell size (33) sug-
gests that the fat mass expansion after overnutrition is at least
partly explained by adipogenesis and increased adipocyte num-
ber. Given the additional limitations of the small sample size of
the present study, and the lack of a control group, the finding of
CDO1 induction with fat gain warrants replication and dissec-
tion of the mechanisms involved.

Given the transient increase in tCys, these results cannot ex-
plain the longstanding elevation of tCys observed in individu-
als with obesity (12-14). We speculate that long-term obesity
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