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Despite the pieces of evidence, biological functions of many 
lipocalins in reproduction still remain unclear. LCN8 is 
hypothesized to bind and transfer retinoids (RA) similarly as 
LCN5 and thus might drive the development and maintenance 
of epididymal epithelium (Rankin et  al., 1992; Costa et  al., 
1997; Lareyre et  al., 2001). Based on an increased uptake of 
ferric ion by sperm mediated by LCN2, lipocalins are also 
suggested, by yet unknown mechanism, to undergo internalization 
into the sperm cell (Elangovan et al., 2004). In order to elucidate 
the role of lipocalins and cytosolic calycins in male reproduction, 
several knockout studies have been performed. Deletions of 
either of Lcn6, Lcn8, Lcn9, or Fabp9 did not cause abnormalities 
in the morphology of testis or epididymis nor in sperm 
production and fertility. However, the sperm from Lcn8−/− and 
Fabp9−/− double-knockout male mice showed abnormal head 
and tail morphology. An enhanced frequency of spontaneous 
acrosome reaction occurred in Lcn6 and Lcn8 deficient sperm 
(Selvaraj et  al., 2010; Yin et  al., 2018; Wen et  al., 2021). All 
this evidence indicates that particular lipocalins are not essential 
for sperm development and its fertilizing ability because they 
can, to some extent, supplant each other. Very likely, it might 
be due to functional compensatory mechanism originating from 

their high structural and hence also binding homology. Therefore, 
double or triple knockout studies should be  performed to 
undoubtedly elucidate this mechanism. The major significance 
of lipocalins in male reproduction thus remains in epididymal 
sperm maturation and events linked to capacitation and acrosome 
reaction occurring in the female reproductive tract.

The estrous cycle along with the oogenesis, which is linked 
to folliculogenesis are the most important fitness-related processes 
in female reproduction. In mice and other rodents, the cycle 
is generally divided into the four phases known as proestrus, 
estrus, metestrus, and diestrus. Interestingly, in some rodents 
such as the wood mice (Apodemus sylvaticus) these phases 
dynamically change as a reaction to the presence or absence 
of male mating partners (Stopka and Macdonald, 1998). Particular 
phases are characterized by the differential gene expression 
and by varying cellular types of the utero-vaginal epithelia 
(Figure 3D) reflecting the maturation of ovarian follicles (Byers 
et  al., 2012; Yip et  al., 2013; Cora et  al., 2015). In detail (see 
Figure  3D), the proestrus phase is typical with predominant 
nucleated epithelial cells, whereas estrus phase with keratinized 
epithelial cells on which bacteria feed. The metestrus is 
overpopulated with neutrophils. Hormonal imbalance or pathogen 

A B C D

FIGURE 3  |  Proteomic variation in vaginal secretions throughout the mouse estrous cycle. Estimation of protein abundances is represented as a fraction (%) of all 
proteins in vaginal lavages during proestrus (A), estrus (B), and metestrus (C). We have extracted this data from our previously published study with publically 
available data. Proxy for functions (ESP, immunity, lipocalins, secretoglobins – SCGB) is based on public gene ontology tool. Representative microphotographs of 
the vaginal cytology were taken at magnification 100× after May-Gruendewald and Giemsa staining (D).
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exposure may lead to disruption of cycling. As shown in 
Figures  3A–C using the vaginal fluid proteomic data from 
M. m. musculus, lipocalins are significantly up-regulated in 
estrus and metestrus compared to proestrus (Cerna et  al., 
2017). This stage-specific elevation was proportionally most 
obvious in sMUP9 (i.e., group of highly similar MUPs: MUP6, 
MUP9, MUP16, and MUP19) while LCN2 only mildly varied, 
Figure 3B, and was upregulated only in metestrus (Figure 3C). 
Except these, MUP20, sMUP17, LCN11, and OBP5 were 
significantly up-regulated in estrus but their proportion to total 
protein content was lower. On the contrary, retinol-binding 
protein 1 (RBP1) had the lowest abundances during estrus. 
Given their proposed ability to internalize and transport various 
ligands, highly abundant lipocalins in these stages possibly 
detoxify the mouse vaginal environment while some of these 
ligands might have become the signals by which males recognize 
female receptivity (Stopková et  al., 2009).

High abundances of LCN2 limits the bacterial growth during 
estrus by iron-chelating bacterial siderophores (Flo et al., 2004). 
Similarly to male reproduction, retinoids are essential also for 
the female genital system. Vitamin A sufficiency is important 
for the differentiation of meiotic germ cells, embryonic 
implantation and normal embryonic development. The 
significance of the uterine expression of retinoid binding proteins 
and their transcripts, e.g., for RBP1, RBP4, CRABP2 thus 
supports this view (Clagett-Dame and Knutson, 2011; Yip et al., 
2013). Additionally to the LCN2 protective roles for female 
genital-tract epithelia, this lipocalin also functions as a sperm 
capacitation-promoting factor in vitro (Watanabe et  al., 2014). 
Isolated sperm from the oviduct of Lcn2−/− knockout females 
showed a significant decrease in membrane lipid raft movement, 
which was retrieved after LCN2 addition. The association of 
LCN2 with sperm surface also enhances the progressive motility 
(Lee et  al., 2003). The interaction between mammalian 
spermatozoa with seminal fluid, and female genital tract is 
known to be  reciprocal. For instance, spermadhesins from 
ejaculate, apart from other functions, modulate the uterine 
immune responses. As lipocalins are contained in male genital 
fluid, they very likely co-participate on this direct interaction 
(Rodriguez-Martinez et al., 2010). To add, lipocalins are essential 
for various stages of reproduction both in males and females 
and similar lipocalins were detected also in avian ova (Bilkova 
et  al., 2018), thus suggesting that the roles of lipocalins are 
conserved across distant vertebrate taxa.

REGULATION OF PATHOGENS AND 
NATURAL MICROBIOTA

Lipocalins are expressed in all body parts with the complex 
microbial communities (Seo et  al., 2006; Stopka et  al., 2016; 
Cerna et al., 2017; Xiao et al., 2017) and their typical β-barrel 
structure with a central cavity for binding of various 
hydrophobic molecules (Flower, 1996) provides several strategies 
for constant sensing and controlling both pathogens and 
commensal bacteria. There is growing evidence that each 
microbiome-populated body site hosts unique bacterial 

ecosystems (Lee and Mazmanian, 2010; Matějková et al., 2020; 
Moudra et  al., 2021) and that those tissues permanently face 
the challenge of discriminating between commensal and 
pathogenic bacteria. A rapid destruction of potential pathogens 
is especially important in the sites where pathogen burden 
could have detrimental effects upon the host. Such places 
include the oral cavity representing the main route to the 
digestive tract, urogenital openings, and eyes and nostrils as 
a gate to the brain via the optic and olfactory nerves (Stopková 
et  al., 2014).

Communication between the host and its microbiome is 
facilitated by molecules secreted by bacteria. Microorganisms 
(and especially bacteria) belonging to the same species are 
able to synchronize their activities via so-called quorum sensing, 
Figure 4.4 Each quorum sensing is characterized by a signalling 
compound, usually a small molecule (QSM – quorum sensing 
molecule) which is released into the environment and recognized 
by other co-specific microorganisms (Rutherford and Bassler, 
2012). When the concentration of QSM reaches a certain 
threshold, the whole population of microorganisms synchronizes 
its biosynthetic activity. QSMs can be  inactivated by quorum 
quenching mechanism (QQ), which is usually mediated by 
specific enzymes (Uroz et  al., 2009). However, the alternative 
strategy for QQ is the scavenging and removal of QSMs provided 
by the proteins with a QSM binding capacity. Ligands associated 
with bacterial infections and those from defeated bacteria during 
regulation of microbiota are also detected with MOE and VNO 
via the microorganism-associated molecular patterns (MAMPs), 
and they are sensed in many places in the body including 
specific chemosensory neurons in the mammalian nose (Bufe 
and Zufall, 2016). They also include the formyl peptide receptor-
like proteins in VNO, which provide sensitivity to disease/
inflammation-related ligands (Riviere et al., 2009) and presumably 
they are responsible for the activation of bactericidal proteins. 
Bactericidal proteins (i.e., such as BPI proteins) were previously 
detected in the olfactory transcriptomes of the mouse  
(Ibarra-Soria et  al., 2014b) in tears (Stopkova et  al., 2017) 
and saliva (Stopka et  al., 2016).

Lipocalins have the ability to bind a broad spectrum of 
ligands, therefore it is likely that they are involved in the 
regulation of microbiota and of the function of olfactory neurons 
(Bryche et  al., 2021). For example, a recent study provided 
the evidence that bovine (bOBP) and porcine (pOBP) odorant 
binding proteins can effectively bind farnesol, which is a 
terpenoid produced by Candida albicans as QSM and which 
is able to affect transformation from the mycelial to the yeast 
state (Bianchi et  al., 2019). Moreover, both OBPs have the 
capability to almost completely remove bacterial toxin pyocyanin 
produced by Pseudomonas aeruginosa. To some extent, both 
OBPs have also the affinity to various types of N-acyl-homoserine 
lactones produced as QSMs by P. aeruginosa and some other 
microbial organisms. Despite the lower affinity of OBPs to 
Pseudomonas signalling molecules, OBPs might scavenge QSMs 
when they reach potentially dangerous concentrations that 
activate quorum sensing. Interestingly, assays testing the direct 

4�https://app.biorender.com/
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antimicrobial or antifungal activity revealed different efficiencies 
of the two OBPs. While pOBP has higher inhibitory activity 
on fungi, bOBP can better reduce the growth of various bacterial 
species (Bianchi et  al., 2019). It is the first evidence that 
vertebrate odorant binding proteins exert antimicrobial activity 
through their scavenging capacity. Furthermore, OBPs also 
shape the microbiomes by scavenging toxic molecules (i.e., 
aldehyde 4-hydroxy-2-nonenal) that are produced during 
oxidative stress (Lacazette et  al., 2000; Grolli et  al., 2006) and 
whose higher concentrations cause damage not only to epithelial 
cells but also to commensal microbiota (Macedo-Marquez et al., 
2014) which play a crucial role in keeping epithelial homeostasis 
(Koskinen et  al., 2018).

Although the members of microbial communities are often 
described as commensals, the relationship between the host 
and a particular bacterial species can simply change to other 
forms of relationship as mutualistic or parasitic depending on 
the host’s genetic background, nutritional status, or co-infection 
of the host (Belkaid and Harrison, 2017). One of the main 
aspects influencing the bacterial switch from commensal to 
pathogen is the availability of iron, which is strongly regulated 
by lipocalins (Lechner et al., 2001; Goetz et al., 2002; Fluckinger 
et  al., 2004; Julien et  al., 2019). Iron is one of the essential 
nutrients for almost all aerobic organisms. In mammals, the 

majority of iron is bound either in hemoglobin or in ferritin 
and transferrin. Therefore, the concentration of extracellular 
free iron is maintained below 10−24 M (Correnti and Strong, 
2012). This low concentration of available iron serves as a 
protection of the host against the reactivity of free iron and 
also against the potentially pathogenic bacteria that would 
thrive in an iron-rich environment. To “steal” iron from host 
proteins (i.e., ferritin, transferrin, and lactoferrin), bacteria 
synthesize and secrete low-molecular-weight (<1.0 kDa) iron 
chelators called siderophores (Nairz et  al., 2010). One of the 
most studied siderophores is enterochelin (Ent) whose affinity 
for iron allows it to effectively outcompete the majority of the 
host’s iron-binding proteins (Fischbach et  al., 2006). Typical 
lipocalin involved in iron homeostasis is LCN2 (alias 24p3, 
SIP24, siderocalin, NGAL), which is constantly present in low 
amounts in mucosa where it chelates Ent in order to inhibit 
overgrowing of Ent-producing bacteria. To prevent Ent from 
delivering iron back to the potential pathogens (e.g., to Escherichia 
coli, one of the major pathogens of gut-origin sepsis), LCN2 
chelates the Ent-iron complex and forms a structure which is 
not capable of transferring iron back to bacteria (Goetz et  al., 
2002; Johnson et  al., 2010; Wu et  al., 2010; Mori et  al., 2016). 
While LCN2-siderophore binding capacity is limited towards 
one group of siderophores – catecholate-type (Xiao et al., 2017), 

A B C D

FIGURE 4  |  A model of interactions between lipocalins and microbiota. Lipocalins protect host’s epithelial cells and also commensal microbiota by scavenging toxic 
molecules such as reactive oxygen species which originate during oxidative stress (A). Keeping microbiome homeostasis requires blocking the origin of bacterial 
monoculture. Lipocalins contribute to diversified microbiome by scavenging bacteria-produced quorum sensing signalling molecules (B). Similarly, certain bacterial 
species use siderophores to gain iron and subseuently outcompete siderophore-lacking bacteria. By binding to siderophore-iron complex, lipocalins further 
contribute to stable microbiome (C). Finally, lipocalins closely interact with other members of the immune system network (i.e., neutrophils, macrophages and 
epithelial cells) and together create a complex microbiota-surveillace system (D). The figure was created in Biorender.
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human tear lipocalin (LCN1) is capable of binding a broader 
array of siderophores, including the bacterial catecholate and 
hydroxamate-type, and all major classes of fungal siderophores 
(Fluckinger et  al., 2004). This physiological function of LCN2 
and human LCN1 is widespread in vertebrates and for example, 
in birds, four proteins highly homologous to LCN2 (CALβ, 
CALγ, Ggal-C8GC and Ex-FABP) exerted almost identical roles 
in the protection against E. coli (Garénaux et  al., 2013).

Protective function of LCN2 is documented in experiments 
with Lcn2-deficient mice, which are highly prone to bacterial 
infection and sepsis. In detail, the lack of LCN2 leads to 
significant changes in gut microbiota composition followed by 
microbiota dysbiosis with a disproportionate growth of gram-
negative bacteria (Moschen et  al., 2016; Singh et  al., 2016, 
2020). Reducing effects on bacteria were observed in a study 
focused on in vitro growth of Aeromonas hydrophila and E. 
coli in the presence of fish LCN2 (ortholog – 3nLcn2; Zhou 
et  al., 2020). Similarly to in vitro experiments, there were 
lower bacterial loads in tissues of 3nLcn2-administered fish 
infected by A. hydrophila (Zhou et  al., 2020). Homeostatic 
relationships with microbiota can be kept only when the contact 
between bacteria and the host’s epithelial cells surface is 
minimized. This segregation of microbiomes from the host’s 
cells is accomplished by combined action of epithelial cells, 
mucus and the involvement of both innate and adaptive immune 
systems (Shi et  al., 2017). The observation that Lcn2-deficient 
animals are also susceptible to the siderophore-independent 
pathogens suggests that LCN2 protects the microbiome-host 
barrier not only as a siderophore scavenger but also plays an 
important role in a broader immune system network.

CONCLUSION

From the evolutionary point of view, lipocalins represent a 
fascinating protein family because, in vertebrates, many of their 
members underwent rapid evolution and neo-functionalization 
during or after the transition from water to land and this is 
well documented in rodents. At the same time, there is a 
group of lipocalins and other calycins that seem to be essential 
for life, because they are stereotypically expressed in almost 
all vertebrates and play important roles in spermatogenesis 

and embryonic development (FABP, RBP), regulation of oxidative 
stress (AMBP), and antimicrobial defence (e.g., LCN2). The 
transition from water to land was the major driving force that 
has driven the reorganization of sensory systems of detection 
(nose, eyes) of fitness-related cues such as food, predators and 
other individuals of the same species and particular sex. Mice 
are primarily dependent on olfactory cues. They use MUPs 
to protect and transport volatile pheromones that trigger many 
physiological, behavioural and reproductive responses via the 
vomeronasal and major olfactory systems. Various tissues in 
the oro-facial region, including lymphoid tissues, epithelia and 
lacrimal glands produce excessive amounts of OBPs which 
have different binding properties than MUPs (e.g., lower 
hydrophobicity) and thus they represent the major system of 
chelators of signals that are different from those presented by 
MUPs. In VNO these chelators include specific lipocalins LCN3, 
LCN4, LCN13, and LCN14, while MOE is overpopulated by 
OBPs. Interestingly, many lipocalins have similar barrels across 
the vertebrate taxa and thus they may have overlapping roles 
in tissue detoxification and in the regulation of bacterial growth. 
To conclude, for their capacity to bind various lipophilic and 
other organic molecules, lipocalins are essential for life, and 
this is documented by parallel evolution of their functions 
across animal taxa that inhabited the terrestrial ecosystems.
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β-Lactoglobulin and Glycodelin: Two
Sides of the Same Coin?
Lindsay Sawyer*

School of Biological Sciences, IQB3, The University of Edinburgh, Edinburgh, United Kingdom

The two lipocalins, β-lactoglobulin (βLg) and glycodelin (Gd), are possibly the most
closely related members of the large and widely distributed lipocalin family, yet their
functions appear to be substantially different. Indeed, the function of β-lactoglobulin, a
major component of ruminant milk, is still unclear although neonatal nutrition is clearly
important. On the other hand, glycodelin has several specific functions in reproduction
conferred through distinct, tissue specific glycosylation of the polypeptide backbone. It
is also associated with some cancer outcomes. The glycodelin gene, PAEP, reflecting
one of its names, progestagen-associated endometrial protein, is expressed in many
though not all primates, but the name has now also been adopted for the β-lactoglobulin
gene (HGNC, www.genenames.org). After a general overview of the two proteins in the
context of the lipocalin family, this review considers the properties of each in the light
of their physiological functional significance, supplementing earlier reviews to include
studies from the past decade. While the biological function of glycodelin is reasonably
well defined, that of β-lactoglobulin remains elusive.
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INTRODUCTION

When β-lactoglobulin (βLg) was first isolated by Palmer, 1934 there can be little doubt that nobody
realized that the protein would remain something of a puzzle 85 years later. βLg, a significant
component of cow’s milk, is a member of the ancient and widespread protein family that came to
be named the lipocalins (Pervaiz and Brew, 1985). The protein is abundant and easily prepared so
that it has served as a convenient test-bed for essentially every molecular technique from absorption
spectroscopy (Townend et al., 1960) to X-ray crystallography (Crowfoot and Riley, 1938) and zeta-
potential measurement (Chen and Dickinson, 1995) and pretty much everything else in between.
Its ready availability has also led to redox (Conway et al., 2013; Corrochano et al., 2018), enzymic
(Li et al., 1990; Gowda et al., 2017, 2018) and co-factor (Pérez et al., 1992) properties being ascribed
though that is hardly surprising. What is not always clear, is whether any of these observations have
any direct relevance to the physiological function.

The report by Futterman and Heller (1972) that βLg bound retinol was almost certainly
unexpected as the focus of the paper was retinol binding to retinol-binding protein (RBP) and
a convenient “blank” was required. The correct sequence of βLg was published the same year
(Braunitzer et al., 1972), and the sequence similarity between βLg and α2u-microglobulin was
noted by Unterman et al., 1981. However, it was not until the publication of the sequence (Rask
et al., 1979) and structure (Newcomer et al., 1984) of retinol-binding protein that it became clear
there was a close structural relationship (Godovac-Zimmermann et al., 1985; Sawyer et al., 1985).
Since then all biological kingdoms have been found to contain family members, the lipocalins

Frontiers in Physiology | www.frontiersin.org 1 May 2021 | Volume 12 | Article 678080155

https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/journals/physiology#editorial-board
https://www.frontiersin.org/journals/physiology#editorial-board
https://doi.org/10.3389/fphys.2021.678080
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fphys.2021.678080
http://crossmark.crossref.org/dialog/?doi=10.3389/fphys.2021.678080&domain=pdf&date_stamp=2021-05-20
https://www.frontiersin.org/articles/10.3389/fphys.2021.678080/full
http://www.genenames.org
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles


fphys-12-678080 May 13, 2021 Time: 15:56 # 2

Sawyer β-Lactoglobulin and Glycodelin

(Pervaiz and Brew, 1985), the functions of the majority being
associated with communication in its broadest sense: transport
(serum retinol binding protein), camouflage (insecticyanin and
crustacyanin), stress response (apolipoprotein D and α1-acid
glycoprotein), marking (mouse urinary protein and darcin),
and some have enzymic activity (prostaglandin-D synthase,
reductase, and plant epoxidase) (Flower, 1996; Åkerström et al.,
2006). To date there are some 1,500 entries under “lipocalin”
in the Protein Data Bank (Berman et al., 2003) and more than
46,000 in the UniProtKB database (The UniProt Consortium,
2019). However, this review will concentrate on a tiny subset
of the family, βLg and glycodelin (Gd, PAEP) described by
Gutierrez et al. (2000) and Sanchez et al. (2006) as Clade IV of
a general lipocalin classification, paying particular attention to
their physiological function (Pérez and Calvo, 1995).

Throughout the 1980s as comparison techniques became
more robust, 3-dimensional molecular structures began to be
used to infer homology as a complement to sequence-based
techniques (Figure 1). This was particularly important when
the pairwise identity of sequences dropped below 25–30%
(Rost, 1999). βLg/RBP and βLg/α2u-microglobulin sequence
comparisons (pairwise sequence identity of approximately 25%)
highlighted their potential evolutionary relationships (Pervaiz
and Brew, 1985). Other proteins, however, show even lower
pairwise sequence identities and yet their membership of the
same homology family became apparent when the folds revealed
by the tertiary structure were found to be similar. The lipocalin
fold is an 8-stranded up-down β-barrel open at one end forming
what has come to be known as the calyx, with a 3-turn α-helix
packing on the outer surface and usually a ninth β-strand located
under the helix also on the barrel surface. As more members of
the family emerged, three structurally conserved regions (SCR,
Figure 1) were identified that served as signatures (formally,
synapomorphies) and which are present in the vast majority of
lipocalins: almost all possess SCR1 and SCR3, and many also
contain SCR2. Intriguingly, all three of the SCRs are found on the
solvent side of the foot of the calyx, implying some similarity of
function (North, 1989). In addition, in many lipocalins including,
Gd and βLg, there are conserved, intramolecular disulphide
bridges. Now that DNA sequencing of whole genomes can be
readily achieved, it is found that within the lipocalin family the
intron/exon boundaries are also well conserved despite poor
sequence identity (Salier, 2000; Sanchez et al., 2006).

Because members of the lipocalin family are found in all
kingdoms, the ancestral lipocalin must have appeared long before
the amniotes emerged around 250 million years ago (Mya) and
it appears likely that there was already a form of animal skin
secretion which was to develop into what is now referred to
as lactation (Oftedal, 2002, 2013; Newman et al., 2018; Sharp
et al., 2020). These skin secretions could provide sustenance
and protection from infection for offspring and this process is
still found in the egg-laying monotremes, animals whose young
are produced in an immature form and require both feeding
and protection. As the offspring matures, the composition
of the secretion changes (Tyndale-Biscoe and Janssens, 1988;
Lefèvre et al., 2010; Kuruppath et al., 2012; Sharp et al., 2020).
The development of secretory cells associated with a specific

organ, the teat, appears to have occurred around 165 Mya
subsequently followed by the development of the true placenta
and the emergence around 148 Mya of the eutheria or placentalia
(Oftedal, 2002, 2013; Lefèvre et al., 2010). Many of the proteins
that are present in the milk of today’s placental species were
present 160 Mya (Oftedal, 2013; Vilotte et al., 2013). The origin
of βLg therefore must have been at least 160 Mya based on
the secretions provided by the ancestral monotremes for their
offspring (Oftedal, 2000; Joss et al., 2009; Lemay et al., 2009;
Skibiel et al., 2013; Sharp et al., 2020). Gd, the other protein in
Clade IV (Salier, 2000; Sanchez et al., 2006) is more recent as
has been pointed out by Oftedal (2013). Figure 2 shows a simple
representation of the closer relationship of the lactoglobulins and
the glycodelins than of the rest of the lipocalins, represented
by RBP. It is the lineage leading to the placentalia upon which
this review focuses.

Speculation that Gd might be the precursor of βLg (Kontopidis
et al., 2004; Cavaggioni et al., 2006; Sawyer, 2013) is wrong, a
mumpsimus, for several reasons. Lactation preceded placentation
and, as βLg is found in monotremes as well as marsupials and
eutheria, it was well-established before the emergence, no longer
than 60 Mya, of the endometrial protein Gd (Oftedal, 2002;
Lefèvre et al., 2010; Schiefner et al., 2015). Gd is glycosylated
(Julkunen et al., 1988; Dell et al., 1995) and most, if not all, of
its distinct functions depend upon this glycosylation (Halttunen
et al., 2000; Seppälä et al., 2007; Lee et al., 2016) so that it is
improbable that a post-translationally modified form could have
arisen before the polypeptide itself! Further, Gd has no (Koistinen
et al., 1999) or at least a significantly lower (Breustedt et al., 2006;
Schiefner et al., 2015) affinity for hydrophobic ligands. Mutations
Asp28Asn and Glu65Ser in βLg which form the glycosylation sites
in Gd could have occurred earlier but there is little evidence,
although glycosylation of βLg has been reported. There appears
to have been a rare genetic mutation discovered only in the
individual analysis of a large number of Droughtmaster animals
(Bell et al., 1970, 1981) or possibly more commonly, in the milk
of the domestic pig, Sus scrofa (Hall, 2010). However, in this
latter case the glycosylation is O-linked through Thr4, unlike
the N-linking in Gd (Dell et al., 1995), and in βLg-Dr (Bell
et al., 1981). Another vertebrate lipocalin, lipocalin-2 (LCN2) or
neutrophil gelatinase-associated lipocalin is N-glycosylated but at
a site on the C strand, distinct from those in Gd (Holmes et al.,
2005; Bandaranayake et al., 2011).

Lactation, a characteristic of mammals, produces a fluid
rich in protein, fat and sugars, the exact proportions of which
vary considerably across species and through lactation (see for
example Table 1 and Jenness and Sloan, 1970; Martin et al.,
2013; Powers and Shulkin, 2016; Goulding et al., 2020). βLg is
widely but not universally distributed – it is absent from the
milk of rodents and lagomorphs (glires), camels, and humans
although a pseudogene, PAEPP1 (Hunt et al., 2018), is present
but not expressed, close to PAEP on human chromosome 9. Some
species, for example horses and cats, express paralogs and cows
and goats have a pseudogene, related to one of these paralogs
(Passey and Mackinlay, 1995; Folch et al., 1996). Most work
on Gd has been on primates, especially humans and Schiefner
et al. (2015) report its presence only in the old and new world
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FIGURE 1 | (A) Alignment of the protein sequence of cow β-lactoglobulin B variant (LG-B) with that of human glycodelin (PAEP, Gd) showing the structurally
conserved regions (SCR) in the lipocalin family boxed in pale green. Every 10th amino acid is colored blue and the secondary structural elements shown as cylinders
for helices and arrows for β-strands, labeled as they are in the crystal structure. Uncolored structural elements appear in only one structure both structures and
disulphide bridges are shown as yellow arrows with the partner residue number. Glycosylation sites in Gd are marked with red triangles, that at 85 being unused,
while the ligand-gating Glu89 in βLg is shown as a blue triangle. The residues lining the central calyx are marked above/below with black dots, from which it will be
seen that the cavity in Gd is very much smaller than that in βLg (Schiefner et al., 2015). (B) A cartoon showing the remarkable similarity of monomers of βLg (PDB:
1gxa, blue-gray) and Gd (PDB: 4r0b, olive). The βLg structure has a molecule of palmitate bound within the central calyx (carbon atoms in green, oxygen in red). The
β-strands are labeled as in (A). The helix is at the rear and the structurally conserved regions (SCR1-3) are indicated by residues Trp19, Asp98 and Arg124 in blue, all
on the outer surface at the foot of the calyx. Glu89 in βLg which is on the EF-loop in the open position is close to the unglycosylated Asn85 in Gd shown in pink. The
other residues in pink, Asn63 and Glu28, show the positions of the glycosylation present in native Gd. The mutation Asn28Glu was necessary to improve the
solubility of the cloned Gd used in the X-ray analysis. Dimerization involves the I-strand in both proteins but there is significantly greater interaction in Gd (1170 Å2

buried surface area) compared to βLg (530 Å2) despite the remarkable overall similarity (the rmsd of the 160 Cα atoms is about 0.65Å). The carbon chain of palmitate
is green. Figure drawn by CCP4mg (McNicholas et al., 2011).

monkeys and the hominids. However, there are isolated reports
of its occurrence elsewhere. For example, in a proteomic study
of dairy herd fertility (Koh et al., 2018), the plasma exosomes of
heifers of low fertility contain the sequence of Uniprot G5E5H7
reported to be that of the gene PAEP, Gd. It is in fact the
sequence of βLg-B. In situ hybridization on rat genital tract
and PCR followed by sequencing has identified 100 bases of
mRNA sharing “100% homology” with human glycodelin (Keil
et al., 1999) and polyclonal antibodies to human Gd cross-react
with rat reproductive and lung tissues (Kunert-Keil et al., 2005,
2009; Erdil et al., 2020). While false positive results arising in
antibody cross reactivity experiments are not uncommon, the
apparent presence of Gd in the rat by mRNA hybridization (Keil
et al., 1999) remains something of a mystery. Putative PAEP
pseudogenes have been identified in the genomes of tarsier, rat,
rabbit and dolphin (Moros-Nicolás et al., 2018). Rodents and
lagomorphs do not express βLg, though dolphin (Pervaiz and
Brew, 1986) and tarsier (Schiefner et al., 2015) do. Lemay et al.
(2009) report that there has been a loss of a section of DNA
coding for amongst others, βLg, in glires since they were unable
to find it and an evolutionary break point exists in the same
region between the rodent and human genomes (Murphy et al.,
2005). This reasoning would explain the absence of the milk
protein in glires.

Since PAEP is now also used to describe the βLg gene, rather
than LGB or BLG (e.g., Elsik et al., 2016; Hunt et al., 2018; HGNC,
2020), it has become difficult to be certain as to which protein is
present without protein analysis. Schiefner et al. (2015) use the
presence of the glycosylation sites at 28 and 63 to distinguish

Gd from βLg which is a convenient method though it does
not necessarily confirm expression. The reports by Azuma and
Yamauchi (1991) and Kunz and Lönnerdal (1994) of a βLg-
like protein with an Mr > 20,000 from the milk of the Rhesus
monkey, Macaca mulatta, predate the comparative proteomic
analysis of Beck et al. (2015) which describes this protein as Gd.
However, the short N-terminal sequence (Azuma and Yamauchi,
1991) matches that of βLg in Schiefner et al. (2015), described
in the UniProt database as, inter alia, ‘Lipocln_cytosolic_FA-
bd_dom domain-containing protein’ and the two functional
glycosylation sites are absent.

In summary, the ancestral βLg appeared sufficiently long ago
(>250 Mya) for its presence to be detectable now in almost
all mammals. Its loss from the glires (rodents and lagomorphs)
occurred when they and primates diverged about 80 Mya and
a similar event may explain its absence in the Camelidae
which diverged from the other artiodactyls (even-toed, hoofed
mammals) about 40 Mya (Price et al., 2005; Wu et al., 2014).
Although there appear to be exceptions as noted above, Gd
appears to be restricted to primates which started diverging 60–70
Mya (Dawkins, 2004; Schiefner et al., 2015).

Having now put the occurrence of βLg and Gd in context, it
is the purpose of this article to review their properties relevant to
their physiological functions.

β-LACTOGLOBULIN

β-lactoglobulin is a major component of bovine whey with
properties that affect processing in the food industry. The
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FIGURE 2 | A cladogram showing the relative amino acid sequence relationship of a selection of β-lactoglobulin (βLg), glycodelin (Gd) and retinol-binding protein
(RBP) sequences, RBP being included as an outgroup to the βLgs and Gds. The inset shows the relationship between domesticated ruminant β-lactoglobulins. Note
the difference in the branch-length scales. The amino acid sequences were aligned by CLUSTAL-� (Sievers et al., 2011) using its default parameters, and the
cladogram was produced by the program PHYLOGENY.fr (Dereeper et al., 2008). The sequences used were UniProtKB (The UniProt Consortium, 2019) unless
otherwise mentioned. Lactoglobulins: Platypus (F6SX48), Wallaby (Q29614), Possum (Q29146), Orangutan (NCBI: XP_002820419), Macaque (NCBI:
XP_005580520), Baboon (O77511), Pig (P04119), Cow B variant (P02754), Beluga (NCBI: XP_022433973.1), Dolphin (A0A6J3RLE3), Cat I (P33687), Donkey I
(P13613), Donkey II (P19647), Cat II (P21664), Cat_III (P33688), Fur Seal (A0A3Q7NUB2-1), Reindeer (Q00P86), Yak (L8J1Z0), Bison (NCBI: XP_010855058), Sheep
B (P02757), Water buffalo (P02755), and Goat (P02756). Glycodelins: Gd_Human (P09466), Gd_Orangutan (NCBI: XP_00377753), Gd_Macaque (Q5BM07),
Pseudogenes: Cow βLg pseudogene (Genbank: Z36937), Goat βLg pseudogene (Genbank: Z47079), Human βLg pseudogene (Ensembl:
hg38_dna.[2298:6285].sp.tr), Retinol Binding Proteins: Toad RBP (P06172), Human RBP (P02753), and Chicken RBP (P41263).

extensive literature describing its behavior under these non-
physiological conditions can be accessed through Boland and
Singh (2020) and references therein. There have also been

thorough reviews of βLg over the years, beginning with Tilley
(1960), covering the properties and structure of βLg, sometimes
alone but also as part of wider reviews on milk proteins, all of
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TABLE 1 | Milk composition for a range of animals1.

Source Fat %2 Protein %2 Whey %2 βLg2 mg/ml PAEP3 References

Bos taurus Cow 3.7 3.6 0.6 3.0 ?

Capra hircus Goat 4.5 2.9 0.4 1.4

Ovis aries Sheep 7.4 5.5 0.9 2.8

Cervus elaphus L. Red deer 19.7 10.6 2.9

Sus scrofa domesticus Pig 6.8 4.8 2.0 0.62

Canis familiaris Dog 12.9 7.9 2.1 10.1

Felis catus Cat 4.8 7.0 3.3

Equus caballus Horse 1.9 2.5 1.3 2.6 Wodas et al. (2020)

Tursiops truncatus Dolphin 33.0 6.8 2.9 16.2

Callorhinus ursinus Fur seal 53.2 9.6 4.9 254 Ashworth et al. (1966); Sharp et al. (2020)

Macropus rufus Red kangaroo 3.4 4.6 2.3

Macropus eugenii Tammar wallaby 3.6 2.6 6.75 Green and Renfree (1982), Lefèvre et al. (2007)

Didelphis marsupialis Opossum 7.0 4.8 2.0

Tachyglossus aculeatus Echidna 9.6 12.5 5.2 156

Papio cynocephalus Yellow baboon 5.0 1.6 0.5 Yes Buss (1978)

Macaca mulatta Rhesus monkey 4.0 1.6 0.5 2.8 Yes Kunz and Lönnerdal (1994)

Homo sapiens Human 3.8 1.0 0.6 ∼07 Yes

Mus musculus Mouse 13.1 9.0 2.0 0.0

Rattus norvegicus Rat 10.3 8.4 2.0 0.0 ?

Oryctolagus cuniculus Rabbit 12.9 12.3 3.7 0.0 Maertens et al. (2006)

1These data are mostly taken from Jenness and Sloan (1970) in which protein, in most cases, is listed as casein and whey protein. Here “protein” is given as the sum of
the two. Figures are indicative as amounts vary within species and throughout lactation. βLg values are mostly from Sawyer (2003) and references therein.
2Protein is expressed as a percentage with no distinction made between g/100 g or g/100 mL, the specific gravity of milk being close to 1 g/mL.
3PAEP refers to whether the presence of glycodelin has been verified. A question mark means that it has been reported. A blank means there is no information.
4The βLg concentration is calculated based upon the percentage of nitrogen, relative to the total nitrogen in Ashworth et al. (1966).
5Estimated from the total protein and the relative abundance of expressed sequence tags.
6Estimated from the relative abundance of the expressed sequence tags and the crude skim milk protein concentration.
7An unexpressed coding sequence for human βLg has been identified (PAEPP1) but reports of its presence in milk are based upon immunological cross reactivity and it
is known that lactoferrin can cross-react and ingested cow’s milk peptides have been found in human milk.

which rather mirror the state of protein chemistry at the time.
Sawyer (2003, 2013) and Edwards and Jameson (2020) are three
of the more recent.

Early work on the nature of βLg showed that it contained
a good distribution of essential, or indispensable, amino acids
(see for example, Forsum and Hambraeus, 1974; Smithers, 2008)
in consequence of which it has a clear nutritional role. This is
hardly surprising as colostrum and milk are the sole food source
in the first few days for the newborn (Levieux and Ollier, 1999;
Levieux et al., 2002; Hambræus and Lönnerdal, 2003) and it
seems reasonable to assume that the composition is optimized for
each species (e.g., Beck et al., 2015). This nutritional role includes
its being a ready source of bioactive peptides (Pihlanto-Leppala,
2000; Korhonen and Pihlanto, 2006; Hernández-Ledesma et al.,
2008; Nielsen et al., 2017) that appear to be important in neonate
development (Park and Nam, 2015; Dave et al., 2016). However,
most of the recent nutritional studies discuss milk proteins in the
context of human nutrition (e.g., Sánchez and Vázquez, 2017)
and studies on milk derived bioactive peptides with reference
to human well-being (e.g., Marcone et al., 2017). Bioactive
peptides with antibacterial (Pellegrini et al., 2001; Pellegrini, 2003;
Chaneton et al., 2011; Sedaghati et al., 2015), opioid (Chiba
and Yoshikawa, 1986; Pihlanto-Leppala, 2000; Teschemacher,
2003) and antihypertensive (Dave et al., 2016) activities may well
have such effects in the neonate animal for which they have

evolved but do not appear to have been reported specifically,
despite the growing interest in their use in animal nutrition (Hou
et al., 2017). Similarly, while studies of satiety are of considerable
interest in maintaining well-being (Kondrashina et al., 2020),
studying such a topic in neonate animals is less straightforward
although there are studies on peptide production from whey and
βLg in pigs (Barbé et al., 2014), rats (Hernández-Ledesma et al.,
2007) and, of course, humans (Boutrou et al., 2015).

On the above theme, are there correlations between βLg and
production traits that are beneficial for the calf? As livestock are
valuable, farmers presumably select for traits that enhance their
profit (more milk; better meat; and healthier offspring). A healthy
immune system and gut microbiome are obvious consequences of
satisfactory colostrum and milk ingestion but so too are normal
behavioral characteristics as has been examined in for example,
cows (Krohn et al., 1999) or piglets (Prunier et al., 2020). The
recent reports of the generation of animals in which the βLg
gene has been switched off or knocked out (Lamas-Toranzo et al.,
2017; Sun et al., 2018; Yuan et al., 2020), should provide clues to
any possible function in the neonate other than nutrition.

Transfer of immunity from mother to offspring is species
dependent (Larson, 1992; Langer, 2009; Pentsuk and van der
Laan, 2009; Hurley and Theil, 2011; Butler et al., 2015). In
some species, like human and rabbit, mothers pass significant
amounts of immunoglobulin, mostly IgG, in utero before birth
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and the colostral antibody is mostly IgA. It has been shown
that vaccinating pregnant women against tetanus, influenza and
whooping cough (Lindsey et al., 2013) is generally beneficial for
the infant but such immunization may interfere with the infant’s
own immune response (Bergin et al., 2018; Orije et al., 2020).
Other animals like horse, pig and cow transfer mostly IgG in
the colostrum after birth and there is a final group that includes
dog, cat and rodents that transfer immunoglobulins both in utero
and via the colostrum (Larson, 1992). The neonate intestine in
those species where transfer occurs after birth, is permeable to
immunoglobulins for periods of a day to a few weeks (Staley and
Bush, 1985; Sangild et al., 1999) to facilitate this uptake. βLg is
resistant to low pH and to pepsin so that it is able to pass through
the stomach more or less intact (Miranda and Pelissier, 1983; Guo
et al., 1995; Almaas et al., 2006; Rahaman et al., 2017). In the
intestinal tract, the pH rises and the protein becomes less stable
and susceptible to enzymic hydrolysis (Guo et al., 1995). That βLg
might in some way be related to antibody transfer was suggested
by Jenness (1979) though without much conviction. There is
little on the topic until Fleming et al. (2016) found a positive
correlation between levels of IgG and βLg in herds of cows
being classified as low, medium or high immune responders but
more convincingly, Crowther et al. (2020) have shown that βLg
associates fairly specifically with the immunoglobulin fraction of
both cow and goat milk, their thesis being that such an association
would protect the immunoglobulins during their passage through
the stomach. However, this novel finding needs to be investigated
further by identifying the exact nature of the interaction in
ruminant and in other species. Such an interaction might be
expected to be with the constant rather than the variable regions
of the immunoglobulins. In this regard, the only structure of a
βLg complex with the Fab fragment of a monoclonal IgE molecule
raised against the milk protein is not relevant (Niemi et al., 2007).

Conversely, there is a large body of evidence that milk allergy,
especially in infants, arises from the presence of βLg (Tsabouri
et al., 2014; Linhart et al., 2019). Indeed, βLg is also known
as Bos d5 allergen (Breiteneder and Chapman, 2014; Pomés
et al., 2018), one of 12 cow allergens of which, Bos d2, is
another lipocalin (Rouvinen et al., 1999). A recent report on
βLg’s ability to promote proliferation of mouse hybridoma cells
thereby enhancing an immune response (Tai et al., 2016), has
not been shown in bovine cells but might be indicative of such
a function in the immature calf intestine. Repeating such a study
in a bovine mammary epithelial cell line (e.g., Huynh et al., 1991;
German and Barash, 2002; Janjanam et al., 2013) would support
this suggestion but the production of animals whose milk is
without βLg (Lamas-Toranzo et al., 2017; Sun et al., 2018; Yuan
et al., 2020) might better reflect the basis of their immunological
well-being. Studies on the various epitopes identified on bovine
βLg involve the use of antibodies raised in other species and
consequently do not necessarily identify sites that are important
in neonatal physiology (Williams et al., 1998; Clement et al., 2002;
Cong and Li, 2012).

Although Davis and Dubos (1947) noted that βLg bound
about half as much oleic acid as serum albumin, it was Groves
et al. (1951) who showed that 2 mol/mol of sodium dodecyl
sulfate not only bound but had a stabilizing effect on thermal

denaturation. Since then, a large number of ligands for βLg has
been identified and that number is still increasing (Sawyer, 2003;
Tromelin and Guichard, 2006; Cherrier et al., 2013; Le Maux
et al., 2014; Loch et al., 2015, 2018). To date, the only definitive
ligand binding site is within the central calyx despite there being
several experimental studies indicating that alternative sites may
exist (Frapin et al., 1993; Dufour et al., 1994; Lange et al., 1998;
Narayan and Berliner, 1998; Lübke et al., 2002; Yang et al., 2008,
2009; Edwards and Jameson, 2020). The crystal structures of
many have been described (Qin et al., 1998; Wu et al., 1999;
Kontopidis et al., 2002, 2004; Yang et al., 2008; Loch et al., 2012,
2013a,b, 2014; Rovoli et al., 2018) and some important NMR
work has added to the description of the ligand binding site
(Collini et al., 2003; Ragona et al., 2003, 2006; Konuma et al.,
2007), in particular its pH dependence (Ragona et al., 2003).
What is clear, however, is that the majority of molecules that
bind are hydrophobic, or at least have significant hydrophobic
moieties (Sawyer, 2013). This together with the similarity to other
lipocalin transporters, most notably retinol-binding protein, has
led to the speculation that βLg’s function is as a transporter (e.g.,
Sawyer, 2013; Edwards and Jameson, 2020). Further weight is
given to this idea by the identification of specific βLg uptake in
part of the intestine of the neonate calf (Papiz et al., 1986), a
process lost in more mature intestine. There is evidence, however,
that not every species has a βLg that can bind a ligand (Pérez
et al., 1993). What might be the natural ligand? Fatty acids
seem unlikely as they are more efficiently carried in fat globules.
Vitamins A and D have been shown to bind and the amounts
required are more in keeping with the 125 µM βLg present in
cow’s milk but here too, hydrophobic vitamins are more likely
found in the fat phase. Analysis of the ligands bound to βLg in
milk showed only fatty acids (Pérez et al., 1989).

If transport is a function, then delivery implies some form of
release mechanism as with RBP, or a receptor. Retinol is delivered
by RBP/transthyretin to a surface receptor which internalizes the
ligand only (Kawaguchi et al., 2007; Redondo et al., 2008). Papiz
et al. (1986) reported the presence of specific βLg receptors in
the neonate calf intestine, prompting speculation of the possible
specific uptake of sparingly soluble ligands while Said et al. (1989)
reported the βLg-enhanced uptake of retinol by suckling rats.
Alternatively, the carrier plus cargo may be endocytosed. Reports
of possible βLg receptors in rabbit ileum cells (Marcon-Genty
et al., 1989), bovine germ cells (Mansouri et al., 1997), a CaCo-
2 cell monolayer (Puyol et al., 1995) and a mouse hybridoma
cell line (Palupi et al., 2000) have been followed by a description
of the specific cellular uptake of βLg by the lipocalin-interacting
membrane receptor (LIMR, Fluckinger et al., 2008). Although the
LIMR used was human, there is a bovine receptor whose sequence
is 59% identical (NCBI Reference Sequence: NP_001069254.2;
Zimin et al., 2009). A more recent study of the human receptor,
however, finds LIMR to be specific for human lipocalin-1 and
nothing else (Hesselink and Findlay, 2013). There are receptors
in the bovine intestine for various bioactive peptides generated
by hydrolysis, but a specific receptor for βLg does not appear to
have been reported since Papiz et al. (1986).

The pH dependent behavior of βLg was noted as early
as by Pedersen, 1936 but it was the work of Tanford and
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coworkers which identified an anomalous carboxylate, known
now to be Glu89, that was revealed by a conformational change
at about pH 7, the “Tanford transition” (Tanford et al., 1959;
Tanford and Taggart, 1961). Crystallographic (Qin et al., 1998;
Vijayalakshmi et al., 2008; Labra-Núñez et al., 2021) and NMR
(Uhrinova et al., 2000; Sakurai and Goto, 2006; Sakurai et al.,
2009) structural work identified the conformational change as
being the EF loop moving away from the entrance to the calyx
thereby facilitating ligand binding (Figure 1B; Ragona et al.,
2003; Konuma et al., 2007). The cow protein now has complete
3-dimensional structural data from pH 2 to 8 (Khan et al., 2018;
Yeates and McPherson, 2019). Interestingly, the transition is
shifted to significantly higher pH in porcine βLg (Ugolini et al.,
2001) while the EF loop is also mobile in the protein structures
available for sheep (Kontopidis et al., 2014; Loch et al., 2014),
goat (Crowther et al., 2014; Loch et al., 2015), reindeer (Oksanen
et al., 2006) and pig (Hoedemaeker et al., 2002). As Glu 89 is
very well conserved among the βLg homologues, it may be that
there is functional significance in this observed gating (Qin et al.,
1998; Ragona et al., 2003; Konuma et al., 2007; Loch et al., 2019),
mimicked by simulation (Bello and García-Hernández, 2014;
Bello, 2020; Fenner et al., 2020; Labra-Núñez et al., 2021), once
again being consistent with a transport function (e.g., Sawyer,
2013; Edwards and Jameson, 2020).

The ruminant βLgs are dimers at around neutral pH but
become monomeric at low pH (Timasheff and Townend, 1961;
Zimmerman et al., 1970; Joss and Ralston, 1996; Mercadante
et al., 2012; Khan et al., 2018). The dimer interface involves
the antiparallel arrangement of β-strand I as well as other
interactions and crystal structures reported over a wide range
of pH show that the interface is flexible (Vijayalakshmi et al.,
2008; Crowther et al., 2016). Porcine βLg on the other hand is
dimeric at low pH and monomeric around neutrality (Ugolini
et al., 2001) with a completely different, domain-swapping
dimerization (Hoedemaeker et al., 2002). The final species for
which there is some structural information is equine βLg which
is monomeric over a wide pH range (Kobayashi et al., 2000).
A chimeric version, Gyuba βLg, with cow core and equine loops
dimerises like the ruminant proteins (Ohtomo et al., 2011).
When the horse I strand and AB loop were replaced by the cow
amino acids, no dimer formed (Kobayashi et al., 2002). While
the calyx opening is away from the dimer interface, structural
and modeling studies of the ligand binding behavior show some
dependency upon the quaternary structure (Bello et al., 2011,
2012; Domínguez-Ramírez et al., 2013; Gutiérrez-Magdaleno
et al., 2013; Labra-Núñez et al., 2021). However, it is not clear
whether the quaternary structure is important for any functional
property of βLg, as it is for Gd.

Finally, is there evidence of the involvement of βLg in the
mammary gland before or during lactation? Reinhardt and
Lippolis (2006) showed that βLg was not present in the milk-
fat globule membrane (MFGM) while Bianchi et al. (2009)
showed its presence in milk-fat globules. A subsequent study of
the MFGM proteins in engineered and cloned animals found
no greater changes in expression levels of βLg between the
engineered animals expressing human proteins than between the
cloned control and normally bred animals (Sui et al., 2014).

These studies, however, have little bearing on whether βLg is
providing any specific function in the mammary gland. Both
Ca2+ and Zn2+ bind to βLg and both ions are important
mediators of metabolic function. Farrell and Thompson (1990)
suggested such a role for calcium ions but the idea does not
appear to have been revisited. The dissociation constant for
Ca2+ is around 5 mM (Jeyarajah and Allen, 1994) which is
tenfold higher than the concentration of βLg in milk. However,
that for Zn2+ is about 5 µM (Tang and Skibsted, 2016) which
makes an intracellular association with βLg possible. It is not
clear that this is physiologically important either in mammary
metabolism or as a means of ensuring the neonate has sufficient
zinc (McCormick et al., 2014). Removal of βLg by genetic
manipulation in cattle does not appear to cause any functional
problem although there is a compensating increase in the amount
of casein and α-lactalbumin (Jabed et al., 2012; Wei et al., 2018).
However, in a similar study with goat, removal of βLg also
led to a lowering of amounts of casein and lactalbumin (Zhou
et al., 2017). Thus, while it is probably too soon to rule out any
functional involvement of βLg in the mother, that cannot be said
of its close relative, Gd.

GLYCODELIN

The first reports of Gd appeared in the 1970s although, since
the name tended to reflect the tissue from which the isolation
had been prepared, the protein was referred to variously as
progesterone-dependent or progesterone-associated endometrial
(glyco)protein (PEP or PAEP, Joshi et al., 1980a,b), placental
protein 14 (PP14, Bohn et al., 1982), placental α2-globulin
(Petrunin et al., 1976), pregnancy-associated α2-globulin (α2-
PEG, Bell et al., 1985a,b), chorionic or placental-specific α2-
microglobulin (Petrunin et al., 1978; Tatarinov et al., 1980), or
α2−uterine protein (Sutcliffe et al., 1980). Bell and Bohn (1986)
presented a discussion of this variability in nomenclature but the
name glycodelin was not coined until Dell et al. (1995) to reflect
the importance of glycosylation in the activity of the protein
and to avoid using names apparently restricting its expression to
specific tissues, and that is the name by which it will be referred to
here. PAEP is used to refer to the gene (Kämäräinen et al., 1991;
Van Cong et al., 1991; Uchida et al., 2013). However, as already
noted PAEP is now also used to describe the βLg gene, rather
than LGB or BLG (e.g., Elsik et al., 2016; Hunt et al., 2018; HGNC,
2020).

Glycodelin is implicated in the immunosuppression,
angiogenesis and apoptosis activities associated with the first
trimester of human pregnancy (Lee et al., 2016) as well as
the fertilization and implantation processes (Seppälä et al.,
2005, 2007; Lee et al., 2009). Its synthesis is therefore tightly
controlled by progesterone, and possibly other factors like
human chorionic gonadotrophin (hCG), relaxin and histone
acetylation (Seppälä et al., 2009; Uchida et al., 2013). There are
four distinct characterized isoforms of Gd all based upon the
same polypeptide chain but differing in their glycosylation: Gd-A
is found in amniotic fluid, in the secretory and decidualized
endometrium (Seppälä et al., 2002; Koistinen et al., 2003)
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and in the serum of pregnant women (Bersinger et al., 2009),
Gd-C is associated with the cumulus matrix (Chiu et al.,
2007a), Gd-F occurs in follicular fluid and oviduct and Gd-S is
expressed in seminal vesicles and found at high levels in seminal
plasma (Yeung et al., 2006; Chiu et al., 2007b; Uchida et al.,
2013). The differences in activity are dictated by the different
oligosaccharides attached to Asn28, located in a loop at the end
of β-strand A, and Asn63, located in the loop joining β-strands C
and D (Schiefner et al., 2015). There are glycosylation differences
not only between the tissues in which the Gd is found but also
in the same tissue from different individuals (Koistinen et al.,
1996, 2003). Figure 3 shows both the structure of the protein
dimer with modeled sugars, and the distinct glycosylation
patterns of Gd-A and Gd-S reflecting a distinction between
female and male post-translational processing (Dell et al., 1995;
Morris et al., 1996; Lapid and Sharon, 2006; Clark and Schust,
2013). Although there is a putative glycosylation site at Asn85,
this is not modified, possibly because it is situated near the
C-terminal end of β-strand E rather than in a loop at the end of
the strand (Aubert et al., 1981; Moremen et al., 2012). Some of
the immunomodulatory activity of Gd, however, appears to be
associated with the protein moiety (Jayachandran et al., 2004;
Ponnalagu and Karande, 2013; Dixit and Karande, 2020; Hansen
et al., 2020) and it has been shown that Gd-A has lectin-like
behavior in its interaction with T-cells (SundarRaj et al., 2009).
However, much Gd binding involves its glycosylation (e.g., Lee
et al., 2019; Dixit and Karande, 2020; Vijayan et al., 2020). Two
of the Asn residues in Gd, those at 28 and 85, are Asp in βLg
while it is the Ser65Glu change that disrupts the third N-linked
glycosylation site (e.g., Sawyer, 2013). When these positions in
βLg are engineered to those of Gd and the protein expressed in
Pichia pastoris, glycosylation is observed but only at positions 28
and 63, that at 85 remaining unmodified as in Gd (Kalidas et al.,
2001). It is not perhaps surprising to find that there is significant
overlap in the epitope sequences in Gd and βLg as these tend to
be on exposed sections of the polypeptide: angiogenic activity in
Gd between 68 and 83 which includes the loop between strands
D and E, and immunosuppressive activity between 57 and 65
at the other end of strand D (Ponnalagu and Karande, 2013).
In βLg, these same regions have been identified as epitopes for
human IgE and IgG (Cong and Li, 2012) which may indicate
possible interaction sites in the calf. Results from Tai et al. (2016)
show cellular proliferation via IgM but no epitope is identified,
though lysine modification abolishes the effect.

The development of the human placenta in early pregnancy
depends, inter alia, upon Gd-A, secreted by the endometrium
in response to progesterone, and perhaps also hCG and relaxin,
and which interacts with various cell types, especially the
trophoblast and immune cells, modifying their behavior to allow
implantation and ensure maternal tolerance of the growing
embryo (Seppälä et al., 2002, 2007; Lee et al., 2011, 2016).
It has also been found (Uchida et al., 2005, 2013) that Gd
expression is regulated by histone acetylation/deacetylation such
that overall control of expression appears to be both hormonal
and epigenetic. Gd-A can also bind to the sperm surface through
fucosyltransferase (Chiu et al., 2007b) inhibiting the sperm’s
ability to penetrate the zona pellucida (Oehninger et al., 1995).

Low levels of Gd-A are observed in both uterine flushings and
the serum, during the fertilization window (e.g., Bersinger et al.,
2009; Seppälä et al., 2009). Levels rise after the hormone burst
at ovulation such that successful implantation only occurs in the
presence of Gd-A (Kao et al., 2002), borne out by women with
repeated implantation failure having low serum and endometrial
levels (Bastu et al., 2015). The changes to the decidual leukocyte
populations caused by Gd-A are also important for successful
pregnancy (Erlebacher, 2013). T-helper type 1 cells are depleted
along with B-lymphocytes while T-helper type 2 cells increase
(Saito et al., 2010). Natural killer cells account for the majority
of decidual leucocytes by the end of the first trimester but have a
low cytotoxicity compared to those in blood (Erlebacher, 2013).
During the preimplantation stage, monocytes migrate to the
endometrium where they differentiate into decidual macrophages
whence the interaction with Gd-A appears to maintain the
survival of the fetus and placenta (Stout and Suttles, 2004; Lee
et al., 2016; Vijayan et al., 2020). A decrease in the levels of Gd-A
leads to an increase in interferon-γ causing a variety of problems
from pre-eclampsia to fetal loss (Lee et al., 2016).

Gd-F is the isoform secreted into the follicular fluid, after
synthesis in the granulosa cells (Tse et al., 2002; Chiu et al., 2003,
2007b). Through a high affinity site and a low affinity one (which
also binds Gd-A), it binds to spermatozoa inhibiting both their
interaction with the zona pellucida and the progesterone-induced
acrosome reaction (Chiu et al., 2003; Yeung et al., 2009).

The oocyte-cumulus complex is released from the ovulatory
follicle and transported, along with follicular fluid, through
the oviduct after ovulation. Spermatozoa must pass through
the follicular fluid and then negotiate the expanded cumulus
complex, a sticky mass of cumulus cells and hyaluronic
acid surrounding the zona pellucida and called the cumulus-
oophorus, before they can bind to the zona pellucida and
initiate fertilization. Gd-A and Gd-F both of which can bind
to spermatozoa and prevent binding to the zona pellucida as
noted, are present in the oviduct. However, it is a third form,
Gd-C, generated in the cumulus cells by modification of the
glycosylation of Gd-A and Gd-F that effectively removes their
inhibition, allowing penetration and subsequent fertilization
(Chiu et al., 2007a; Lee et al., 2009).

Gd-S is the male form of Gd found in large quantities in
seminal plasma. It binds to spermatozoa inhibiting the loss of
cholesterol which in turn would lead to premature capacitation
before entry into the uterine cavity. Once in the uterine cavity,
Gd-S is released, there is an efflux of cholesterol and capacitation
occurs. Gd-F binds to prevent the acrosome reaction, the
necessary prelude to zona penetration. Gd-S does not inhibit
interaction between zona pellucida and spermatozoa and is not
therefore contraceptive (Koistinen et al., 1996; Morris et al.,
1996). There are two binding sites for Gd-S on the human
spermatozoon which are distinct from those of the other isoforms
(Chiu et al., 2005; Yeung et al., 2006). As noted above, the
glycosylation is also distinct from the female forms of Gd in that it
has no sialyl glycans but rather is fucose-rich (Morris et al., 1996).

The isoforms of Gd are therefore intimately associated with
the human/primate reproductive process but in non-primate
reproduction which must have arisen before the emergence of
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FIGURE 3 | (A) A model of the glycosylated physiological dimer of Gd-A viewed down its two-fold axis, showing the two subunits as surface representations in pale
green and blue with the branched sugar moieties on Asn28 and Asn63 shown as space-filling with the conventional elemental coloring. (B) Schematic representation
of the typical major glycan structures found in Gd-A, a female amniotic fluid form on the left with that of Gd-S, the male seminal fluid form on the right (Dell et al.,
1995; Morris et al., 1996). (A,B) Reproduced from Schiefner et al. (2015) with permission.

Gd (Puga Molina et al., 2018) there exist lipocalin alternatives,
though not necessarily carrying out similar functions. For
example, progesterone-dependent uterine lipocalins are found in
the endometria of pig (RBP, Stallings-Mann et al., 1993; SAL1,
Spinelli et al., 2002; Seo et al., 2011), mare (p19 or uterocalin,
Crossett et al., 1996, 1998; Suire et al., 2001) and cow (RBP,
Mullen et al., 2011) though none is closely related to either Gd
or βLg. However, both p19 and SAL1 are glycosylated. In all
of these animals, and ungulates in general, there is a significant

delay before implantation during which the uterine secretions
supply a wide range of molecules for nutrition, protection and
development (Artus et al., 2020). RBP has also been identified
in cat conceptus (Thatcher et al., 1991) and dog endometrium
(Buhi et al., 1995). Finally, mouse oviduct and endometrium
secrete lipocalin-2 which leads to sperm capacitation (Watanabe
et al., 2014). Would it be more than coincidence that another
lipocalin, βLg, with binding properties similar to these uterine
ones is involved at a subsequent developmental stage?
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Glycodelin is also implicated in other biological processes
(Seppälä et al., 2007, 2009) most notably cancer (Richter et al.,
2007; Kölbl et al., 2014; Cui et al., 2017) where its presence can
indicate a better outcome in some ovarian and breast cancers
(Mandelin et al., 2003; Koistinen et al., 2009; Hautala et al.,
2011), supported by functional studies (e.g., Kämäräinen et al.,
1997; Hautala et al., 2008). However, in other cancers, high
Gd expression indicates a poorer prognosis, also supported by
functional studies (e.g., non-small cell lung cancer, Schneider
et al., 2015, 2018; malignant pleural mesothelioma, Schneider
et al., 2016; melanoma, Ren et al., 2010). It has also been shown
that the glycosylation pattern of Gd expressed in cancer cells
is not the same as that in normal tissue expression (Hautala
et al., 2020) though whether this has any functional relevance is
unknown at present. The method used involved both antibodies
and specific lectins, and may be of much wider application
(Hautala et al., 2020). As the presence of Gd in tissues can be
monitored by antibodies, both mono- and polyclonal and by
mRNA there is scope for apparently conflicting observations. For
example, it was found that the presence of Gd was indicative of
a better prognosis in endometrial cancer whereas the presence of
the immunosuppressive Gd-A indicated a poorer overall survival
rate (Lenhard et al., 2013). In ovarian cancer too, the presence of
Gd-A has a positive correlation with other markers that indicate
a poorer outcome (Scholz et al., 2012; Ditsch et al., 2020). The
presence of Gd can be detected by immunohistological staining of
tissue biopsies and also in serum samples but is just one of many
proposed neoplastic markers, the clinical significance of which, if
any, as a cancer marker remains to be established.

The other clinical area in which Gd has been implicated
arises from the fact that Gd levels are very low during the
ovulatory phase of the human menstrual cycle, only to rise in
tandem with progesterone levels. This has possible implications
for contraception (Yeung et al., 2006) though it is not yet clear
whether deliberate attempts to control Gd levels might provide
an alternative approach to those methods currently in use.
Studies to date have monitored Gd, Gd-A and progesterone levels
throughout the cycle in the presence and absence of progestogen
contraceptive treatment to identify the mechanism of action (e.g.,
Durand et al., 2010). Much of the research has been focused
on the effects of the so-called “morning-after pill” emergency
contraception (Durand et al., 2001, Durand et al., 2005, 2010;
Vargas et al., 2012; Mozzanega et al., 2014) and opinion is split
as to the mechanism of action of either of the two common
drugs, levonorgestrel (LNG) or ulipristal acetate (UPA). Taken
before ovulation, LNG raises the Gd concentration in serum and
in uterine fluid before ovulation possibly inhibiting fertilization
(Durand et al., 2010). Taken at or after ovulation, its effectiveness
may involve sperm motility, capacitation or interaction with the
zona pellucida though Gd-A alone was unable to mimic the
effects (Chirinos et al., 2017). UPA on the other hand, has a

decreasing effect as ovulation approaches but, since it blocks
progesterone receptors, prevents implantation (Mozzanega et al.,
2014). Mozzanega and Nardelli (2019) consider the mechanisms
of LNG and UPA from the viewpoint of informed consent since
there is significant ethical concern if the action is directed toward
the conceptus (Kahlenborn et al., 2015; Peck et al., 2016).

CONCLUSION

Glycodelin and β-lactoglobulin are two lipocalins with closely
related sequences and 3-dimensional structures arising from
homologous genes and both are involved in the reproductive
process. The proposed (patho)physiological functions of Gd are
several and well defined, at least in human cell models, and appear
to be specifically dependent upon post-translational, N-linked
glycosylation. βLg on the other hand appears much more widely
distributed and is clearly important in the nutrition and health
of the offspring, providing as it does, not only a balanced supply
of amino acids, but also a series of peptides that have anti-oxidant
and anti-bacterial properties which must help establish a good gut
microbiome in the offspring. Several other activities have been
associated with βLg, transport and, recently, immunoglobulin
stabilization being perhaps the most likely. Now that animals can
be produced which lack the protein, it should be possible to assess
the nature of any problems that are manifest by its lack. However,
today, the coin is still spinning!
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INTRODUCTION

“Sexual dimorphism is common throughout the animal 
kingdom. However, a molecular understanding of how 
sex-specific traits develop and evolve has been elusive.” 
Williams and Carroll, 2009, p. 797.

Sexually dimorphic traits are common and expected to evolve 
when they confer sex-specific effects on survival or reproductive 
success (Darwinian fitness). Such sex-specific fitness optima 
are expected to generate intra-locus sexual conflict, a form of 
sexual antagonism over allelic expression (“conflict over shared 
genes”; Pennell and Morrow, 2013). Because males and females 
share most of their genomes, such intra-locus sexual conflict 
can only be resolved by the evolution of sex-limited or sex-specific 
gene expression, that is, the repression or gain in gene expression 
in one sex. Until sexual conflict is completely resolved, sexual 
dimorphic traits will remain suboptimal for either sex. 
Investigating hypotheses about sexual dimorphisms at both 
proximate and evolutionary levels of analysis is challenging. 
Although the genes and physiological mechanisms controlling 
the expression of sexual dimorphic traits have been determined 
in a few model organisms, their adaptive functions and 
evolutionary origins are still unknown. And although the adaptive 
functions and evolutionary origins of sexually dimorphic traits 
have been studied in many non-model species, the molecular 
mechanisms controlling their expression are rarely known. The 
simplest route to addressing this challenge is to determine the 
adaptive functions and evolutionary origins of sexually dimorphic 
traits in model organisms—and their wild counterparts—rather 
than trying to identify the genes and proximate mechanisms 
controlling sexually dimorphic traits in non-model organisms 
(Badyaev, 2002; Williams and Carroll, 2009).

Here, we provide an integrative review of studies on sexually 
dimorphic expression of Major Urinary Proteins (MUPs) in 
house mice (Mus musculus; Figure  1). MUP genes are mainly 
expressed in the liver, they are the most highly expressed 
genes in the liver, and from the serum, MUPs are excreted 
in urine. MUP expression is a sexually dimorphic trait, and 
male mice excrete 2–8 times more protein in their urine than 
females. The molecular mechanisms controlling this sexual 
dimorphism are complex and provide a fascinating example 
of how the brain uses endocrine signals secreted by the pituitary 
gland to control the expression of genes in the liver and other 
target organs (Holloway et  al., 2008). MUPs are also expressed 
in several secretory tissues, however, aside from lachrymal 
glands and nasal secretions, their expression is not sexually 
dimorphic (Shaw et  al., 1983) and their functions are still 
unclear (Stopková et al., 2021). In contrast, the chemical signaling 
functions of urinary MUPs have been studied for many years. 
In males, MUPs bind and transport volatile pheromones, and 
they stabilize their evaporation from urinary scent marks 
(Robertson et  al., 1993; Hurst et  al., 1998; Cavaggioni et  al., 
2006, 2008). Through this time-release mechanism, MUPs are 
expected to prolong the influence of volatile male pheromones 
on conspecifics. Some MUPs also act as pheromones themselves, 
activating sensory neurons in the vomeronasal organ (VNO) 

and eliciting aggressive behavior from males (Mucignat-Caretta 
et  al., 2004; Chamero et  al., 2007, 2011; Kaur et  al., 2014) 
and maternal aggression (Martín-Sánchez et  al., 2015). For 
example, MUP20 (“darcin”) increases female attraction to male 
versus female urinary scent (Roberts et al., 2010, 2012). Females 
are attracted to male urine spiked with MUPs during estrus 
when MUP-detecting sensory neurons are expressed (Dey et al., 
2015). MUP20  in male urine also influences female behavior 
by inducing spatial learning (Roberts et  al., 2010, 2012) and 
stimulating neural growth in their brain (Hoffman et  al., 2015; 
Demir et  al., 2020). Male scent marks and their male chemical 
components thus provide an interesting example of a sexually 
dimorphic extended phenotype and a male chemical signal 
that influences the physiology, brain, and behavior of females.

In addition to reviewing sexually dimorphic MUP expression 
in house mice, we  also examine questions regarding (1) the 
proximate mechanisms that control hepatic MUP gene expression 
(physiology), (2) the development of these mechanisms 
(ontogeny), (3) their selective maintenance (adaptive functions), 
and (4) evolutionary origins (phylogeny; “Tinbergen’s Four 
Questions”). Addressing these questions requires considering 
processes that operate over vastly different time scales and 
levels of biological organization (molecules cells, individuals, 
populations, and species). Before examining sex differences in 
MUP expression, we  first provide more background on house 
mice and their MUPs.

BACKGROUND: ON MICE AND THEIR 
MUPS

Mus musculus Versus Mus laboratorius
Studies on MUPs and other chemical signals have mainly been 
conducted with domesticated, laboratory mouse strains, but 
these results do not always generalize to wild mice (nota bene: 
“wild type” laboratory mice, outbred strains, and wild-derived 
strains are not wild mice). Laboratory mice evolved under 
artificial selection in captivity, they are highly inbred, and they 
carry a variety of deleterious genes that cause neural, visual, 
auditory, and epithelial defects (Wahlsten, 1982; Sibilia and 
Wagner, 1995; Chang et  al., 2013). Their behavior, sensory 
systems, physiology, immune system, and many other traits 
dramatically differ from their wild counterparts (Smith et  al., 
1994; Abolins et al., 2017). Laboratory mice are genomic mixtures 
of three M. musculus subspecies, derived mainly from M. musculus 
domesticus, though there is still some debate over their relative 
contributions. For these reasons, some propose that laboratory 
mice should be classified as a different species (e.g., M. laboratorius 
or M. gemisch; Didion and de Villena, 2013). Regardless, making 
conclusions about the MUPs or other traits of wild Mus musculus, 
their proximate mechanisms, adaptive functions, and evolutionary 
origins, require studies on M. musculus, and preferably in 
natural or seminatural conditions.

Wild male house mice are highly territorial and dominant 
males mark their territories with urinary scent marks. Males 
produce more scent marks than females and dominant males 
mark more than subordinates (Desjardins et  al., 1973). 
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GH pulse rate regulates the expression of MUP genes via 
the JAK2-STAT5 pathway, and approximately 1,000 other genes 
in the liver (Udy et al., 1997; Teglund et al., 1998). The deletion 
of one or both Stat5a and Stat5b genes dramatically reduces 
male MUP gene expression levels (Udy et  al., 1997). The 
deletion of Stat5a has no effect on female MUP levels, whereas 
deleting Stat5b reduces MUP gene expression, and the deletion 
of both Stat5a and Stat5b abolishes MUP protein synthesis 
(Teglund et al., 1998). STAT5-knockout (KO) mice have reduced 
hepatic MUP expression, especially on males (Clodfelter et  al., 
2006; Holloway et al., 2006). STAT5b appears to inhibit expression 
MUP expression in females (Waxman and O’Connor, 2006). 
Continuous GH infusion (cGH) overrides the normal pulsatile 
GH pattern of males and abolishes male-specific, pulsatile 
pattern of hepatic STAT5 activity (Zhang et  al., 2012). cGH 
downregulates MUPs and other male-biased genes, whereas it 
upregulates female-biased genes in the liver (Holloway et  al., 

2006). There is much variation in how expression is regulated 
across MUP loci in response to changes in GH pulses, as 
mentioned above, and GH pulse rates regulate the expression 
of some MUPs (Mup1, 2, 6, and 8) more rapidly than others 
(Waxman and O’Connor, 2006; Connerney et  al., 2017).

There are other transcription factors that regulate MUP gene 
expression, such as the regulatory protein zinc fingers and 
homeoboxes 2 (Zhx2). Protein excretion varies among strains 
of laboratory mice, and BALB/cJ mice have the lowest protein 
output (Figure  3). Their low protein excretion is due to a 
mutation caused by the insertion of an endogenous retroviral 
element into the Zhx2 promotor on chromosome 15 (Jiang 
et  al., 2017). Zhx2 suppresses expression of other genes in 
the liver, whereas it promotes the expression of a number of 
MUP genes by binding and activating promotors (Jiang et  al., 
2017). Zhx2 is necessary for the high levels of hepatic MUP 
expression of males, and several MUP genes (Mup20, Mup3, 
and class B Mup7, Mup10, and Mup19) show differential 
responsiveness to Zhx2. It is not known whether Zhx2 influences 
normal physiological variations of MUP output between or 
within the sexes. These findings raise the question: how do 
the transcription factors, STAT5 and Zhx2, initiate transcription 
in the nucleus?

GH Regulates Chromatin Accessibility
Pulsatile GH release controls transcriptional regulation of MUPs 
and other male-biased genes by dynamically regulating chromatin 
accessibility, histone modification, and binding of transcription 
factors (Connerney et  al., 2017; Lau-Corona et  al., 2017). 
Chromatin in genomic regions that are transcriptionally active 
loses its condensed structure and DNA is exposed. These open 
sites are sensitive to cleavage by DNase I  and DNase 
I  hypersensitive sites (DHSs), which are used as markers for 
active regulatory regions. DHSs contain key regulatory elements, 
including enhancers, promoters, insulators, and silencers, and 
they are often flanked by histone modifications. Experimental 
cGH closes many male-biased DHSs in the liver of male mice 
and opens female-biased DHSs (Ling et  al., 2010). Mapping 
DHSs has revealed that sex differences in chromatin accessibility 
are associated with sex differences in gene expression (Ling 
et  al., 2010; Sugathan and Waxman, 2013). Sex-biased STAT5 
chromatin binding is enriched at sex-biased DHSs and positively 
correlated with sex-biased activating histone marks and negatively 
correlated with repressive marks (Zhang et  al., 2012; Sugathan 
and Waxman, 2013). These studies show how the endogenous 
rhythms of male GH pulsatile release open and then close 
chromatin at regulatory sites of MUPs and other sexually 
dimorphic genes in association with temporal changes in 
transcriptional activation (Connerney et  al., 2017). A cGH 
infusion study examined global gene expression in the liver 
over time to determine the transcriptional events that result 
in the feminization of MUPs and other male-biased genes 
(Melia and Waxman, 2019). As expected cGH infusion induced 
male-biased gene repression and female-biased gene derepression, 
and these changes occurred in distinct waves over time. These 
waves of transcription were initiated by a hierarchical 

FIGURE 6  |  JAK2-STAT5 Signaling Pathway. The pulsatile pattern of GH 
release in male mice activates the JAK2-STAT5 signaling pathway (or 
“signaling cascade”): Circulating GH binds to transmembrane GH receptors 
(GHR), which are members of the cytokine receptor family and widely 
expressed on the surface of target cells in the liver. GH binding induces a 
conformational change in GHRs that activate Janus kinase 2 (JAK2), and then 
this enzyme phosphorylates the cytoplasmic domain of the GHR, generating 
docking sites for the transcription factor STAT5b. After STAT5b binds to these 
sites, it undergoes JAK2-catalyzed tyrosine phosphorylation and dissociates 
from the GHR to form homodimers (e.g., STAT5-STAT5) or heterodimers with 
other STAT proteins. STAT5 dimers enter the nucleus and bind response 
elements in gene regulatory regions, initiating transcription (Udy et al., 1997; 
Teglund et al., 1998). After transcription, STAT5b is deactivated by 
phosphotyrosine phosphatase (PTPase). STAT5b can then enter into another 
cycle of JAK2-catalyzed phosphorylation, and it can undergo multiple rounds 
of this cycle in response to a single male GH pulse (Gebert et al., 1999). In 
response to female-like patterns of GH release, STAT5b cycles are terminated 
more rapidly through STAT5b inhibitors, including PTPase, PIAS (protein 
inhibitors of activated STATs), and SOCS (suppressor of cytokine signaling)/
CIS. MUP gene expression is repressed in females by CUX2, a small 
interfering RNA (siRNA; Conforto et al., 2012). Figure adapted from Waxman 
and O’Connor (2006). 
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transcriptional network involving several sex-biased transcription 
factors. More recently, sex-dependent binding of STAT5 to 
chromatin has been shown to be  closely linked to the 
sex-dependent demethylation of distal regulatory elements that 
map to genes that show sex-biased expression (Hao and 
Waxman, 2021).

Thus, GH-mediated regulation of MUP gene expression 
involves complex interactions between transcriptional networks, 
genomic regulatory elements, and epigenetics. Given its key 
role in controlling MUP expression, we  next examine how 
GH secretion is regulated in adult mice.

Regulation of Pulsatile GH Secretion
GH pituitary release is regulated by two neuropeptide hormones, 
the stimulatory GH-releasing hormone (GHRH) produced by 
neurons in the hypothalamus, and the inhibitory somatostatin 
(SST) released by neurons in the pituitary (Figure  7). These 
two hormones influence pulsatile GH release by regulating 
each other’s secretion. GHRH stimulates GH release in the 
pituitary, which activates inhibitory signals from short-loop 
feedback inhibition (SST). Additional evidence that the 
hypothalamus–pituitary axis (HP axis) controls MUP production 
in the liver comes from a study on SST knockout (Smst−/−) 
mice: SST expression is greater in males than females, and 
Smst−/− male mice showed feminized hepatic MUP gene 
expression (which was not due to changes in T or T4 levels; 
Low et  al., 2001). It turns out that this textbook model of 
GH regulation through two hormones is more complex than 
previously assumed, as several mechanisms regulate the HP 
axis and subsequent MUP excretion.

For example, ultradian GH secretion is paced by the circadian 
clock regulators (Cryptochromes, Cry1 and Cry2), and double 
mutant male mice (Cry1−/− Cry2−/−) lack a functional circadian 
clock and show female-like growth rates and body mass (Bur 
et  al., 2009). Double mutants also have dramatically decreased 
Mup1 gene expression and urinary MUP protein compared 
to controls (Bur et  al., 2009). Sex differences in MUP gene 
expression were found to decline with aging (2-year-old C57BL/6 
mice) due to altered GH profiles, which can be  reversed by 
reinstating GH pulses in mutant Cry−/− male mice. Deleting 
the circadian clock gene, Bmal1, disrupted the GH axis and 
reduced MUP expression (Schoeller et  al., 2021), and Mup2 
expression is regulated by the circadian clock and glucocorticoids 
(Cho et  al., 2011).

GH pulse rate is modulated by an array of neurotransmitters 
from the brain, including serotonin, acetylcholine, GABA, 
opioids (endorphins and enkephalins), and dopamine 
(Noaín et  al., 2013; Ramirez et  al., 2015; Brie et  al., 2019), 
and also by peripheral hormones (long-loop feedback; Steyn 
et  al., 2016; Le Tissier et  al., 2018). For example, insulin-like 
growth factor 1 (IGF-1) provides negative feedback of GH 
release in the pituitary. GH stimulates IGF-1 synthesis in the 
liver (via the JAK2/STAT5 pathway), which negatively regulates 
GHRH and GH release (long-loop feedback inhibition). Knockout 
mice with liver-specific deletion of IGF-I (LI-IGF-I−/−) have 
low circulating IGF-1, which increases GH levels. Male LI-IGF-
I−/− mice reduced urinary MUP output compared to controls, 

whereas the MUP output of female LI-IGF-I−/− mice was 
unaffected (Wallenius et al., 2001). Thus, disrupting the expression 
of IGF-I results in increasing GH levels (which is why it is 
used as a biomarker for pathological GH deficiency), and 
feminizing male MUP expression. However, experimental cGH 
administration does not significantly alter liver IGF-1 expression, 
unlike elevated GH from pathology (Lau-Corona et  al., 2017). 
We  are not aware of any evidence that physiological IGF-1 
levels influence variation in MUP output, however. Some 
cytokines bind to GHRs in the liver, activate the JAK–STAT 
pathway, and then induce suppressor of cytokine signaling 
(SOCS) and CIS proteins that generate negative feedback and 
inhibit the signaling pathways that initiate their production 
(Matsumoto et  al., 1999; Ram and Waxman, 1999; Krebs and 
Hilton, 2001). Deleting SOCS-2 genes (socs2−/−) disregulates 
GH signaling and reduces MUP levels in the urine (Metcalf 
et  al., 2000). Other peripheral hormones that regulate GH 
secretion include insulin, leptin, ghrelin, nesfatins, and klotho 
(Devesa, 2021), though none have been shown to influence 
MUP production to our knowledge.

Factors Affecting GH Pulsatile Secretion
Several studies have investigated various factors that influence 
GH signaling and sex differences in pituitary hormone release 
(Figure  7). The first measurements of GH pulsatile patterns 
in mice (Steyn et  al., 2011) were obtained in a study of male 
(C57BL/6) mice housed at ca. 20°C and placed on an ad 
libitum diet. This study showed that one overnight fast resulted 
in a striking decrease in pulsatile GH secretion (reduced mass 
of GH secreted per burst, pulsatile and total GH secretion 
rate, and increased irregularity of GH pulses), whereas mean 
GH levels did not show a significant difference between fasted 
treatments versus controls. Subsequent studies have shown that 
fasting, obesity, microbiome depletion, and aging can feminize 
male GH secretion, but the underlying regulatory mechanisms 
are complex and still unclear (Huang et  al., 2019). Some of 
these studies have also analyzed MUP expression. For example, 
an RNA-seq study found that germ-free mice have reduced 
levels of MUP genes and proteins in urine compared to controls 
(Weger et al., 2019). It was concluded sexually dimorphic MUP 
expression in the liver requires microbiota, which is likely due 
to their effects on sexual development and GH release.

Changes in male GH pulsatile release might also explain 
how acquiring dominant social status triggers increased urinary 
protein excretion in males but not females (Thoß et  al., 2019; 
Luzynski et  al., 2021). To our knowledge, no studies have 
investigated whether changes in social status or other behaviors 
influence GH pulsatile release, though GH levels have been found 
to influence behavior. A study on the male offspring of wild-
caught mice examined changes in behavior following daily GH 
administration (Matte, 1981). Increased GH triggered isolation-
induced aggression by reducing latency to fight and extending 
fighting duration. Another study compared the aggressive behavior 
of GH-sufficient males (heterozygous for the GHRH-KO allele) 
to homozygous knock-outs, when the mice were challenged with 
another male (Sagazio et  al., 2011). The mice were divided in 
three groups: untreated controls, recombinant GH administration, 
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or sham controls (with vehicle, Veh). The study found that the 
homozygous KO mice showed significantly reduced aggression 
compared to heterozygous males. GH (but not Veh) administration 
restored aggressive behavior of KO mice, despite not restoring 
serum IGF-I. There was no difference in serum T levels among 
these groups at any time. This study showed that GH-deficient 
males are less aggressive, that GH replacement normalizes 
aggressive behavior, and that these behavioral changes are not 
related to an increase in serum T. Thus, GH level can influence 
aggressive behavior of males, and studies are now needed to 
determine whether social status (winning fights or increased 
scent-marking) affect MUP production by influencing GH 
pulsatile release.

Although the mechanisms that regulate MUP expression in 
adult mice are becoming clear, it is still unclear how these 
mechanisms develop in early life.

ONTOGENY: ORGANIZATIONAL EFFECTS 
FROM GONADAL STEROIDS

Sexual dimorphic MUP expression was originally thought to 
be controlled solely by testosterone (T). Urinary MUP excretion 

begins at puberty (4–7 weeks of age), which is when serum 
T concentration begin to rise in males, and therefore, early 
studies on MUPs focused on measuring T. Castrated male 
mice were shown to excrete less urinary protein than intact 
males, and T-treated females excreted more protein compared 
to controls (Thung, 1956, 1962). Administrating T to females 
increased the amount of urinary protein they excreted and 
altered the electrophoretic pattern of these proteins (incidentally, 
the term “Major Urinary Protein” was first coined in these 
studies on mouse urine; Finlayson et al., 1963). T also influences 
the amount of MUP mRNA in the liver of castrated males 
and females (Osawa and Tomino, 1977; Szoka and Paigen, 
1978; Hastie et  al., 1979; Clissold et  al., 1984). Implanting 
adult females with T increased hepatic MUP gene expression 
to levels similar to males, though the expression of some 
MUPs appeared to be  more dependent upon T than others 
(Szoka and Paigen, 1978; Clissold et al., 1984), and it induced 
the excretion of MUP mRNAs with a male pattern (Knopf 
et  al., 1983). T influences the expression of MUPs in the 
lacrimal gland, as well as in the liver (the only two tissues 
found to have male-biased expression in the study), but not 
in other tissues (Shaw et  al., 1983). Another study found 
that serum T concentration was positively correlated with 

FIGURE 7  |  Neuro-Endocrine Mechanisms Regulating Sexually Dimorphic GH Secretion. Pulsatile GH secretion is directly regulated by stimulatory GH-releasing 
hormone (GHRH), expressed by neurons in the arcuate nucleus (Arc), and inhibitory somatostatin, expressed by neurons in the periventricular nucleus (Pev) of the 
hypothalamus. GH release is also regulated through feedbacks from peripheral factors, including IGF-1 (inhibitory), insulin (inhibitory), and ghrelin (stimulatory). 
Sexually dimorphic GH release is the normal physiological pattern (top left panel), but some challenges, including fasting (bottom left panel), obesity and aging 
(top right panel), and gut microbiome depletion (bottom right panel), feminize GH secretion. GH, growth hormone; Pev, periventricular nucleus; Arc, arcuate 
nucleus; Pit, pituitary gland; S, SRIF (somatotropin release inhibiting factor) neuron; G, GHRH neuron; N, NPY (neuropeptide Y) neuron; and IGF-1 = insulin-like 
growth factor-1. Solid lines: stimulatory effect; dashed lines: inhibitory effect. Figure used with permission from Huang et al. (2019).
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urinary protein excretion in male (CD-1) laboratory mice 
(Mucignat-Caretta et  al., 2014), and studies are needed to 
confirm this result in naturalistic social conditions. It is unclear 
how T influences MUP production, though one possible 
mechanism is by programming the development of pathways 
in the hypothalamus and pituitary gland that control the 
release of growth hormone (GH).

Studies conducted on laboratory rats indicate that neonatal 
sex steroid hormones have organizational effects on the 
development of neural pathways and the GHRH and SST 
hormones in the hypothalamus that control ultradian GH 
secretion (Toews et  al., 2021). Gonadal steroids continue to 
influence sex differences in GH secretory profiles during 
adulthood (Painson et  al., 1992, 2000), which could explain 
the effects of T on MUPs (see above). The few studies on 
mice found similarities to rats. For example, administering T 
influenced hepatic MUP gene expression in adult mice by 
modulating the distribution of receptors of GHRH neurons 
(Bouyer et  al., 2008). T also influenced the development of 
networks of GH cells in the pituitary that are dynamically 
regulated in adulthood (Sanchez-Cardenas et  al., 2010). 
Administering T to neonatal females had organizational effect 
on the hypothalamus (GHRH) and IGF-1, as expected, however, 
exposure to T did not increase female hepatic MUP expression 
(Knopf et al., 1983; Ramirez et al., 2010). Thus, gonadal steroids 
may program and maintain sex-dimorphic patterns of the GH 
axis in mice, as with rats, but studies are still needed to clarify 
how gonadal hormones influence MUP production in mice.

ADAPTIVE FUNCTIONS

The selective advantage of producing MUPs has long posed 
an interesting challenge to explain. The researchers who 
discovered MUPs were surprised to find so much protein in 
the urine of male mice, as protein in the urine is a pathological 
condition in humans (uremia). They were especially baffled to 
find that male mice synthesize tens of milligrams of protein 
per day in the liver, apparently only to excrete it. This seemed 
to be a “wasteful” and “irreversible loss” of protein. Subsequently, 
many studies have shown that MUPs provide a signaling 
mechanism for males to influence the brains and behavior of 
females. Sexual dimorphic traits are expected to evolve when 
traits have sex-specific fitness effects and generate intra-locus 
sexual conflict, but studies on how MUPs affect survival and 
reproductive success have only just begun.

Chemosensory Signaling Functions: 
Sexual Selection
Most research on MUPs has focused on their chemosensory 
functions (Hurst and Beynon, 2004; Stopka et al., 2012; Mucignat-
Caretta and Caretta, 2014). These studies have shown that 
MUPs influence male chemical signals and function as both 
pheromones and carriers of volatile pheromones. For example, 
MUP20, which is mainly expressed by males, attracts females 
and several volatile male pheromones are MUP ligands 

(Figure  1). In contrast, we  are not aware of any studies that 
have shown that MUPs or MUP ligands influence female odor 
or its attractiveness to males. Studies on MUP-mediated chemical 
signaling, however, have often assumed that MUP expression 
is fixed, and ignored evidence that expression is phenotypically 
plastic (Table 1). There are also sex differences in the olfactory 
detection of MUPs, since MUP-detecting sensory neurons are 
selectively expressed in females during estrus (Dey et al., 2015). 
Different MUPs may have different roles on chemical 
communication, and the same MUP may have different signaling 
effects depending upon the sex of the sender and receiver. It 
is premature to make conclusions about sex differences in 
MUP-mediated chemical communication, however, because 
most studies have focused on males and comparable studies 
on females are lacking.

Male-biased MUP output is expected to be  maintained by 
sexual selection on males for several reasons. First, the high 
levels of MUP output by males appear to mediate male–male 
competition for territories and access to females (intrasexual 
selection). Male house mice are more territorial and scent 
mark more than females, and male MUPs mediate aggressive 
interactions (Hurst and Beynon, 2004; Kaur et  al., 2014). In 
seminatural populations, dominant territorial males have higher 
urinary protein output and MUP20 excretion than subordinates 
(Figure  5; Thoß et  al., 2019; Luzynski et  al., 2021). Some 
studies suggest that MUP output determines male social status, 
whereas others found that males upregulate urinary protein 
excretion after acquiring a territory (Thoß et al., 2019; Luzynski 
et  al., 2021). Either way, elevated MUP output is expected to 
facilitate a male’s ability to defend a territory, which is a major 
determinant of male mating and reproductive success (Meagher 
et  al., 2000; Luzynski et  al., 2021). Females increase urinary 
protein excretion during aggressive female–female interactions 
(Garratt et  al., 2011b; Stockley et  al., 2013); but unlike male 
mice, dominant females in seminatural populations do not 
excrete higher levels of urinary protein compared to subordinates 
(Figure  5; Thoß et  al., 2019; Luzynski et  al., 2021).

Second, MUP output may also enhance male mating success 
through female mate choice (also called “intersexual selection,” 
which is an unfortunate term since the sexes are not competing). 
MUP20  in male urine influences female attractiveness to male 
odor, increases sex discrimination of scent marks, it induces 
spatial learning (Roberts et al., 2010, 2012), and after detection, 
it stimulates neural growth in the brain (Hoffman et  al., 2015; 
Demir et  al., 2020). Females are attracted to male urine spiked 
with MUPs when females are in estrus (Dey et  al., 2015). 
Increased overall urinary protein concentration of males housed 
in laboratory conditions does not influence the attractiveness 
of females to male scent (Roberts et  al., 2010), nor does it 
explain female preferences for the scent of dominant over 
subordinate males living in seminatural conditions (Thoß et al., 
2019). Nevertheless, in natural conditions, high MUP output 
is expected to prolong the release of volatile male pheromones, 
increase the attraction of females to a male’s territory, and 
induce an acceleration of female puberty and estrous cycling 
(Mucignat-Caretta et  al., 1995; Marchlewska-Koj et  al., 2000; 
Morè, 2006; Flanagan et  al., 2011).
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These two types of sexual selection are not mutually exclusive, 
as female sexual preferences are influenced by the outcome 
of male–male competition: estrous females are more attracted 
to the urinary scent of dominant, territorial males, which 
excrete higher levels of urinary protein and MUP20 than 
subordinate males (Thoß et al., 2019). Thus, studies on chemical 
communication predict that MUPs mediate sexual selection 
in male mice and that MUPs are expected to enhance male 
mating and reproductive success.

In contrast, there is no evidence that MUP expression levels 
influence female odor, the outcome of female–female competition 
or their sexual attractiveness to males. Female urinary protein 
excretion increases just before and during estrus (Stopka et al., 
2007), however, it is not known whether estrus-dependent 
MUP regulation influences female odor.

Olfactory experiments on the attraction of females to male 
odor provide insights into the adaptive functions of MUP 
production, but they are insufficient to test hypotheses about 
sexual selection. Only one study to our knowledge has examined 
the effect of MUPs on reproductive success. This study found 
that urinary protein of wild-derived male mice (M. musculus 
musculus) is correlated with the reproductive success of males 
but not females (Figure  8; Luzynski et  al., 2021) and that 
urinary protein excretion was the strongest correlate of male 
reproductive success. These findings support the hypothesis 
that male-biased MUP production is maintained by sexual 
selection in males. Studies are needed to determine whether 
these results are due to direct male–male competition, female 
mate choice, or both. Testing the mate choice hypothesis requires 
controlling for the effects of male–male competition (Thonhauser 
et  al., 2013). Interactions between these two types of selection, 
however, make it difficult to examine their independent effects.

Studies are needed to explain why MUPs influence male 
but not female reproductive success, and why males regulate 
MUP output according to their social status, health, and 
condition (Table  1). To explain why males produce honest 
signals of their quality, it is often been suggested that MUPs 
function as a “handicap signal” (Malone et  al., 2001; Stockley 
et  al., 2013; Nelson et  al., 2015). Zahavi’s Handicap Principle 
proposes that costly signals provide honest indicators of quality, 
not despite their costs, but because they are costly to produce. 
This hypothesis can be  rejected for many reasons, however 
(Penn and Számadó, 2020). For example, it is illogical and 
it assumes that animal signals, unlike other traits, evolve 
under a non-Darwinian process of “signal selection” that 
favors waste rather than efficiency. The widespread acceptance 
of the Handicap Principle was due to Grafen’s (Grafen, 1990) 
“strategic choice” signaling model being misinterpreted as 
validating this idea, despite the fact that signals in this model 
are neither wasteful nor costly; on the contrary, they are 
efficient investments. It predicts that MUP output can provide 
honest signals of male social status, health, and other aspects 
of quality, if high-quality males have lower survival costs (or 
greater potential reproductive benefits) for producing MUPs 
than low-quality males. It is not known, however, whether 
male mice incur such differential fitness costs (or benefits) 
for MUP production.

It is often assumed that MUP production increases the 
absolute energetic costs of scent-marking, but the costs and 
benefits are likely to depend on a male quality or condition. 
Male MUP expression is condition-dependent (Table  1), 
suggesting that males in poor condition are less able to afford 
the energetic and other costs of producing MUPs. MUP 
production may reduce the net energetic costs of scent-marking 
of dominant males by reducing the effort, time as well as 
fitness costs (from predation and aggressive interactions) 
necessary to replenish territorial scent marks. However, almost 
nothing is known about how MUP production influences survival.

Viability Effects: Metabolic and Other 
Physiological Functions
Only one study to our knowledge has investigated whether 
MUP production affects survival: MUP knockout mice (KO’s 
lacking MUP genes by deleting the entire 2.2 Mbp MUP gene 
cluster using CRISPR) were healthy for 2 years and did not 
show altered body mass or detrimental health effects compared 
to controls (Yang et  al., 2016). This study was conducted in 
the laboratory, and therefore, studies are still needed to evaluate 
the fitness (longevity and reproductive success) of MUP-KO 
mice of both sexes living in more natural ecological conditions 
and exposed to physiological and other challenges.

Such experiments are crucial because MUPs provide 
physiological functions, including regulating metabolism 
(Petrak et  al., 2007; Hui et  al., 2009; Zhou et  al., 2009) 
and eliminating harmful metabolic waste and toxic xenobiotics 
(Kwak et  al., 2011, 2016; Stopka et  al., 2016; Stopková et  al., 
2017; but see Nault et al., 2017). These findings are consistent 
with results from studies on the mechanisms that regulate 
MUP gene expression. GH controls the expression of many 
other genes in the liver that influence lipid and glucose 
metabolism and metabolism of xenobiotics. Their common 
regulatory pathways suggest that MUPs share common 
functions (“guilt by association”). Moreover, JAK2 and STAT5 
deficiency results in hepatic lipid accumulation, and thus 
the regulatory proteins that control MUP expression may 
be  crucial for survival in the wild. These findings can 
potentially help to explain the function of MUPs in female 
house mice, and why caged female mice elevate their MUP 
excretion after they are released from cages into naturalistic 
conditions (Thoß et  al., 2019). And, if these physiological 
functions are more important for males than females, or 
more important for dominant than subordinate males, then 
this would help to explain differences in MUP gene expression 
between the sexes and among males. These results might 
also elucidate the original (ancestral) function of MUPs in 
rodents (see below), and help to explain the expansion of 
MUP loci in certain species (Charkoftaki et  al., 2019). For 
example, multiple MUP loci might have enabled mice and 
rats, which are kleptoparasites (rather than commensals), 
to better cope with toxins when foraging on human refuse. 
No studies to our knowledge, however, have tested whether 
any of the proposed physiological functions of MUPs differ 
between the sexes, or whether they affect survival.
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EVOLUTIONARY ORIGINS AND 
POTENTIAL EFFECTS ON DIVERGENCE 
AND SPECIATION

Determining the origins of sexually dimorphic MUP expression 
requires comparing MUP expression in both sexes among 
rodent species. The phylogeny MUP genes have been described 
(Stopka et  al., 2012); however, few studies have compared 
urinary protein output (Nazarova et  al., 2018) or MUP gene 
expression between the sexes in different Mus species (Sheehan 
et al., 2019; Matthews et al., 2021). Several studies have compared 
the MUPs of two European Mus subspecies and examined the 
hypothesis that divergence of these genes among populations 
promotes speciation.

The first study to provide a statistical comparison of MUP 
expression between Mus subspecies was conducted on wild-
caught house mice from several populations near the European 
hybrid zone (Stopková et  al., 2007). Quantitative differences 
between subspecies were found in hepatic MUP mRNA 
expression and total urinary MUP concentration (Figure  9). 
Male M. musculus musculus expressed more MUP mRNA 
than females, and more than M. musculus domesticus mice 
of either sex, and total urinary MUP concentration showed 
a larger sex bias in M. m. musculus than M. musculus 
domesticus. No differences were detected between females of 
these two subspecies.

A recent comparative study found that the magnitude of 
sexual dimorphic gene expression varies among Mus species 
and subspecies (Sheehan et  al., 2019). This study compared 
seven species of Mus and three M. musculus subspecies. 
M. musculus had the most pronounced sexually dimorphic 
MUP gene expression and protein output, as well as having 
more duplicated MUP loci, and M. musculus musculus showed 
the largest sexual dimorphism (Figure  10).

These results confirm that M. m. musculus show greater 
male-biased MUP expression than M. m. domesticus (Stopková 
et  al., 2007; Figure  9) and other Mus species. They also 
indicate that sexually dimorphic MUP output of M. musculus 
is the derived rather than the ancestral trait, and that sexual 
dimorphism evolved by males increasing MUP expression 
rather than females reducing MUP expression. These findings 
raise questions about the underlying mechanisms explaining 
this pattern. For example, do M. musculus musculus males 
have higher rates of GH pulsatile secretion or sensitivity to 
GH pulsatile release than other species? They also raise 
questions about the ecological and social factors that correlate 
with species differences in MUP sexual dimorphisms. For 
example, are Mus musculus males more territorial or do 
they deposit more scent marks than males in other Mus 
species? To understand whether and how selection explains 
the evolution of sexually dimorphic MUP expression in some 
Mus species, studies are needed to experimentally test the 
effects of manipulating MUP expression of the fitness of 
both sexes in different species.

Assortative Mating and Reinforcement
Stopková et  al. (2007) suggested that differences in male MUP 
expression between subspecies might control subspecies 
recognition and explain assortative mating preferences in female 
M. musculus musculus observed in mice near the hybrid zone 
(Smadja and Ganem, 2002). Once perceptible differences in 
sexual characters evolve in diverging populations, and hybrids 
have reduced fitness, selection is expected to favor the evolution 
of assortative mating and further divergence and speciation 
(reinforcement hypothesis). In other words, the evolutionary 
divergence in male MUP expression among Mus species might 
drive further divergence between subspecies of mice through 
assortative mating.

A B

FIGURE 8  |  Relationship between urinary protein output and reproduction success. Scatterplots show the total urinary protein output of males (A) and females 
(B) in relation to individual reproductive success in the large, seminatural enclosures. Black and gray data points indicate dominant (D) and subordinate (S) social 
status, respectively. Reproductive success was calculated as the Ln (number of offspring per mouse + 1). Adapted from Luzynski et al. (2021).
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Evidence for olfactory-mediated assortative mating preferences 
has been found in house mice trapped near the hybrid zone, 
and especially M. musculus musculus females (Smadja and 
Ganem, 2002). Yet, the mice were able to distinguish subspecies, 

regardless of whether the urine originated from mice in allopatric 
populations or the contact hybrid zone, suggesting that the 
divergence of the signal between subspecies originated in 
allopatry, contrary to the assumptions of the reinforcement  
hypothesis.

There have been several attempts to test the predictions of 
the MUP-mediated reinforcement hypothesis, including the 
following: (1) A genetic survey of wild house mice found 
considerable introgression between these two European subspecies 
for markers closely flanking the MUP cluster on both sides of 
a hybrid zone (Bímová et al., 2011), which contradicts assortative 
mating predictions. However, some alleles showed asymmetric 
introgression, as expected if only M. musculus musculus showed 
assortative preferences. (2) Another study scanned MUP and 
candidate olfactory (vomeronasal receptor or VR) genomic regions 
of mice from the hybrid zone and allopatric areas using 
microsatellite loci to detect recent selective sweeps (Smadja et al., 
2015). Some MUP or VR loci displayed the expected reduction 
in variability in populations near the hybrid zone, but no strong 
conclusions could be  made. (3) A detailed proteomic study 
compared the amount and types of urinary MUPs between 
these subspecies and their location near to the hybrid zones 
(Hurst et al., 2017). Urinary protein output was sexually dimorphic 
(overall males had ca. 3.5 times higher protein excretion than 
females), and M. musculus musculus had higher protein output 
than M. musculus domesticus; as previously shown (Stopková 
et  al., 2007). Differences in male MUP excretion between 
subspecies were found in allopatric, but not contact zones, 
contrary to the reinforcement hypothesis. Subspecies divergence 
in the total urinary protein concentration in the contact zone 
was found in females, but not males due to the low concentration 
of protein in M. musculus musculus females. Several MUPs 
were expressed in one but not the other subspecies. The sample 
sizes were insufficient to make strong conclusions, however. (It 
was not possible to determine whether mass peaks that were 

A B

FIGURE 9  |  MUP expression in two Mus musculus subspecies. MUP output was compared using (A) normalized hepatic MUP mRNA abundance, and 
(B) concentration of urinary MUP protein circles connected by solid lines show differences between males, and squares connected by dashed lines show differences 
between females of these subspecies (error bars show 95% confidence intervals). Figure used with permission from Stopková et al. (2007).

FIGURE 10  |  Sexually Dimorphic MUP Gene Expression in Mus Species. 
The graph illustrates sexually dimorphic expression of MUP genes in relation 
to a Mus species from Steppan and Schenk (2017) and M. musculus 
subspecific phylogeny from Macholán et al. (2012). Sex differences in MUP 
expression among Mus species and subspecies [mean percentages of total 
MUP gene expression in liver tissue composed of Mup3, Mup20, and central 
MUPs; data from Sheehan et al. (2019)]. Error bars are ±1 SEM (N = 1 where 
error bars are absent). Mup20 is strongly male-biased in M. musculus, but it 
is not found in most other species, and although Mup3 was thought to 
be male-specific, it is expressed in female M. m. domesticus and some other 
species. Data from Sheehan et al., (2019).

188

https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles


Penn et al.	 Sexually Dimorphic Major Urinary Proteins

Frontiers in Physiology | www.frontiersin.org	 17	 March 2022 | Volume 13 | Article 822073

shared between subspecies represent identical MUP isoforms 
due to the technical difficulties in resolving such highly homologous 
isoforms, even with peptide mass fingerprinting). The authors 
concluded that the differences in the expression profiles of 
urinary MUPs might have the potential to convey information 
about subspecific identity, and MUPs showing differential 
expression in the contact zone were suggested to provide candidates 
for assortative mating preferences and reinforcement.

No studies to our knowledge have tested whether MUPs 
mediate assortative mating, but if so, this hypothesis contradicts 
the proposal that house mice show disassortative mating 
preferences for MUPs (Sherborne et  al., 2007). Thus, it is still 
unclear whether MUPs play a role in driving evolutionary 
divergence and speciation in house mice.

DISCUSSION

Here we  summarize the key findings from studies on sexual 
dimorphic MUP expression and highlight questions that 
need to be  addressed in the future. Our review shows that 
MUP production is generally male-biased, that most MUP 
genes have sexually dimorphic expression, and that are large 
differences in gene expression among MUP loci in both 
sexes. Moreover, we  show that MUP output is male-biased 
in seminatural social conditions, as well as in the laboratory, 
and the regulation of MUP expression is more complex 
and dynamic in natural social contexts than in the laboratory 
(Enk et  al., 2016; Thoß et  al., 2019; Luzynski et  al., 2021). 
MUP expression is not constitutive or fixed, and instead, 
it is regulated depending on a variety of different factors, 
including social status, caloric intake, infection, immune 
activation, and senescence, and males and females can differ 
in how they regulate MUP expression (Table 1). For example, 
male mice upregulate urinary protein output in response 
to acquiring a territory and dominant social status, unlike 
females (Thoß et al., 2019; Luzynski et al., 2021), and females 
regulate MUP excretion depending on their estrous stage 
(Stopka et  al., 2007), which might explain why wild female 
mice show increased urinary protein excretion in more 
natural social conditions. More studies are needed on female 
mice in general, which is why funding agencies are beginning 
to require researchers to include both sexes in their grant 
proposals (Klein et al., 2015). Most studies on MUP expression 
have focused on Mup1 and 20, and research is needed to 
investigate the regulation of other MUP loci, which is 
challenging because MUPs are so highly homologous (Enk 
et  al., 2016; Thoß et  al., 2016), and longitudinal analyses 
are needed to determine whether MUPs are up- or 
downregulated (Thoß et  al., 2019; Luzynski et  al., 2021).

We also examined studies on the proximate mechanisms 
and evolution of sexual dimorphisms in MUP expression. First, 
studies on the proximate mechanisms controlling gene expression 
in the liver have shown that male-biased MUP gene expression 
is due to sex differences in GH pulsatile secretion from the 
pituitary, which induce MUP gene expression through the 
JAK2/STAT5 signaling pathway (Udy et al., 1997; Teglund et al., 

1998; Holloway et al., 2008). Studies are still needed to confirm 
that normal physiological variations in GH secretion explain 
male-biased MUP output under more natural conditions, to 
determine how social status, caloric restriction, aging, and 
other factors male MUP production, and to compare MUP 
regulation in both sexes (Table  1). Many MUPs are expressed 
at low levels or silenced in females, and CUX2, a female-
specific transcription factor, suppresses MUPs other sexually 
dimorphic genes in the liver (Conforto et  al., 2012). GH 
regulates the expression of hundreds of other hepatic genes, 
but it is unclear whether their co-expression is inextricably 
linked or functional. It is also unclear how variation in GHR 
expression affects MUP synthesis, or how GHR expression is 
regulated. MUP expression is regulated by several hormones, 
and different MUPs are regulated by different endocrine 
mechanisms, but it is unclear how or why.

Second, GH release is controlled by neurons and hormones 
in the hypothalamus and pituitary, which appear to be organized 
by gonadal steroids, though studies are needed to explain their 
development (ontogeny).

Third, many studies show that male MUPs function as 
pheromones and pheromone carriers, though only two studies 
have investigated their fitness consequences: (1) One study 
found that increased levels of urinary protein excretion of 
wild mice living in seminatural conditions correlated with the 
reproductive success of males but not females (Luzynski et  al., 
2021). Studies are needed to determine whether this result is 
due to direct male–male interactions, female choice, or both. 
For example, estrous females are attracted to the scent of 
dominant territorial males, which excrete higher levels of MUP20 
and several other MUPs compared to subordinates (Thoß et al., 
2019; Luzynski et  al., 2021). Taken together, these findings 
suggest that the regulation of MUP expression influences male 
reproductive success, such as through effects on the sexual 
attractiveness of urinary scent marks (Roberts et  al., 2010, 
2012) or other effects on the physiology and behavior of females 
(Hoffman et  al., 2015; Demir et  al., 2020). It is unclear why 
mice regulate MUP production (Table  1), and why males 
honestly signal their social status, health, and condition to 
rivals and potential mates; however, MUPs are not a “handicap 
signal.” It is often emphasized that MUPs are costly to produce, 
though MUPs may function to reduce the net costs, as well 
as to enhance the reproductive benefits of scent-marking by 
dominant males. (2) Another study examined whether MUP 
production influences survival, and though no effects were 
detected in MUP knockout mice of either sex, studies are 
needed to assess fitness effects in more natural conditions. 
MUPs provide physiological functions which may enhance 
survival, and perhaps more for males than females. If sexual 
dimorphisms are adaptive, then MUP expression should show 
differential fitness effects on the sexes, such that experimentally 
suppressing expression of males should impair their reproductive 
success, whereas elevating female MUP production to the levels 
of dominant males should reduce female survival or reproductive 
success. Such studies would help to test the hypothesis that 
sex differences in expression evolved due to intra-locus sexual 
conflict over allelic gene expression (Pennell and Morrow, 2013).
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Fourth, studies have only just begun on the evolutionary 
origin of sexually dimorphic MUP expression in house mice. 
A recent comparative study of MUP gene expression in Mus 
species and Mus musculus subspecies (Sheehan et  al., 2019). 
This analysis suggests that the ancestral state of MUP expression 
in Mus is sexually monomorphic, and that male-biased 
expression evolved by increasing male rather than reducing 
female MUP expression. However, the sample sizes of some 
species in this study were very small and housing conditions 
were not controlled. Studies are also needed to determine 
the underlying mechanisms controlling MUP gene expression 
and their functions in other Mus species. Comparative analyses 
are also needed to investigate whether sexual dimorphism 
co-evolved with the expansion of MUP loci in Mus and 
Rattus. MUPs could be used to test the hypothesis that sexual 
conflict favors the evolution of gene duplication (Cox and 
Calsbeek, 2009; Connallon and Clark, 2011; Gallach and 
Betrán, 2011). Other mammalian genera need to be investigated, 
as there are substantial differences in the sexual dimorphism 
in urinary protein excretion among different rodents, and 
house mice are not the most sexually dimorphic (Nazarova 
et  al., 2018). It will be  possible to begin reconstructing the 
evolutionary transitions that explain sexually dimorphic MUP 
expression once the genes that control MUP gene expression 
in Mus musculus and other Mus species are identified. It has 
been suggested that sex differences in MUP expression mediate 
assortative mating preferences, which subsequently drives 
further evolutionary divergence and speciation between house 

mice subspecies, but the evidence is mixed and direct tests 
are lacking.
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