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Abstract

Objective: Psychosocial stress is transduced into disease risk through energy-dependent release
of hormones that affect target organs, tissues, and cells. The magnitude of the physiological
stress responses reflects both systemic levels of these hormones and the sensitivity of target
tissues to their effects. Thus, differential expression of receptors across organs likely contributes
to stress transduction. Here we provide a quantitative whole-body map of glucocorticoid and

adrenergic receptor expression.

Methods: We systematically examined gene expression levels for the glucocorticoid receptor
(GR), a- and B-adrenergic receptors (AR-a1B, AR-a2B AR-2, and AR-B3), across 55 different
organs using the Human Protein Atlas dataset. We also leveraged the Human Proteome Map and
MitoCarta3.0 data to examine receptor protein levels and, given the energy-dependence of the
stress response, the link between stress hormone receptor density and mitochondrial pathways.
Finally, we tested the functional interplay between GR activation and AR expression in living

human cells.

Results: The GR was expressed ubiquitously across all investigated organ systems. Immune
tissues and cells expressed the highest GR RNA and protein levels. In contrast, AR subtypes
showed lower and more localized expression patterns. Co-regulation was found between GR and
AR-a1B, as well as between AR-a1B and AR-a2B. In human fibroblasts, activating the GR
selectively increased AR-B2 (3.6-fold) and AR-a1B (2.2-fold) expression, confirming their
interaction. Consistent with the energetic cost of stress responses, GR and AR expression were

positively associated with the expression of key mitochondrial pathways.

Conclusion: Our results provide a cartography of GR and AR expression across the human body.
Tissue-specific stress hormone receptor expression patterns could make specific organ systems
more responsive to the sustained, energetically expensive, neuroendocrine signaling pathways

triggered by chronic psychosocial stress.
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Abbreviations

AR, adrenergic receptor

AR-a1B, adrenergic receptor alpha 1B

AR-a2B, adrenergic receptor alpha 2B

AR-B2, adrenergic receptor beta 2

AR-B3, adrenergic receptor beta 3

CNS, central nervous system

Dex, dexamethasone

GR, glucocorticoid receptor

HPA, hypothalamic-pituitary-adrenal

nTPM, normalized transcripts per million

SAM, sympathetic-adrenal-medullary

mtDNA, mitochondrial DNA


https://doi.org/10.1101/2022.12.29.520757
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.12.29.520757; this version posted December 29, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Introduction

Stressful psychological experiences are transduced into physiological changes through
the action of hormones on target cells and organs. The psychobiological stress response occurs
particularly when an individual feels that environmental demands and exposures surpass their
“adaptative capacity” (1). In the 1910s, Walter Cannon described the “emotional stimulation of
adrenal secretion” — catecholamines — as a key endocrine factor in this brain-body axis (2).
Subsequently, Hans Selye showed that stressful experiences triggered another kind of adrenal
secretion, the peripheral release of the glucocorticoid hormones cortisol and corticosterone (3).
Selye noted two hallmarks of stressful experiences: adrenal hyperactivity associated with
increased release of glucocorticoids and catecholamines, and atrophy of lymphoid tissues of the
immune system, which must have the ability to sense and respond to these stress signals. Over
subsequent decades, the functional consequences of stress hormones on the immune system
have been well described (4), including reliable changes in immune function and downstream
consequences such as increased susceptibility to infections (5), slowed wound healing (6), and
other psychoneuroimmunological processes that affect organs and tissues throughout the human
body. All main organ systems are known to be acutely or chronically responsive to stress
exposure, including the brain, heart, airways, liver, kidneys, and the primary/secondary immune
tissues, possibly accounting for the association of life stress with increased risk for psychiatric
disorders, cardiovascular disease, asthma, and immune-related conditions (7-10). However, not
all organ systems are equally responsive to the activation of stress pathways. One factor that may
underly differential responses of target organs to stress signals, and therefore the extent to which
they are impacted by acute and chronic stress, is the variable expression of the receptors that

sense and communicate stress signals across the organism.

The hypothalamic-pituitary-adrenal (HPA) and sympathetic-adrenal-medullary (SAM)

axes operate with other stress systems to transduce psychosocial stress into peripheral
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physiological responses. Activation of these pathways results in the peripheral release of
glucocorticoids and catecholamines, which bind to their respective receptors in or on target cells
(7). The primary glucocorticoid hormone released in primates is cortisol, which binds to the
glucocorticoid receptor (GR), encoded by the NR3C1 gene. The GR is mainly located in the
cytoplasm (although some is expressed on the plasma membrane) until activated by its
glucocorticoid ligand, at which point it dimerizes and translocates into the nucleus and
mitochondria where it acts as a transcription factor (11), modulating the expression of both nuclear
and mitochondrial genes that catalyze a range of physiological responses (12, 13). The role of
the GR in transducing psychosocial stress into biological changes has been documented

extensively, particularly in the immune system and brain (14, 15).

The SAM axis acts in parallel with the HPA axis (7). The SAM axis rapidly in response to
the experience of psychosocial stress by releasing the catecholamines epinephrine and
norepinephrine from the adrenal medulla and sympathetic nerve terminals. Catecholamines bind
to a broad family of G-protein coupled receptors located on cell membranes, termed adrenergic
receptors (AR). The nine known human ARs are classified into a and B types, which are further
divided into numbered subtypes (16, 17). The AR subtypes AR-a1B, AR-a2B, AR-32, and AR-3
(encoded by genes ADRA1B, ADRA2B, ADRB2, and ADRBS3, respectively) have been shown to

be involved in transducing psychosocial stress into biologically relevant effects (18-23).

Once adrenergic and glucocorticoid receptors transduce stress signals from the outside
to the inside of target cells and tissues, this triggers energy-intensive molecular and physiological
responses including increases in heart rate, vasodilation/constriction altering blood pressure,
gene expression changes, and changes in neuronal excitability. Within cells, all of these hormone-
mediated changes are powered by ATP generated through mitochondrial respiration (13, 24).
Because mitochondria produce the energy and signals that enable the body to adapt to stress,

there is a direct connection between stress responses and mitochondrial functions (24, 25).
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Mitochondria also contribute to the stress response by metabolizing catecholamines, in addition
to generating the energy needed to power brain adaptations resulting from AR signaling during
the stress response (26). On this basis, we can expect a functional connection between stress
hormone signaling and mitochondrial regulation in target tissues, although this question has not

been systematically examined in humans.

Thus, without receptors for glucocorticoids and catecholamines to convey messages
carried by HPA and SAM axis signaling molecules, cells of the brain, immune system, digestive
tract, and other organ systems would not be able to sense and respond to stressors. Variability in
the density of these receptors across organs may help to identify systems that are likely to be
more responsive and/or vulnerable to chronic stress. To explore the molecular basis for stress
transduction across the human body, we leveraged publicly available datasets and live cell
experiments to systematically quantify the RNA and protein expression of stress hormone
receptors across human tissues, identify co-regulation between specific stress hormone receptor
subtypes, and evaluate associations between GR and AR expression and mitochondrial gene
expression. Our results provide a quantitative map of neuroendocrine stress hormone receptors

across human tissues.

Results

Our primary objective was to investigate differential expression of the GR and ARs that
transduce psychosocial stress signals across human organs and their functional systems (Figure
1A). To accomplish this, we first analyzed transcriptomic (RNA sequencing) data from the Human
Protein Atlas (27-29) and proteomic data from the Human Proteome Map (30), combining
expression data across 55 different human tissues (n=948 individuals) and six immune cell
subtypes (Supplementary Figure 1A). We confirmed the sensitivity of these data and our ability

to discriminate between ubiquitously expressed genes, such as the cytoskeletal element actin
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(ACTB) present in every nucleated cell of the body, and genes with specialized expression
restricted to some tissues such as the serotonin receptor (HT2RA) in neurons among the central
nervous system (CNS), or the B cell marker CD19 expressed exclusively in immune tissues and
to some extent in organs known to harbor tissue-resident immune cells (Supplementary Figure
1B). The results confirmed our ability to sensitively discriminate genes expressed either

ubiquitously throughout the human body or restricted to only one or a few tissues.

GR and ARs are expressed heterogeneously across organ systems

Our systematic survey showed that GR is expressed ubiquitously across all investigated
organ systems, theoretically enabling every human tissue to respond to cortisol (Figure 1B).
Comparing organ systems to one another, striated muscles had the highest GR expression
(average expression of 34.9 normalized RNA transcript per million [nTPM]) consistent with the
role of glucocorticoids in muscle metabolism (31). The immune system exhibited the second
highest average GR expression, 64.4% higher than the central nervous system (CNS) (Hedge’s
g=1.70, p<0.01, independent sample T-test, Welch correction), digestive (g=1.83, p<0.05), and
reproductive organs (g=1.18, p<0.05). Among individual tissues, the bone marrow (49.8 nTPM)
and the placenta (47.3 nTPM) contained the highest GR expression, consistent with the well-

described sensitivity of the immune system and placenta to glucocorticoid signaling (32).

Relative to GR, AR subtypes expression across all organ systems showed on average
9.8-fold lower expression (p<0.0001, ANOVA). In relation to a (alpha) ARs subtypes, AR-a1B
gene expression was on average highest in anabolic tissues, with especially high levels detected
in the liver, where catecholamines are well known to stimulate gluconeogenesis (33). The CNS
also had high AR-a1B RNA levels, particularly in the basal ganglia and cerebral cortex. AR-a2B
transcripts were detected at low levels in all tissue types, except the retina, and its expression

was highest in the spleen, liver, and striated muscles, relatively consistent with GR.


https://doi.org/10.1101/2022.12.29.520757
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.12.29.520757; this version posted December 29, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

In relation to B (beta) ARs subtypes, AR-B2 transcripts were expressed ubiquitously,
although at lower levels than GR (3.9-fold lower on average). In contrast to a ARs, AR-B2 had the
highest expression in the skin, lung, and adipose tissue. AR-B3 was only expressed in 69% of
tissues, although it was expressed at high levels in some isolated brain regions, including white

matter tracts and the medulla, as well as the ovaries.

The gene expression levels of all stress hormone receptors in each tissue type are detailed
in Supplementary Table 1, along with the additive expression of the five examined GR and ARs.
These results emphasize the particularly robust expression of stress hormone receptors in
metabolic, CNS, and immune tissues, consistent with the known energetic recalibrations that

these organ systems undergo in response to acute stress (34).

GR and AR receptor protein abundance

To be functionally active, the RNA transcripts discussed above must be translated into
protein receptors at the cell surface. Thus, although protein abundance is technically more difficult
to measure than RNA, it represents the most direct assessment of a tissue’s molecular sensing
machinery. Similar to patterns observed for RNA, the GR protein was detected in the largest
variety of tissues, including all reproductive and CNS tissues (Figure 1C). GR was detected at
highest levels in immune cells (except platelets), providing the molecular basis for glucocorticoid
sensitivity of the immune system. Compared to GR, all ARs showed significantly lower and more
restricted protein expression, consistent with patterns observed at the RNA level. Compared to
average GR protein levels, AR-a1B was 96% lower, AR-a2B was 98% lower, and AR-B2 was
97% lower. AR-a1B protein was only detected in monocytes, while AR-a2B was only detected in
the adult frontal cortex. AR-B2 protein was expressed in CD8" T cells and in the adult retina. AR-
B3, likely of very low abundance, was not detected in any of the examined tissues. The protein

abundance for all examined receptors and tissues are detailed in Supplementary Table 2.

GR and ARs co-regulation across tissues
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Under some conditions, psychosocial stress differentially activates both the HPA and SAM
axes, with SAM responses occurring more rapidly than HPA responses. We next examined if
tissues that express more GRs also express more ARs. Our correlation-based co-regulation
analysis of gene expression across 55 tissues showed that organs that expressed higher levels
of GR transcripts also generally expressed higher levels of AR-B2 receptor RNA (Spearman
r=0.50, p=0.0009, Bonferroni-corrected), but not other ARs (Figure 2A). Tissues like the bone
marrow, skin, and placenta express high levels of both receptors, potentially providing particularly
high sensitivity of these tissues to glucocorticoids and catecholamines (Figure 2B). Although less
robust, AR-a1B and AR-a2B also showed a significant correlation (r=0.46, p=0.004, Bonferroni-
corrected), with the spleen and liver expressing particularly high levels of both receptors (Figure

2C).

GR signaling upregulates adrenergic receptor expression in vitro

To examine if the co-regulation of GR and ARs may reflect functional coupling at the
transcriptional level, we leveraged an in vitro gene expression (RNA sequencing) dataset of
primary human fibroblasts treated with the GR agonist dexamethasone (Dex), a synthetic
glucocorticoid (Figure 2D) (35). In this cellular in vitro system, as in most human tissues, GR was
the most highly expressed receptor, and all ARs were expressed at considerably lower levels.
This result and other molecular features, such as DNA methylation patterns (36) mirror
measurements in human tissues, providing evidence of external validity for this in vitro cellular

system.

In line with our findings in the human body, experimentally inducing GR signaling
increased expression levels for two of the four ARs examined and has no effect on two (Figure
2E). Dex induced AR-a1B expression by 360% (p<0.0001, mixed effects model) and AR-B2

expression by 221% (p<0.0001). The functional induction of AR-B2 by GR activation corroborates


https://doi.org/10.1101/2022.12.29.520757
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.12.29.520757; this version posted December 29, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

and supports the in vivo evidence that GR and AR-B2 are co-regulated across human tissues.
This finding also is consistent with a functional interplay among the HPA and SAM axes at the

level of target tissues.

AR-a1B and AR-a2B transcripts are positively associated with mitochondrial gene expression

Given that the stress response consumes energy mostly provided by mitochondria (25),
we systematically assessed the relationship between GR and AR receptors and all known
mitochondrial genes in the tissue gene expression data (27-29). Mitochondrial content was
estimated for each tissue type by taking the average gene expression of all mitochondrial genes,
based on the MitoCarta3.0 database (34, 37). Estimated tissue mitochondrial content was
positively associated with AR-a1B (Spearman r=0.47, p= 0.0003, Bonferroni corrected) and with
AR-a2B gene expression (r=0.55, p=0.0009, Bonferroni corrected) (Figures 3A and 3C),
indicating that tissues with more of these adrenergic receptors express mitochondrial genes at

higher levels.

The distributions of our index of mitochondrial content for AR-a1B and AR-02B were
bimodal, indicating two main groups of tissues with either low or high mitochondrial gene
expression. We therefore took a different approach, comparing AR-a1B and AR-a2B expression
levels between the two groups of tissues (Figures 3B and 3D). Consistent with the correlation
analysis, tissues with higher estimated mitochondrial content, such as the heart muscle, cerebral
cortex, skeletal muscle, and liver, had higher expression of both AR-a1B and AR-a2B. Thus,
tissues endowed with high stress hormone receptor density may harbor commensurately higher

capacity for energy production and other mitochondrial functions.

Stress hormone receptors are associated with specific mitochondrial pathways

Mitochondria perform multiple functions beyond energy transformation including vitamin
metabolism, nucleotide synthesis for DNA replication and telomere maintenance, hormone and

neurotransmitter synthesis, reactive oxygen species (ROS) production, and others (38). From the

10
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point of view of the cell, mitochondria sit at the interface of the external environment and the
internal (epi)genome. Many of these mitochondrial functions are likely responsible for transducing
stressors and the resulting neuroendocrine signals into the molecular changes that contribute to
stress pathophysiology (39). Therefore, defining the mitochondrial pathways most strongly (or
weakly) associated with GR and AR expression may provide insights or future targets to
understand the psychobiological mechanisms responsible for the biological embedding of

psychosocial stress.

To systematically examine whether the expression of GR and AR receptors was
associated with specific mitochondrial pathways, we correlated the five stress hormone receptors
observed across 55 human tissues with each of the 149 well-defined functional pathways in
MitoCarta3.0 (34). For each receptor, this yielded 149 regression coefficients, which we ranked
from the highest to lowest. For this analysis, if there is no association between the expression of
GR/ARs and mitochondrial pathways, the distribution would be centered around zero and follow
a Gaussian distribution (i.e., small positive and negative tails, reflecting the null hypothesis)
(Figure 3E). The results showed that for all receptors except AR-B3, the Spearman’s Rho
distributions were positively skewed. There were significantly more mitochondrial pathways
positively associated with GR and ARs than expected by chance (45-97%, average 81% vs 50%
expected by chance, p<0.0001, Chi square) (Figure 3F), suggesting that tissues with high
sensitivity to glucocorticoids and catecholamines express high levels of genes associated with

various mitochondrial pathways.

The identified mitochondrial pathways included some expected, as well as some novel
stress-transduction mitochondrial profiles. Figure 3F illustrates the distributions, and Figure 3G
lists the top and bottom 5 mitochondrial pathways associated with each receptor. Overall, there
was little overlap between the mitochondrial profiles associated with each receptor (Supplemental

Figure S2), suggesting either the existence of highly receptor-specific mitochondrial profiles, or

11
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the influence of confounding factors and low signal-to-noise ratio for these analyses. Here we

highlight some relevant patterns.

Consistent with the role of calcium signaling downstream from adrenergic receptors,
tissues with high AR-a1B were enriched for mitochondrial EF hand proteins, and AR-a2B was
enriched for mitochondrial cyclic AMP-protein kinase A (CAMP-PKA) signaling, which represent
canonical intracellular calcium-related signaling systems. Specifically related to mitochondria,
high AR-a2B and AR-B2 were linked to cardiolipin synthesis, a specialized mitochondrial
phospholipid essential for normal function. High GR was linked to mitochondrial DNA (mtDNA)
repair, which safeguards mtDNA genes required to sustain energy transformation, in addition to
mtDNA maintenance. This result is consistent with the energetic cost of stress (40), and perhaps
also with an emerging literature around the role of mtDNA signaling in response to acute and
chronic stress (41). AR-B3 and GR were also positively associated with the mitochondrial immune
response pathway, which could reflect the enhancement of some parts of the immune system in
response to stress (42). Overall, these data reveal predominantly positive associations between
the expression of stress hormone receptors and mitochondrial pathways, consistent with the

notion that HPA and SMA stress signaling entails energy costs at the cellular level.

Discussion

To map the signaling machinery responsible for the transduction of psychosocial stress
into coordinated physiological responses, we evaluated the RNA and protein expression of
glucocorticoid and adrenergic receptors across a wide range of organ systems. Our results
demonstrate a few important points. First, in contrast to ARs that are expressed at lower levels
and in a more tissue-specific pattern, the GR is ubiquitously expressed and at considerably higher
levels across organ systems. Second, body-wide and live-cell analyses show that GR and some

ARs are co-regulated, consistent with their functional and genetic interactions. Finally, in line with
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the energetic cost of stress responses, we find evidence that tissues with greater GR and ARs
density, and presumably greater sensitivity, harbor higher estimated mitochondrial content and
expression of specific mitochondrial pathways. These findings provide a quantitative body-wide
inventory of receptors involved in brain-body communication and may help to understand how

acute and chronic stress is transduced differentially across human organ systems.

The distribution of GR and ARs across the body is the mechanism by which
psychobiological stress is transduced into cellular responses to activation of the HPA and SAM
axes. As expected, organ systems classically implicated in response to HPA activation have the
highest GR levels, making them particularly sensitive and responsive to circulating glucocorticoids
(43). These include the liver, which breaks down glycogen stores and performs gluconeogenesis
to increase blood glucose, the skeletal muscles, where glucocorticoids suppress glucose uptake
to increase availability to other organs like the brain, and the adaptive immune system, which
similarly must be rapidly suppressed to prevent overconsumption of glucose and other circulating
energy substrates in times of stress. All immune organs and purified immune cells showed high
levels of GR, especially at the protein level, which may enable particularly rapid and robust
responses to HPA signaling. On the other hand, high receptor abundance also may render them
more vulnerable to adaptation arising from HPA axis overactivation during chronic stress. The
hypersensitivity of immune organs to stress signaling aligns with the large body of research
documenting stress effects on various aspects of immunity, as evidenced by down-regulation of
aspects of adaptive immune function and increased susceptibility to the common cold (5, 44-46).
Additionally, we found that the placenta exhibits substantial GR expression, indicating a high
potential for GR signaling to mediate the prenatal effects and vulnerability of fetal development to

maternal stress exposure (47).

Compared to GR, the lower and more localized protein expression of AR subtypes

suggests that the organs responsive to stress signals conveyed by the SAM axis are more

13
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specialized or selective. For example, the AR-a1B protein was only detected in monocytes, which
aligns with previous findings about the influence of AR-a1 on innate immune cells (48, 49).
Additionally, AR-a2B protein was only identified in the adult frontal cortex, potentially rendering
this brain region particularly sensitive to local or systemic catecholaminergic signals arising from
psychosocial stress signals. These selected examples of more circumscribed AR expression may
provide a biological explanation for organ-specific responses to adrenergic stimulation. However,
given that the fight or flight response is known to involve the swift, coordinated reaction of a range
of organs, it is also possible that the AR protein levels were simply below the detection threshold

in some tissues.

Stress signaling axes do not act in isolation. Our findings that GR and AR-B2 are co-
regulated across human tissues could suggest that some organs are sensitive to both HPA and
SAM axis outputs. The high levels of both receptors particularly in bone marrow, placenta, liver,
adipose tissue, and skin could enable either more robust or faster responses in these tissues, as
well as their coordination. Moreover, our in vitro results demonstrating that GR stimulation
increases the expression of ARs (a1B and 32) confirms a potential functional connection between
these pathways, where the presence of glucocorticoids leads to sensitization to catecholamine
signaling, at least in some tissues.

Finally, our findings established an initial connection between GR, ARs, and mitochondrial
gene expression among human tissues. The significant correlation of levels of both AR-a1B and
AR-02B with estimated mitochondrial content indicate that the tissues most sensitive to
adrenergic stimulation may be better prepared to mount robust energetic responses. Additionally,
the expression of mitochondrial genes involved in the cAMP-PKA signaling pathway showed a
strong positive association with AR-a2B. Given that ARs are G-protein coupled receptors that
typically rely on cAMP-signaling pathways, the high expression of these mitochondrial pathways

could enable faster or more efficient intracellular communication in these tissues, thereby
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contributing to more energetically efficient stress responses (16). Additionally, the positive
correlation of GR transcript expression with mtDNA repair-related mitochondrial genes suggests
that stress-susceptible tissues are also preparing to repair mtDNA damage that may result from
stress (50). However, there were negative associations between AR-3 and various mitochondrial
pathways, indicating that tissues sensitive to stress transduced by this receptor may
predominantly activate other intracellular pathways less dependent upon mitochondria. Overall,
the diverse associations between stress hormone receptor expression and a wide range of
mitochondrial pathways empirically supports the general conceptual link between stress
responses and mitochondrial biology (51). These preliminary results identify potential candidate
pathways to examine the cellular mechanisms responsible for the biological embedding of trauma,
adversity, and chronic stress (52), which call for further targeted studies.

One limitation of this work leveraging gene expression is the indirect assessment of the
effect of stress on tissues, as this method does not capture the dynamic transcription, translation,
and degradation of stress hormone receptors over time. Additionally, the Human Protein Atlas
and Human Proteome Map datasets did not include RNA and protein expression in the exact
same set of organs and immune cells, allowing for less direct comparison between the two (RNA
and protein) modalities. Also, the Human Proteome Map did not include protein levels for AR-f33,
likely undetected because of its low expression level. Technically, the untargeted proteomics data
was generated by mass spectrometry, which has a fairly high detection limit and may not have
detected the proteins present at low levels (53). A more sensitive method, such as fluorescent
peptide fingerprinting or other targeted approaches with finer spatial resolution could be more
suitable to precisely quantify specific proteins in organs of interest (53). We also note that our
whole-body transcriptomic data reflect aggregate data across ~950 participants. Although this
adds confidence that the results are generally robust, it does not permit the examination of inter-
individual differences. Whether individuals exhibit differences in GR and ARs distribution that

could contribute to the magnitude of the physiological stress response should be considered in
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future studies. Additionally, single-cell studies of GR and AR expression are needed given the
differential effects of stress on distinct cell types, such as those of the innate versus adaptive
immune system, which likely co-exist within the immune tissues and organs sampled. Finally,
some tissues showed no stress hormone receptor expression, such as platelets, despite
extensive literature highlighting the way in which they are impacted by stress (54). This calls for
further consideration of downstream effects of the HPA and SAM axes, as well as non-classical
mechanisms of stress transduction beyond these two well-studied types of receptors.

In conclusion, this study provides a rough cartography of canonical glucocorticoid and
adrenergic receptors, highlighting their high heterogeneity among organs across the human body.
The resulting quantitative map of organ-specific stress hormone receptor expression (available in
Supplemental Tables 1-2) provides a basis to understand the nature and magnitude of stress
responses among specific organ systems, such as the immune system, that occur following the
activation of neuroendocrine pathways by psychosocial stress. This analysis also demonstrates
a connection between GR and adrenergic receptors, as well as with mitochondrial gene
expression, consistent with the notion that mitochondria and cellular energetics contribute to

transduce stressful experiences into physiological responses relevant to human health.

Methods

Data extraction

Stress hormone receptors were selected based on evidence linking specific receptor types
to the transduction of psychosocial stress (18-22). Using the Human Protein Atlas, we
systematically examined gene expression levels (RNA) for the glucocorticoid receptor (GR), a-
adrenergic receptors (AR-a1B and AR-a2B), and [(-adrenergic receptors (AR-B2 and AR-33)
across different organs (n=55) (55). For RNA expression, we utilized the Human Protein Atlas

consensus tissue gene dataset with consensus normalized transcriptomics data determined from
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the HPA RNA-seq dataset (n= 375 normal tissue samples) and the Genotype-Tissue Expression
(GTEXx) Project RNA-Seq dataset (n= 948 donors, n= 17,382 total samples) (27, 56, 57). Human

Protein Atlas data can be downloaded at https://www.proteinatlas.org/about/download.

For our analyses, organs were grouped into systems based on functional similarities,
including the immune (n=5, e.g., spleen, lymph nodes, thymus), brain and central nervous system
(CNS, n= 15, e.g., amygdala, cerebellum, cortex), digestive (n= 7, e.g., e.g., stomach, colon,
duodenum), reproductive (n= 11, e.g., ovary, cervix, testis), and other systems (n= 17). For stress
hormone receptor protein expression, we utilized the Human Proteome Map dataset with protein
expression levels determined by high-resolution Fourier-transform mass spectrometry for adult
tissues (n=18) and immune cell subtypes (n=6) (30). Samples were pooled from three individuals
before analysis(30). AR-B3 protein data was not detected. Human Proteome Map data can be

downloaded at http://www.humanproteomemap.org/download.php.

Cellular lifespan gene expression analysis to glucocorticoid stimulation

The glucocorticoid-treated fibroblast gene expression data was analyzed from (35, 50).
Briefly, primary dermal fibroblasts harvested from 3 unrelated healthy donors were cultured
throughout their replicative lifespan, passaging every ~5 days either in untreated condition or
chronically treated with the GR agonist dexamethasone (100nM). Cells were collected and RNA
was isolated at 8-11 timepoints for each donor and used for RNA sequencing. The data was
processed and expressed as normalized transcript per million (nTPM) as described in (35). To
obtain a stable estimate of ARs gene expression for each donor, target ARs nTPM were averaged

across all timepoints.

Analyses of mitochondrial content and functional pathways

To extract mitochondrial genes, the Human Protein Atlas normalized tissue consensus

dataset (27, 29) was mapped to the human MitoCarta3.0 (34) gene list (1136 mitochondrial
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genes). For each tissue, a transcription-based index of mitochondrial content was calculated from
the average expression of all normalized (normalized transcripts per million, nTPM) mitochondrial
transcripts. In addition, a score for MitoCarta-annotated mitochondrial pathways (149 pathways)
was calculated for each tissue and used in regression analyses with each stress hormone
receptor. First, the specific gene set of each pathway was extracted. Next, a tissue-specific
unweighted gene expression score was calculated by taking the average expression of the

specific mitochondrial gene set of each pathway.

Statistical analyses

Organ systems-level RNA differences were quantified using Hedge’s g, a standardized
measure of effect size, which guards against bias from small sample sizes (58). Independent
samples t-tests were used to compare average gene expression of GR in different organ systems
(CNS vs immune, CNS vs digestive, CNS vs reproductive). The Welch’s correction was applied
for the comparison of GR expression in CNS and digestive tissues because the standard
deviations differed significantly. Because of their exploratory nature, the t-test p-values were not
adjusted for multiple comparisons. Non-parametric correlation (Spearman’s r) was performed to
assess co-regulation between stress hormone receptors’ RNA expression and between
mitochondrial pathway scores and stress hormone receptor RNA expression, using the Bonferroni
correction to adjust for multiple comparisons. The cutoff for the high and low mitochondrial content
groups was set at 500 nTPM, and a non-parametric Mann-Whitney U test was conducted to
evaluate between-group differences. The effect of GR stimulation on ARs gene expression in
human fibroblasts was tested using a mixed-effects model, using all timepoints available across
the lifespan of each cell line to derive a stable estimate of expression level for each gene. Chi-
square tests were used to compare the observed proportions of positive and negative correlations

between mitochondrial pathways and stress hormone receptor expression compared to the
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proportions expected by chance (50:50). All analyses were performed in Prism (version 9), Excel

(version 16.59), and R version 4.2.0 (2022-04-22) -- "Vigorous Calisthenics".
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Figure Legends

Figure 1. Stress hormone receptors transduce experiences of psychosocial stress to
tissues; heatmaps of glucocorticoid and adrenergic receptor RNA and protein expression.
(A) The two major pathways with receptors enabling the transduction of psychosocial stress are
illustrated here: the HPA and the SAM axes. The signaling hormones from these axes act on
target organs via glucocorticoid (GR) and adrenergic receptors (ARs), which mobilizes energy-
dependent responses sustained by mitochondrial energy production and signaling. (B) Heatmap
of glucocorticoid and adrenergic receptor RNA expression (in normalized transcript per million
[nTPM]) in different human tissue types (n=55), grouped by organ system. (C) Heatmap of
glucocorticoid and adrenergic receptor protein expression (in arbitrary units [AU]) across tissue
types (n= 17 adult tissues, n=8 immune cell types), grouped by organ system (Uhlén M et al.,
2015; Kim et al., 2015). Abbreviations: ARs, adrenergic receptors; AR-a1B, adrenergic receptor
alpha 1B; AR-a2B, adrenergic receptor alpha 2B; AR-B2, adrenergic receptor beta 2; AR-3,
adrenergic receptor beta 3; CNS, central nervous system; GR, glucocorticoid receptor; HPA,

hypothalamic pituitary adrenal; ND, not detectable; SAM, sympatho-adreno-medullary.

Figure 2. Co-regulation and functional interaction of stress hormone receptor expression.
(A) Correlation matrix of glucocorticoid and adrenergic receptor RNA expression. (B) Scatterplot
of GR and AR-B2 RNA expression, which showed a significant positive correlation. (C) Scatterplot
of AR-a1B and AR-a.2B, which showed a significant positive correlation. (D) Schematic of study
design where primary dermal fibroblasts are obtained from forearm and cultured in vitro, followed
by longitudinal gene expression analysis across the cellular lifespan. The average of all timepoints
for each donor was taken as a measure of stable lifetime gene expression for each adrenergic
receptor (AR), compared to the values in the untreated (control) culture of the same donor. (E)

Effect of Dex (Dex, 100nM) on the gene expression of ARs in n=3 fibroblast lines (healthy control
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1, 2, 3). Data are means + SEM, normalized to control. Statistics from Spearman’s rank correlation
with Bonferroni correction (A, B), and mixed effects model (D), p<0.05*, p<0.01**, p<0.001***,
p<0.0001****. Abbreviations: AR, adrenergic receptor; AR-a1B, adrenergic receptor alpha
1B; AR-a2B, adrenergic receptor alpha 2B; AR-B2, adrenergic receptor beta 2; AR-3,

adrenergic receptor beta 3; Dex, dexamethasone; GR, glucocorticoid receptor.

Figure 3. Stress hormone receptor and mitochondrial protein RNA expression. (A)
Scatterplot significant correlation (Spearman’s r) between AR-a1B receptor RNA expression
(nTPM) and mean mitochondrial content (mean nTPM). (B) Bar graph of average AR-a1B RNA
expression for tissues dichotomized by high versus low mean mitochondrial content (threshold=
500 nTPM). (C, D) Same as in A and B, for AR-a2B receptor. (E) Null hypothesis plot of
correlations (Spearman’s r) between stress hormone gene expression and RNA expression of
mitochondrial proteins involved in specific functional pathways (F) Plot of correlations
(Spearman’s r) between stress hormone receptor gene expression and RNA expression of
mitochondrial pathway proteins. (G) Heatmaps of five most positive and most negative
correlations between stress hormone receptors and mitochondrial pathway gene expression.
Statistics from Mann-Whitney test, p<0.05*, p<0.01**, p<0.001***, p<0.0001****. Abbreviations:
AR-a1B, adrenergic receptor alpha 1B; AR-a2B, adrenergic receptor alpha 2B; AR-2, adrenergic
receptor beta 2; AR-3, adrenergic receptor beta 3; nTPM, normalized transcripts per million; GR,

glucocorticoid receptor.

SUPPLEMENTAL MATERIAL

Figure S1. Overview of study design (A) Study Design: Human Protein Atlas RNA
immunohistochemistry data was acquired and categorized into major organ systems: central

nervous system (n=15), immune system (n=5), reproductive system (n=10), digestive system
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(n=8), striated muscle (n=2), anabolic tissues (n=2), glandular tissues (n=5), and other organs
(n=8) (Uhlén M et al., 2015). Mass spectrometry protein data for adult tissues (n=17) and immune
cells (n=8) was acquired from Human Proteome Map (Kim et al., 2015). (B) Examples of genes
ubiquitously expressed across organ systems (ACTB, actin beta protein), show specialized
expression in the brain (HTR2A, serotonin receptor), or expressed specifically in immune system

tissues (CD19, B-lymphocyte antigen).

Figure S2. Correlations between stress hormone receptor expression and mitochondrial
function pathway gene expression. Heatmap of (Spearman’s rank) correlations between RNA
expression stress hormone receptor proteins and proteins associated with mitochondrial
pathways. The mitochondrial pathways with the 10 highest (/eft) and 10 lowest (right) correlations

are shown.

Table S1 and Table S2. Stress Hormone Receptors Supplemental Tables.xlIsx
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