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1st Editorial Decision 19 April 2018

Thank you for the submission of your manuscript "Metabolomes of mitochondrial diseases and
inclusion body myositis: treatment targets and biomarkers". We have now heard back from the three
referees whom we asked to evaluate your manuscript.

Unfortunately, you will see that while the referees do find the overall goal interesting and clinically
important (as we did), they're not convinced by the methodology and therefore do not find the
conclusions sufficiently supported by the data. Of particular relevance, ref 2 (an expert in
metabolomics) and ref 3 have issues about the method as reflected in their cross-commenting
comments, please see below:

ref2: "There is no question that the topic being addressed by the authors is an area of unmet medical
needs, and the findings, if trustworthy, would have been of interest, in agreement with Reviewer 1.
The sample size is an inherent issue in this line of research, given the low prevalence of the
disorders, and special attention must be paid to the way data is analyzed and interpreted. While
setting up an independent cohort might be too challenging at the present time, I agree with the
Reviewer 3 that this would have been essential before any firm conclusions can be made about the
clinical significance of the findings. Nevertheless, even within the current study setting, proper
statistical analyses would have allowed at least to provide robust estimates (with CIs) of the
between-group discrimination. Instead, the authors appear to have performed a rather superficial
data analysis, which very likely overstated the significance of the findings. Additionally, in the
present manuscript, there are potentially serious yet unstated weaknesses in analytical
methodology..."

ref3: "The results strongly reflect the methods and without replication it is difficult to be confident
in any conclusions."

Given these evaluations, I am sorry to say that I cannot offer further processing at this stage.
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I hope, however, that the referees' comments will be helpful to improve the paper.
okdak Reviewer's comments **#%#

Referee #1 (Remarks for Author):

This is interesting work based on the following question: what are the general metabolic
consequences of mitochondrial disease and is it possible to identify metabolic signatures that will a)
help us to understand what is happening and b) make useful biomarkers. The work focuses on blood,
but includes data from muscle. The authors show that there are indeed signatures/fingerprints that
help to distinguish specific forms of mitochondrial disease and that inclusion body myositis appears
to have a similar profile, thus lending support to the view that mitochondrial dysfunction plays a role
in this disorder.

I think the data is sound and the authors' interpretation appropriate. There are always problems
interpreting large data sets, particularly with multiple analyses, but this in no way invalidates their
data. The authors have attempted to control for specific tissue signatures in muscle by including
non-mitochondrial muscle diseases, and a similar analysis for those with purely CNS involvement
would be interesting, albeit very difficult to do. A more significant confounder of the metabolic data
is the presence of diabetes: while it is not clearly sated, at least 2 of those with the m.3243A>G had
DM. I would like to know if the authors controlled for this in any way?

I am also interested in the PEO group: patients with single and multiple deletions are grouped
together, yet single deletions might be expected to give a mitochondrial translational defect similar
to those with MTTL1 mutation. Is diabetes thus the difference between these?

Comments to the authors

1. The authors picked 94 metabolites in their blood analyses and 110 in their analysis of muscle; I
may have missed the explanation, but what were these choices based on?

2. Age at investigation and age of onset differ markedly in the patient groups. Interestingly, in the
IOSCA group, patients had an age at sampling ranging from 33 - 42. This is interesting since disease
onset is infantile, and raises the question of whether these patients were intrinsically different. Age
is also a confounder in the other end of the spectrum: controls had a median age of 42 (blood) and
48.5 (muscle), while we are only given the spread of age for the IBM patients. The NMD ranged
from 2 years up to 60.

3. On a similar theme, what are the metabolic consequences of inactivity? This is particularly
relevant for the studies of muscle, especially the turnover of creatine/creatinine, and relevant to
those with muscle disease including IBM.

4.1 found the results concerning arginine very interesting and wonder whether the authors would
comment further? There is no confirmed evidence that acute episodes in patients with m.3243A>G
are due to vasoconstriction and no real proof that they respond to arginine, even though physicians
in some countries have now adopted this treatment as standard. If arginine does have any effect,
however, it might be more relevant to think that this was secondary to supplementation rather than
any effect on vascular contractility.

Referee #2 (Remarks for Author):

The authors address an important clinical question of specific biomarkers for distinct mitochondrial
disorders (MDs), which could be used for monitoring disease progression and treatment efficacy.
Since mitochondrial diseases have a major impact on metabolism, as already demonstrated by the
authors and others in earlier experimental studies, metabolomics is a promising platform for the
discovery of such markers. Sample size is an inherent challenge and limitation in such biomarker
discovery studies due to low disease prevalence, thus one cannot expect to reach sample numbers as
typically used in biomarker studies in more common diseases.

In the reported study, serum metabolomes were investigated in five MDs, non-mitochondrial
neuromuscular diseases and matched controls. The authors claim to have found distinct signature for
each MD, and that a panel of four metabolites differentiated between the primary MDs with good
sensitivity and high specificity. Also, the underlying pathways were identified.

While the reported results are very promising, there are some potential weaknesses in the underlying
methods which are however central to the reported results and their interpretation.
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The metabolomics method description is scarce. When following-up the trail of references that the
article was referring to for method description, this led to the paper Nikkanen J et al, Cell Metab
2016, where also the method was insufficiently described, but in the supplement of that paper
another paper was referred to, by Roman-Garcia et al, J Clin Invest 2014, which however contained
the same level of detail as in Nikkanen J et al. Generally, the trail of method references when using
this method leads to the above-mentioned paper or to Khan NA et al, EMBO Mol Med 2014 - which
does not provide more detail either.

A total of 94 metabolites were measured, while in one of the supplements of Nikkanen et al., 116
metabolites were listed. It is thus unclear which metabolites were measured in the present paper.
Since the method is non-standard, claiming to be (1) quantitative while using only a single
extraction method, (2) covering a diverse range of metabolites which by basic principles of
chemistry cannot all be extracted optimally as needed for the quantitative method, and (3) the
metabolites reported are found over a range of concentrations that exceeds the linear range of the
mass spectrometer - this surely should be considered as a non-standard method that would need to
be thoroughly evaluated by expert analytical chemist (i.e. by publishing it in specialized analytical
journal) and presented in sufficient detail. Typically, quantitative analyses require optimized
extraction protocols for specific classes of chemically similar metabolites, and thus require multiple
analytical runs.

The trail of references that the authors cite for the metabolomics method does not give any data on
the method performance, what are the standard compounds, what are the internal standards, whether
the method is validated in terms of robustness, linear range, recovery etc. It only gives the UPLC-
QqQMS conditions and also them only partially. For example, the MS parameters are not described
in sufficient detail, e.g. MRM parameters are not stated at all (this is a requirement for any MS/MS
analysis). As the method is non-standard, not a well-established method used in the scientific
community, these parameters should be given. Particularly, HILIC methods (applied here) have
been demonstrated to be less robust than RPLC, both in terms of variability of retention times (more
complex and yet poorly understood retention mechanism in HILIC) as well as in terms of impact of
matrix effects.

The rationale for the choice of extraction protocol is poorly explained. Despite being mainly
targeted to very polar metabolites and claiming to be quantitative, there is very high volume of
organic solvent and thus these metabolites may not be efficiently extracted with the method even in
principle. No data are shown on the recovery of the extraction. If the method is stated to be
quantitative, the recoveries should be given.

In addition, there is no data on any type of quality control during the analytical analyses, e.g. the use
of pooled samples for quality control, use of certified reference material (available for plasma from
NIST, with published reference values for at least part of the analytes here) etc.

Since the authors claim that the method is quantitative, this would mean that labelled internal
standards were used for each of the 94 metabolite and calibration curves for each metabolite. Is that
correct? Quite often, the targeted methods in metabolomics are using only limited number of
labelled ISTDs, and then the method is not strictly speaking quantitative due to the unavoidable
matrix effects in the LC-MS method. Particularly, it is well known that (underivatized) amino acids
suffer from the matrix effects when using HILIC, and that their analysis under acidic conditions in
HILIC is particularly problematic, and thus, their quantitation would definitely require individual
ISTDs. Here, several amino acids were reported significant, therefore it would be crucial to show
data on the method performance. Several published methods using HILIC state that indole
derivatives are poorly retained with HILIC; yet here the authors have reported two of these types of
compounds. Is it possible to measure them reliably with the method?

The concentration range of the listed analytes may also be problematic. For example, the typical
concentration of several compounds are in low nanomolar range (e.g. neopterin, carnosine,
glycocholic acid, kynurenate) while several of the compounds also listed are present in high
micromolar range. The instrument used for the analysis does not have a linear dynamic range that
would allow reliable quantitative analysis over this range of concentrations in a single analysis.
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Taken together, from the analytical perspective there is insufficient detail provided to be able to
evaluate the reported results with confidence.

Metabolic pathway analysis as applied is heavily dependent on the metabolic coverage. It should be
stated how many metabolites in the stated pathway could be detected. While the method is easy to
use, the results should be treated with more caution. When simply copy-pasting the list of 116
metabolites from Nikkanen et al 2016 into MetaboAnalyst, this reviewer found almost the same list
of pathways as reported here. Some of the reported pathways are quite extensive, e.g. about 50 in
bile acid pathways and 60 in cysteine/methionine metabolism, but the reported method is unlikely
able to cover more than a couple metabolites from each. Therefore, more likely than not, the
reported pathway analysis results are simply the consequence of the number of metabolites covered
in each pathway.

Leave-one-out cross-validation was used for PLS-DA analysis to discriminate between the groups.
This approach however is prone to over-fitting. Despite the small sample sizes, more proper cross-
validation procedures such as random subsets may still be feasible, leading to more conservative and
robust results. The method performance incl R2 and Q2 values should also be reported.

It is also unclear how the diagnostic performance of the 4-metabolite panel was evaluated. What was
the underlying statistical model and how were the confidence intervals estimated? If the approach in
PLS-DA analysis gives any clue, the reported AUCs are likely to be over-optimistic.

In summary, this is a potentially important study which shows that metabolomics may hold promise
in the efforts to identify clinically useful markers for MDs. However, analytical methodology is
poorly described and may have considerable yet unstated limitations, while the statistical methods
are unsound for the purpose.

Referee #3 (Remarks for Author):

The authors have carried out a hypothesis-free metabolomic analysis of a heterogeneous group of
mitochondrial, neurological, neuromuscular diseases and controls. They construct a model of four
metabolites distinguishing mitochondrial disorders from the other groups. The key issue here is
whether the sample sizes are adequate, given the heterogeneity of the groups, and the thousands of
possible outcomes in a study of this kind. In my view, there needs to be independent validation
before any firm conclusions can be reached. It is also unwise to conclude that the 'metabolic
fingerprints' will be of any use in disease follow-up, because no longitudinal data is presented.

Decision Appealed 20 April 2018

Thank you for the feedback. I find the feedback of Ref #1 and #2 constructive and good, and both of
them see the value of the analysis. Most of the lengthy criticism is about lacking details of
methodology, which we acknowledge, and can provide. However, concerning the comments of Rev
#3, it is not realistic that we would collect a parallel second material - from another centre - from
such rare disorders. This replication would be done by others to follow. The human samples are rare,
and maybe surprisingly, the value of serum materials in mitochondrial disease field is only starting
to be recognized and therefore serum collections should be done anew. Importantly, we are
replicating in humans findings previously reported in mitochondrial disease mouse models, which
we could emphasize more.

So, I would like to ask your opinion: if we can satisfactorily respond to the first two reviewers,
would you still reconsider?

2nd Editorial Decision 20 April 2018

Thank you for your letter asking us to reconsider our decision on your article referenced above.
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After careful examination of the referees' comments again and intense discussion within the office,
we feel that we can consider a major revision of your study, provided that you can make a strong
case and convince referee 2 of the methodology chosen. Seemingly, all major concerns raised by the
referees should be convincingly addressed (except indeed providing an independent cohort or
increasing n).

The technical details requested by referee 2 are absolutely needed. Should you find yourself in a

position where you cannot provide all of the data, or agree with limitations (cf linear dynamic range
of the instrument), please make sure to thoroughly discuss the issues. I would encourage you to also
try to assess statistics as recommended (random subsets rather than leave-one-out cross validation).

I look forward to seeing a revised form of your manuscript within three months.

Please note that EMBO Molecular Medicine strongly supports a single round of revision and that, as
acceptance or rejection of the manuscript will depend on another round of review, your responses
should be as complete as possible.

EMBO Molecular Medicine has a "scooping protection" policy, whereby similar findings that are
published by others during review or revision are not a criterion for rejection. Should you decide to
submit a revised version, I do ask that you get in touch after three months if you have not completed

it, to update us on the status.

Please also contact us as soon as possible if similar work is published elsewhere. If other work is
published we may not be able to extend the revision period beyond three months.

Please read below for important editorial formatting and consult our author's guidelines for proper
formatting of your revised article for EMBO Molecular Medicine.

I look forward to receiving your revised manuscript.

2nd Revision - authors' response 02 July 2018

Authors’ responses to the Reviewers
We would like to thank the Reviewers for their constructive comments. Please find our detailed
response below

Referee #1:

“This is interesting work based on the following question: what are the general metabolic
consequences of mitochondrial disease and is it possible to identify metabolic signatures that will a)
help us to understand what is happening and b) make useful biomarkers. The work focusses on
blood, but includes data from muscle. The authors show that there are indeed
signatures/fingerprints that help to distinguish specific forms of mitochondrial disease and that
inclusion body myositis appears to have a similar profile, thus lending support to the view that
mitochondrial dysfunction plays a role in this disorder. I think the data is sound and the authors'
interpretation appropriate. There are always problems interpreting large data sets, particularly
with multiple analyses, but this in no way invalidates their data. The authors have attempted to
control for specific tissue signatures in muscle by including non-mitochondrial muscle diseases, and
a similar analysis for those with purely CNS involvement would be interesting, albeit very difficult
todo.”

We would like to thank the Reviewer for the highly positive comments.

Comment:

“A more significant confounder of the metabolic data is the presence of diabetes: while it is not
clearly sated, at least 2 of those with the m.32434>G had DM. I would like to know if the authors
controlled for this in any way?”
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Response:
Thank you for your comment. We agree with the Reviewer that DM can modify metabolism.

Decreased insulin sensitivity is a feature of some, but not all MELAS patients, and also of some
PEO and MIRAS patients. Because of the Reviewer’s comment, we analysed the data now so that
we selected all the diabetic mitochondrial disease patients and compared them against the non-
diabetics. Although six metabolites were significantly changed between the groups (see below),
these were not the same that defined mitochondrial diseases from controls. Also, the false-discovery
rates were high, and all exceeded our FDR-limit of 0.2, suggesting that mitochondrial disease was a
stronger contributor than diabetes in generating the metabolic fingerprints. We now included these
results also in the manuscript (p. 7; Table EV1). We unfortunately do not have available control
samples from patients with diabetes, because our controls were selected to represent healthy

population.
Metabolites FC Raw p-value | FDR
AMP 2.5 0.008 0.35096
Glyceraldehyde -1.4 0.009 0.35096
Ribose-5-P 2.4 0.0144 0.37573
Glutathione reduced -2.4 0.0216 0.42107
Phenylalanine -1.5 0.0412 0.55405
Tryptophan -1.2 0.0426 0.55405

Comment:

“I am also interested in the PEO group: patients with single and multiple deletions are grouped
together, yet single deletions might be expected to give a mitochondrial translational defect similar
to those with MTTL1 mutation. Is diabetes thus the difference between these? *

Response:
Despite the molecular background, the clinical manifestation of our PEO patients with single

mtDNA deletions is indistinguishable from that of PEO patients with multiple mtDNA deletions
(Twinkle-PEO), pointing to similar pathophysiological changes in their muscle and therefore similar
clinical outcome. These patients with pure mitochondrial myopathy are clinically quite different to
MELAS/MIDD patients (MTTL1 mutation), the latter having often also hearing loss,
cardiomyopathy, diabetes and strokes. We therefore grouped the patients based on their carefully
studied phenotype, also considering but not restricted by the genotype. This strategy is supported by
our previous pilot study with “modified Atkins diet” (Ahola et al. 2016). In this study we also
grouped Twinkle-PEO and single-mtDNA-deletion PEO patients, and they responded in a
remarkably uniform manner and timeline to the diet, regardless of the genotype, suggesting that the
phenotype of manifestation reflects the physiological changes, probably even more than the actual
molecular genetic defect. The basis for patient grouping has now been commented in the methods of
the manuscript, p. 18.

Of diabetes: our single-mtDNA-deletion PEO patients do not have DM, two Twinkle-PEO patients
have mild impairment of glucose tolerance (but do not use medication). Please see the comment
above.

Comment:
Comments to the authors

“1.The authors picked 94 metabolites in their blood analyses and 110 in their analysis of muscle; 1
may have missed the explanation, but what were these choices based on? “

Response:
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We apologize for the lack of clarity in the description of the analysed metabolites; the reason is
related to the time when the samples were analysed. These rare patient samples were collected
during many years, and when the early sets were analysed fresh (as the metabolites do not store well
over many years even if frozen), the metabolomic set of ours included 94 metabolites. However,
during the years when more samples were collected and analysed, the metabolite analysis had been
updated with methionine intermediates and acylcarnitines (total n of metabolites = 111; by mistake
one metabolite was missing from the original manuscript; this was now updated in the revised
manuscript). We could not sample the patients again to analyse all with the larger set. However, the
results from the tissue analysis supported the blood findings. We have now explained the number of
analysed metabolites in the manuscript text (p.19). All the metabolites measured in blood and
muscle, as well as the percentage of detected metabolites in each group/ tissue are listed in
Dataset EV2.

Comment:

“2. Age at investigation and age of onset differ markedly in the patient groups. Interestingly, in the
10SCA group, patients had an age at sampling ranging from 33 - 42. This is interesting since
disease onset is infantile, and raises the question of whether these patients were intrinsically
different. Age is also a confounder in the other end of the spectrum: controls had a median age of 42
(blood) and 48.5 (muscle), while we are only given the spread of age for the IBM patients. The NMD
ranged from 2 years up to 60.”

Response:
We thank the Reviewer for the interesting comment concerning IOSCA patients. We have recently

diagnosed a young IOSCA patient (4 years old), whose metabolome was now analysed and included
for comparison (Fig 2B). Interestingly, already at the early disease stage, especially the levels of
creatine and taurine metabolites cluster with the adult-patients, strengthening the specificity of the
metabolite signatures for IOSCA disease and pointing to insufficient methyl-pool. We chose to
show the individual metabolite values of the young IOSCA patient but because of the lack of
appropriate age- and gender-matched control samples for this child, we did not include her in the
statistical analyses (p. 20). Of the age-ranges of the controls: we always had two age-and gender
matched controls for each patient, and therefore the controls are fully representative. The age-ranges
for the controls have now been specified in the text (p. 19).

Comment:

“3. On a similar theme, what are the metabolic consequences of inactivity? This is particularly
relevant for the studies of muscle, especially the turnover of creatine/creatinine, and relevant to
those with muscle disease including IBM.

Response:
Indeed, the muscle inactivity could contribute to the creatine/ creatinine ratio in blood. We found

increased ratio in IOSCA, IBM and NMD patients, who have various degrees of movement
difficulty, but this is true also for MIRAS and to some degree to MELAS, which both clustered
separate from the controls. Moreover, the IOSCA child patient (mentioned above) is still motorically
as active as her age-mates, but has quite a high creatine/creatinine ratio in blood, similar to adult
IOSCA patients (Fig 2B). Therefore, especially in IOSCA we find creatine metabolism interesting
and relevant to the disease pathogenesis. Furthermore, knowledge of creatine deficiency, previously
unknown to exist in the disease groups, including IBM, might motivate creatine supplementation for
these patients to improve muscle function, as has been reported in muscle dystrophy (as discussed in
the manuscript). We have now included a comment of inactivity and creatine in the discussion, p.

14.

Comment:
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“4. I found the results concerning arginine very interesting and wonder whether the authors would
comment further? There is no confirmed evidence that acute episodes in patients with m.32434>G
are due to vasoconstriction and no real proof that they respond to arginine, even though physicians
in some countries have now adopted this treatment as standard. If arginine does have any effect,
however, it might be more relevant to think that this was secondary to supplementation rather than
any effect on vascular contractility. *

Response:
We agree with the Reviewer that the finding of low L-arginine specifically in MELAS in our

unbiased metabolite screening was interesting, because of the original Japanese reports of low blood
arginine and beneficial effects of L-arginine treatment in MELAS (Koga et al. 2005). Actually,
recent data from US and Canada do also support the clinical benefit of L-arginine supplementation
(Koenig et al. 2016) in MELAS, despite the fact that the molecular mechanism is still open. Our
human data do not allow speculation of the mechanistic details, unfortunately, but motivate further
studies on L-arginine in MELAS.

Referee #2:

Comment:

“The metabolomics method description is scarce. When following-up the trail of references that the
article was referring to for method description, this led to the paper Nikkanen J et al, Cell Metab
2016, where also the method was insufficiently described, but in the supplement of that paper
another paper was referred to, by Roman-Garcia et al, J Clin Invest 2014, which however contained
the same level of detail as in Nikkanen J et al. Generally, the trail of method references when using
this method leads to the above-mentioned paper or to Khan NA et al, EMBO Mol Med 2014 - which
does not provide more detail either. *

Response:
We thank the Reviewer for careful reading. However, all the instrument parameters, reagents,

running conditions and the sample handling were already published in detail in Khan et al. 2014
EMBO Mol Med (as supplementary information). The only part that was missing from Khan et al.
were the exact MRMs of the measured metabolites, which was published in the Supplementary
Table 1 of Kolho et al. 2017. These two references have been now added to the manuscript (p.19).
Despite that fact that the details have been reported in previous manuscripts of Khan et al. and
Kolho et al, we agree that a separate method validation paper would be helpful. To fully meet this
and other comments of this Reviewer, we have now written such a method article, specifying
carefully all the analytical details. The manuscript has been submitted, and is currently available
in BioRXives (Nandania et al. 2018) and also provided here for the Reviewer, attached.

Comment:
A total of 94 metabolites were measured, while in one of the supplements of Nikkanen et al., 116
metabolites were listed. It is thus unclear which metabolites were measured in the present paper.

Response:
We apologize for the lack of clarity. These rare patient samples were collected during many years.

When the early sets were analysed fresh, the metabolomic set of ours included 94 metabolites.
However, during the years when more samples were collected and analysed, the metabolite analysis
had been updated with methionine intermediates and acylcarnitines (total n of metabolites = 111; by
mistake one metabolite was missing from the original manuscript; this was now updated in the
revised manuscript). We could not collect new samples from the early patients to allow second
analysis with a larger set. However, the results from the muscle and blood analysis supported each
other. We have now explained the number of analysed metabolites in the manuscript text (p.19). All
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the metabolites measured in blood and muscle, as well as the percentage of detected
metabolites in each group/ tissue are listed in Dataset EV2.

Comment:

Since the method is non-standard, claiming to be (1) quantitative while using only a single
extraction method, (2) covering a diverse range of metabolites which by basic principles of
chemistry cannot all be extracted optimally as needed for the quantitative method, and (3) the
metabolites reported are found over a range of concentrations that exceeds the linear range of the
mass spectrometer - this surely should be considered as a non-standard method that would need to
be thoroughly evaluated by expert analytical chemist (i.e. by publishing it in specialized analytical
Jjournal) and presented in sufficient detail. Typically, quantitative analyses require optimized
extraction protocols for specific classes of chemically similar metabolites, and thus require multiple
analytical runs.

Response:
During every analysis, we run all the pure compounds as standards to produce the external

calibration curves (11 points) for each and every compound, and also use 12 labelled internal
standards (listed in our Validation manuscript Table S1, attached).

Linearity was checked for all the metabolites during the validation. Metabolite’s concentrations
outside the linearity range were evaluated with extended linearity range until the detector’s
saturation. All the details can be found in our Validation manuscript, attached.

However, to respond to the concern of the Reviewer and to be conservative in our statements,
we have now revised the wording to “semi-quantitative”.

Comment:

“The trail of references that the authors cite for the metabolomics method does not give any data on
the method performance, what are the standard compounds, what are the internal standards,
whether the method is validated in terms of robustness, linear range, recovery etc. It only gives the
UPLC-QqQOMS conditions and also them only partially. For example, the MS parameters are not
described in sufficient detail, e.g. MRM parameters are not stated at all (this is a requirement for
any MS/MS analysis). As the method is non-standard, not a well-established method used in the
scientific community, these parameters should be given. Particularly, HILIC methods (applied here)
have been demonstrated to be less robust than RPLC, both in terms of variability of retention times
(more complex and yet poorly understood retention mechanism in HILIC) as well as in terms of

s

impact of matrix effects.’

Response:
Our method has been validated in terms of robustness, linearity, accuracy, precision, selectivity,

specificity, recovery, matrix effect, and stability. All the parameters were evaluated according to the
European Medicines Agency (EMA) guidelines for bioanalytical method validation. Please see our
separate validation manuscript, available in BioRXives and also provided for the reviewer,
attached.

As specified above, all the details are in Supplementary Data of Khan et al. 2014 and Kolho et al.
2017. Unfortunately the reference of the MRM parameters (Kolho et al. 2017; p.19) had been left
out from the current manuscript, but now is included.

HILIC method was also evaluated for retention time variability, where retention time reproducibility
was checked for 25 batches over the period of one year and %CV was found below 10% for all the
metabolites (separate validation manuscript, attached).

Comment:

“The rationale for the choice of extraction protocol is poorly explained. Despite being mainly
targeted to very polar metabolites and claiming to be quantitative, there is very high volume of
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organic solvent and thus these metabolites may not be efficiently extracted with the method even in
principle. No data are shown on the recovery of the extraction. If the method is stated to be

»

quantitative, the recoveries should be given.

Response:
We have now revised the wording to more conservative, “semi-quantitative”. See explanation

above.

Please see the manuscript of validation, attached. We have selected protein precipitation method as
this method is non-selective and hence, extraction of metabolites with diverse polarity would be
possible. We have selected Acetonitrile as an organic solvent as it is moderate non-polar solvent and
hence, most of the metabolites are soluble in this solvent. Also, recovery and matrix factor were
evaluated during the method validation.

Comment:

“In addition, there is no data on any type of quality control during the analytical analyses, e.g. the
use of pooled samples for quality control, use of certified reference material (available for plasma
from NIST, with published reference values for at least part of the analytes here) etc.”

Response:
Again, please see the manuscript of validation for more details and quality assurance, attached. We

have a strict quality management system and always use internal quality control (QC) samples
(pooled healthy human serum) during each and every analytical batch (every 5™ run is a blank and
every 10™ run is a QC). We have used QC samples to check the reliability of our method. Variation
in QC samples data was always investigated after completion of every batch. We have also analysed
the certified standard reference material, plasma from NIST (SRM 1950), using our method and
compared the 17 matched metabolite’s concentrations. The correlation co-efficient between the
standard reference values and the values obtained from our method is r* = 0.967. We have also done
cross-platform comparison, where we have sent our internal QC samples to the NMR facility,
Kuopio, Finland; and also, to the BIOCRATES Life Sciences AG, Innsbruck, Austria to check the
robustness and performance of our method using completely different extraction protocols and
analytical platforms. We are able to match 38 metabolites from the BIOCRATES Absolute IDQ
p180 metabolomics assay kit, and the correlation co-efficient between the BIOCRATES values and
the values obtained from our method is r* = 0.975. We are able to match 22 metabolites from the
NMR small molecules analysis, and the correlation co-efficient between the NMR values and the
values obtained from our method is r* = 0.884. Please see the manuscript of validation for more
details and quality assurance, attached.

Thus, we can confidently state that our method is a “standard and well-established method”, where
reputed international and national institutes and researches have been widely using (Szibor et al.
2017; Schatton et al. 2017; Ali-Sisto et al. 2018; Rey et al. 2016; Scott et al. 2017; Roman-Garcia et
al. 2014).

Comment:

“Since the authors claim that the method is quantitative, this would mean that labelled internal
standards were used for each of the 94 metabolite and calibration curves for each metabolite. Is that
correct? Quite often, the targeted methods in metabolomics are using only limited number of
labelled ISTDs, and then the method is not strictly speaking quantitative due to the unavoidable
matrix effects in the LC-MS method. Particularly, it is well known that (underivatized) amino acids
suffer from the matrix effects when using HILIC, and that their analysis under acidic conditions in
HILIC is particularly problematic, and thus, their quantitation would definitely require individual
ISTDs. Here, several amino acids were reported significant, therefore it would be crucial to show
data on the method performance. Several published methods using HILIC state that indole
derivatives are poorly retained with HILIC; yet here the authors have reported two of these types of
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compounds. Is it possible to measure them reliably with the method? The concentration range of the
listed analytes may also be problematic. For example, the typical concentration of several
compounds are in low nanomolar range (e.g. neopterin, carnosine, glycocholic acid, kynurenate)
while several of the compounds also listed are present in high micromolar range. The instrument
used for the analysis does not have a linear dynamic range that would allow reliable quantitative
analysis over this range of concentrations in a single analysis.”

Response:
The reviewer is absolutely correct regarding the common practice in targeted high-throughput

metabolomics analyses, where people use only limited number of labelled internal standards. We
have used 12 labelled internal standards for amino acids and for other compounds depending up on
their chemical classes. Please see the manuscript of validation, attached.

Individual external calibration curves were used, where t* variation is mostly <3%, and also, there is
<4% variability in the retention time. Linearity was checked for all the metabolites during the
validation. Metabolite’s concentrations outside the linearity range were evaluated with extended
linearity range until the detector’s saturation. In addition, for all the metabolites, matrix effect and
process efficiency were evaluated to check ion suppression at RT of metabolites including indole
derivatives. Furthermore, metabolites without internal standards were always corrected with process
efficiency. We have now, however, changed the term to describe the method as “semi-quantitative”.
According to the Human Metabolome Database, HMDB (www.hmdb.ca), the listed metabolites
(neopterin, carnosine, glycocholic acid, kynurenate) have concentrations in micromolar range which
are well in agreement with our reported values (Fonteh et al. 2007; Spiller et al. 1987; Duranton et
al. 2012).

Comment:
“Taken together, from the analytical perspective there is insufficient detail provided to be able to
evaluate the reported results with confidence. *

Response:
We wish that we have now responded in fine detail to all the concerns of this reviewer.

Comment:

“Metabolic pathway analysis as applied is heavily dependent on the metabolic coverage. It should
be stated how many metabolites in the stated pathway could be detected. While the method is easy to
use, the results should be treated with more caution. When simply copy-pasting the list of 116
metabolites from Nikkanen et al 2016 into MetaboAnalyst, this reviewer found almost the same list
of pathways as reported here. Some of the reported pathways are quite extensive, e.g. about 50 in
bile acid pathways and 60 in cysteine/methionine metabolism, but the reported method is unlikely
able to cover more than a couple metabolites from each. Therefore, more likely than not, the
reported pathway analysis results are simply the consequence of the number of metabolites covered

1

in each pathway. *

Response:
One of the main points of this paper is that we actually replicate in human patients the metabolic

findings characterized previously in mitochondrial disease mice that were reported by Nikkanen et
al. 2016, Khan et al. EMBO Mol Med 2014 and Cell Metab 2017. In these articles, we extensively
validated the metabolomic findings with independent methods, including testing of one-carbon cycle
pathway outputs by protein, enzyme activity and RNA analysis, even in vivo metabolic flux with
untargeted metabolomics approach. This kind of replication of metabolomic data with independent
methods can be done in disease models, but not in human patients. We are happy to see that our
original findings are now also replicated by others in the field, studying various models of
mitochondrial dysfunction, and also extensively validated with independent methods (for example,
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Bao et al. 2016; Kiihl et al. 2017). To our view there is no question of whether one-carbon cycle
outputs are affected in these models or not. In human blood samples we cannot unfortunately target
the pathways as we can with mice. The strength of this paper is that it replicates the mouse data and
emphasizes the relevance and conservation of the mouse findings in human patients. The method
and metabolite setup has also been previously used in many other disorders as well (for example
inflammatory bowel disease in Kolho et al. 2017), not lighting up these pathways.

To respond to this comment, we have now revised the figure 4 to show the number of hits in
every pathway.

We selected for the Figure 4 only pathways with >10% of hits/ pathway and included the number of
hits/ total number of metabolites in the pathway to the figure picture (Fig 4). The full list of
pathways for each diseases group, including the detected metabolites in each pathway, is
available in Dataset EV3.

Comment:

“Leave-one-out cross-validation was used for PLS-DA analysis to discriminate between the groups.
This approach however is prone to over-fitting. Despite the small sample sizes, more proper cross-
validation procedures such as random subsets may still be feasible, leading to more conservative
and robust results. The method performance incl R2 and Q2 values should also be reported. *

Response:
We have utilized a widely accepted and standard analysis (Metaboanalyst) for the analysis of the

metabolomics data, which also was used to originally identify the metabolic changes in the mouse
models (Nikkanen et al. 2016; Khan et al. 2017), rigorously validated in independent experiments.
To meet the comments of the Reviewer, we have now log-transformed the data and included
R2 and Q2 values to Table EV2. The Q2 predictive values for all disease groups are acceptable,
except for MIRAS muscle samples that shows very low Q2 values. However, this result is not
surprising, since the MIRAS patients have mostly a CNS phenotype and only mild or no muscle
signs, and therefore the muscle metabolomics profile of these patients is similar to controls.

Comment:
“It is also unclear how the diagnostic performance of the 4-metabolite panel was evaluated. What
was the underlying statistical model and how were the confidence intervals estimated? If the

“

approach in PLS-DA analysis gives any clue, the reported AUCs are likely to be over-optimistic.

Response:
We have now clarified the method description, as requested by the Reviewer. For the 4-metabolite

biomarkers, the mean centroid values of primary mitochondrial disease patients (IOSCA, MIRAS,
PEO and MELAS) were used to determine the sensitivity and specificity by ROC curve, and the
AUC was calculated. We included this information also in the statistical methods of the manuscript
(p-20 - 21).

In mitochondrial diseases that are rare, the kind of material that we have is actually quite
representative. Additionally, we were able to collect two more MELAS patients and one IOSCA
child patient that were now included. These samples strengthened the original conclusions. We have
also tuned down the biomarker part somewhat, as that was a concern for the reviewer. We did not,
however, want to omit it because it is potentially quite important.

Comment:

“In summary, this is a potentially important study which shows that metabolomics may hold promise
in the efforts to identify clinically useful markers for MDs. However, analytical methodology is
poorly described and may have considerable yet unstated limitations, while the statistical methods

1l

are unsound for the purpose.’
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Response:
We are happy that the Reviewer sees the value of our data. We wish to have now responded to all
the concerns of the Reviewer.

Referee #3

Comment:

“The authors have carried out a hypothesis-free metabolomic analysis of a heterogeneous group of
mitochondrial, neurological, neuromuscular diseases and controls. They construct a model of four
metabolites distinguishing mitochondrial disorders from the other groups. The key issue here is
whether the sample sizes are adequate, given the heterogeneity of the groups, and the thousands of
possible outcomes in a study of this kind. In my view, there needs to be independent validation
before any firm conclusions can be reached. It is also unwise to conclude that the 'metabolic
fingerprints' will be of any use in disease follow-up, because no longitudinal data is presented. *

Response:
We would like to point out that MIRAS and IOSCA patients carry ancestral homozygous mutations

and are of Finnish origin; the population shows less variation than populations typically. The clinical
phenotypes were similar within the study groups. However, we agree with the Reviewer that
independent replication of the data in other cohorts is needed in future. In our opinion, our paper sets
the stage in human patients, and is heavily supported by previous mechanistic data from mouse and
cell models, by us and others (Nikkanen et al. 2016; Bao et al. 2016; Kiihl et al. 2017; Ost et al.
2015), and will be followed up by independent studies in other cohorts. To replicate the findings in
another sample set from another centre with MELAS, MIRAS, PEO, IOSCA, IBM, NMD and a
number of matched controls is simply not feasible or realistic for this article.

We’d like to emphasize that our careful study includes samples from a high number of age- and
gender-matched controls, mitochondrial patients and their family members with genetically verified
diagnoses, non-mitochondrial muscle disease controls, and even secondary mitochondrial disease
patients (IBM). Such materials are rare and valuable — so far, no such cohorts have been published.
Indeed, an important point that was raised during the study was the similarity of the IBM
metabolome with that of muscle-manifesting mitochondrial diseases. The data have high relevance
for understanding the role of mitochondrial dysfunction in IBM symptoms and also for treatment
strategies of this relatively common disease. We were able to increase the MELAS patient number,
and also of a rare IOSCA child, now included in the analysis.

References for responses:
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3rd Editorial Decision 24 July 2018

Thank you for the submission of your manuscript to EMBO Molecular Medicine. We have now
heard back from the two referees whom we asked to re-evaluate your manuscript.

You will see that while referee 1 is fully satisfied, still highlighting that s/he is not a metabolomics
person, referee 2 does not support publication.

While ref2 's report is rather clear, we wondered whether there could be a way for you to satisfy the
referee without having to re-run the samples. Unfortunately, this is a case where the technology and
analyses are so important and critical to the main message of the paper that if the expert in this
technology finds some flows, the conclusions are weakened. This is why we have asked referee 2 to
recommend further analyses to make the paper better suited for publication.

Please find below ref.2's responses to my prompting:

"Indeed, I thought that given [that] this is presented as a kind of 'diagnostic' paper, presenting
biomarker candidates in rare samples, it is particularly important that methodological issues are
properly addressed.

[about the cross-validation approach not being adequate] Concerning PLS-DA, this is a potentially
addressable issue. I have already stated previously that they should try with resampling or other
more conservative CV approach which is usually adopted in PLS-DA. LOO is rarely used, precisely
because of overfitting; I suspect the authors use that because it gave them still reasonably good
results given the relatively small group sizes; they should at least show how it works with more
conservative and robust methods, and then discuss limitations if it doesn't quite work out.

[about linearity and validation] Analytical methods are rarely perfect, but at the very least they
should be transparently presented. I think the authors should be very clear about what they report
and what the limitations are. It does appear the method description was quickly assembled as it does
not appear solid, that's why I stated a lot of work remains to be done on the method (for the
performance as described in the paper to be true). Showing 'linearity' data on log-log scale is really
strange, it does appear that the authors are hiding something. This is not a good practice in
metabolomics/analytical chemistry and scientifically completely unacceptable.

[about having to re-run all samples] However, I don't think they would need to rerun the samples if
the method is clearly described and limitations stated, some improvements could be done with the
already acquired data. Specifically, given the calibration looks problematic (although appears 'linear'
due to log transformation), they could still use 'semi-quantitative' normalization by using metabolite
peak areas divided by internal standard peak areas. "

I hope that you will be willing to address referee 2's concerns as thoroughly a possible. Please note
that EMBO Molecular Medicine usually allows only a single round of revision and therefore, this is
indeed the last chance. Your revised paper will have to be evaluated by referee 2 once more.

I look forward to seeing a revised form of your manuscript as soon as possible.

*EkxEE Reviewer's comments **%#%
Referee #1 (Remarks for Author):

The authors have re-submitted the manuscript that now includes 2 new mitochondrial patients
including a child with IOSCA (cf: my comment on age related influence). My comments concerning
the aims/questions are the same and I think that the dataset is improved and remains sound.

I accept that that the controls were chosen as "normal" and thus a comparison with known diabetics
is not possible. It is however interesting to see that diabetes does generate a profile and that, based
on their data/interpretation, it appears that mitochondrial dysfunction is a stronger influence than
diabetes for the metabolic changes. This will need to be validated, but does not detract from the
findings pertaining to mitochondrial disease.
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The authors have addressed my concerns regarding the influence of age and inactivity and explained
the choice of metabolites.

I found the work both interesting and important. I feel that the additional data, re-interpretation and
revision have improved it further. I am not a metabolomics person, and have, therefore, not
commented on the technical aspects of this analysis. I think, however, that the manuscript contains
valuable insights and that the interpretation of the data is robust. My decision remains, therefore,
that it is worthy of publication.

Referee #2 (Remarks for Author):

The authors clarified their analytical approach by correcting the wording describing the method, as
well as submitted an analytical paper describing the method, which is commendable. However, there
appear to be several issues with the analytical approach, and most likely, there is much work to be
done (see specific comments on the analytical method below).

Regarding bioinformatics, the authors partly addressed the issues raised by providing additional
detail about their approach. Particularly, the pathway analysis is now clearly described and
presented, although the limitations, which remain, are not critically discussed.

However, the cross-validation (LOO) approach still used in PLS-DA is prone to over-fitting. Given
the inherent limitation of the study of having small number of patients per study group, it would be
essential to apply a more conservative approach. Referring to MetaboAnalyst as a 'standard analysis'
is not a good argument to justify the approach, particularly given the small sample sizes.

As a general comment, it is disappointing that the authors do not critically discuss the limitations of
the study in the discussion.

Comments on the analytical method

The authors have done a lot of work for the method validation. However, there are several major
issues in the presented approach.

'Linearity’

The authors have been transforming both the concentrations and the responses using either
logarithmic or square root functions. This will make even the most nonlinear response look linear,
which is why such data transformation, when showing linearity of the response in quantitation, is
not an accepted practice in analytical chemistry. Even when the concentrations are far above the
detectors actual linear range (i.e. the detector is saturated) the calibration curve will look linear with
this approach. A calibration curve on linear scale as low as R2<0.6 (e.g. saturated response) will get,
after log transformation, a curve that does look linear (R2>0.85). This approach also makes the
repeatability look much better than it actually is, making even huge actual differences much smaller
(e.g. with a variation of the actual response >50% can be diminished to ca. 10%).

Validation

It is not possible to study the selectivity and specificity in the manner than the authors have been
doing. They have used a protocol typically used for targeted analysis in other applications (e.g.
pharmaceutical analyses), where a blank sample is available. However, in metabolomics, there is no
blank matrix available for most metabolites. Furthermore, they have used only one type of matrix,
i.e. serum samples in this part. Even the different serum samples can differ substantially (even in the
same type of species) and definitely in different types of biological samples. Also, the
chromatogram showing this experiment shows very clearly that the amount spiked was very high, so
the concentrations were most probably not representing any biological levels. Also, high
concentration spikes will minimize the effects of possible matrix interferences or effects of any co-
eluting matrix compounds, thus making the results look good while not giving a realistic view.
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Recoveries and matrix effects cannot be calculated in a way the authors have done it. Again, this
approach is suitable only when blank matrices (which are not available for metabolomics) are
available, especially for the matrix effects, see the discussion for specificity. As this is not possible
in metabolomics, the matrix effects should be studied by using a different approach. e.g. by direct
infusion of each compound separately while injecting sample (each matrix). The recoveries for
biopsy samples particularly cannot be estimated in this way, as spiked compounds are not bound to
the matrix, so they are easily extracted, unlike the compounds in the actual sample matrix.

Sample carry-over should be measured with real samples, not with standards, as even the name of
the experiments suggests - sample carry-over. Standard samples are much cleaner, while the real
samples can cause interferences also due to co-eluting matrix components, not only the metabolites
of interest. Thus, using standard compounds only will give far too optimistic picture. Again,
different sample types may also have a very different carry-over.

Additional communication with Referee #2

Indeed, I thought that given this is presented as a kind of 'diagnostic' paper, presenting biomarker
candidates in rare samples, it is particularly important that methodological issues are properly
addressed.

Concerning PLS-DA, this is a potentially addressable issue. I have already stated previously that
they should try with resampling or other more conservative CV approach which is usually adopted
in PLS-DA. LOO is rarely used, precisely because of overfitting; I suspect the authors use that
because it gave them still reasonably good results given the relatively small group sizes; they should
at least show how it works with more conservative and robust methods, and then discuss limitations
if it doesn't quite work out.

Analytical methods are rarely perfect, but at the very least they should be transparently presented. I
think the authors should be very clear about what they report and what the limitations are. It does
appear the method description was quickly assembled as it does not appear solid, that's why I stated
a lot of work remains to be done on the method (for the performance as described in the paper to be
true). Showing 'linearity’ data on log-log scale is really strange, it does appear that the authors are
hiding something. This is not a good practice in metabolomics/analytical chemistry and
scientifically completely unacceptable.

However, I don't think they would need to rerun the samples if the method is clearly described and
limitations stated, some improvements could be done with the already acquired data. Specifically,
given the calibration looks problematic (although appears 'linear' due to log transformation), they
could still use 'semi-quantitative' normalization by using metabolite peak areas divided by internal
standard peak areas.

3rd Revision - authors' response 27 August 2018

Revision (round 2)

We do appreciate that the Reviewer 2 showed detailed interest on reviewing our manuscript. We are
however, quite puzzled about the continuously critical comments with few suggestions, claiming our
method to be non-standard and not a well-established method used in the scientific community,
despite of it being used in numerous established peer-reviewed articles (30 examples listed in the
end of these responses, i.e. over 60 reviewers before this one have accepted the methodology to be
standard and well-established: Refs 1-30). We are also puzzled why our previous revisions and
additional analyses were not much commented (for example inclusion of NIST SRM plasma
reference standards; cross-platform comparisons; a separate methods paper), even if performed and
explained exactly as requested.

For the information for the Reviewer, our separate validation article of the method (provided in the

1* revision) has now been reviewed by three expert reviewers from the fields of
metabolomics/analytical chemistry, and accepted after minor revisions for publication in the
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journal “Metabolites” (PMID:30081599), an official journal of the International Metabolomics
Society, USA. Our method was considered appropriate, state-of-the-art, and reliable. Further, the
analysis methods strictly follow the guidelines of European Medicine Agency (EMA), as
detailed below. These aspects should make it absolutely clear that the method and the results
are solid and robust. Furthermore, these first-of-its-kind human patient data beautifully
replicate pathological pathways originally established and validated with independent proteomics,
metabolomics and protein biochemical methods in different model systems by us and many other
high-profile research groups (listed below). The data importantly indicate the pathways to be
relevant both for patients with rare primary and common secondary mitochondrial disorders.

Referee #2 (Remarks for Author): The authors clarified their analytical approach by correcting the
wording describing the method, as well as submitted an analytical paper describing the method,
which is commendable.

Response: Thank you for acknowledging our separate validation article. We did not only “correct
wording”, but analyzed and provided further standards for the analysis, exactly as requested by the
reviewer, as detailed below.

Regarding bioinformatics, the authors partly addressed the issues raised by providing additional
detail about their approach. Particularly, the pathway analysis is now clearly described and
presented, although the limitations, which remain, are not critically discussed.

Response: We have now included further discussion on the limitation of the discussion p.16, of the
small sample size & issues of PLS-DA and overfitting.

However, the cross-validation (LOO) approach still used in PLS-DA is prone to over-fitting. Given
the inherent limitation of the study of having small number of patients per study group, it would be
essential to apply a more conservative approach. Referring to MetaboAnalyst as a 'standard
analysis' is not a good argument to justify the approach, particularly given the small sample sizes.
As a general comment, it is disappointing that the authors do not critically discuss the limitations of
the study in the discussion.

Response: We agree with the Reviewer that no consensus of the perfect statistical analysis of
metabolomic data exists in the literature. We would like to point that our data are not standing alone,
but similar pathways have been found in several independent studies on different mouse and cell
models by us and others, but not in patient materials before [Nikkanen et al. Cell Metab 2016
(metabolomics plus protein biochemical validation in mouse models with mitochondrial
dysfunction); Bao et al., 2016 ELife (metabolomics and proteomics of cell lines with challenged
mitochondrial dysfunction); Kiihl et al., 2017 Elife (several different mouse models with
mitochondrial disease, proteomics, metabolomics].

In our study, multivariate PLS-DA separated the patient groups well from matched controls, and
gave overlapping data in individual analysis of muscle-manifesting mitochondrial disease patient
groups. The finding that muscle-manifesting mitochondrial diseases share serum metabolite profiles
in mice (Nikkanen et al. Cell Metab 2016, ref. 27) has been shown before, and also found by our
current study — importantly also applying to secondary, common, sporadic muscle disorders with
secondary mitochondrial dysfunction.

We had already in the previous revision included in the Supplementary data the R2 and Q2 values of
the PLSDA model [upper and lower limit of the model’s ability to predict observations; provided by
MetaboAnalyst, calculated together with the cross validation]. In PLSDA, we minimised overfitting
by choosing a low-dimensional model, without excessive analysis components, as proposed by Xia
& Wishart, Curr Protoc Bioinformatics (2016). We also utilized univariate (t-test with FDR
correction) in addition to the multivariate (PLS-DA) data analysis, a standard method (see list of 30
references in the end). Our biomarker analysis was performed with univariate ROC analysis, not
PLS-DA.

We wish that our conservative and critical analysis and state-of-the-art methodology, filling all strict
criteria of state-of-the-art metabolomics analysis, is now acceptable for the Reviewer. To further
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address the Reviewer’s concern, we included a study limitation paragraph in the discussion now,
p.16.

Linearity: The authors have been transforming both the concentrations and the responses using
either logarithmic or square root functions. This will make even the most nonlinear response look
linear, which is why such data transformation, when showing linearity of the response in
quantitation, is not an accepted practice in analytical chemistry.

Response: We are puzzled about this comment, because in high-throughput metabolomics analysis,
where usually bioanalytical methods cover a wide dynamic concentration range, log-log
transformation is the typical approach for presentation of heteroscedastic data with broad
concentration range (i.e., variance increases as the concentration increases; for example see Dempo
et al., 2014; Dubbelman et al., 2018). We evaluated several regression models and best fitted each
calibration curve with appropriate weighing factors and transformations. There are numerous
publications supporting this approach; for example:

For example: Singtoroj, T.; Tarning, J.; Annerberg, A.; Ashton, M.; Bergqvist, Y.; White,

N.J.; Lindegardh, N.; Day, N.P. A new approach to evaluate regression models during validation of
bioanalytical assays. J Pharm Biomed Anal. 2006, 41, 219-217, DOI: 10.1016/j.jpba.2005.11.006.
“2.1.4. Transformation methods: An alternative approach to overcome heteroscedastic data is to
transform x and/or y before constructing the regression line. Two common approaches are
logarithmic or square root transformation of both x and y before Ordinary Linear Regression”.

In the above article, the authors had evaluated 19 different regression models with over 1000-fold
concentration range and their conclusion is, “The results showed that log—log transformation
without weighting was the simplest model to fit the calibration data and ensure good predictability
for this data set”. This is in line with our approach too.

Even when the concentrations are far above the detectors actual linear range (i.e. the detector is
saturated) the calibration curve will look linear with this approach.

Response: As already mentioned in our previous comments to the reviewer, the linearity was
checked for each and every metabolite separately in this semi-quantitative method (targeted
metabolomics), so there is no question of touching the detector’s saturation limit. In addition,
metabolite concentrations outside the linearity range were evaluated with extended linearity range
until the detector’s saturation.

A calibration curve on linear scale as low as R2<0.6 (e.g. saturated response) will get, after log
transformation, a curve that does look linear (R2>0.85). This approach also makes the repeatability
look much better than it actually is, making even huge actual differences much smaller (e.g. with a
variation of the actual response >50% can be diminished to ca. 10%). Showing 'linearity’ data on
log-log scale is really strange, it does appear that the authors are hiding something.

Response: The detector’s response does not need to be saturated while building a calibration curve.
In our calibration mix, each calibration curve has over 1000-fold wide dynamic concentration range.
We statistically evaluated several regression models and best fitted each calibration curve with
appropriate weighing factors and transformations. Log-log transformation is a common practice to
cover a broad concentration range and recommended approach for our type of analysis as explained
above.

This is not a good practice in metabolomics/analytical chemistry and scientifically completely
unacceptable.

Response: We are not aware of any guidelines or references, making the point that log-log
transformation in broad calibration curves in metabolomics is scientifically completely
unacceptable? The available literature suggests the opposite — it is the recommended approach. — as
pointed out by the references above. Therefore we decided to follow the consensus and not modify
these results.

However, I don't think they would need to rerun the samples if the method is clearly described
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Response: We are pleased to hear that the Reviewer accepts the current analyses. In our separate
article about the method, now accepted for publication in a methodological journal “Metabolites”’
(PMID:30081599) the method has been thoroughly described, as well as in the 30 references listed
below.

... and limitations stated, some improvements could be done with the already acquired data.
Specifically, given the calibration looks problematic (although appears 'linear’ due to log
transformation), they could still use 'semi-quantitative' normalization by using metabolite peak
areas divided by internal standard peak areas. "

Response: As stated in the manuscript, our approach is semi-quantitative, targeted metabolomics,
not untargeted, as probably mistaken by the reviewer. Our analyses follow recommendations in the
field of semi-quantitative analysis approaches, as detailed above.

Validation: It is not possible to study the selectivity and specificity in the manner than the authors
have been doing. They have used a protocol typically used for targeted analysis in other
applications (e.g. pharmaceutical analyses), where a blank sample is available. However, in
metabolomics, there is no blank matrix available for most metabolites. Furthermore, they have used
only one type of matrix, i.e. serum samples in this part. Even the different serum samples can differ
substantially (even in the same type of species) and definitely in different types of biological
samples.

Response: First: we would like to make the point that we have done our validation exactly
according to EMA guidelines for bioanalytical methods.
http://www.ema.europa.cu/docs/en GB/document library/Scientific guideline/2011/08/WC500109

686.pdf

Secondly, all biological or clinical samples have inter-individual and sample-type variability.
Therefore, naturally, in our study we have sample type-, age- and gender-matched controls for
patient serum and plasma samples, and matched control muscle for patient muscle samples. The
samples have been collected after overnight fasting, and this approach is as close to standardization
as one can get when analyzing human samples. As serum samples (and plasma, and muscle etc)
differ from person to person, we then ask whether we can find significant changes with the material
available, and report the significantly changed variables. This is completely standard and state-of-
the-art in the field of human disease research. If this is not accepted, then human studies in
general are not acceptable, and all studies should be done with rodents or lower model organisms,
which of course have inter-individual variation also.

To encounter the analysis variation, we prepare fresh 11-point calibration curves in every analytical
run and check for any interferences from metabolites at their retention times in the chromatography,
and each analyte has a unique MRM transition that we evaluate in the mass spec analysis, which
reduces the selectivity problem. Most importantly our original results (Nikkanen et al. Cell Metab
2016, ref. 27) have been robustly replicated in independent studies in different mouse and cell
models (e.g. Bao et al. ELife 2016 (Mootha-group); Kuhl et al. ELife 2017 (NG Larsson group).
However, the current report is the first one in human mitochondrial patients, importantly
indicating that one-carbon cycle imbalance is an important manifestation of mitochondrial
dysfunction, with disease-specific features, biomarker potential and targets for treatment.

To the best of our knowledge, we have not found any articles from the metabolomics community,
where selectivity and specificity are validated using another approach.

Also, the chromatogram showing this experiment shows very clearly that the amount spiked was
very high, so the concentrations were most probably not representing any biological levels. Also,
high concentration spikes will minimize the effects of possible matrix interferences or effects of any
co-eluting matrix compounds, thus making the results look good while not giving a realistic view.

Response: We show in our validation article in “Metabolites” (now the Reviewer is commenting the
methods article, not the manuscript under review currently) a representative diagram, and the
chromatograms for all the metabolites in our QC serum sample are available as a supplementary file
in our validation article'.
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Recoveries and matrix effects cannot be calculated in a way the authors have done it. Again, this
approach is suitable only when blank matrices (which are not available for metabolomics) are
available, especially for the matrix effects, see the discussion for specificity. As this is not possible in
metabolomics, the matrix effects should be studied by using a different approach. e.g. by direct
infusion of each compound separately while injecting sample (each matrix).

Response: As mentioned, we followed carefully the EMA guidelines and our method’s validation
paper was recently reviewed and accepted for publication in the “Metabolites” journal. Numerous
previous articles from other groups also followed EMA guidelines in the metabolomics analysis for
matrix effects. As an example, the following reference is given for the Reviewer’s information.

“Matrix effect—corrected liquid chromatography/tandem mass-spectrometric method for
determining acylcarnitines in human urine” by Kazuki Abe et al Clinica Chimica Acta (2017).
https.://www.sciencedirect.com/science/article/pii/S000989811730075X

There are no strict guidelines on which matrix effect methodologies are to be performed. Reviewer’s
suggestion of “direct infusion” method is a qualitative approach that identifies the chromatographic
regions where analyte would be susceptible to ion suppression or enhancement, whereas the method
we followed is a quantitative approach. In addition to being qualitative, direct infusion approach is
quite time consuming and requires significant optimization for each and every compound, which is
not a desirable approach for high-throughput methods, where hundreds of analytes are measured in a
single assay like ours. The Reviewer’s suggestion might be a method of choice for pure analytical
chemistry, for quantitative analysis of a handful of similar compounds, so that they can evaluate
each compound and adjust the chromatography accordingly. To the best of our knowledge, no
metabolomics approach claimed that the direct infusion method is the only correct approach to
calculate the matrix effects in metabolomics as there is no blank matrix.

As the reviewer does not provide any alternative guidelines or references, which specified that
a) only direct infusion is acceptable in metabolomics analysis to address matrix effects, or b)
how the direct infusion approach addressed better the blank matrix issues than the
quantitative approach, or c¢) how direct infusion is done efficiently when analyzing hundreds
of metabolites from tens of different classes in just 17.5 min of chromatographic run time, we
keep following the accepted EMA guidelines.

We do follow GLP and do regular maintenance of the instrument and optimized sample preparation
steps to reduce the matrix effect. It is well known that endogenous phospholipids and proteins are
major source of matrix effects. Thus, we use protein precipitation extraction method and we always
use specialized OstroTM 96-well plate (Waters Corporation, Milford, USA), which contain
phospholipid chelating agents in each filter. Hence, we obtain a much cleaner extract. Furthermore,
we also centrifuge cleaner extracts just before the LC injection.

As mentioned in the validation article “the challenge of the matrix effect can be overcome by having
individual isotope-labeled internal standards for each individual compound for true quantification.
However, this is not practically possible for high-throughput metabolomics analyses. This is due to
high costs and also because not all internal standards are commercially available. In our method,
we selected 12 labeled internal standards, which represent chemically similar classes for optimal

1l

correction”.

Since only 12 isotopically labelled standards cannot compensate the matrix effect for all the 102
compounds, we described our method as “semi-quantification” method. Moreover, we correct the
metabolites, that are without internal standards, with the process efficiency factor.

Our excellent QC reproducible and accuracy results for over one year speak strongly against
inconsistent matrix effects'. (QC published in our validation article).

It is a well-known fact that as long as the matrix effects is reproducible it does not necessarily need
to be eliminated, but should be identified and quantified. As mentioned in our validation manuscript,
“the repeatability of the matrix effect in terms of CV was less than 25% for most of the compounds.
Reliable measurements are accordingly possible”. We have now added a comment of this aspect
also to the current manuscript, to the methods, p.19.
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The recoveries for biopsy samples particularly cannot be estimated in this way, as spiked
compounds are not bound to the matrix, so they are easily extracted, unlike the compounds in the
actual sample matrix.

Response: First of all, as we again described in our validation article' (PMID:30081599), “For 85-
90 metabolites, recoveries were found to be between 50-120% with good repeatability at all three
concentrations levels (low, medium, and high) in both biofluid (serum) and tissues (brain, liver, and
spleen)”.

Secondly, we are well aware that it is not possible to determine the exact recovery results using
spiking experiment for tissue samples as the spiked standards will not be incorporated into the cells
of the tissues. However, the most important aspect to be noted here is that we use exactly the same
protocol for all the analysed samples and the repeatability of recoveries at every concentration level
(low, medium, and high) in our validation experiment was within CV-15% except for few
compounds in some tissues as described in our validation article', and now also added to the current
manuscript, to the methods, p. 19. Hence the results are comparable within and between the studies.

Because of the reviewer’s open comment without recommendation, we keep using with the state-of-
the-art technology.

Sample carry-over should be measured with real samples, not with standards, as even the name of
the experiments suggests - sample carry-over. Standard samples are much cleaner, while the real
samples can cause interferences also due to co-eluting matrix components, not only the metabolites
of interest.

Response: The Reviewer is with this comment now reviewing our currently published methods
article, not the current manuscript. There was a typo in the section heading of our validation
manuscript and it should be read “Carry-over” instead of “Sample carry-over”. We have performed
the carry-over analyses exactly according to EMA guidelines, recommendation being that the carry-
over analysis should be done using the highest concentrated pure standards. The EMA-guideline
reference has now been added to references, p. 19.

Reference: European Medicines Agency. Guideline on Bioanalytical Method Validation; European
Medicines Agency: London, UK, 2011.

Thus, using standard compounds only will give far too optimistic picture. Again, different sample
types may also have a very different carry-over.

Response: As explained above, we follow exactly the regulatory European EMA guidelines for
bioanalytical method validation.

"Indeed, I thought that given [that] this is presented as a kind of 'diagnostic’ paper, presenting
biomarker candidates in rare samples, it is particularly important that methodological issues are
properly addressed”.

Response: We cannot agree more with the Reviewer that it is of key importance that methods are
validated when novel biomarkers are suggested. We would like to make a few points. 1) Our study
is a mechanistic metabolism study, which then identified metabolic signatures partially common for
both primary and secondary mitochondrial diseases. This is especially important for IBM, which
does not have an established known molecular pathogenesis and the relevance of mitochondrial
abnormalities for the disease process are not known. Our data indicates that metabolism in IBM is
changed in a similar way as in primary, single-gene mitochondrial diseases, having major
implications for understanding IBM pathogenesis and potentially for treatment. 2) as a secondary
outcome, we found that specific metabolites were informative as biomarkers, with significant
capacity to identify mitochondrial diseases from other muscle-specific diseases. 3) The data robustly
replicates data produced in different model systems (by metabolomic and proteomic analyses, by
different established research groups in Broad Institute, Max Planck Institute of Aging and in
Helsinki University), and therefore this is not a stand-alone metabolomic study.
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The methodological concerns of this Reviewer we have now exhaustively addressed above, as well
as in our previous response. We wish that these comments are satisfactory for the Reviewer and the
Editor.

Analytical methods are rarely perfect, but at the very least they should be transparently presented. |
think the authors should be very clear about what they report and what the limitations are.

Response: We completely agree with this comment. It is of utmost importance that the method is
well validated, standardized, reproducible and robust. Since the reproducibility still is a major
challenge in the metabolomics field, the International Metabolomics Community has been putting a
lot of efforts in data standardization, quality control, reproducibility, robustness and data sharing
with the goal of moving towards applicability and integration of metabolomics data in
Precision/Personalised Medicine. In this context, our method provides a very timely and important
contribution to the field. All the methodological aspects have been discussed and are completely
transparently presented, and detailed in both the validation article and the current paper.

1t does appear the method description was quickly assembled as it does not appear solid (for the
performance as described in the paper to be true).

Response: We are puzzled by this critical comment. If the reviewer means the quick progress of the
separate validation article for the method (and not the one to be currently reviewed), the manuscript
was already drafted before the comments, and recently accepted with minor concerns by three expert
reviewers to “Metabolites” journal' (PMID:30081599); the rapid acceptance further indicating the
solidness of the method per se, with few points of criticism. For this currently reviewed manuscript,
we do not see any indication for this comment. In general, we have quality control (QC) data from 6
years; specifically collected reproducibility QC data from 25 different batches from over one year';
thorough validation results following the European Medicine Agency (EMA) guidelines, and the
GLP and quality management is strictly maintained since the foundation of our Metabolomics
National Core Facility https://www.biocenter.fi/index.php/technology-platform-services/proteomics-
and-metabolomics#metabol, with a large international user network and known for its excellent
reproducibility.

Although our method is “semi-quantitative”, to address the reviewer’s previous comments, we
analysed and compared the NIST SRM plasma reference values against our method and obtained
1’=0.97; and also, have done cross-platform comparability with two completely different analytical
platforms BIOCRATES kit (1°=0.97) and NMR (’=0.88). This shows the reliability and robustness
of our method. Our method & results fill all the state-of-the-art criteria of the field, and the results
are reproducible, and replicate robustly findings previously found in model systems. The data are
important, as they report the findings to be relevant for humans, both for primary and secondary
mitochondrial diseases.

However, there appear to be several issues with the analytical approach, and most likely, there is
much work to be done (see specific comments on the analytical method below). The authors have
done a lot of work for the method validation. However, there are several major issues in the
presented approach, that's why I stated a lot of work remains to be done on the method.

Response: Please see our responses above. We have exhaustively handled these concerns; to
conclude, our analytical method is a standard, well characterized and established, thoroughly
validated, reliable, reproducible and robust. Our method has been widely used in the scientific
community nationally and internationally, and we published several research articles in the reputed
journals. Our validation article has been reviewed by three metabolomics/analytical chemists expert
reviewers and accepted for publication in the journal “Metabolites” journal' PMID:30081599, an
official journal of the International Metabolomics Society, USA, as wished originally by this
reviewer too.
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