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3-Hydroxybutyrate administration elevates plasma parathyroid hormone in 
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A B S T R A C T   

Content: Ketone bodies, in particular 3-hydroxybutyrate (3OHB), are known to possess important energetic and 
signaling capacities. There is a growing block of evidence, that ketogenic dieting (KD), fasting, and sodium 
glucose transporter 2 inhibitor (SGLT2i) treatment are associated with hyperparathyroidism and negative bone 
health. 
Objective: We aimed to study the effect of exogenous 3OHB administration on bone metabolism, specifically the 
effect on parathyroid hormone (PTH) and calcium/phosphate homeostasis. 
Design: A randomized, controlled, cross over study with two arms: i) saline infusion and ii) 3OHB infusion. 
Setting: The study was conducted at Aarhus University Hospital. 
Participants: We examined eight healthy human subjects aged 50–70 years. 
Intervention: Continuous intravenous DL-3OHB-NaCl infusion or 0.9% NaCl was administered for 390 min. 
Main outcome measures: The study was designed to test the impact of 3OHB on PTH, calcium-phosphate, C-ter-
minal Telopeptide (CTX), and Procollagen I N-terminal Propeptide (PINP). The study was a post hoc study. 
Results: The PTH concentration increased by 25% with a concomitant drop in phosphate of 30% in the 3OHB 
group. 3OHB infusion increased concentrations of CTX by 5%, without changes in PINP and albumin corrected 
calcium concentrations. 
Conclusion: In conclusion, 3OHB administration increases PTH concentration and markers of bone resorption. 
These findings suggest a possible negative effect on bone health, which needs to be determined in future studies.   

1. Introduction 

The ketone bodies, especially 3-hydroxybutyrate (3OHB), are known 
to be an effective alternative fuel [1,2] and an important signaling 
metabolite [3,4]. Ketosisis can be achieved from e.g., fasting, ketogenic 
dieting (KD) containing low carbohydrates and high fat, and exogenous 
administration [5,6]. Physiological ketosis covers a wide range of 
hyperketonaemia from 3OHB concentrations at 0.1 mM from overnight 
fasting to 3OHB concentrations at 2–3 mM after 3 days of fasting or from 
strenuous exercise, whereas in pathophysiological conditions e.g. 

ketoacidosis or hypoglycemia, 3OHB concentrations easily increase 
above 5–10 mM [7]. Animal studies indicate that KD is associated with 
the development of osteoporosis [8,9] and a human study showed 
decreased bone formation markers in response to 3.5 weeks KD 
compared to an isoenergetic high carbohydrate diet [10]. Another 
recently published study, additionally showed hypercalcemia and 
decreased alkaline phosphatase in children treated with KD [11]. 

From animal studies it is documented that 3OHB counteract osteo-
porosis induced from a microgravity model [12]. In this study, 3OHB or 
placebo were administered orally to mice using a microgravity model to 

☆ Grants: N. Møller has an unrestricted grant from The Danish Council for Strategic Research—DSF 0603-00479B.Disclosures: None.www.clinicaltrials.gov (ID 
number: NCT02814474). 

* Corresponding author at: Department of Endocrinology and Internal Medicine, Palle Juul-Jensens, Blvd 99, 8200 Aarhus N, Denmark. 
E-mail address: mvsv@clin.au.dk (M. Svart).  

Contents lists available at ScienceDirect 

Bone 

journal homepage: www.elsevier.com/locate/bone 

https://doi.org/10.1016/j.bone.2021.116166 
Received 12 March 2021; Received in revised form 7 August 2021; Accepted 25 August 2021   

http://www.clinicaltrials.gov
mailto:mvsv@clin.au.dk
www.sciencedirect.com/science/journal/87563282
https://www.elsevier.com/locate/bone
https://doi.org/10.1016/j.bone.2021.116166
https://doi.org/10.1016/j.bone.2021.116166
https://doi.org/10.1016/j.bone.2021.116166
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bone.2021.116166&domain=pdf
http://creativecommons.org/licenses/by/4.0/


Bone 153 (2021) 116166

2

induce osteoporosis (12). The mechanism behind these findings is pro-
posed to be an inhibition of the pre-osteoclast differentiation through a 
down regulation of nuclear factor of activated T-cells cytoplasmic 1 
(NFATc1). In humans, the microgravity model has also demonstrated to 
induce osteoporosis through inhibition of osteoblastogenesis [13], but it 
is so far unknown whether ketosis may protect humans from bone loss 
caused by mechanical unloading. 

The use of sodium-glucose cotransporter 2 inhibitors (SGLT2i) in-
crease the circulating levels of 3OHB [14] and has also been linked to 
some unfavorable effects on bone metabolism as SGLT2i increase con-
centrations of phosphate and parathyroid hormone (PTH) [15], and 
have been reported to increase risk of fracture [16,17]. Whether 3OHB 
plays a role in these effect on bone is uncertain. The increased phosphate 
levels in response to SGLT2 inhibitors may as well contribute to harmful 
effects on bone by causing hyperparathyroidism and increased synthesis 
of fibroblast growth factor 23 (FGF23) [17]. Bone turnover increases 
with increased PTH concentrations, and FGF23 impairs vitamin D 
metabolism by lowering synthesis of 1,25-dihydroxyvitamin D (1,25 
[OH]2D) which may result in decreased gastrointestinal calcium ab-
sorption [16]. Thus, results regarding the effects of ketone bodies on 
calciuim-phospahte homeostasis and bone metabolism are divergent 
which most likely is attributable to different methods used to achieve 
ketosis and the use of animal and human models. In the present study, 
we aimed to investigate whether intravenous 3OHB administration af-
fects PTH, calcium-phosphate homeostasis, and bone turnover acutely, 
and we hypothesized, that PTH, phosphate, and CTX levels would in-
crease following 3OHB infusion. 

2. Material and methods 

2.1. Study and design 

We included eight healthy subjects aged 50–70 years. Exclusion 
criteria: Severe comorbidity, blood donation <6 months, smoking, 
alcohol or drug abuse, claustrophobia, and participation in other trials 
including radiation within the last 12 months. 

The study design included an overnight fast preceding each of the 
two (cross over) treatment arms, each lasting for 4 h and separated by at 
least 2 weeks: i) saline infusion (CTR) and ii) ketone body infusion with 
3-OHB 0.18 mg/kg/h (KET) for 390 min. We used available blood 
samples from times 0 min to 240 min. The main aim of the study was to 
investigate the effect of 3OHB on cardiac substrate metabolism, which 
has been reported previously [2]. 

2.2. Ethics 

The Central Denmark Region Committees on Health Research Ethics 
approved the study [1-10-72-104-14]. All participants signed an 
informed consent forms before enrollment. The study was carried out at 
Aarhus University Hospital in accordance with the declaration of Hel-
sinki and was registered at www.clinicaltrials.gov (ID number: 
NCT02814474). 

2.3. Interventions 

DL-3-Hydroxybutyric acid, sodium salt (Gold Biotechnology, St Louis, 
MO) was infused for 4 h at a concentration of 75 g 3-OHB/l and an 
infusion rate of 0.18 mg/kg/h. In the CTR isotonic saline was infused 
with an isovoluminous infusion rate. 

2.4. Blood sampling 

The participants were placed in a supine position throughout the 
study day and blood samples were drawn hourly. The blood samples 
were stored at − 80 ◦C until they were analyzed. 

All blood samples were analyzed at the department of Clinical 

Biochemistry, Aarhus University Hospital, which is a laboratory 
accredited by the Danish Accreditation Fund (DANAK). Plasma con-
centrations of PTH were measured using a second generation chemilu-
minescent microparticle immunoassay (Centaur XPT, Siemens, 
Germany), phosphate, albumin, and calcium using chromogenic assay 
(Chemistry XPT, Siemens, Germany). At our lab, the analytical vari-
ability for calcium levels is ±3.2%, for PTH ±25.3% and for albumin and 
phosphate ±8.2%. 

C-terminal Telopeptide (CTX) and Procallagen I N-terminal Pro-
peptide (PINP) using electroimmunoassay (cobas8000, Roche, 
Switzerland), bone specific alkaline phosphatase using chemilumines-
cent assay (iSYS, immunodiagnostic systems, United Kingdom), and 25- 
hydroxyvitamin D (25OHD2plus 25OHD3) using high pressure liquid 
chromatography tandem mass spectrometry [18]. The analytical vari-
ability for CTX and PINP is 10% and 20% for bone specific alkaline 
phosphatase. We corrected total calcium for differences in albumin 
using the formula: corrected calcium (mmol/l) = total calcium (mmol/ 
l) + 0.025 * (40 – measured albumin (g/L). 

2.5. Statistical analysis 

Normal distribution of data was ensured by inspection of QQ-plots. 
The results are presented as means ± standard error of the mean 
(SEM), unless otherwise specified. 

Statistical association between the two interventions was tested 
using a paired two-tailed Student's t-test and two-way repeated measure 
ANOVA analysis (ANOVA) when relevant (time series). The ANOVA 
with time and treatment as factor variables and the time versus treat-
ment interaction as the term of interest. In case of significant interaction 
(time × intervention, pi < 0.05), a pairwise comparison was made post 
hoc using a Student's paired, two-tailed t-test (p < 0.05 was considered 
significant). No power calculation was performed as this is a posthoc 
analysis and the main aim of the study was to investigate the effect of 
3OHB on cardiac substrate metabolism, which is previously published 
[2]. Graphs and statistical analyses were done using Stata 13 (College 
Station, Texas, USA) and Sigmaplot 14 (San Jose, California, USA). 

3. Results 

All eight participants (three women), median age 60 years (range 
50–68 years), and median BMI 25.5 kg/m2 (range 21.5–34.6 kg/m2) 
completed both study days and are included in all analyses. 

From the original study, 3OHB infusion (KET) significantly increased 
plasma 3OHB to 3.78 mmol/l (±0.47 mmol/l) and during placebo 
(CTR), 3OHB concentration remained stable at 0.05 mmol/l (±0.00 
mmol/l), p < 0.0001 [2]. The blood pH increased during KET from 7.42 
(range 7.41–7.43) to 7.5 (range 7.46–7.52), p < 0.01, and remained 
constant during CTR 7.42 (range 7.41–7.43), as previously reported [2]. 

4. Calcium-phosphate homeostasis 

The plasma concentration of PTH increased with ≈25% during KET 
with no change during CTR, pi(time × intervention) <0.001 (Fig. 1A). 
Plasma concentration of phosphate decreased during both conditions 
but most markedly so (≈30%) during KET compared with CTR, pi <

0.001 (Fig. 1B). 
Albumin concentrations also gradually decreased during both study 

days, and again, this was most pronounced during KET around some 
10% compared with CTR, pi = 0.03 (Fig. 1C). Albumin corrected cal-
cium concentration decreased ≈0.05 mM in CTR and KET with no dif-
ference between treatments, pi = 0.75 (Fig. 1D). 

5. Bone metabolites 

As markers of bone formation, bone specific alkaline phosphatase 
decreased during KET [≈12%] compared with CTR [≈4%], time ×
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intervention, pi = 0.026 (Fig. 2A), whereas PINP was unaffected by 
intervention and did not change over time, pi = 0.76 (Fig. 2B). However, 
as a marker of bone resorption, CTX changed significantly in response to 
treatment, pi = 0.006, with higher levels of CTX during KET compared 
with CTR (Fig. 2C). 

Plasma levels of 25(OH)D were measured once each study day and 
showed replete levels with no difference between the study days i.e. 
69.3 ± 9.9 nmol/l during KET and 60.0 ± 6.2 nmol/l during CTR, p =
0.44. 

6. Discussion 

We hypothesized, that 3OHB infusion would increase PTH, phos-
phate, and CTX concentrations. We observed increased PTH and CTX in 
response to 3OHB infusion, however, phosphate levels were lower 
following 3OHB. 

Exogenous 3OHB compounds are typically safe and well-tolerated, 
and available as DL-3OHB sodium salt and a D-3OHB ketone monoester 
[19,20]. Both compounds increases 3OHB blood concentration effec-
tively to supraphysiological levels, but have distinct effects on pH as the 

monoester is acidotic while the salt is alkalotic [21]. 
Our study suggests effects on bone turnover, with higher concen-

trations of markers of bone resorption (CTX), whereas markers of bone 
formation either decreased slightly (bone specific alkaline phosphatase) 
of remained unchanged (PINP). The increased PTH concentrations may 
explain the higher CTX concentrations. However, our measurements of 
bone turnover markers are limited by the short duration of the inter-
vention, which may explain the lack of an observed effect on PINP 
levels. Furthermore, the decreased levels of bone specific alkaline 
phosphatase were of only small size and was coincident with decreased 
albumin levels, suggesting an effect of haemodilution. Further, long 
term studies are needed to explore possible effects on bone. 

In response to treatment with SGLT2i, the increased PTH concen-
trations have been suggested to occur because of increased concentra-
tions of phosphate, which, most likely, is due to an increased tubular 
reabsorption of phosphate [17]. In our study, the increased PTH con-
centrations are more likely caused by the metabolic alkalosis and sec-
ondary decrease in free (ionized) calcium concentrations associated 
with Na-3OHB administration [21,22]. The rise in PTH concentrations 
may subsequently increase renal phosphate excretion causing decreased 
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Fig. 1. Parathyroid hormone (panel A), Phosphate (panel B), Albumin (panel C), and albumin corrected calcium (panel D) was measured from time 0 to 240 min. 
Closed circles illustrate the mean value (±SE) on the KET day and open circles illustrate the mean value (±SE) on the CTR day. Two-way repeated measures ANOVA 
analysis was used to test for differences between the 2 days. When significant interaction (time x intervention, pi < 0.05), a post hoc analysis with paired, two-tailed t- 
test was performed at each time point; * = p < 0.05. 
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serum phosphate concentrations [23]. Another, though less plausible, 
mechanism for the acute decreasing phosphate concentration is pH al-
terations as a seen during respiratory alkalosis in hyperventilating men 
[24]. However, we did not observe hyperventilation. 

The various ways of achieving ketosis at a sufficient level are 
numerous and range from KD via fasting and low-calorie diets to 
exogenous 3OHB ester/salt administration. The KD's are very often 
hypocaloric and results in weight loss, which increases the risk of weak 
bones and fractures [8,10]. In children with epilepsy, the bone mineral 
density declined over 15 months on KD used as an epilepsy management 
tool, and whether this bone loss is due to KD or competing disease is 
unknown [25]. In a recently published paper, children treated with KD, 
most of the treated children experienced hypercalcemia and low levels 
of alkaline phosphatase [11]. Fasting and calorie restriction are other 
approaches to achieve ketosis and are associated with lower bone 
mineral density after one or 2 years of calorie restriction [26,27]. 
Additionally, vegetarian and vegan diets, which are often hypocaloric, 
associates with lower bone mineral density and increased risk of frac-
tures [28]. Lastly, the exogenous 3OHB compounds are relatively new in 
the market and therefore there are no long- term data. From short term/ 
acute studies we and others document prominent ketosis and thereby a 
more isolated effect of the 3OHB than from KD and calorie restriction 
[21]. 

In conclusion we demonstrate that intravenous infusion of 3OHB 
increases PTH concentrations and lowers phosphate concentrations. 
Apparently, this effect is very different from effects seen in response to 
KD and SGLT2is. Bone formation markers showed no clinical differ-
ences, whereas CTX did not drop as during KET which suggest an 
increased bone resorption in response to treatment. However, this 
acutely induced difference in CTX is doubtfully enough to have clinically 
impact. More, longer, and larger studies on bone health including 
ionized calcium are needed as the prevalent use of exogenous 3OHB 
consumption grows. 

Data availability 

Data are available upon request, but permission must, in selected 
cases, first be obtained from the Danish Data Protection Agency. 
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