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A B S T R A C T

Modern biomedical scientists are often trapped in silos of knowledge and practice, such as those who study brain
structure, function and behavior, on the one hand, and body systems and disorders, on the other. Scientists and
physicians in each of those silos have not often paid attention to the brain-body communication that leads to
multi-morbidity of systemic and brain-related disorders [eg. depression with diabetes or cardiovascular disease].
Outside of biomedicine, social scientists have long recognized the impact of the social and physical environment
on individuals and populations but have not usually connected these effects with changes in underlying biology.
However, with the rise of epigenetics, science and the public understanding of science is leaving an era in which
the DNA sequence was thought to be “destiny” and entering an era where the environment shapes the biology
and behavior of individuals and groups through its interactive effects on brain and body. It does so, at least in
part, by shaping epigenetically the structure and function of brain and body systems that show a considerable
amount of adaptive plasticity throughout development and adult life. This results in substantial individual differ-
ences even between identical twins. These individual differences are produced epigenetically by the two-way
interaction between the brain and hormones, immune systemmediators and the autonomic nervous system. Dis-
orders, then, are often multimorbid involving both brain and body, such as depression with diabetes and cardio-
vascular disease. It is therefore imperative to incorporate into “precision medicine” a better understanding of
how these differences affect the efficacy of pharmacological, behavioral and psychosocial interventions. This arti-
cle presents an overview of this new synthesis, using as an example emerging evidence about the linkages
between systemic inflammation, insulin resistance andmental health and neurodegenerative diseases.

© 2019 Published by Elsevier Inc.
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1. Introduction

Modern biomedical science is divided into silos of knowledge and
practice, not only due to the growing amount of information in each
siloed domain but also to the conceptual frameworks through which
we each look at the world. Brain and body disorders are often consid-
ered separately without recognizing their frequent comorbidity. More-
over, the avalanche of new information within each silo requires
periodic, if not continuous, updating as new knowledge emerges and
makes us too busy to explore outside our silo. Furthermore, social sci-
entists have long recognized the impact of psychosocial factors on
individuals and populations but have not usually connected these
effects with changes in underlying biology. This may happen because
of the misunderstanding that “biology is destiny” and determined pri-
marily by our genes. However, with the rise of epigenetics, we are
leaving an era in which the DNA sequence that was supposed to “tell
us all” about who we are and our vulnerabilities and strengths. Rather
than a conflict we now know that there is a seamless process of genes
interacting with environment (G x E, aka “epigenetics”). Indeed, the
social as well as physical environment have a huge epigenetic impact
on our brains and bodies.

The concept of “embodiment” [1] in sociology first recognized this,
while the rise of “precision medicine” has largely overlooked the impor-
tance of psychosocial factors by using, instead, a highly reductionistic
focus on understanding how genetic factors influence the response to
pharmacological agents that are then supposed to more precisely and
individually treat human illness [2]. This has been detrimental to indi-
vidualized patient care and now is a good time to factor in psychocial
factors and personal history to more effectively treat diseases.

Now that we know that the brain is capable of a considerable
amount of adaptive plasticity throughout development and adult life
that it shaped by experiences, the notion of embodiment begins to con-
nect to the epigenetic view of biology that involves continuous G x E
interactions, as will be elaborated below. Moreover, there is increasing
recognition of the two-way interaction between the brain regulating
and responding to circulating metabolic and steroid hormones,
immune system mediators and the autonomic nervous system. And,
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with the emergence of epigenetics, the psychosocial perspective of
embodiment [1], which occurs in large part through the brain, takes
“center stage” in thinking how daily experiences “get under the skin”
over the life course and affect physical as well as mental health.

This is even more important now with recognition of the impact
of preconception modifications of germ cells, as well as prenatal and
early postnatal life experiences leading to an epigenetic life course
development model [3]. This model makes us aware of the continu-
ous influence of factors and experiences that determine the trajectory
of the life course. This includes the critical importance of the forma-
tion of a positive and secure attachment between mother and child
and the devastating effects of early life abuse and neglect as well as
the impact of poverty [4,5]. Furthermore, experientially-regulated
gene expression is a “one way street” and we cannot “turn back the
clock” and truly reverse changes as the life course proceeds; rather,
we can change the trajectory in a better or worse direction [6]. More-
over, because of the continuous reciprocal influences between the
brain and body, we are also aware of “multimorbidity” of disorders in
which mental and physical health problems co-exist [7].

This article presents an overview of this new synthesis, using as
an example emerging evidence about the linkages between systemic
and brain inflammation, insulin resistance and diabetes, and mental
health and neurodegenerative disease.

2. Epigenetics: old and newmeaning

Catalyzing this new outlook, the emerging science of G x E interac-
tions, referred to now as “epigenetics”, helps us understand the mecha-
nisms of brain-body interactions and the plasticity and vulnerability of
the brain. This means not only the influence of physical factors such as
heat and cold and pollution but also the powerful effect of psychosocial
interactions throughout the life course [3]. “Epigenetics” originally
meant the emergence of developmentally-programmed characteristics
as a fertilized egg develops into a living organism characteristic of that
species [8]. But the characteristics of each individual are influenced by
experiences, and that is where the modern use of “epigenetics” comes
from. An example of this is a pair of identical twins with genes that pre-
dispose them to schizophrenia or bipolar illness; yet, the probability of
both twins getting the disease is only in the range of 40�60%. This
leaves plenty of room for experiences and other environmental factors
to either prevent of precipitate the disorder. As an indicator of this, the
methylation patterns of DNA diverge as identical twins grow older [9].
Thus, “epigenetics” nowmeans “above the genome”, that is, not chang-
ing the genetic code; it replaces and makes unnecessary the old ques-
tion: “which is more important, genes or environment?”

There are multiple “epigenetic” mechanisms that are beyond the
scope of this article. For example, the CpG methylation of DNA is now
a well-known form of epigenetic modification [10]. And there are
other mechanisms that include histone modifications that repress or
activate chromatin unfolding [11] and the actions of non-coding
RNA's [12], as well as transposons and retrotransposons involving
rearrangement of genes within a chromosome [13] and the process
of RNA editing [14,15].

3. Brain as repository of lived experiences that embed memories
and change architecture

We now know that the brain is the repository of “lived experien-
ces” over the life course. Our capacity for recording experiences begins
prenatally and continues over the life course, with a cumulative impact
on physical and mental health [1,16]. Our demonstration of stress-
induced remodeling of dendrites in hippocampal CA3 neurons was
one of many prior and subsequent discoveries that provided a neuro-
anatomical mechanism that helped to explain behavioral effects of
stress on memory and related processes [17]. The resulting cascade of
investigations in stress neurobiology have had increasing relevance to
human mental and physical health [18�20]. Adaptive plasticity is the
capacity of the adult as well as developing brain for remodeling of den-
drites, turnover of synapses and limited adult neurogenesis that was
first suggested by the enriched environment studies on brain cortex
thickness [21,22] based on the work of Donald Hebb [23]. For stress-
induced remodeling, glucocorticoids, excitatory amino acids and other
cellular mediators are involved [24,25]. Yet, from the work of Robert
Sapolsky we also know that permanent damage to the hippocampus
and other brain structures is also mediated by glucocorticoids together
with excitatory amino acids [26�28]. Thus there is an inverted U
shaped dose-response curve in which physiological levels of glucocor-
ticoids and excitatory amino acids operate synergistically and benefi-
cially to alter neuronal connectivity; but higher levels and prolonged
activity of these same mediators, such as that occurring in stroke, seiz-
ures and head trauma, cause permanent damage and neuron loss via a
pathophysiological synergy between glutamate and glucocorticoids
[27,29,30]. Severe and prolonged stress can cause structural and func-
tional brain changes that, while not permanent damage, nevertheless
require external intervention with pharmacological or behavioral ther-
apies to get the brain “unstuck”.

4. Brain-body interactions

Furthermore, long regarded as separate from the body except for
autonomic regulation and neuroendocrine function, the brain is now
recognized as having many reciprocal interactions with systemic physi-
ology [31]. Through hormones and other circulatingmediators, systemic
physiology can affect many aspects of normal cognitive and neurological
function by modifying neural structure and function; By directly affect-
ing the brain, systemic physiology contributes to the co-morbidity of
brain-based and systemic disorders, such as depression with cardiovas-
cular disease and diabetes. Moreover, the affected brain regions, in turn,
influence the activity of those same mediators. Exosomes [32] that are
released by brain and other organs are emerging and potential hor-
mone-like signaling mediators between body and brain,

The concepts embodied in “allostasis” and “allostatic load” and
overload emphasize that the same systems that help the body and
brain adapt to experiences also contribute to pathophysiology when
the same mediators are overused or dysregulated among themselves
[33]. Moreover, health promoting and health damaging behaviors
that often accompany stressful experiences and, more generally, liv-
ing in stressful social and physical environments all contribute to
allostatic load and overload [34].

5. The impact of the social environment

The increase in perceived “stress” in modern life provides exam-
ples that manifest themselves in different ways depending on income
and education, as summarized in two publications by the MacArthur
Research Network on Socioeconomic Status [http://www.macses.
ucsf.edu]. Health damaging behaviors occurring within an impover-
ished and stressful environment contribute heavily to the allostatic
load that develops, along with multiple negative environmental fac-
tors such as noise, pollution, lack of green space, crowding, neighbor-
hood crime and violence, food deserts, lack of transportation, and
poor schools [3]. Steeper income gradients in a city, state or nation
have a negative influence epigenetically on health and lifespan
[35,36]. Positive influences include community groups that facilitate
social support, promote healthy behaviors and encourage participa-
tion for positive change, along with safe and attractive neighbor-
hoods, access to health, affordable food and public transportation.

6. Early life experiences and transgenerational Influences

Early life abuse and neglect as well as growing up in and living in
poverty have numerous epigenetic effects, as has become evident in
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both animal models and studies on human development. Based on
the pioneering work of Levine and Denenberg on “neonatal handling”
of infant rats [37], Michael Meaney has led the way in demonstrating
the important role of postnatal maternal care in emotional and cogni-
tive development. That is, infant rats raised with a nurturing mother
are less fearful and explore novelty. In contrast, pups raised with an
anxious mother providing inconsistent care shows the opposite out-
come [38]. This is called “epigenetic transgenerational behavioral
transmission” [39�41]. Indeed, chaos in the nest has negative effects
on the offspring development as does chaos in the home [42,43].

Yet, even before conception as well as during life in the womb,
paternal and maternal obesity can affect the child, possibly involving
“epigenetic” changes of the DNA of the sperm and egg that do not
alter the genetic code per se, but, rather, how it is read [44,45].. Pre-
natally and before conception, bariatric surgery is reported to alter
epigenetic “signatures” in germ cells and also improve the in utero
environment to reduce the propensity for metabolic disorders in
post-natal life [44,45]. This would also likely reduce other comorbid
disorders of mental, behavioral and physical health.

Adverse early life experience in infancy and childhood involving
poverty, abuse and neglect, affect how genes are expressed and deter-
mine how well brain and body develop and function during childhood
into young adulthood. Indeed, the brain is continually changing with
experiences, creating memories and alerting brain architecture via
mechanisms that are facilitated in part by circulating sex, stress and
metabolic hormones and chemicals produced by the immune system,
with effects on the rest of the body along with the nervous system [25].
While it is impossible to “roll back the clock” and truly “reverse” the
effects of experiences, positive or negative, the epigenetic life course
perspective points to opportunities for changing by psychosocial inter-
ventions the trajectory of the life course during windows of opportunity
such as adolescence and other life transitions [3] [6]. There are no
“magic bullets” like penicillin that revolutionized treatment of infectious
disease for treating the complex, multi-morbid psychosocially influ-
enced disorders of modern life [46]. Indeed, “magic bullets” do not in
any way describe the imperfect effects of antidepressants or drugs, like
statins, that may help but do not “cure” those diseases [3].

7. Neuroimmune mechanisms over the life course

Systemic and brain inflammation are features of most diseases such
as diabetes, cardiovascular disease, arthritis, cancer and Alzheimer's
disease. The mechanisms that underlie this involve diverse immune-
related cells that generate pro- and anti-inflammatory cytokines. In
the brain, microglia are primarily responsible for inflammation that
increases with aging [47]. The microglia show many of the properties
ascribed to dendritic cells, including antigen presentation [48], and
can be aroused to express these characteristics following interferon
gamma administration [49] and viral infection [50]. Modulation of nor-
mal microglial function involves the action of the RNA editing enzyme
APOBEC1 [51], whereby the genetic deletion of this enzyme leads
microglia to develop an inflammatory tone that over the lifespan of
the animal results in progressive age-related signs of neurodegenera-
tion, characterized by clustering of activated MG, aberrant myelina-
tion, increased inflammation, and lysosomal anomalies that culminate
in behavioral and motor deficiencies [52]. Thus genetic dysregulation
of inflammation in the brain takes a toll on neurological and behavioral
functions, and the determinants of diabetes, depression and dementia
are a good example of the interplay between inflammation and the
progression of a disorder that affects both body and brain.

8. Inflammation, insulin resistance, depression and dementia

The growing frequency of obesity, Type 2 diabetes, major depres-
sion and dementia in our and other societies has led to an increasing
understanding of causal linkages among these disorders as well as
their linkages to the stressors of modern life [53]. There is growing
evidence for a relationship between insulin resistance and risk for
cognitive decline and dementia [54,55]. An oxidative stress and
inflammatory cascade has been suggested as a pathway from insulin
resistance to Alzheimer's pathology [56,57] representing an example
of an allostatic overload.

Yet insulin receptors in the hippocampus are not only involved in
regulation of glucose uptake [58] but also in signaling for memory
and synaptic plasticity [59,60] and in mood regulation, including that
related to insulin resistance [61,62]. The connection of the hippocam-
pus to mood regulation also create an opportunity to investigate the
actions of antidepressant drugs that are able to ameliorate depres-
sive-like behavior and normalize altered hippocampal architecture,
particularly in the ventral hippocampus [63].

There appears to be a common denominator between depression
and insulin resistance, namely, acetyl-L-carnitine [LAC] that is able to
rapidly ameliorating depressive-like behavior in animal models defi-
cient in LAC because of genetic or stress-induced causes [64]. LAC
actions are mediated in part via epigenetic up-regulation of mGlu2 in
presynaptic terminals that slows overflow of glutamate and amelio-
rates the impairment of neural architecture by that excess glutamate
produces [65�67]. This was further enhanced by the discovery that
connected the LAC story to insulin resistance. The Flinders Sensitive
Line [FSL] rat, where LAC deficiency is associated with depressive-
like behavior, was found also to show elevated serum insulin, leptin
and triglycerides; moreover, LAC supplementation not only reduced
the depressive like behavior within 3�5 days, but it also treated the
metabolic dysregulation [68]. Current work is exploring In ongoing
studies on human MDD to determine whether there is a human
counterpart of the FSL rat among people with MDD [69], Consistent
with lower LAC in more severe forms of MDD, there is a suggestive
association between low LAC levels and childhood trauma in patients
with a treatment resistant course of illness [69]. Together with the
association between reduced LAC and insulin resistance [IR] in animal
models, LAC is potential a biomarker to delineate, diagnose and treat
a novel biologically-defined MDD subtype that may associate LAC
with insulin resistance.

9. Conclusion: incorporating psychosocial influences intomedicine

For meaningful treatment of many disorders, it is urgent to incor-
porate into “precision medicine” the influence of psychosocial factors
over the life course, while recognizing more fully the impact of brain-
body interactions for both cause and prevention of multi-morbid dis-
orders. This includes the ubiquitous role of inflammation and epige-
netic mechanisms like RNA editing. Programs like the Nurse-Family
Partnership [https://www.nursefamilypartnership.org/] promote bet-
ter parenting; and schools as well as other organizations that provide
sanctuary, safety, nutrition and focus foster better mental and physical
health [70]. Based on what is known about the multi-morbidity from
early life adversity, such interventions are bound to improve health
brain and body development and reduce the incidence of systemic and
brain-relate disorders, including metabolic disorders and cardiovascu-
lar disease.

Where prevention has not occurred, “top down” physiological and
behavioral interventions allow the “wisdom of he body” to prevail
and open “windows of plasticity” to redirect brain circuit changes.
Regular physical activity can alter brain architecture and function
and strengthen both prefrontal cortex and hippocampus control of
the amygdala [71�74]. Mindfulness based stress reduction [MBSR] as
well as meditation are gaining in popularity as a way of reducing anx-
iety and thus reducing perceived stress, with increasing evidence of
changes in the brain [17,75,76]. Given the rapid rise of obesity and
Type 2 diabetes already in adolescent youth [77], intervention is
imperative to redirect the progression of the allostatic load towards a
healthier path through diet and increased physical activity.
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Finally, because of the multiple epigenetic psychosocial and physi-
cal influences on the individual genetic makeup, it is important to treat
each person as an individual rather than assuming that all will respond
similarly to a given treatment. The efficacy of pharmacological agents
is altered by psychosocial stressors as well as by physical factors like
air pollution that increases inflammatory tone in the body [78]. The
motivation to engage in any behavioral or other therapy on a regular
basis is dependent on the motivation of the individual and their com-
mitment to a positive outcome. This may be impaired by a negative
mood as well as by lack of access to facilities where the interventions
can occur. Positive social interactions with peers can help overcome
these obstacles along with policies of government that create safe
environments and green space and reduce air pollution. We also need
progressive policies of employers to facilitate involvement in interven-
tions and pursue a healthy lifestyle. Only in this way can the true
potential of individualized precision medicine be realized.
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