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Circulating markers of NADH-reductive stress correlate
with mitochondrial disease severity
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Mitochondrial disorders represent a large collection of rare syndromes that are difficult to manage both because we do not
fully understand biochemical pathogenesis and because we currently lack facile markers of severity. The m.3243A>G variant
is the most common heteroplasmic mitochondrial DNA mutation and underlies a spectrum of diseases, notably mitochondrial
encephalomyopathy lactic acidosis and stroke-like episodes (MELAS). To identify robust circulating markers of m.3243A>G

Introduction

With the initial detection of the mitochondrial respiratory chain,
it was anticipated that its dysfunction would lead to metabolic
perturbations and disease (1). There is now widespread appre-
ciation that variants in either the nuclear or mitochondrial DNA
(mtDNA) lead to respiratory chain dysfunction and disease. Col-
lectively, respiratory chain diseases comprise a common inborn
error of metabolism with an estimated prevalence of at least 1 in
4300, manifesting with marked phenotypic heterogeneity, strik-
ing at any age, and involving any organ system (2-4). Quantitative
declines in respiratory chain activities are also observed in many
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disease, we first performed discovery proteomics, targeted metabolomics, and untargeted metabolomics on plasma from

a deeply phenotyped cohort (102 patients, 32 controls). In a validation phase, we measured concentrations of prioritized
metabolites in an independent cohort using distinct methods. We validated 20 analytes (1 protein, 19 metabolites) that
distinguish patients with MELAS from conttrols. The collection includes classic (lactate, alanine) and more recently identified
(GDF-15, a-hydroxybutyrate) mitochondrial markers. By mining untargeted mass-spectra we uncovered 3 less well-studied
metabolite families: N-lactoyl-amino acids, B-hydroxy acylcarnitines, and p-hydroxy fatty acids. Many of these 20 analytes
correlate strongly with established measures of severity, including Karnofsky status, and mechanistically, nearly all markers
are attributable to an elevated NADH/NAD- ratio, or NADH-reductive stress. Our work defines a panel of organelle function
tests related to NADH-reductive stress that should enable classification and monitoring of mitochondrial disease.

common diseases, such as diabetes, Parkinson’s disease, and sar-
copenia, as well as the aging process itself (5-9).

One of the most frequent causes of inherited mitochon-
drial disease is the heteroplasmic m.3243A>G mutation in the
MT-TLI gene encoding the mitochondrial leucyl-tRNA 1 gene
(10-12). This variant is responsible for nearly 80% of cases of
mitochondrial encephalomyopathy lactic acidosis and stroke-
like episodes (MELAS), one of the most common mtDNA disor-
ders, which typically presents before age 40 years with myopa-
thy, headaches, vomiting, hearing loss, seizures, lactic acidosis,
and stroke-like episodes (10, 13). MELAS typically progresses
relentlessly and unpredictably with the average survival from
the first stroke-like episode being 16.9 years (14). Patients with
MELAS are typically afflicted with a host of other comorbidities
including growth deficits, diabetes, and cardiomyopathy. Most
patients with the m.3243A>G mutation do not manifest the
full MELAS spectrum, but rather milder phenotypes, including
maternally inherited diabetes and deafness (MIDD) or chronic
progressive external ophthalmoplegia (CPEO). This marked
phenotypic heterogeneity is attributed to the combined influ-
ences of tissue mtDNA mutation load (heteroplasmy) and dif-
ferential tissue sensitivity to defective respiratory chain func-
tion observed in all mitochondrial disorders. The prevalence of
the m.3243A>G variant is as high as approximately 1in 400 and
the prevalence of MELAS is estimated at 0.2 in 100,000 adults
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Figure 1. MELAS biomarker discovery and validation. Over a 3-year period, a discovery cohort of control patients harboring the m.3243A>G variant was
phenotyped through a combination of questionnaires, physical exams, and clinical laboratory measurements. Plasma metabolomic and proteomic profiles
of the discovery cohort were analyzed to identify analytes that best distinguished patients with MELAS from controls, and that most strongly correlated
with disease severity. From these, 22 metabolites were chosen for validation in an independent cohort of 7 patients with m.3243A>C MELAS and 16 con-
trols. This pipeline yielded a validated set of 20 plasma markers (1 protein and 19 metabolites).

(3, 15-18). There are no proven MELAS treatments, though sev-
eral therapies have indicated anecdotal benefit and clinical tri-
als are underway (19, 20).

While the molecular genetic diagnoses of mitochondrial dis-
orders has been transformed by next-generation DNA sequenc-
ing, clinical management continues to be hindered by an incom-
plete understanding of their biochemical pathogenesis and also
by the lack of facile, quantitative biomarkers of disease progres-
sion (21, 22). Biochemical testing of patients with MELAS shows
respiratory chain dysfunction, often in complex I, and a backlog of
NADH-reducing equivalents (23, 24) causing an elevated NADH/
NAD* ratio, known as NADH-reductive stress, that drives eleva-
tion of coupled metabolites such as lactate (24-31). While het-
eroplasmy levels in blood can correlate with severity, these levels
actually gradually decrease over time while the disease progresses
(32-36). Brain lactate levels, as measured by proton magnetic res-
onance spectroscopy (MRS), strongly discriminate patients from
controls, and correlate with severity (37). Recent metabolomics
studies of patients with and mouse models of mitochondrial dis-
eases have nominated additional markers that await validation
(38, 39). A large, focused study of one genetically monomorphic
respiratory chain disease would help establish a robust biochem-
ical signature for mitochondrial dysfunction with potential impli-
cations for rare and common disorders.

Here, we report a biomarker discovery effort for MELAS that
comprised a 2-stage approach involving discovery and validation
(Figure 1). First, together with phenotypic information, brain
MRS, and urine heteroplasmy, we collected targeted and untar-
geted plasma metabolomics and proteomics measurements for
a discovery cohort of 102 patients with the m.3243A>G variant.
Using these data, we prioritized a set of proteins and metabo-
lites that strongly distinguish patients with MELAS from con-
trols. In the validation stage, we used an independently collected
m.3243A>G cohort and independent, quantitative analytical
methods to validate 1 protein and 19 metabolites distinguishing
patients with MELAS from controls (Figure 1). The biochemical
signature includes classic markers, recently identified protein
and metabolite markers, and a set of new analytes, such as N-
lactoyl-amino acids, never linked to mitochondrial dysfunction.
Importantly, many analytes in our panel quantitatively track with
disease severity and underscore NADH redox imbalance as a pre-
dominant feature of mitochondrial respiratory chain disease.

Results

Phenotypic, laboratory, and MRS characterization of the m.3243A>G
discovery cohort. With the ultimate goals of using metabolomic
and proteomic measurements to both discriminate patients with
MELAS from controls as well as to correlate with disease severity, we
documented histories, performed exams, collected blood and urine
samples, and performed MRS on a discovery cohort of 134 individ-
uals (Figure 1). Twenty individuals harboring the m.3243A>G vari-
ant had a documented stroke-like event and fulfilled conservative
clinical criteria to comprise the MELAS cohort (Table 1, Supple-
mental Table 1; supplemental material available online with this
article; https://doi.org/10.1172/JCI136055DS1) (10). The patient
cohort also consisted of 82 individuals with m.3243A>G mutations
(harboring the variant or who were obligate carriers) with a range
of disease features but without stroke-like episode who we refer to
here as m.3243A>G non-MELAS patients. All individuals, including
the 32 controls, were in their baseline state of health at the time of
participation and their clinic visits were coordinated to complete all
aspects of the study within 2 days (Supplemental Table 1). All sam-
ples were first morning samples and the majority of participants
were fasting except for a small fraction (< 10%) who required food
with their morning medications, which were taken at least 2 hours
prior to sample collection (Table 2 and Methods).

Comparisons of the clinical features across the 3 groups were
consistent with previous natural history studies demonstrating
severe deficits across multiple systems with m.3243A>G non-
MELAS patients being intermediate between controls and patients
with MELAS (Table 1) (40). As seen in prior studies, patients with
MELAS had a lower mean body mass index (BMI) (Table 1) (40).
The majority of patients with MELAS showed deficits in their neu-
rological exams (Columbia Neurological Score), cognitive abilities
(Folstein Mini-Mental State Examination Score), and memory.
Muscle strength and 6-minute walk test, both reflections of myop-
athy, were substantially impaired in patients with MELAS. Hearing
loss (80%), diabetes (60%), and gastrointestinal complaints (75%)
were frequent MELAS complications. These multisystemic defi-
cits were associated with markedly worse Karnofsky performance
status scores in both patients with MELAS and m.3243A>G
non-MELAS patients as compared with controls. The wide spec-
trum of severities was evident in m.3243A>G non-MELAS patients,
as several displayed lower Karnofsky scores than the highest scor-
ing patients with MELAS.
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Table 1. Demographics and disease features of study participants

m.3243A>G MELAS (+ strokes)

N 20
Sex, male/female 713
Age, mean (range) 38.2 (5-69)

BMI in adults, mean (range)
BMI for age in children, mean (range)
Disease features

Cardinal features

22.9 (15.3-373)
171(15.2-20.2)

Stroke-like episodes* 20 (100)
Columbia neurological score® 61.8 (8.8)**
Karnofsky score® 62.5 (13.4)***
Folstein mini-mental state examination score® 24.9 (6.1)**
Mitochondrial myopathy® 5.0(2.0)
Neurological / Neuropsychiatric
Seizure 16 (80)***
Headache 16 (80)**
Neuropathy 10 (50)**
Psychiatric condition 12 (60)**
Memory problems® -2.22(1.8)*
Visceral
Exercise intolerance 15 (75)***
Six-minute walk 67.7 (14.7)**
Hearing loss 16 (80)***
Short stature! 3(15)**
Growth failure® 1(5)
Diabetes 12 (60)***
Cardiomyopathy 4(20)**
Gastrointestinal disturbance 15 (75)**

Discovery cohort
m.3243A>G non-MELAS (- strokes) Controls Units (range)
82 32
2755 21M
39.3 (4-68) 43.8 (20-83) years
24.8 (15.2-40.7) 26.8 (174-35.7) kg/m?
173 (134-25.9) - kg/m?
0(0) 0(0) number (%)
70.1(6.0)** 733(33) score (SD) [0-76]
86.7 (9.9)*** 96.6 (4.8) score (SD) [0-100]
284(17) 29.0 (1.3) score (SD) [0-30]
5.8 (0.6) 59(0.3) score (SD) [0-6]
8(9.8) 0(0) number (%)
50 (61)* 12(37.5) number (%)
18 (22) 3(94) number (%)
32(39) 6(18.8) number (%)
-0.5(0.9) -0.7(0.9) zscore (SD)
30 (58.8)*** 0(0) number (%)
86.7(18.7) 84.6(19.7) % predicted (SD)
31(38)** 3(9) number (%)
0(0) 0(0) number (%)
1(1.3) 0(0) number (%)
22(27)* 2(6) number (%)
2(2) 0(0) number (%)
28 (34) 9(28) number (%)

All patient information, including anthropomorphic measurements, symptoms, and physical and neuropsychological testing, was gathered at the time of
sample collection. Wilcoxon rank-sum P values comparing patient groups compared with controls are indicated by asterisks as follows: *P < 0.05, **P <

0.01, and ***P < 0.001. AStroke-like episodes are the defining feature of MELAS. BThe Columbia neurological score (CNS) captures 12 physical exam findings
summed together and ranges from 0 to 76, where 76 is normal (37). “The Karnofsky score reflects functional status where 100 is normal, 80 is normal activity
with effort, 60 indicates requiring occasional assistance, and 10 is a moribund state. °The Folstein mini-mental status measures cognitive impairment a
score of 24 to 30 is considered normal cognition and 19 to 23 reflects mild impairment. EMitochondrial myopathy is scored based on the muscle bulk score
from the CNS (see Methods). FHeadaches do not specify a specific subtype. “Memory represents the mean of visual and long-term memory test scores
represented as a z score. "Short stature and growth failure indicate those in less than the third percentile for height and weight, respectively.

Laboratory studies of the discovery cohort revealed expected
disease-associated differences (Table 2). Urine heteroplasmy
was progressively higher from controls to m.3243A>G non-
MELAS patients to patients with MELAS, albeit with wide varia-
tion, consistent with prior studies (36, 41). MRS ventricular lac-
tate, a recognized marker of MELAS severity (37), was found to
be progressively higher in the patient groups. As a corroboration
of urine heteroplasmy and MRS lactate as readouts of severity, we
observed moderately strong correlations of each measure with the
Karnofsky score (t=-0.49 and -0.42, respectively) (41, 42).

Although standard blood cell counts, electrolytes, liver func-
tion tests, and endocrine parameters were formally within the nor-
mal reference ranges, patients with MELAS and controls showed
marked differences in certain laboratory values (Table 2). Patients
with MELAS had lower red blood cell counts but higher total white
blood cell counts, although their subtypes showed no significant
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differences (data not shown). An elevated corrected anion gap in
patients with MELAS likely reflected a mild baseline metabolic
acidosis. Alkaline phosphatase, globulin, and lactate dehydroge-
nase (LDH) were also substantially increased in MELAS. As pre-
viously observed, total triiodothyronine (T3) is markedly lower
in patients with MELAS (40). Finally, elevated hemoglobin Alc
levels were consistent with the impaired glucose tolerance asso-
ciated with MELAS (43). In summary, clinical characterization of
the discovery cohort recapitulated the multisystemic nature of
MELAS and highlighted MRS ventricular lactate and urine hetero-
plasmy as quantitative markers of functional severity (37, 40).
Proteomics validated GDF-15 and nominated sE-selectin,
HS6ST1, and RET as candidate biomarkers. To identify protein
markers of MELAS, we performed proteomic profiling on plasma
samples from 16 m.3243A>G patients with MELAS, 60
m.3243A>G non-MELAS patients (i.e., those without stroke-like
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Table 2. Clinical laboratory values of study participants

Discovery cohort
m.3243A>G
m.3243A>G MELAS (+ strokes)  m.3243A>G non-MELAS (- strokes) Controls Units (range)
Laboratory results, mean (SD)
Urine heteroplasmy, mean (range) 73.6 (32-96)*** 304 (0-90)*** 0(0) %
MRS ventricular lactate 20.6 (3.8)** 10.0 (4.3)*** 76(1.0) AU
Complete blood count
WBCs 8.3(1.7)* 70(23) 6.8 (1.8) x10%/plL
RBCs 44(0.5)* 48(0.5)* 49(04) x 10%/pL
Hemoglobin (Hgb) 13.5 (1.6)* 141(16)* 149 (14) g/dL
Hematocrit 417 (4.3)* 435 (4.9)* 46.0 (4.4) %
Platelets 286.7 (674)* 239.2(58.8) 222.1(54.0) x10°/uL
Mean cell volume (MCV) 93.9 (3.8) 914 (5.2) 93.0 (4.0) fl
Electrolytes
Sodium 138.7 (3.6) 139.0 (2.5) 140.0 (2.0) mmol/L
Potassium 47(04) 44(04) 44(0.3) mmol/L
Chloride 102.0 (4.0)* 103.3(2.9) 104.3(2.6) mmol/L
Carbon dioxide 215(3.5) 23.3(26) 23.6(2.0) mmol/L
Blood urea nitrogen (BUN) 222(134) 18.7(7.7) 15.9 (4.6) mg/dL
Creatinine 1.0(0.5) 0.9(0.3) 0.9(0.2) mg/dL
Corrected anion gap* 15.3 (2.5)* 122(237) 124 (21) mEq/L
Glucose 118 (41.8) 99(29.2) 97 (24.4) mg/dL
(alcium 9.7 (0.4) 9.6(0.4) 9.5(0.4) mg/dL
Ammonia 53.6 (224) 39.1(24.8) 48.3(26.3) umol/L
Liver function tests
Alanine aminotransferase (ALT) 18.2(7.0) 221(133) 243 (13.0) u/L
Aspartate aminotransferase (AST) 225(6.3) 207 (72) 205 (6.8) u/L
Alkaline phosphatase® 84.0 (24.7)* 71.8(35.2) 66.2(24.3) u/L
Albumin 44(04) 45(0.3) 44(0.3) g/dL
Total protein 74 (0.5) 72(0.4) 70(04) g/dL
Globulin 2.9(0.5)* 2.7(03) 2.6(0.3) g/dL (calc)
Total bilirubin 0.5(0.1) 0.6(0.3) 0.6(0.2) mg/dL
Lactate dehydrogenase 199 (41.8)*** 167 (35.6) 157 (21.0) u/L
Thyroid function tests
Triiodothyronine (T3) total 97.8 (22.8)*** 113.2 (35.5)* 125.5 (32.6) ng/dL
Thyroxine (T4) total 8.2(24) 77(1.8) 795 (2.5) pg/dL
Free T4 1.2(0.2) 11(0.2) 11(0.1) ng/dL
Thyroid stimulating hormone (TSH) 1.2(0.9) 1.7(11) 18(12) miU/L
Diabetes tests
Hemoglobin Alc 6.9 (1.6)* 5.9(0.9) 6.0 (14) % of total Hgh
Insulin 13.9 (15.6) 15.5 (38.5) 75(5.2) plU/mL
Lipid panel
Total cholesterol 182 (57) 187 (43) 177 (36) mg/dL
HDL cholesterol 51.5 (15.5) 54.9(14.7) 51.9 (15.5) mg/dL
LDL cholesterol 102.8 (53.3) 107.2 (373) 98.0 (29.5) me/dL (calc)
Triglycerides 142 (57.6) 128 (68.5) 137 (108) mg/dL
Non-HDL cholesterol 131(47.6) 132 (44.6) 125 (36.4) mg/dL

Patient information was gathered at the time of sample collection. See Table 1 for patient demographics. Laboratory data show mean and standard
deviation except where noted for controls (n = 32), m.3243A>G non-MELAS (- strokes) (n = 76), and m.3243A>G MELAS (+ strokes) (n =13). Wilcoxon rank-
sum P values comparing patient groups compared with controls are indicated by asterisks as follows: *P < 0.05, **P < 0.01, and ***P < 0.001. AThe anion
gap is corrected for the albumin concentration: ([Na] - ([CI] + [HCDB]) +2.5 x (4 g/dL - [albumin]). 8Alkaline phosphatase values here only include adults.
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episodes), and 24 controls using an aptamer-based multiplexed
assay (SOMAscan, SomaLogic Inc.) that quantifies 1310 proteins
(Supplemental Table 1). Since the proteome and metabolome are
known to change with age, sex, and BMI, we compared levels of
each protein in MELAS and controls after controlling for these
variables and identified 4 proteins meeting a false discovery rate
(FDR) threshold of 2% (Figure 2A and Supplemental Figure 1A).
The most markedly changed among these was growth differen-
tiation factor 15 (GDF-15), which validated previous studies that
found it to be elevated in mitochondrial disease, including MELAS
(Figure 2, A and B) (44-46). Also identified as substantially altered
were the levels of 3 plasma proteins. Compared with controls,
patients with MELAS showed increased levels of sE-selectin but
modestly decreased levels of heparan sulfate 6-O-sulfotransfer-
ase 1 (HS6ST1) and receptor tyrosine kinase (RET) (Figure 2, C-E).
In summary, proteomic profiling of the discovery cohort provided
formal validation of GDF-15 as a MELAS marker while nominat-
ing 3 new protein markers.

Metabolomics analyses recovered classic markers while nominat-
ing new ones. We applied 4 complementary liquid chromatography-
mass spectrometry (LC-MS) methods (Broad Institute) to measure
relative levels of 376 identified polar and nonpolar metabolites in
134 plasma samples (20 m.3243A>G patients with MELAS, 82
m.3243A>G non-MELAS patients, 32 controls). After controlling
for age, sex, and BMI and applying a 2% FDR cutoff, we identified
23 metabolites in this discovery cohort that were significantly dif-
ferent between patients with MELAS and controls (Figure 2F, and
Supplemental Figure 1B). Three classic respiratory chain disease
markers (lactate, pyruvate, and alanine) were prominent among
the top targeted metabolites distinguishing patients with MELAS
from controls and, along with GDF-15 above, validated our discov-
ery pipeline (Figure 2, F and G) (47, 48).

Other metabolites highlighted in this analysis included famil-
iar as well as recently nominated markers. Elevations of tricarbox-
ylic acid (TCA) cycle intermediates have been reported in mito-
chondrial diseases and, indeed, we found patients with MELAS
have small but significant increases in citrate, aconitate, isocitrate,
and malate (Figure 2H) (48). However, not all TCA intermediates
were increased, as succinate was actually reduced, barely missing
our significance threshold (Supplemental Figure 2A).

The suite of top metabolites included several that feed into the
TCA cycle. C2:0-carnitine, a product of acetyl-CoA, into which
pyruvate and fatty acid p-oxidation funnel, was higher in patients
with MELAS (Figure 2H). Similarly, C3:0-carnitine is a product
of propionyl-CoA, into which catabolic products of odd chain fat-
ty acids and several amino acids pass en route to the TCA cycle
and which is also elevated in patients with MELAS (Figure 2H).
Furthermore, in analogous biochemical organization to pyruvate
and lactate, a-ketobutyrate can be converted to C3:0-carnitine or
reduced to a-hydroxybutyrate by LDH. Interestingly, a-hydroxy-
butyrate was increased in patients with MELAS (Figure 2I), con-
firming studies that identified this metabolite as a robust marker
of mitochondrial disease as well as hepatic NADH/NAD" ratio in
mouse studies (49-52).

Acylcarnitines are known to be elevated in mitochondrial dis-
orders and comprise 8 of the top 23 metabolites (Figure 2, F and
]). Targeted metabolomics reported 26 acylcarnitines species and
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indicated the MELAS pattern includes short chain acylcarnitines
with less than 5 carbons as well as the 3 hydroxy-acylcarnitines
species detected (Figure 2K). However, as these were the only 3
hydroxy-acylcarnitines reported, a complete MELAS acylcarnitine
signature could not be resolved from this platform. Carnitine itself
as well as creatine, both previously nominated mitochondrial dis-
ease markers, were markedly increased in patients with MELAS
(Figure 2L) (53). The 4 patients with MELAS taking carnitine and
2 taking a cocktail of mitochondrial vitamins (none were taking
creatine) did not account for these or the acylcarnitine observa-
tions. Although all but 4 patients with MELAS were taking sup-
plements, the number taking any individual supplement was too
small to rigorously determine correlations with any metabolite.
In summary, targeted metabolomic profiling identified clinically
familiar as well as recently nominated metabolic markers that
began to delineate a MELAS biochemical signature (Figure 2).

Untargeted metabolomics, combined with cheminformatics and
analytical chemistry, revealed changes in 3 families of metabolites.
To complement the targeted metabolomics approach we also ana-
lyzed all 134 plasma samples on an untargeted LC-MS platform
(Massachusetts General Hospital) in full-scan mode, in which it
was feasible for us to perform follow-up analytical chemistry on
anonymous peaks. This platform detected levels for 5584 features,
of which 237 could be putatively assigned a chemical identity (e.g.,
lactate, alanine, a-hydroxybutyrate) based on a retention time
library, while 5347 remained unidentified.

We prioritized the unidentified features based on their ability
to discriminate patients with MELAS from controls after correct-
ing for age, sex, and BMI. Applying a 2% FDR cutoff, we found 536
total peaks were significant, of which only 31 were readily identi-
fied on the basis of retention time standards; 6 of these 31 (lactate,
pyruvate, alanine, C2:0-carnitine, C3:0-carnitine, a-hydroxybu-
tyrate) were among the 23 significant metabolites identified on
the targeted platform (Figure 3A, black dots). As the strongest
peaks that distinguished cases from controls were many of the
505 unidentified features, we searched for potential compound
matches using only their accurate exact masses in the Human
Metabolome Database (HMDB) (54). As we manually reviewed
the top 505 unidentified peaks, 3 metabolite families repeatedly
emerged as candidate matches: N-lactoyl-amino acids, -hydroxy
acylcarnitines (BOHCAs), and p-hydroxy fatty acids (BOHFAs).

The first group of markers we explored in the unidentified
peaks were 4 putative N-lactoyl-amino acids (Figure 3A, red
dots). To our knowledge, these metabolites have only been iden-
tified twice previously in humans and have been proposed to be
products of reverse proteolysis between lactate and amino acids
(Figure 3B) (55, 56). Using LC-MS/MS, we confirmed that frag-
mentation of these 4 peaks matched authentic standards as
well as previous reports of 4 N-lactoyl-amino acids: N-lactoyl-
phenylalanine (Figure 3C), N-lactoyl-leucine/isoleucine (unable
to distinguish), N-lactoyl-tyrosine, and N-lactoyl-valine (55). Lev-
els of these N-lactoyl-amino acids were significantly increased
in patients with MELAS compared with controls (Figure 3D) and
were strongly correlated to one another (R? > 0.8). We searched
the LC-MS data for masses of all possible N-lactoyl-amino acids
and found 7 putative additional members. However, only 3 (puta-
tive N-lactoyl-alanine, N-lactoyl-threonine, and N-lactoyl-gluta-
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Figure 2. Comparison of 1310 proteins and 376 targeted metabolites in plasma of patients with MELAS and controls. (A) Four proteins discriminate
patients with MELAS (n = 16) from controls (n = 24) at the 2% FDR threshold with the indicated fold effects and 95% Cl. Plots (B-E, G-}, and L) show box
(median with quartiles) and whisker (1.5 x IQR) plots of controls, m.3243A>G non-MELAS and patients with MELAS for each analyte meeting the 2% FDR
threshold with individual data points plotted only for outliers. All show Iogw(AU) after correction for age, sex, BMI, and batch. (B) Growth differentiation
factor 15 (GDF-15). (C) HS6ST1, heparan-sulfate 6-0-sulfotransferase 1. (D) sE-selectin, soluble E-selection. (E) RET proto-oncogene (RET). (F) Twenty-three
metabolites from the targeted platform significantly discriminate patients with MELAS (n = 20) from controls (n = 32), with the indicated fold effects and
95% Cls. (G-J and L) Box and whisker plots for 18 of the top metabolites. (K) The significances shown as —Iogm(P value) of each of the 26 different acylcar-
nitine species identified by the targeted metabolomics platform are shown according to carbon chain length with the gray line at y = 2.92 marking the 2%
FDR threshold. The P values shown here are the results of a regression analysis controlling for age, sex, BMI, and batch (see Methods).

mine) were significantly correlated (R?> 0.5) to the 4 confirmed
N-lactoyl-amino acids and only 2 (N-lactoyl-alanine and N-
lactoyl-glutamine) met our 2% FDR threshold, though neither
were as substantially increased as the 4 confirmed species.
While their biological role is unclear, these results nominate 4 N-
lactoyl-amino acids as potential MELAS markers.

The second metabolite family that emerged among the
unidentified features consisted of 15 hydroxy-acylcarnitines
ranging from 4 to 18 carbons in length (Figure 3A, cyan dots) and
included 3 hydroxy-acylcarnitines highlighted by our targeted
platform. To verify these hydroxy-acylcarnitines, we confirmed
their retention times with 4 purchased standards (see Methods).
Although we were unable to determine the exact position of the
hydroxyl group, the B-position is consistent with prior observations
in a diabetes mouse model (57). Moreover, the B-position is also
consistent with inhibition of the NAD*-dependent dehydrogena-
tion of B-hydroxyacyl-CoA species during fatty acid p-oxidation
with elevated NADH/NAD" ratio. The BOHCA family observed in
the untargeted platform included some of the most significant of
all features detected (Figure 3, A and E). This observation comple-
mented the results from the targeted platform to more completely
describe the MELAS acylcarnitine signature to include BOHCAs
of all lengths as well as short acylcarnitines.

The third family spotlighted by the untargeted platform
were 10 hydroxy-fatty acids of lengths ranging from 6 to 18 car-
bons (Figure 3A yellow dots, and Figure 3F). As noted above, we
suspected the hydroxyl group is in the p-position as an elevated
NADH/NAD* ratio would interrupt fatty acid p-oxidation. We
confirmed the retention times of 6 hydroxy-fatty acids using
authentic standards. Using LC-MS/MS fragmentation of stan-
dards, we found the p-hydroxy fatty acid (and not the a-hydroxy
forms) produced a 59.0134 m/z transition upon fragmentation
(Figure 4, A-D). We used this transition and an LC-MS/MS
method to measure relative levels of 16 different p-hydroxy fatty
acids ranging from 4 to 18 carbons, 13 of which were significantly
elevated in patients with MELAS compared with controls (Fig-
ure 4, E and F). In addition to identifying a new class of poten-
tial MELAS biomarkers, these observations point to a shared
biochemical origin underlying the metabolic perturbations in
hydroxylated acylcarnitines and fatty acids.

Circulating markers correlated with measures of severity. To
monitor patients clinically, it is desirable to identify biomarkers
that reflect disease severity. The categorical analysis described
so far highlights circulating markers that distinguish patients with
MELAS from controls, but do not necessarily correlate quantita-
tively with disease severity across the entire cohort of patients
with m.3243A>G. A small handful of measures and markers of
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disease severity have previously been reported for MELAS. The
Karnofsky score (100 indicates no impairment, 30 severe disabil-
ity, O is death), a holistic measure of functional status, has been
shown to decline in patients with MELAS (36) and is often used
in clinical trials (58-60). Previous studies have shown that MRS
ventricular lactate, and to a lesser extent, urine heteroplasmy,
are markers of MELAS disease severity (37). These 3 previously
reported measures and markers tend to distinguish patients from
controls in our categorical analysis (Table 1, Table 2).

To identify circulating plasma markers that best reflect sever-
ity and directly compare them with previously reported readouts
of severity, we determined their correlations with urine hetero-
plasmy, MRS ventricular lactate, and Karnofsky score (Figure 5,
A-C, respectively). We determined the Kendall rank correlation ()
between each measure of severity and (a) all 1310 proteins mea-
sured on the proteomics platform and (b) all 658 identified metabo-
lites (including N-lactoyl amino acids, BOHFAs, and BOHCAs). We
also included direct comparisons of each measure of severity. As
expected, we confirmed MRS ventricular lactate and urine hetero-
plasmy are strongly correlated with one another and anticorrelated
with Karnofsky score (i.e., higher levels are associated with lower
Karnofsky scores) (Figure 5, A-C). Encouragingly, in all 3 compari-
sons, we found the analytes identified as significantly altered in our
categorical analyses (black dots in Figure 5, A-C) perform compara-
bly or better than urine heteroplasmy, ventricular lactate, or Karnof-
sky score. Specifically, GDF-15, BOHFAs, BOHCAs, and N-lactoyl-
amino acids are among the most strongly correlated with estab-
lished measures and markers of severity. Surprisingly, 2 plasma ana-
lytes (GDF-15 and B-OH-C16:0 carnitine) were the most strongly
correlated across all 3 measures of severity (Figure 5, A-C). We note
that the markers most strongly correlated with ventricular lactate
are enriched for BOHFAs and BOHCAs, while N-lactoyl-amino
acids are more strongly correlated with urine heteroplasmy.

Among the 3 comparisons, the Karnofsky score is most
reflective of disease severity and the set of analytes most strongly
correlated to it includes GDF-15 as well as a mix of BOHCAs,
BOHFAs, and N-lactoyl-amino acids (Figure 5, C-D). The top
candidate markers accounted for the 2 most correlated and 10 of
the most anticorrelated analytes (Figure 5C). Furthermore, 7 of
the N-lactoyl-amino acids (Figure 5C), BOHFAs, and BOHCAs
had correlations to Karnofsky score that outperformed plasma
lactate. The RET protein had the highest positive correlation
with Karnofsky score (Figure 5D). In conclusion, correlation
with any of 3 previously reported measures of disease severity
homes in on the very same candidate markers that distinguish
patients with MELAS from controls and nominates these as
monitoring biomarkers of MELAS.
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Figure 3. Biomarker discovery from untargeted metabolic profiling. (A) The untargeted metabolomics platform identified 5584 features. Each data point
reflects the fold-change and P value comparing patients with MELAS (n = 20) and controls (n = 32). Two hundred thirty-seven of the features were iden-
tified and 6 of those features (black dots) were identified by the targeted platform. Overall, 536 features met the 2% FDR threshold indicated by a gray
line at y = 1.7. Three biochemical families appeared when searching for potential chemical matches by mass in HMDB: N-lactoyl-amino acids (red dots),
hydroxy-fatty acids (yellow dots), and hydroxyacyl carnitines (cyan dots). (B) Four significant peaks matched N-lactoyl-amino acids. The origin of these
metabolites is not known, though they have been proposed to be catalyzed as shown by reverse proteolysis. (C) A chemically synthesized N-lactoyl-
phenylalanine standard has the same fragmentation pattern as the peak observed in a sample from a patient with MELAS. (D-F) Graphs following the
formatting of Figure 2 show the distributions of (D) 4 N-lactoyl-amino acids, (E) 4 of the 12 hydroxycarnitines, and (F) 4 of the 10 hydroxy-fatty acids

in controls (n = 32) in m.3243A>G non-MELAS patients (n = 82) and patients with MELAS (n = 20).

:

J Clin Invest. 2021;131(2):e136055 https://doi.org/10.1172/]C1136055


https://www.jci.org
https://doi.org/10.1172/JCI136055

The Journal of Clinical Investigation

RESEARCH ARTICLE

A -OH-C14:0 B a-OH-C14:0 a-and B-OH-C14:0 | MELAS patient plasma Figure 4. BOHFAs are significantly increased in MELAS.
g 1% wms? 1 MS?2 243.20 1 (A) Fragmentation of a standard of p-OH-C14:0 produces
= . .

3 MS?243.20 243.20 MS? 243.20 a 59.0134 m/z fragment ion but (B) fragmentation of
é 0 X . . . a-0H-C14:0 does not. (€) A mixture of - and -OH-C14:0
$ 100 MS? 243 TMs? 243 MS? 243> MS? 2435 standards can be separated based on retention time and
% 59.0134 59.0134 59.0134 59.0134 the 59.0134 m/z fragment ion. Each BOHFA standard
E tested produced a 59.0134 m/z fragment ion (data not
08 2 87 90 96 82 87 o0 96 82 87 90 96 82 87 S0 os shown). (D) We quantified the relative level of 3-OH-C14:0
Time (min) in each sample using the exact mass and the 59.0134
m/z transition; the extracted ion chromatogram for 1
: F B-OH-C6:0 B-OH-C10:0 representative patient with MELAS is shown. (E) Sixteen
f-OHfallyacid P value 60 75 BOHFAs were quantified with their respective masses and
E_g: ggig 2 60;?0_7 1 70| ° the 59.0134 m/z transition. The table shows the Wilcoxon
- : Y . J
B-OH C8:0 8.4 x 10° 554 rank-sum P value comparing 20 patients with MELAS and
p-OH C10:0 3.6 x 10° * 6.5 ? 32 controls. (F) Distributions of 3 representative BOHFASs,
B-OH C10:1 0.54 | ° ) o
B-OHC12:0 | 28x10° 5.0 6.0/ following the format in Figure 2.
B-OH C12:1 2.4 %107
B-OH C14:0 79 x 10° »
B-OH C14:1 15 x 107 9
B-OH C14:2 32 x10° B-OH-C18:1 ] £ %
B-OH C16:0 4.1 % 107 7.5 ) <o
B-OHC16:1 [ 77x10° }_ e s
B-OH C16:2 74 x 10° 7.0 8 0o
B-OH C18:0 0.50 65 2|2 g8
B-OH C18:1 1.7 x 10° : 2412 &3
B-OH C18:2 5.7 x 10° 6.0 - 2|8 EE
P <0.05 P>0.05 L] )

Lability of identified metabolites in response to exercise. A lim-
itation of the classic mitochondrial disease marker plasma lac-
tate is its acute responsiveness to exertion that contributes to its
limited specificity (61). To assess the lability of the top metab-
olite markers to exertion, we turned to a previously published
cohort of 12 controls and 21 mitochondrial myopathy patients
3 of whom harbor the m.3243A>G mutation (Supplemental
Figure 3A and ref. 61). Each individual performed an exercise
cycling protocol during which blood was collected at rest, at
maximal exertion, and 10 minutes after completion (Supple-
mental Figure 3B). Using an earlier iteration of our untargeted
metabolomics platform we measured concentrations of lactate,
a-hydroxybutyrate, and relative levels of 6 of our most distin-
guishing metabolites. We were unable to obtain BOHCA mea-
surements or resolve the position of hydroxyl groups of hydroxy
fatty acids from this platform.

As expected, lactate was elevated in patients with mitochon-
drial myopathy and rose with exercise (Supplemental Figure
3C). The a-hydroxybutyrate concentration was also elevated in
the patients with mitochondrial myopathy who were at rest but,
unlike lactate, did not rise during exercise (Supplemental Figure
3D). Aconitate and creatine similarly showed significantly ele-
vated levels at rest and were relatively stable through exercise
(Supplemental Figure 3, E and F). N-lactoyl-leucine/isoleucine
and N-lactoyl-valine were both substantially increased at rest and
their relative levels increased slightly during exercise, consistent
with prior observations (Supplemental Figure 3, G and H) (55).
Finally, 2 hydroxy-fatty acids were significantly elevated in this
mitochondrial myopathy cohort and did not rise with exercise
(Supplemental Figure 3, I and J). Together, these measurements
demonstrate a subset of our top metabolite markers extend to
mitochondrial myopathy and are relatively stable during exertion.

Correlation among markers identified in the discovery analysis.
An important question is whether the markers we have identified
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reflect independent underlying biochemical processes, or whether
they are reflective of changes in a small number of core pathways.
An ideal biomarker panel would have some redundancy while also
spanning multiple core pathways.

We explored the correlation structure among some of the top
scoring analytes. We considered the 100 samples for which both
proteomics and metabolomics (Supplemental Table 1) data were
available and computed Kendall rank correlations (t) among 38 of
the most discriminating analytes. This analysis included all 4 pro-
teins, 23 targeted metabolites, 4 confirmed N-lactoyl-amino acids,
4 representative BOHFAs spanning 8 to 14 carbons, and 3 represen-
tative BOHCAs beyond the 3 identified by the targeted platform.

The analysis yields 3 prominent clusters (Figure 6A). One
cluster consisted primarily of metabolites participating in cyto-
solic reactions, including lactate, pyruvate, and alanine, as well
as the N-lactoyl-amino acids, which were highly correlated to one
another, likely reflecting their shared enzymatic origin. Unexpect-
edly, GDF-15 was connected to the same group. The largest cluster
was dominated by intramitochondrial metabolites and includ-
ed the BOHFAs, BOHCAs, and 4 TCA cycle intermediates (Fig-
ure 6A). The third subgroup consisted of the short acylcarnitines
(C3:0-carnitine to C5:0-carnitine) and carnitine itself. Some of
the top analytes do not show strong correlation to other analytes,
likely reflecting their smaller effect sizes (Figure 2, A and F).

Quantitation and validation of prioritized metabolites in an
independent m.3243A>G cohort. We next sought to validate a
prioritized subset of the newly discovered metabolites in a com-
pletely independent cohort, now using stable-isotope dilution
methods to quantify plasma concentrations of metabolites of
interest. We selected 22 metabolites for validation based on 4
criteria: (a) sampling of metabolites across correlation groups
(Figure 6A), (b) inclusion of classical markers as positive con-
trols, (c) inclusion of potentially novel markers, and (d) tech-
nical feasibility (Figure 6A, circles adjacent to names). We
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Figure 5. Correlation of plasma markers, brain lactate, or urine heteroplasmy with measures of disease severity. Kendall rank correlation coefficient
(Corr. (1)) of all 1978 proteins and identified metabolites from targeted and untargeted platforms with 3 measures of severity: (A) urine heteroplasmy, (B)
MRS ventricular lactate, and (C) Karnofsky score. MRS ventricular lactate is highlighted in red, urine heteroplasmy in cyan, and Karnofsky score in green.
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black dots and the remainder as gray dots. The 12 most correlated and anticorrelated analytes are listed with those identified as candidate markers shown
in black text and the remaining in gray text. (D) Distributions of Karnofsky scores for select analytes in controls, m.3243A>G non-MELAS patients and
patients with MELAS. One data point for f-OH-C16:0 carnitine has been excluded as it was unmeasured in a control.

developed 2 stable-isotope dilution LC-MS methods to measure
plasma concentrations of the 22 metabolites in an independent-
ly collected validation cohort consisting of 32 individuals: 7
m.3243A>G patients with MELAS, 9 m.3243A>G non-MELAS
patients, and 16 controls matched for age, sex, and BMI (Fig-
ure 6B and Supplemental Table 2). We note that the male-to-
female ratio of patients with MELAS was balanced in the valida-
tion cohort, whereas it was skewed to females in the discovery
cohort. We also determined concentrations for 20 patients with
MELAS and 32 controls in the discovery cohort. While these
methods are not clinically approved, the measured concentra-
tions were comparable to values produced by clinical assays or
reported in prior publications (55, 62, 63).

Of the 22 metabolites quantified, 20 remained significantly
increased (P < 0.05) in the discovery cohort and 19 of these were
also significantly elevated in the validation cohort (Figure 6C). In
addition to classic markers like lactate and pyruvate, we found that
a-hydroxybutyrate, malate, and creatine, as well as C2:0-carnitine
and C3:0-carnitine, validated in both cohorts (Figure 6, C and D,
Supplemental Figure 4, A, C-D). Among the metabolites iden-

tified by the untargeted platform, all 3 BOHCAs, all 3 BOHFAs,
and all 4 N-lactoyl-amino acids replicated in the validation cohort
(Figure 6, C and D, Supplemental Figure 4, E-G). Reflecting their
correlation with severity, many of these markers also distinguish
patients with MELAS from the m.3243A>G non-MELAS patients.

In summary, 19 of the 22 assayed metabolites were signifi-
cantly elevated in the validation cohort with the most discriminat-
ing being BOHCAs, BOHFAs, N-lactoyl amino acids, and alanine
(Figure 6C). Combined with their correlation to severity and the
stability of many to exertion, this validated set of 19 metabolites
and 1 protein (GDF-15) comprise a MELAS clinical panel.

Discussion

The m.3243A>G mutation is the most common genetic cause
of heteroplasmic mtDNA disease, the most famous of which is
MELAS. These disorders are emblematic of the manifold chal-
lenges we face with mitochondrial disease. While molecular diag-
noses of mitochondrial disease can be readily secured through
genetic testing, the lack of validated biomarkers has hindered
clinical management and rigorous testing of novel therapies. To
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Figure 6. Correlations among most discriminating analytes and validation of top metabolites. (A) Proteomic profiling combined with targeted and
untargeted metabolomic profiling revealed 4 proteins and 34 metabolites that significantly discriminate patients with MELAS from controls. The

heatmap displays Kendall rank correlation coefficients (t) among these 38 analytes over 16 patients with MELAS, 60 m.3243A>G non-MELAS patients,
and 24 controls (set in which both proteomics and metabolomics was performed, Supplemental Table 1) and reveals several groups within which there is
high correlation. Twenty-two metabolites from across the correlational groups were chosen for validation and are indicated by circles; filled circles were
significantly (P < 0.05) different in the validation cohort. (B) We collected plasma samples from a separate validation cohort of 16 controls and 16 patients
with the m.3243A>G variant (7 of whom had MELAS) seen at 2 institutions (Supplemental Table 3). (C) Using 2 LC-MS methods, absolute concentrations
of 22 metabolites were measured in the discovery (MELAS and controls only) and validation cohorts. The Wilcoxon rank-sum test was used to compare the
MELAS and controls in each cohort, and 19 of the 22 metabolites validated with a P value less than 0.05. Metabolites are ordered by their discovery cohort
P value. (D) Distributions for 4 representative metabolites in discovery and validation cohorts following the format of Figure 2 with significance as indicat-
ed: *P < 0.05, **P < 0.01, and ***P < 0.001. The Wilcoxon rank-sum test was used to compare metabolite levels within each cohort.

systematically search for disease biomarkers that also reflect
severity our study design incorporated a combination of deep
phenotypic characterization and application of targeted proteom-
ics and metabolomics as well as untargeted, full-scan metabo-
lomics to discovery and validation cohorts. We have validated a
suite of 20 plasma biomarkers that include markers previously
used in classic diagnostic algorithms (e.g., lactate, alanine, pyru-
vate, acylcarnitines) (Figure 1). In addition to validating recently
reported candidate markers (GDF-15, a-hydroxybutyrate), our
untargeted platform followed by exact mass cheminformatics and
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in-depth analytical chemistry revealed N-lactoyl-amino acids,
BOHFAs, and BOHCAs as new families of m.3243A>G markers
that are among the strongest to date. Our integrated phenotypic,
radiographic, proteomic and metabolomic characterization of the
discovery cohort enabled us to discover that several of the plasma
markers including GDF-15 strongly correlate with disease severi-
ty, performing as well as MRS ventricular lactate. These markers
also provide key insights into biochemical pathogenesis.

Elevated NADH/NAD" was the major determinant of the plas-
ma metabolic signature of MELAS and non-MELAS m.3243A>G
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Figure 7. NADH-reductive stress drives
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disease. In principle, there are many downstream consequences
of interrupting the respiratory chain: ATP deficiency, spillage
of ROS, rewiring of one-carbon intermediates, or elevation of
NADH/NAD* (termed NADH-reductive stress). When the ana-
lytes from the 3 prominent clusters (Figure 6A) were projected
on their respective metabolic pathways, the dominant theme of
NADH-reductive stress was patently clear. We noted substrate
accumulation at steps utilizing NAD" in 3 primary central met-
abolic avenues: LDH-related reactions, fatty acid B-oxidation,
and the TCA cycle (Figure 7). NADH-reductive stress impacted
2 LDH-catalyzed reactions. First, the classic cytosolic redox
pair, lactate and pyruvate, as well as the lactate/pyruvate ratio
were significantly increased in both the discovery and validation
cohorts (Supplemental Figure 4A). Accumulation of lactate likely
drives the increased synthesis of N-lactoyl-amino acids by an
unclear mechanism. Although reverse proteolysis via the cytoso-
lic enzyme CNDP2 has been proposed (55), we noted that this is
thermodynamically unfavorable and further studies are required
to determine the in vivo provenance of these metabolites. Second,
LDH catalyzed the reduction of a-ketobutyrate to a-hydroxybu-
tyrate, accumulation of which has been demonstrated to reflect
cytosolic NADH-reductive stress (64). The circulating metabolic
signature of MELAS thus reflects NADH-reductive stress in both
the cytoplasmic and mitochondrial compartments involving mul-
tiple pathways and builds on the classical observation of high
NADH/NAD" in the cytosol.

The BOHFAs and BOHCAs were the 2 strongest metabolite
marker families emerging from our study and both were revealed
through mining untargeted metabolomics data and point toward
an inhibition of fatty acid p-oxidation in MELAS due to NADH-
reductive stress. To our knowledge, no specific pattern of acyl-
carnitine elevations are characteristic for MELAS, and our results
indicated that the pattern consists of short-chain acylcarnitines
(C2-, C3-, and C4-carnitine) and BOHCASs ranging from 4 to 18
carbons in length. Similarly, our results clarified the TCA cycle
profile of MELAS to include intermediates preceding NAD*-
dependent steps. While our platforms did not reveal changes in
B-hydroxybutyrate and acetoacetate (linked by B-hydroxybutyrate
dehydrogenase) to be significant, we determined concentrations

FADH,

of these classic markers in the discovery and validation cohorts.
B-hydroxybutyrate and the p-hydroxybutyrate/acetoacetate ratio
were also significantly increased in both cohorts (Supplemental
Figure 4B). These observations in combination indicate the pro-
nounced role of mitochondrial NADH-reductive stress in shaping
the circulating metabolic signature of MELAS.

At present, whether the redox imbalance in NADH-coupled
metabolites is simply a marker of underlying disease or whether
it formally contributes to organ pathology is not known. Address-
ing this question is important as it has critical therapeutic impli-
cations. It is notable that several experimental therapies aim to
target NADH/NAD* imbalance through manipulation of circulat-
ing metabolite levels using pyruvate supplementation or an engi-
neered enzyme (65, 66). The metabolites identified here may be
useful in monitoring the effects of these interventions.

GDF-15, a marker of the integrated stress vesponse, is correlated
with disease severity. Previous studies have nominated GDF-15 as
a circulating biomarker of mitochondrial disease (44, 46, 67), and
in the current study, not only have we been able to validate this
result, but we have been able to demonstrate that it is perhaps the
strongest correlate of disease severity (Figure 5D). A key question
is whether the reductive stress signature (reflected by NADH-
coupled metabolites) is mechanistically related to the integrated
stress response (reflected by high GDF-15). We recently demon-
strated in cultured muscle cells that high NADH/NAD" reductive
stress is, in fact, a major driver of the activation of the integrated
stress response to complex I deficiency in cultured myoblasts
(68). Moreover, pyruvate therapy, which alleviates NADH/NAD*
reductive stress, is also known to reduce GDF-15 in humans (67).
Collectively, these previous studies, combined with our cur-
rent metabolomics and proteomics, propose a model in which
NADH-reductive stress is likely the proximal biochemical defect
in respiratory chain disease that then leads to the activation of the
integrated stress response (Figure 7).

Other metabolic processes in the MELAS biochemical signature.
While metabolites linked to NAD*-dependent reactions are clearly
overrepresented in our top analytes, other biochemical mecha-
nisms are most certainly at play too. For example, elevated plasma
creatine may reflect conversion of phosphocreatine to defend ATP
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levels (53). Consistent with this explanation, phosphocreatine
levels were modestly decreased (0.94-fold) and just missed our
threshold for significance (adjusted P = 0.05; Supplemental Figure
2B). We also noted metabolites in the anaplerotic pathway leading
from propionyl-CoA to the TCA cycle (Supplemental Figure 2A)
showed discordant changes: patients with MELAS showed a sig-
nificant accumulation of C3-carnitine but a decrease in succinate,
just missing our FDR threshold (adjusted P=0.05), while the inter-
mediate, methylmalonate (MMA), was not significantly different.
We hypothesize that this pattern is consistent with inhibition of
the propionyl-CoA carboxylase reaction (Supplemental Figure 2A)
and is supported by prior studies of this pathway, though the spe-
cific mechanism remains unclear (69).

MELAS markers were reflective more broadly of mitochondrial
dysfunction. The signature of the NADH-reductive stress we
observed in MELAS is likely a shared feature of many mitochon-
drial disorders of the respiratory chain. We found that patients
with mitochondrial myopathy (Supplemental Figure 2) as well as
patients with Leigh Syndrome French Canadian (LSFC, Supple-
mental Figure 5, and ref. 49), both of which have genetic defects in
the respiratory chain, have overlapping metabolic changes. Eleven
of the 31 plasma metabolites discriminating patients with LSFC
from controls are also highlighted in our study, including classic
markers as well as a-hydroxybutyrate, 2 TCA cycle intermediates,
2 short chain acylcarnitines, and creatine (Supplemental Figure
5). Additionally, succinate was significantly decreased in patients
with LSFC as well as in the MELAS discovery cohort but missed
our 2% FDR threshold (Supplemental Figure 2A). While the meta-
bolic changes in LSFC and MELAS are not identical, the overlap-
ping signatures likely reflect a shared, common biochemical basis.
Several of the metabolites identified here, including o-hydroxy-
butyrate, creatine, and TCA cycle intermediates have also been
observed in multiple other mitochondrial diseases (38, 50, 51, 53).
The 3 BOHCAs identified by our targeted platform were, in fact,
found to be elevated in a mouse model of Ndufs4 deficiency (70).
Finally, isolated mitochondria treated with respiratory chain inhib-
itors are unable to oxidize fatty acids and accumulate BOHFAs (71,
72). These observations indicate that NADH-reductive stress trig-
gers a set of biochemically conserved alterations, aspects of which
may be shared among respiratory chain disorders.

The biochemical changes we observe in MELAS may have an
even broader purview beyond respiratory chain diseases. In fact,
a-hydroxybutyrate was first identified as a marker for early insu-
lin resistance and indicates progression of diabetes (62, 73, 74).
Elevations in BOHCAs were found in a mouse model of diabetes
(75). Finally, circulating GDF-15 appears to be one of the strongest
markers of the aging process itself (76-79).

Insights into organ system pathology. Our metabolite and pro-
tein profiles raise important new hypotheses about organ system
pathology in MELAS. Gastrointestinal symptoms such as vomit-
ing or pseudo-obstruction are prominent features and may have
plausible connections to 2 of our top protein markers, GDF-15
and RET. GDF-15 induces an anorexic response and weight loss
by its action in the brainstem, where its receptor is a heterodi-
mer of GDNF family receptor alpha like (GFRAL) and RET (46,
68, 80, 81). RET levels are lower in MELAS which is curious,
as loss-of-function mutations in this gene are associated with
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Hirschsprung disease in which regional colonic aganglionosis
manifests as bowel obstruction.

The pathophysiological mechanisms driving stroke-like epi-
sodes in MELAS remain poorly understood but are thought to be
different from those underlying acute ischemic strokes. Consis-
tent with this, metabolomic signatures of ischemic stroke (either
in the acute or remote setting) are distinct from our observations
(82). Two possible drivers of MELAS stroke-like episodes that
have been invoked include focal seizure triggering local energy
depletion and vasoconstriction due to nitric oxide deficiency (83).
While the latter is based on observations of lower levels of arginine
or citrulline (38, 84, 85), we did not observe such differences in the
discovery cohort (Supplemental Figure 2D).

Patients with the m.3243A>G variant often suffer substantial
decompensation in the setting of intercurrent infections (83, 86~
89). Two clues regarding the potential role of immune dysregula-
tion emerge from our measurements: patients with MELAS have a
subclinical relative leukocytosis (Table 2), and sE-selectin, a solu-
ble vascular endothelial adhesion molecule involved in leukocyte
extravasation that correlates with sepsis severity, is markedly ele-
vated in patients with MELAS (Figure 2, A and D) (83, 90, 91).

Our profiling may provide insight into several endocrine
defects in MELAS. Diabetes is a common feature of MELAS and
it is notable that we see consistent elevations in a-hydroxybu-
tyrate and BOHCAs, both of which have been linked to diabetes
and may point to NADH-reductive stress as a shared underlying
driver (73, 92). As previously reported, we observe a deficiency of
T3 but not total thyroxine (T4) in patients with MELAS, suggest-
ing a subclinical sick-euthyroid state (Table 2) (40). Patients with
MELAS can manifest hypogonadism, and it is notable that our
patients with MELAS had a significant decrease in HS6ST1 (Fig-
ure 2, A and C), which has been implicated in an inherited form of
hypogonadotropic hypogonadism (93, 94).

Circulating markers of disease severity. One of the major hur-
dles in the clinical management and drug approval for mito-
chondrial disorders such as MELAS is the lack of facile, quan-
titative biomarkers with which to monitor disease progression
and severity. Natural history studies have demonstrated mark-
edly heterogeneous, unpredictable courses, with Karnofsky
scores in half of patients declining by 12 points per year but
stable or improving in the other half (34, 36). The correlation
of urine heteroplasmy with severity is confounded by the fact
that heteroplasmy actually declines with age (42, 95). To date,
the strongest quantitative biomarker of MELAS disease severity
is ventricular lactate measured with brain NMR spectroscopy,
available at specialized centers. Here, our top validated markers
showed striking correlation with multiple measures of disease
severity, including the Karnofsky score, and even outperformed
ventricular lactate. We noted that the biomarker correlation
to Karnofsky score depends on the phenotypic extreme of the
MELAS cohort (Figure 5D). Future prospective studies will be
required to determine whether the metabolite and protein mark-
ers we have identified track quantitatively with disease severity
in other cohorts of patients with mitochondrial disease.

While the analytes validated here are likely to be clinically
beneficial, future challenges lie in delineating the sets of mark-
ers that optimize sensitivity and specificity, report organ-specific
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pathology, and predict progression. We noted that the identified
markers were modestly elevated (with statistical significance) in
patients with MELAS when compared with controls, which may
necessitate a combinatorial approach (as with other clinical pan-
els) to enhance sensitivity, specificity, and utility. Additionally,
our cohort size precluded meaningful correlations between ana-
lytes and specific disease features or supplement use, which may
only become apparent with markedly larger cohorts. The identi-
fied metabolites appear to also be elevated in pediatric Leigh syn-
drome, raising the possibility that most of our markers are not pri-
vate to MELAS but rather more broadly reflect impairment of the
respiratory chain. We anticipate that larger, prospective studies of
other genetic and phenotypic forms of mitochondrial disease will
be a requisite step toward full clinical implementation.

In conclusion, application of proteomic and metabolomic pro-
filing to discovery and validation cohorts allowed us to nominate
and validate a set of 20 MELAS-monitoring biomarkers (Figure 1).
In addition to classic markers (e.g., lactate and alanine), these ana-
lytes include recently identified markers (e.g., a-hydroxybutyrate
and GDF-15) and brand-new classes of markers such as N-lac-
toyl-amino acids, BOHFAs, and BOHCAs that we discovered and
validated in human patients. Mechanistically, the new markers we
have identified correlate with disease severity comparable to MRS
ventricular lactate and also point to NADH-reductive stress as a
key component of the biochemical pathogenesis of mitochondrial
diseases, and the integrated stress response, which has recently
been mechanistically linked to high NADH/NAD* ratios. These
biochemical insights, combined with the ability to track disease
severity, should be helpful in the development of new treatment
strategies for mitochondrial disorders.

Methods
Please see the supplemental material for detailed Methods.

Study approval. All samples and clinical information of the dis-
covery cohort were collected following approval of a human studies
protocol (IRB-AAAB1425) by the IRB at Columbia University Irving
Medical Center. All samples for the validation cohort were collect-
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ed following approval of the IRB at Massachusetts General Hospital
(2003P002032 and 2016P001517). The exercise plasma samples
were collected following approval of the IRB at University of Texas
Southwestern Medical Center (092010-077). All samples were pro-
cessed for metabolomics and proteomics following approval of a sec-
ondary use of deidentified samples protocol (2010PO00089) by the
IRB at Massachusetts General Hospital.
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