Special Issue: Advanced Themes in Endocrinology

Cell

REVIEWS

Avian Leptin: Bird's-Eye View of the Evolution of

Vertebrate Energy-Balance Control

Miriam Friedman-Einat’* and Eyal Seroussi’

Discovery of the satiety hormone leptin in 1994 and its characterization in mammals provided a
key tool to deciphering the complex mechanism governing adipose tissue regulation of appetite
and energy expenditure. Surprisingly, despite the perfectly logical notion of an energy-storing
tissue announcing the amount of fat stores using leptin signaling, alternate mechanisms were
chosen in bird evolution. This conclusion emerged based on the recent discovery and character-
ization of genuine avian leptin - after it had been assumed missing by some, and erroneously
identified by others. Critical evaluation of the past and present indications of the role of leptin
in Aves provides a new perspective on the evolution of energy-balance control in vertebrates;
proposing a regulation strategy alternative to the adipostat mechanism.

Characterization of Leptin in Birds Sheds New Light on the Evolution of the Leptin
Circuit and Adipose Tissue as an Endocrine Organ in Vertebrates

The regulation of food intake is essential for survival in all organisms but has been studied in depth
primarily in mammals. The discovery and characterization of the satiety hormone leptin [1] (see Glos-
sary) provided a huge breakthrough in understanding the molecular control mechanism of energy
balance. This study also revolutionized the way in which we understand the role of adipose tissue,
by enforcing its central endocrine role in all aspects of energy-balance control. A Southern blot in
the first publication of leptin [1] suggested its conservation in all vertebrates. It was logical to assume
that the roles of leptin and the adipose tissue are conserved in all vertebrates. However, the discovery
and characterization of leptin in Aves provided some unexpected results.

Birds are an important model in evolutionary biology, representing over 30% of known tetrapod di-
versity with more than 10 700 living species (https://www.worldbirdnames.org/updates/). Being hot-
blooded as part of their unique adaptation to flight, bird evolution bridges the gap between mam-
mals and cold-blooded vertebrates. Birds are also important for agricultural research by providing
some of the prominent livestock species that affect global economy and human health. Therefore,
following the discovery of the key role of leptin in the control of energy balance in mammals, it
became of high interest to characterize leptin activity in avian species as well. Further study revealed
many differences in gene expression of leptin and its receptor, LEPR, compared to mammals, sug-
gesting a different role. It appears that the adipostat activity of leptin, in controlling appetite and
energy expenditure, may be disadvantageous for species with a critical need to accumulate a large
amount of fat before migration/winter or for other seasonal needs.

Discovery of Leptin Genes in Avian Species

Leptins were discovered and characterized in birds [2-7] about two decades after the mammalian lep-
tins [1], and about 10 years after finding and characterizing leptins in fish (Takifugu rubripes [8)), frog
(Xenopus laevis [9]) and tiger salamander (Ambystoma tigrinum [10)). In retrospect, it is clear that lep-
tin identification in avian species was hampered by the extreme guanine-cytosine (GC) content of
about 70% and low sequence conservation for both the nucleic and amino acid sequences (<30%)
(Figure 1), as well as low expression level (<0.5 reads per kilobase per million mapped reads;
RPKM), evident in next-generation RNA sequencing (RNA-Seq) datasets [6,11]), and an unexpected
tissue-expression profile ([2-7]; Figure 2, Key Figure). The recent explosion of submitted raw data
from high-depth genomic sequencing [12] and RNA-Seq projects in birds enabled the identification
of leptin, despite the indicated technical difficulties. These datasets were used independently in
several laboratories for manual tailoring of putative leptin sequences from pieces of unannotated se-
quences in the GenBank Sequence Read Archive (SRA). The identified sequences were verified by
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Highlights
Unlike their mammalian orthologs,
bird leptins show no expression in
adipose tissue.

Besides generally undetectable
leptin in avian blood circulation,
mRNA expression overlap of leptin
and LEPR, and dominant expres-
sion of the long form of LEPRmRNA
in all LEPR-expressing tissues (vs
the short forms in mammals impli-
cated in interactions with blood-
circulating leptin), indicate that in
birds, leptin does not operate as a

hormone.

Although the adipostat role of
leptin seems to have emerged in
the common ancestor of amphib-
ians and mammals, different roles
have likely been adopted for leptin
in birds to suit their specific
lifestyles.

Extreme GC content of genes en-

coding avian adipokines has
hampered evolutionary studies of
energy-balance control in verte-
brates; now that the controversy of
the erroneously identified leptins is
over, related reports can be criti-

cally evaluated.
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several complementary criteria [2-6], including PCR sequencing, similarity of gene structure and
secondary and tertiary structure of the predicted proteins, and phylogenetic analyses, which placed
the bird’s leptin sequences (both mRNA and predicted protein) at the expected position between
reptiles and mammals (Figure 3). The final proof of these identifications was a demonstration of
local synteny with the closest gene neighbors of leptin. For zebra finch (Taeniopygia guttata)
and budgerigar (Melopsittacus undulates) leptins, Mir 129-1 was identified at the 5 end of leptin
genes [2]. For the saker falcon (Falco cherrug), RBM28 was located at the 3’ end of the genomic
sequence [4]. For peregrine falcon (Falco peregrinus) and saker falcon, SND1, LRRC4, Mir 129,
RBM28, IMPDH1, ATP6V1P, and FLNC were mapped near leptin [5]. All of these identifications
were made by sequencing the complete genomic scaffolds containing the leptin genes, which
can lead to the identification of neighboring genes in birds due to the condensed structure of their
genome, with a relatively short intergenic sequence compared to other vertebrates [13]. For
example, Mir 129-1 and RBM28, which in humans are placed at a distance of about 40 kb from lep-
tin, are located just a few kilobases away from leptin in zebra finch and budgerigar [2], and about 1
kb away in saker falcons (RBM28 [4]). Additionally, chicken leptin and syntenic genes were mapped
to the chicken genome using a radiation hybrid panel, revealing their location at the distal tip of
chromosome 1p [7].

Interestingly, the high GC content (about 70%) was observed not only in the avian leptin sequences,
but also in the sequences of their syntenic regions [5,7]. The discovery of leptin in birds (Box 1) pro-
moted the recent finding of other missing genes in avian species [14-17], altogether suggesting that
other genes considered lost in chicken [18,19] may be hidden in GC-rich regions of the chicken
genome, which we referred to as the dark side of the genome [6].

Leptin Receptor

The chicken LEPR gene was discovered in the year 2000 as the first LEPR in nonmammalian verte-
brates [20,21]. The identification was confirmed by mapping to a syntenic region on chicken chromo-
some 8 [22] and by characterization of similar LEPRs in turkey, duck, goose, and quail with about 90%
sequence similarity [23-25]. The sequences of bird LEPRs have a normal GC content (~45%, Figure 1C)
and a higher similarity than leptin to the corresponding mammalian orthologs (~60%). The structure
of the avian LEPR genes is highly similar to that of mammalian LEPRs, consisting of 20 exons with
conserved boundaries [20,23]. The predicted protein sequence of the avian LEPRs indicates conser-
vation of functional domains and consensus motifs of the mammalian LEPRs, belonging to the type 1
helical cytokine receptor superfamily [26]. These include the immunoglobulin-like C2-type domain,
three fibronectin type 3 domains, two WSXWS (tryptophan-serine-X-tryptophan-serine) motifs, a
single transmembrane segment, three consensus sequences named Boxes 1-3, and three tyrosine
residues at conserved positions of the intracellular domain. The leptin-binding domain, characterized
in mammals [27], is the most conserved region in avian LEPRs, with ~80% identical amino acids
[28,29]. This domain of the chicken LEPR was also studied in vitro, demonstrating its leptin-binding
capacity [30]. In mammals, the conserved motifs in the LEPR intracellular domain were implicated
in the activation of the JAK/STAT and the PI3/AMPK pathways [26,31,32], as well as in a feedback
mechanism that reduces leptin sensitivity through suppressor of cytokine signaling (SOCS)3 [33].
The signal-transduction capacity of the chicken LEPR was demonstrated using cell culture systems
exogenously expressing the chicken LEPR [28,29,34]. Leptin administration to the culture medium
of these cells induced STAT3 phosphorylation, and activation of a reporter gene placed under a
STAT3-responsive promoter. Activation of the reporter gene in cell culture systems by a native or het-
erologous leptins was similar in cells harboring exogenous human, chicken [28], or frog LEPRs [9].
These findings are consistent with the suggested conservation of leptin structure and the leptin-bind-
ing domain in LEPRs among vertebrates [2,4,30,35,36]. However, no study has yet compared the ef-
fect of endogenous and heterologous leptins in vivo.

Leptin Diversification in Amino Acid Sequence and Function

The predicted protein sequence of avian leptins (Figure 1) shows low sequence similarity not only to
their mammalian and reptilian orthologs (~30% and ~35%, respectively), but also among birds. For
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Glossary

Adipokine: a regulatory factor
secreted by the adipose tissue
having autocrine, paracrine, and/
or endocrine activity.

Adipostat activity: activity
affecting both energy intake and
energy expenditure, aimed at
achieving a constant amount of
energy stores in the body. The
classical factor with adipostat ac-
tivity is the mammalian leptin.
Bird evolution: birds evolved from
tetrapod dinosaurs in the middle
of the Mesozoic era, about 150
mya. The common ancestor with
mammals is estimated to have
appeared ~310 mya and with
reptiles, ~250 mya [101-103].
Energy balance/homeostasis: the
relationship between the energy
obtained by food intake and the
energy spent by the various ac-
tivities of the body, including
thermoregulation, physical activ-
ity, reproduction, immune
response, and virtually all other
biological processes.

Leptin: the mammalian satiety
hormone produced almost exclu-
sively by the adipose tissue, which
signals the amount of fat stores
and affects appetite, insulin
sensitivity, inflammation, repro-
duction, immune response, and
other aspects of energy
expenditure.

Role of adipose tissue: the most
fundamental role of adipose tis-
sue is storing excess energy as
fat in times of positive energy
balance and releasing it in times
of negative energy balance.
However, characterization of
leptin and other adipokines has
revealed that the adipose tissue
additionally possesses an essen-
tial role in energy homeostasis:
The ‘energy keeper’ also an-
nounces the amount of fat
stores to the brain and other
tissues, thereby affecting the
control of energy intake and
expenditure.

RPKM: a commonly used metric
for quantitating next generation
sequencing data. This unit of
transcript expression normalizes
RNA-Seq data with respect to the
length of the RNA transcripts and
the sequencing depth of the
samples. The average RPKM of
chicken transcripts in RNA-Seq
experiment is about 28 [104], and
the RPKM value of one of the
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example, chicken and duck leptins share 45% identical amino acids, whereas human and mouse, with e

similar evolutionary distance (estimated as 80 and 90 million years, respectively; http://www.timetree.  GAPDH, is about 4000 [105].
org), share 83% amino acid identity [6]. In addition to sequence diversification, there are also dele- Therefore, values below 1 RPKM
tions and insertions, such as the additional noncoding exon at the 5 end of dove and zebra finch lep-  are considered low.

tins [2,4], an extended amino acid at the N-terminal position of the chicken leptin [11], and quail, and
other insertions and deletions of predicted amino acids (Figure 1A). The rapid evolution of the non-
mammalian leptin amino acid sequences and the slower evolution of the corresponding LEPRs [36]
suggest that leptin amino acid diversification does not relate to LEPR binding or activation but to in-
teractions with other proteins. These may include regulatory factors that bind to leptin and affect its
activity and tissue specificity, as has been suggested for deep diving seals (Halichoerus grypus and
Phoca vitulina), which have specific respiratory challenges associated with diving. Seal leptin is ex-
pressed in the lungs and seems to have a role in pulmonary surfactant production as an adaptation
to deep water diving [37]. It is possible that the surfactant role of seal leptin is played additionally to
adiposity signaling, since seal leptin is expressed in the blubber where fat is stored. However, this has
not been yet fully resolved [38]. Another example of a concomitant divergence in leptin sequence and
role in mammals is the leptin of plateau pika (Ochotona curzoniae). This rodent has adapted to low
ambient temperatures and its leptin has a higher capacity for conferring adaptive thermogenesis
compared to human leptin, in addition to satiety signaling [39].

Therefore, it is tempting to speculate that in birds, sequence divergence of the leptin gene
compared to other vertebrate clades and among birds also relates to diverged expression profile
and role, possibly requiring interaction with proteins additional to LEPR. Thus, it would be of great
interest to compare RNA-Seq analyses of multiple tissues of different bird types, such as chicken
and duck.

Aves Leptin Is Not an Adipokine

The most striking feature of the genuine avian leptins is that in sharp contrast to mammals, they are
not expressed in the adipose tissue. The first indication came from quantitative PCR profiling of
leptin MRNA expression in tissues of zebra finch, where it was detected in brain tissues and the pi-
tuitary, but was absent from peripheral tissues, including visceral fat [2]. This was confirmed by
RNA-Seq analyses showing the absence of leptin mRNA (RPKM <0.01) in the visceral fat of the
wild chicken red junglefowl [6,11], and two main commercial chicken lines (broilers and layers)
that differ in appetite, body growth rate, and reproduction efficiency [40]. Moreover, there was
no effect on leptin expression [40] in visceral fat in broiler chickens bidirectionally selected for
either fast or slow body growth [41], or lean and fat phenotype [42]. In addition, leptin mRNA
expression in the adipose tissue was not affected in chickens by 24-h feed deprivation [40]. There-
fore, it is clear that adipose tissues in chicken do not signal the amount of fat stores via leptin. This
seems to be true for other birds as well, based on the lack of leptin expression in the adipose tissue
of zebra finches [2], and the low to undetectable leptin levels in the visceral fat of rock dove [4] and
quail [6].

Is There Another Adipokine Replacing Leptin or Does Adipose Tissue Have a Different
Role in Birds?

A search for adipokines that are positively correlated at the mRNA level to fat accumulation and food
intake in RNA-Seq data of the various aforementioned chicken models failed to show a candidate that
might replace the adipostat function of leptin [40]. Instead, this study revealed that three prominent
adipokines (TNF, IFG and IL6) — which in mammals operate together with leptin in the control of
appetite, insulin resistance, and inflammation — are expressed at low levels in chicken visceral fat.
Similar to leptin, these three adipokines were also studied under a variety of physiological conditions
relevant to obesity, growth, and reproduction efficiency; they showed no differential MRNA expres-
sion, and they were below the level of detection by mass spectrometry [40]. This suggests that the
initial finding of the absence of leptin expression in adipose tissue may represent a more profound
difference in adipose endocrine role in Aves.
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(B) () Species GC  Average GC  Average
content content
Man Tit Finch Budgerigar  Chicken (Gallus gallus) 67% 41%
Mallard Japanese quail (Coturnix japonica) 66% 42%
Masked bobwhite quail (Colinus virginianus)  77% 44%
Mouse Falcon Mallard (Anas platyrhynchos) 74% 49%
Eagle Bald eagle (Haliaeetus leucocephalus) 73% 39%
Peregrine falcon (Falco peregrinus) 74% 74% 39% 43%
Dove Zebra finch (Taeniopygia guttata) 81% 47%
Ground tit (Pseudopodoces humilis) 82% 45%
Downy woodpecker (Picoides pubescens) 62% 45%
Alligator Woodpecker Rock dove (Columba livia) 77% 42%
Budgerigar (Melopsittacus undulatus) 80% 41%
Green sea turtle (Chelonia mydas) 54% 39%
Green anole lizard (Anolis carolinensis) 61% 37%
Chicken Mouse (Mus musculus) 56% 44%
Platypus (Ornithorhynchus anatinus) 46% 52% 49% 41%
Quail Human (Homo sapiens) 58% 40%
African clawed frog (Xenopus laevis) 43% 37%
Zebrafish (Danio rerio) 45% 44%
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Key Figure

Comparison of Leptin and Long-Form LEPR Expression Profiles in
Mammals (Woman's Image) versus Birds (Chicken’s Image)

Adipose tissue

Placenta

Trends in Endocrinology & Metabolism

Figure 2. Pie charts denote expression based on RPKM data for mammalian leptin (light blue) and for long-form
LEPR (LEP-Rb; orange) mRNAs, which were taken from representative RNA-Seq datasets of baboon (Papio anubis),
monkey (Rhesus macaque; ovary) and woman (placenta) (GenBank accession nos. SRP107218, ERP108988 and
SRX083287, respectively). In the blood, leptin (~28 ng/ml, dark blue) and soluble LEPR (~2 ng/ml; red) protein
levels are from women with BMI~28 [128]. The data for Aves mRNA expression (color codes follow that of the
mammals) were from RNA-Seq data of red junglefowl and Chinese chicken breeds (pituitary) [6]. Due to much
lower expression levels, pies representing avian mRNA are drawn at a 12-fold larger scale than those of
mammals. In mammals, leptin is primarily expressed in the adipose tissue and secreted into the blood.
Mammalian LEP-Rb mRNA is detected in several peripheral tissues, which express primarily short forms of LEPR
(not shown), whereas in the hypothalamus, the long form is dominant. In birds, leptin is expressed in brain
tissue, adrenal glands and gonads, and is not generally detectable in the blood. In birds, the long form is the
principal form of LEPR in all expressing tissues, and there is no indication of soluble forms in the blood. Unlike
mammals, in birds, leptin and LEPR are correlatively co-expressed. However, LEPR is dominantly expressed in
the pituitary. Differences in expression patterns between the two clades indicate evolutionary divergence in the
role of leptin.

Obesity and Insulin Resistance Are Not Connected in Chickens

The mRNA profiling of leptin, TNF, IFNG, and ILé, suggested that in birds, adipose tissue does not
control appetite, insulin resistance, or inflammation. This suggestion is strongly supported by surpris-
ing results obtained more than 30 years ago. Simon, Leclercq, and colleagues bred broiler chickens
for high and low fat accumulation at similar body weights and found that the fat-line chickens had hy-
poglycemia, slight hyperinsulinemia, and seemed to be even more sensitive to insulin than the lean
line were [43,44]. Moreover, while the difference in obesity was maximally manifested in the

Figure 1. A Bird's-Eye View of Leptin Sequences.

(A) Alignment of leptin amino-acid sequences. Dashes indicate gaps introduced by the alignment program (CLUSTALW). Identical and similar amino-acid
residues in at least three or seven sequences are indicated with a black and gray background, respectively. White boxes indicate non-conservative amino-
acid changes between proteins. Signal peptide and structural elements, helixes and loops, based on the crystal structure of human leptin [126], are denoted
above the alignment. The two conserved cysteines forming a lasso knot [127] are indicated by black arrowheads. (B) Phylogenetic tree. (C) Comparison of
LEP and LEPR GC content in birds versus other vertebrates. Sequences follow those published by Seroussi et al. ([6]; Table 3), except for those of Alligator
mississippiensis and Coturnix japonica (GenBank accession nos. KYO26360 and MK689854, respectively).
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Figure 3. Phylogenetic Tree Based on the Predicted Amino Acid Sequence of Vertebrate Leptins.

The evolutionary history was inferred using the neighbor-joining method and is drawn to scale using the model with
the lowest Bayesian-information criterion (JTT method, gamma 1.92). Gaps were eliminated and the final dataset
had 107 positions. The corresponding GenBank accession numbers are given below, in a clockwise order, where
applicable. The tree was inferred from 500 bootstrap trees and for each branch the percentage of replicate
trees, which contained identical branch is shown. Evolutionary analyses were conducted in MEGAé [129]. Pika
(XP_004592562) and seal (XP_006747941) leptins are placed relatively far from human and mouse despite the
similar evolutionary time of divergence of about 90 MYA among the four species (TIMTREE, http://www.
timetree.org). Branch length is also larger between the bird's leptins comparing to that of human and mouse.
This high sequence diversification has been suggested to relate to variation in leptin’s expression pattern and
role. Colors refer to the strength of the evidence for leptin adipostat activity. In the majority of mammals, leptin
is a satiety signal working in a feedback loop (red). In seal, frog (XP_018108304; NP_001089183), turtle
(XP_007052942), alligator (XP_014465773) and lizards (XP_020659433; XP_028602273), the adipostat role of
leptin has been suggested but not fully established or is not known (pink). In teleost fish (XP_003440618;
XP_009291735; NP_001025357; XP_005451664), birds (NP_001337009; APC23099), salamander (AAY68417) and
monotrem marsupials (platypus, XP_001509133) there are strong evidence against adipostat role of leptin (black).

divergently bred lines at 9 weeks of age, glucose clearance remained faster in the fat line also at
17 weeks of age [44]. The authors termed this observation glucose—insulin imbalance, since the higher
insulin level in the fat line was correlated with higher insulin sensitivity, in sharp contrast with the tight
link between hyperinsulinemia and insulin resistance in obese mammals [45]. Following this up,
broiler chickens were bidirectionally selected for high and low blood glucose levels [46]. The low-
glucose breed accumulated more visceral fat, confirming that in chicken, higher sensitivity to insulin
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Box 1. Correct Identification of Avian Leptin Is Evident

Despite the low primary sequence conservation of the newly identified leptins in avian species, their identifi-
cation is unequivocal. Conservation of gene structure and of the secondary and tertiary structures of the pre-
dicted protein products, correct phylogenetic position and chromosomal mapping to syntenic regions in the
corresponding genomes all support these identifications. This discovery finally put an end to the controversy
over the erroneous sequence of chicken leptin (GenBank accession no. AF012727). This erroneous leptin
cloned by PCR [106,107] had more than 95% similarity to mouse leptin at both the protein and nucleic acid
levels, and was never included in chicken genomic assembly or located within a genomic contig. In phylogenic
analyses, the erroneous leptin sequence was placed — counter to Darwin’s evolutionary theory —at closest prox-
imity to mouse [4,5]. The radioimmunoassay that was developed based on this erroneous sequence [57] and is
still in use today [59] led to controversial results.

leads to increased fat accumulation with no major countereffect of obesity on insulin sensitivity. While
the etiology of fattening in mammals relates to leptin and insulin resistance, in chickens it seems to be
due to higher sensitivity to insulin. This early work predicted lack of adipostat activity in chickens,
since energy expenditure as measured by body temperature was similar in the fat and lean lines
[43], while in mammals leptin acts to modulate energy expenditure towards balancing energy
stores [47].

Leptin and LEPR mRNA-Expression Profiles

Profiling of leptin mRNA by quantitative PCR and RNA-Seq in a variety of tissues in avian species,
including zebra finch, rock dove, quail, and chicken, reveals its expression in the cerebellum, hypo-
thalamus, pituitary, adrenal glands, and gonads (in descending order of expression levels)
[2,4,6,40]. In the vast majority of the RNA-Seq studies (except for sporadic cases of liver studies;
Box 2), leptin expression level was low (<0.5 RPKM [6]), even in the top-producing brain tissues. It
is possible that this low leptin level in avian tissues, indicated by RNA-Seq, reflects the technical dif-
ficulty and the actual level of expression is thus higher. Therefore, studies at the protein level would
be of high value for profiling leptin expression in birds.

The mRNA-expression profile of avian LEPR is tightly correlated to that of leptin [2,4,6], with generally
higher LEPR mRNA levels (~3-fold) compared to leptin, suggesting a paracrine/autocrine mode of

Box 2. No Leptin Expression in Liver, with Sporadic Exceptions

The liver is the primary leptin-producing tissue in many nonmammalian nonavian vertebrates [81], compatible
with being a prominent site of energy metabolism and storage, along with the adipose tissue. However, most
of the experimental data show no leptin expression in the liver of birds. A search of RNA-Seq data in GenBank
SRA with avian leptin sequences as bait revealed no leptin mRNA in the liver of red jungle fowl, rock dove, quail,
or Faiyumi or broiler chickens exposed to various levels of heat stress, or in fatty or lean livers of Jingxing-
Huang chickens. However, two experiments in duck liver found the expression of exceptionally high leptin
mRNA [6] — 12 and 4 RPKM, respectively — which are the highest levels detected for leptin mRNA in any bird
tissue in GenBank. Most quantitative PCR analyses of leptin mRNA in livers of zebra finch, quail, and chicken
revealed little or no leptin [2,6,40]. A few exceptions were reports of leptin expression in the liver of rock doves
captured in the city [4] and an experiment with mature female quails [25]. In another report in mature female
quails, leptin was observed in only 1 out of 18 birds [6]. These observations indicate that in avian species,
expression of leptin in the liver is sporadic and rare. Its expression may result from induction by a specific path-
ogen or reflect a specific biological cycling or metabolic situation. Reports on elevated leptin level in the blood
circulation of hepatitis-C-virus-infected humans [108-110] demonstrate induction of leptin by pathogens.
Taken together, the general observation is no leptin mRNA expression in bird liver, aside from the exception-
ally high mRNA levels (>4 RPKM) in sporadic subjects. Because this mRNA expression exceeds >20-fold the
normal expression in other leptin expressing tissues, it may reflect a fundamental feature of the role of leptin

in birds.
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Box 3. Short Forms of Avian LEPR

In mammals, six forms of LEPR mRNA (LEPRa-f) are generated by alternative splicing. The long form (LEPRb),
which has the full capacity of signal transduction, is expressed predominantly in the hypothalamus [26,32,111].
The other leptin receptor isoforms have the same extracellular leptin-binding domain at the N terminus as
LEPRb, but different C termini. Except for the hypothalamus, these shorter forms are found in much higher
abundance in all other LEPR-expressing tissues. The role of the short forms of the receptor in leptin signaling
is minor and their major effect is in modifying circulating leptin activity, bioavailability, and transport through
the blood-brain barrier [98,111-114]. A few studies have demonstrated the presence of short forms of LEPR
mRNA in avian species. In chickens, Liu et al. [48] detected a short LEPR transcript lacking the last exon, similar
to the most abundantly expressed variant in mammals (LEPRa also known as OB-Ra [113]). However, the
chicken LEPRa-like transcript was expressed at low levels and was absent from the choroid plexus, where in
mammals, LEPRa expression is at its highest, assisting transfer of leptin through the blood-brain barrier
[48]. In quail, Wang et al. [25] characterized three alternatively spliced LEPR mRNAs, which contained the 5'
end of LEPR mRNA but lacked its predicted transmembrane domain and were therefore assumed to encode
soluble forms of LEPR. Among these isoforms, only one (LEPRc) was detected at significant mRNA levels in
the pituitary and kidney of quails [25]. However, since this was shown only by PCR amplification, additional sup-
portis needed such as by full-length mRNA sequencing [115] and/or identification of soluble LEPR in the blood
circulation of chicken/avian species. The dominant expression of full-length LEPR in chicken tissues was
demonstrated by comparative profiling with available GenBank RNA-Seq data using as bait, LEPR sequences
that are common to all of the known LEPR transcripts versus the sequence of the last exon, which is only present
in the long form of LEPR[6]. Therefore, it seems that in Aves the predominantly expressed LEPR isoform is the
long form in all tissues [6,48]. Since the short forms of LEPR in mammals are implicated in clearance, transport,
and stabilization of circulating leptin, this result supports the suggestion that in avian species, blood-circu-
lating leptin is not significant and leptin operates locally in autocrine/paracrine fashion.

action. Paracrine/autocrine mode of leptin action is also supported by the lack of significant expres-
sion of short forms of LEPR in birds (Box 3). Nevertheless, an exceptionally high level of LEPR mRNA is
found in the pituitary of chicken, rock dove quail, and zebra finch [2,4,6,25], more than 100-fold higher
than LEPR in any other tissues (Figure 2) [2,4,6,48]. This raises the possibility that pituitary LEPR re-
sponds to leptin in the cerebral fluid or in the median eminence of the hypothalamus, thus retaining
some of the endocrine role of leptin. However, it is also possible that the high LEPR mRNA in the pi-
tuitary evolved to maximize the response to the pituitary leptin. Given that in mammals LEPRb is ex-
pressed at a much higher level in the hypothalamus compared to pituitary [26,32], the dominant level
of avian LEPR expression in the pituitary suggests its implication in regulation of reproduction and
stress response rather than appetite. In other nonmammalian vertebrates, such as fish and frogs,
LEPR is also expressed at a high level in the pituitary, albeit not higher than in the hypothalamus
[49,50]. In frogs, fish, and lizards, leptin has been shown to stimulate the production of the reproduc-
tion-related pituitary hormones prolactin and follicle-stimulating hormone [51-53], similar to the role
of leptin in the pituitary of mammals [54]. However, in teleost fish, RNA-Seq analysis of pituitary ex-
plants following incubation with leptin indicated strong induction of the glycolysis circuit rather
than of genes related to control of reproduction [55]. Therefore, expression of LEPR in the pituitary
is common in all vertebrates and peaks in birds but its exact role awaits further study.

Leptin in Avian Blood Circulation

Consistent with the low leptin expression observed at the mRNA level, leptin activity in the blood cir-
culation of birds is usually undetectable by the chicken LEPR-based bioassays in cell culture [28]. The
sensitivity of this assay allows detection of leptin in serum samples of obese and lean humans and
cows, which crossreact with the chicken LEPR [6,28] but not in serum samples from commercial
chicken lines, red jungle fowls, geese, and quails under a variety of physiological conditions. More-
over, leptin activity was absent in blood samples collected from birds with strong seasonal variation
in voluntary food intake and fat accumulation. These include samples from preincubation and chick-
rearing periods of Ad lie penguins (Pygoscelis adeliae), and samples from bar-tailed godwits ob-
tained during migratory flight and refueling stages [56]. In contrast, leptin was observed in the blood
circulation of three out of ten rock doves, obtained from a service company that captures city doves
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[4]. These doves also had high liver leptin expression (Box 2), which may be the source of the rare indi-
cation of circulating leptin. Other reports showing leptin activity in blood samples of birds [34,57-59]
used nonverified assay systems, and therefore await further verification (Box 1).

In summary, it appears that avian leptin expression is operating at low levels in an autocrine/paracrine
fashion, and is usually undetectable in circulation. It is possible that the sporadic cases of relatively
high leptin expression levels in the liver (Box 2) lead to a more significant amount of leptin in the cir-
culation. However, at least in doves, rare incidences of blood leptin activity was found in sexually
mature males with high body weight and low fat stores living in the city where they may have been
exposed to pathogenic infection, or extreme physiological conditions [4].

Role of Avian Leptin

The delay in the discovery of genuine chicken leptin and the lack of a simple method to produce trans-
genic chicken lines are the primary reasons for the lack of knowledge about the role of leptin in birds.
During the two decades between the discovery of mammalian and bird leptins, over 100 papers were
published based on an erroneous leptin sequence. Some of these papers are clearly misleading, such
as those using the erroneous leptin sequences/peptides as a probe for hybridization, PCR amplifica-
tion or establishing radioimmunoassays [58-62]. These reports showed leptin expression in adipose,
liver, and blood samples, usually in correlation with energy availability, and provided results that con-
tradicted those obtained using genuine molecular tools [2,4,6,11].

Because vertebrate leptins have a conserved 3D structure [9,28,35,36,63] allowing for heterologous
LEPRs activation in vitro, studies involving administration of heterologous leptins in Aves were
assumed to represent true leptin signaling. However, reports on leptin administration to birds are
largely controversial. Several studies showed that leptin attenuates food intake upon its intracerebro-
ventricular or peripheral administration in chickens, great tits (Parus major), and Asian blue quail (Co-
turnix chinensis) [64-69]. In contrast, other reports found no effect of leptin administration on food
intake, enhanced body weight, or food consumption [70-72]. In addition, treatment of leghorn
chickens with a potent leptin antagonist that blocks chicken LEPR signaling in vitro had no effect
on food intake or body weight during 10 days of daily injection [73]. Similar treatment with the
same antagonist in rodents dramatically enhanced food consumption and body weight from the first
day of treatment [74].

Other studies of heterologous leptin administration to birds pointed to effects of leptin on embryonic
development (Box 4), and enhancement of puberty and reproduction in chicken and great tits [72,75],
whereas in Asian blue quail, leptin treatment hampered male reproduction [68]. Other reported ef-
fects of leptin administration include enhancing markers of autophagy in the hypothalamus and liver

Box 4. Leptin in Embryos

Mice and humans with null mutations in leptin or LEPR are born normal [116,117]. This indicates that leptin is
not essential forembryonal development in these species. However, since both leptin- and LEPR-deficient sub-
jects are sterile and can be produced only by heterozygous parents, maternal leptin and LEPR in extraembry-
onic tissues may operate during embryogenesis, as is known for the process of implantation [118,119]. More-
over, since leptin is produced by the placenta in significant amounts, with no relation to obesity [120,121], itis
possible that minor developmental roles of leptin are not noticed in the mutant offspring due to the dominant
phenotype of the null mutations manifested immediately after birth. In nonmammalian vertebrates, some re-
ports attributed a role for leptin in embryonic development. For example, in frogs, administration or blocking
of leptin during early prometamorphosis affected growth and development of the hind limb [9]. In Aves, in ovo
leptin administration has produced controversial results. In some experiments, leptin treatment enhanced em-
bryo growth and development and even growth after hatching [122-124], whereas in another report leptin
administration did the opposite [124]. Similarly, the effect of leptin on the vasculature of the chorioallantoic
membrane was inhibitory in the latter report, but stimulatory in another [125]. In chick embryos, leptin
mRNA was observed in limb buds by in situ hybridization [6]. However, direct proof of the role of leptin in chick
development, such as by producing congenital loss of leptin or LEPR, is still missing.
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[69], attenuating testosterone-induced immunosuppression [76], and reducing plasma cholesterol
and triglycerides [68].

Taken together, these studies of leptin administration to birds do not provide a clear understanding
of its role. It is possible that in vivo, heterologous leptins elicit different responses than endogenous
leptins even though their 3D structure is similar. Since it is clear that avian leptin is not the signal of
energy stored in the adipose tissue, it is likely that the noncoherent reports concerning its effect on
food intake and body weight point to no such effect. The reports linking leptin activity with reproduc-
tion are compatible with the expression of avian leptin and LEPR in the tissues implicated in the hy-
pothalamic—pituitary-gonadal and —adrenal axes. However, further investigation is needed to estab-
lish this possibility.

Leptin in Nonplacental Nonavian Vertebrates

Nonmammalian leptins were first found in a number of teleost fish, and frogs [8-10]. These leptins
displayed low sequence similarity to mammalian leptins (13-30% amino acid identity with humans)
and low sequence similarity among them (30-50% amino acid identity depending on evolutionary
relatedness). Genuine leptins of nonmammalian vertebrates as well as those identified later on had
the predicted protein structures and local synteny at the genomic mapping positions that were similar
to mammalian leptins [8-10,38,77]. Like mammals, tetrapods generally possess one leptin gene,
except for frogs and some lizards, which have two leptin orthologs. These duplications are thought
to have evolved ~34 mya by allotetraploidy in frogs (Figure 3, leptin s and I; [78]) and through a recom-
bination event that includes leptin A and the neighboring RBM28 gene in lizards [35] (Figure 3).
Teleost fish have two leptin genes (A and B), or four in salmonid and cyprinid lineages. Based on a
consideration of local synteny, polygenic analyses, and evolutionary time calculations, it is thought
that the two teleostan leptin genes were produced by the third teleost-specific whole-genome dupli-
cation event (Figure 3; leptin A and B), and the four leptins in salmonid and cyprinid lineages resulted
from additional lineage-specific genome duplications [79,80]. In most teleost fish, the expression
level of leptin mRNA is highest in the liver and low or absent in the adipose tissue [81]. Additional sites
of leptin expression in teleost fish are the brain, gonads, muscles, and kidneys, with significant vari-
ation among species. LEPR is prominently expressed in the pituitary, hypothalamus, and gonads. Af-
ter numerous reports linking fish leptin to the control of appetite and reproduction as reviewed by
Copeland et al., [82], a knockout study on LEPR and leptin A in zebrafish [83] showed that leptin is
not implicated in adipostasis, appetite, or reproduction control but rather in the regulation of beta
cells development and activity. This clear demonstration is also supported by a study in European
eels, showing that 4-month fasting had no impact on the expression of leptins or LEPR [79]. In
contrast, frog leptin has been shown to stimulate development of tadpole limbs [?] and lungs [84],
and to appear in the adipose tissue (fat body) and to a lesser extent in the liver after metamorphosis,
when LEPR is expressed in the preoptic area/hypothalamus and pituitary [85]. Furthermore, adminis-
tration of recombinant frog leptin after metamorphosis suppresses appetite [50]. This administration
upregulates SOCS3, POMC, and c-fos mRNAs in the preoptic area/hypothalamus/pituitary region of
the frog similar to its effect in mammals [53]. However, in another amphibian species, tiger salaman-
der (Ambystoma tigrinum), expression of leptin mRNA was detected only in male testes, and in fe-
males, it was dominant in skin and brain [10]. In lizards, leptin has been implicated in glucoregulation
and the regulation of reproduction instead of adipostat activity by some authors [86-88], and in
ameliorating immunity, body temperature, and satiety by others [89,90]. In turtle (Eretmochelys imbri-
cata), low blood leptin was correlated with prolonged fasting [91]. In marsupials, leptin increases en-
ergy expenditure [92], and inhibits body weight and food intake [93,94]. However, in a representative
of the monotreme marsupial clade, which are egg laying and more closely related to reptiles [95],
plasma leptin correlates with the reproductive cycle and not with body mass [?6].

In conclusion, conflicting reports about the role of leptin in nonmammalian vertebrates are not
confined to birds but also present in studies of other vertebrate species. The discrepancies in these
studies may result in part from the use of heterologous leptins and nonverified molecular tools, such
as heterologous nucleic acid probes and antibodies. For both of these reasons, production of LEPR
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knockout lines using CRISPR cas? technology will be of importance. So far, this has been used among
nonmammalian vertebrates in zebrafish [97], disputing earlier suggestions of adipostat role of leptin
in teleost fish [82].

Concluding Remarks and Future Perspectives

The avian GC-rich leptins are highly diverged genes, both among bird species and comparing to
other vertebrate clades. The pattern of expression of bird leptins also differs greatly from that of
mammals, suggesting a different role and mode of action (see Outstanding Questions). The apparent
autocrine/paracrine instead of endocrine characteristic of leptin in birds is based on the observation
of cotranscription of leptin and LEPR, usually undetectable levels of blood leptin, and lack of the short
forms of LEPR, which are known to mediate its blood clearance and to modulate its activity and trans-
fer through the blood-brain barrier [98]. In addition, the surprising and unexpected finding that leptin
is missing from the adipose tissue, observed under variety of physiological and feeding conditions,
indicates that in birds, leptin is not the signal by which the adipose tissue announces the amount
of fat stores. This finding is compatible with the switch of the dominant site of MRNA expression of
LEPR in Aves from the pituitary to the hypothalamus in mammals. It seems that since leptin in Aves
is not the adipokine that signals the amount of fat stores, it is not implicated in the hypothalamic con-
trol of appetite. This finding raises the question of whether another adipokine replaces leptin in the
bird adipose tissue, or whether this tissue has a different endocrine role. The latter possibility was
recently supported by showing a shift in the endocrine role of visceral fat of chickens toward repro-
duction [40]. Moreover, the same study revealed that in addition to leptin, other related adipokines
(TNF, IL6, and IFG), implicated in the control of appetite, insulin resistance and inflammation in mam-
mals [99], do not function as adipokines in chicken [40]. This hypothesis, based on mRNA-expression
profiles, corroborates the 30-year-old observation made from physiological characterization that
obesity and insulin resistance are dissociated in chickens [44,46]. In birds, the ability to fly and migrate
seems to alleviate the threat of starvation. Thus, unrestrained accumulation of fat reserves before
migration, wintering or chick rearing, which can reach 120% of lean body mass [100], seems more crit-
ical for survival than adipostat control.

In summary, despite highly controversial results, a critical review of the published data reveals that
leptin in Aves does not operate as an adipostat. Moreover, additional adipokines with inflammatory
activity in mammals do not seem to operate as adipokines in Aves, altogether suggesting a different
endocrine role for bird versus mammalian adipose tissue. It seems that the robust adipostat role of
leptin has developed during the evolution of mammals, working in concert with other adipokines
and dramatically affecting the endocrine role of the adipose tissue. Nevertheless, we cannot exclude
the possibility that the adipostat role of leptin has emerged in an early common ancestor of mammals
and other vertebrate clades as has been suggested for frogs [53] and adapted diverged functions dur-
ing the evolution of descending clades (Figure 3).
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