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Abstract

Among mammalian species, skeletal structures vary greatly in their size and shapes, leading to the 

dramatic variety of body sizes and proportions. How different bones grow to different lengths, 

whether among different species, different individuals of the same species, or even in different 

anatomical parts of our own bodies, have always been a fascinating subject of research in biology 

and physiology. In the current review, we will focus on some of the recent advances in the field 

and discuss how these recent findings provided important new insights into the mechanisms 

regulating bone lengths and skeletal proportions.
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Introduction

Bones come in a wide variety of sizes and shapes. The bones found in places like the skull 

and the pelvis are called flat bones because they appear as broad and flat plates, whose 

principal functions are to provide broad surfaces for muscular attachment and to protect our 

internal organs. In contrast, bones found in our upper and lower extremities like our legs and 

finger bones are called long bones because they are longer than they are wide. The principal 

functions of long bones are to provide support for our body weight and to facilitate 

movement. Importantly, elongation of long bones, or longitudinal bone growth, also 

represents perhaps the most important determinant of overall body growth and body size.

One longstanding mystery in biology is how different long bones grow to different lengths. 

Each of the long bones initially forms in the embryo as cartilage rudiment of similar sizes 

but subsequently diverges with differential regulation of growth. For example, human femurs 
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in the thighs are approximately 20 times longer than the phalanges in the fingers and toes. 

Interestingly, mechanisms controlling differential bone growth also underlies the differences 

in body proportions between different mammals, as signified by the long necks in giraffes 

and the long fingers in bats, and even more strikingly, contributes to the vast differences in 

adult body sizes, for example, when comparing a mouse to a buffalo or an elephant.

Bone Elongation: Endochondral Ossification

Longitudinal bone growth proceeds through a process called endochondral ossification that 

happens at the growth plate, a cartilaginous structure located at the ends of long bones. The 

growth plate consists mainly of chondrocytes, which are arranged into three separate layers: 

the resting, proliferative, and hypertrophic zones. Closest to the bone end lies the resting 

zone which consists of chondrocytes that behave as progenitor cells that give rise to 

columnar clones of rapidly proliferating chondrocytes, thereby generating the proliferative 

zone of the growth plate (Abad et al., 2002; Newton et al., 2019; Lui, 2020). As longitudinal 

bone growth continues, proliferative chondrocytes farthest from the epiphysis undergo 

terminal differentiation into hypertrophic zone chondrocytes. During this process, the 

chondrocytes stop proliferating and start enlarging. These cells then either transdifferentiate 

into bone-forming osteoblasts (Ono et al., 2014; Yang et al., 2014; Zhou et al., 2014) or 

generate a cartilage matrix scaffold that is subsequently remodeled into bone. These 

processes ultimately give rise to new bone formation.

The final length of any given bone can be thought to be a product of three factors: the rate of 

growth at the growth plate, the duration by which growth happens at the growth plate, and 

the efficiency by which the cartilage matrix is turned into bone matrix. The growth rate at 

the growth plate is in turn a product of the rate of chondrocyte proliferation (in the 

proliferative zone) and the height of each terminally differentiated hypertrophic chondrocyte 

(Kember, 1993), which are regulated by numerous factors including genetic, nutritional, and 

environmental factors that can act independently or in conjunction to modify the rate and 

duration of bone elongation (Gat-Yablonski et al., 2009; Lui et al., 2014; Yakar & Isaksson, 

2016). Some of these factors that regulates the growth plate act systemically, such as 

hormonal and nutritional factors, while some others tend to act locally and/or intracellularly, 

such as paracrine factors, transcription factors, and epigenetic modifications.

Femurs versus Phalanges: differential aging underlying differences in bone 

length

The growth rates between different growth plates could differ dramatically in a single animal 

at any particular age (Wilsman et al., 2008), thus contributing to the eventual difference in 

lengths of bones from different anatomical locations. Several studies have demonstrated that 

such difference in growth rates between different growth plates were highly correlated with 

hypertrophic chondrocyte volume (Breur et al., 1991; Kuhn et al., 1996). However, it is 

worth noting that chondrocyte hypertrophy is only part of the regulatory mechanisms 

underlying the differential growth rate between different long bones. We recently showed 

that the previously described differences in chondrocyte hypertrophy in different bones is 
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due in part to a much broader phenomenon, in which the growth plates in different bones 

were aging differently (Lui et al., 2018).

The idea of growth plate aging, or growth plate senescence, is not particularly new. It was 

used to describe a gradual decline in growth plate functions with age, including a decrease in 

chondrocyte proliferation rate, decrease in chondrocyte hypertrophy, and the associated 

structural and molecular changes in the growth plate (Weise et al., 2001) preceding 

epiphyseal fusion, when longitudinal bone growth comes to a complete stop. Interestingly, 

brilliantly designed growth plate-transplantation experiments previously showed that the 

growth rate of the transplanted growth plate depends on the age of the donor rather than the 

recipient (Stevens et al., 1999), suggesting that the age of the growth plate appears not 

dependent on the systemic environment, but rather on the intrinsic property of the growth 

plate itself.

In our recent study, we compared multiple senescent changes in the growth plates of mouse 

tibia, femur, metacarpal and phalanx (Lui et al., 2018). We found that the gradual decline in 

chondrocyte proliferation, column height, and hypertrophic cell size were declining with age 

in all different growth plates studied, which is expected. But interestingly, the time course 

for these senescent changes in the shorter bones closely paralleled longer bones but appeared 

to be left-shifted or down-shifted, which meant that these changes were advanced in the 

shorter bones. Furthermore, the final stage of growth plate senescence, which is epiphyseal 

fusion, also occurred earlier in shorter bones than in longer bones. Consequently, the longer 

bones were allowed to grow at a high rate and for a longer period of time, which contributed 

to their greater final bone length (Figure 1). Importantly, our findings to a certain extent is 

consistent with prior studies that attributed the differential growth of different bones 

primarily to hypertrophic chondrocyte size (Breur et al., 1991; Kuhn et al., 1996). Because 

the ability of chondrocytes to undergo hypertrophy gradually diminish during growth plate 

senescence, accelerated senescence in shorter bones would also be manifested as a 

difference in hypertrophic size when the observations were made at any specific age.

Digging deeper, we used laser capture microdissection followed by RNA-Seq to elucidate 

the underlying molecular mechanisms that contribute to the accelerated growth plate 

senescence in the shorter bones. We found that several key paracrine signaling pathways that 

modulate growth plate functions were differentially regulated. For example, Insulin-like 

growth factors (IGF) signaling is crucial for chondrocyte proliferation and hypertrophy 

(Hunziker et al., 1994; Wang et al., 1999; Lui et al., 2019), and we found that IGF signaling 

in the longer bones appeared to be intrinsically more robust than in the shorter bones (Lui et 

al., 2018). Compared with the phalanges and metacarpals, chondrocytes from tibias and 

femurs proliferate faster and expressed higher endogenous levels of Igf2 in culture. 

Importantly, administration of exogenous Igf1 were able to increase proliferation in 

phalanges/metacarpals chondrocytes to a rate comparable to untreated tibias/femurs but were 

unable to further increase chondrocyte proliferation from the tibias/femurs, indicating that 

IGF signaling is already optimal in tibia/femoral chondrocytes. Similarly, bone 

morphogenetic proteins (BMPs), another important paracrine signaling pathway for 

chondrocyte function (De Luca et al., 2001; Yoon et al., 2006; Garrison et al., 2017), 

appeared to be differentially regulated in different bones. The proximal tibial growth plate 
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expressed higher levels of BMP ligand and lower levels of BMP antagonist and when 

challenged with exogenous BMP antagonist, exhibited much greater inhibition of 

chondrocyte hypertrophy compared with that in the metacarpal. Our observations therefore 

suggest an intrinsically more robust BMP signaling in the longer bones, which in turn 

contribute to more prominent chondrocyte hypertrophy in the tibias and femurs. Taken 

together, our recent findings suggest that the size disparities between different long bones in 

our body arise in part from intrinsic differences in paracrine signaling such as IGFs and 

BMPs, which determines the differential modulation of growth plate senescence.

Bats, Jerboas, and Giraffes: differences in skeletal proportions

Evolutionary modulation of bone growth and bone length also play an important role in 

achieving different skeletal proportions in different species to facilitate adaptations to their 

environment. For example, wing skeletons of bats (or chiropterans), which are essentially 

their forelimbs, demonstrate a musculoskeletal specialization unique among mammals, 

including extremely elongated metacarpals and phalanges (Swartz & Middleton, 2008). 

Interestingly, quantitative analysis comparing the growth plates in distal elements of 

forelimbs (the manus) and most strikingly that of hindlimbs (the pes) showed that 

hypertrophic zones were vastly expanded and hypertrophic chondrocytes were dramatically 

elongated only in the manus (up to 60 μm paralleling the direction of growth), far exceeding 

what has been reported previously in any species (Farnum et al., 2008). A separate study 

compared gene expression between the forelimbs and hindlimbs of bats and mice and 

showed using immunohistochemistry that Bmp2 and BMP signaling were up-regulated 

specifically in the bats forelimbs (Sears et al., 2006). Taken together, these studies suggest 

chondrocyte hypertrophy driven by up-regulation of BMP signaling could be a major factor 

underlying the evolutionary modulation of forelimb elongation in chiropterans.

Another interesting study (Cooper et al., 2013) examined the Egyptian jerboas, a small 

bipedal rodent similar to the size of a mouse but with vastly elongated hindlimbs (Moore et 

al., 2015). Notably, the metatarsal length in jerboa is about two to three times the relative 

proportion of mouse metatarsals. Similar to the manus of bats, the hypertrophic 

chondrocytes in the jerboa metatarsals were dramatically enlarged compared to the mouse. 

But most interestingly, this study also elucidated the cellular mechanisms by which this 

unique cellular enlargement is achieved. The authors used quantitative phase microscopy to 

show that mammalian chondrocytes undergo three distinct phases of volume increase, with 

an initial phase of true hypertrophy (proportionate increase in dry mass and fluid uptake), 

followed by massive cell swelling in which the cellular dry mass is significantly diluted, and 

a final phase of slow and proportional increase in dry mass and fluid volume at this new 

lower dry mass density (Cooper et al., 2013). Remarkably, this third and final phase of 

chondrocyte hypertrophy was prolonged in the metatarsals of the jerboa while truncated in 

that of the mouse. Furthermore, the authors showed that IGF signaling is important for 

volume enlargement and continued production of dry mass in chondrocytes. Their findings 

therefore provided novel insights not only into the evolutionary modulation in jerboas but 

also provided a framework for understanding how cellular enlargement and skeletal sizes are 

regulated more generally.
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A recent study examining the tallest terrestrial animal, the giraffe, has provided intriguing 

insights into the genes contributing to its unique features: its long neck and long legs (Agaba 

et al., 2016). The giraffe’s closest relative is the okapi, which is also a member of the 

Giraffidae family, but does not exhibit the unique characteristics of a giraffe. By comparative 

analysis of the genomes of the giraffe and okapi, this study found that two-thirds of the 

genes that diverged most significantly in giraffes played roles in physiological development. 

This study identified unique genetic changes in genes of the HOX, NOTCH, and FGF 

signaling pathways, which likely contributes to distinctive skeletal proportions in the giraffe. 

Significant divergences from other mammals were found in the homeobox genes HOXB3, 

CDX4, and NOTO. These genes are speculated to be required for restricting differential 

growth to the cervical vertebrae and legs in the giraffe, as homeobox genes function to 

identify specific body regions. Additionally, seven unique substitutions, or variants, were 

found in FGFRL1, a decoy FGF receptor. Notably, FGF signaling is known to regulate 

proper skeletal development and somite size (Dubrulle & Pourquié, 2004; Hung et al., 2007; 

Liu et al., 2007), and FGFRL1 is likely an inhibitor of FGF signaling associated with human 

overgrowth (Matoso et al., 2014). Thus, these findings indicate that FGFRL1 is a strong 

candidate for regulating bone growth and contributing to the unique skeletal proportions in 

giraffes.

Small dogs and big dogs

Body sizes also vary dramatically among different mammalian species. The mechanisms 

regulating not only bone sizes and lengths, but also overall body size among mammals, have 

remained fascinating yet elusive. Recent genome wide association studies (GWAS) on 

human stature (Wood et al., 2014; Marouli et al., 2017) represents an important first step 

toward understanding size regulation within a species. Perhaps expectedly, most of these 

height-associated variants commonly found in the human population have very small effect 

sizes, contributing to less than 1 centimeter of height gain, and hundreds if not thousands of 

such genetic variants - many of which located in genes expressed and function at the growth 

plate (Lui et al., 2012) - collectively determine the genetic potential of final adult body 

height among individuals.

The size and height variations within the human species is rather unremarkable compared 

with that found in the domestic dog, exceeding 50-fold differences in mature body weights 

across different breed and exhibiting the greatest physiological disparity in growth rate out 

of any other terrestrial vertebrate (Tryfonidou et al., 2010). The domestic dog therefore 

provides an excellent model for study of body size regulation within a species. One study 

conducted a genome-wide scan and identified a locus on chromosome 15 modulating body 

size variation. At this locus, a single Igf1 single-nucleotide polymorphism haplotype was 

present in small dog breeds but absent in large breeds, suggesting that this variant is an 

important contributor to body size in small dog breeds (Sutter et al., 2007).

Although virtually all small dog breeds exhibit the same fixed Igf1 haplotype, within small 

dogs, there still exists substantial variation in body sizes. In Portuguese water dogs, a breed 

that exhibit large variation in body size, the Igf1 haplotype could explain 15% of the size 

variation within this single breed, providing further support for the significant role Igf1 plays 

Zhou and Lui Page 5

Exp Physiol. Author manuscript; available in PMC 2022 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



in contributing to body size (Sutter et al., 2007). Another study identified a nonsynonymous 

variant in the Igf1 receptor (IGF1R) that is associated with dog size (Hoopes et al., 2012). 

This variant alters a highly conserved arginine at position 204 to histidine in the IGF1R, 

which is predicted to inhibit hydrogen bond formation within the ligand binding subunit. Out 

of 13 tiny dog breeds, nine carried this genetic variant. Moreover, the allelic frequency 

increases further within the Poodle and Dachshund dog breeds as the size becomes smaller. 

These findings suggest that at least in some small dog breeds, combinations of Igf1 

haplotype and Igf1r variant may contribute to regulation of body sizes.

As one might expect, the growth rates among different dog breeds also vary greatly (Parcher 

& Williams, 1970). By comparing a small dog breed Miniature Poodle (MP) with a large-

dog breed Great Dane (GD), a study established that significant differences in IGF signaling 

along with differential expression of key components of the vitamin D pathway and PTHrP-

IHH feedback loop at the growth plate notably contribute to the disparities in growth rates 

seen between small and large dog breeds (Tryfonidou et al., 2010). Interestingly, the 

increased longitudinal bone growth rate seen in the GD compared to the MP is in part due to 

the significantly reduced levels of Igf1 binding proteins (igfbp-2, −4, −6). Since Igfbps 

regulates the actions of Igf1 and Igf1 upregulates growth plate chondrocyte proliferation, the 

downregulation of Igfbps allow for increased levels of free Igf1, thereby leading to a higher 

rate of bone growth in the GD. Collectively, these results further signify the importance of 

the Igf1 signaling pathway in regulating body size variation across dog breeds.

Recent studies have used companion dogs as animal models for the study of aging as their 

disease profile is similar to humans (Hoffman et al., 2020). Dogs have a unique life history 

pattern that allows them to provide important information regarding body size and longevity. 

The weights of dogs were used as an approximation of longevity as a 50-fold variation in 

body mass is negatively associated with a 2-fold range in lifespan (Fleming et al., 2011; 

O’Neill et al., 2013). A particular study conducted a large-scale global metabolomic 

profiling of dogs ranging in size and age (Hoffman et al., 2020) and found that tryptophan 

was strongly associate with dog weight and that smaller dogs had significantly higher levels 

of tryptophan pathway metabolites, supporting that tryptophan metabolism may play an 

essential role in influencing aging and longevity. Given that tryptophan metabolism is 

strongly implicated in regulation of appetite and nutritional statues (Le Floc’h et al., 2011), 

it could provide another potential mechanism contributing to the regulation of adult body 

sizes among different dog breeds.

How about mice versus elephants?

Even more so than among different breeds of dogs, body and skeletal sizes range 

dramatically across different mammalian species. Interestingly, what is common among all 

mammalian species is that body growth and bone growth occur rapidly during early 

development, then slowly tapers off when approaching adulthood. However, in small 

mammals, the decline of body growth may occur within weeks, and in larger mammals, like 

humans, body growth suppression occurs gradually over years, which could help explain the 

larger adult body sizes (Lui & Baron, 2011). In the human fetus, body length increases 

rapidly at a rate of 100cm/year but declines to approximately 5cm/year by mid-childhood 

Zhou and Lui Page 6

Exp Physiol. Author manuscript; available in PMC 2022 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(Tanner & Davies, 1985). This suppression of body growth is in part driven by an intrinsic 

developmental genetic program that commonly occurs in multiple different organs (Lui et 

al., 2010). This genetic program consists of a collection of growth-promoting genes, such as 

Igf2, that were highly expressed during early life to allow rapid body growth but were 

subsequently down-regulated with age. Interestingly, because the downregulation of these 

growth-promoting genes were being driven by growth itself, it forms a negative feedback 

loop where growth gradually slow and halt when more and more growth were fulfilled as 

adult body size was attained (Lui et al., 2008; Lui et al., 2010).

Interestingly, when comparing the progression of this growth-limiting genetic program 

between the three mammalian species: mouse, rat, and sheep, we found a strong 

evolutionary conservation of this genetic program between the three species, and yet the 

progression of the program is played out much more gradually in the sheep, persisting 

beyond 31 weeks postfertilization, than in mice, which was largely completed by 11 weeks 

postfertilization (Delaney et al., 2014). Our findings therefore suggest that different 

mammals may use similar molecular mechanisms to control adult body sizes, but 

importantly, the modulation of the progression of these similar mechanisms could contribute 

to dramatic disparity in final body sizes. This same concept might be applicable to the 

regulation of longitudinal bone growth. As mentioned above, the slowing of growth in long 

bones are driven by growth plate senescence, followed by growth plate fusion (or closure) 

shortly after sexual maturity. Therefore, one may hypothesize that in larger mammals, the 

long bones are allowed to grow longer because they have a more gradual and paced out 

growth plate senescence, or that the growth plate remains open for longer or never fuses. 

Indeed, the decline of bone growth rate is slower in the rat compared to the mouse (Figure 

2), and we predict that in even larger mammals, like in the sheep or the elephant, the decline 

of bone growth rate would happen yet even more slowly. Interestingly though, while in most 

species, epiphyseal fusion occurs shortly after the growth potential is exhausted in the 

growth plate (Weise et al., 2001), it does not seem to occur in mice and rats (Kilborn et al., 

2002; Martin et al., 2003), which therefore argues against the notion that growth plate 

closure (or the lack thereof) per se is a likely explanation for interspecies size disparity. It 

would be interesting to see if the changes of gene expression that drives growth plate 

senescence progress more gradually in larger mammals, and if so, what are the molecular 

mechanisms that allow differentially modulation of growth plate senescence between 

mammals of dramatically different sizes and lengths.

Concluding Remarks

Advances in high throughput sequencing and comparative genomics in the last decade has 

greatly improved our understanding to the fascinating question of how body sizes and shapes 

are regulated. Many of the identified variants or differential expression between different 

bones or species were understandably implicated in signaling pathways that are important in 

the growth plate, such as IGFs, FGFs, and BMPs. However, modulating the IGF signaling 

pathway alone, for example, would likely not turn a mouse into the size of an elephant, and 

one must feel that something bigger, some holistic regulatory mechanisms seem to be 

missing. The answer to that might go well beyond the coding region in the mammalian 

genome. Identification of more powerful underlying regulatory elements, genetic or genomic 
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network that can integrate and modulate gene expression more globally to exert the control 

over the evolution of skeletal size and proportion represents the next major challenge in the 

field.
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New Findings:

What is the topic of this review?

Mechanisms regulating bone length and skeletal proportions

What advances does it highlight?

Recent advances being highlighted included study on differential bone length between 

leg and finger bones (Lui, Plos Biol 2018), metatarsals of the Egyptian jerboa (Cooper, 

Nature 2013) and genomic analysis of Giraffes (Agaba, Nat Comm 2016).
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Figure 1. Comparing the change in body length between different long bones in mice.
The slowing of growth, due in part to growth plate senescence, happens more slowly in 

longer bones like tibias and femurs, compared with metacarpals and phalanges, thus 

allowing a longer period of bone growth and greater final bone length.
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Figure 2. Comparing the pace of growth plate senescence between mice and rats.
The decline of bone growth rate is slower in the rat compared to the mouse as shown in 

metacarpals, phalanges, tibias and femurs, which may contribute to the generally greater 

final bone length in rats.
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