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Name:  Dwight A Towler MD, PhD 
Rank: Professor 
Division: Endocrinology 
Research / academic interests profile: Tremendous unmet needs exist in musculoskeletal 
medicine. Osteoporosis and osteoarthritis are recognized as common and clinically important, 
but other serious skeletal disorders also afflict our society. In the setting of type 2 diabetes 
mellitus (T2DM), lower-extremity musculoskeletal disease is prevalent, costly, and exceedingly 
difficult to manage, with fracture, arthropathy, ischemia, ulcer, infection, and amputation 
commonly confronting patients and clinicians. Aortofemoral medial artery calcification is a 
strong predictor of risk for lower extremity amputation in patients with T2DM. While not 
occluding the lumen, mural elastinolysis and medial calcification compromise arterial elasticity -
- a material property necessary for Windkessel physiology that ensures normal tissue perfusion 
throughout the cardiac cycle. During aortic calcification, the Msx2-Wnt signaling cascade that 
controls orthotopic craniofacial bone formation is activated ectopically in the aortic valve and 
vessel wall. Diabetes and dyslipidemia induce expression of Msx2 in arterial myofibroblasts, 
upregulate aortic Wnt3a and Wnt7a gene expression, and activate pro-calcific canonical Wnt 
signaling in the valve and tunica media. By studying Msx2 actions, we have identified that 
paracrine Wnt/Dkk signals control arterial calcification and fibrosis in T2DM by regulating 
osteogenic lineage allocation of vascular mesenchymal progenitors. Prosclerotic inflammatory 
Wnt signals initiated by TNF-alpha and osteopontin -- but inhibited by vascular LRP6 and 
PTH1R -- modulate the sustained activation of this arterial injury response. Intracellular protein 
arginine methylation / demethylation has recently emerged as a novel feature of the Wnt/LRP6 
regulatory relay. We now study how strategies that differentially modulate skeletal vs. arterial 
Wnt signaling can preserve bone homeostasis and cardiovascular health in diabetes and 
uremia.  
 
Purpose and Overview: The purpose of the presentation is to highlight known and novel 
interactions between the prototypic osteotropic hormone, parathyroid hormone,  and 
cardiovascular disease.  Preclinical genetic models, patient-oriented investigation, and 
epidemiology converge to indicate that there is a  normal “set point” for parathyroid hormone 
receptor signaling with respect to cardiovascular physiology  -- and that PTH excess, 
insufficiency, or acquired resistance arising in the setting of metabolic disorders negatively 
impacts cardiovascular health. While some of the negative consequences can be attributed to 
globally altered  calcium and phosphate homeostasis, powerful data emerging from preclinical 
models demonstrate that the cardiovascular system is a direct target for regulation by PTH and 
the PTH-related polypeptide, PTHrP.   
 
 
Educational Objectives: At the conclusion of this lecture, the listener should be able to:  
 
1. Describe the actions of parathyroid hormone  (PTH) on cardiovascular physiology as  
directly conveyed by vascular signaling vs. indirect actions via the global regulation of calcium 
and phosphate homeostasis. 
 
2 Explain how chronic elevations in endocrine PTH production perturb paracrine signals 
dependent upon PTH related polypeptide (PTHrP) - regulation of their shared PTH/PTHrP 
receptor. 
 
3. Anticipate the untoward cardiovascular consequences of excessive or insufficient PTH levels 
in patients as influenced by the presence or absence of intact renal function. 
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1. Introduction 

All osteotropic hormones have vasculotropic actions(1).  This pithy statement of fact is 
most certainly true for PTH and PTHrP. The cardiovascular actions of PTH have been known 
for 9 decades, first identified when James Collip injected anesthetized Dog 164 with 
intravenous parathyroid extract and documented 
hypotensive actions(2); PTH might have very well 
been named a “hypotensin” due to this vascular 
response (Figure 1). Moreover, PTH tone permits 
the co-registration of capillary blood flow and 
nutrient supply with the demands of 
skeletogenesis as an manifestation of bone-
vascular interactions. PTH1R signaling also 
controls arteriosclerotic calcification as a perfect 
example of the broader osteotropic-vasculotropic 
relationship and its emerging relevance to 
cardiovascular health(3). Discovery of the critical 
roles played by the PTH/PTHrP receptor 
(PTH1R) in vertebrate heart and valve 
development and disease have begun to engage 
the cardiovascular research community(4). Thus, 
a fundamental understanding of PTH/PTHrP 
biology must encompass a better understanding 
of actions within and upon the cardiovascular 
system.   

In this presentation, I give a very brief overview of PTH/PTHrP biology and vasculature, 
emphasizing relationships with respect to cardiovascular biology and pathophysiology. I point 
to how these important relationships become clearly manifest in chronic kidney disease – 
mineral and bone disorder (CKD-MBD)  -- a perfect storm of 
cardiometabolic risk arising in significant part from perturbed 
PTH1R signaling – and point to the need to develop new 
strategies that define and refine an integrated “set point” for 
PTH1R signaling tone in an emerging bone-vascular 
endocrine axis (3).  

 
2. PTH / PTHrP biology in cardiovascular development 

Some of the first evidence that PTH/PTHrP signaling 
might contribute to cardiovascular development arose from 
studies of Strewler et al., wherein they identified the 
expression of PTHrP in the chicken embryonic heart as well 
as in other mesodermally derived tissues.  Additional studies 
in the rat identified that mesenchymal PTH1R expression lay 
adjacent to epithelial or endothelial sources of PTHrP. 
Inductive (i.e. local paracrine) epithelial-mesenchymal 
signals were inferred to be key in the spatial relationships 
revealed from these in situ hybridization studies.  In dogs, 
PTH1R was also identified early on as being expressed in 
heart and aorta albeit at levels much lower than those 
observed in kidney and bone. However, the important role of PTH/PTHrP in cardiovascular 
development and disease was not truly appreciated until Kronenberg, Clemens and colleagues 
began their systematic analysis of why PTH1R knockout mice exhibit prenatal lethality(5).  
They confirmed that PTH1R message was abundantly expressed in developing mouse 
cardiomyocytes  - and then went on to show that mice lacking PTH1R abruptly die between 

500 Parathyroid Hormone 

5 mg. rise was produced over 14 hours and in another experiment 
a 3 mg. rise was noted over 3 hours. 

Relationship of the Hormone to Guanidine. 

Guanidine has been injected along with the parathyroid ex- 
tract into three normal dogs. The injections have been repeated 
until death resulted. One control animal received guanidine 

CHART 19. Showing effect of injection of extract upon blood pressure 
in anesthetized animals. Middle tracing fast drum. 

alone. The extract used was a standardized preparation and 
had been repeatedly used on other normal dogs. All the animals 
developed typical tetany of a very severe type on the 2nd day. 
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mouse embryonic days E11.5 and E12.5 due to massive cardiomyocyte apoptosis(5).  Primary 
abnormalities in cardiomyocyte mitochondrial morphology and pump function arising with 
myocardial PTH1R deficiency were followed by secondary hepatic injury and tissue necrosis. 
The mechanisms whereby PTH1R signaling regulates mitochondrial metabolism to prevent 
apoptotic cell death in the cardiomyocyte have yet to be fully explored. Interestingly, however, 
classical PTH1R activation has been demonstrated to inhibit apoptosis in other settings, 
including in osteoblasts challenged with glucocorticoids and in TNF–treated chondrocytes. 
Thus, PTH1R expression and signaling represents a fundamental component of cardiomyocyte 
cell physiology necessary for cardiovascular morphogenesis.  A better understanding of the 
pro-survival mechanisms afforded by PTH1R signaling in the heart may prove useful in 
therapeutic approaches to ischemic heart disease (vide infra).   

Recent studies using other vertebrate models have robustly confirmed the important 
role for PTH/PTHrP signaling in cardiovascular development.  In zebrafish, 3 PTH receptors 
(pth1r, pth2r, pth3r) are expressed, with all 3 responsive to PTH. Knockdown of pth1r or the 
pth1r / pth2r ligand pthrp results in zebrafish morphants (developmental mutants) with aortic 
coarctation defects.  Because of the important role for notch gene integrity in mammalian aortic 
valve development(6), Chico and colleagues examined whether notch signaling might be 
perturbed – and indeed demonstrated that restoration of notch signaling in pth1r targeted 
morphants prevented the aortic developmental defect.  It is tempting to speculate that variable 
penetrance for preductal aortic coarctation in the lethal Blomstrand chondrodysplasia – a rare 
human disorder due to loss of function mutations in the human – may also relate to partially 
compensatory changes in notch co-regulatory pathways.  

 
3. PTHR signaling in arterial biology:  Vascular smooth muscle cell and endothelial 
responses to PTH and PTHrP.   

The acute vasodilatory actions of PTH administration were recognized in some of the 
very earliest studies of the hormone’s physiological response (2). Following Collip and Clark’s 
lead, Pang et al confirmed that bovine PTH(1-34) reduced blood pressure in anesthetized dogs 
and rats.  Imai demonstrated coronary vasodilation in response to PTH that same year(7).  Ex 
vivo, human and bovine middle cerebral arteries were also shown to undergo vasodilatation as 
well, followed by a rapid progression of studies demonstrating similar responses in multiple 
vertebrate tissue beds, but with varying potency and efficacy. In 1986, using a preclinical 
model of myocardial ischemia, the salutary actions of PTH was reported; enhanced collateral 
blood flow was thought to represent the primary mechanism of benefit (see below). However, 
as noted above, PTH1R signaling exerts direct anti-apoptotic actions within cardiomyocytes 
during fetal development – and this may also contribute to post-natal PTH1R actions in the 
setting of ischemia.  

Nickols, Barthelmebs, Helwig and colleagues went on to confirm widespread 
vasodilatory responses to PTHrP. While endothelial nitric oxide production certainly contributes 
to PTH/PTHrP actions, direct PTH1R signaling in VSMCs appears sufficient to mediate many 
salutary actions.  However, this again may vary with vascular bed; Prisby et al very recently 
concluded that the endothelium was vital to PTH actions enhancing blood flow to the skeleton 
in studies of the femoral principal nutrient artery.  Whether age-dependent increases in 
vascular sensitivity to pressors combines with altered nutrient artery endothelial PTH1R 
signaling to compromise bone health remains to be fully explored.  

Bilezikian et al first established that PTH and PTHrP signals exert acute inotropic 
actions in the isolated perfused heart that are also largely dependent upon coronary 
vasodilatation and independent of direct chronotropy. In the heart, the endothelium itself may 
function as an important source of paracrine PTHrP tone that maintains myocardial functions.  
Schlüter and colleague identified that coronary endothelial produce PTHrP under ischemic 
conditions and enhance myocardial inotropy (contraction velocity) and lusitropy (relaxation 
velocity).  Others proposed a role for PTHrP as a stretch-inducible paracrine vasodilator -- 
important for homeostatic roles of PTH1R signaling that control tissue perfusion via vascular 
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tone. Clemens et al demonstrated that augmenting local PTHrP/PTH1R signaling could impact 
blood pressure and vascular contractility; implementing novel vascular smooth muscle cell –
specific transgenic mice expressing either PTHrP or the PTH1R, these investigators elicited 
sustained reductions in blood pressure and increases in volume-dependent renal tissue 
perfusion.  Moreover, pressor responses to angiotensin II were significantly reduced by VSMC 
PTH1R activation.  Given that wild-type PTH1R activation is ligand-dependent, these data 
strongly suggest that endogenous paracrine PTHrP production -- modulated by mechanical, 
inflammatory and endocrine cues -- helps to locally regulate vasodilatation and sustain tissue 
perfusion.  

In 2013, this working model of paracrine PTHrP signaling was confirmed in studies of 
renovascular perfusion (8). Using mice possessing floxed PTHrP alleles and a smooth muscle 
cell transgene driving tamoxifen-inducible Cre recombinase, conditional deletion of VSMC 
PTHrP was achieved that permitted assessment of effects on renal blood flow. As compared to 
control mice (untreated ERT2-Cre; PTHrP(flox/flox), Cre-negative PTHrP(flox/flox), VSMC 
PTHrP knockout mice (smooth muscle ERT2-Cre;PTHrP(flox/flox) treated with tamoxifen) 
exhibited increased renal vascular resistance with concomitant reductions in perfusion and 
glomerular filtration (8).  Moreover, renovascular perfusion in response to mechanical 
stimulation with saline volume 
expansion (SVE) was also impaired.  
While normal mice increase renal 
plasma flow and diuresis – an index of 
vasodilation –  in response to SVE as 
depicted in Figure 2,  mice lacking 
VSMC PTHrP were unable to do so. 
Interestingly, no change in systemic 
blood pressure was noted – even 
though pharmacological dosing with 
PTHrP simultaneously reduces blood 
pressure while increasing renal 
plasma flow(8).  Thus, endogenous 
VSMC PTHrP regulates renal 
perfusion in response to mechanical 
challenge.   

 
The physiological responses described 

above seem somewhat paradoxical against the 
backdrop of the vascular disease burden 
observed in settings of primary 
hyperparathyroidism (HPT)  or secondary HPT 
with chronic kidney disease (CKD) – viz., 
hypertension, arteriosclerosis, valve and vascular 
calcification, increased cardiovascular mortality.  
However, the vasculature rapidly becomes 
refractory to PTH1R signaling in response to 
sustained PTH or PTHrP exposure(9). By 
studying vital rat femoral artery segments 
contracted with norepinephrine (NE) ex vivo, 
Brickman and colleagues demonstrated that 
vasodilatory responses to PTHrP or PTH were 
markedly diminished (by > 50%) following 40 
minutes of prior exposure to either of these two 
PTH1R ligands (Figure 3).   Similarly, isolated rat 
VSMCs were shown to exhibit similar 
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I.  MOLECULAR, CELLULAR, AND PHYSIOLOGIC ASPECTS OF THE PARATHYROIDS

In 2013, Barthelmebs, Karaplis, and colleagues con-
firmed this working model of paracrine PTHrP signal-
ing in studies of renovascular perfusion.38 Using mice 
possessing floxed PTHrP alleles and a smooth muscle 
cell transgene driving tamoxifen-inducible Cre recombi-
nase, conditional deletion of VSMC PTHrP was achieved 
that permitted assessment of effects on renal blood 
flow. As compared to control mice (untreated ERT2-
Cre; PTHrP(flox/flox), Cre-negative PTHrP(flox/flox), 
VSMC PTHrP knock-out mice (smooth muscle ERT2-
Cre; PTHrP(flox/flox) treated with tamoxifen) exhibited 
increased renal vascular resistance with concomitant 
reductions in perfusion and glomerular filtration.38  
Moreover, renovascular perfusion in response to mechan-
ical stimulation with saline volume expansion (SVE) 
was also impaired. While normal mice increase renal 
plasma flow and diuresis—an index of vasodilation—in  
response to SVE, as depicted in Figure 12.1, mice lack-
ing VSMC PTHrP were unable to do so. Interestingly, 
no change in systemic blood pressure was noted—even 
though pharmacological dosing with PTHrP simulta-
neously reduces blood pressure while increasing renal 
plasma flow.38 Thus, endogenous VSMC PTHrP regu-
lates renal perfusion in response to mechanical challenge.

The physiological responses described above seem 
somewhat paradoxical against the backdrop of the vas-
cular disease burden observed in settings of primary 
hyperparathyroidism (HPT) or secondary HPT with 

chronic kidney disease (CKD)—namely, hypertension, 
arteriosclerosis, valve and vascular calcification, and 
increased cardiovascular mortality.39–47 However, the 
vasculature rapidly becomes refractory to PTH1R signal-
ing in response to sustained PTH or PTHrP exposure.48 
By studying vital rat femoral artery segments contracted 
with norepinephrine (NE) ex vivo, Brickman and col-
leagues demonstrated that vasodilatory responses to 
PTHrP or PTH were markedly diminished (by >50%) 
following 40 minutes of prior exposure to either of these 
two PTH1R ligands (Figure 12.2). Similarly, isolated rat 
VSMCs were shown to exhibit similar tachyphylaxis 
within 30 minutes of exposure by using cAMP produc-
tion as an assay of PTH1R signaling.48 Of note, reno-
vascular tachyphylaxis to PTH has been independently 
observed as well in the isolated perfused rabbit kidney 
model.49 Thus, the vasculopathy of primary and second-
ary HPT may relate in part to arterial desensitization 
to the important paracrine, PTHrP-dependent regula-
tion of vascular tone and cell function.48 In this view, 
sustained exposure to PTH and antagonistic PTH deg-
radation fragments can down-regulate vascular PTH1R 
signals that serve a protective role in vascular health.8,50

In 2010, our group began to explore the potential ben-
efits of PTH1R activation in diabetic arteriosclerosis; we 
did this by generating a transgenic mouse expressing a 
constitutively active PTH1R transgene, PTH1R(H223R), 
in vascular smooth muscle of LDLR−/− mice using the 
SM22 promoter as a delivery module.5 The PTH1R(H223R) 
Jansen metaphyseal chondrodysplasia variant is ligand-
independent and thus does not undergo homologous 
desensitization.51 In the LDLR-deficient mouse model of 
diet-induced diabetic arteriosclerosis, we demonstrated 

FIGURE 12.1 Saline volume expansion (SVE)-induced 
mechanical stretch activates vasodilatory PTHrP actions that 
regulate renal blood flow. Barthelmebs, Karaplis, and colleagues 
recently demonstrated that increases in renal blood flow in response 
to saline volume expansion require VSMC PTHrP expression.38 
Unlike the model depicted above for wild-type mice, conditional 
deletion of VSMC PTHrP in tamoxifen-treated VSMC ERT2-
Cre;PTHrP(flox/flox) prevented increases in renovascular perfu-
sion and diuresis in response to SVE. Interestingly, no change in 
systemic blood pressure was noted—even though pharmacological 
dosing with PTHrP simultaneously reduces blood pressure while 
increasing renal plasma flow.38
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FIGURE 12.2 Desensitization to the vasodilatory actions of 
PTHrP in isolated rat femoral artery segments. Brickman and col-
leagues established that following maximal contraction with the 
pressor norepinephrine (NE), 10 nM PTHrP(1–34) treatment elicited 
vasorelaxation that became rapidly unresponsive to subsequent PTHrP 
challenges. Response to other vasodilators remained intact, as exhib-
ited by preserved vasorelaxation to acetylcholine. Similar responses  
occur with PTH(1–34). Reprinted with permission from The Endocrine 
Society.48
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nase, conditional deletion of VSMC PTHrP was achieved 
that permitted assessment of effects on renal blood 
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increased cardiovascular mortality.39–47 However, the 
vasculature rapidly becomes refractory to PTH1R signal-
ing in response to sustained PTH or PTHrP exposure.48 
By studying vital rat femoral artery segments contracted 
with norepinephrine (NE) ex vivo, Brickman and col-
leagues demonstrated that vasodilatory responses to 
PTHrP or PTH were markedly diminished (by >50%) 
following 40 minutes of prior exposure to either of these 
two PTH1R ligands (Figure 12.2). Similarly, isolated rat 
VSMCs were shown to exhibit similar tachyphylaxis 
within 30 minutes of exposure by using cAMP produc-
tion as an assay of PTH1R signaling.48 Of note, reno-
vascular tachyphylaxis to PTH has been independently 
observed as well in the isolated perfused rabbit kidney 
model.49 Thus, the vasculopathy of primary and second-
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tion of vascular tone and cell function.48 In this view, 
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In 2010, our group began to explore the potential ben-
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recently demonstrated that increases in renal blood flow in response 
to saline volume expansion require VSMC PTHrP expression.38 
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tachyphylaxis within 30 minutes of exposure by using cAMP production as an assay of PTH1R 
signaling(9).  Of note, renovascular tachyphylaxis to PTH has been independently observed as 
well in the isolated perfused rabbit kidney model.  Thus, the vasculopathy of primary and 
secondary HPT may relate in part to arterial de-sensitization to the important paracrine, PTHrP-
dependent regulation of vascular tone 
and cell function(9)(Figure 4). In this 
view, sustained exposure to PTH and 
antagonistic PTH degradation 
fragments can down-regulate vascular 
PTH1R signals that serve a protective 
role in vascular health. 

In 2010, our group began to 
explore the potential benefits of 
PTH1R activation in diabetic 
arteriosclerosis; we did this by 
generating a transgenic mouse 
expressing a constitutively active 
caPTH1R transgene, PTH1R(H223R), 
in vascular smooth muscle of LDLR-/- 
mice using the SM22 promoter as a 
delivery module (10). The 
PTH1R(H223R) Jansen metaphyseal 
chondrodysplasia variant is ligand independent and thus does not undergo homologous 
desensitization. In the LDLR-deficient mouse model of diet-induced diabetic arteriosclerosis, 
we demonstrated that the VSMC 
PTH1R(H223R) transgene significantly  
reduced aortic calcification and fibrosis while 
maintaining arterial compliance (10). This 
occurred in part via PTH1R-dependent 
inhibition of arterial pro-sclerotic Wnt 
signaling and arterial oxidative stress in 
VSMCs (Figure 5). Additionally, intermittent 
dosing with PTH(1-34) was also shown to 
reduce vascular osteogenic programs, 
mineralization, and oxidative stress(10; 11). In 
a related line of study, Friedman subsequently 
showed that intermittent PTH(1-34) 
administration reduces vascular calcification in 
uremic rats. Of note, similar effects were reported by Morii et al using cultured VSMC treated 
with PTHrP.  

	
Thus, strategies that selectively preserve normal paracrine PTHrP/PTH1R 

pathway are predicted to exert cardiovascular benefits with respect to enhanced tissue 
perfusion, reduced arteriosclerotic calcification and vascular stiffness, and restricted 
neointimal proliferation. This, in sum, preserves arterial structure,  cardiac pump functions, 
and tissue perfusion. Therefore, in addition to alterations in circulating calcium phosphate 
levels, the physiology of direct cardiovascular PTH1R signaling and the associated 
“pharmacokinetic – pharmacodynamic” (PK-PD) relationships deserve full consideration. This 
concept is very important to embrace as we seek to better define medical and surgical 
strategies to combat cardiovascular disease in the settings of primary HPT and CKD(12).  
Unfortunately, no facile or clinically validated method has been identified as a metric for 
establishing or monitoring the healthy cardiovascular PTH1R signaling “set point.”  This 
is all the more difficult since beneficial actions of paracrine PTHrP signaling will be influenced 
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by endocrine PTH tone and circulating inhibitory fragments that accumulate with declining renal 
function(13).  Moreover, because variable post-translational oxidation occurs at residues Met-8 
and Met-18 of intact PTH that alter its bioactivity, establishing these relationships in certain 
disease states (CKD, diabetes) may require implementation of a newer generation PTH assay.  

 
4. Impact of hyperparathyroidism on cardiovascular mortality, coronary flow reserve, 
and vascular stiffness: An emerging concern in cardiovascular endocrinology.  

PEARS, the Parathyroid Epidemiology and Audits Research Study, was retrospective, 
population based outcomes study that investigated patients diagnosed with mild primary 
hyperparathyroidism (HPT) in Tayside, Scotland, between 1997 and 2006(14).  Many other 
observational studies have supported the relationship between primary HPT and 
cardiovascular disease(15); however, this large study of 2.99 million person years of followup – 
5735 in patients with mild primary HPT 
– presents a clinically compelling 
epidemiological data set for this 
pathophysiological relationship.  
These HPT patients were included in 
the study after a positive diagnosis 
only if (a) the first two calcium 
concentrations above the upper limits 
of normal (2.6 mmol/L or 10.4 mg/dL) 
never exceeded 3 mmol/L (12 mg/dL); 
(b) they had never been surgically 
treated for hyperparathyroidism; and 
(c) had no known renal complications. 
These mild primary HPT patients were 
compared to the whole Tayside 
population, adjusted for age group, 
sex and calendar year. In the 1683 
subjects with mild primary HPT 
identified (2/3rd female), age- and gender- adjusted cardiovascular mortality was increased 
2.7-fold (14). After adjusting for pre-existing conditions, cardiovascular morbidity was still 
increased 2.5-fold, and renal failure increased over 10-fold (Figure 6).  The HEALTH ABC 
cohort, focused upon individuals in Memphis and Pittsburgh, confirmed increases in 
cardiovascular mortality with elevated PTH; elevation conveyed a 1.8-fold increased risk, 
independent of serum calcium and 25-hydroxyvitamin D levels(16). Importantly, recent follow 
up analyses revealed that baseline PTH levels, NOT calcium levels, best predicts long-term 
outcomes in this untreated mild 
pHPT cohort (Figure 7)(17). 
Thus, even though 
hypercalcemia itself – signaling 
through the calcium sensing 
receptor – can engender 
hypertension as well, 
preclinical, clinical, and 
epidemiological data point to 
the importance of PTH “tone” 
independent of prevailing 
calcium levels as but one index 
of PTH actions. 

 
As presented above, preclinical models evaluating PTH/PTHrP actions have long 

indicated the role of the cardiovascular system as a physiologically relevant target; 

Results

Baseline results

During the period 1997–2006, a total of 2299 incident PHPT

patients were biochemically identified from electronic databases

in Tayside, Scotland, as described in our previous PEARS work,

based on a large, relatively unselected population.14 Of these,

<10% (n = 202) were surgically treated. The remaining 2097

untreated PHPT patients were eligible for the study, with a total

follow-up of 7338 person years. The mean follow-up was

1278 days (3!5 years) and the maximum was 3644 days

(10 years). Overall, 69!9% of the subjects were women, with a

mean age 69!5 + /"13!3 years, whilst 30!1% of the subjects were

men, with a mean age of 65!7 + /"14!4 years. The baseline bio-

chemical measurements are shown in Table 1. Of all untreated

patients, the median serum calcium at baseline was 2!61 mM

and the median PTH was 7!2 pM. In total, there were 648

(30!9%) patients who died during the follow-up, 249 of fatal

CVD deaths and 182 of cancer-related deaths. Prior to the

PHPT diagnosis, 16% had a history of CVD.

Kaplan–Meier survival plots

When the unadjusted hazards were compared, as shown in

Fig. 1a, there was no difference in the risks of developing

Time (days)
3500300025002000150010005000

C
um

ul
at

iv
e 

su
rv

iv
al

 (m
or

ta
lit

y)

1·0
Baseline calcium Baseline PTH

0·9

0·8

0·7

0·6

0·5

0·4

0·3

0·2

0·1

0·0

> Mean-censored
<= Mean-censored
> Mean
<= Mean

P = 0·117

3500300025002000150010005000

C
um

ul
at

iv
e 

su
rv

iv
al

 (f
at

al
 C

V
D

)

1·0

0·9

0·8

0·7

0·6

0·5

0·4

0·3

0·2

0·1

0·0

P = 0·799

C
um

ul
at

iv
e 

su
rv

iv
al

 (n
on

-f
at

al
 C

V
D

)

1·0

0·9

0·8

0·7

0·6

0·5

0·4

0·3

0·2

0·1

0·0

P = 0·882

Time (days)

Time (days) Time (days)

3500300025002000150010005000

C
um

ul
at

iv
e 

su
rv

iv
al

 (m
or

ta
lit

y)

1·0

0·9

0·8

0·7

0·6

0·5

0·4

0·3

0·2

0·1

0·0

PTH

P < 0·001

3500300025002000150010005000

3500300025002000150010005000
Time (days) Time (days)

3500300025002000150010005000

C
um

ul
at

iv
e 

su
rv

iv
al

 (f
at

al
 C

V
D

)

1·0

0·9

0·8

0·7

0·6

0·5

0·4

0·3

0·2

0·1

0·0

PTH

P < 0·001

C
um

ul
at

iv
e 

su
rv

iv
al

 (n
on

-f
at

al
 C

V
D

)

1·0

0·9

0·8

0·7

0·6

0·5

0·4

0·3

0·2

0·1

0·0

P < 0·001

> Mean-censored
<= Mean-censored
> Mean
<= Mean

> Mean-censored
<= Mean-censored
> Mean
<= Mean
Calcium

Calcium

> Mean-censored
<= Mean-censored
> Mean
<= Mean
Calcium

> Mean-censored
<= Mean-censored
> Mean
<= Mean

PTH

> Mean-censored
<= Mean-censored
> Mean
<= Mean

(a) (b)

Fig. 1 Kaplan-Meier survival plots for mortality, fatal and non-fatal CVD outcomes by baseline serum calcium and plasma PTH separately. Differences
between subgroups (high versus low baseline concentrations divided by mean value) are compared by logrank test. (a) Baseline serum calcium (b)

Baseline plasma PTH.
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Increased mortality and morbidity in mild primary
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Summary

Objective To describe mortality and disease-specific morbidi-

ties in patients with mild primary hyperparathyroidism (PHPT).

Design Retrospective population-based observational study.

Setting Tayside, Scotland, from 1997 to 2006.

Participants Patients with mild PHPT were selected from a pre-

defined PHPT cohort between 1997 and 2006.

Main outcome measures Standardised mortality ratios

(SMRs) were examined for all-cause mortality, as well as cardiovas-

cular and cancer mortality. Standardised morbidity ratios and stan-

dardised incidence ratios were also calculated for eleven observed

co-morbidities.

Results In total, there were 1683 (69Æ1% female) patients identi-

fied with mild PHPT in Tayside. Patients were found to have an

increased risk of all-cause mortality and cardiovascular mortality

(SMR-all cause 2Æ62, 95% CI 2Æ39–2Æ86; SMR-cardiovascular 2Æ68,

95% CI 2Æ34–3Æ05). Patients with mild PHPT had a significantly

increased risk of developing cardiovascular and cerebrovascular

disease, renal dysfunction and fractures compared to the age- and

sex-adjusted general population.

Conclusions Mortality and morbidity were increased for

patients with mild untreated PHPT, which is similar to more severe

PHPT.

(Received 28 August 2009; returned for revision 12 September

2009; finally revised 3 December 2009; accepted 5 December 2009)

Introduction

Primary hyperparathyroidism (PHPT) is a common endocrine dis-

order whose clinical profile has changed dramatically towards a

more asymptomatic form, over the last four decades. Symptomatic

patients have been repeatedly reported as having an increased risk

of death and an increased risk of developing a series of other com-

plications, including cardiac abnormalities, diabetes mellitus,

hypertension and malignant disease.1–11 Evidence has, however,

remained controversial among patients with mild asymptomatic

PHPT, which currently account for over 80% of the total cases.

Some studies have claimed that the overall survival among patients

with mild PHPT was not adversely affected.12–14 Others, however,

have shown an increased risk among patients with mild to moder-

ate PHPT who did not undergo parathyroidectomy (PTX).4,9 The

third National Institute of Health (NIH) workshop on asymptom-

atic PHPT held in May, 2008, revised the guidelines for diagnosis

and management (surgical and medical) of asymptomatic PHPT

and identified key areas for further investigation, including an

emphasis on the need for large population studies of mortality and

the extent of cardiovascular involvement in those with mild

PHPT.15–20 The present study aimed to describe all-cause mortal-

ity, cardiovascular and cancer mortality and disease-specific

co-morbidities in patients with mild PHPT in Tayside, Scotland,

using population-based data between 1997 and 2006.

Methods

Patients

All Tayside residents who registered with a General Practice (in

excess of 99%) are given a unique 10-digit patient index, known as

a Community Health Index (CHI). This represents a very stable

population with <5% migration, especially among elderly people.

All health care related activities are recorded and can be linked

through the CHI at the Health Informatics Centre (HIC), Univer-

sity of Dundee.21–24 Prior to this study, six principal anonymous

patient-level data sets were used to identify all diagnosed patients

Correspondence: Ning Yu, Dundee Epidemiology and Biostatistics Unit,
Division of Clinical & Population Sciences & Education, MacKenzie
Building, Kirsty Semple Way, University of Dundee, Dundee, Scotland,
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PHPT cohort, giving an SMR for cardiovascular disease of 1Æ70.

Table 6 shows the disease-specific SIRs adjusted for pre-existing

conditions, which only includes incident events that happened

after PHPT was diagnosed. Compared to the risk suggested in the

standardised morbidities results (Table 5), apart from diabetes,

patients had higher risk of developing all other endpoints post-

PHPT diagnosis.

Discussion

Mortality

This study has, for the first time, demonstrated an increased risk of

relative mortalities and morbidities among patients with untreated

mild PHPT, in a large unselected population. The population in

the study region were representative of the Scottish and the entire

UK population in terms of sex and age structure but with slightly

less ethnic minorities compared to the UK population.21 The

selected patients were those with confirmed PHPT but who had

never undergone PTX. These patients had lower mean calcium

concentration than those in the American studies, which showed

no decrease in survival compared to the age- and sex-matched con-

trols.13,14 Our study was a population-based study that identified

all patients with raised serum calcium, even if they had not been

referred to a hospital clinic and even if this had not been recognised

and recorded by their doctor. The existing incongruent evidence of

mortality data, in particular cardiovascular mortality, in the

patients with mild PHPT has been explained by the variance in dis-

ease severity by study regions and the absence of population studies

of mortality in a genuine mild PHPT cohort.19 It is, however,

intriguing that in the present study, the all-cause mortality, as well

as the cardiovascular and cancer related mortality, for patients with

mild PHPT, as reflected by serum calcium <2Æ9 mmol/l, was simi-

lar to those with symptomatic or severe disease.2,3,5,8,10,30 To eluci-

date the likely association between the calcium concentration,

disease duration and mortality further, we split our cohort into two

by their diagnosis period and found when both compared to the

general population, there was a higher mortality rate in the more

recently diagnosed group who had a lower calcium concentration

and a shorter follow-up duration. The absolute number of events

in the second period, however, was falling, which was probably

because of better identification and preventative treatment. Hence,

our results could be interpreted as suggesting that the serum cal-

cium is not strongly associated with mortality and that the condi-

tion of PHPT is a marker of mortality. Other factors, such as the

PTH level, may be better predictors of mortality, as indicated from

the third NIH workshop on the asymptomatic PHPT.15,19

Morbidity

We used the disease-specific standardised morbidity ratios, which

allowed a crude judgement of co-morbidities among the patients

with PHPT, in comparison with the general population. Our

patients appear to be exposed to an increased risk of cardiovascular

disease and fractures. We also compared the risk of developing

incident co-morbidities with the general population by adjusting

for pre-existing conditions (expressed as SIRs) and found an even

higher risk of developing other co-morbidities after PHPT was

diagnosed. The impact of PTX on these outcomes in patients with

mild PHPT needs to be further explored.

Because of the nature of SMR, there may be characteristics or

confounders, which were not adjusted for in calculating SMRs.

Therefore, we cannot make definite causal inferences. However,

by adjusting for pre-existing conditions, we were still able to

show increased risks of developing adverse co-morbidities. Sec-

ondly, a number (7Æ9%25) of patients were taking thiazide

diuretics, and it is unclear how this may have affected the out-

come we measured. Thirdly, our patients were chosen for cal-

cium checks, and there may have been an unknown reason for

this that could introduce bias. However, when adjustments were

made for co-existing morbidities, the strength of associated risk

increased, suggesting that the association is likely to be real.

However, this was a population-based study where patients with

mild PHPT were captured who had no surgery and had never

been referred to hospital, which is a major strength of this study.

Further analyses are needed to adjust for confounders in a time

to event analyses using person-specific data and this is planned

for the future.

In summary, patients who have calcium <2Æ9 mmol/l with the

absence of renal complications and have never undergone PTX had

an increased risk of mortality and increased risks of developing

adverse co-morbidities. To the best of our knowledge, this is the

first population-based study to show this increased risk for mild

PHPT. It is possible that PTX may benefit all patients with PHPT,

including those who do not fit the current NIH criteria for surgery.

Surgery is known to be safe31,32 but only a prospective randomised

controlled trial would answer this question definitively.
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Table 6. Standardised incidence ratios (SIRs) showing the observed and
expected number of events adjusted for pre-existing conditions*

Observed morbidity
endpoints Obs Exp SIR 95% CI

Cardiovascular disease 218 86Æ1 2Æ53 2Æ21–2Æ89
Cerebrovascular disease 121 39Æ1 3Æ10 2Æ57–3Æ70

Renal failure 272 19Æ2 14Æ14 12Æ51–15Æ92
Renal stones 20 4Æ1 4Æ85 2Æ96–7Æ49

Psychiatric disease 31 5Æ6 5Æ56 3Æ78–7Æ89
Hypertension 159 42Æ1 3Æ77 3Æ21–4Æ41

All fractures 101 51Æ5 1Æ96 1Æ60–2Æ38
Cancer 120 77Æ9 1Æ54 1Æ28–1Æ84

Diabetes (all diabetes) 44 20Æ4 2Æ16 1Æ57–2Æ90

*Pre-existing conditions were adjusted by using the primary hyperparathy-
roidism (PHPT) diagnose date.
Obs, observed number; Exp, expected number.
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mechanisms relevant to disease biology are rapidly emerging from genetically manipulated 
animals(8; 10).  However, in the past several years, it is the physiological studies of human 
subjects that have confirmed and extended 
these observations in important ways that are 
likely to alter our recommendations for 
treatment of HPT in otherwise “asymptomatic” 
patients(18). Macrovascular compliance and 
conduit functions, known as Windkessel 
physiology, are altered by HPT (19-21).  With 
every heartbeat, part of the kinetic energy of 
each systolic pulse is stored as potential 
energy within the rubbery elasticity of conduit 
vessels. During diastole, this energy is 
released to provide smooth perfusion of the 
coronary arteries, myocardium, and distal 
tissues(1). In addition, with arterial stiffening, 
reflected retrograde pulse waves generated at 
vessel branchpoints travel faster, and begin to 
sum with the latter p	  art of orthograde pulse 
waves in late systole to increase systolic 
blood pressure. Thus, with arterial stiffening, 
perfusion during diastole not only becomes 
more erratic but the workload placed upon the 
heart increases due to systolic hypertension 
(Figure 8). Silverberg, Bilezikian and 
colleagues established that arterial stiffening is in fact increased in patients with mild HPT.  
Using the augmentation index (AIx), a measure of the retrograde wave reflection that 
characterizes vascular stiffening and increases systolic pressure, they uncovered a positive 
linear relationship between PTH and AIx after adjusting for heart rate, height, gender, blood 
pressure, age, diabetes mellitus, smoking, and hyperlipidemia(19). Importantly, Smith and 
colleagues reported similar responses in their smaller patient cohort. Importantly, in patients 
with pre-existing cardiovascular abnormalities, parathyroidectomy improves indices of 
cardiovascular stiffness(22).  

Problems also arise with the regulation of myocardial blood flow in response to 
metabolic demand in the setting of hyperparathyroidism.  Coronary flow reserve (CFR) is a 
physiological index of epicardial conduit function; CFR assesses both the significance of any 
coronary stenosis present and downstream microvascular dysfunction.  When changes in 
myocardial oxygen demand downstream of a conduit artery segment cannot be met by 
vasodilation, CFR is said to be compromised. Importantly, reduced CFR portends adverse 
cardiovascular outcomes and health in men and women. CFR was initially evaluated at the 
time of angiography following intracoronary administration of vasodilators with Doppler 
imaging; however, transthoracic Doppler echocardiography has now been implemented with 
peripheral adenosine administration as a mechanism for non-invasively assessing CFR without 
angiography. In 2012, Osto and colleagues performed a highly important, longitudinal 
analysis of CFR in 100 primary HPT patients with solitary adenomas before and after 
adenoma resection, comparing responses elicited in 50 gender- and age-matched 
controls(23).  In this landmark study, they established that PTH, age, and heart rate were the 
only major variables altering CFR -- and that CFR independent of serum calcium.  Moreover, in 
the 27 primary HPT patients with clearly abnormal CFR (<= 2.5 following adenosine infusion), 
all of these individuals exhibited normal CFR (> 2.5) following adenoma resection (Figure 
9)(23). Using a completely independent method of assessment, nuclear perfusion imaging, 
Marini and colleagues also demonstrated improvement of CFR in primary HPT undergoing 
surgical treatment(24). In a clinically important way, these two studies help to confirm and 
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impairs calciotropic hormone signals vital to the pres-
ervation of normal bone and vascular mineral homeo-
stasis.27–29 Also discussed are the mechanisms whereby 
cellular, biochemical and hormonal cues produced by 
the skeleton systemically affect vascular health and vessel 
conduit function. The Review ends by pointing to emerg-
ing therapeutic opportunities afforded by an improved 
understanding of the bone–vascular axis.

Vascular calcification and human health
Vascular calcification has afflicted human beings for at 
least 5 millennia. Ötzi, the Tyrolean Ice Mummy who suc-
cumbed to homicide ~5,300 years ago—500 years before 
Stonehenge was erected—had considerable deposits of 
arterial calcium in his abdominal aorta.30 Only in the 
past few decades have the physiological consequences of 
arterial calcification become evident—a clinical apprecia-
tion afforded by the greater longevity enjoyed by modern 
humans. Coronary artery calcium scores identify indivi-
duals at the greatest risk of progressive cardiovascular 
disease among patients with otherwise intermediate 
risk.31 Tibial artery calcium (TAC) scores outperform 
ankle– brachial indices in portending amputation risk in 

Key points

 ■ Clinically important and actively regulated processes control tissue 
mineralization in the skeleton and the arterial vasculature

 ■ Bidirectional communication between the vasculature and bone—conveyed by 
cellular, endocrine and metabolic messengers—is critical to maintenance of 
bone health and vascular health

 ■ Dysmetabolic states, such as diabetes mellitus, uraemia and hyperlipidaemia, 
perturb the bone–vascular axis and give rise to vascular and skeletal disease

 ■ As understanding of the bone–vascular axis continues to improves, so too will 
our capacity to meet the clinical needs of patients with metabolic bone and 
cardiovascular disorders

patients with peripheral arterial disease (PAD).9 Further-
more, assessment of patients with type 2 diabetes mellitus 
(T2DM) with plain radiographs revealed that the pres-
ence of arterial medial calcification was a greater contrib-
utor to amputation risk than atherosclerotic calcification 
in this patient population.12 The presence and extent of 
calcific aortic valve disease is the single best predictor  
of clini cal progression in patients with asymptomatic, 
mild or moderate,32 or severe33 calcific aortic stenosis.

London and colleagues used plain pelvic and femoral 
radio graphs to phenotype vascular calcification in a set-
ting of end-stage renal disease (ESRD) requiring renal 
replacement therapy; the researchers observed that arteri al 
calcification clearly portended mortality.34 Although the 
calculated 5-year Kaplan-Meier survival rate was <50% 
for patients with ESRD affected by athero sclerotic calcifi-
cation or medial calcification, the fortunate one-third of 
patients lacking clinically significant arterial calcification 
enjoyed ~90% survival during the same period.34 After 
adjustment for age, time on dialysis, sex, ethnicity, pres-
ence of diabetes mellitus, non- dialysis chronic kidney 
disease (CKD) status, hypertension, tobacco use, exist-
ence of prior parathyroid surgery and BMI, patients with 
atherosclerotic calcification and medial calcification had 
fivefold and 16-fold increases, respectively, in the relative 
risk of mortality compared with those without vascular 
calcification.12 In the past year, a study in which CT-based 
volumetric scoring of carotid artery calcification load was 
used, intracranial carotid calcification was linked to the 
extent of MRI-detected central nervous system (CNS) 
white matter lesions and extracranial carotid calcification 
was linked to overt CNS infarcts.35 Clearly, arterial calcific 
vasculo pathy is a harbinger of cardiovascular disease.

How can arterial calcification convey such clinically 
significant risks? Of course, thromboembolic events and 
fixed reductions in vessel lumen size induce tissue ischae-
mia, and the calcified Stary type Vb plaque,36,37 charac-
teristic of atherosclerotic calcification, is a culprit lesion in 
acute coronary syndromes.37,38 Aortic valve sclero sis dis-
torts and stiffens valve leaflets, not only causing stenosis 
with attendant myocardial workload demand but also pre-
cluding the efficient valve leaflet coaptation that prevents 
regurgitant flow.39,40 Additionally, conduit vessel stiffen-
ing (which arises from either atherosclerotic or medial 
mineraliza tion)41 impairs Windkessel physio logy,42 which 
depends upon the rubbery elasticity of conduit vessels and 
is necessary for smooth distal tissue perfusion (Figure 1).43

With each cardiac cycle, a portion of the kinetic energy 
elaborated during ventricular systole is stored as poten-
tial energy throughout the vascular tree;42 this energy is 
released during diastole and helps maintain uniformity 
of flow in distal capillary beds during the cardiac cycle.43 
More over, with arterial stiffening, the attendant increase 
in pulse wave velocity interacts with an impedance mis-
match along the vascular tree to elevate systolic blood 
pressure, increasing myocardial workload as well as end-
organ barotrauma (Figure 1).43,44 Thus, the presence, 
extent and histoanatomic type of arterial calcification 
carries ominous predictions with respect to cardio vascular 
and CNS disease, mortality and amputation risk.22
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Figure 1 | Consequences of arterial stiffening and 
impaired Windkessel physiology. During systole, some 
kinetic energy is stored as potential energy in the elastic 
conduit arteries. This stored energy permits not only 
coronary perfusion but also smooth distal capillary 
perfusion during diastole (blue tracing). With 
arteriosclerotic stiffening (red tracing), less potential 
energy is stored during systole, giving rise to impaired, 
pulsatile and erratic flow during diastole (two-thirds of the 
cardiac cycle).210 Systolic blood pressure is also 
increased. The topic has been reviewed elsewhere.81
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extend the previous work of Kosch et al. published a decade prior. These investigators 
identified that brachial artery flow-mediated vasodilation, an index of endothelial function and 
NOS activation, is impaired with primary HPT but reversed following surgical treatment(25).    
Thus, primary HPT is consistently associated with reversible alterations in coronary and 
peripheral artery endothelial function that 
improve following surgical intervention.  The 
improvements in CFR following surgery for 
HPT has significant implications as the risks 
vs. benefits of parathyroidectomy in otherwise 
asymptomatic hyperparathyroidism are 
considered.  

 
6.  Secondary hyperparathyroidism of 
chronic kidney disease (CKD); the 
metabolic “perfect storm” of 
cardiovascular risk.   

CKD is a highly significant 
cardiovascular risk factor, synergizing with 
diabetes to increase morbidity and mortality at 
least 5- to 10-fold.  While cholesterol- 
lowering therapies have impact, reducing 
non-fatal cardiovascular events by ca. 20% in 
pre-dialysis CKD, no significant reduction in 
cardiovascular mortality has been achieved 
with this strategy in CKD patients on dialysis. 
This appears to occur in large part due to the 
contributions of perturbed calcium phosphate metabolism to cardiovascular risk(26).  Indeed, 
the chronic kidney disease – mineral and bone disorder (CKD-MBD) designation was created 
as an imperfect mechanism meant to capture the implications of this clinical setting(27; 28).   

 
In the setting of CKD, serum 

phosphate exerts a stepwise increase in 
cardiovascular mortality.  Vascular toxicity 
is mediated in part via arterial 
calcification, and cardiovascular mortality 
tracks the presence and extent of 
vascular mineralization.  Phosphate-
dependent activation of sodium 
phosphate co-transporter (PiT) signaling 
in VSMCs drives osteogenic 
mineralization programs(29) and pro-
apoptotic responses that perturb 
mineralizing matrix vesicle clearance – 
thus augmenting vascular calcium 
load(30) (Figure 10).  At every level of 
renal function, serum phosphate is a 
cardiovascular risk factor(31; 32) and PTH is a key defense against hyperphosphatemia(33). 
PTH (a) directly induces renal phosphate excretion when renal function is intact; (b) recruits 
osteoblast – derived FGF23 to assist in these phosphaturic actions; (c) and maintains bone 
formation even in the setting of CKD -- a state of variable skeletal resistance to PTH(34).  
Thus, actions of PTH play an important role along with FGF23 to prevent phosphate –
dependent vascular toxicity when renal function is intact and normal bone turnover is 
maintained.  Extremes of bone turnover – too high or too low –negatively impact both serum 

12. PHYSIOLOGICAL ACTIONS OF PTH AND PTHRP IV192

I.  MOLECULAR, CELLULAR, AND PHYSIOLOGIC ASPECTS OF THE PARATHYROIDS

said to be compromised.86 Importantly, reduced CFR 
portends adverse cardiovascular outcomes and health 
in men and women.87,88 CFR was initially evaluated at 
the time of angiography following intracoronary admin-
istration of vasodilators with Doppler imaging;88 how-
ever, transthoracic Doppler echocardiography87 has now 
been implemented with peripheral adenosine adminis-
tration as a mechanism for non-invasively assessing CFR 
without angiography.89,90

In 2012, Osto and colleagues performed a highly 
important, longitudinal analysis of CFR in 100 primary 
HPT patients with solitary adenomas before and after 
adenoma resection, comparing responses elicited in 50 
gender- and age-matched controls.91 In this landmark 
study, they established that PTH, age, and heart rate 
were the only major variables altering CFR—and that 
CFR was independent of serum calcium. Moreover, 
in the 27 primary HPT patients with clearly abnormal 
CFR (≤2.5 following adenosine infusion), all of these 
individuals exhibited normal CFR (>2.5) following 
adenoma resection (Figure 12.3).91 Using a completely 
independent method of assessment, nuclear perfusion 
imaging, Marini and colleagues also demonstrated 
improvement of CFR in primary HPT undergoing sur-
gical treatment.92 In a clinically important way, these 
two studies help to confirm and extend the previous 
work of Kosch et al. published a decade prior. These 
investigators identified that brachial artery flow-medi-
ated vasodilation, an index of endothelial function and 
NOS activation, is impaired with primary HPT but 
reversed following surgical treatment.93 Thus, primary 

HPT is consistently associated with reversible altera-
tions in coronary and peripheral artery endothelial 
function that improve following surgical intervention. 
The improvements in CFR following surgery for HPT 
have significant implications as the risks vs. benefits of 
parathyroidectomy in otherwise asymptomatic hyper-
parathyroidism are considered.

SECONDARY HYPERPARATHYROIDISM 
OF CHRONIC KIDNEY DISEASE (CKD); 

THE METABOLIC “PERFECT STORM” OF 
CARDIOVASCULAR RISK

CKD is a highly significant cardiovascular risk fac-
tor, synergizing with diabetes to increase morbidity 
and mortality at least five- to 10-fold.94,95 While cho-
lesterol-lowering therapies have impact, reducing non-
fatal cardiovascular events by ca. 20% in pre-dialysis 
CKD, no significant reduction in cardiovascular mor-
tality has been achieved with this strategy in CKD 
patients on dialysis.96,97 This appears to occur in large 
part due to the contributions of perturbed calcium 
phosphate metabolism to cardiovascular risk.98 Indeed, 
the chronic kidney disease–mineral and bone disorder 
(CKD–MBD) designation was created as an imperfect 
mechanism meant to capture the implications of this 
clinical setting.99,100

In the setting of CKD, serum phosphate exerts a step-
wise increase in cardiovascular mortality.101 Vascular tox-
icity is mediated in part via arterial calcification,102 and 
cardiovascular mortality tracks the presence and extent 
of vascular mineralization.103–105 Phosphate-dependent 
activation of sodium phosphate co- transporter (PiT) 
signaling in VSMCs drives osteogenic mineralization 
programs106 and pro-apoptotic responses that perturb 
mineralizing matrix vesicle clearance—thus augment-
ing vascular calcium load.107–109 However, at every level 
of renal function, serum phosphate is a cardiovascular 
risk factor110,111 and PTH is a key defense against hyper-
phosphatemia.112 PTH directly induces renal phos-
phate excretion when renal function is intact, recruits 
osteoblast-derived FGF23 to assist in these phosphatu-
ric actions, and maintains bone formation even in the 
setting of CKD—a state of variable skeletal resistance 
to PTH.113–115 Thus, actions of PTH play an important 
role along with FGF23 in mitigating phosphate-depen-
dent vascular toxicity when renal function is intact and 
normal bone turnover is maintained.113–115 Extremes 
of bone turnover—too high or too low—are likely to 
negatively impact serum phosphate homeostasis in the 
setting of CKD.113,116,117 However, the specific relation-
ship between bone formation (potentially functioning 
as a “buffer” mitigating vascular phosphate toxicity), 
changes in PTH tone with declining renal function, and 

FIGURE 12.3 Improvement in coronary flow reserve (CFR)  
following adenoma resection for primary hyperparathyroidism. 
In their landmark study, Osto and colleagues established that coro-
nary microvascular dysfunction occurs in the left anterior descend-
ing artery of patients with asymptomatic hyperparathyroidism due 
to a solitary adenoma. Curative resection of the adenoma restores 
normal CFR. Reprinted with permission from Lippincott Williams & 
Wilkins.91
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glycoproteins, which form microfibrills of
elastic fibers. Matrix metalloproteinases
(MMPs) have an important role in the
degradation of elastin.60 – 62 MMP-2 and
MMP-9 bind and degrade insoluble elas-
tin to generate soluble elastin peptides.63

These elastin peptides bind the elastin
laminin receptor (ELR), which is located
on the surface of VSMCs.

The degradation of elastin also in-
duces the overexpression of TGF-!.
TGF-!1 not only plays an important role
in osteoblast differentiation64 but also
accelerates the calcification of VSMCs.
The transduction pathway of both the

ELR and the TGF-! receptor involves the
activation of MAPK, which induces
Cbfa1/Runx2 activation.52 Thus, the ac-
tivation the ELR or the TGF-! receptor
in VSMCs may result in the induction of
Cbfa1/Runx2 through MAPK phosphor-
ylation and sequentially initiate the
transformation of VSMCs into osteo-
blast-like cells. Because the signal trans-
duction pathway for both the ELR and
the TGF-! receptor are implicated in the
osteogenic process in VSMCs, the degra-
dation of elastin plays a crucial role, es-
pecially in the initial step of medial calci-
fication.65,66

INDUCER OF VASCULAR
CALCIFICATION

Ca2! and P2" Status
Compared with the general population,
patients with CKD have a disproportion-
ately high occurrence of vascular calcifi-
cation. One hypothesis to account for
this is the altered Ca2! and P2" metabo-
lism seen in these patients. This is the
most important contributor to the pro-
gression of vascular calcification in the
uremic condition. Extracellular P2" pro-
motes the mineralization of VSMCs in
both dosage- and time-dependent man-
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Figure 1. Cell fate, function, and phenotype in vascular calcification. In response to uremic toxins or elevated calcium and phosphate
levels, VSMCs elaborate lipidaceous vesicle from apoptotic cells or produce matrix vesicle. The latter, approximately one third the
diameter of apoptotic bodies, are much more efficient in nucleating mineral deposition. These vesicles nucleate calcium deposition in
the form of a poorly crystalline hydroxyapatite, associated with the elastin-rich extracellular matrix of arteries. The process of
elastinolysis not only creates sites for vesicle, mediated nucleation, but also released EDPs that promote osteochondrogenic “trans-
differentiation” of VSMCs. This latter process is stimulated by oxidized LDL and ROS, viz., hydrogen peroxide. With osteochondrogenic
differentiation, gene expression profiles change dramatically, with induction of bone ALP, production of a highly collagenous
extracellular matrix, and elaboration of matrix vesicle. Bone ALP locally degrades inorganic pyrophosphate, an important inhibitor of
mineralization and transdifferentiation. In addition, multipotent vascular mesenchymal progenitors called calcifying vascular cells (CVC)
or pericytes can yield cells of the osteoblast and chondrocyte lineage. This occurs through paracrine BMP and canonical Wnt signals that
“shunt” these proliferating progenitors away from other fates, such as the mature VSMC, and toward osteogenic lineages. Inflammatory
cytokines such and TNF play critical roles. Of note, as shown by Shanahan’s group,19,20 the phagocytic clearance of matrix vesicles by VSMCs
is critical in limiting the number of sites that nucleate mineral deposition. In severely advanced atherosclerotic lesions, cholesterol crystals
have also been shown to nucleate calcium phosphate deposition as well. See text for details.
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phosphate and calcium homeostasis in the setting of CKD(34). However, the specific 
relationship between bone formation  (potentially functioning as a “buffer” mitigating vascular 
phosphate toxicity), changes in PTH and FGF23 tone with declining renal function, and 
maintenance of healthy serum phosphate homeostasis with respect to vascular physiology 
have not yet been established. Indeed, the initial short-term adaptive responses of PTH and 
FGF23 with respect to acute dietary phosphate loads and phosphate vascular toxicity are 
emerging as maladaptive with respect to cardiometabolic health over the long-term. FGF23 
levels are elevated in patients with primary HPT, and decrease following parathyroidectomy. 

Gerard London and colleagues have provided the most important insights into the 
relationship between PTH, arterial calcification, and bone formation in the setting of CKD (34). 
Implementing an ultrasound based method for scoring calcification in the common carotid 
arteries, the abdominal aorta, the iliofemoral axis, and the lower extremities, his group related 
the extent of arterial calcification with dynamic histomorphometric assessment of cellular bone 
functions with circulating PTH. In this important study, they established that patients with the 
lowest levels of PTH (with or without prior parathyroid surgery) exhibited low turnover bone 
disease and the most extensive vascular calcification (34).   The relationship between low PTH 
values and increased coronary artery calcification was subsequently confirmed by others (35). 
Interestingly, similar observations were made by Chertow and colleagues upon comparison of 
the relationships between bone mineral density, vascular calcium load, and PTH levels in 
patients treated with calcium-based phosphate binders vs. sevelamer (does not contain 
calcium);(36).  Suppression of PTH levels in those subjects given calcium-based binders was 
associated with lower bone mass and increased vascular calcium load.    

Basal PTH tone exerts beneficial actions in part via maintenance of bone formation(34). 
As discussed(1), it has become increasingly clear that skeletal maintenance of hematopoiesis, 
regulation of calcium phosphate exchange, and production of phosphaturic hormones such as 
FGF23 play important roles in vascular health. Surgery is the standard of care for severe 
primary and severe secondary / tertiary hyperparathyroidism. However, surgery is not the first 
line approach to the vast majority of patients with significant secondary hyperparathyroidism in 
CKD because of the clinical need to “titrate” PTH levels to maintain bone formation(34). In the 
setting of uremia, circulating fragments of PTH and uremic toxins give rise to a skeletal 
resistance to PTH(13).  Based upon dynamic histomorphometry performed in patients with 
CKD on dialysis, PTH levels between 150 – 300 pg/ml were associated with maintenance of 
normal bone turnover in this setting. However, similar analyses have not been performed in 
CKD patients prior to the initiation of renal replacement therapy.  Moreover, the specific PTH 
assay used to establish this treatment goal is no longer available, calling into question how one 
co-registers these prior guidelines with current generation PTH assays.  Hence, current KDIGO 
guidelines recommend levels of PTH 
between 2 and 9 times the upper limit of 
normal in any given assay – although not 
strictly co-registered with skeletal or 
cardiovascular indices of health (37).  
Nevertheless, striving to achieve this 
skeletally defined “set point” also appears 
to improve cardiovascular disease risk – 
and the cardiovascular benefits of 
pharmacological management of HPT 
were first established in the setting of 
CKD.  Treatment with injectable calcitriol 
or paricalcitol to maintain PTH levels to 
approximately 2-4 times the upper limit of 
normal reduces cardiovascular mortality 
(38; 39).  Recent epidemiological data 
point to a biphasic relationship between 

survival advantage compared with the matched controls with
severe SHPT. This advantage was independent of established
risk factors, consistent across subgroups, and robust in several
sensitivity analyses; however, the benefit was not evident in
patients who had persistent SHPT postoperatively. Collec-
tively, these results suggest the importance of managing SHPT
and the potential survival benefit of PTx for patients with
severe, uncontrolled SHPT.

SHPT is one of the most serious complications in patients
with end-stage renal disease. The widely recognized con-
sequence of SHPT is high-turnover bone disease; however,
several lines of evidence suggest that SHPT contributes to
increased risk of cardiovascular disease and death. Excess
PTH has been shown to promote cardiac fibrosis23 and act on
endothelial cells to accelerate atherosclerotic processes.24 In
addition, SHPT often causes elevations in serum calcium and
phosphorus levels as a result of either therapeutic use of
VDRAs or increased efflux of calcium and phosphorus from
bone. These metabolic changes play a major role in the
pathological process of vascular calcification that results in
increased arterial stiffness, left ventricular hypertrophy, and
decreased cardiac perfusion. Because PTx dramatically
reduces PTH levels and simultaneously suppresses extraosse-
ous calcification stress by reducing serum calcium and phos-
phorus levels,25 these favorable changes in mineral metabo-
lism are the most proximate mechanisms by which PTx may
improve survival and cardiovascular outcomes. In fact, several
observational studies demonstrated improvement of
cardiac function26 and left ventricular hypertrophy27 and
attenuation of progressive vascular calcification28 after PTx.
Other possible mechanisms for improved survival after
PTx include reduction in fracture risk,29 improvement
of anemia,30 hypertension,31 cardiac autonomic nervous
system,32 immune system,33 and muscle strength,34

and sustained reduction in fibroblast growth factor 23

(refs 35,36—an emerging bone-derived factor that contri-
butes to left ventricular hypertrophy.37

Thus far, only one large-scale, observational study from
the United States Renal Database System (USRDS) has
addressed the question of whether PTx is associated with
improved survival.18 The USRDS study showed survival
benefit of PTx in the long term; however, the effect size was
smaller than ours and the short-term mortality rate was
higher than that of matched controls. However, the USRDS
study was limited by lack of data on biochemical parameters
of SHPT and, thus, did not account for the severity of
SHPT in the matching procedure that may have resulted in
underestimation of the survival benefit of PTx. In
contrast, data on biochemical parameters of SHPT were
available in the present study, and we were able to select
controls from those with severe SHPT, allowing us to more
accurately capture the effect of PTx on survival. Additional
strengths of this study include a large sample size from a
nationwide registry, high response rates to the annual survey
questionnaire, availability of data on cardiovascular comor-
bidities and medications for SHPT including VDRAs, and use
of multiple analytical approaches including propensity score
methods.

This study has several important limitations. First, the
possibility that unmeasured confounders or a potential source
of bias explained the survival benefit of PTx cannot be
excluded. Although we matched patients with a history of PTx
to controls with similar demographic and clinical character-
istics using propensity score matching, we cannot exclude the
possibility that less healthy patients who cannot tolerate
surgery were included in the matched controls. To further
address this issue, we performed two separate sensitivity
analyses: in one analysis the study population was restricted to
those who were less likely to have significant comorbidity, and
in the other the study population was restricted to those who
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Figure 2 |HRs (and 95% CIs) for all-cause and cardiovascular mortality according to categories of intact PTH levels and history of PTx,
using crude, case-mix-adjusted, and multivariable-adjusted Cox models. (a) All-cause mortality. (b) Cardiovascular mortality. The case-mix-
adjusted analysis included the following variables: age, sex, duration of dialysis, and primary cause of renal failure. The multivariable-adjusted
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PTH levels and mortality in CKD5 – and  points once again to the importance of mineral 
metabolism as a key contributor to cardiovascular disease in this setting (Figure 11)(40).  The 
emerging potential reasons for this relationship 
are summarized in Figure 12(1).   
 

As a type II calcium sensing receptor 
mimetic with a short half-life, cinacalcet 
successfully reduces circulating PTH levels and 
enables facile titration to goal.  Cinacalcet is very 
effective in treating primary and secondary 
hyperparathyroidism, but its actions on 
cardiovascular and fracture risks are still 
emerging(41). A meta-analysis of 4 studies 
suggested reductions in both hip fracture and cardiovascular hospitalization rates with 
cinacalcet(42). In EVOLVE (Evaluation of Cinacalcet Hydrochloride Therapy to Lower 
Cardiovascular Events), a prospective study to treat secondary HPT in dialysis patients with 
CKD5, cinacalcet failed to achieve significant reductions in cardiovascular mortality (p = 0.11) 
in the unadjusted intention to treat analysis(43). However, when stratified by age, significant 
differences in cardiovascular mortality were in older patients on RRT(44) – and cinacalcet-
induced reductions in FGF23 were associated with reductions in cardiovascular events as a 
secondary endpoint. After adjustment for other baseline clinical characteristics, the relative 
hazard ratio for the primary composite end point (risk of death or first myocardial infarction, 
hospitalization for unstable angina, heart failure, or a peripheral vascular event) was 0.88 in 
EVOLVE (95% CI, 0.79 to 0.97; p = 0.008)(43). However, the milieu of CKD5 and dialysis 
represents a metabolic “perfect storm” for cardiovascular disease; in this setting, secondary 
hyperparathyroidism is but one important contributor that must be addressed. Moving forward, 
the multifactorial high-risk metabolic and genetic milieu of CKD must be prospectively 
embraced as strategies targeting PTH biology are evaluated for mitigating cardiovascular risk.  

 
7.  Chronic PTH1R activation and the renin-angiotensin-aldosterone (RAA) axis in 
cardiovascular disease: A feed-forward vicious cycle. 

As mentioned above, the relationships between hyperparathyroidism and hypertension 
are well-appreciated(45). In otherwise healthy adults, while singular administration lowers 
blood pressure, sustained PTH administration over a period of 12 days actually increases 
blood pressure in humans(46). In addition to PTH1R desensitization mechanisms described 
above(9) that impair paracrine PTHrP-mediated vasorelaxation, PTH may have direct effects 
on aldosterone biosynthesis(45). However, PTH1R-dependent signals in the juxtaglomerular 
apparatus also support renin production. Following surgery for HPT, renin and aldosterone 
levels fall(47) albeit with variable improvements in blood pressure and cardiac hypertrophy. 
Conversely, it has recently become clear that angiotensin II augments circulating PTH levels in 
part via aldosterone / mineralocorticoid receptor signaling pathways in humans. Thus, a “feed-
forward” vicious cycle may exist between dysregulated PTH and RAA axis that promotes 
cardiovascular disease arising from the metabolic derangements of aging, declining renal 
function, and HPT (4). This potential relationship is currently being examined in the EPATH 
trial, testing the impact of the mineralocorticoid antagonist eplerenone in patients with primary 
HPT.   

 
8. Summary, conclusions, and some future directions. 
 The cardiovascular actions of PTH have been known for almost a century.  However, 
the clinical and pharmacological implications of altered PTH/PTHrP signaling with respect to 
cardiovascular endocrinology have been underappreciated except in the settings of extreme 
excess with sever hypercalcemia or calciphylaxis.   In addition to mild primary 
hyperparathyroidism, secondary hyperparathyroidism associated with advancing age and/or 
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have met with early success, as long as the binding was 
not calcium-based.124–126 As highlighted by Raggi et al., 
the use of calcium-based phosphate binders substantially 
contributes to vascular calcium load in ESRD.127 This 
effect may be directly related to the impaired capacity of 
the uraemic skeleton to rapidly handle serum calcium 
transients. Indeed, London et al. demonstrated that 
patients with the most extensive vascular calcification 
exhibited the lowest levels of bone formation as assessed 
by histomorphometric evaluation, which was reflected 
in inappro priately normal or low PTH values.128 As 
com pared to sevelamer—the first phosphate binder that 
does not contain calcium or aluminium—calcium-based 
phos phate binders suppress PTH, reduce bone mass and 
increase vascular calcium load in ESRD.127 Because of 
the biphasic relationships between PTH, vitamin D and 
vascular health in ESRD, a rigorous focus upon the role 
and endocrine physiology of calciotropic hormones and 
calcium phosphate homeostasis should provide new 
hope to patients with CKD.129

Regulation of vascular calcification
Vascular calcification is clearly an actively regulated form 
of extracellular calcified matrix metabolism; however, 
remarkably few studies have been undertaken to investi-
gate the regulation of vascular calcification by calciotropic 
hormones.130 The prototypic calciotropic hormones are 
PTH, vitamin D and its metabolites, PTH-related protein 
(PTHrP), calcitonin and estrogens including estradiol. 
Estrogen signalling via non-genotropic signalling mecha-
nisms acutely activates endothelial nitric oxide synthase 
in caveolae—an acute vasodilatory response that is 
theoretically protective.131 Estrogen exposure in women 
was shown to reduce the incidence of arterial calcifica-
tion as revealed from mammo graphy.132 In the Rancho 
Bernardo Study, estrogen use in post menopausal women 
was associated with reduced coronary artery calcifica-
tion;133 however, estrogen replacement therapy worsened 
cardio vascular end points in older women in the Women’s 
Health Initiative,134 and estrogens including low-dose 
oral contraceptives are associated with PAD.135 No pub-
lished studies have examined the actions of calcitonin on 

arterio sclerosis, but the calcitonin gene-related peptide 1, 
encoded by the calcitonin gene, is a vasodilator.136

Vitamin D insufficiency is associated with PAD137 as 
well as other cardiovascular diseases, including con-
gestive heart failure.138 Additionally, vitamin D inhib-
its foam cell formation and macrophage activation in 
patients with T2DM.139 However, vitamin D replace-
ment has not been shown to improve any primary 
cardiac end point—although the largest studies have 
not used uniform preparations of vitamin D.140 In 
ESRD, a biphasic, U-shaped, bimodal response to calci-
triol levels has clearly emerged with respect to vascular 
disease (Figure 4a).141 Whilst vitamin D insufficiency 
and reduced levels of 1,25- dihydroxyvitamin D in ESRD 
engender more-severe secondary hyperparathyroidism, 
excessive 1,25- dihydroxyvitamin D dosing can induce 
low- turnover bone disease and hypoparathyroidism, and 
increase vascular calcium deposition. As London et al. 
first established, patients with ESRD who had the most 
extensive and severe arterial calcification exhibited the 
lowest bone formation rates and PTH levels.128

Vitamin D intoxication induces widespread vascular 
calcification and nephrocalcinosis, and rodents with 
vitamin D intoxication are commonly used as models 
of vascular calcification thus highlighting the bimodal 
relation ship in ESRD.142,143 The calcium-sensing recep-
tor is expressed in VSMCs as well as in parathyroid 
glands,144 and signalling with this agonist to control 
secon dary hyperparathyroidism in uraemic rat models 
results in reduced vascular calcium accrual.145 Of note, 
in cultured VSMCs, calcitriol induces calcification in 
part by suppressing PTHrP production and inducing 
TNAP.146 Via para crine actions, PTHrP relaxes smooth 
muscle cells, inhibits fibroproliferative responses, pre-
vents TNAP induction and inhibits calcium deposition 
by signalling via the PTH/PTHrP receptor (PTH1R).146 
Indeed, adenoviral delivery of the obligatory paracrine 
form of PTHrP inhibits neo intima formation in a porcine 
model of stent-induced coronary restenosis.147,148 The role 
of PTHrP–PTH1R signals in the VSMC in the setting of  
cardiovascular arterio sclerosis has not been exhaus-
tively studied to date, in part because Pth1r–/– mice die 
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declining renal function is increasingly prevalent.  In addition to the uremic milieu of CKD(13), 
dyslipidemia also induces a state of PTH/PTHrP resistance at least in the skeleton (48; 49), 
and potentially within the vasculature.  As such, perturbations in PTH/PTHrP physiology are 
amongst the most prevalent endocrinopathies impacting human health and healthcare today. 
Heart disease remains the #1 cause of mortality worldwide and is a growing burden(50). Given 
the contributions of PTH/PTHrP signaling in cardiovascular health and disease – and the 
prevalence of perturbed PTH/PTHrP signaling in our aging populace – it is stunning that so 
very little is known about the fundamentals of PTH/PTHrP biology within the vasculature. The 
specific protein-protein interactions and signaling cascades conveying PTH1R actions in 
VSMCs, endothelial cells, and interstitial/adventitial cell populations need to be defined for 
each relevant vascular bed; coronary, renal, aortic valve, and peripheral vascular venues may 
represent the most clinically relevant with respect to cardiovascular and metabolic bone 
diseases.  The mechanisms controlling paracrine vs. intracrine PTHrP bioactivities have yet to 
be identified and integrated with the mechanical and neuroendocrine cues that together 
coordinate tissue perfusion. Perhaps most importantly, biomarkers and molecular / functional 
imaging methods are required to quantify tissue-specific PTH1R actions as a first step towards 
establishing the healthy “set point” for signaling tone and dynamics within the vasculature.  
Because post-translational modifications and/or dysmetabolic states induce PTH/PTHrP 
resistance in the very settings where this biology becomes most clinically significant with 
respect to cardiovascular health, titration to a single circulating PTH value or ionized calcium 
level will likely prove to be inadequate.  In addition, extent to which skeletally –derived 
endocrine hormones such as FGF23, osteocalcin, and osteopontin contribute to the 
cardiometabolic risks of HPT have yet to be established. Moreover, whereas surgery is a 
standard of care in primary hyperparathyroidism that yields reductions in hip fracture risk, renal 
disease, and hypercalcemic crises, the impact of parathyroid surgery on cardiovascular 
morbidity and mortality has yet to be unambiguously established for mild or asymptomatic 
disease. However, beneficial changes with curative surgery in important cardiovascular 
parameters such as vascular stiffness and coronary flow reserve are truly encouraging.  
Adjunctive medical strategies will likely be required(4 ), and it remains unclear whether surgical 
intervention and pharmacological intervention for treatment of HPT are functionally equivalent 
with respect to both skeletal and cardiovascular outcomes.   As occurred during the history of 
the cholesterol controversy, discovery and implementation of clearly effective pharmacotherapy 
will be important(51).  Clearly, detailed examination of the cardiovascular physiology regulated 
by the PTH superfamily will continue to yield important new insights – and will be necessary to 
devise novel therapeutic strategies that better treat our patients afflicted with HPT, CKD, and 
cardiometabolic diseases.   
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