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Abstract 

Background: Childhood sexual abuse (CSA) increases the risk for major depressive disorder (MDD), yet 

the underlying neurobiological mechanisms remain poorly understood. We examined (1) associations of 

medial prefrontal cortex (mPFC) glutamatergic metabolites and redox balance with childhood 

maltreatment and MDD; and (2) whether these neurochemical measures predicted future perceived stress. 

Methods: Using proton and phosphorus 4T magnetic resonance spectroscopy, we quantified glutamate, 

glutamine, their sum (Glx), and the NAD�/NADH ratio within the same mPFC voxel in 71 women 

across four groups: healthy controls (HC; n=27), current MDD without CSA (n=14), current MDD with 

CSA (n=14), and remitted MDD with CSA (n=16). 

Results: Glutamate and Glx levels were lower in both CSA-exposed groups (n=30) compared with HC 

(n=27), whereas women with MDD without CSA did not differ significantly from HC. Among CSA-

exposed women, greater maltreatment severity was associated with lower glutamine, and greater 

maltreatment multiplicity with lower glutamate and Glx, specifically in women with current MDD. The 

association between depressive symptom severity and glutamine differed by CSA history. A significant 

interaction between baseline NAD�/NADH ratio and clinical group predicted perceived stress at 6-month 

follow-up, adjusting for baseline perceived stress. Specifically, lower baseline NAD�/NADH ratio 

predicted greater subsequent perceived stress in MDD without CSA, but not in the other clinical groups.  

Conclusions: Our findings suggest that mPFC glutamatergic metabolites and redox balance show distinct 

patterns of association with CSA history, depression status, and subsequent perceived stress, highlighting 

neurochemical heterogeneity in MDD and molecular markers of risk. 
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Introduction 

Major depressive disorder (MDD) is among the most prevalent psychiatric disorders worldwide 

and a leading cause of disability (World Health Organization, 2017). Childhood maltreatment, including 

childhood sexual abuse (CSA), is a well-established risk factor for MDD (Li et al., 2016; Nelson et al., 

2017). In women, CSA has been associated with more than a threefold increase in lifetime risk for MDD 

(Kendler et al., 2000), with elevated risk persisting into adulthood (Akinyemi et al., 2025). 

Two interconnected neurobiological processes that may link early-life adversity to depression are 

glutamatergic signaling and cellular redox balance. Glutamatergic metabolism involves the glutamate–

glutamine cycle, in which astrocytic glutamine synthetase converts glutamate to glutamine (J. V. 

Andersen et al., 2021). The medial prefrontal cortex (mPFC), a key region involved in stress regulation 

(Ulrich-Lai & Herman, 2009), has been implicated in glutamatergic alterations associated with 

depression. For example, in mice, disruption of astrocytic glutamine synthetase in the mPFC reduced 

glutamate and glutamine and induced depression-like behavior (Kang et al., 2026). Moreover, although 

acute stress rapidly increases extracellular glutamate release and excitatory transmission in rodents, 

particularly within the medial prefrontal cortex (mPFC; Moghaddam, 1993; Kaul et al., 2022), chronic or 

repeated stress has been associated with reduced prefrontal glutamatergic transmission, impaired 

astrocytic glutamate clearance and metabolism, and attenuated glutamate responses to subsequent 

stressors (e.g. Kaul et al., 2022; Treadway et al., 2025). Consistent with these observations, preclinical 

studies using proton magnetic resonance spectroscopy (MRS) and ¹H-[¹³C]-MRS have demonstrated that 

chronic stress induces depression-like behaviors accompanied by reduced prefrontal glutamate and 

glutamine concentrations, impaired neuronal and astroglial metabolism, and decreased glutamate–

glutamine cycling (e.g. Veeraiah et al., 2014; Mishra et al., 2020). Recent mechanistic studies have 

further demonstrated that disruption of astrocytic glutamine synthetase activity or components of the 

astrocyte–neuron glutamate–glutamine cycle can induce depression-like behaviors, supporting a 

potentially causal contribution of impaired glutamatergic homeostasis (Kang et al., 2025, 2026). In 

humans, meta-analyses of MRS studies have identified reduced glutamate-plus-glutamine (Glx) 
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concentrations in prefrontal and anterior cingulate regions in MDD, although changes in individual 

metabolites, including glutamine, vary across studies and brain regions (Tao et al., 2025; White et al., 

2026). Convergent postmortem evidence implicates astrocyte pathology in MDD, including reduced 

astrocytic cell density or marker expression in some prefrontal regions and abnormalities in molecular 

systems responsible for glutamate uptake and metabolism (Miguel-Hidalgo et al., 2000; Liu et al., 2022; 

Lu et al., 2025; Nasu & Terunuma, 2026). 

Cellular redox balance is closely linked to glutamatergic metabolism and can be assessed through 

the ratio of oxidized to reduced nicotinamide adenine dinucleotide (NAD�/NADH), an indicator of 

cellular metabolic redox state (Xiao et al., 2018). These processes are interconnected through several 

metabolic pathways, including astrocytic glutamate uptake, glutamate–glutamine cycling, and 

mitochondrial energy metabolism (J. V. Andersen, 2025; McKenna et al., 2016). For example, astrocytic 

glutamate uptake has been shown to decrease the NAD�/NADH ratio (Köhler et al., 2018). Moreover, 

chronic stress has been associated with alterations in mPFC NAD�/NADH and depressive-like behavior 

in mice (Dong et al., 2025), and psychological stress more broadly alters mitochondrial function in animal 

models (Picard & McEwen, 2018). Thus, redox state dysregulation (specifically, a reduced 

NAD�/NADH) might characterize MDD, particularly in the context of stress-related context, which 

likely affect anti-oxidant defenses, energy homeostasis as well as downstream effects on neuronal 

function and plasticity (Steullet et al., 2010). Together, these findings suggest that glutamatergic 

metabolism and cellular redox balance may contribute to stress-related neurobiological processes within 

the mPFC. 

Indeed, both MDD and childhood maltreatment have been associated with initial evidence of 

alterations in glutamatergic metabolism and processes related to cellular redox balance. Specifically, 

MDD has characterized by increased peripheral markers of oxidative damage, including lipid 

peroxidation, protein oxidation, and oxidative DNA damage, alongside altered antioxidant defenses (Ait 

Tayeb et al., 2023). Similarly, childhood maltreatment has been linked to oxidative nucleoside damage 

(Eriksen et al., 2022), mitochondrial alterations (Zitkovsky et al., 2021), and reduced hippocampal 
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glutamatergic metabolites in the context of mood disorders (Poletti et al., 2016). Moreover, adverse 

childhood experiences have been associated with lower glutamatergic metabolite levels in the mPFC of 

healthy adults (Duncan et al., 2015), suggesting that neurochemical alterations in this stress-regulatory 

region may extend beyond clinical populations. However, little is known about how CSA history and 

current versus remitted depression relate to mPFC glutamatergic metabolism and redox balance, 

particularly when these neurochemical measures are examined together.  

Beyond clinical status, the severity and multiplicity of maltreatment exposure may contribute to 

neurochemical differences. Specifically, childhood maltreatment can influence brain development, with 

neurobiological alterations varying by exposure timing and type (Gee & Casey, 2015; Teicher et al., 

2016). However, the associations of childhood maltreatment severity and multiplicity with mPFC 

glutamatergic metabolism and redox balance, and how these associations may vary with depressive 

symptom severity, remain understudied. Furthermore, although MRS-derived metabolites have been 

investigated as predictors of depression recurrence (Henigsberg et al., 2021), their potential to predict 

subsequent perceived stress remains largely unexplored. 

To address these gaps, the present study investigated, we believe for the first time, mPFC 

glutamatergic metabolites and redox balance in women with varying histories of MDD and CSA. 

Specifically, we examined (1) group differences in glutamatergic metabolites and the NAD�/NADH ratio 

across women with current MDD with and without CSA, remitted MDD with CSA, and healthy controls, 

hypothesizing that MDD and CSA, and possibly their co-occurrence would be associated with reduced 

glutamatergic metabolites and NAD�/NADH ratio; (2) associations of these neurochemical measures 

with childhood maltreatment severity and multiplicity and depressive symptom severity, including 

potential differences across clinical groups; and (3) whether baseline neurochemical measures predicted 

perceived stress at 6-month follow-up. 

 

Methods and Materials 
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Participants and study design 

Women were recruited from the greater Boston area, primarily through social media 

advertisements and local college job boards, as part of a study investigating the functional and molecular 

effects of CSA occurring between ages 11–18 on depression (NCT04713722). We specifically selected 

the range of 11-18 for CSA occurrence, in light of findings that (1) PFC volume was reduced with ELS 

occurring at ages 14-16 years (S. L. Andersen et al., 2008) and similar findings that later (8-17 years), but 

not early (1 month - 7 years) childhood ELS was associated with reduced PFC volume (Baker et al., 

2013); and (2) late adolescent (ages 12-17) exposure to abuse significantly increased MDD risk 

(Thornberry et al., 2001). Participants completed an initial clinical assessment, followed by an MRS 

session and a 6-month follow-up assessment. At the initial clinical visit, psychiatric diagnoses were 

established using the Structured Clinical Interview for DSM-5 (SCID-5-RV; First et al., 2015), and 

childhood maltreatment was assessed using the Maltreatment and Abuse Chronology of Exposure 

(MACE; Teicher & Parigger, 2015), with CSA histories confirmed through clinical interviews. 

Depressive symptom severity was measured using the Beck Depression Inventory-II (BDI-II; Beck et al., 

1996). Perceived stress was assessed using the Perceived Stress Scale (PSS-14; Cohen et al., 1983) at the 

initial clinical visit and at 6-month follow-up. 

The final sample for the current analyses comprised 71 women who underwent MRS (Table 1): 

healthy controls (HC; n = 27), current MDD without CSA (MDD/no CSA; n = 14), current MDD with 

CSA (MDD/CSA; n = 14), and remitted MDD with CSA (rMDD/CSA; n = 16). Three MDD/CSA 

participants were excluded from MACE analyses because of unreliable self-reported maltreatment 

histories, and two rMDD/CSA participants lacked glutamatergic metabolite data due to ¹H-MRS 

acquisition failure. Detailed exclusion criteria and variable-specific exclusions are provided in the 

Supplement. The study was approved by the Mass General Brigham and McLean Hospital Institutional 

Review Board (Protocol No. 2020P001470), and participants provided informed consent. 

 

MRS acquisition and quantification  
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Proton (¹H) and phosphorus (³¹P) MRS data were acquired from an overlapping region in the 

mPFC during a single session on a 4T MRI scanner (Varian/Agilent Whole Body DirectDrive™ scanner; 

Agilent Technologies, Palo Alto, CA) with a specially designed and dual-tuned half-helmet head coil. 

This RF probe consisted of a butterfly shaped 1H coil and a single-loop 31P coil (7-cm diameters). The 

detailed protocol of data acquisition and processing has been described in our previous publications 

(Cuklanz et al., 2026; Du et al., 2014; Kim et al., 2017). Briefly, the 1H MRS voxel was 25 × 20 × 25 mm, 

while the larger region around 60 × 60 × 40 mm covered by 31P RF coil was used to compensate for the 

intrinsically lower sensitivity of 31P MRS and the extremely low concentrations of NAD+ and NADH in 

the brain (both typically below 1mM), thereby improving signal-to noise ratio and enabling their reliable 

detection and qualification. Before spectroscopy data collection, localized shimming was performed using 

vendor-provided routines (3D-shimming) plus manual refinement if needed, achieving unsuppressed 

water linewidths < 12 and 25 Hz for 1H and 31P MRS, respectively.  

Each scan (individual FID) was digitized, and frequency and phase drift as well as eddy current 

effects resulting from hardware variations or subject movement were corrected before summing all FIDs.  

Glutamate (Glu) and glutamine (Gln) were quantified using the SPECIAL sequence (repetition time/echo 

time = 3000/10 ms; 64 averages), with Glx calculated as their sum (Glu+Gln). Water suppression was 

implemented using VAPOR (Tkáč et al., 1999). Eight unsuppressed water signals were acquired for eddy-

current correction and water-referenced quantification. 

The NAD�/NADH redox ratio, an indicator of cellular redox balance, was quantified using ³¹P-MRS 

with proton decoupling by a decoupling pulse train with WALTZ-16 (Cuklanz et al., 2026; Lu et al., 

2016). A 300-µs hard pulse was used to excite the phosphate spins, and its flip angle (nominal 90o) was 

adjusted to achieve optimal nuclear magnetic resonance signal. The spectral width was 5000 Hz, 

repetition time was 3 s, and 640 averages were acquired. Total experimental time was approximately 75 

minutes.  
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MRS scans were scheduled during the early follicular phase (days 1–7 of the menstrual cycle) 

whenever possible; however, 16 of the 64 participants with a recorded cycle day (25%) were scanned 

outside this window due to scheduling constraints. 

All MRS data processing was blinded to diagnoses. Post-processing of FIDs includes zero filling, 

windowing functions, and Fourier transformations. MRS data processing was conducted by in-house 

software and LCModel (Provencher, 2001) with simulated basis. For 1H MRS, partial volume correction 

(Chen et al., 2019) was performed with gray matter, white matter, and CSF fractions obtained from T1-

weighted images using SPM12 (Ashburner & Friston, 2005) and published T1/T2 values at 4T 

(Deelchand et al., 2012; Tkáč et al., 2009). For 31P MRS, initial 3 points of FIDs were truncated to 

remove the broad component. Nine metabolites (adenosine triphosphate, phosphocreatine, NAD�, 

NADH, glycerophosphocholine, glycerophosphoethanolamine, inorganic phosphate, phosphocholine, and 

phosphoethanolamine) were included for basis simulation. Details of data processing – including the 

excellent test-retest reliability of the NAD+, NADH, and the ratio (Kim et al., 2017) – have been 

described in our previous publications (Cuklanz et al., 2026; Du et al., 2014; Kim et al., 2017; Yuksel et 

al., 2021). 

Clinical measures 

Childhood maltreatment was assessed using the MACE, yielding two composite scores: 

maltreatment multiplicity, defined as the number of maltreatment subtypes exceeding published clinical-

significance thresholds (range 0–10), and total maltreatment severity, calculated as the sum of severity 

scores across subtypes (range 0–100). Both measures reflected maltreatment exposure across childhood. 

MACE was scored across ages 11–18 to reflect the study’s CSA inclusion criteria. Perceived stress was 

assessed using the PSS (14 items) at baseline and 6-month follow-up (range: 0–56), with higher scores 

indicating greater perceived stress during the past month. Depressive symptoms were assessed using the 

BDI-II (range: 0–63), with higher scores indicating greater depressive symptom severity. Highlighting 

excellent internal reliability, Cronbach’s α in the present sample was 0.95 for the PSS-14 at baseline, 0.94 
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at 6-month follow-up, and 0.83 for the BDI-II among women with current MDD (see Supplementary 

Table S1 for values by group). 

 

Statistical Analyses 

Group differences in neurochemical measures 

One-way analyses of variance (ANOVAs) were conducted in R to examine differences across the 

four groups (HC, MDD/no CSA, MDD/CSA, rMDD/CSA) in glutamate, glutamine, Glx, and 

NAD�/NADH. A Bonferroni correction was applied to interpret findings, using a p value of 0.0125 

(=0.05/4 metabolites). Post hoc pairwise comparisons were performed with Tukey adjustment. 

 

Associations of neurochemical measures with childhood maltreatment and depressive symptoms 

General linear models (GLMs) were used to examine associations between neurochemical 

measures and measures of childhood maltreatment and depressive symptom severity. Separate models 

were fitted for each neurochemical measure (glutamate, glutamine, Glx, NAD�/NADH), with the 

neurochemical measure as the dependent variable and clinical group, the relevant clinical measure 

(MACE or BDI-II), and their interaction as predictors. Analyses of childhood maltreatment were 

restricted to women with CSA histories (MDD/CSA and rMDD/CSA), whereas analyses of depressive 

symptom severity were restricted to women with current MDD (MDD/no CSA and MDD/CSA). Group 

was effect-coded, and continuous measures were mean-centered. BDI-II scores were log-transformed 

using ln(x + 1) prior to analysis due to their skewed distribution. Main effects and interactions were 

evaluated using Type III ANOVA F-tests applied to the fitted models. Significant interactions were 

followed by simple slope analyses. 

 

Neurochemical measures predicting subsequent perceived stress 

GLMs were used to examine whether baseline neurochemical measures predicted perceived stress 

at 6-month follow-up among women in the three clinical groups (MDD/no CSA, MDD/CSA, and 
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rMDD/CSA). Separate models were fitted for each neurochemical measure (glutamate, glutamine, Glx, 

and NAD�/NADH ratio), with 6-month perceived stress as the dependent variable and clinical group, the 

neurochemical measure, and group-by-neurochemical measure interaction as predictors, adjusting for 

baseline perceived stress. Group was effect-coded, and continuous predictors were mean-centered. Main 

effects and interactions were evaluated using Type III ANOVA F-tests applied to the fitted models. 

Significant interactions were followed by simple slope analyses. 

 

Results 

Sample characteristics 

The demographic and clinical characteristics are summarized in Table 1. No between-group 

differences in demographic variables were observed. The MDD groups did not differ in depression 

measures, and the CSA groups did not differ in maltreatment measures. 

 

Group differences in neurochemical measures 

Representative 1H and 31P spectra are shown in Figure 1. Significant group differences emerged 

for glutamate (F(3, 64) = 5.25, p = .003; Figure 2A) and Glx (F(3, 65) = 5.62, p = .002; Figure 2B), with 

both findings surviving Bonferroni correction. Tukey-adjusted post hoc comparisons revealed lower 

glutamate and Glx levels in both the MDD/CSA and rMDD/CSA groups compared with HC. No 

significant group differences emerged for glutamine or the NAD�/NADH ratio. 

 

Associations of childhood maltreatment with glutamatergic metabolites 

Among women with CSA histories (MDD/CSA + rMDD/CSA, n = 30), a significant interaction 

between maltreatment severity and depression status emerged for glutamine (F(1, 20) = 6.55, p = .019; 

Figure 3A). Simple slope analyses indicated a significant negative association between maltreatment 

severity and glutamine in MDD/CSA (t(20) = −2.29, p = .032), but not rMDD/CSA (t(20) = 1.14, p = 

.267). Significant interactions between maltreatment multiplicity and depression status were observed for 
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glutamate (F(1, 21) = 4.66, p = .043; Figure 3B) and Glx (F(1, 21) = 4.58, p = .044; Figure 3C). Greater 

maltreatment multiplicity related to lower glutamate (t(21) = −2.65, p = .015) and Glx (t(21) = −2.56, p = 

.018) in MDD/CSA, but not in rMDD/CSA (glutamate: t(21) = −0.42, p = .682; Glx: t(21) = −0.29, p = 

.778). 

 

Associations of depressive symptom severity with glutamatergic metabolites  

Among women with current MDD (MDD/no CSA + MDD/CSA, n = 28), a significant interaction 

between depressive symptom severity and CSA history was observed for glutamine (F(1, 24) = 4.28, p = 

.049; Figure 4). Simple slope analyses revealed a trend-level negative association between depressive 

symptom severity and glutamine in MDD/no CSA (t(24) = −1.94, p = .064), but not MDD/CSA (t(24) = 

0.87, p = .395). 

 

Redox balance predicting subsequent perceived stress 

Among women in the three clinical groups (MDD/no CSA + MDD/CSA + rMDD/CSA: n = 44), 

a significant interaction between baseline NAD�/NADH ratio and clinical group was observed in 

predicting perceived stress at 6-month follow-up, adjusting for baseline perceived stress (F(2, 27) = 8.50, 

p = .001; Figure 5). Simple slope analyses revealed that a lower baseline NAD�/NADH ratio predicted 

greater perceived stress at 6-month follow-up in MDD/no CSA (t(27) = −4.29, p < .001), but not in 

MDD/CSA (t(27) = −0.39, p = .698) or rMDD/CSA (t(27) = 1.31, p = .201). 

 

Discussion 

The overarching goal of the current study was to test, we believe for the first time, mPFC 

glutamatergic metabolites and redox balance in relation to childhood maltreatment, depression, and 

perceived stress among unmedicated women differing in CSA history and depression status. Three main 

findings emerged. First, glutamate and Glx levels were lower in women with lifetime MDD and CSA 

histories compared with HC, whereas women with MDD without CSA did not differ significantly from 
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HC. Second, associations between glutamatergic metabolites and clinical characteristics varied according 

to CSA history and depression status. Specifically, greater maltreatment severity and multiplicity were 

associated with lower glutamatergic metabolite levels among women with current MDD and CSA 

histories, but not among those with remitted MDD. Additionally, among women with current MDD, the 

association between depressive symptom severity and glutamine differed by CSA history. Third, a lower 

baseline NAD�/NADH ratio predicted greater perceived stress 6 months later among women with 

current MDD without CSA, but not among women with CSA histories. Together, these findings highlight 

the importance of considering both childhood maltreatment and depression status when examining mPFC 

neurochemistry and its relationship to clinical symptoms and subsequent stress vulnerability. 

The lower mPFC glutamate and Glx levels observed in both CSA-exposed groups, including 

women with remitted MDD, are consistent with previous studies linking childhood adversity to lower 

mPFC glutamate in healthy adults (Duncan et al., 2015) and severe trauma during adolescence to lower 

ventromedial prefrontal glutamate (Ousdal et al., 2019). Although a meta-analysis identified reduced 

medial frontal Glx in MDD, substantial heterogeneity across studies was evident (Moriguchi et al., 2019). 

Studies of remitted depression have likewise reported differing glutamatergic findings, including lower 

glutamate in the ventromedial (Portella et al., 2011) and dorsolateral (Ritter et al., 2022) prefrontal cortex, 

and normal glutamate in the anterior cingulate cortex (Taylor et al., 2009). Together, these findings raise 

the possibility that maltreatment history contributes to heterogeneity in glutamatergic metabolite levels in 

MDD, alongside differences in brain regions, measurement methods, and clinical characteristics. 

However, the absence of a CSA-exposed group without lifetime MDD precludes attributing the observed 

group differences specifically to maltreatment. 

Beyond these group-level differences, associations with maltreatment severity and depressive 

symptoms provided further insight into the clinical correlates of glutamatergic metabolism. Among CSA-

exposed women, greater maltreatment severity and multiplicity were associated with lower glutamatergic 

metabolite levels during current, but not remitted, MDD. Among women with current MDD, the 

association between depressive symptom severity and glutamine differed by CSA history, with a trend-
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level negative association in those without CSA. Prior MRS studies of childhood adversity in depressed 

samples have yielded mixed findings: adversity has been associated with lower hippocampal Glx/creatine 

ratio in patients with mood disorders (Poletti et al., 2016), but with higher occipital glutamine and 

glutamate–glutamine cycling in adults with MDD (Averill et al., 2020) and higher anterior cingulate Glx 

in depressed adolescents (Sonmez et al., 2021). None of these studies distinguished current from remitted 

depression. Because maltreatment-related associations in the present sample differed between current and 

remitted MDD, depression status may help explain some of this heterogeneity. These findings are 

consistent with the proposed distinction between maltreatment-exposed and non-exposed forms of 

depression, which may differ in underlying neurobiology (Teicher & Samson, 2013). Notably, although 

both CSA-exposed groups were characterized by lower glutamate and Glx levels than HC, associations 

with maltreatment severity and multiplicity emerged only in current MDD, suggesting that depression 

status may influence how childhood adversity relates to glutamatergic metabolism. 

The prospective analysis revealed that the association between baseline mPFC NAD�/NADH 

ratio and perceived stress 6 months later differed across clinical groups. Specifically, a lower baseline 

NAD�/NADH ratio predicted greater subsequent perceived stress among women with current MDD 

without CSA, after adjusting for baseline perceived stress, whereas no significant associations were 

observed in either CSA-exposed group. Although group differences in NAD�/NADH did not emerge, the 

direction of this association, in which a lower NAD�/NADH ratio predicted greater subsequent perceived 

stress, aligns with previous 31P MRS studies reporting reduced NAD�/NADH ratios in schizophrenia 

(Kim et al., 2017) and first-episode psychosis, including bipolar disorder with psychotic features 

(Chouinard et al., 2017). However, little research has examined whether redox balance predicts 

subsequent stress-related outcomes in the context of depression. Previous longitudinal MRS research has 

linked neurochemical measures to depression recurrence, with Henigsberg et al. (2021) reporting that 

higher amygdala-region choline-containing metabolite levels during recovery were associated with a 

lower risk of subsequent depressive episodes, leaving the prospective clinical relevance of redox balance 

in depression largely unexplored.  Our findings extend this work by identifying a prospective association 
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between mPFC redox balance and perceived stress that depends on CSA history and depression status. To 

our knowledge, ours is among the first studies to measure mPFC redox balance alongside glutamatergic 

metabolites in the same voxel in women with MDD and childhood maltreatment histories. Given the role 

of NAD�/NADH in energy metabolism, mitochondrial function, inflammation and oxidative stress (Xiao 

et al., 2018), this approach provides a unique window into cellular processes that have been difficult to 

study in the living human brain. Although these findings suggest that baseline NAD�/NADH ratio may 

provide information beyond baseline stress levels, its incremental predictive value beyond other clinical 

characteristics and its generalizability require further investigation. 

Several limitations warrant consideration. First, although the multi-modal assessment, 

unmedicated status, and deep phenotyping of the parent study is a strength, subgroup sizes were modest, 

particularly for interaction analyses, and, beyond the main analyses comparing groups in the four 

molecular markers, no correction for multiple testing was applied given the exploratory nature of the 

study. Second, menstrual cycle phase was not uniformly controlled; although scanning was targeted to the 

early follicular phase when feasible, variability in scan timing may have influenced neurochemical 

measurements. Third, the absence of a CSA-exposed group without lifetime MDD limits the ability to 

disentangle associations related to maltreatment history, depression, or their combination. Fourth, 

neurochemical measures were obtained at a single time point, limiting conclusions about temporal 

relationships between neurochemistry and clinical characteristics, while the prospective association with 

perceived stress requires independent validation. Fifth, neurochemical measures were quantified within a 

single mPFC voxel, limiting the ability to determine whether the findings vary across regions. 

Additionally, proton MRS cannot distinguish neuronal from astrocytic or intracellular from extracellular 

glutamate and glutamine. Thus, larger longitudinal studies are needed to replicate these findings and 

clarify the underlying mechanisms. 

Finally, the separate quantification of Glu and Gln presents methodological challenges that 

warrant consideration when interpreting our glutamatergic findings. To separately quantify Glu and Gln, 

we implemented a SPECIAL sequence with adiabatic RF pulses and an ultrashort echo time (TE = 10 ms) 
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at 4T. Compared with STEAM, SPECIAL provides greater signal intensity, improving signal-to-noise 

ratio while maintaining a short TE. In eight healthy volunteers, LCModel fitting yielded low Cramér–Rao 

lower bounds (2.6%, 8.7%, and 10.5% for Glu, Gln, and GSH, respectively) and low fitting correlations 

between Glu and Gln (0.05), Glu and GSH (−0.11), and Gln and GSH (−0.15), supporting the feasibility 

of separately quantifying these metabolites. Estimated metabolite concentrations were also consistent with 

prior literature. Nevertheless, Glu and Gln exhibit overlapping spectral resonances and are subject to J-

coupling, introducing potential uncertainty in their individual estimates. We therefore also examined Glx 

(Glu + Gln) as a complementary measure that is less dependent on distinguishing the contributions of 

these overlapping metabolites. 

 

Conclusions 

The present findings highlight the importance of childhood maltreatment history and depression 

status in understanding mPFC glutamatergic metabolites and redox balance in MDD. Rather than 

uniformly characterizing MDD, these neurochemical measures showed distinct patterns of association 

with maltreatment history, depressive symptoms, and subsequent perceived stress. Larger longitudinal 

studies are needed to determine whether integrating maltreatment history and neurochemical measures 

can improve our understanding of neurobiological heterogeneity and clinical trajectories in MDD. 

 

Data availability  

De-identified, subject-level spectroscopy data are subject to institutional policies, IRB 

requirements, and study-specific data-use agreements. Data processing software and analysis code will be 

made available through an appropriate repository, to the extent permitted by applicable institutional 

policies, ethical approvals, and data use agreements. 
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Figure legends 

Figure 1. Representative in vivo ¹H and ³¹P MR spectra acquired from the medial prefrontal cortex 

on a 4 Tesla scanner. The ¹H spectrum shows the measured signal (black) and model fit (yellow). The ³¹P 

spectrum inset shows the NAD region, with the fitted NAD� (green), NADH (blue), and total NAD 

(black) components. ATP, adenosine triphosphate; Gln, glutamine; Glu, glutamate; GPC, 

glycerophosphocholine; GPE, glycerophosphoethanolamine; mI, myo-inositol; MM, macromolecules; 

NAA, N-acetylaspartate; NAD�/NADH, oxidized/reduced nicotinamide adenine dinucleotide (NAD); 

PC, phosphocholine; PCr, phosphocreatine; PE, phosphoethanolamine; Pi, inorganic phosphate; tCho, 

total choline; tCr, total creatine. 

 

Figure 2. Group differences in mPFC glutamatergic metabolites. (A) Glutamate and (B) Glx 

(glutamate + glutamine) levels in the medial prefrontal cortex (mPFC) were significantly lower in women 

with MDD/CSA and rMDD/CSA than in HC. Violin plots show the distributions, boxes indicate medians 

and interquartile ranges, and points represent individual participants. Asterisks indicate significant Tukey-

adjusted pairwise comparisons. CSA: childhood sexual abuse; HC: healthy controls; MDD: major 

depressive disorder; rMDD: remitted major depressive disorder. 

 

Figure 3. Associations between mPFC glutamatergic metabolites and childhood maltreatment differ 

by depression status. Among women with CSA histories, depression status significantly moderated the 

associations between (A) maltreatment severity and medial prefrontal cortex (mPFC) glutamine, (B) 

maltreatment multiplicity and mPFC glutamate, and (C) maltreatment multiplicity and mPFC Glx 

(glutamate + glutamine). Greater maltreatment severity and multiplicity were associated with lower levels 

of the respective glutamatergic metabolites in women with current MDD, whereas these associations were 

not significant in women with remitted MDD. Shaded regions represent 95% confidence intervals around 

the fitted regression lines. CSA: childhood sexual abuse; MACE: Maltreatment and Abuse Chronology of 

Exposure; MDD: major depressive disorder; rMDD: remitted major depressive disorder. 
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Figure 4. Associations between mPFC glutamine and depression severity differ by CSA history. 

Among women with current MDD, the association between depressive symptom severity (BDI-II scores) 

and medial prefrontal cortex (mPFC) glutamine differed significantly by CSA history. A trend-level 

negative association was observed in women without CSA, whereas no significant association was 

observed in women with CSA. BDI-II scores were log-transformed using ln(x + 1) and are displayed on 

the transformed scale. Shaded regions represent 95% confidence intervals around the fitted regression 

lines. BDI-II, Beck Depression Inventory-II; CSA, childhood sexual abuse; MDD, major depressive 

disorder. 

 

Figure 5. Associations between baseline mPFC NAD�/NADH ratio and subsequent perceived stress 

differ by clinical group. Among women with current or remitted MDD, the association between baseline 

mPFC NAD�/NADH ratio and perceived stress at 6-month follow-up differed significantly across 

clinical groups, adjusting for baseline perceived stress. A lower baseline NAD�/NADH ratio predicted 

greater subsequent perceived stress in women with current MDD without CSA, whereas no significant 

associations were observed in either CSA-exposed group. Points represent 6-month PSS-14 scores 

adjusted for baseline PSS-14, and lines represent model-predicted values at the mean baseline PSS-14 

score. Shaded regions indicate 95% confidence intervals around the fitted regression lines. CSA, 

childhood sexual abuse; MDD, major depressive disorder; NAD�/NADH, ratio of oxidized to reduced 

nicotinamide adenine dinucleotide; PSS-14, 14-item Perceived Stress Scale; rMDD, remitted major 

depressive disorder. 












