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Abstract

Parathyroid hormone (PTH) is an endocrine peptide found exclusively in the parathyroid glands, whereas parathyroid hormone-related
protein (PTHrP) is expressed in a wide range of tissues and organs and exerts endocrine, paracrine, and autocrine actions. PTH and
PTHrP have a similar homology, sharing the initial 13 amino acid residues at the N-terminus and binding to the same type 1 PTH
receptor (PTH1R), which regulates calcium homeostasis. An abnormal increase in PTH production can occur in primary and secondary
hyperparathyroidism, whereas PTHrP can be produced in large quantities by malignant cancer cells from solid organs. In addition to
increased bone resorption and hypercalcemia, recent evidence suggests that excess PTH and PTHrP can result in protein-energy wasting,
malnutrition, and cachexia. Through binding to PTHIR and activation of cyclic adenosine monophosphate (cAMP)-dependent protein
kinase A in white adipose tissue, PTH and PTHrP can stimulate the expression of thermogenic genes causing adipose tissue browning.
This change results in an increase in resting energy expenditure, loss of muscle and fat mass, and weight loss. These findings provide a
mechanistic link for the long-established relationship between hyperparathyroidism and myopathy, as well as cancer and cachexia. The
purpose of this review is to provide a summary of the emerging evidence from both experimental and clinical studies on the role of PTH
and PTHrP in protein-energy malnutrition.
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1. Introduction

The parathyroid glands produce parathyroid hor-
mone (PTH), whereas parathyroid hormone-related protein
(PTHrP) is produced by a variety of tissue types. They
share similar amino-terminal fragments, and the first 13
amino acids bind to the same transmembrane domain of the
type 1 PTH receptor (PTHIR). When produced in excess,
they both result in increased osteoclast activity, bone re-
sorption, and increased serum calcium [1]. Under physio-
logical conditions, PTH is primarily secreted in response to
low-ionized calcium. PTH may be produced in excess in
primary and secondary hyperparathyroidism, whereas in-
creased levels of PTHrP is the result of production by var-
ious types of solid tumor. Recent findings suggest the role
of excess production of PTH and PTHrP in disease-related
malnutrition and cachexia. Through binding to PTHIR in
adipocytes, PTH and PTHrP activate the thermogenic gene
program causing browning of adipose tissue, increased en-
ergy expenditure, skeletal muscle wasting, and weight loss
[2]. These findings provide an important mechanistic link
between hyperparathyroidism and cancer with malnutri-
tion.

This narrative review summarizes the emerging evi-
dence, particularly from the past ten years, including both
experimental and clinical studies that link excess produc-
tion of PTH and PTHrP to malnutrition and cachexia. A lit-

erature search was conducted using the PubMed database.
The search terms included “PTHrP” with “malnutrition”
or “cachexia” and “PTH” with “malnutrition” or “protein-
energy wasting”. The background information on the struc-
ture and physiological actions of PTH and PTHrP and the
physiology and function of adipose tissue in the context of
malnutrition, cachexia, and protein-energy wasting are also
briefly discussed.

2. Parathyroid Hormone, Parathyroid
Hormone-Related Protein, and Type 1
Parathyroid Hormone Receptor

PTH is a peptide hormone produced exclusively by the
chief cells in the parathyroid glands. The pre-hormone or
pre-pro-PTH (115 amino acids) undergoes processing into
a bioactive form, intact PTH (1-84), which is stored in
vesicles. The hormone is primarily secreted in response to
low ionized calcium, with a half-life of 2—4 minutes which
ensures minute-to-minute calcium regulation [3,4]. A fall
in serum calcium triggers the activation of the calcium-
sensing receptor, resulting in increased PTH synthesis and
secretion [5,6]. The primary targets of PTH are bone and
kidneys, where PTH binds to a G protein-coupled receptor
called type 1 PTH receptor (PTH1R). Under normal condi-
tions, the binding of PTH to PTHIR on osteoblasts stimu-
lates osteoblast differentiation and bone formation. How-
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ever, when PTH is chronically elevated, such as in hy-
perparathyroidism, the receptor-activated production of nu-
clear factor kappa-B ligand (RANKL) production by os-
teoblasts is upregulated, and RANKL stimulates osteoclast
precursor cells through binding to the receptor activator of
nuclear factor kappa-B (RANK). This binding results in an
increase in osteoclast differentiation and bone resorption
[71.

In the kidneys, PTH increases serum calcium by pro-
moting active transcellular calcium reabsorption at the dis-
tal tubule and increases 1,25-dihydroxyvitamin D synthe-
sis at the proximal tubule. The 1,25-dihydroxyvitamin D
then acts on the intestine to enhance calcium absorption [8].
High levels of serum calcium and 1,25-dihydroxyvitamin
D, through binding to their respective calcium-sensing and
vitamin D receptors in the parathyroid glands, initiate a neg-
ative feedback loop to inhibit PTH synthesis [9].

PTH also regulates phosphate metabolism. An in-
crease in PTH leads to the internalization and deactivation
of sodium-phosphate co-transporters at the proximal tubule
resulting in a decrease in phosphate reabsorption [10]. As
a result, hypophosphatemia is commonly observed in pa-
tients with primary hyperparathyroidism and normal kidney
function [11]. In contrast, patients with secondary hyper-
parathyroidism from end-stage kidney disease usually have
hypercalcemia with hyperphosphatemia due to the limited
ability of the kidneys to excrete dietary phosphate load ad-
equately. Increased extracellular phosphate has also been
shown to directly stimulate PTH synthesis and secretion via
unknown mechanisms [12].

PTHrP was discovered in the 1980s through research
attempting to explain the PTH-like bioactivity responsible
for hypercalcemia associated with malignancy. This PTH-
like protein was identified in the blood and tumors of pa-
tients with hypercalcemia. The gene was finally cloned
and named parathyroid hormone-related protein or PTHrP
[13]. Under normal conditions, PTHrP is undetectable in
the blood. However, it is expressed in a variety of tissues,
including the cardiovascular system, kidneys, lungs, blad-
der, uterus, placenta, mammary glands, stomach, pancreas,
bone, cartilage, and teeth. Further studies have revealed
the diverse endocrine, autocrine, and paracrine functions
of PTHrP, particularly during normal development. The
important autocrine and paracrine roles of PTHrP include
mammary gland development, tooth eruption, keratinocyte
differentiation for hair follicle development, chondrocyte
maturation, and endochondral bone formation.

Alternative RNA splicing of PTHrP generates three
isoforms that encode 1-139, 1-141, and 1-173 amino
acid proteins. Post-translational processing creates multi-
ple fragments that contain three functional domains: N-
terminal (residues 1-34), mid-range (residues 6694, 88—
106), and C-terminal (residues 107-139, 107-111, 122—
139) [14]. Although several have been characterized, lit-
tle is known about the cell-specific processing of PTHrP

or the biological importance of the various PTHrP peptides
[15]. N-terminal fragments of PTHrP (1-36) share some
amino acid sequences with PTH (1-34). However, beyond
this point, the sequences are dissimilar (Fig. 1A). The first
13 amino acids of PTHrP bind to the transmembrane do-
main of PTHIR and activate receptors enabling PTHrP to
have the same effect as PTH. The remaining 14—36 residues
are used to dock ligands to the extracellular domain of the
receptors [16]. The mid-region PTHrP (38-106) contains
a nuclear localization signal that mediates nucleus and nu-
cleolar translocation for both the full-length and the mid-
region PTHrP from the cytoplasm. These nuclear proteins
can activate the cell cycle, induce vascular smooth muscle
cell proliferation, and prolong chondrocyte survival.

An additional role of PTHrP in regulating RNA
metabolism has been suggested. PTHrP has been reported
to bind directly to RNA through a nuclear localizing sig-
nal in the nuclei [17]. The C-terminal fragments have been
shown to stimulate osteoblast function and regulate bone
resorption [18-20]. One of the most well-studied paracrine
functions of PTHrP is the regulation of normal bone remod-
eling. PTHrP is produced locally by osteoblast progeni-
tors to promote the differentiation of mature osteoblasts and
bone formation. Osteoblast-derived PTHrP, in turn, stimu-
lates osteoclast differentiation to increase bone resorption.
In cancer, excess production of PTHrP by cells from solid
tumors such as lung, breast, and kidney cancers can cause
bone resorption and hypercalcemia similar to the actions of
PTH. PTHrP-expressed tumor cells that metastasize to the
bone also secrete PTHrP locally, which drives osteoclast
differentiation via the RANKL-RANK system, causing fur-
ther bone destruction [21]. The increase in PTHrP produc-
tion in cancer causes bone resorption and hypercalcemia
and promotes cancer progression and metastasis. One im-
portant mechanism is the ability of PTHrP to induce the
proliferation and survival of cancer cells via autocrine, in-
tracrine, and paracrine actions with and without binding and
activation of PTHIR [17].

PTHIR is a transmembrane protein that belongs to
family B of the G protein-coupled receptors [22]. The bind-
ing of PTH/PTHrP to PTHIR induces a conformational
change in the receptor and activates G-proteins. The cyclic
adenosine monophosphate (cAMP) and the phosphatidyli-
nositol pathways are the principal signal transduction path-
ways. Gas stimulates adenylate cyclase, increasing the
synthesis of cAMP, which, in turn, activates protein ki-
nase A (PKA) [23]. PKA phosphorylates cAMP response
element binding protein, a transcription factor, promoting
gene expression. (Gq activates phospholipase C (PLC),
which hydrolyzes phosphatidylinositol 1,4,5-trisphosphate
(PIP3) to produce diacylglycerol (DAG) and inositol 1,4,5-
trisphosphate (IP3). IP3 binds to calcium channels on the
endoplasmic reticulum, triggering the release of calcium
into the cytosol. This increase in cytosolic calcium pro-
motes the translocation of protein kinase C to the plasma

&% IMR Press


https://www.imrpress.com

®

PTH NH2

34

S, V,S,E, I ,Q,LMH,NL,G K H/L,S,SME RV EW L R KK/ L,Q D,V H N F}EN 84

Gsa/Adenylate cyclase/Protein kinase A
Adenylate cyclase

Cell membrane

o \ —
@

kinase A -
o E Activate PKA
kinase A

PTH —U\.’-\ [\ PTHIP

Gg/Phospholipase C/Protein kinase C

kinase C
Activate PKC

|
JELC s PP, _,CODAG —»m

4
<:>|P3
c}\&(\

y

&
NS <
Y/ ) G - 2
X ene expression A 2,
/SN cres “’o;,f%
ONONONONONO %

Fig. 1. Parathyroid hormone, parathyroid hormone-related protein, and binding to type 1 PTH receptor. (A) Amino acid sequences
of the N-terminal region of PTH and PTHrP. The shared sequences with PTH are indicated by dark purple circles on PTHrP. (B) Binding
of PTH and PTHrP to G protein-coupled receptor (PTH1R). (C) The two principal signaling pathways of PTH1R: the cyclic adenosine

monophosphate (¢cAMP) and phosphatidylinositol pathways. PTH, parathyroid hormone; PTHrP, parathyroid hormone-related protein;
phosp phosp y p y p y p y p

PTHIR, type 1 PTH receptor; ATP, adenosine triphosphate; CREB, cAMP response element binding protein; PLC, phospholipase C;
PKC, protein kinase C; PIP2, phosphatidylinositol 1,4,5 trisphosphate; DAG, diacylglycerol; IP3, inositol 1,4,5 trisphosphate; PKA,

protein kinase A. The figure was created by BioRender.com.

membrane, which is activated by DAG (Fig. 1B) [1].
The binding of S-arrestin to PTH-PTHI1R promotes recep-
tor internalization, stabilizes the complex, and accelerates
the rate of Gas activation, prolonging cAMP generation
(Fig. 1C) [24]. Other signaling pathways of PTH1R include
Gayg/13/phospholipase D/protein RHO A and mitogen-
activated protein kinase/extracellular signal-regulated ki-
nase 1/2 [1].

In addition to bone and kidneys, PTHIR is expressed
at low levels in other tissues at various periods of devel-
opment. In adults, the action mediated by PTHIR bind-
ing in bone and kidneys results in the homeostatic main-
tenance of blood calcium levels. This is distinct from that
mediated by PTHIR in developing tissues. Fetal expression
of PTHIR enables the paracrine function of PTHrP during
normal development, as mentioned previously [25]. The
existence of PTHIR in adipose tissue and the ability of PTH
to induce adipocyte lipolysis through the activation of the
cAMP pathway has been documented previously [26]. The
emerging role of excess production of PTH and PTHrP in
the browning of white adipose tissue will be discussed in
the following section.

&% IMR Press

3. Adipose Tissue, Malnutrition, Cachexia
and Protein-Energy Wasting

Currently, adipose tissue is considered an endocrine
organ as it secretes several bioactive adipokines and
lipokines into blood circulation. There are two types of
adipose tissue, white and brown. White adipose tissue is
found below the skin (subcutaneous) or in the trunk (vis-
ceral) and plays a key homeostatic role in ensuring effi-
cient energy storage in the form of triglycerides which can
be mobilized quickly to meet metabolic demands. Brown
adipose tissue functions to dissipate energy in the form of
heat (thermogenesis). Adipose tissue is dynamic and can
adapt to different environmental, nutritional, and energy re-
quirements. During periods of energy demand, it mobilizes
lipids and activates lipolysis and fatty acid S-oxidation re-
leasing fatty acids and glycerol into the bloodstream. In
contrast, when there is an excess energy supply and the ex-
penditure decreases, the excess energy accumulates in the
form of triglycerides. This plasticity of adipose tissue ex-
plains its ability to remodel from white to brown (white adi-
pose tissue browning) and vice versa (brown adipose tissue
whitening) [27].
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Malnutrition is a state resulting from the lack of intake
or uptake of nutrients that leads to weight loss and altered
body composition. Malnutrition can be classified accord-
ing to etiology into three types: disease-related malnutri-
tion with inflammation, disease-related malnutrition with-
out inflammation, and malnutrition without disease [28].
Cachexia is no longer considered the end-stage of malnu-
trition but rather a multifactorial syndrome associated with
underlying illnesses. More recently, cachexia has been con-
ceptualized as a type of disease-related malnutrition asso-
ciated with chronic inflammation [29]. Cachexia is a com-
mon manifestation of several serious health conditions, in-
cluding cancers, end-stage heart, lung, and kidney disease,
severe brain injuries, chronic infections, and autoimmune
diseases. Cachexia is one of the main contributors to hu-
man morbidity and mortality [30]. Cancer cachexia occurs
due to complex interactions between systemic inflamma-
tion, imbalance of catabolic and anabolic pathways, host
immune responses, and genetic factors. The manifestations
of cancer cachexia include anorexia, loss of appetite, fa-
tigue, and weight loss due to muscle and fat mass loss.
Cancer cachexia may be progressive and cannot be fully re-
versed by nutritional support alone but may be ameliorated
by eliminating underlying causes [31].

The concept of protein-energy wasting was proposed
in 2007 by the International Society of Renal Nutrition and
Metabolism as a state of nutritional and metabolic derange-
ments in patients with chronic kidney disease. Protein-
energy wasting is characterized by the simultaneous loss of
systemic body protein and energy stores, leading to the loss
of muscle and fat mass [32]. Protein-energy wasting should
be differentiated from malnutrition because, in addition to
inadequate nutrient intake due to anorexia and/or dietary re-
strictions, factors related to chronic kidney disease, includ-
ing hypercatabolism, inflammation, uremic toxins, dialysis,
and hyperparathyroidism also contribute to this condition
[33]. The presence of protein-energy wasting is a signifi-
cant risk factor for weakness, low quality of life, hospital-
ization, and mortality [34,35].

4. Parathyroid Hormone and Protein-Energy
Wasting

In patients with primary hyperparathyroidism, the pro-
duction of PTH is unregulated primarily due to the pres-
ence of a parathyroid adenoma or hyperplastic parathy-
roid glands. In chronic kidney disease, the increase in
PTH production is secondary to the decline in renal func-
tion. An increase in fibroblast growth factor-23 production,
suppression of 1,25-dihydroxy vitamin D synthesis, and
phosphate retention contribute to secondary hyperparathy-
roidism. Chronic stimulation of parathyroid glands re-
sults in glandular enlargement from hyperplasia and nodu-
lar transformation [36]. Myopathy has been described in
primary hyperparathyroidism since 1974 [37]. Previous
animal studies have reported impaired energy production,

transfer, and utilization along with enhanced proteolysis of
skeletal muscle by PTH [38,39]. In patients with kidney
failure and severe secondary hyperparathyroidism, resting
energy expenditure increases compared to mild to moderate
hyperparathyroidism [40]. Elevated resting energy expen-
diture leads to skeletal muscle wasting through enhanced
fat and protein catabolism. Parathyroidectomy has been
shown to result in a decline in resting energy expenditure
within six months, followed by an increase in body weight
and an improvement in muscle weakness [40—42]. The in-
fluence of primary and secondary hyperparathyroidism on
glucose, fat, and protein catabolism has been explored since
the 1980s. Patients with kidney failure and secondary hy-
perparathyroidism had increased catabolism with increased
rates of glucose and fat turnover, whereas patients with pri-
mary hyperparathyroidism showed limited suppression of
endogenous glucose turnover and higher rates of net pro-
tein loss [43].

Recently, an elegant study performed in both ani-
mals and patients with primary hyperparathyroidism has
revealed the mechanisms underlying these findings. Adi-
pose tissue browning, a phenotypic change from white adi-
pose tissue to a brown adipose-like phenotype, appears to
play a major role. The browning of white adipose tissue
is associated with an increase in the expression of mito-
chondrial uncoupling protein 1 (UCP-1), which favors ther-
mogenesis instead of ATP synthesis, leading to lipid mo-
bilization and increased energy expenditure. In a mouse
model of primary hyperparathyroidism, overexpression of
the PTH gene resulted in significant weight loss not due
to reduced food intake or increased activity but rather the
increase in resting energy expenditure, especially at night.
White adipose tissue in these mice showed morphologi-
cal transition with increased expression of Ucp I as well
as other thermogenic genes, including Pgcla, Cidea, and
Dio2 (Fig. 2). In the same study, the direct effects of the
active PTH fragments (1-34) and full-length PTH (1-84)
on the transition to brown adipocytes were confirmed in
vitro. Further investigation into the correlation between
serum PTH levels and body mass index (BMI) in a cohort
of 496 patients with primary hyperparathyroidism revealed
lower BMI among patients in the highest tertile of PTH
compared with those in the lowest tertile. The prevalence
of low BMI (< 18.5 kg/m?) was highest in the group of pa-
tients in the highest tertile of PTH. PTH level was also neg-
atively and independently associated with BMI and body
weight. Among those who underwent *F-FDG-PET/CT
scans, an increase in brown adipose tissue was observed in
patients with primary hyperparathyroidism compared with
healthy control subjects [44]. Although a meta-analysis of
14 studies reported higher body weight and BMI in patients
with primary hyperparathyroidism than controls [45], the
recent cross-sectional study investigating the relationship
between PTH with BMI and fat distribution revealed the
positive correlations between PTH with body weight and
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visceral adipose tissue area only in the first tertile of PTH.
These associations were not observed in the second tertile.
Whereas in the third tertile of PTH, the negative correla-
tions between PTH with body weight and visceral adipose
tissue area were observed. These findings suggest an in-
verted U-shape relationship between PTH with body weight
and body fat [46]. Therefore, the wasting of adipose tissue
and weight loss likely occur only in the presence of severe
hyperparathyroidism.

Hyperparathyroidism Solid tumor

o Primary o Lung cancer
o Secondary o Breast cancer
1 PTH TPTHrP

White adipose tissue

Brown adipose tissue

1 Expression of thermogenic genes
Ucp 1, Pgcia, Cidea, Dio2

l

‘M Resting energy expenditure
Skeletal muscle wasting
Weight loss

Fig. 2. White adipose tissue browning from increased parathy-
roid hormone and parathyroid hormone-related protein. PTH,
parathyroid hormone; PTHrP, parathyroid hormone-related pro-
tein; PTHIR, type 1 PTH receptor.

In secondary hyperparathyroidism, a 5/6 nephrectomy
mouse model of kidney failure, which involved the removal
of one kidney and two-thirds of the other, was used to in-
vestigate the role of PTH in adipose tissue browning and
protein-energy wasting. Similar to the mouse model of pri-
mary hyperparathyroidism, nephrectomized mice with ele-
vated PTH levels suffered from weight loss accompanied
by an increase in energy expenditure that was not due to
reduced food intake or increased activity. The weight of
white adipose tissue and muscle mass also decreased sig-
nificantly. An increase in the expression of thermogenic
genes, including Ucpl, Dio2, Cidea, and Pgcl, was ob-
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served. PTH (1-34) and full-length PTH (1-84) directly
stimulated Ucp 1, Dio2, and Pgcla mRNA levels in primary
inguinal fat cells. The stimulation of UCP1 protein ex-
pression and cellular respiration occurred through a mech-
anism involving the downstream PKA signaling cascade of
PTHIR. Furthermore, PTH administration led to an induc-
tion of thermogenic genes in various fat tissues. To fur-
ther explore the role of PTH signaling through PTHIR in
adipocytes, fat cell-specific PTHIR-knockout mice were
created. PTH failed to upregulate Ucp I in isolated fat cells
from these mice. These findings indicated that PTH de-
pended on PTHIR to drive the thermogenic gene program.
The PTH1R-knockout, 5/6 nephrectomy mice were also re-
sistant to adipose tissue browning and muscle wasting [2].

Recent clinical studies have confirmed the correla-
tion between an increased PTH level and protein-energy
wasting, especially among patients with an advanced stage
of chronic kidney disease. The proportion of patients
with low skeletal muscle mass index examined by bioelec-
trical impedance analysis was substantially higher in pa-
tients with chronic kidney disease stage 5 compared with
stages 1-4 and a high PTH level was an independent risk
factor for low skeletal muscle mass [47]. Epidemiologi-
cal data from 42,319 patients with end-stage kidney dis-
ease receiving hemodialysis revealed an inverse associ-
ation between baseline PTH level and 12-month weight
change. Higher degrees of weight loss were observed
among patients with higher PTH levels, and the relation-
ship was more pronounced among those with preserved
appetite [48]. The relationship between increased PTH
level and appetite remains unclear. Another study that in-
cluded older hemodialysis patients (average age 60.6 +
14.12 years) suggested an association between impaired
appetite and increased PTH level [49]. A study that
investigated protein-energy wasting in patients receiving
hemodialysis with varying degrees of hyperparathyroidism
found a substantial decline in body weight, serum albu-
min, and creatinine in the group of patients with severe hy-
perparathyroidism. The degree of nutritional impairment
was largely unchanged in patients with mild to moderate
hyperparathyroidism [50]. In order to illustrate the rela-
tionship between severe hyperparathyroidism and malnu-
trition, this study intentionally excluded patients with low
PTH level due to the well-established relationship between
low PTH level and the malnutrition-inflammation com-
plex [51,52]. A malnutrition-inflammation complex as-
sociated with chronic health conditions causes increased
protein catabolism, hypoalbuminemia, and loss of ap-
petite. Low serum phosphate from reduced food intake
and increased inflammatory cytokines can suppress PTH
secretion. Proper management of amendable factors can
lead to a rise in serum phosphate and albumin, followed
by an increase in the PTH level. The relationship be-
tween PTH level and malnutrition is seemingly biphasic.
Among patients with severe hyperparathyroidism, several
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studies have reported an improvement in serum albumin,
malnutrition-inflammation score, fat and muscle mass, and
muscle strength after parathyroidectomy [53-56].

5. Parathyroid Hormone-Related Protein
and Cancer-Associated Cachexia

Cachexia is common in patients with cancer. The
mechanisms of cancer-associated cachexia are complex
and remain poorly understood. Cancer cells produce a
proteolysis-inducing factor that inhibits protein synthe-
sis and accelerates proteolysis in skeletal muscle. Proin-
flammatory cytokines also accelerate proteolysis via the
ubiquitin-proteasome pathway and enhance glycogen syn-
thesis in the liver via insulin resistance. Lipid-mobilizing
factor produced by cancer cells promotes lipolysis convert-
ing triglycerides into fatty acids and browning of white adi-
pose tissue, which is more thermogenic. Furthermore, the
consumption of glucose by cancer cells depletes glycogen
in the liver, further increasing glycogenesis and promoting
the degradation of fat and skeletal muscle. Adipose tissue
wasting is characteristic of cancer-associated cachexia, and
the loss of adipose tissue is typically faster than the loss of
skeletal muscle [57].

High levels of PTHrP can be produced by solid tumor
cells such as lung, breast, and kidney cancers. An earlier ex-
perimental study had linked PTHrP to reduced food intake
through an effect in the hypothalamus. Peripherally admin-
istered PTHrP in rats activated hypothalamic urocortins 2
and 3 through vagal afferent pathways causing suppression
of gastroduodenal motor activity and delayed gastric emp-
tying. This resulted in negative energy balance, weight loss,
and decreased fat and skeletal muscle mass [58].

A landmark study that used a Lewis lung carcinoma
(LLC) cell model that readily forms tumors in mice has
unraveled an additional role of PTHrP in cancer cachexia.
These mice suffered from increased resting energy expen-
diture, elevated heat production, wasting of adipose tissue
and skeletal muscle, weight loss, and cachexia. Both white
and brown fat exhibited elevated expression of thermogenic
genes. The skeletal muscle showed increased expression of
atrophy-related genes, including myostatin (Mstn), atrogin-
1 (Fbxo32), and MuRF-1 (Trim63). Further cell culture
experiments confirmed that LLC tumor-derived factors in-
duced thermogenic gene expression in white adipocytes.
Using a combination of cell cloning and gene expression
profiling of LLC cells, among several members of the epi-
dermal growth factor (EGF) family, PTHrP emerged as
the inducer of thermogenic gene expression comparable
to norepinephrine, the classic thermogenic catecholamine
produced by the sympathetic nervous system (Fig. 2). In-
jecting the tumor-bearing mice with a neutralizing anti-
body against PTHrP prevented adipose tissue and skele-
tal muscle wasting, weight loss, and cachexia implicating
the causal role of PTHrP in thermogenesis and fat wasting.

The treatment with anti-PTHrP antibody in cachectic mice
also lowered oxygen consumption, improved physical ac-
tivity, and reduced heat production. In a cohort of patients
with metastatic non-small cell lung cancer or colorectal can-
cer, lower lean body mass and higher energy expenditure
were observed in patients whose PTHrP was detected in
the blood compared with those lacking detectable PTHrP
[59]. Further study by the same group also confirmed the
signaling of PTHrP through PTHIR. Deletion of PTHIR in
fat tissue prevented the upregulation of thermogenic genes
and atrophy-related genes, resulting in the preservation of
fat, muscle mass, and muscle strength. The upregulation
of thermogenic genes, adipose tissue and skeletal muscle
wasting, weight loss, and cachexia were prevented in the
LLC model of PTHIR knockout mice [2].

In another study using LLC cell culture, LLC cell-
derived extracellular vesicles (EVs) could induce lipol-
ysis in 3T3-L1 adipocytes. EVs fused directly with
3T3-L1 adipocytes and transferred PTHrP, activating the
PKA/cAMP signaling pathway. Blocking PTHrP activity
using neutralizing antibodies and knocking down PTHIR
expression prevented lipolysis. Inhibition of the PKA sig-
naling pathway also prevented the lipolytic effects of EVs.
In vivo, suppression of LLC-EVs release by knocking down
Rab27A halted white adipose tissue browning and lipoly-
sis [60]. In lung cancer, EGF receptor (EGFR) activation
leads to lung cancer progression. EGFR tyrosine kinase
inhibitors, which block the activation of downstream sig-
naling induced by EGFR, are currently the first-line treat-
ment of non-small-cell lung cancer. LLC mice treated with
EGFR tyrosine kinase inhibitor showed decreased PTHrP
mRNA expression and improved muscle mass and strength
[61]. Two clinical studies in patients with different types of
cancer confirmed an association between positive PTHrP
level and weight loss [62,63]. A recent study compar-
ing men with gastrointestinal or genitourinary cancer with
weight loss, without weight loss, and non-cancer patients
revealed cancer patients with weight loss had less adi-
pose tissue and higher levels of adipose triglyceride lipase
and browning markers when compared with the other two
groups. In contrast to the previous studies, there was no
difference in resting energy expenditure, circulating free
fatty acids, PTHrP, thermogenic genes or protein expres-
sion. Moreover, circulating PTHrP was not correlated with
the expression of thermogenic genes in white adipose tissue
[64]. These contradicting results have raised doubt about
the generalizability of the findings from the lung cancer
model to other types of cancer.

In conclusion, in situations where PTH and PTHrP are
produced in excess, the binding to PTH1R in adipocytes up-
regulates thermogenic genes causing adipose tissue brown-
ing and stimulates lipolysis resulting in an increase in rest-
ing energy expenditure, loss of fat, and muscle mass. Low-
ering the PTH level or treating cancer with medications
and/or surgery may prevent adipose tissue and skeletal mus-
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cle wasting. Neutralizing PTHrP may provide a novel ther-
apeutic approach to mitigate cachexia in patients with in-
curable cancer.
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