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Oxytocin is a peptide molecule with a multitude of physiological and behavioral functions. Based on its asso-
ciation with reproduction - including social bonding, sexual behavior, birth and maternal behavior - oxytocin
also has been called “the love hormone.” This essay specifically examines association and parallels between
oxytocin and love. However, many myths and gaps in knowledge remain concerning both. A few of these are
described here and we hypothesize that the potential benefits of both love and oxytocin may be better under-
stood in light of interactions with more ancient systems, including specifically vasopressin and the immune

system. Oxytocin is anti-inflammatory and is associated with recently evolved, social solutions to a variety of
challenges necessary for mammalian survival and reproduction. The shared functions of oxytocin and love have
profound implications for health and longevity, including the prevention and treatment of excess inflammation
and related disorders, especially those occurring in early life and during periods of chronic threat or disease.

1. Overview

Oxytocin was the first peptide molecule to be biochemically identi-
fied [1]. The oxytocin molecule has properties and functions essential to
mammalian behavior and to understanding human origins [2] which are
only now being described [3,4]. Interest in oxytocin has increased
exponentially, especially over the last two decades. At present approx-
imately 30,000 research papers listed on Pubmed deal in some way with
oxytocin. However, despite this massive effort, the study of oxytocin
remains associated with myths and mysteries.

This perspective essay considers a series of questions which are
fundamental to understanding oxytocin, but which also have been
sources of repeated controversy and misunderstandings: What is
oxytocin and why is this molecule difficult to measure? Is there a unique
receptor for oxytocin? Is oxytocin a stress hormone? Are the actions of
oxytocin sexually-dimorphic? Why is awareness of vasopressin and the
immune system essential to understanding oxytocin? What is social
behavior and how does oxytocin influence sociality? And of course, why
is oxytocin sometimes called “the hormone of love”?

Oxytocin has effects on social connection, a perception of safety, and
also immunology and inflammation. Of particular importance in un-
derstanding oxytocin are its interactions with the immune system [5], as
well as the anti-inflammatory effects of mitochondria [6,7]. Oxytocin
regulates and is regulated by glia [8] and the immune system [9].
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Furthermore, oxytocin mediates behavioral and immune consequences
that are attributed to the microbiota [10,11].

All of these have consequences for health and wellbeing. As
described below, recent studies are helping to explain some of the myths
and controversies associated with oxytocin. The mechanisms linking
love and oxytocin to each other remain both metaphorical and myste-
rious, but a mystery worth exploring.

2. So, what exactly is oxytocin?

The “what is oxytocin” question should be easy to answer. The use of
the word oxytocin is not new. The website of the National Institutes of
Mental Health states that the term oxytocin was already in the use in the
1800s and perhaps as early as the 1500s. https://www.nimh.nih.go
v/research/research-conducted-at-nimh/research-areas/clinics-and-la
bs/lemr/snge/vpot/some-selected-history-of-oxytocin-and-vasopressin.
As originally used, the word oxytocin appears to have referred to a
process of “swift birth.” However, in current usage oxytocin most often
describes a specific molecule.

Although modern dictionaries usually translate the derivation of the
word oxytocin as “swift birth,” as described in an email from Roger
Guillemin, “oxytocin,” the English spelling, may have been a “mistaken
translation”? (Box 1). Dr. Guillemin is a Nobel laurate and sometimes
described as father of the field of neuroendocrinology. Guillemin

an open access article under the CC BY-NC-ND license


https://www.nimh.nih.gov/research/research-conducted-at-nimh/research-areas/clinics-and-labs/lcmr/snge/vpot/some-selected-history-of-oxytocin-and-vasopressin
https://www.nimh.nih.gov/research/research-conducted-at-nimh/research-areas/clinics-and-labs/lcmr/snge/vpot/some-selected-history-of-oxytocin-and-vasopressin
https://www.nimh.nih.gov/research/research-conducted-at-nimh/research-areas/clinics-and-labs/lcmr/snge/vpot/some-selected-history-of-oxytocin-and-vasopressin
mailto:cscarter@iu.edu
www.sciencedirect.com/science/journal/26664976
https://www.sciencedirect.com/journal/comprehensive-psychoneuroendocrinology
https://doi.org/10.1016/j.cpnec.2021.100107
https://doi.org/10.1016/j.cpnec.2021.100107
https://doi.org/10.1016/j.cpnec.2021.100107
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cpnec.2021.100107&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/

C.S. Carter

suggested that oxytocin translates to “sharp” birth and proposed that
“ocytocin” (still used in French) would have been a more accurate
translation of the Greek symbols intended to describe the functional
capacity of this molecule to induce a quick birth.

Genomic studies, tracing the evolutionary origins of these molecules,
further question the accuracy of this name [12]. Theofanopoulou and
her colleagues have suggested the need for a “universal nomenclature
for oxytocin-vasotocin ligand and receptor families.” One family, that
they propose to call “vasotocin,” would consist of the molecules that are
currently called vasotocin and vasopressin (Table 1). A second chemical
family they propose to call “oxytocin,” would consist of oxytocin, mes-
otocin and isotocin. These authors argue that a more accurate naming
system would be based on the relative affinity of ligands to receptors.
Following this system, the molecules now called mesotocin and isotocin,
would be called oxytocin. Of course, calling these three structurally
different molecules “oxytocin,” offers opportunity for other sources of
confusion and controversy.

Oxytocin and its targets have consequences that remain essential to
coordinating mammalian behavior and reproduction with environ-
mental demands, including functions such as defense in the face of
pathogens [13], immunological responses, mitochondrial functions and
basic cellular metabolism [6]. Oxytocin also can function as a neuro-
transmitter and neuromodulator [14]. Perhaps even calling oxytocin a
“hormone” is a misnomer?

3. The variable chemistry of the molecule called oxytocin

In 1953 oxytocin and vasopressin, were identified biochemically [1].
The gene for oxytocin in mammals was sequenced in 1984 and the genes
for receptors for oxytocin and vasopressin were published in 1992 [15,
16]. It would appear that the chemical structures of oxytocin and the
oxytocin receptor have been well understood for several decades. But
again, the story is not that simple.

Canonical forms of oxytocin and vasopressin consist of peptide
molecules composed of nine amino acids, with a three amino acid tail
(implicated in ligand binding to the receptor) and a six amino acid ring
(implicated in coupling with G-coupled protein receptors (GCPR) [17].
The ring in this structure is formed by the disulfide bonds in two cys-
teines (positions 1 and 6). (Fig. 1; Table 1). Vasopressin differs from
oxytocin by two amino acids, one at position 3 (in the ring) and one at
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position 8 (in the tail). Vasotocin, considered the ancestral peptide from
which both evolved, differs from vasopressin by one amino acid at po-
sition 3 and from oxytocin by one amino acid at position 8.

One interesting difference between the structure of oxytocin versus
other major peptides in this family (Table 1) is the unique sequence of
three amino acids in the tail at positions 7-9 (PLG: proline-leucine-
glycine), which is also known as melanocyte-inhibiting factor (MIF-1).
MIF-1 has pain-modulating effects via interactions with opioid and
dopaminergic systems (reviewed [3]). The structure of MIF-1 is not
found in vasopressin or mesotocin. This may be just one of many clues
regarding what makes oxytocin unique.

A common feature shared by canonical oxytocin and other members
of this chemical family is the presence of the disulfide bonds connecting
the two cysteines and creating the ring structure of these molecules. The
rings in these peptides are capable of opening to create linear molecules.
It has been proposed that the linear form of oxytocin or fragments of
oxytocin may be of particular importance to its anti-inflammatory and
anti-oxidant effects [18].

Oxytocin with leucine (at position 3) and isoleucine (at position 8) is
found in most, but not all, mammals. However, species-specific variants
in the amino acid sequences for oxytocin have been discovered recently
and associated with different patterns of sociality. For example, amino
acid substitutions at position 8 (and in some cases also position 3) exist
in New World versus Old World monkeys. Substitutions of one or more
amino acid also may produce not only different binding affinities, but
also differential capacities to desensitize the oxytocin receptor, and thus
potentially allow longer durations or strengths of action.

It has been suggested that in comparison to canonical oxytocin, the
oxytocin-like variants found in highly social New World monkeys may
be not only better able to bind to the oxytocin receptor, but also less
likely to bind to the vasopressin Vl1a receptor [19]. Associated with
these novel variants is male parental behavior, a defining behavioral
trait of many species of New World monkeys. Remarkably, after
receiving one novel form of oxytocin, described as Pro8-OXT and pre-
viously associated with parental behavior and social monogamy in New
World monkeys, nonparental male rats were more likely to show
parenting behavior toward infants [20]. Findings of this sort continue to
support the notion that, irrespective of nomenclature, the exact chem-
istry of oxytocin-like molecules matters and small structural differences
can have functional consequences.

BOX 1

totally different story. It is actually a mistake for ocytocin.

OCYTOCIN.

knew duVigneaud quite well and I bet the story is true ...

Roger Guillemin May 29, 2013.

THE MYSTERIOUS ORIGINS OF THE WORD “OXYTOCIN. (An historical aside)

This excerpt is from an email correspondence with Roger Guillemin. It came following a talk I had given at the Salk Institute. In that
presentation I showed a portrait of Antoine Lavoisier (father of modern chemistry), his wife, Marie-Anne, and instruments for col-
lecting oxygen — a picture I sometimes used to symbolize the notion that loving relationships are based on biochemistry.

.... As per Lavoisier, the word oxygen comes from the Greek 6£Uc/oxys, acid, sharp and yevric/genés, generates, because Lavoisier thought that
the substance oxygen was involved in producing acids in combination with other substances (still true though not exclusive ...). Oxytocin is a

The etymology is WkUg/ocys fast and T0kog/birth, delivery. Note the k (kappa) always translates as ¢ (ocytocin) different from the & (ksi) always
translated as x as in oxygen. I went over on and on with texts in Greek, Herodotes, Hippocrates, where I found the words WxUg txog, as in
’WKLTOKLOG '®KLTOKIOV WKLTOKOV all in phrases referring to speedy birth, never as 0£Ug as for oxygen (acid generating) So the correct word is

Well maybe here’s the last word in a story told me, many years ago by Roger Acher whose name you recognize of course... At some meeting
duVigneaud was talking about his early work on isolation of oxytocin when this French participant (?) got up and said ...

« Sir, with all due respect please note that the correct word is ocytocin and I can show the etymology” to which duVigneaud is supposed to have
answered. “ listen I don’t care about all your grammar... all I know is that stuff comes from the pituitary of oxen... so that’s oxytocin by me..." I

I still have not been able to find out who first originated OXYTOCIN.
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Table 1

Amino acid sequences in the vasotocin-oxytocin family of peptides.”
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Amino acid position 1 2 3 4 5 6 7 8 9 Expressed in (among others)”
Vasotocin Cys- Tyr- Ile- Gln- Asn- Cys- Pro- Arg- Gly (NH2) Non-mammalian vertebrates and fetuses
Vasopressin Cys- Tyr- Phe- Gln- Asn- Cys- Pro- Arg- Gly (NH2) Mammals
Oxytocin Cys- Tyr- Ile- Gln- Asn- Cys- Pro- Leu- Gly (NH2) Mammals
Mesotocin Cys- Tyr- Ile- Gln- Asn- Cys- Pro- Ile- Gly (NH2) Non-eutherian tetrapods & birds
Isotocin Cys- Tyr- Ile- Ser- Asn Cys- Pro- Ile- Gly (NH2) Ray-finned fishes
2 [15].
Oxytocin Vasopressin
QGlycine - NH2 O Glycine - NHz
8Leucine 8 Arginine
7 Proline 7] Proline
© Cysteine ——— Asparagine 5 6 Cysteine ———— Asparagine 5
|3 Glutamine 4 S Glutamine 4
S Isoleucine 3 g Phenylalanine 3
1 Cysteine ———— Tyrosine 2 ] Cysteine ———— Tyrosine

Fig. 1. Canonical structures of oxytocin and vasopressin.

4. Are measurements of oxytocin meaningful?

The structural characteristics and especially the “sticky” sulfur bonds
in oxytocin influence its functional availability within tissues. The ca-
pacity of oxytocin to bind to other biological entities also has contrib-
uted to controversy regarding the quantification of oxytocin. Current
antibody-based methodologies provide snapshots of hormone levels,
and are most often used in plasma or saliva. These have proven useful
when considering correlations with behavioral patterns and responses to
external stimuli. For example, levels of oxytocin and vasopressin rise
after cold-stressors or music [21] and oxytocin levels have been indi-
vidually correlated with electrical activity in the brain specifically in
response to social cues [22]. These measurements are of most value
within a given study [23]. Furthermore, as described below other mol-
ecules capable of transporting oxytocin, including RAGE (“receptor for
advanced glycation end-products”), may create biochemical interfer-
ence in antibody-based assays [24,25]. This in turn is likely to contribute
to variation in estimates of the amount of endogenous oxytocin in bodily
fluids.

Perhaps, rather than dealing with the dynamic and variable char-
acteristics of the oxytocin system as controversies or myths [26], it may
be more helpful to conceptualize bodily fluids as dynamic delivery
and/or storage systems. These in turn function as components of the
body’s active defense systems, providing local availability of oxytocin,
especially in response to threatening conditions such as infection or
inflammation [27].

5. Is oxytocin a “pituitary” hormone?
Sir Henry Dale identified the presence of a substance in pituitary

extracts that could facilitate uterine contraction. Dale is usually given
credit for discovering oxytocin, although in his original 1906 paper he

did not specifically call this molecule “oxytocin” [28]. Oxytocin does
have classical hormonal functions, since it is stored in the posterior pi-
tuitary, released into the blood stream, and carried to target tissues
throughout the body. However, oxytocin is not actually synthesized in
the pituitary gland, but in fact is produced in the hypothalamus.

Hypothalamic neurons which synthesize oxytocin and vasopressin
do extend processes to the posterior pituitary gland; there these peptides
are released into the systemic circulation, coordinating birth, lactation,
sexual responses, water and mineral homeostasis, cardiovascular func-
tion and metabolism in bones and muscles, to name only a few. Hypo-
thalamic cells also release both oxytocin and vasopressin directly into
the brain with local effects on specific tissues and functions [29]. For
these reasons oxytocin is now commonly described as a “hypothalamic
neuropeptide,” rather than a pituitary hormone. But perhaps even that
distinction is not totally accurate?

6. Is oxytocin primarily a hypothalamic hormone?

Although the hypothalamus is often cited as the primary source of
oxytocin, the oxytocin molecule is synthesized in other parts of the body.
In fact, based on gene expression for oxytocin, in the female rat uterus
near the time of parturition oxytocin levels are reportedly 70 fold higher
than any other place in the body, including the hypothalamus. As
originally explained by Lefebvre, Zingg and their colleagues, “endoge-
nous circulating OT appears not to participate in the induction of labor... and
the finding of OT messenger RNA and peptide in the uterus suggests a solution
for this paradox. During parturition, OT may act primarily as a local medi-
ator and not as a circulating hormone” [30].

Oxytocin also appears in extremely high levels at sites of inflam-
mation. In ovarian cancer tumors the levels of oxytocin were up to 200
times greater than in plasma [27]. Oxytocin levels measured in these
tumors were negatively associated with an inflammatory cytokine,
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interleukin-6 (IL-6). A higher level of oxytocin within tumors also was
correlated with mortality in advanced cases of ovarian cancer, an effect
that was mediated by IL-6. This research further implicates locally
synthesized oxytocin as an anti-inflammatory agent and an important
component of the immune response [31].

7. Is there a “unique” oxytocin receptor and why does this
matter?

In a comprehensive review of the oxytocin receptor Jurek and
Neumann [32] state... “The many facets of OXT are, on a molecular basis,
brought about by a single receptor.” When compared to related peptides,
oxytocin generally binds most readily to the oxytocin receptor and
GPCRs are an important mechanism for oxytocin’s action. GPCRs have
the capacity to respond to different ligands and transduce information
across cell membranes, triggering subcellular processes [4] and thus
influencing downstream transcription. Differences in subcellular
signaling can have an array of functions that may include the expression
of social behavior [33].

A separate set of GCPRs are described as vasopressin receptors. Of
these the vasopressin V1a and V1b receptors found in the nervous sys-
tem, can be targets for both oxytocin and vasopressin [34,35]. In the
genetic absence of oxytocin the vasopressin system may assume some,
but not all, of the functions of oxytocin, acting in part via sensitized
vasopressin receptors [36]. As described below interactions between
oxytocin and vasopressin are most obvious under threatening
conditions.

Receptors responsive to oxytocin are abundant in the nervous,
reproductive and immune systems including on microglia and astrocytes
[9]. These receptors are cell-type specific [14]. Awareness of local ef-
fects of oxytocin is providing critical information regarding
tissue-specific actions of oxytocin, especially in the nervous system [4].
In one of many recent examples, oxytocin receptors on astrocytes in the
amygdala have been implicated in a neural circuit that can reduce
anxiety [37]. Studies such as these provide additional evidence for in-
teractions between oxytocin, components of the immune system and
neural function.

The crystal structure of the GCPR oxytocin receptor was recently
described [38], offering fresh clues to the specific capacity of different
kinds of molecules to bind to the oxytocin receptor and moderate its
function. This research revealed that the functions of the oxytocin re-
ceptor are affected via positive allosteric stimulation by magnesium
(Mg++) and other divalent cations, as well as negative allosteric regu-
lation by sodium (Na+).

Some of the short-term consequences of oxytocin act via ion channel
receptors [39]. Gaseous molecules, including hydrogen sulfide (HS)
and nitric oxide (NO), also have been implicated in the rapid actions of
oxytocin, helping to explain the role of oxytocin in the regulation of both
the autonomic and cardiovascular systems [40]. Clearly, GPCRs - even
those originally described as oxytocin receptors - are only one mecha-
nism through which oxytocin functions. The availability of multiple
mechanisms for responding to oxytocin, often with different time
courses, has consequences for the effects of oxytocin throughout the
body.

8. Is oxytocin a “female” hormone?

The first myth concerning oxytocin’s functions arose when the
molecule was identified as a female reproductive hormone, without
known effects in males. Male and female mammals do use different
biological and behavioral strategies and functions both for reproduction
and for survival. Patterns of sex differences are reported in the pro-
duction of oxytocin, the oxytocin receptor and their functional conse-
quences [41]. Dozens of studies also reveal sex differences in response to
exogenous peptides, including oxytocin and vasopressin [42,43]. These
sex differences are managed in part by steroid-peptide interactions [44,
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45], and also may reflect sex differences in the functions of mitochondria
and the immune system [8,46], in turn relevant to managing inflam-
mation and reproductive demands, as well as sexual differentiation [47].

Sex differences in oxytocin and vasopressin are especially likely to be
detected in response to stressful experiences during the perinatal period
[48]. Under these conditions vasopressin has been more often impli-
cated in males [49,50], while CRF and adrenergic systems (including
norepinephrine) may be critical to managing chronic stressors in fe-
males [51]. However, a role for oxytocin in coping with stress also has
been identified in male rodents [52]. This involves the capacity of es-
trogens and androgenic metabolites (specifically 3 p diol) to differen-
tially stimulate estrogen receptors, including the estrogen receptor (ER)
B. The ER f found in the hypothalamus can affect the release of oxytocin,
and reduce measures of anxiety and inflammation. Thus, although
usually identified with females, steroidal systems including estrogen
receptors and oxytocin have important consequences for stress man-
agement in males.

Sex differences in physiology and behavior also appear during re-
actions to stressful experience during the perinatal period and there is
increasing evidence implicating inflammation in sexual differentiation
[47]. Given the importance of oxytocin as an anti-inflammatory mole-
cule, it is likely that oxytocin moderates certain aspects of masculini-
zation, possibly reducing the neural consequences of androgens.
Differential roles for sex steroids and the oxytocin-vasopressin system
also can have major consequences for species differences in social
behavior [44].

Complex interactions among genetic sex, gonadal steroids, stress and
immune factors and lifespan development are difficult to parse experi-
mentally. However, these are very important pathways to consider since
they help to sculpt the connections among social support and wellbeing.

9. Is oxytocin an “anti-stress” hormone?

Oxytocin has been described as a stress hormone [53], a
stress-coping molecule [54], or both [29]. In general, oxytocin has
central roles in coping with challenge. Oxytocin modulates stress reac-
tivity and facilitates restoration following periods of challenge and has
many interactions with the hypothalamic-pituitary-adrenal (HPA) axis,
immune and autonomic systems [3,32]. In addition, time is a critical
factor in understanding this aspect of oxytocin’s functions. Oxytocin and
vasopressin are both released under conditions of acute demands,
including sexual orgasm [55], ejaculation [56], birth [57], pair bond
formation [58], intense exercise [59], severe pain or shock-trauma [40,
60] and sodium challenge [61]. In all of these cases at least one of the
roles for oxytocin and social connections may be to calm the organism
and reduce inflammation [62], helping systems return to homeostasis,
while also predicting upcoming allostatic demands [63].

Oxytocin also has the capacity to increase its own synthesis and
release [64]; this feature of oxytocin accounts in part for its extensive
use to facilitate parturition [57]. Even in nonpregnant animals, stimu-
lating the release of oxytocin or administering exogenous oxytocin is
capable of increasing the subsequent synthesis of endogenous oxytocin
[65]. The ability of oxytocin to feed forward and increase its own syn-
thesis could be critical to coping with chronic challenges - especially in a
social context. Vasopressin also has the capacity to feed forward, an
effect that can be increased by androgens [66]. However, in general the
long-term effects of vasopressin are different, and in many contexts
opposite from those of oxytocin (reviewed [32]).

The effects of oxytocin during responses to challenge occur against a
functional background of interactions between vasopressin and corti-
cotropin releasing hormone (CRH). Vasopressin and CRH are often co-
localized and can initially amplify the effects of each other, increasing
activity in the HPA axis [49]. However, during chronic stress vaso-
pressin, versus CRH, provides a mechanism allowing “escape” from
glucocorticoid-regulated negative feedback [50]. Under chronic stress,
oxytocin’s capacity to downregulate defense systems may be especially
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relevant, allowing social and psychological safety to modulate both the
HPA axis and emotional reactivity.

Particularly important to understanding the stress-related conse-
quences of oxytocin is its capacity to regulate chronic pain [67].
Whether oxytocin’s role in reducing pain is via the oxytocin and/or
vasopressin receptor is still being debated [68,69]. There is evidence
that oxytocin can induce analgesia through effects on the vasopressin
V1a receptor [70]. Vasopressin may have a different time course of ac-
tion, serving in the early stages of a stressful experience when a
pro-inflammatory response is important. Oxytocin seems to be particu-
larly relevant during repeated or chronic stressors, possibly through its
capacity to counteract the pro-inflammatory effects of vasopressin as
well as the capacity to signal social safety [8].

Positive or negative experiences can adjust reactivity in the HPA
axis, as well as the oxytocin system across the lifespan. This is especially
apparent around the time of birth, when oxytocin can upregulate the
oxytocin receptor [71]. For example, postnatal exposure to oxytocin or
parental nurture interferes with de novo methylation of the oxytocin
receptor which occurs in the postpartum period. Under these conditions
oxytocin and/or positive nurture is associated with upregulation of the
expression of the oxytocin receptor and increasing indications of soci-
ality in later life [72,73]. The developmental effects of vasopressin are
less well studied [74]. However, research in rodents suggests that -
especially in males - early exposure to vasopressin upregulates
emotional reactivity and aggression, with consequences across the life
cycle [75,76].

Both immediate demands and the history of each individual also can
influence responses to oxytocin and vasopressin. For example, research,
primarily in nonhuman animals suggests that vasopressin’s effects are
most obvious after a history of adversity, especially when compared to
high levels of early nurture [77]. The social history of an individual can
alter the threshold for responding to oxytocin, vasopressin and other
stress-related molecules [74]. This likely reflects adjustments to the
sensitivity of both vasopressin and oxytocin systems, with later conse-
quences for the capacity to manage inflammation and oxidative stress, of
importance in many stressful contexts.

10. Ancient molecules and the evolution of a social solution to
the stress of life

Many of the properties of oxytocin are best appreciated in the context
of its’ evolutionary history and interactions with even more ancient
molecules. Oxytocin-like molecules facilitate social and reproductive
interactions in both vertebrates and invertebrates [78]. Precursors for
oxytocin and the related peptide vasopressin existed prior to the pre-
Cambrian explosion when atmospheric oxygen levels on Earth
increased, permitting a dramatic increase in multicellular organisms.
The evolution of these peptides was associated with the transition to
living on dry land, the need to regulate bodily fluids and nutrients and to
deal with exposure to elevated levels of oxygen [79]. However, oxygen
is potentially dangerous. Oxytocin’s anti-inflammatory and anti-oxidant
properties also may have helped to protect the mammalian nervous
system during exposure to atmospheric oxygen.

Oxytocin evolved from mesotocin possibly as long as 400 million
years ago [81], preceding and facilitating the origins of mammals and
lactation [82]. Many types of organisms exhibit viviparity, but milk from
a mammary gland and the genes responsible for milk production are
uniquely expressed in Mammalia, including monotremes, marsupials
and eutherian mammals [83]. Supporting a gradual evolutionary
change, monotremes, egg-laying mammals that also lactate, produce
both mesotocin and oxytocin.

Peptides structurally identified as canonical oxytocin have been
identified in jawless fish and in cartilaginous dogfish [82]. However, the
oxytocin found in fish does not appear to have been the ancestral source
of mammalian oxytocin. It is hypothesized that oxytocin in fish arose as
a function of “random genetic drift,” while “selection evolution” led to
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the independent emergence and maintenance of oxytocin in mammals
[80].

Many other biologically active molecules, including common neu-
rotransmitters and variations on the CRH molecule existed prior to the
preCambrian explosion [84]. In that context the evolution of the specific
molecule known as oxytocin is comparatively recent. Furthermore, in
comparison to the “primitive” anatomy of vasopressin-secreting neu-
rons, hypothalamic neurons producing oxytocin have very complex
branching patterns [79], forming feedback networks reaching from the
brainstem to the cortex [85].

Oxytocin’s functions also are intertangled at many levels with the
ancient immune system, helping to manage challenges across the life-
span [5,86]. For example, RAGE is a component of the immune system
that serves as a carrier molecule facilitating oxytocin’s movement across
tissues, including placental and blood brain barriers [87]. CD 38 is
another immune system molecule that regulates oxytocin. CD 38 is
located on cells throughout the immune system and was initially
described as an “immune cell marker”. It is now understood that CD 38
also is essential for the calcium-dependent release of oxytocin. Both CD
38 and RAGE also are implicated in maternal behavior and other forms
of sociality [5]. Research on these interactions supports the importance
of interactive functions of oxytocin, the immune system and positive
sociality. Although CD 38 is essential to the normal functioning of
oxytocin system, apparently CD 38 is not required by the vasopressin
system [86], suggesting another unique feature linking the oxytocin and
immune systems.

11. The effects of oxytocin and vasopressin are hierarchical and
context-dependent

In healthy individuals who have experienced high levels of early
nurture, oxytocin can have immediate benefits in response to stressors,
including allowing a return to homeostasis [33], more accurate ap-
praisals of threat versus safety and future risks [88] and prediction of
future allostatic demands [63]. However, under extreme or repeated
stress, and especially in individuals that have experienced high levels of
adversity in early life, the consequences of high levels of oxytocin are
less predictable. In part this could be because under these conditions
vasopressin receptors are triggered [74,89]. Interactions among
oxytocin and vasopressin probably help to explain what have been
called “paradoxical” effects of oxytocin [90], including negative re-
sponses to exogenous oxytocin [35].

During social encounters oxytocin potentially inhibits the defensive
and more primitive actions of vasopressin and other stress-related
pathways. Oxytocin, may reduce the perception of threat, allowing an-
imals to engage in prosocial interactions and in some cases develop se-
lective relationships. However, under conditions of adversity or trauma
across the lifespan, pathways dependent on vasopressin may dominate,
even when oxytocin is administered or otherwise abundant. For
example, during a difficult childbirth, maternal physiological systems
may default to mechanisms that are regulated by vasopressin [91]
and/or effects of oxytocin on the vasopressin receptor [69,70]. In
another example, after receiving exogenous oxytocin individuals with a
history of early life adversity or mood disorders may show negative
emotional reactions, resembling those that might be expected following
vasopressin [92,93].

In summary, oxytocin both regulates and is regulated by components
of the immune system including glia [89]. Evidence is growing for other
relationships between oxytocin and the immune system [5] as well as
the capacity to affect the anti-inflammatory actions of mitochondria
[67]. Oxytocin also has consequences for the release of gaseous trans-
mitters, such as HaS or NO, with potential protective effects throughout
the body [40]. Furthermore, oxytocin apparently mediates behavioral
and immune consequences that are attributed to the microbiota [10,11].
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12. What does it mean to be called a ‘“social neuropeptide”?

It has become common to described oxytocin as a social neuropep-
tide and hundreds of studies describe the role of oxytocin and vaso-
pressin in the neurobiology of social behavior. However, exactly what
this means needs additional consideration. States of perceived threat,
versus safety, influence the capacity for and expression of positive social
behaviors (reviewed [89]). Constructs like social behavior [94], social
recognition [95], social salience [96] and even maternal behavior [97]
are difficult to differentiate from the general tendency of mammals to
avoid danger and seek safety, especially in response to novel social
stimuli.

Awareness of emotional context and the history of each individual,
including prior experiences of safety versus threat, are particularly
critical in understanding the consequences of oxytocin and vasopressin
[98]. However, the capacity of oxytocin to influence responses to social
cues may not be readily apparent until the individual is faced with a
challenge, including for example a newborn infant. As another example,
cues of sickness can be powerful in eliciting social avoidance [99] [8].
Oxytocin can override social avoidance [100] promoting social in-
teractions even in the face of biological threat [13]. Here again,
cross-reactivity among oxytocin, vasopressin and the immune system
offers mechanisms for adaptive responses to specific social stimuli
[101].

13. Is oxytocin “the hormone of love?”

Single molecules — even ones as versatile as oxytocin - cannot explain
the intricacies of a behavioral construct like love. A host of neural sys-
tems, neurotransmitters and neuromodulators, especially catechol-
amines, indoleamines, acetylcholine, endogenous opioids, sex steroids,
molecules of the HPA axis, including CRF and corticosterone, and in-
flammatory cytokines, interact in the regulation of the oxytocin system
[102]. For example, of particular importance are GABA [103], serotonin
[104], dopamine [105], and opioids [106,107]. All of these chemicals
are more ancient than oxytocin and vasopressin [84]. However, most of
these molecules and their evolved interactions with mammalian
biochemistry have been implicated in the neurobiology of love [108], as
well as physiological reactions to threat.

Oxytocin does support physically intimate forms of sociality and
nurture and plays a critical role in infant feeding. Unique properties of
oxytocin also were involved in the evolution of the capacity to form
lasting attachments [109]. Acting on various target tissues and neuro-
endocrine pathways oxytocin helps to regulate emotional states
including those that are experienced by the human nervous system as
love. In this context, oxytocin became known as “the hormone of love”
[110].

Mammalian maternal behavior, acting through oxytocin, was origi-
nally suggested as a model for “love” [111]. However, studies of
genetically mutant mice unexpectedly revealed that maternal care
continued in the absence of oxytocin and its receptor [112]. Parental
behaviors are the product of a complex and potentially redundant
neurobiology. In a strict sense oxytocin is not “the” hormone of mother’s
love [113,114].

Young mammals are especially salient stimuli, with the potential to
attract attention and elicit care, apparently even in the absence of
oxytocin. In some contexts, young animals, including offspring, also can
serve as threats, inducing avoidance or attack. To engage in parenting,
mammals must selectively overcome cues of threat, while permitting
defense against possible dangers. For example, early research showed
that responses to infants increased in anosmic virgin female rats, sug-
gesting the olfactory cues from pups inhibited maternal-like behaviors
[115].

However, oxytocin may serve mammals as a kind of insurance policy
against over reaction to their young or other environmental stressors
[116]. For example, a postpartum surge in oxytocin helps to expel the
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placenta and could support initial bonding between the mother and
child [117]. Whether the mechanisms through which oxytocin serves to
influence approach behavior are specific to parental-young interactions,
or perhaps represent a more general reduction in reactivity to threats,
deserves additional research [118,119].

14. Is oxytocin a metaphor for love and safety?

The word “love” has many meanings and interpretations [120,121].
Love can be described as a metaphor, albeit with physical and psycho-
logical manifestations [122,123]. Of course, even repeated associations
across different levels of analysis do not prove causation. However,
within science most definitions of love involve selective behaviors and
attachments [109]. Using this limited definition, remarkable parallels
can be identified between the functions and properties of oxytocin and
love (Table 2). The features and functions of oxytocin and social at-
tachments suggest that these apparently diverse constructs have shared
roots. As described here, it can be argued that oxytocin is a component of
an embodied biological system that supports the benefits of secure
relationships.

Both oxytocin and love are linked to the health benefits of safety
including emotional and physical support [124]. Both also have adap-
tive interactions with more primitive and individualistic systems,
including processes needed to manage threat, inflammation and disease.
These more archaic mechanisms support individual survival in the
short-term, but prolonged activation of the immune system can be
dangerous for long-term health.

Oxytocin and vasopressin interact with other defensive systems,
including the autonomic and immune systems, and also regulate the
emotional states necessary for perceptions of safety [63,125]. These
coordinate the capacity of an organism to selectively exhibit behavioral
and emotional states necessary for active versus passive defense,
including the alertness and mobility needed for escape from threat,
danger or pain [126]. Peptide-mediated behavioral and autonomic
functions also can influence the capacity for the voluntary immobility
without fear, required for social interactions including maternal and
sexual behaviors [127].

Of particular importance to mammalian survival are both early
nurture and lasting and secure relationships [128] which may be facil-
itated by oxytocin [129]. Oxytocin has an essential role in lactation,
facilitates the capacity to give birth and may allow mammals to become
attached to their infants even under conditions of extreme challenge,
such as those associated with human birth and child rearing [116].
Lactating women are uniquely able to manage stressors [130]. A post-
partum surge in oxytocin helps to expel the placenta and could support
initial bonding between the mother and child [117]. The development of
offspring also is modulated by oxytocin [131], with effects that can be
protective after a surgical birth [132]. Furthermore, infants reared on
human milk receive a cocktail containing optimal nutrition, as well as
oxytocin itself and probiotic bacteria [7,11].

The oxytocin system is an intrinsic component in the capacity of
experiences, including both nurture and adversity, to manage

Table 2
Parallels between functions and properties of OXYTOCIN and LOVE.

FUNCTIONS (among many) LOVE OXYTOCIN

MODERN (evolutionarily recent)

Associated with SELECTIVE sociality & bonds
Supporting parental investment

Metaphor for SAFETY

Selectively rewarding
Anti-inflammatory/Anti-oxidant
Anxiolytic/Analgesic

Allows immobilization without fear

Sexually dimorphic

Epigenetically tuned and Context dependent

e i e
B e
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adaptations in the mammalian body. The epigenetic consequences
associated with modifying the oxytocin system can be detected across
the lifespan, but especially around the time of birth when newborns
must anticipate the demands of their future environments [7,103]. Early
life is a period when mammals are particularly sensitive to the need for
nurture and when the effects of oxytocin are most likely to create
epigenetic change [71-73].

Oxytocin and positive social experiences play a critical role in brain
development [94,133]. Early experiences also are implicated in the ca-
pacity to create lasting attachments [134]. As discussed elsewhere,
oxytocin was permissive in the evolution of the human nervous system
[2], with the resultant large neocortex necessary for consciousness,
language and even spirituality. This capacity in modern humans is
required for relationships to be experienced and expressed [135].
Furthermore, accurate appraisal of future threats [136], the relevance of
social stimuli [119], and the development of a complex brain and
autonomic nervous system demand oxytocin [2].

Both the health benefits of oxytocin and the capacity for love rely on
interactions with more ancient physiological systems, including the
immune and vasopressin systems [3,81,137]. The patterns of behavior
regulated by vasopressin also are adaptive and in the functional absence
of oxytocin the effects of vasopressin may be associated with fear,
self-defense and in some cases aggression [89]. Understanding the fac-
tors that regulate these reactions provides novel insight into the
complexity, power and possible dangers associated with love or its
absence.

Biologically-active molecules, such as oxytocin, are sometimes
treated as if they are manifestations of a well-understood chemical re-
ality. Of course, oxytocin is part of a larger physiological equation. Here
we have examined specific examples of interactions of oxytocin with
vasopressin and the immune system. These have implications for all
aspects of human health, and especially therapeutic strategies for the
prevention and treatment of diseases associated with stress, adversity,
trauma and inflammation.

15. Gaps in knowledge and a work in progress

Oxytocin and love have shared properties and functions (Table 2).
Accurately calibrating reactions in response to or in anticipation of
challenge are of particular importance to survival and eventually
reproduction [138]. A general feature of both oxytocin and love is the
capacity to modulate more primitive defense systems including threat or
fear. Many of the biological associations between oxytocin and love are
only apparent under conditions of physiological challenge. Loving and
secure relationships, in part through the dynamic actions of oxytocin,
are especially critical in the face of threat [89]. The effects of both
oxytocin and secure relationships may be most easily detected in
response to stressful and chronic experiences, including sickness [13,99]
and social isolation [8]. Oxytocin also may help to explain the benefits of
companion animals [139], including the processes that led to canid
domestication [140].

Oxytocin’s role in reducing emotional threat may be of particular
importance in understanding the consequences of social isolation or
during disrupted relationships, and especially in women [42]. Animal
research also indicates that the mechanisms through which isolation is
so devastating involve dynamic and sexually-dimorphic changes in
oxytocin [65,141,142]. Interactions between oxytocin, vasopressin and
immune systems are important to complex “paradoxical” effects of
exogenous oxytocin [89], and could help to explain why it has proven
difficult to create pharmaceuticals based on these peptides [3]. How-
ever, the nature of these interactions remains at present poorly
understood.

Discussed elsewhere is evidence for a major role of the autonomic
nervous system in mediating social connection and emotion regulation
[3,125]. The autonomic system also regulates immunity and is impli-
cated in autoimmune disorders [143]. Oxytocin and vasopressin both
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affect the complex coupling of sympathetic and parasympathetic func-
tions [63,144]. The relationship between oxytocin, vasopressin and the
autonomic nervous system deserves deep analysis.

Excess inflammation and oxidative stress have been implicated in
virtually every known physical and emotional disorder [145]. Oxytocin
functions in part through its capacity to serve as a component of
mammalian defense systems with both anti-inflammatory and
anti-oxidant effects [146] [147]. The detrimental effect of oxygen also is
managed in part by the anti-inflammatory and anti-oxidant properties of
oxytocin. This may be a clue to an ancient and reoccurring link between
oxytocin and oxygen. This link is found in responses to immune chal-
lenges and excess inflammation, including mitochondrial activity [6,
148], responses to pathogenic viruses [149], and in protection of the
fetus during live birth [103].

Broad metaphorical meanings have been attached to both the
concept of love and the functions of oxytocin. Compared to other bio-
logically active molecules oxytocin is recently evolved. Oxytocin links
individuals to others, and also supports the benefits of sociality. Survival
strategies based on connection, cooperation, the support of offspring and
perceived safety are critical to emotional and physical health [150].
There is evidence that the mechanisms for the benefits of oxytocin and
secure relationships offer potential, but at present largely untapped,
insights into disease, cellular aging and longevity [151,152].

Myths and mysteries surround love. Despite popular assumptions
that “love overcomes fear” and “love heals,” as a subject for serious
study love may be considered frivolous. We argue here that oxytocin has
broad consequences that resemble in part an embodied metaphor for
love. However, like love, the oxytocin system also has proven difficult to
identify, measure and study and the controversies associated with
oxytocin are far from resolved. The same adaptive biochemical prop-
erties that make oxytocin and love difficult to study may also help to
explain their potential as components of “Nature’s medicine” [3].

A deeper awareness of the biology of relationships is essential to
understanding what it means to be “human.” Mechanisms through
which these systems are integrated has profound implications for human
health [3]. However, interactions among the pieces of the
peptide-immune-behavioral puzzle are only now being recognized.
Embedded in the biology of love and oxytocin are secrets to the social
solutions that optimize living in a dangerous world. Put simply, without
oxytocin and love mammals may survive, but not thrive. How this occurs
remains one of life’s great mysteries.
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