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Abstract

BACKGROUND: Discrimination is associated with negative health outcomes as mediated in
part by chronic stress, but a full understanding of the biological pathways is lacking. Here

we investigate the effects of discrimination involved in dysregulating the brain-gut microbiome
(BGM) system.

METHODS: A total of 154 participants underwent brain magnetic resonance imaging to measure
functional connectivity. Fecal samples were obtained for 16S ribosomal RNA profiling and

fecal metabolites and serum for inflammatory markers, along with questionnaires. The Everyday
Discrimination Scale was administered to measure chronic and routine experiences of unfair
treatment. A sparse partial least squares-discriminant analysis was conducted to predict BGM
alterations as a function of discrimination, controlling for sex, age, body mass index, and diet.
Associations between discrimination-related BGM alterations and psychological variables were
assessed using a tripartite analysis.

RESULTS: Discrimination was associated with anxiety, depression, and visceral sensitivity.
Discrimination was associated with alterations of brain networks related to emotion, cognition

and self-perception, and structural and functional changes in the gut microbiome. BGM
discrimination-related associations varied by race/ethnicity. Among Black and Hispanic
individuals, discrimination led to brain network changes consistent with psychological coping

and increased systemic inflammation. For White individuals, discrimination was related to anxiety
but not inflammation, while for Asian individuals, the patterns suggest possible somatization and
behavioral (e.g., dietary) responses to discrimination.

CONCLUSIONS: Discrimination is attributed to changes in the BGM system more skewed
toward inflammation, threat response, emotional arousal, and psychological symptoms. By
integrating diverse lines of research, our results demonstrate evidence that may explain how
discrimination contributes to health inequalities.

Structural racism contributes to health inequities and partially manifests as everyday,
mundane experiences of discrimination (1-3). Self-reported discrimination is a risk factor
for mental and physical disorders. However, the understanding of how discrimination gets
embedded in biology and affects mental/physical health remains unclear.

Previously, the mechanistic understanding of the link between discrimination and disease
was mainly centered on the hypothalamic-pituitary-adrenal (HPA) axis (4-6). However,
recent studies have highlighted that the gut microbiome is extremely sensitive to stressors
in influencing long-term health and inflammation (7-9). Stress can impact the bottom-
up communication between the microbiome and the brain through several pathways,
including changes in HPA activity, specific microbial metabolites, and vagus nerve and
immuneinflammatory mechanisms (7,10-14).

Biol Psychiatry. Author manuscript; available in PMC 2023 November 28.
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Similarly, changes in brain activity can also influence the body and the gut. Neuroimaging
studies suggest that discrimination rewires the brain, causing dysregulation of stress
networks (15-21). These top-down signals from the brain influence gastrointestinal
processes, including motility (22), intestinal permeability (23), and microbial gene
expression (24-31). Dysbiosis in the brain-gut microbiome (BGM) system hampers host
homeostasis due to its role in immune modulation and activation (32,33). Therefore, the
major goal of this work is to examine how discrimination affects biology beyond the
well-studied HPA axis by examining how discrimination alters the BGM system.

We propose a model highlighting the influence of discrimination on the bidirectional
signaling between the brain and gut microbiome as mediated by inflammation. A novel
aspect of this model reflects the dysregulation in connections between the central and enteric
nervous systems (Figure 1).

Furthermore, discrimination has been predominantly studied in Black individuals as
compared with White individuals, and few have studied how it may affect racial groups
differently. It would seem logical that the effects of discrimination on health would be
stronger among people of color than among White individuals, but the literature is mixed
in this regard (34). Some studies show that discrimination is associated with increased
C-reactive protein levels among Black individuals (35), whereas other studies show no
differences (36,37). One study showed that among Asian immigrants, discrimination was
related to increased obesity, which is not as commonly seen in other races (38), while
other studies have shown that among Latinx individuals, discrimination is associated with
outcomes such as depression and substance use (39,40). This raises an intriguing question
as to why discrimination may have varying effects across different races/ethnicities. Obesity,
substance abuse, and depression have all been linked to the BGM system. Therefore, these
differences may be related to differences in how dysregulation of the BGM system occurs
within each race/ethnicity.

To study a holistic view of how discrimination can affect biology, we performed a

detailed analysis of discrimination on the BGM system in a racially diverse population

to test whether 1) experiences of everyday discrimination will be associated with increased
alterations in stress brain connectivity pathways (resting-state functional magnetic resonance
imaging [fMRI]) and stress-related gut microbiome (16S sequencing and fecal metabolites)
as mediated by increased inflammatory processes (peripheral blood mononuclear cells
[PBMCs]), 2) these associations will be related to increased adverse behavioral and
psychological measures, and 3) these associations will vary across Asian, Black, Hispanic,
and White individuals.

METHODS AND MATERIALS

Ethics Approval and Consent to Participate

All procedures were approved by the Institutional Review Board (16-000187, 15-001591)
at the University of California, Los Angeles, Office of Protection for Research Subjects. All
participants provided written informed consent.

Biol Psychiatry. Author manuscript; available in PMC 2023 November 28.
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Participants

The final sample comprised 154 adults from the 165 who were initially enrolled in the study.
Participants were recruited from the Los Angeles community and clinics.

Participant data included fMRI for resting-state connectivity, anthropometrics, blood
samples for genetic expression of inflammation via PBMCs, stool samples (microbiome and
metabolomics), and survey questionnaires, including a diet history (Table S1 in Supplement
1). Participants self-reported race/ethnicity (Asian American, Black, Hispanic, or White).
Discrimination was measured using the Everyday Discrimination Scale.

Statistical Analysis

Group differences in demographic characteristics; brain, microbial taxa, and differential
abundance testing for metabolomics; and PBMCs were determined individually (adjusting
for sex, age, body mass index, and diet). For fMRI and metabolite data, sparse partial least
square linear discriminant analysis (SPLS-DA) was done to analyze brain and metabolite
data using the Mixomics package in R. Because the number of variables far exceeds

the number of study participants, sparse multivariate nonparametric models exhibit the

most robust statistical power and consistency (41). SPLS-DA operates using a supervised
framework to find linear combinations of a limited set of variables that predicts predefined
groups (42). sPLS-DA is a well-established method for both data reduction and classification
analysis for both fMRI and metabolite data (42,43). Microbiome data were analyzed using
QIIME2 and DESEQ?2 in R. PBMC data were analyzed using a priori-specified domains of
immune function that have repeatedly been found to vary in response to psychosocial risk
factors (44). For PBMC, Mann-Whitney U'test was performed between participants with
low or high discrimination, and p values were adjusted for multiple hypothesis testing using
Bonferroni correction. Data were analyzed for factors associated with discrimination as well
as within-group differences associated with discrimination. Factors that were associated with
high levels of discrimination were then compared across races.

Integrated analyses involving associations between different datasets were performed using
Spearman’s correlation controlling for multiple hypothesis testing and presented as circos
plots. Further details are provided in Supplemental Methods in Supplement 1.

RESULTS

Participant Differences Associated With Discrimination

Of the 154 participants (80 with high discrimination and 74 with low discrimination), the
high discrimination group had higher levels of anxiety (p=.009), depression (p =.009),
perceived stress (p=.001), visceral sensitivity (p < .001), early-life adversity (p=.009),
neuroticism (p =.01), and worse scores for mental health (o =.01) and physical health (p
=.02) than the low discrimination group (Table 1). There were no significant differences

in sex, age, body mass index, education, marital status, and diet. When examining across
race/ethnicity within the high levels of discrimination group, Hispanic individuals reported
the highest levels of early-life adversity, levels significantly higher than in Asian individuals
(p=.04). Black individuals reported the highest levels of resilience, levels significantly

Biol Psychiatry. Author manuscript; available in PMC 2023 November 28.
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higher than in Asian individuals (p = .02). Black individuals reported the lowest levels

of neuroticism, levels significantly lower than in Asian (o =.02), Hispanic (p=.001),

and White (p = .01) individuals. Black individuals had the lowest levels of trait anxiety,
depression, and perceived stress and significantly lower than in Hispanic individuals (p =
.03, .03, and .02, respectively). Black individuals also had the highest reported scores for
mental health, scores significantly higher than in Hispanic individuals (p = .003). There were
no significant differences in extraversion, socioeconomic status, and self-reported physical
health in individuals who experienced high levels of discrimination across the races.

For Asian, Black, and Hispanic participants, race was the most common reason for
discrimination. For White participants, gender and age were the most common reasons

for discrimination (Table S2 in Supplement 1). The average Everyday Discrimination Scale
score for participants who had high levels of discrimination was similar across the different
races (p=.18).

Discrimination Is Associated With Altered Brain Connectivity

In the aggregated sample, high discrimination as compared with low discrimination

was associated with increased connectivity between the default mode network (DMN)
(supramarginal gyrus, superior temporal sulcus, lateral aspect of the superior temporal
gyrus, inferior temporal sulcus, middle temporal gyrus, precuneus, and transverse temporal
sulcus) and the sensorimotor network (SMN) (precentral gyrus, Heschl’s gyrus, subcentral
gyrus, paracentral lobule, superior frontal gyrus, posterior lateral sulcus, and inferior and
superior part of the precentral sulcus). High discrimination was also associated with
increased connectivity between the central autonomic network (CAN) (medial orbital
gyrus, gyrus rectus, frontomarginal gyrus, and orbital sulcus) and the emotion regulation
network (ERN) (several subregions of the anterior cingulate cortex, orbital part of the
inferior frontal gyrus, and parahippocampal gyrus), salience network (SAL) (anterior insula,
anterior midcingulate cortex), and occipital network (OCC) (middle and superior occipital
sulcus, superior occipital gyrus, and occipital pole). High discrimination as compared with
low was associated with decreased connectivity between regions of the central executive
network (CEN) (intraparietal sulcus, subparietal sulcus, superior parietal lobule, and middle
frontal gyrus) to various regions of the CAN, SMN, and OCC. (Loadings and variables of
importance from the sPLS-DA are listed in Tables S3-S7 in Supplement 2.)

More specific discrimination-based differences were observed in brain connectivity when
stratified by race/ethnicity (Figure 2). For Black participants, high levels of discrimination
as compared with low were related to higher connectivity within the CEN (orange) and
with the DMN (blue). For Hispanic participants, high discrimination as compared with low
was associated with higher connectivity within regions of the DMN and between regions
of the DMN with regions from the CEN, SAL (yellow), CAN (red), and OCC (purple).
For Asian participants, high discrimination, as compared with low, was associated with
higher connectivity within regions of the SMN (green) and within the OCC. In addition,
there was higher connectivity between regions of the CEN with CAN and DMN. For
White participants, high discrimination as compared with low was associated with higher
connectivity involving various brain regions within the ERN (pink) and reward network

Biol Psychiatry. Author manuscript; available in PMC 2023 November 28.
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(RN, gray), which was unique to this group and within the SMN, DMN, SAL, CAN, CEN,
and OCC, which was also seen in the other groups.

Similar patterns were observed when investigating differences across races in the high
discrimination group only: Black individuals had greater connectivity in the CEN, DMN,
and OCC but decreased connectivity in the CAN compared with White individuals. Hispanic
individuals, compared with Asian individuals, had greater connectivity in the DMN and
OCC, but decreased connectivity in the SMN, and compared with White individuals, they
had greater connectivity in the CEN and DMN. Asian individuals, compared with White
individuals, had greater connectivity in the SMN (details in Table S8 in Supplement 2).

Discrimination Is Associated With Gut Microbiome and Metabolite Changes

Microbiome and metabolite differences related to discrimination were only apparent when
stratified by race/ethnicity (Figure 3).

Black participants had 9 bacterial species that were different by discrimination. High

levels of Prevotella, Coprococcus, and Tyzzerellaand lower levels of species belonging

to Bacteroides, Parabacteroides, and Ruminococcaceae were observed in the high
discrimination group compared with those found in the low discrimination group. For
Black participants, high discrimination was also associated with a reduced level of hydroxy-
N6,N6,N6,-trimethyllysine as compared with low discrimination.

In Hispanic individuals, high discrimination as compared with low was associated with
a higher level of Bacteroides stercosis and lower levels of valerate, levulinate, 3-(4-
hydroxyphenyl)lactate, pregnanolone/allopregnanolone sulfate, and isovalerate.

For Asian participants, 11 fecal metabolites were higher in participants with high
discrimination than in partipants with low discrimination. These include 3-beta-hydroxy-5-
cholestenoate, beta-sitosterol, campesterol, cholesterol, desmosterol, fucosterol, palmitoyl-
sphinganine, and palmitoyl-sphingosine.

For White participants, a high level of discrimination as compared with low was associated
with changes in 7 bacterial species (reduction in Prevotella copri, Bacteroides salyersiae,
Blautia stercosis, Faecalibacterium prausnitzif, and unknown species of Prevotellaand
Ruminococcaceae and an elevation in Catenibacterium mitsuokal).

Bacteria and metabolite differences across races in individuals experiencing high levels of
discrimination are summarized in Tables S9 and S10 in Supplement 1. In this analysis of
individuals who experienced high levels of discrimination, P copriwas the highest in Black
and Hispanic individuals and was the lowest in White individuals (o = .04). Similarly, of

the metabolites analyzed in individuals who experienced high levels of discrimination, only
isovalerate, valerate, and fucosterol were statistically different between the races. Isovalerate
and valerate were significantly lower in Hispanic than in White individuals (o= .04 and .04,
respectively), and fucosterol was significantly higher in Asian than in White individuals (p =
.03).

Biol Psychiatry. Author manuscript; available in PMC 2023 November 28.
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Effects of Discrimination on Inflammatory Markers

Association

Of the a priori set of immune markers, which included 19 genes involved in inflammation
and 32 genes involved in type | interferon responses, 4 markers were associated with high
discrimination as compared with low discrimination (Figure 4).

In Black participants, high discrimination as compared with low was associated

with elevated levels of prostaglandin-endoperoxidase synthase 1 (P7GSJ). In Hispanic
participants, high discrimination as compared with low was associated with elevated levels
of interferon-induced protein 35 (/F/35) and interleukin 1 (/L1B). In White participants,
high discrimination as compared with low was associated with a reduction in interferon
regulatory factor 8 (/RF8). There were no inflammatory markers that were different in Asian
participants.

Examining only individuals who experienced high levels of discrimination across races,
Black individuals had the highest level of PTGS1, which was significantly higher than in
White individuals (p = .03). Hispanic individuals had the highest level of IL1B, which was
significantly higher than in White individuals (p = .001). There was no statistical difference
in the expression level of /F/350r /RF8in individuals who experienced high levels of
discrimination across races.

Networks Differ by Discrimination and by Race/Ethnicity

The association networks within the BGM system with high discrimination levels and by
race/ethnicity are represented in the connectograms (Figure 5).

In Black participants, hydroxy- /6,6, N6,-trimethyllysine was negatively associated with
the DMN and CEN, and inflammatory markers IRF8 and IL-1f were positively associated
with resilience, which was also positively associated with the DMN and CEN. There
were positive connections between stress and anxiety with several bacterial species (Para-
bacteroides and Bacteroides).

Among Hispanic participants, inflammatory marker IRF8 was associated with higher levels
of anxiety and neuroticism and with the lipid metabolite valerate. Higher levels of physical
symptoms (Patient Health Questionnaire and Short Form Survey 12 Physical Component
Score) were positively associated with the DMN and with the anterior midcingulate cortex
(key region of the SAL), but high socioeconomic status was also positively associated with
the DMN.

In Asian participants, there were several positive associations between metabolites related

to cholesterol (lipid pathway), microbial species (Prevotella, Ruminococcaceae), and anxiety
(state and trait), neuroticism, depression, and physical symptoms. Asian individuals who
experienced high discrimination also had several connections to the SMN and OCC.

White participants had several associations between the gut microbiome (Coprococcus,
Ruminococcus, Ruminococcaceae, Parabacteroides, Alistipes, Bacteroides) and widespread
brain networks (including the ERN and RN) and with anxiety, depression, neuroticism,

Biol Psychiatry. Author manuscript; available in PMC 2023 November 28.
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early-life adversity, stress, visceral sensitivity, and physical symptoms. It was the only group
that demonstrated negative associations between resilience and other variables.

DISCUSSION

We examined the association between everyday experiences of discrimination and
alterations in the BGM system. Generally, discrimination was associated with anxiety,
depression, and worse measures of physical and mental health. However, these associations
varied across race/ethnicity, with Black individuals having no association between
discrimination and mental health.

A history of discrimination was associated with widespread connectivity differences in
several networks, but with race/ethnic differences contributing to the greatest variance. The
differences seen in the BGM system between the different racial/ethnic groups could be

due to the varying types of discrimination experienced by the different groups. A key

feature of our work is the inclusion of multiple forms of discrimination. While racial
discrimination is important, our study allowed participants to report on discrimination based
on other factors (e.g., gender, age, religion). This was critical for capturing the spectrum

of experiences for our diverse sample. For minorities, skin color and race were the most
common reason for discrimination. For White individuals, gender and age were the most
common reasons. Discrimination based on race and skin color can occur as early as in
childhood, a period of time that is critical for the development of the BGM system (45),
while discrimination based on gender and age is more common in young adulthood (46).
One of the most common reasons suggested to explain the cause of negative physical health
outcomes associated with discrimination is an increase in allostatic load and the involvement
of multiple biological systems (47). Discrimination based on race and skin color, which can
occur in early childhood, could lead to a longer period of stress and allostatic load than other
forms of discrimination (46,48). These differences may alter the BGM system in a way that
may enhance vulnerability to various behaviors and psychological symptoms.

Discrimination and Altered Brain Connectivity

Discrimination was linked with heightened self-reflectiveness and pain-related processing,
as indicated by increased connectivity in the DMN and SMN (49-54). While self-generated
thoughts can be a source of creative insight and introspection, they can lead to distress and
negatively impact performance of specific tasks (55). These results suggest that alterations
within the DMN and SMN may reflect difficulties with cognitive and affective appraisal

of pain in relation to discrimination. Discrimination was also associated with heightened
emotion regulation (ERN), autonomic (CAN), alertness (SAL), and attention toward salient
stimuli (OCC). Experiences of discrimination are typically stressful (56), leading to anxious
emotions and heightened cognitive load (57). However, the discrimination-related patterns in
the brain showed strong differences when examined by racial/ethnic groups.

In Black participants, discrimination was associated with higher connectivity within the
DMN and CEN. The DMN is important in self-recollection of past experiences (58-61)
and may be key in navigating stressful experiences (62—65), while the CEN contributes
to emotion regulation and inhibitory control in stressed-evoked situations (16,66—68).

Biol Psychiatry. Author manuscript; available in PMC 2023 November 28.
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Attributing negative treatment externally can reduce negative emotions and self-blame (19).
Our data showed that Black individuals are more likely to attribute discrimination to race
relative to other groups (69,70), possibly using this as a coping mechanism to regulate
distress accompanying discrimination.

In Hispanic participants, discrimination was associated with greater connectivity within
the DMN, CEN, SAL, CAN, and OCC. Psychosocial stress is associated with cognitive
impairment (71), and the SAL might be involved in regulation of heightened vigilance
associated with discrimination. Hispanic individuals who experienced more discrimination
were more likely to have early-life trauma, higher levels of anxiety, depression,

stress, and visceral sensitivity than those who experienced less discrimination, similar

to the hyperactivity of SAL regions observed in patients with anxiety, depression,

and posttraumatic stress disorder (72-74). The CAN can be triggered by challenges

to unpleasant social/environmental situations (75) and may indicate altered regulatory
functions via viscerosensory mechanisms. These responses are not only critical for adapting
to internal or external challenges, but also initiate signals that trigger emotion, affect
decision making, and promote social behavior (76). Alterations in CAN highlight a risk
factor for both mental and physical health problems. The alterations in the OCC suggest
enhanced attention toward threatening stimuli experienced during discrimination (21).

In Asian individuals, discrimination was associated with higher connectivity within the
SMN. The SMN is engaged in interoceptive, autonomic, sensory, motor, and reward
processing (77-80). Increased SMN connectivity indicates disrupted sensory functions
associated with somatization, similarly observed in stressed individuals and patients with
major depressive disorder (81,82). The anterior insula, together with the SMN, has been
implicated in social pain and, as a result, in physical pain due to distress associated with
exclusion (83-85).

White participants who experienced high levels of discrimination displayed a chaotic
enhanced resting-state connectivity in numerous large-scale networks including the

ERN and RN, which may underscore the hypersensitivity and inability to cope with
discrimination in comparison with other races/ethnicities. Disruptions in the communication
between large-scale networks may reflect difficulty with reacting and coordinating
efficiently to experiences of discrimination (86). Accordingly, some research shows that
race-related stress can have a more negative effect on mental health for White than for Black
individuals (87,88).

Discrimination-Associated Gut Microbiome and Metabolite Changes

P copriwas the only bacterium species that was significantly different across races. P
copriwas the highest in Black and Hispanic individuals who experienced discrimination
as compared with White individuals who experienced discrimination. P copri produces
a superoxide reductase and phosphoadenosine phosphosulfate reductase (89). These
enzymes let P copri utilize reactive oxygen species, allowing it to thrive in inflammatory
environments as well as increase inflammation (89). P copriis considered highly
inflammatory and has been found in rheumatoid arthritis and hepatic fibrosis (90,91).

Biol Psychiatry. Author manuscript; available in PMC 2023 November 28.
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When examining metabolites, Black individuals with high discrimination had lower levels of
hydroxy- N6, N6, N6-trimethyllysine, and Hispanic individuals had lower levels of branched-
chain fatty acids as compared with Black and Hispanic individuals with low discrimination,
respectively. Hydroxy- N6, N6, N6-trimethyllysine is a by-product of carnitine biosynthesis.
Carnitine has anti-inflammatory and cardioprotective properties (92) and has been associated
with reductions in interleukin 6 and tumor necrosis factor alpha (93). Hispanic individuals
had the lowest levels of branched-chain fatty acids and had significantly lower levels than
White individuals who also experienced similar levels of discrimination. Branched-chain
fatty acids can have anti-inflammatory and anticancer properties and are important to
colonic motility and health (94,95).

Unlike the patterns observed in Black and Hispanic individuals, the microbiome and
metabolite panel of Asian and White individuals are less related to inflammation. In Asian
individuals, high discrimination was associated with higher levels of metabolites that have
been implicated in lipid metabolism. This profile may suggest dietary preference for foods
high in fat in Asian individuals who experience high levels of discrimination. In White
individuals, discrimination was associated with the lowest levels of P copri.

Discrimination-Associated Inflammatory Changes

In Black individuals, discrimination was associated with higher levels of P7TGS1, and

in Hispanic individuals, discrimination was associated with higher levels of /L1B. Both

of these were higher in Black and Hispanic individuals who experienced high levels of
discrimination, as compared with White individuals who experienced similar levels of
discrimination. PTGSL is also known as cyclo-oxygenase 1 (COXZ) and is the enzyme that
catalyzes the conversion of arachidonate to prostaglandins. High levels of prostaglandins
are produced in response to injury or infection and are major drivers of inflammation

(96). Similarly, IL-1p is a proinflammatory cytokine that has been implicated in pain,
inflammation, and autoimmune conditions (97). These findings suggest that discrimination
may lead to a chronic state of inflammation, specially in Black and Hispanic individuals.

Discrimination-Related Changes Within the BGM System and Clinical Implications

The BGM patterns highlight that high levels of discrimination in Black participants

are associated with higher levels of inflammatory biomarkers as compared with Black
participants with lower levels of discrimination. Despite the increase in inflammatory
markers, the group as a whole showed the lowest levels of anxiety and depression,
irrespective of discrimination. Black participants as a group had the highest resilience scores
of any race. These findings suggest that the effect of discrimination on mental health in

this group is likely being buffered by top-down processes related to resilience and cognitive
flexibility (98-101).

In Hispanic participants, high discrimination was associated with peripheral markers
(inflammation-/RF8 and gut microbes) and several clinical behaviors (anxiety, physical
health symptoms), but socioeconomic status and DMN activity related to better coping
strategies and cognitive control could be overriding these negative effects. Similarly, some

Biol Psychiatry. Author manuscript; available in PMC 2023 November 28.
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studies have demonstrated that socioeconomic status can be protective against discrimination
(35,102-106).

In Asian participants with high discrimination, there were positive associations between
metabolites related to cholesterol and to several clinical measures (anxiety, depression,
physical symptoms) and with SMN activity (social pain and visceral somatosensory
processes) (50). This suggests that Asian individuals with high discrimination are possibly
eating foods that are high in fat to deal with the associated feelings of anxiety, depression,
and somatosensory/visceral signals, which is consistent with studies demonstrating the
emphasis on physical symptoms as a way to deal with painful emotional and stressful
situations.

In White participants with high discrimination, there were several widespread associations
within the BGM system, and it was the only group that included connections to the

ERN and RN (a network associated with emotional stress). This pattern, together with

the negative association with resilience, highlights the decreased regulatory deficiency in
reacting and coordinating efficiently to novel and stressful experiences of discrimination in
White participants.

Limitations

While this is the first study to examine discrimination across different racial groups in
relation to the BGM system, there are several limitations to the current study. Black
individuals were underrepresented in the study. This low sample size could make the
analysis for Black individuals underpowered to discern small effect sizes as well as raise
the possibility of sampling bias. However, we do not present any data that conflict with
previously published works regarding Black individuals and discrimination, but rather
expand on their relation to the BGM system. Future studies looking into the BGM system
and discrimination should attempt to increase the representation of Black individuals.
Finally, while a major strength of this article is the incorporation of multiple biological
systems, we did not examine other systems that are likely involved in discrimination such
as the HPA axis and the autonomic nervous system. But this body of work shows that
discrimination has a holistic effect on the body and the mind, and therefore, discrimination’s
effect on health is complex and multifactorial.

Conclusions

Unfair treatment is experienced by all people. Our findings provide a preliminary framework
for understanding how unfair treatment is perceived and processed in the brain and how
these are, in turn, related to inflammation, gut microbiome, and psychological symptoms. Of
course, much more work remains, but it provides an initial step toward understanding how
social inequalities become a whole-body experience and gives some understanding of how
expressions of “racism makes me sick to the stomach” might have an actual manifestation in
the body.

Biol Psychiatry. Author manuscript; available in PMC 2023 November 28.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Dong et al. Page 12

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

ACKNOWLEDGMENTS AND DISCLOSURES

This research was supported by the National Institutes of Health (Grant Nos. R01 MD015904 [to AG], K23
DK106528 [to AG], R03 DK121025 [to AG], T32 DK07180 [to TD], ULTR001881/DK041301 [University

of California, Los Angeles CURE/Digestive Diseases Research Core Center/Clinical and Translational Science
Institute Pilot and Feasibility Study] [to AG], P50 DK064539 [to EAM], R01 DK048351 [to EAM], and P30
DK041301) and pilot funds provided for brain scanning by the Ahmanson-Lovelace Brain Mapping Center. These
funders played no role in study design, or the collection, analysis, and interpretation of the data.

Funding was acquired by AG. TSD, GCG, and AG were involved in conceptualization of the study; TSD and AG
developed the methodology; and TSD, AG, ZC, VS, YZ, YG, and SC performed the formal analysis. AG was
responsible for resources/data curation. TSD, GCG, HB-S, MW, VO, LAK, JSL, BN, XZ, SC, EAM, and AG
contributed to writing and original draft preparation. TSD, YZ, and AG contributed to visualization. The entire
study was supervised by AG. All authors read and approved the final manuscript.

We acknowledge the assistance of the Neuroimaging Core, Bioinformatics and Statistics Core, Microbiome Core,
and the Biorepository Core of the University of California, Los Angeles Microbiome Center for their assistance
with various processing, storage, and analyses assistance of the current manuscript. We acknowledge Dr. Steve Cole
for his assistance in processing the PBMC samples.

The datasets generated during and/or analyzed during the current study are not publicly available due to an
ongoing collaboration with multiple principal investigators involving participant identifiers at the G. Oppenheimer
Center for Neurobiology of Stress and Resilience. However, data are available from the corresponding author on
reasonable request.

Participants or the public were not involved in the design, conduct, reporting, or dissemination plans of this
research.

AG is a scientific consultant to Yamaha. EAM is a scientific advisory board member of Danone, Axial
Biotherapeutics, Amare, Mahana Therapeutics, Pendulum, Bloom Biosciences, Seed, and APC Microbiome
Ireland.

REFERENCES

1. Potter LN, Brondolo E, Smyth JM (2019): Biopsychosocial correlates of discrimination in daily life:
A review. Stigma Health 4:38-61. [PubMed: 32524031]

2. Causadias JM, Korous KM (2019): Racial discrimination in the United States: A national health
crisis that demands a national health solution. J Adolesc Health 64:147-148. [PubMed: 30660246]

3. Pascoe EA, Smart Richman L (2009): Perceived discrimination and health: A meta-analytic review.
Psychol Bull 135:531-554. [PubMed: 19586161]

4. Chiang JJ, Taylor SE, Bower JE (2015): Early adversity, neural development, and inflammation.
Dev Psychobiol 57:887-907. [PubMed: 26369600]

5. Nettis MA, Pariante CM, Mondelli V (2020): Early-life adversity, systemic inflammation and
comorbid physical and psychiatric illnesses of adult life. Curr Top Behav Neurosci 44:207-225.
[PubMed: 30895531]

6. Hantsoo L, Zemel BS (2021): Stress gets into the belly: Early life stress and the gut microbiome.
Behav Brain Res 414:113474.

7. Lyte JM, Gheorghe CE, Goodson MS, Kelley-Loughnane N, Dinan TG, Cryan JF, Clarke G
(2020): Gut-brain axis serotonergic responses to acute stress exposure are microbiome-dependent.
Neurogastroenterol Motil 32:¢13881. [PubMed: 32391630]

8. Tetel MJ, de Vries GJ, Melcangi RC, Panzica G, O’Mahony SM (2018): Steroids, stress and the gut
microbiome-brain axis. J Neuroendocrinol 30.

9. Foster JA, Rinaman L, Cryan JF (2017): Stress & the gut-brain axis: Regulation by the microbiome.
Neurobiol Stress 7:124-136. [PubMed: 29276734]

Biol Psychiatry. Author manuscript; available in PMC 2023 November 28.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Dong et al.

Page 13

10. Cryan JF, O’Riordan KJ, Cowan CSM, Sandhu KV, Bastiaanssen TFS, Boehme M, et al. (2019):
The microbiota-gut-brain axis. Physiol Rev 99:1877-2013. [PubMed: 31460832]

11. Marcondes Avila PR, Fiorot M, Michels M, Dominguini D, Abatti M, Vieira A, et al. (2020):
Effects of microbiota transplantation and the role of the vagus nerve in gut-brain axis in animals
subjected to chronic mild stress. J Affect Disord 277:410-416. [PubMed: 32866799]

12. Doney E, Cadoret A, Dion-Albert L, Lebel M, Menard C (2022): Inflammation-driven brain and
gut barrier dysfunction in stress and mood disorders. Eur J Neurosci 55:2851-2894. [PubMed:
33876886]

13. Wiley NC, Cryan JF, Dinan TG, Ross RP, Stanton C (2021): Production of psychoactive
metabolites by gut bacteria. Mod Trends Psychiatry 32:74-99. [PubMed: 34032647]

14. Coley EJL, Mayer EA, Osadchiy V, Chen Z, Subramanyam V, Zhang Y, et al. (2021): Early
life adversity predicts brain-gut alterations associated with increased stress and mood. Neurobiol
Stress 15:100348. [PubMed: 34113697]

15. Hatzenbuehler ML, Weissman DG, McKetta S, Lattanner MR, Ford JV, Barch DM, McLaughlin
KA (2022): Smaller hippocampal volume among Black and latinx youth living in high-stigma
contexts. J Am Acad Child Adolesc Psychiatry 61:809-819. [PubMed: 34481917]

16. Fani N, Carter SE, Harnett NG, Ressler KJ, Bradley B (2021): Association of racial discrimination
with neural response to threat in Black women in the US exposed to trauma. JAMA Psychiatry
78:1005-1012. [PubMed: 34319369]

17. Vargas TG, Mittal VA (2021): Testing whether implicit emotion regulation mediates the
association between discrimination and symptoms of psychopathology in late childhood: An
RDoC perspective. Dev Psychopathol 33:1634-1647. [PubMed: 34323206]

18. Wang H, Braun C, Enck P (2017): How the brain reacts to social stress (exclusion) — A scoping
review. Neurosci Biobehav Rev 80:80-88. [PubMed: 28535967]

19. Masten CL, Telzer EH, Eisenberger NI (2011): An fMRI investigation of attributing negative social
treatment to racial discrimination. J Cogn Neurosci 23:1042-1051. [PubMed: 20521861]

20. Meyer CS, Schreiner PJ, Lim K, Battapady H, Launer LJ (2019): Depressive symptomatology,
racial discrimination experience, and brain tissue volumes observed on magnetic resonance
imaging. Am J Epidemiol 188:656—663. [PubMed: 30657841]

21. Clark US, Miller ER, Hegde RR (2018): Experiences of discrimination are associated with
greater resting amygdala activity and functional connectivity. Biol Psychiatry Cogn Neurosci
Neuroimaging 3:367-378. [PubMed: 29628069]

22. Mayer EA, Bradesi S, Chang L, Spiegel BM, Bueller JA, Naliboff BD (2008): Functional Gl
disorders: From animal models to drug development. Gut 57:384—404. [PubMed: 17965064]

23. Keita AV, Soderholm JD (2010): The intestinal barrier and its regulation by neuroimmune factors.
Neurogastroenterol Motil 22:718-733. [PubMed: 20377785]

24. Moreira CG, Russell R, Mishra AA, Narayanan S, Ritchie JM, Waldor MK, et al. (2016):
Bacterial adrenergic sensors regulate virulence of enteric pathogens in the gut. mBio 7:¢00826-16.
[PubMed: 27273829]

25. Ritter S, Vetter ML, Sarwer DB (2012): Lifestyle modifications and surgical options in the
treatment of patients with obesity and type 2 diabetes mellitus. Postgrad Med 124:168-180.
[PubMed: 22913905]

26. Vetter ML, Faulconbridge LF, Webb VL, Wadden TA (2010): Behavioral and pharmacologic
therapies for obesity. Nat Rev Endocrinol 6:578-588. [PubMed: 20680034]

27. Byrne SM, Cooper Z, Fairburn CG (2004): Psychological predictors of weight regain in obesity.
Behav Res Ther 42:1341-1356. [PubMed: 15381442]

28. Higginson AD, McNamara JM (2016): An adaptive response to uncertainty can lead to weight gain
during dieting attempts. Evol Med Public Health 2016:369-380. [PubMed: 27920041]

29. Federico A, Dallio M, DI Sarno R, Giorgio V, Miele L (2017): Gut microbiota, obesity and
metabolic disorders. Minerva Gastroenterol Dietol 63:337-344. [PubMed: 28927249]

30. Van Dyken P, Lacoste B (2018): Impact of metabolic syndrome on neuroinflammation and the
blood-brain barrier. Front Neurosci 12:930. [PubMed: 30618559]

Biol Psychiatry. Author manuscript; available in PMC 2023 November 28.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Dong et al.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

Page 14

Mayer EA, Hsiao EY (2017): The gut and its microbiome as related to central nervous system
functioning and psychological well-being: Introduction to the special issue of psychosomatic
medicine. Psychosom Med 79:844-846. [PubMed: 28976454]

Sarubbo F, Cavallucci V, Pani G (2022): The influence of gut microbiota on neurogenesis:
Evidence and hopes. Cells 11:382. [PubMed: 35159192]

Chakrabarti A, Geurts L, Hoyles L, lozzo P, Kraneveld AD, La Fata G, et al. (2022): The
microbiota-gut-brain axis: Pathways to better brain health. Perspectives on what we know, what we
need to investigate and how to put knowledge into practice. Cell Mol Life Sci 79:80. [PubMed:
35044528]

Paradies Y, Ben J, Denson N, Elias A, Priest N, Pieterse A, et al. (2015): Racism as a determinant
of health: A systematic review and meta-analysis. PLoS One 10:0138511. [PubMed: 26398658]

Surachman A, Jenkins AIC, Santos AR, Almeida DM (2021): Socioeconomic status trajectories
across the life course, daily discrimination, and inflammation among black and white adults.
Psychoneuroendocrinology 127:105193. [PubMed: 33740588]

Cunningham TJ, Seeman TE, Kawachi I, Gortmaker SL, Jacobs DR, Kiefe CI, Berkman LF
(2012): Racial/ethnic and gender differences in the association between self-reported experiences
of racial/ethnic discrimination and inflammation in the CARDIA cohort of 4 US communities. Soc
Sci Med 75:922-931. [PubMed: 22682683]

Beatty DL, Matthews KA, Bromberger JT, Brown C (2014): Everyday discrimination prospectively
predicts inflammation across 7-years in racially diverse midlife women: Study of women’s health
across the nation. J Soc Issues 70:298-314. [PubMed: 25342861]

Gee GC, Ro A, Gavin A, Takeuchi DT (2008): Disentangling the effects of racial and weight
discrimination on body mass index and obesity among Asian Americans. Am J Public Health
98:493-500. [PubMed: 18235065]

Otiniano Verissimo AD, Gee GC, Ford CL, Iguchi MY (2014): Racial discrimination, gender
discrimination, and substance abuse among Latina/os nationwide. Cultur Divers Ethnic Minor
Psychol 20:43-51. [PubMed: 24491127]

Andrade N, Ford AD, Alvarez C (2021): Discrimination and latino health: A systematic review of
risk and resilience. Hisp Health Care Int 19:5-16. [PubMed: 32380912]

Henglin M, Claggett BL, Antonelli J, Alotaibi M, Magalang GA, Watrous JD, et al.

(2022): Quantitative comparison of statistical methods for analyzing human metabolomics data.
Metabolites 12:519. [PubMed: 35736452]

Sanmiguel CP, Jacobs J, Gupta A, Ju T, Stains J, Coveleskie K, et al. (2017): Surgically induced
changes in gut microbiome and hedonic eating as related to weight loss: Preliminary findings in
obese women undergoing bariatric surgery. Psychosom Med 79:880-887. [PubMed: 28570438]
Andersen AH, Rayens WS, Liu Y, Smith CD (2012): Partial least squares for discrimination in
fMRI data. Magn Reson Imaging 30:446-452. [PubMed: 22227352]

Cole SW, Shanahan MJ, Gaydosh L, Harris KM (2020): Population-based RNA profiling in Add
Health finds social disparities in inflammatory and antiviral gene regulation to emerge by young
adulthood. Proc Natl Acad Sci U S A 117:4601-4608. [PubMed: 32041883]

Dong TS, Gupta A (2019): Influence of early life, diet, and the environment on the microbiome.
Clin Gastroenterol Hepatol 17:231-242. [PubMed: 30196160]

Gee GC, Hing A, Mohammed S, Tabor DC, Williams DR (2019): Racism and the life course:
Taking time seriously. Am J Public Health 109:543-S47. [PubMed: 30699016]

Berger M, Sarnyai Z (2015): More than skin deep”: Stress neurobiology and mental-health
consequences of racial discrimination. Stress 18:1-10. [PubMed: 25407297]

Van Ausdale D, Feagin JR (2001): The First R: How Children Learn Race and Racism. Lanham,
MD: Rowman & Littlefield Publishing Group.

Monsa R, Peer M, Arzy S (2018): Self-reference, emotion inhibition and somatosensory
disturbance: Preliminary investigation of network perturbations in conversion disorder. Eur J
Neurol 25:888-e62. [PubMed: 29509290]

Li L, Di X, Zhang H, Huang G, Zhang L, Liang Z, Zhang Z (2022): Characterization of whole-
brain task-modulated functional connectivity in response to nociceptive pain: A multisensory
comparison study. Hum Brain Mapp 43:1061-1075. [PubMed: 34761468]

Biol Psychiatry. Author manuscript; available in PMC 2023 November 28.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Dong et al.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Page 15

Davey CG, Pujol J, Harrison BJ (2016): Mapping the self in the brain’s default mode network.
Neuroimage 132:390-397. [PubMed: 26892855]

Coghill RC, Talbot JD, Evans AC, Meyer E, Gjedde A, Bushnell MC, et al. (1994): Distributed
processing of pain and vibration by the human brain. J Neurosci 14:4095-4108. [PubMed:
8027764]

Bhatt RR, Gupta A, Labus JS, Liu C, Vora PP, Jean S, et al. (2022): A neuropsychosocial signature
predicts longitudinal symptom changes in women with irritable bowel syndrome. Mol Psychiatry
27:1774-1791. [PubMed: 34819635]

Amft M, Bzdok D, Laird AR, Fox PT, Schilbach L, Eickhoff SB (2015): Definition and
characterization of an extended social-affective default network. Brain Struct Funct 220:1031-
1049. [PubMed: 24399179]

Killingsworth MA, Gilbert DT (2010): A wandering mind is an unhappy mind. Science 330:932.
[PubMed: 21071660]

Sawyer PJ, Major B, Casad BJ, Townsend SS, Mendes WB (2012): Discrimination and the stress
response: Psychological and physiological consequences of anticipating prejudice in interethnic
interactions. Am J Public Health 102:1020-1026. [PubMed: 22420818]

Fourie MM, Stein DJ, Solms M, Gobodo-Madikizela P, Decety J (2019): Effects of early adversity
and social discrimination on empathy for complex mental states: An fMRI investigation. Sci Rep
9: 12959. [PubMed: 31506497]

Cavanna AE, Trimble MR (2006): The precuneus: A review of its functional anatomy and
behavioural correlates. Brain 129:564-583. [PubMed: 16399806]

Addis DR, Mcintosh AR, Moscovitch M, Crawley AP, McAndrews MP (2004): Characterizing
spatial and temporal features of autobiographical memory retrieval networks: A partial least
squares approach. Neuroimage 23:1460-1471. [PubMed: 15589110]

Lundstrom BN, Ingvar M, Petersson KM (2005): The role of precuneus and left inferior frontal
cortex during source memory episodic retrieval. Neuroimage 27:824-834. [PubMed: 15982902]
Gilboa A, Winocur G, Grady CL, Hevenor SJ, Moscovitch M (2004): Remembering our past:
Functional neuroanatomy of recollection of recent and very remote personal events. Cereb Cortex
14:1214-1225. [PubMed: 15166099]

Patriat R, Birn RM, Keding TJ, Herringa RJ (2016): Default-mode network abnormalities

in pediatric posttraumatic stress disorder. J Am Acad Child Adolesc Psychiatry 55:319-327.
[PubMed: 27015723]

Ramirez-Barrantes R, Arancibia M, Stojanova J, Aspé-Sanchez M, Cérdova C, Henriquez-Ch RA
(2019): Default mode network, meditation, and age-associated brain changes: What can we learn
from the impact of mental training on well-being as a psychotherapeutic approach? Neural Plast
2019:7067592. [PubMed: 31065259]

Dutta A, McKie S, Downey D, Thomas E, Juhasz G, Arnone D, et al. (2019): Regional

default mode network connectivity in major depressive disorder: Modulation by acute intravenous
citalopram. Transl Psychiatry 9:116. [PubMed: 30877271]

Miller DR, Hayes SM, Hayes JP, Spielberg JM, Lafleche G, Verfaellie M (2017): Default mode
network subsystems are differentially disrupted in posttraumatic stress disorder. Biol Psychiatry
Cogn Neurosci Neuroimaging 2:363-371. [PubMed: 28435932]

Hills TT, Todd PM, Goldstone RL (2010): The central executive as a search process: Priming
exploration and exploitation across domains. J Exp Psychol Gen 139:590-609. [PubMed:
21038983]

Corbetta M, Shulman GL (2002): Control of goal-directed and stimulus-driven attention in the
brain. Nat Rev Neurosci 3:201-215. [PubMed: 11994752]

du Boisgueheneuc F, Levy R, Volle E, Seassau M, Duffau H, Kinkingnehun S, et al. (2006):
Functions of the left superior frontal gyrus in humans: A lesion study. Brain 129:3315-3328.
[PubMed: 16984899]

Chae DH, Powell WA, Nuru-Jeter AM, Smith-Bynum MA, Seaton EK, Forman TA, et al.

(2017): The role of racial identity and implicit racial bias in self-reported racial discrimination:
Implications for depression among African American men. J Black Psychol 43:789-812.
[PubMed: 29386696]

Biol Psychiatry. Author manuscript; available in PMC 2023 November 28.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Dong et al.

Page 16

70. Ayalon L, Gum AM (2011): The relationships between major lifetime discrimination, everyday
discrimination, and mental health in three racial and ethnic groups of older adults. Aging Ment
Health 15:587-594. [PubMed: 21815851]

71. Barnes LL, Lewis TT, Begeny CT, Yu L, Bennett DA, Wilson RS (2012): Perceived discrimination
and cognition in older African Americans. J Int Neuropsychol Soc 18:856-865. [PubMed:
22595035]

72. Alexander L, Wood CM, Gaskin PLR, Sawiak SJ, Fryer TD, Hong YT, et al. (2020): Over-
activation of primate subgenual cingulate cortex enhances the cardiovascular, behavioral and
neural responses to threat. Nat Commun 11:5386. [PubMed: 33106488]

73. Young DA, Chao L, Neylan TC, O’Donovan A, Metzler TJ, Inslicht SS (2018): Association among
anterior cingulate cortex volume, psychophysiological response, and PTSD diagnosis in a Veteran
sample. Neurobiol Learn Mem 155:189-196. [PubMed: 30086395]

74. Dedovic K, Slavich GM, Muscatell KA, Irwin MR, Eisenberger NI (2016): Dorsal anterior
cingulate cortex responses to repeated social evaluative feedback in young women with and
without a history of depression. Front Behav Neurosci 10:64. [PubMed: 27065828]

75. Ginty AT, Kraynak TE, Fisher JP, Gianaros PJ (2017): Cardiovascular and autonomic reactivity
to psychological stress: Neurophysiological substrates and links to cardiovascular disease. Auton
Neurosci 207:2-9. [PubMed: 28391987]

76. Lamotte G, Shouman K, Benarroch EE (2021): Stress and central autonomic network. Auton
Neurosci 235:102870. [PubMed: 34461325]

77. Chen WG, Schloesser D, Arensdorf AM, Simmons JM, Cui C, Valentino R, et al. (2021): The
emerging science of interoception: Sensing, integrating, interpreting, and regulating signals within
the self. Trends Neurosci 44:3-16. [PubMed: 33378655]

78. Cao Z, Bennett M, Orr C, Icke I, Banaschewski T, Barker GJ, et al. (2019): Mapping adolescent
reward anticipation, receipt, and prediction error during the monetary incentive delay task. Hum
Brain Mapp 40:262-283. [PubMed: 30240509]

79. Menon V (2011): Large-scale brain networks and psychopathology: A unifying triple network
model. Trends Cogn Sci 15:483-506. [PubMed: 21908230]

80. Chenji S, Jha S, Lee D, Brown M, Seres P, Mah D, Kalra S (2016): Investigating default mode and
sensorimotor network connectivity in amyotrophic lateral sclerosis. PLoS One 11:e0157443.

81. Yu M, Linn KA, Shinohara RT, Oathes DJ, Cook PA, Duprat R, et al. (2019): Childhood trauma
history is linked to abnormal brain connectivity in major depression. Proc Natl Acad Sci USA
116:8582-8590. [PubMed: 30962366]

82. Soares JM, Sampaio A, Ferreira LM, Santos NC, Marques P, Marques F, et al. (2013): Stress
impact on resting state brain networks. PLoS One 8:e66500. [PubMed: 23840493]

83. Dewall CN, Macdonald G, Webster GD, Masten CL, Baumeister RF, Powell C, et al. (2010):
Acetaminophen reduces social pain: Behavioral and neural evidence. Psychol Sci 21:931-937.
[PubMed: 20548058]

84. Eisenberger NI (2012): The neural bases of social pain: Evidence for shared representations with
physical pain. Psychosom Med 74:126-135. [PubMed: 22286852]

85. Sturgeon JA, Zautra AJ (2016): Social pain and physical pain: Shared paths to resilience. Pain
Manag 6:63-74. [PubMed: 26678402]

86. Duan L, Van Dam NT, Ai H, Xu P (2020): Intrinsic organization of cortical networks predicts
state anxiety: An functional near-infrared spectroscopy (fNIRS) study. Transl Psychiatry 10:402.
[PubMed: 33219215]

87. Barnes LL, de Leon CFM, Lewis TT, Bienias JL, Wilson RS, Evans DA (2008): Perceived
discrimination and mortality in a population-based study of older adults. Am J Public Health
98:1241-1247. [PubMed: 18511732]

88. Williams DR (2018): Stress and the mental health of populations of color: Advancing our
understanding of race-related stressors. J Health Soc Behav 59:466-485. [PubMed: 30484715]

89. Scher JU, Sczesnak A, Longman RS, Segata N, Ubeda C, Bielski C, et al. (2013): Expansion
of intestinal Prevotella copri correlates with enhanced susceptibility to arthritis. Elife 2:e01202.
[PubMed: 24192039]

Biol Psychiatry. Author manuscript; available in PMC 2023 November 28.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Dong et al.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100

101.

102.

103.

104.

Page 17

Drago L (2019): Prevotella copri and microbiota in Rheumatoid Arthritis: Fully Convincing
Evidence? J Clin Med 8:1837. [PubMed: 31683983]

Dong TS, Katzka W, Lagishetty V, Luu K, Hauer M, Pisegna J, et al. (2020): A microbial signature
identifies advanced fibrosis in patients with chronic liver disease mainly due to NAFLD. Sci Rep
10:2771. [PubMed: 32066758]

Lee BJ, Lin JS, Lin YC, Lin PT (2015): Antiinflammatory effects of L-carnitine supplementation
(1000 mg/d) in coronary artery disease patients. Nutrition 31:475-479. [PubMed: 25701337]
Haghighatdoost F, Jabbari M, Hariri M (2019): The effect of L-carnitine on inflammatory
mediators: A systematic review and meta-analysis of randomized clinical trials. Eur J Clin
Pharmacol 75:1037-1046. [PubMed: 30915521]

Blakeney BA, Crowe MS, Mahavadi S, Murthy KS, Grider JR (2019): Branched short-chain fatty
acid isovaleric acid causes colonic smooth muscle relaxation via cAMP/PKA pathway. Dig Dis Sci
64:1171-1181. [PubMed: 30560338]

Taormina VM, Unger AL, Schiksnis MR, Torres-Gonzalez M, Kraft J (2020): Branched-chain fatty
acids-an underexplored class of dairy-derived fatty acids-An underexplored class of dairy-derived
fatty acids. Nutrients 12:2875. [PubMed: 32962219]

Ricciotti E, FitzGerald GA (2011): Prostaglandins and inflammation. Arterioscler Thromb Vasc
Biol 31:986-1000. [PubMed: 21508345]

Ren K, Torres R (2009): Role of interleukin-1beta during pain and inflammation. Brain Res Rev
60:57-64. [PubMed: 19166877]

Spence ND, Wells S, Graham K, George J (2016): Racial discrimination, cultural resilience, and
stress. Can J Psychiatry 61:298-307. [PubMed: 27254805]

Ramos G, Ponting C, Bocanegra E, Chodzen G, Delgadillo D, Rapp A, et al. (2022):
Discrimination and internalizing symptoms in rural latinx adolescents: The protective role of
family resilience. J Clin Child Adolesc Psychol 51:997-1010. [PubMed: 34038290]

. Luthar SS, Ebbert AM, Kumar NL (2021): Risk and resilience among Asian American youth:
Ramifications of discrimination and low authenticity in self-presentations. Am Psychol 76:643—
657. [PubMed: 34410740]

Szanton SL, LaFave SE, Thorpe RJ (2022): Structural racial discrimination and structural
resilience: Measurement precedes change. J Gerontol A Biol Sci Med Sci 77:402—-404. [PubMed:
34940845]

Assari S, Gibbons FX, Simons RL (2018): Perceived discrimination among Black youth: An
18-year longitudinal study. Behav Sci (Basel) 8:44. [PubMed: 29702587]

Assari S (2018): Parental educational attainment and mental well-being of college students;
diminished returns of blacks. Brain Sci 8:193. [PubMed: 30380617]

Beatty Moody DL, Waldstein SR, Leibel DK, Hoggard LS, Gee GC, Ashe JJ, et al. (2021):

Race and other sociodemographic categories are differentially linked to multiple dimensions

of interpersonal-level discrimination: Implications for intersectional, health research. PLoS One
16:20251174. [PubMed: 34010303]

105. Cuevas AG, Goler E, Guetta CJ, Krueger RF (2022): Assessing the role of socioeconomic status

and discrimination exposure for racial disparities in inflammation. Brain Behav Immun 102:333-
337. [PubMed: 35307502]

106. White SF, Nusslock R, Miller GE (2022): Low socioeconomic status is associated with a

greater neural response to both rewards and losses. J Cogn Neurosci 34:1939-1951. [PubMed:
35061015]

Biol Psychiatry. Author manuscript; available in PMC 2023 November 28.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Dong et al. Page 18

Brain
Stress Networks
(Cognitive, Social Pain,
Affective, Threat Appraisal)

7 3

Ethnicity/Race
\ 4
- Clinical (Mental/Physical)
Inflammation Outcomes
* Inflammatory cytokines B Addiction
Discrimination * NFK-B I—> * Psychological Symptoms
(Chronic: EDS) *IL-1B (Depression/Anxiety)
* Prostaglandins * PHQ
* Interferon PSS

* Obesity/Diabetes/Hypertension

|

Gut Microbiome
{ SCFA, AAA Fermentation
(Indoles), Valerates
A Glutamate, Kynurenine,
Tryptophan

Figure 1.
Conceptual model linking the brain-gutmicrobiome system to discrimination and clinical

outcomes. AAA, aromatic amino acid; EDS, Everyday Discrimination Scale; IL-1 f,
interleukin 1p; NFK-B, nuclear factor kappa light chain enhancer of activated B cells; PHQ,
Physical Health Question-naire; PSS, Perceived Stress Scale; SCFA, short-chain fatty acids.
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Figure 2.

Brain regions associated with discrimination by race/ethnicity. Sparse partial least square
linear discriminant analysis (SPLS-DA) plots, restingstate pairwise differences by levels

of discrimination, and anatomical diagram of brain regions associated with discrimination
across the different races/ethnicities: Black (A, B), Hispanic (C, D), Asian (E, F), and White
(G, H). AngG, angular gyrus; AoCS, anterior occipital sulcus; ATrCos, anterior transverse
collateral sulcus; CcS, calcarine sulcus; CgSMarp, marginal branch of the cingulate sulcus;
Cun, cuneus; EDS, Everyday Discrimination Scale; FMarG/S, fronto-marginal gyrus and
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sulcus; FuG, fusiform gyrus; HG, Heschl’s gyrus; InfCirInS, inferior segment of circular
sulcus of the insula; INfFGOpp, opercular part of the inferior frontal gyrus; InfFS,

inferior frontal sulcus; InfOcG/S, interior occipital gyrus/sulcus; InfPrCS, inferior part of
the precentral sulcus; IntPS/TrPS, intraparietal sulcus (interparietal sulcus) and transverse
parietal sulci; JS, sulcus intermedius primus (of Jensen); LinG, lingual gyrus; LORs, lateral
orbital sulcus; MACgG/S, middleanterior part of the cingulate gyrus and sulcus; MFG,
middle frontal gyrus; MoCG, middle occipital gyrus; MOcS/LusS, middle occipital sulcus
and lunatus sulcus; MTG, middle temporal gyrus; OcPo, occipital pole; OrG, orbital gyri;
PaCL/S, paracentral lobule and sulcus; PerCaS, pericallosal sulcus; PrCun, precuneus;

RG, gyrus rectus; SbCG/S, subcallosal gyrus/sulcus; SbPs, subparietal sulcus; SuMarG,
supramarginal gyrus; SupFG, superior frontal gyrus; SupFS, superior frontal sulcus; SupPL,
superior parietal lobule; SupTG, superior temporal gyrus; SupTGLp, lateral aspect of

the superior temporal gyrus; Thal, thalamus; TPo, temporo-parietooccipital; TrFPoG/S,
transverse frontopolar gyri and sulci.
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Microbiome and fecal metabolites associated with discrimination by race/ethnicity. (A)
Differential abundance testing by DESEq2 of bacterial taxa associated with discrimination
in Black individuals. (B) Taxonomic plot of genera with a relative abundance = 1% by
discrimination in Black individuals. Similar analysis represented for Hispanic (D, E) and
White (G, H) individuals. Fecal metabolites by discrimination in Black (C), Hispanic

(F), and Asian (1) individuals. Asian individuals had no microbiome differences by
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discrimination level, and White individuals had no metabolites that were different by
discrimination level. EDS, Everyday Discrimination Scale.
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Expression levels of several inflammatory markers extrapolated from peripheral blood

mononuclear cells for Black (A), Hispanic (B), and White (C) participants. *p value <

.05. EDS, Everyday Discrimination Scale.
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Figure 5.

Networks depicting high discrimination associated with brain-gut microbiome immune
factors. Networks relating brain, peripheral blood mononuclear cells, microbiome, and
clinical questionnaire data by race in those individuals experiencing high discrimination.
Red lines are positive associations, and blue lines are negative associations.
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