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Abstract

Background: The molecular pathology underlying posttraumatic stress disorder (PTSD) remains unclear mainly due to a lack
of human PTSD postmortem brain tissue. The orexigenic neuropeptides ghrelin, neuropeptide Y, and hypocretin were recently
implicated in modulating negative affect. Drawing from the largest functional genomics study of human PTSD postmortem
tissue, we investigated whether there were molecular changes of these and other appetitive molecules. Further, we explored
the interaction between PTSD and body mass index (BMI) on gene expression.

Methods: We analyzed previously reported transcriptomic data from 4 prefrontal cortex regions from 52 individuals with PTSD and
46 matched neurotypical controls. We employed gene co-expression network analysis across the transcriptomes of these regions
to uncover PTSD-specific networks containing orexigenic genes. We utilized Ingenuity Pathway Analysis software for pathway
annotation. We identified differentially expressed genes (DEGs) among individuals with and without PTSD, stratified by sex and BMI.
Results: Three PTSD-associated networks (P<.01) contained genes in signaling families of appetitive molecules: 2 in females
and 1 in all subjects. We uncovered DEGs (P<.05) between PTSD and control subjects stratified by sex and BMI with especially
robust changes in males with PTSD with elevated vs normal BMI. Further, we identified putative upstream regulators (P<.05)
driving these changes, many of which were enriched for involvement in inflammation.

Conclusions: PTSD-associated cortical transcriptomic modules contain transcripts of appetitive genes, and BMI further
interacts with PTSD to impact expression. DEGs and inferred upstream regulators of these modules could represent targets
for future pharmacotherapies for obesity in PTSD.
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Significance Statement

Posttraumatic stress disorder (PTSD) is a debilitating psychiatric disease that can afflict individuals who have witnessed or ex-
perienced trauma. It is characterized by disturbing feelings and thoughts associated with the event, persisting for months to
years after. Although PTSD impacts a substantial proportion of our society, our understanding of underlying molecular mech-
anisms is limited, and effective treatments are lacking. Recently, the largest transcriptomic study of the human PTSD brain was
completed. We employed this dataset to study the involvement of hunger-related molecules in PTSD pathophysiology, as there is
evidence that they can impact emotion. We show that unique networks of genes in the brains of individuals with PTSD contain
hunger molecules and that body mass index may impact brain gene expression. These findings enhance our understanding of
PTSD and may facilitate the development of medications to target obesity in this population.

Introduction

Posttraumatic stress disorder (PTSD) is a devastating psychi-
atric illness characterized by a fearful response to traumatic
events and protracted symptoms such as avoidance, arousal,
and re-experiencing persisting for years after the events. The
estimated lifetime prevalence of PTSD among Americans is ap-
proximately 7% (Kessler et al., 2005), and the rate is even higher
among particular groups such as combat veterans (23% of re-
turning soldiers from the wars in Iraq and Afghanistan, as a re-
cent meta-analysis revealed) (Fulton et al., 2015) and individuals
residing in inner city neighborhoods (between 43% and 51%)
(Schwartz et al., 2005; Alim et al., 2006; Gillespie et al., 2009).
Despite these striking numbers, there are few effective medi-
cations to treat symptoms or for prophylaxis. PTSD manifests
as a result of emotion regulatory dysfunction, likely due to per-
turbation in fear circuits (comprised of the prefrontal cortex
[PFC], amygdala, and hippocampus) (Abdallah et al., 2019). The
molecular neurobiology of fear memory in rodents has been
significantly studied (Milad and Quirk, 2002; Wilensky et al.,
2006; Parsons and Ressler, 2013); however, the molecular patho-
physiology of PTSD in humans remains poorly understood. This
dearth in the literature has in part been a consequence of the
inability to examine the brains of humans with PTSD (Krystal
and Duman, 2004; Girgenti and Duman, 2018).

An emerging literature suggests that neuropeptide Y (NPY),
hypocretin, and ghrelin, all of which are orexigenic neuropep-
tides, may represent potentially promising targets for research
on the pathophysiology of PTSD (Morgan et al., 2000; Zhou et al.,
2008; Sah et al., 2009; Strawn et al., 2010; Meyer et al., 2014; Sah
et al., 2014; Cohen et al., 2016; Harmatz et al., 2017; Yousufzai
et al., 2018). Multiple lines of evidence suggest a role for these
neuropeptides in the context of modulation of negative affective
states, specifically in the context of exposure to trauma. For in-
stance, NPY promotes stress resilience in humans, as military
soldiers with elevated plasma levels demonstrate enhanced
coping following extreme stress (Morgan et al., 2000), and indi-
vidual variation in expression of NPY mRNA modulates emotion
and resiliency (Zhou et al., 2008). Levels of NPY in the cere-
brospinal fluid (CSF) are reduced in individuals with combat-
associated PTSD (relative to healthy subjects) (Sah et al., 2009)
and in veterans exposed to combat who develop PTSD relative to
those who do not (Sah et al., 2014). Orexin-A (hypocretin-1) is also
decreased among combat veterans with PTSD in both plasma
and the CSF, relative to neurotypical comparison subjects, and
CSF levels negatively correlate with PTSD symptom severity
(Strawn et al., 2010). While little is known about levels of ghrelin
in the CSF in humans, rodent research has demonstrated that
resistance to ghrelin in the central nervous system promotes
fear enhancement following chronic stress in a rodent model
of PTSD (in comparison, among unstressed rodents, ghrelin

reduces fear) (Meyer et al., 2014; Harmatz et al., 2017). Severe
stressor exposure among adolescent humans facilitates an in-
crease in circulating serum ghrelin for at least 4.5 years, and
a parallel sustained elevation in ghrelin in rodents promotes
central ghrelin resistance via a decrease in available receptors
(Harmatz et al., 2017; Yousufzai et al., 2018). Thus, reduced cen-
tral actions of NPY, hypocretin, and ghrelin may induce vulner-
ability to PTSD.

The circuit-based interactions between ghrelin, NPY, and
hypocretin, as well as their widespread expression in the
brain, increase interest in their possible role in the biology
of PTSD. Ghrelin and orexin-A stimulate NPY neurons in the
arcuate nucleus of the hypothalamus (Kohno et al., 2003),
a major hunger center of the brain (Krashes et al., 2014).
Further, members of the signaling families of these neuro-
peptides are expressed in the cerebral cortex, and NPY- and
hypocretin-related molecules are specifically expressed in
regions of interest for PTSD, such as the anterior cingulate
cortex (Talebizadeh et al., 2005; Sommer et al., 2010; Lu et al.,
2017). Moreover, the resilience-promoting effects of modafinil
in a rodent stress model were associated with upregulation
of both hypocretin and NPY systems in the hypothalamus
(Cohen et al., 2016).

Here we report the results of an exploratory gene
coexpression network analysis examining NPY, hypocretin, and
ghrelin signaling pathways associated with PTSD. This ana-
lysis was based on a reanalysis of RNA sequencing results from
human postmortem PFC tissue obtained from individuals with
and without PTSD from the National PTSD Brain Bank of the
United States Department of Veterans Affairs (Friedman et al.,
2017; Girgenti et al., 2020). Because these neuropeptides are
implicated in the regulation of appetite and weight (Sahu and
Kalra, 1993; Willie et al., 2001; Muller et al., 2015), we also ex-
plored the impact of body mass index (BMI) on the gene expres-
sion changes in the PTSD brain.

Methods

Research Subjects and Clinical Assessment

The human postmortem brain tissue samples analyzed in this
study were obtained from 52 individuals with PTSD (26 males,
26 females) and 46 matched neurotypical comparison subjects
(20 females, 26 males) through the University of Pittsburg
Medical Center and the National Center for PTSD Brain Bank.
The demographic and tissue characteristics of the sample are
presented in Table 1. Tissue samples were group-matched for
age, postmortem interval (PMI), and pH. Inclusion criteria were
PMI less than 30 hours and age older than 18 but less than 70.
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Table 1. Demographic and Tissue Characteristics

Neurotypical control (n=46)

Posttraumatic stress disorder (n=52)

Sex (% male) 56.5

Body mass index (kg/m?) 33.3x1.0
Race (% Caucasian) 65.2
Tobacco (% use) 21.7
Alcohol (% use) 0.0
Opioids (% use) 8.7
Antidepressant (% use) 0.0
Average age at death (y) 48.50+12.40
Postmortem interval (h) 21.80+6.60
Manner of death (% suicide/% natural) 0.0
Drug-related death (%) 0.0

RNA Integrity Number: OFC 7.70+0.97
RNA Integrity Number: sgPFC 8.10+0.85
RNA Integrity Number: dACC 7.40+0.98
RNA Integrity Number: dIPFC 7.40+1.19

50.0

29.2+1.4

81.0

65.0

35.0

154

60.0

42.80+11.50

20.50+6.30

12.0/88.0

52.0
7.90+1.00
7.90+0.99
7.30+1.06
7.70+0.92

Abbreviations: dACC, dorsal anterior cingulate; dIPFC, dorsolateral PFC; OFC, orbitofrontal cortex; sgPFC, subgenual PFC.
Results for categorical variables are presented as percentages. Results for continuous variables are presented as mean+SEM. All P values for between-group dif-
ferences are nonsignificant (P > .05) except for in the case of body mass index (P=.02). Some of these demographic and tissue characteristics have been previously

reported (Girgenti et al., 2020); permission has been obtained from the authors.

Demographic and clinical characteristics were determined by
psychological autopsy, that is, diagnoses were determined in
accordance with the DSM-IV via SCID-1 interviews for use in
psychological autopsy. Between-group differences in these
parameters were assessed using Student’s t test, employing
P<.05 for statistical significance.

Fresh frozen tissue (20 mg) from 4 PFC regions—the dorsal
anterior cingulate (dACC; BA24), orbitofrontal cortex (OFC;
BA11), dorsolateral PFC (dIPFC; BA9/46), and subgenual PFC
(sgPFC; BA25)—was obtained from each brain.

RNA Extraction and Sequencing Procedures

These procedures are detailed in previous work (Girgenti
et al,, 2020) and are summarized here. RNA was obtained
with an RNeasy Mini Kit with gDNA elimination according
to instructions from the manufacturer (Qiagen). RNA integ-
rity number (RIN) and concentration were identified with a
Bioanalyzer (Agilent). Libraries were generated using the
SMARTer Stranded RNA-seq Kit (Takara Bio) preceded by rRNA
depletion using 1 pg of RNA. Samples were barcoded for multi-
plexing and sequenced at 75 bp paired-end on an Illumina
HiSeq4000 and pooled 8 per land and sequenced at a depth
of 50 million reads. For quality control, sequences in FASTQ
files were mapped to the human genome with STAR (version
2.5.3a) with reference genome and annotation GTF file down-
loaded from ENSEMBL (release 79, GRCh38) and counted with
featureCounts (version 1.5.3). ENSEMBL IDs were mapped with
gene annotation using the biomaRt package in R. Samples
with overexpressed mitochondria genes accounting for over
one-half of total counts were removed. Gene filtering was
unsupervised and nonspecific. Genes with no expression (0
counts) in more than one-half of samples in a given group
were dropped.

Differentially Expressed BMI-Related Genes

Differentially expressed genes (DEGs) were determined for
males and females and for each brain region with the DESeq2
package in R (Love et al., 2014). This package calculated log2fold-
change values per gene and disease, factoring in covariates

such as RIN, race, PMI, and age at time of death (supplementary
Figure 1 depicts the contribution of covariates to gene expres-
sion variance). DEGs were identified by achieving false discovery
rate (FDR)<0.05 with Benjamini-Hochberg multiple compari-
sons correction. The following comparisons were conducted in
all subjects, males only, and females only—neurotypical com-
parison subjects with normal BMI vs neurotypical comparison
subjects with high BMI (CNH), PTSD subjects with normal BMI
vs PTSD subjects with high BMI (PNH), neurotypical comparison
subjects with normal BMI vs PTSD subjects with normal BMI
(NCP), and neurotypical comparison subjects with high BMI vs
PTSD subjects with high BMI (HCP).

Gene Coexpression Network Analysis

Following identification of gene expression alterations in PTSD,
weighted gene coexpression network analysis (WGCNA) was
performed in males and females separately and together to re-
veal transcript coexpression modules across the 4 PFC regions
(Langfelder and Horvath, 2008). Data were quantile normalized
for GC content of sequences using R software cqn and cor-
rected for batch effects with ComBat in package sva. Outliers
were considered to be samples with standardized sample net-
work connectivity Z scores< -2 and were not included. A soft-
threshold power of 6 was employed for studies to achieve
approximate scale-free topology (R?>0.8). Networks were cre-
ated with the blockwiseModules function. The network den-
drogram was constructed with average linkage hierarchical
clustering of the topological overlap dissimilarity matrix.
Modules were defined as branches of the dendrogram with the
hybrid dynamic tree-cutting method, with a minimum module
size of 20, merge threshold of 0.1, and negative pamStage. Each
module was given an arbitrary color by the software. Linear
regression was employed to determine association between
genes in the modules and confounders or covariates. Fisher’s
exact test was used to determine if DEGs were enriched in a
particular module, and significance values were FDR corrected
to adjust for multiple comparisons. Significant modules were
probed for any association with NPY, ghrelin, and hypocretin
and to determine levels of transcripts with close network
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Figure 1. Network coexpression analysis across prefrontal cortex regions revealed the posttraumatic stress disorder (PTSD)-associated darkgreen module, enriched
for differentially expressed genes (female) and containing neuropeptide Y (NPY). (A) A 2-dimensional representation of the local gene network surrounding NPY is
depicted (full organization of the module presented in supplementary Figure 2). Nearest key drivers are outlined in pink. Colors inside the circles signify regulation of
gene expression (green=downregulation) in brain regions as represented by numbers: in the dorsal anterior cingulate (dACC), dorsolateral PFC (dIPFC), orbitofrontal
cortex (OFC), and subgenual PFC (sgPFC). (B) Box plot displays the expression level (fragments per kilobase of exon model per million reads mapped [FPKM]) of NPY in
individuals with PTSD vs neurotypical comparison subjects in the dACC, dIPFC, OFC, and sgPFC. Individual sample FPKMs are indicated and error bars indicate + SEM.

associations. We also generated a list of genes with functional
annotation related to appetite using the Ingenuity Pathway
Analysis (IPA) program (version 01-14; Qiagen) and GeneCards
(www.genecards.org).

Algorithm for the Reconstruction of Accurate Cellular
Networks (Margolin et al., 2006) was used to create 2-dimen-
sional reconstructions of the networks and reveal key drivers
of the modules: highly interconnected DEGs that likely drive
transcriptional alterations (Zhang et al., 2013). The organization
of significant modules with upstream regulators was generated
with igraph in R.

Gene Ontology and Pathway Analysis

IPA was employed for determination of the biological functions/
pathways of the genes examined in this study as well as to pre-
dict networks that contain them. For gene ontology enrichment,
a P value was calculated to assess the degree of overlap between
the genes in the study and networks of genes with known bio-
logical functions. For determination of likely upstream regu-
lators of transcriptional alterations, IPA assessed the number
of known targets of regulators present in the study sample and
compared the direction of change with that demonstrated in
existing relationships in the literature. The resulting P value in-
dicates the degree of overlap between the genes in the dataset
and established targets of regulators to predict regulators. IPA
was employed to identify only regulators of DEGs in the com-
parisons between groups of subjects stratified by sex and BMI.
Finally, inferred network analysis was performed using IPA for
the sex- and BMI-related genes. For this, the software forms
networks surrounding “seed” molecules in the dataset that are
highly interconnected based on known biological relationships,
and identifies additional molecules known to interact, to gen-
erate groups of relationships.

All P values presented are FDR<0.05 in Fisher’s exact test
with Benjamini-Hochberg multiple comparisons correction.

Results

Sex-Specific Organization of the PTSD Transcriptome
in the PFC in Association With Appetitive
Neuropeptides

In our previous well-powered transcriptome-wide characteriza-
tion of gene expression alterations in postmortem tissue of in-
dividuals with PTSD, there was a significant effect (on principal
component [PC] 1) of sex on variance in gene expression with
PTSD (P=2.2x10"%) (Girgenti et al., 2020). We identified signifi-
cant transcriptomic alterations in the dIPFC, OFC, dACC, and
sgPFC in males and females with PTSD and characterized those
changes by performing WGCNA, revealing 66 gene coexpression
modules in the combined-sex comparison, 69 modules in the
female-only comparison, and 59 modules in the male-only com-
parison. WGCNA was performed across all regions. Here we
report that 3 of those PTSD-associated modules (P<.01) con-
tained individual genes related to ghrelin and NPY. Two mod-
ules were female-specific—darkgreen (containing NPY ligand
[NPY] and 135 total genes) (Figure 1; extended network found
in supplementary Figure 2) and lightcyan (containing ghrelin
ligand [GHRL] and 173 total genes) (Figure 2; extended network
found in supplementary Figure 3)—and 1 was identified in the
combined sex group: darkgrey (containing NPY receptor type 2
[NPY2R] and 164 total genes) (Figure 3; extended network found
in supplementary Figure 4). (The software randomly assigned
colors to each module.) We also probed for hypocretin-related
genes (hypocretin ligand [HCRT], and hypocretin receptor type 1
[HCRTR1] and type 2 [HCRTR2]), however none were found to be
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Figure 2. Network coexpression analysis across prefrontal cortex regions revealed the posttraumatic stress disorder (PTSD)-associated lightcyan module, enriched
for differentially expressed genes (female) and containing ghrelin (GHRL). (A) A 2-dimensional representation of the local gene network surrounding GHRL is depicted
(full organization of the module presented in supplementary Figure 3). Nearest key drivers are outlined in pink and nodes are outlined in black. Colors inside the cir-
cles signify regulation of gene expression (green=downregulation) in brain regions as represented by numbers: in the dorsal anterior cingulate (dACC), dorsolateral
PFC (dIPFC), orbitofrontal cortex (OFC), and subgenual PFC (sgPFC). (B) Box plot displays the expression level (fragments per kilobase of exon model per million reads
mapped [FPKM]) of GHRL in individuals with PTSD vs neurotypical comparison subjects in the dACC, dIPFC, OFC, and sgPFC. Individual sample FPKMs are indicated
and error bars indicate + SEM.
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Figure 3. Network coexpression analysis across prefrontal cortex regions revealed the posttraumatic stress disorder (PTSD)-associated darkgrey module, enriched for
differentially expressed genes (combined sex) and containing NPY receptor type 2 (NPY2R). (A) A 2-dimensional representation of the local gene network surrounding
NPY2R is depicted (full organization of the module presented in supplementary Figure 4). Nearest key drivers are outlined in pink and nodes are outlined in black.
Colors inside the circles signify regulation of gene expression (red =upregulation) in brain regions as represented by numbers: in the dorsal anterior cingulate (dACC),
dorsolateral PFC (dIPFC), orbitofrontal cortex (OFC), and subgenual PFC (sgPFC). (B) Box plot displays the expression level (fragments per kilobase of exon model per
million reads mapped [FPKM]) of NPY2R in individuals with PTSD vs neurotypical comparison subjects in the dACC, dIPFC, OFC, and sgPFC. Individual sample FPKMs
are indicated and error bars indicate + SEM.

significantly expressed for co-expression analysis. Across the 3
significant modules, 1 DEG was shared: C2 calcium dependent
domain containing 4B (C2CD4B) was a member of both the
darkgreen (female) and darkgrey (combined sex) modules, and
it was upregulated 1.4 fold in the combined-sex comparison.
NPY, GHRL, and NPY2R each had moderately high kME values
for positive or negative association with PTSD: 0.80 (NPY), 0.59

(GHRL), and -0.51 (NPY2R). We compared the canonical signaling
pathways for these 3 genes (using STRING and IPA to generate lists
of genes empirically shown to interact) with the members of our
modules (Szklarczyk et al., 2019). As expected, there is significant
overlap between the canonical pathways of NPY and NPY2R, and
each is present in the pathway of the other. Moreover, cortistatin
(CORT), hydroxy-delta-5-steroid dehydrogenase, 3 beta- and
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steroid delta-isomerase 2 (HSD3B2), 5-hydroxytryptamine receptor
1 (HTR1F), LSM5 homolog, U6 small nuclear RNA and mRNA deg-
radation associated (LSM5), nerve growth factor (NGF), neuromedin
U (NMU), prepronociceptin (PNOC), prolactin releasing hormone
receptor (PRLHR), and somatostatin (SST) are members of the
signaling network of NPY and are present in the darkgreen (NPY)
module. (CORT, HTR1F, NMU, PNOC, and SST are also members of
the signaling network of NPY2R.) Adenylate cyclase 4 (ADCY4),
C-X-C motif chemokine ligand 12 (CXCL12), endothelin 3 (EDN3),
fms related receptor tyrosine kinase 4 (FLT4), G protein subunit
gamma 11 (GNG11), and opioid receptor mu 1 (OPRM1) are mem-
bers of the signaling network of NPY2R and are present in the
darkgrey (NPY2R) module. (ADCY4, CXCL12, GNG11, and OPRM1
are also members of the signaling network of NPY.) There were no
other ghrelin-related signaling genes in the lightcyan module.
After identifying PTSD-associated coexpression modules
containing neuropeptides of interest, we reasoned that other ap-
petitive molecules might also be present within these modules.
We generated a list of genes with functional annotation related
to appetite from IPA and GeneCards and compared this with
the list of genes within our PTSD modules. The NPY2R module,
darkgrey, contained 37 of these (supplementary Figure 4) and the
GHRL module, lightcyan, contained 18 (supplementary Figure 3).
The NPY module, darkgreen, contained 36 appetitive molecules
(supplementary Figure 2); 6 of the 7 genes of the local gene net-
work surrounding NPY in darkgreen were among these (CORT,
Corticotropin Releasing Hormone Binding Protein [CRHBP],
Glutamate Decarboxylase 1 [GAD1], NMU, PNOC, SST) (Figure 1).
Interestingly, the combined sex module darkgrey was en-
riched for endothelial cell markers, and the female modules
lightcyan and darkgreen were enriched for endothelial cell
markers and neuronal markers, respectively (as predicted by cell
type-enrichment analysis). Furthermore, IPA pathway analyses
revealed that darkgrey contained 6 significant pathways (P<.05)
under the category of the inflammatory response and that
darkgreen contained 3 in this category (P<.05). This indicates
that there may be sex-specific neuro-molecular alterations with
respect to cell type and function of genes in the context of appe-
titive molecules in PTSD. Furthermore, there were 11 key drivers
of darkgreen (supplementary Figure 2), 8 of darkgrey (supple-
mentary Figure 4), and 20 of lightcyan (supplementary Figure 3).
Key drivers are highly connected hub genes with likely upstream
control of the transcriptomic organization of the module.

Differences in the Sex-Specific PTSD Transcriptome
Associated With BMI

We previously observed an effect (PC) of sex on variance in gene
expression with PTSD; we also observed a modest effect of BMI
on gene expression variance (PC 1, P=.05 and PC 2,P=2.18x10-%),
suggesting a role for BMI in the expression changes observed. It
is also important to note that individuals with PTSD had a sig-
nificantly lower mean BMI relative to neurotypical comparison
subjects (29.2 vs 33.3 kg/m? [P=.02]) (Table 1).

Expanding on the observed effects of sex and BMI on vari-
ance in gene expression with PTSD, we identified DEGs (P<.05)
between subjects when stratified by sex and BMI (supplemen-
tary Table 1). Subjects with PTSD with elevated BMI vs normal
BMI (PNH) displayed the highest number of DEGs (328 in males
and 31 in the combined sex group). Among these DEGs identified
in the 2 comparisons, 28 were shared and were all upregulated
(Table 2). Of note, few genes reached statistical significance for
differential expression among neurotypical comparison subjects
with normal BMI vs neurotypical comparison subjects with high
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BMI (supplementary Table 1); there was also no overlap with
genes differentially expressed in any of the comparisons among
individuals with PTSD with normal vs high BMI.

We performed IPA pathway analysis to further characterize
the DEGs from the PNH male and PNH combined sex compari-
sons. The large number of DEGs observed were significantly en-
riched for inflammatory response pathways (29 in males and
6 in the combined sex group [P<.05]). Furthermore, in the case
of the male PNH comparison, we were able to identify the DEG
interleukin 1 beta (IL1B) as the most significant upstream regu-
lator (P=1.9x10-%%) with 54 downstream targets that were mostly
upregulated (53 of 54) (Figure 4). As displayed in Figure 4, 42 of 54
observed relationships were consistent with previous findings
on activation of IL1B.

Although hypocretin-related genes were not contained within
PTSD-specific modules, HCRTR2 was significantly downregulated
in male subjects with PTSD with elevated BMI vs normal BMI
(PNH) (supplementary Table 1). Pathway analysis of the DEGs in
this comparison demonstrated that HCRTR2 may contribute to a
network incorporating other DEGs involved in inflammation as
well as potentially members of the NPY signaling pathway: re-
ceptor Y4 (NPY4R/NPY4R2) and receptor Y5 (NPY5R) (Figure 5).

We hypothesized that our BMI DEGs and/or genes that
were members of the modules could also be risk variants for
adiposity-related traits or eating disorders such as anorexia
nervosa. We used previous genome-wide association studies to
identify the following risk variants for adiposity-related traits
that are in the modules: ATP/GTP binding protein like 4 (AGBL4),
coiled-coil domain containing 39 (CCDC39), cordon-bleu WH2
repeat protein like 1 (COBLL1), EYA transcriptional coactivator
and phosphatase 4 (EYA4), PAT] crumbs cell polarity complex
component (INADL), nischarin (NISCH), NMU, protein kinase
C eta (PRKCH), sideroflexin 2 (SFXN2), and tryptophanyl tRNA
synthetase 2, mitochondrial (WARS2); AGBL4 is also a key driver
of the darkgreen module (supplementary Table 2).In addition, we
found that the following risk variants for adiposity-related traits
are among the male PNH BMI DEGs: ADAM metallopeptidase
with thrombospondin type 1 motif 9 (ADAMTSY), family with
sequence similarity 13 member A (FAM13A), 1,4-alpha-glucan
branching enzyme 1 (GBE1), Kruppel like factor 9 (KLF9), and
phospholipase C epsilon 1 (PLCE1); PLCE1 also overlaps with the
combined sex PNH BMI comparison. Furthermore, cyclin de-
pendent kinase 2 (CDK2) and myosin light chain 6 (MYL6) are
risk variants for anorexia nervosa that are among the male PNH
BMI DEGs (supplementary Table 2).

Discussion

Here we expand on on our recent sex-specific characterization
of the transcriptome of the human PTSD brain (Girgenti et al.,
2020). We provide evidence that appetitive molecules may be
altered in relation to BMI and PTSD and are members of several
PTSD-associated coexpression modules.

We found that the transcriptomic organization of PTSD in the
human brain includes 3 coexpression modules that contain mem-
bers of the NPY and ghrelin signaling families (Figures 1-3; sup-
plementary Figures 2-4). Two of the 3 modules (containing NPY
and ghrelin) were observed in females. This result expands on
prior NPY and ghrelin research that has primarily included only
male rodents and humans and has mainly focused on levels of
these peptides in peripheral blood and CSF as opposed to central
gene expression (Morgan et al., 2000; Sah et al., 2009, 2014; Meyer
etal., 2014; Harmatz et al., 2017; Yousufzai et al., 2018). In the com-
bined sex group, we identified a unique network containing the
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Table 2. Twenty-Eight Genes Were Upregulated in the PNH Comparison in Both Male Subjects and Combined Sex Group

PNH male

PNH combined sex

Differential expression level

Differential expression level

Gene name ENSEMBL ID (log2 fold-change) P iusted (log2 fold-change) P ustea

AOC3 ENSG00000131471 2.20 3.31E-04 1.31 3.88E-02
COL4A1 ENSG00000187498 2.83 7.97E-06 1.70 2.47E-03
COL4A2 ENSG00000134871 1.85 3.45E-05 1.06 8.58E-03
DES ENSG00000175084 3.46 2.53E-03 2.35 2.88E-02
DYNLT1 ENSG00000146425 0.45 2.36E-02 0.33 3.81E-02
ERRFI1 ENSG00000116285 1.03 1.80E-05 0.55 3.81E-02
FAT2 ENSG00000086570 1.09 7.48E-04 0.74 2.82E-03
GPR182 ENSG00000166856 0.59 2.83E-02 0.63 2.47E-03
HILPDA ENSG00000135245 3.09 1.04E-05 1.67 2.91E-02
HK2 ENSG00000159399 2.09 2.86E-03 1.33 2.57E-02
IGFBP4 ENSG00000141753 2.62 1.45E-07 1.49 2.47E-03
IL16 ENSG00000172349 0.96 7.48E-04 0.66 1.78E-02
LAMA4 ENSG00000112769 0.92 3.50E-05 0.59 1.23E-02
LMCD1 ENSG00000071282 3.17 6.83E-10 1.87 1.81E-03
LOX ENSG00000113083 2.95 3.64E-11 1.66 2.47E-03
MEDAG ENSG00000102802 4.13 1.18E-05 2.77 2.47E-03
PHLDB2 ENSG00000144824 1.18 4.42E-05 0.73 2.91E-02
PLCE1 ENSG00000138193 1.15 1.39E-05 0.67 6.74E-03
RASL12 ENSG00000103710 1.54 2.86E-03 0.91 3.81E-02
RHOB ENSG00000143878 1.22 4.36E-05 0.68 1.78E-02
SVIL ENSG00000197321 1.15 2.02E-04 0.66 3.81E-02
TAF1 ENSG00000147133 0.21 1.44E-02 0.16 4.99E-02
TAGLN ENSG00000149591 1.88 3.04E-03 1.18 3.88E-02
TGM2 ENSG00000198959 3.03 9.28E-08 1.78 1.81E-03
TNC ENSG00000041982 2.74 7.94E-04 1.61 3.13E-02
TNNC2 ENSG00000101470 0.95 3.18E-02 0.71 4.99E-02
TTR ENSG00000118271 3.25 2.71E-02 2.73 3.53E-02
ZNF331 ENSG00000130844 1.23 5.28E-07 0.62 2.91E-02

Abbreviations: PNH, posttraumatic stress disorder with normal vs high body mass index.

NPY2R gene. Rodent studies indicate that this receptor inhibits
the release of NPY, glutamate, and GABA (Tasan et al., 2010; Stanic
etal., 2011). Human studies suggest it may be a candidate gene for
type 2 diabetes (in men) (Campbell et al., 2007), and variation in
this gene may predispose to obesity (Hunt et al., 2011).

Highlighting the importance of these modules in appe-
titive signaling, we identified other appetitive molecules
within these modules: module darkgrey contained 37 func-
tionally characterized appetitive molecules (supplementary
Figure 4) and module lightcyan contained 18 (supplemen-
tary Figure 3). Module darkgreen contained 36 (supplemen-
tary Figure 2), and 6 of 7 genes of the local gene network
surrounding NPY in darkgreen were among these (CORT,
CRHBP, GAD1, NMU, PNOC, SST) (Figure 1). These findings
suggest that there is systems-level transcriptional control
of these appetitive molecules and that PTSD may disrupt
this regulation.

Moreover, the 2 modules containing NPY-related genes were
enriched with inflammatory response pathways. These 2 mod-
ules had 1 shared member, C2CD4B. We show that C2CD4B is
significantly upregulated in the PFC among subjects with PTSD.
Increased expression has been found to associate with height-
ened response to inflammatory cytokines such as IL1B; fur-
ther, in human pancreatic islet cells, C2CD4B has been linked
to pathologic metabolic states such as genetic risk of type 2 dia-
betes (Warton et al., 2004; Kycia et al., 2018).

We further demonstrated that there was an effect of BMI
on gene expression (supplementary Table 1). When stratifying

subjects by BMI and sex, the majority of DEGs were found in
the PNH comparison among males and in the combined sex
group. Moreover, the DEGs in the 2 PNH groups were enriched
for pro-inflammatory genes. IL1B was a DEG in the male ana-
lysis specifically and was identified as a highly significant
predicted upstream regulator (Figure 4). (IPA demonstrates
that IL1B is also part of the canonical signaling pathways of
NPY and GHRL.) Although many studies indicate that PTSD is
characterized by a pro-inflammatory phenotype in the per-
iphery (see a meta-analysis) (Passos et al., 2015), gene ex-
pression of inflammatory markers in the PTSD brain has only
recently begun to be described (Morrison et al., 2019). Thus,
a significant implication of our work is the identification of
BMI-dependent neuroinflammatory expression changes spe-
cific to PTSD.

Appetitive molecule module members AGBL4, CCDC39,
COBLL1, EYA4, INADL, NISCH, NMU, PRKCH, SFXN2, and WARS2
have been identified in genome-wide association studies fo-
cusing on adiposity-related traits; remarkably, AGBL4 was also
a key driver in the darkgreen module (supplementary Table 2).
The PNH BMI DEGs ADAMTS9, FAM13A, GBE1, KLF9, and PLCE1
have been identified in genome-wide association studies fo-
cusing on adiposity-related traits, and CDK2 and MYL6 have
been identified in studies focusing on anorexia nervosa (supple-
mentary Table 2). Collectively, these results suggest that some
transcriptomic changes associated with PTSD are occurring at
genes with significant risk for metabolic disorders and further
highlight the link between PTSD and abnormal BMI.
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Contrary to our original hypothesis, only genes associated
with the hypocretin family (and not NPY or ghrelin) were regu-
lated in association with BMI change. HCRTR2 was a DEG in the
male PNH comparison (supplementary Table 1) and appeared to
interact with other genes involved in inflammation in a network
predicted to include NPY receptors Y4 and Y5 (Figure 5) (though
these NPY-related genes were not differentially expressed in any
BMI comparison). Genetic variation and expression changes in
Y4 and Y5 have been linked to human obesity (Aerts et al., 2016;
Chatree et al., 2018). Preclinical models suggest that enhanced
HCRTR? signaling promotes resistance to diet-induced obesity
(Teske et al., 2006; Funato et al., 2009), consistent with our finding
of HCRTR2 downregulation in the setting of an elevated BMI.

Rodent neural cell culture experiments demonstrate
that the HCRTR2 pathway is suppressed when inflamma-
tory cytokines such as tumor necrosis factor-a (TNF-a) are
elevated (Zhan et al.,, 2011, 2019). Evidence suggests that the
HCRTR2 pathway is anti-inflammatory given that in a rodent
model of a pro-inflammatory state, treatment with orexin-A
(hypocretin-1)—1 of the ligands for the HCRTR2 receptor—de-
creases neuroinflammation in the brain (specifically, IL1B and
TNF-a) (Modi et al., 2017). The pro-inflammatory state evidenced
by males with PTSD with elevated vs normal BMI (PNH) in our
study may thus in part have been related to downregulated
HCRTR2. Intriguingly, these subjects also demonstrated
upregulated complement Clq tumor necrosis factor-related

protein 1 (CIQTNF1). CIQTNF1 is mainly expressed in adipose
tissue (Wong et al., 2008) and is a pro-inflammatory factor
positively associated with IL1B and TNF-a secretion in human
peripheral samples (Wang et al., 2016; Shen et al., 2019). Thus,
the increased expression of C1QTNF1 and IL1B and decreased
expression of HCRTR2 in the males with PTSD with elevated vs
normal BMI are in general agreement with findings in the per-
iphery and extend our understanding of the role of BMI in brain
function, specifically in PTSD.

IL1B was also found to be important in males with PTSD with
elevated BMI as an inferred upstream regulator of 54 DEGs that
did not include HCRTR2. Previous research did not find IL1B to be
differentially regulated in the dIPFC in PTSD (though that study
combined sexes, it was relatively underpowered and was not
stratified by BMI) (Morrison et al., 2019). IL1B is only known to
be elevated in the periphery in PTSD, based on a meta-analysis
(Passos et al., 2015). Moreover, in a study of subjects without PTSD
of different BMI groupings (underweight, normal, overweight,
obese, and morbidly obese), BMI did not relate to gene expression
of IL1B in the PFC (Lauridsen et al., 2017). It is attractive to specu-
late that cortical regulation of IL1B represents a molecular inter-
section between PTSD and high BMI. This relationship may have
functional implications, as genetic variation in IL1B has been
linked to risk of PTSD (in males) (Hovhannisyan et al., 2017), and
circulating IL1B levels are positively associated with PTSD illness
duration (Passos et al., 2015). Among those without PTSD, genetic
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variation and expression in IL1B in human peripheral samples is
linked to obesity (Suzuki et al., 2009; He et al., 2019). Altered IL1B
expression and likely associated downstream alterations in the
PFC in PTSD that we observed may contribute to medical con-
ditions afflicting the PTSD population, including obesity and the
metabolic syndrome (Rasmusson et al., 2010; van den Berk-Clark
et al.,, 2018). Therefore, it is possible that medications such as
canakinumab, a human monoclonal antibody that targets IL1B
(Ridker et al., 2017), may eventually prove useful in this setting.

Our study has several limitations that are important to ac-
knowledge. We did not obtain peripheral samples from subjects,
preventing us from comparing our central findings to the per-
iphery. In addition, the strongest evidence of the interaction be-
tween NPY, ghrelin, and hypocretin stems from research on the
arcuate nucleus of the hypothalamus (Kohno et al., 2003), which
is involved in regulating food intake (Krashes et al., 2014). Future
studies should examine gene expression changes in this region.

In conclusion, we demonstrate that transcriptomic change in
association with orexigenic molecules, and with alterations in
BMI, should be further investigated in the context of the neuro-
pathology underlying PTSD, particularly in terms of potential
pathways that may contribute to or result from obesity. Such
augmentations of mechanistic understanding may eventually
pave the way to identification of novel targets for pharmaco-
logical therapies for the treatment of PTSD.

Supplementary Materials

Supplementary data are available at International Journal of
Neuropsychopharmacology (JNPPY) online.

Supplementary Figure S1. Contribution of covariates to gene
expression variance. Differentially expressed genes were de-
termined for males and females, and for each brain region.
Log2fold-change values per gene and disease were determined,
factoring in the covariates displayed.

Abbreviations: agedeath, age at death; ADP, antidepressant use;
dx, disease; PMI, postmortem interval; PC, principal component;
RIN, RNA integrity number.

Supplementary Figure S2. Network co-expression analysis across
prefrontal cortex regionsrevealed the posttraumatic stress disorder
(PTSD)-associated darkgreen module, enriched for differentially
expressed genes (female) and containing neuropeptide Y (NPY).
Two-dimensional representation of the full organization of the
module depicts nodes and key drivers. Pink outline=key drivers;
black outline=nodes. Colors inside the circles signify regulation
of gene expression (red=upregulation; green=downregulation) in
brain regions as represented by numbers.

Abbreviations: dACC, dorsal anterior cingulate; dIPFC, dorsolat-
eral PFC; OFC, orbitofrontal cortex; sgPFC, subgenual PFC.
Supplementary Figure S3. Network co-expression analysis
across prefrontal cortex regions revealed the posttraumatic



stress disorder (PTSD)-associated lightcyan module, enriched
for differentially expressed genes (female) and containing
ghrelin (GHRL). Two-dimensional representation of the full or-
ganization of the module depicts nodes and key drivers. Pink
outline =key drivers; black outline=nodes. Colors inside the cir-
cles signify regulation of gene expression (red=upregulation;
green=downregulation) in brain regions as represented by
numbers.

Abbreviations: dACC, dorsal anterior cingulate; dIPFC, dorsolat-
eral PFC; OFC, orbitofrontal cortex; sgPFC, subgenual PFC.
Supplementary Figure S4. Network co-expression analysis
across prefrontal cortex regions revealed the posttraumatic
stress disorder (PTSD)-associated darkgrey module, enriched
for differentially expressed genes (combined sex) and con-
taining NPY receptor type 2 (NPY2R). Two-dimensional repre-
sentation of the full organization of the module depicts nodes
and key drivers. Pink outline=key drivers; black outline=nodes.
Colors inside the circles signify regulation of gene expression
(red=upregulation; green=downregulation) in brain regions as
represented by numbers.
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