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A B S T R A C T   

Major depressive disorder (MDD) is a primary psychiatric illness worldwide; there is a dearth of new mechanistic 
models for the development of better therapeutic strategies. Although we continue to discover individual bio
logical factors, a major challenge is the identification of integrated, multidimensional traits underlying the 
complex heterogeneity of depression and treatment outcomes. Here, we set out to ascertain the emergence of the 
novel mitochondrial mediator of epigenetic function acetyl-L-carnitine (LAC) in relation to previously described 
individual predictors of antidepressant responses to the insulin-sensitizing agent pioglitazone. Herein, we report 
that i) subjects with MDD and shorter leukocyte telomere length (LTL) show decreased levels of LAC, increased 
BMI, and a history of specific types of childhood trauma; and that ii) these multidimensional factors spanning 
mitochondrial metabolism, cellular aging, metabolic function, and childhood trauma provide more detailed 
signatures to predict longitudinal changes in depression severity in response to pioglitazone than individual 
factors. The findings of multidimensional signatures involved in the pathophysiology of depression and their role 
in predicting treatment outcomes provide a starting point for the development of a mechanistic framework 
linking biological networks and environmental factors to clinical outcomes in pursuit of personalized medicine 
strategies to effectively treat MDD.   

1. Introduction 

The large variability in response to antidepressants is a major 
problem in the treatment of major depressive disorder (MDD) (Akil 
et al., 2017), which is a leading cause of disability worldwide and a main 
risk factor for diabetes, cardiovascular diseases, accelerated brain aging 
and dementia (Friedrich, 2017; Kessler et al., 2003). At present, the most 
effective therapeutic strategy can only be identified through trial and 
error and requires multiple trials of different antidepressants and several 

weeks to test for each given treatment. This situation arises from the 
complex disease heterogeneity that has made it difficult to identify 
biomarkers for detecting depressive disorders or predicting individual 
responses to a particular treatment. Several lines of evidence support the 
notion that the blanket diagnosis of depression should, in reality, be 
categorized into distinct clinical endophenotypes. At the same time, our 
recognition of the effects of early life adversity on the incidence of so
matic and neurological illnesses, including MDD, advances (Heim and 
Nemeroff, 2001; Nemeroff, 2016). 
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Prior work showed an essential role of the pivotal mitochondrial 
metabolite acetyl-L-carnitine (LAC) in the epigenetic regulation of 
neuroplasticity and its role as a promising therapeutic target for 
depression (Bigio et al., 2016; Cherix et al., 2020; Lau et al., 2017; C. 
Nasca et al., 2018; C. Nasca et al., 2017; C. Nasca et al., 2013; Wang 
et al., 2015). In rodent models, decreased central (hippocampus and 
prefrontal cortex) and systemic levels of LAC have been shown to in
crease the risk for development of impaired dendritic plasticity of cor
ticohippocampal circuits - implicated in the pathophysiology and 
treatment of depression. Supplementation of LAC leads to a rapid anti
depressant response by regulating the expression of key genes important 
for dendritic and synaptic plasticity, including the metabotropic gluta
mate receptor of type-2 (mGlu2 receptors (Nicoletti et al., 2015), insulin 
signaling pathways and neuroinflammation (NFkB/p65) in discrete 
hippocampal neurons. In patients with MDD, LAC levels are decreased as 
compared to age- and sex-matched control subjects, and these changes 
are accompanied by increased depression severity, early onset of the 
disease and a treatment-resistant course of the illness (C. Nasca et al., 
2018). More recently, we showed a relationship between the epigenetic 
modulation of glutamatergic function and central insulin resistance (IR) 
as assessed by measures of the insulin signaling cascade in 
brain-enriched exosomes (C. Nasca et al., 2020). 

Prediction of individuals likely to respond to antidepressant treat
ments has been largely based on single factors. For example, previous 
work suggested systemic IR as a biological correlate of antidepressant 
responses to the insulin-sensitizing agent pioglitazone in subjects with 
MDD (Lin et al., 2015). As reviewed elsewhere, IR is a metabolic con
dition important for brain plasticity and reflective of cerebral hypo
metabolism and aberrant intrinsic connectivity of corticohippocampal 
circuits in patients with depression (Biessels and Reagan, 2015; Grillo 
et al., 2019; N. L. Rasgon and McEwen, 2016; Watson et al., 2017; Kenna 
et al., 2013; Watson et al., 2017; Wroolie et al., 2015). Variability in 
leukocyte telomere length (LTL) has also been associated with antide
pressant responses to pioglitazone (N. Rasgon, Lin, Lin, Epel and 
Blackburn, 2016). Shortening of telomeres is a primary etiology for 
brain tissue damage in many neurodegenerative disorders (Federico 
et al., 2012; Gandhi and Abramov, 2012; Maciejczyk et al., 2019), which 
are thought to be precipitated by earlier mood disorders, such as 
depression (N. Rasgon and Jarvik, 2004; N. L. Rasgon and McEwen, 
2016). Moreover, multiple lines of evidence showed that childhood 
trauma is not only a major risk factor for MDD as it is for a deficiency of 
LAC, metabolic dysfunction and shortening of telomeres (Chen et al., 
2014; C. Nasca et al., 2018; Carla Nasca, Kathleen Watson-Lin et al., 
2019; Wolkowitz et al., 2011), but is also associated with a poor 
outcome to treatment with psychopharmacology and/or psychotherapy 
(Nemeroff, 2016). 

Taken together, these prior studies suggest that mitochondrial 
metabolism, cellular aging, and metabolic function can be intertwined 
with each other in the pathophysiology and treatment of depression, but 
these factors have been mostly studied independently in translational 
research. In the current study, we used as a conceptual platform this 
evolving framework of epigenetic modulation of brain plasticity to 
identify multidimensional traits underlying the complex heterogeneity 
of depression and its treatment. We efficiently used biological samples 
from a previous randomized, placebo-controlled trial with pioglitazone 
(Lin et al., 2015; N. Rasgon et al., 2016) to add the new measure of 
peripheral LAC levels for ascertaining the role of this pivotal mito
chondrial metabolite in relation to the previously described individual 
predictors of antidepressant responses to pioglitazone. Specifically, the 
purpose of this study was to determine whether multidimensional fac
tors spanning mitochondrial metabolism, cellular aging, metabolic 
function, and childhood trauma can provide more detailed signatures 
than individual markers in predicting antidepressant responses. 

2. Methods 

The Institutional Review Board committees at Rockefeller University 
and Stanford University approved the current study. 

2.1. LAC assessment by ultraperformance liquid chromatography 
electrospray tandem mass spectrometry 

LAC levels were measured as we previously reported (C. Nasca et al., 
2018) by ultraperformance liquid chromatography-tandem mass spec
trometry (UPLC-MS/MS) with electrospray ionization in positive ion 
mode on a Xevo-TQD or a TQD tandem mass spectrometer equipped 
with Acquity UPLC system (Waters Corp). All groups were evenly 
divided between the experimental plates to account for any interpolate 
variability and plasma samples were spiked with acetyl–[2H3]-carnitine 
internal standards. A detailed method for assessment of LAC is described 
in our previous reports (C. Nasca et al., 2018; C. Nasca et al., 2013). 
Materials: L-carnitine. HCl and LAC hydrochloride (Sigma Chemical 
Co.); 2H3-L-carnitine.HCl and acetyl–2H3-L-carnitine.HCl (Cambridge 
Isotope Laboratories, Inc.); all other reagents, solvents, and solvent ad
ditives were purchased from Sigma Chemical Co. or VWR. 

2.2. Insulin resistance assessment 

A series of laboratory tests were used to measure fasting plasma 
glucose (FPG), fasting plasma insulin (FPI), as well as to assess the status 
of insulin resistance versus sensitivity. Insulin resistance status was 
defined by the presence of at least one of the following criteria: oral 
glucose tolerance test at 120 min >140 mg/dL, fasting plasma glucose 
>100 mg/dL; fasting plasma insulin >15 ulU/ml, while insulin sensi
tivity status was defined by the absence of those criteria. 

2.3. Measures of leukocyte telomere length (LTL) 

DNA samples were shipped to the laboratory of Professor Elizabeth 
Blackburn for assessment of LTL. Telomere length was measured by 
quantitative real-time PCR (qPCR) assays by adapting the previous pub
lished original method (Cawthon, 2002). In brief, total genomic DNA was 
purified using QIAamp DNA blood Mini kit (QIAGEN, Venlo, The 
Netherlands, Cat#51106) from whole blood stored at − 80 ◦C and quan
tified by measuring OD260. The telomere thermal cycling profile consists 
of: cycling for T9 (telomic) PCR: 96 ◦C for 1 min; denature at 96 ◦C for 1 s, 
anneal/extend at 54 ◦C for 60 s, with fluorescence data collection, 30 
cycles. Cycling for S (single-copy gene) PCR: PCR: 96 ◦C for 1 min; 
denature at 95 ◦C for 15 s, anneal at 58 ◦C for 1 s, extend at 72 ◦C for 20 s, 8 
cycles; followed by denature at 96 ◦C for 1 s, anneal at 58 ◦C for 1 s, extend 
at 72 ◦C for 20 s, hold at 83 ◦C for 5 s with data collection, 35 cycles. The 
primers for the telomere PCR are tel1b (5′-CGGTTT (GTTTGG)5GTT-3′), 
used at a final concentration of 100 nM, and tel2b (5′-GGCTTG 
(CCTTAC)5CCT-3′), used at a final concentration of 900 nM. The primers 
for the single-copy gene (human beta-globin) PCR are hbg1 
(5′-GCTTCTGACACAACTGTGTTCACTAGC-3′), used at a final concentra
tion of 300 nM, and hbg2 (5′-CACCAACTTCATCCACGTTCACC-3′) used at 
a final concentration of 700 nM. The final reaction mix contains 20 mM 
Tris-HCl, pH 8.4; 50 mM KCl; 200 mM each dNTP; 1% DMSO; 0.4 × Syber 
Green I; 22 ng Escherichia coli DNA per reaction; 0.4 U of Platinum Taq 
DNA polymerase (Invitrogen, Waltham, MA, USA). To control for 
inter-assay variability, eight control DNA samples are included in each 
run. In each batch, the average telomere to single gene copy ratio T/S ratio 
of each control DNA is divided by T/S for the same DNA from 10 runs to 
get a normalizing factor. This is done for all eight samples and the average 
normalizing factor for all eight samples is used to correct the participant 
DNA samples to get the final T/S ratio. The T/S ratio for each sample was 
measured twice. When the duplicate T/S value and the initial value vary 
by >7%, the sample was run the third time and the two closest values were 
reported. The coefficient of variation for this study is 2.4%.) per 11 μl 
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reaction; 6 ng of genomic DNA. Tubes containing 26, 8.75, 2.9, 0.97, 0.324 
and 0.108 ng of a reference DNA (from the Hela cancer cell line) are 
included in each PCR run so that the quantity of targeted templates in each 
research sample can be determined relative to the reference DNA sample 
by the standard curve method. The same reference DNA was used for all 
PCR runs. 

2.4. Participants 

Study participants were recruited at the Department of Psychiatry 
and Behavioral Sciences at Stanford University. After an initial phone 
screen, potential participants were evaluated in person to determine 
study eligibility. All participants determined to be eligible to join the 
study provided written informed consent before study enrollment. In
clusion criteria included the following: age ranging between 23 and 71 
years, a primary diagnosis of MDD, and at least 12 years of education. 
Study clinicians or trained coordinators conducted the Structured Clin
ical Interview for DSM-IV (SCID) or Mini International Neuropsychiatric 
Interview (MINI) to confirm diagnosis of MDD. Exclusion criteria 
included a history of liver dysfunction, electroconvulsive therapy (ECT) 
within the 6 months of recruitment, diagnosis of possible or probable 
dementia or any evidence of cognitive decline, Type I or Type II dia
betes, history of significant CVD or myocardial infarction, cerebrovas
cular, pulmonary disease, cancer, untreated hypothyroidism, unstable 
or untreated hypertension, osteoporosis or prior history of non- 
traumatic fracture, and a history of neurological disorder or evidence 
of neurologic or other physical illness that could produce cognitive 
deterioration. The baseline cohort included those subjects who 
completed the Childhood Trauma Questionnaire (CTQ) and joined the 
randomized controlled trial with pioglitazone (n = 38) or the parallel 
depression study (n = 9) at the Department of Psychiatry and Behavioral 
Sciences at Stanford University. Clinical and demographic characteris
tics were available for all subjects; plasma samples were available for 38 
subjects and BMI was not recorded in the database for 2 subjects. Both 
studies had the same inclusion and exclusion criteria (N. Rasgon et al., 
2016; Wroolie et al., 2015). A total of 5 subjects in the active arm and 3 
subjects in the placebo arm had psychiatric comorbidities, such as 
obsessive-compulsive disorder, anxiety and bipolar disorder. 

2.5. Randomized controlled trial design and randomization 

The randomized controlled trial consisted of a parallel design in 
which 50% of participants were allocated to 12 weeks of treatment with 
30 mg/day pioglitazone and 50% of participants were randomized to 12 
weeks treatment with placebo. Random allocation was generated by use 
of a random number generator that assigned half of the subjects’ iden
tification numbers to each study condition. Randomization and main
tenance of the unblinded study list was performed by a staff member of 
the Stanford University Department of Psychiatry who did not partici
pate in the implementation of the study. Active and placebo medication 
were bottled and labeled with participant identification numbers by this 
unblinded staff person according to randomized assignment. Study in
vestigators, coordinators, raters, and clinical laboratory staff remained 
blinded to subject treatment assignments throughout their participation 
in the study. 

2.6. Clinical and psychiatric assessment 

Clinical assessment consisted of a physical examination, including 
measures of height, weight, and BMI. Other data collected included 
current medication use and history of failed antidepressant trials. De
mographic information, including sex, was also recorded from the par
ticipants. The psychiatric examination at screening included SCID or 
MINI to confirm MDD diagnosis. Trained raters administered the 
structured depression rating scales: 21-item Hamilton Depression Rating 
Scale (HDRS-21). Participants completed the Childhood Trauma 

Questionnaire (CTQ) (Bernstein et al., 2003) to assess childhood 
adversity in five specific areas: physical, sexual, and emotional abuse, 
and physical and emotional neglect. 

2.7. Statistical analyses 

Statistical analyses were conducted using JMP Software from SAS 
(Statistical Analysis System, Institute, Cary, NC, USA). Two-tailed t tests 
and χ2 analyses were used to compare, respectively, continuous and 
categorical demographic and clinical characteristics between treatment 
groups. Unless otherwise specified, all variables were used as contin
uous. We used stepwise regression analyses with minimum corrected 
Akaike information criterion (AIC) to compare fit and hence potential 
suitability of the independent variables in the predictive models. The 
choice of predictive variables to be retained in the model is carried out 
by an iterative procedure in which only the variables that fit specific 
statistical selection criteria of p-value threshold of 0.05 and minimum 
AIC are retained in the model. These analyses identified BMI and 
emotional abuse in the relationship with LAC and leukocyte telomere 
length. Multifactorial regression analyses were used to determine the 
relationship between the dependent and independent variables at 
baseline (Fig. 2A) as well as in predicting treatment outcomes (Fig. 3A). 
Each test accounts for the probability of a type I error and the p-values 
are adjusted for the other variables in the model. We used the residual by 
predicted plots to check for the standard assumptions of linear regres
sion models (e.g.: normal distribution, constant variance). The residuals 
of both models are randomly scattered around the center line of zero, 
with no noticeable pattern, confirming the assumptions of linear 
regression for both models of multidimensional constructs in subjects 
with MDD and treatment responses (SI Fig. 1A and B). We also used 
prediction modeling to assess the directionality of the interactions be
tween the multidimensional factors (Fig. 2B and C and Fig. 3B and C). 
The prediction modelling captures how the relationship between all 
variables of interest changes as a function of each individual variable. To 
study the relationship between LAC and IR in treatment outcomes, we 
used regression analysis and we dichotomized our sample by the pres
ence of insulin resistance (IR) versus insulin sensitivity (IS) status as 
defined above (Fig. SI2). Statistical significance was set as ⍺ = 0.05. 
Figures were produced with JMP Software and Adobe Illustrator CC 
2019. 

3. Results 

3.1. Genetic and metabolic correlates of LAC levels in patients with MDD 
and high reported rates of childhood emotional trauma 

The mechanistic model for this study is described in Fig. 1. At 
baseline, subjects with MDD were evaluated for peripheral levels of the 
pivotal mitochondrial metabolite LAC (Fig. 1), cellular aging as assessed 
by LTL, metabolic function as assessed by body mass index (BMI) and 
specific subscales of childhood trauma as assessed by using the CTQ. The 
demographic and clinical characteristics are presented in SI Table 1. 

Multifactorial regression analysis showed a relationship between 
LAC levels, LTL, BMI, and childhood emotional abuse, but none of the 
other types of childhood trauma, in subjects with unremitted depression 
(Fig. 2A). Specifically, we found that LAC levels, BMI, and reported rates 
of childhood emotional abuse predict LTL in subjects with MDD (p =
0.01, r = 0.69), and that the interaction of these biological and envi
ronmental measures can more accurately predict LTL (p = 0.007) than 
each individual measure alone (LAC: p = 0.078; BMI: p = 0.014; 
emotional abuse: p = 0.05). This relationship was controlled for sex, and 
remained significant after adjusting for age (p = 0.009, r = 0.73) and 
psychiatric comorbidities (p = 0.03, r = 0.68), corroborating the 
strength of the relationship between mitochondrial metabolism of LAC, 
BMI, emotional abuse and LTL in subjects with MDD. 

To further ascertain how each individual variable contributes to LTL 
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Fig. 1. Mechanistic model of integrated biological networks for the regulation of brain plasticity. Converging evidence implicate a role for the mitochondrial 
mediator of epigenetic function acetyl-L-carnitine (LAC) in depression. Recent studies reported decreased levels of LAC in clinical endophenotypes of depression. 
Preclinical studies showed that supplementation of LAC leads to a rapid antidepressant-like response by promoting epigenetic regulation of glutamatergic function 
and corresponding changes in specific aspects of neuroplasticity, including dendritic elongation of discrete hippocampal neurons. 

Fig. 2. Multidimensional biological 
pathways in potential mitochondrial 
endophenotypes of depression. A, Multi
factorial regression analysis showed that 
multidimensional factors, including LAC 
levels, BMI and reported rates of childhood 
emotional abuse predict leucocytes telomere 
length (LTL) in subjects with MDD. The 
model in A depicts LTL predicted values in X 
and LTL actual values in Y. B Variable 
importance analysis indicated that the inte
gration of the individual measures results in 
a superior predictive potential in relation to 
telomere length as showed by the higher 
total effects of each variable than the cor
responding main effects. C and D, Prediction 
profilers showed the directionality of the 
association between the multidimensional 
measures of mitochondrial metabolism (i.e., 
LAC levels), metabolic function (i.e., BMI), 
cellular aging (i.e., LTL), and environmental 
stress (i.e., childhood trauma). Specifically, 
we found the lowest LAC levels in those 
subjects with elevated BMI, high reported 
rates of childhood emotional abuse and 
decreased LTL; vice versa subjects with the 
highest LAC levels are characterized by 
decreased BMI, low rates of emotional abuse 
and increased LTL as shown in panel D.   
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in subjects with MDD, we assessed the variable importance (Fig. 2B). As 
expected, the total effects of each variable were higher than individual 
factors, corroborating the fact that the integration of the individual 
measures results in a superior predictive potential in relation to telomere 
length. 

Next, we used prediction modeling to assess the directionality of the 
relationship between LAC levels, LTL, BMI and childhood emotional 
abuse (Fig. 2C and D). The prediction modelling estimates the in
teractions between all variables of interest, i.e.: how the relationship 
between all variables changes when the level of each individual variable 
is different. We presented two of these conditions in Fig. 2C and D. 
Specifically, panel C shows the lowest LAC levels in those subjects with 
elevated BMI, high reported rates of childhood emotional abuse and 
decreased LTL; vice versa subjects with the highest LAC levels are 
characterized by decreased BMI, low rates of emotional abuse and 
increased LTL as shown in panel D. 

3.2. Multidimensional predictors of antidepressant responses to 
pioglitazone in patients with MDD 

Driven by the findings of a relationship between mitochondrial 
metabolism, cellular aging, metabolic function and childhood emotional 
abuse, we tested the contribution of these interrelated biological path
ways in predicting longitudinal changes in depression severity in the 
responses to pioglitazone in a placebo-controlled study design. Using 
regression analysis, our data showed that combinatorial measures of 
baseline LAC levels, LTL, BMI, and emotional abuse predict changes in 
depression severity in the active arm as assessed by using the HDRS-21 
(pioglitazone, p = 0.02, r = 0.86, Fig. 3A). The model was controlled for 

sex and remained significant after adjusting for age (p = 0.047, r = 0.86) 
as well as for psychiatric comorbidities (p = 0.03, r = 0.88). The rela
tionship between mitochondrial, metabolic, genetic and environmental 
factors was specific to the active arm; no relationship was found in the 
placebo arm (p = 0.2). 

We also assessed the variable importance of each factor in predicting 
treatment responses (Fig. 3B). Of all parameters, LAC levels had the 
highest variable importance (0.447) in the model predicting changes in 
depression severity in response to treatment with pioglitazone. 
Furthermore, the total effects of each variable were higher than indi
vidual factors, supporting our hypothesis that a richer set of phenotyp
ical markers can aid in the prediction of antidepressant responses better 
than the individual variable. These findings are akin to the spirit of 
precision medicine and support further exploration of mitochondrial 
metabolism of LAC as a therapeutic target that may help to identify 
potential mitochondrial endophenotypes of MDD leading to individu
alized treatment strategies. 

Next, using prediction modeling, we assessed the directionality of the 
relationship between LAC levels, LTL, BMI and childhood trauma in 
predicting treatment responses to pioglitazone (Fig. 3C and D). Our data 
showed that decreased baseline LAC levels and the corresponding 
elevated BMI and high rates of childhood emotional abuse predict lack 
of changes in depression severity at the HDRS-21 in the responses to 
pioglitazone (Fig. 3C). Conversely, our data showed that increased 
baseline LAC levels associated with decreased BMI and low reported 
rates of childhood emotional abuse in a model controlled for LTL predict 
greater decline in depression severity at the HDRS-21 in the responses to 
pioglitazone (Fig. 3D). 

We also conducted an exploratory analysis to evaluate the 

Fig. 3. Multidimensional predictors of 
antidepressant responses to pioglitazone 
in patients with MDD. A, multifactorial 
regression analysis showed that baseline 
LAC levels, BMI, LTL and reported rates of 
childhood emotional abuse predict changes 
in depression severity in the responses to 
pioglitazone as assessed using the HDRS-21. 
A negative change in HDRS-21 indicates 
improvement in depression severity. The 
predictive model depicts actual changes in 
HDRS-21 in Y and predicted changes in 
HDRS-21 in X as predicted by the in
teractions between LAC, BMI, emotional 
abuse, and LTL. B, Variable importance 
analysis indicated that, of all parameters, 
LAC levels had the highest variable impor
tance (0.447) in the model predicting 
changes in depression severity in response to 
treatment with pioglitazone. Of note, the 
total effects of each variable were higher 
than the corresponding main effects. C and 
D, Prediction profilers show the direction
ality of changes in depression severity after 
treatment with pioglitazone as predicted by 
the interaction of baseline measures of LAC 
levels, BMI and emotional abuse in a model 
controlled for LTL. Specifically, decreased 
baseline LAC levels, elevated BMI and high 
reported rates of emotional abuse predict 
lack of changes in depression severity (panel 
C), vice versa increased baseline LAC levels, 
decreased BMI and low reported rates of 
emotional abuse predict decreased depres
sion severity at the HDRS-21 in the re
sponses to pioglitazone (panel D). Both the 
prediction profilers in B and C are controlled 
for LTL.   
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contribution of LAC and IR in predicting longitudinal changes in 
depression severity. In subjects with IR, but not insulin sensitivity, 
baseline levels of LAC predicted changes in depression severity at the 
HDRS-21, independently of the arm (p = 0.02, r = 0.52). Specifically, 
increased baseline LAC levels predicted greater decline in depression 
severity at the HDRS-21 (SI Fig. 2A). Conversely, decreased baseline 
levels of LAC predicted a lack of change in depression severity at the 
HDRS-21. This relationship was specific to subjects with IR and was not 
observed in subjects with insulin sensitivity (p = 0.4, SI Fig. 2 B). 

4. Discussion 

We report that multidimensional signatures integrating mitochon
drial metabolism, cellular aging and metabolic function contribute to 
describe childhood trauma-associated clinical endophenotypes of 
depression and predict antidepressant responses to pioglitazone. These 
findings provide a starting point for the development of a mechanistic 
framework linking specific biological networks and environmental fac
tors to clinical outcomes in pursuit of personalized medicine strategies 
to effectively treat MDD. These findings also generate new hypotheses 
for basic neuroscience research to identify the molecular signaling 
pathways linking specific aspects of mitochondrial metabolism to 
cellular aging and metabolic function for which rodent models are 
essential. 

A priori multidimensional constructs contribute to describe 
potential mitochondrial endophenotypes of MDD. We found that 
shortening of LTL and elevated BMI appear as critical biological path
ways involved in a LAC-deficient clinical endophenotype of depression 
characterized by high rates of childhood emotional abuse. These find
ings supplement our recent report of a deficiency of the pivotal mito
chondrial metabolite LAC in childhood trauma-related endophenotypes 
of MDD (C. Nasca et al., 2018). The current findings are an outgrowth of 
a mechanistic framework in rodent models wherein decreased cellular 
availability of LAC is a signature of excitotoxicity and hippocampal 
glutamatergic dysfunction (C. Nasca et al., 2018; C. Nasca et al., 2013). 
In addition to its role in sustaining energy production, LAC is an 
essential molecule for epigenetic mechanisms of histone acetylation and, 
in turn, for the regulation of gene expression in brain circuits implicated 
in depression (C. Nasca et al., 2013; Pettegrew et al., 2000). Because LAC 
also plays a central role in oxidative stress and energy mobilization, 
which can affect telomere length and have damaging effects on systemic 
physiology increasing the risk for elevated BMI (N. L. Rasgon and 
McEwen, 2016), future studies are needed to further characterize the 
complex interplay of these integrated biological networks. Taken 
together the current findings suggest that integrated genetic, metabolic 
and environmental measures contribute to define potential new mito
chondrial endophenotypes of MDD in agreement with the concept of 
precision medicine (Post, 2018). 

In pursuit of modifiable multidimensional predictors of anti
depressant responses: a main finding in this study is that multidi
mensional markers provide more detailed signatures to predict 
antidepressant responses to pioglitazone. We found that combined 
measures of mitochondrial metabolism, cellular aging, metabolic func
tion and childhood trauma predict changes in depression severity in 
response to pioglitazone over time with a stronger ability than each 
individual measure alone, as shown by the higher total variable 
importance of the integrated measures than the variable importance of 
individual components. The specificity of the findings in predicting 
treatment outcomes in the active arm, but not in the placebo arm, 
suggest that mitochondrial metabolism of LAC may represent a rate 
limiting substrate for the regulation of the related biological pathways in 
the context of antidepressant responses to pioglitazone. This observation 
is supported by the evidence that utilization of the glutamatergic agent 
esketamine as an antidepressant leads to dynamic changes in LAC levels 
and that increased levels of LAC after treatment are linked to decreased 
severity of depressive symptoms (Rotroff et al., 2016). Collectively, the 

current work raises the hypothesis for future studies that targeting 
mitochondrial metabolism of LAC is critical for antidepressant action, 
possibly via LAC-related regulation of the complex biological pathways 
of cellular aging and metabolic function. 

In agreement with the previously documented link between mito
chondrial metabolism and either systemic IR or metabolic profiles of 
specific brain areas, such as the ventral dentate gyrus and nucleus 
accumbens (Bigio et al., 2016; Cherix et al., 2020; Larrieu et al., 2017; C. 
Nasca et al., 2019a,b,c), the current study shows that baseline LAC levels 
alone predicted changes in depression severity but only in subjects with 
IR. Within the translational framework of epigenetic regulation of glu
tamatergic function, supplementation of LAC ameliorates systemic IR 
(Bigio et al., 2016; Cherix et al., 2020; C. Nasca et al., 2019a,b,c); 
(McEwen et al., 2015; C. Nasca, Rasgon and McEwen, 2019), and these 
changes in metabolism are linked to a rapid and enduring 
antidepressant-like response of LAC at several stress paradigms, 
including chronic restraint stress and social defeat stress (Cherix et al., 
2020; C. Nasca et al., 2019a,b,c). Taken together with our prior report of 
systemic IR as a biological correlate of the responses to pioglitazone, the 
current findings support further exploration of the role of mitochondrial 
metabolism in the pathophysiology of depression and its treatment. 

In summary, a main innovation of this study is in its translational 
approach to identify integrated biological networks and environmental 
factors for providing more detailed signatures to predict antidepressant 
responses. Future research is warranted to explore whether these 
multidimensional predictors of treatment responses generalize to stan
dard antidepressants. Because of the paucity of investigations of mito
chondrial metabolism in MDD and antidepressant responses, the current 
findings of a complex interplay of mitochondrial, metabolic, genetic and 
environmental factors provide a foundation for future studies to char
acterize potential new mitochondrial endophenotypes of depression as 
targets for future personalized medicine strategies. 
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