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Abstract
Summary We investigated whether the drug denosumab modulates the inflammatory response after total hip arthroplasty in a 
randomized controlled trial. Significantly increased expression of RANKL was found in patients treated with denosumab. This 
could provide an explanation for the rebound effect with rapid loss of BMD seen after discontinuation of denosumab treatment.
Purpose To evaluate whether denosumab, a human monoclonal antibody directed against receptor activator of nuclear factor 
kappa-B ligand (RANKL), modulates the inflammatory response after cementless total hip arthroplasty (THA) in patients 
with osteoarthritis of the hip.
Methods Sixty-four patients operated with cementless THA were randomized to two doses of 60-mg denosumab or placebo 
1–3 days and 6 months postoperatively. Serum samples were analyzed by a multiplex extension assay detecting 92 inflam-
mation-related proteins. Bone turnover markers were assessed. Proteins were analyzed using linear mixed effect models. 
Validation of conspicuous findings was performed with ELISA.
Results Two proteins were significantly affected by denosumab treatment: RANKL and tumor necrosis factor receptor super 
family member 9 (TNFRSF9). Serum levels of RANKL were more than twice as high in the denosumab than in the placebo 
group 3 months after surgery (ratio 2.10, p<0.001). Six and 12 months after surgery, the expression of RANKL was still 
elevated in the denosumab-treated group (ratios 1.50, p < 0.001; 1.47, p =0.002). The expression of TNFRSF9 was lower in 
the denosumab group at 3 months (ratio 0.68, p<0.001). In the denosumab group, concentrations of bone turnover markers 
were substantially reduced after 3 months, remained suppressed after 6 and 12 months, but increased above baseline at 24 
months after surgery.
Conclusion Two subcutaneous denosumab injections 6 months apart increase RANKL and depress TNFRSF9 after THA. 
This provides a possible explanation for the rebound effect on bone turnover markers as well as bone mineral density (BMD) 
upon withdrawal of denosumab. None of the other measured markers of inflammation was influenced by denosumab treatment.
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Introduction

Implant loosening is the most common cause of total hip 
arthroplasty (THA) revision surgery worldwide, and it 
is well known that periprosthetic bone mineral density 
(BMD) decreases with age [1–5]. A number of drugs 
are known to prevent bone loss, enhance bone forma-
tion, increase BMD, and reduce the risk of osteoporosis-
related fractures [6]. Several clinical studies have investi-
gated whether such drugs can prevent periprosthetic bone 
loss after THA [7–9]. Bisphosphonates can reduce the 
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risk of revision surgery after continuous usage [10] and 
are known to reduce periprosthetic bone loss immediately 
after surgery. However, the effect of pharmaceutical ther-
apies on periprosthetic BMD seems to be transient [7–9].

Denosumab is a human monoclonal antibody directed 
against receptor activator of nuclear factor kappa-B 
ligand (RANKL). It inhibits osteoclast recruitment and 
activation and thereby rapidly suppresses biochemical 
markers of bone resorption and formation [11]. Subcu-
taneous injections of 60-mg denosumab every 6 months 
increase BMD and reduce the risk of osteoporotic 
fractures in patients with osteoporosis [12]. However, 
after treatment cessation, there is a rebound effect with 
increased biochemical markers for bone metabolism. 
Previous gains in BMD and protection from vertebral 
fractures are rapidly lost [13–15].

Proteomics is a technique for the analysis of protein 
biomarkers with high specificity and minimal sample vol-
umes. OLINK Target 96 Inflammation® is a semiquan-
titative method to analyze biomarkers possibly related to 
inflammation. Among the proteins included in OLINK 
Target 96 inflammation® are TRANCE, also known as 
RANKL [11], and TNF receptor super family member 9 
(TNFRSF9) also known as CD137 and 4-1BB [16–18].

We have performed a randomized, double-blind 
placebo-controlled clinical trial (RCT) in middle-aged 
patients (35 to 65 years) with unilateral osteoarthritis of 
the hip (OAH) needing a THA. The patients were given 
two doses of denosumab, a human monoclonal antibody 
directed against RANKL, or placebo. The primary out-
come variable, femoral periprosthetic BMD within 2 
years after surgery, has been reported previously [19]. 
In summary, denosumab potently inhibited periprosthetic 
bone loss. After 12 months, BMD in the denosumab 
group was 32% (95% confidence interval [CI] 22–44) 
higher in Gruen zone 7 and 11% (95% CI 8–15) in zones 
1–7. After 24 months, the difference in BMD between 
groups had decreased to 15% (95% CI 4–27) in zone 
7 and 4% in (95% CI 0–8) in zones 1–7. In that study, 
bone turnover markers (C-terminal telopeptide of type 1 
collagen (CTX) and serum procollagen type 1N propep-
tide (P1NP)) were significantly lower in the denosumab 
group 3 months after surgery. They remained depressed 
after 6 and 12 months until a rebound effect in the deno-
sumab group at 24 months, 12 months after denosumab 
was discontinued.

The present study aims to evaluate whether deno-
sumab modulates the inflammatory response after a 
cementless THA in patients with OAH.

Materials and methods

Trial design

The primary and selected secondary outcomes of the trial 
have been described in detail previously [19]. A prospec-
tive, randomized, double-blind, placebo-controlled phase 
two clinical trial was performed in patients with unilat-
eral OAH that underwent cementless THA to investigate 
whether a RANKL-inhibitor could inhibit periprosthetic 
BMD loss that regularly occurs after such interventions [1].

Sixty-four patients were randomized to either two sub-
cutaneous doses of denosumab (n=32) or placebo (n=32) 
given 1–3 days and 6 months after surgery. Patients were 
followed for 24 months. Morning fasting blood samples 
were collected 7–14 days before surgery, 1–3 days and 
3, 6, 12, and 24 months after surgery, resulting in six 
sequential samples from each patient. Given the reported 
outcome of the trial, we decided to investigate potential 
differences in the inflammatory response between patients 
treated with denosumab and placebo.

The trial was registered at Clini calTr ials. gov 2011-
001481-18, NCT01630941 and approved by the Regional 
Ethics Committee in Uppsala, Sweden (2011/297/3).

Analysis of inflammatory response–related proteins

Serum samples were analyzed by a multiplex extension 
assay detecting 92 inflammation-related proteins (Olink 
Proteomics, Uppsala, Sweden) and bone turnover markers 
(P1NP and CTX).

Participants

All patients (n=461) aged 35 to 65 years, referred to the 
Department of Orthopaedics, Uppsala University Hospi-
tal, were assessed for eligibility between 7 August 2012 
and 21 January 2015. Inclusion criteria were radiologi-
cally verified OAH defined as Kellgren-Lawrence (KL) 
grades 3–4 of the affected hip. Exclusion criteria were 
contralateral OAH above KL grade 1 or previous THA, 
bodyweight >110 kg or body mass index (BMI) >35 kg/
m2, treatment with bone-modulating drugs or corticos-
teroids, malignancy, American Society of Anesthesiolo-
gists (ASA) class >3, substance abuse, pregnancy, previ-
ous exposure to large doses of irradiation, or otherwise 
unsuitable as judged by the investigators; for details, see 
Nyström et al. [19].
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Randomization and blinding

In all, 64 patients were found eligible and started on a 
daily treatment of calcium (500mg) and vitamin D3 
(800IE) 7–14 days before the procedure and up to 1 year. 
The sealed-envelope technique was used to randomize 
patients to receive an injection of either 60 mg of deno-
sumab or a placebo (0.9% saline). A detailed description 
of the procedure appears in Nyström et al. [19].

Peri‑ and postoperative procedures and implants

Cementless THA was performed by one of two surgeons 
using a Continuum cup with a highly crossed-linked poly-
ethylene-elevated liner, a collum femoris–preserving stem, 
and a 28-mm CoCr head. The subcutaneous injections of 
denosumab or placebo were given after baseline dual-energy 
X-ray absorptiometry (DXA). Fasting morning blood sam-
ples were drawn 1–3 days postoperatively, prior to the first 
administration of denosumab. The second injections were 
given 6 months later.

Biochemical markers of bone metabolism

One to 2 ml of morning fasting blood samples were col-
lected, serum prepared, and stored at −70°C. Carboxy-ter-
minal telopeptide of type 1 collagen (CTX, β-CrossLaps, 
Cobas, Roche, Rotkreuz, Switzerland) and procollagen type 
1 amino-terminal propeptide (P1NP, Cobas, Roche, Rot-
kreuz, Switzerland) were quantified as a reference for bone 
metabolism/formation [20]. Coefficient of variation (CV) 
analysis was performed (3% for P1NP and 6% for CTX, lab 
certified in accordance with ISO 15189:201).

Proximity extension assay

Serum samples from preoperatively 3, 6, and 12 months 
were analyzed using multiplexed proximity extension assay 
(PEA) immunoassay using Proseek Multiplex inflammation 
panel (Olink Proteomics, Uppsala, Sweden). This procedure 
allows for the simultaneous analysis of 92 inflammation-
related proteins across 96 samples [21, 22, suppl]. One μl 
of serum samples or controls was prepared in 96 well plates 
mixed with 3 μl of a solution containing 92 DNA-oligo-
nucleotide-conjugated antibodies and incubated overnight. 
Next, a solution containing PEA enzyme and the reagents for 
polymerase chain reaction (PCR) were added to the mixture, 
incubated for 5 min at room temperature, and transferred 
to a microfluidic real-time quantitative PCR BioMark HD 
System (Fluidigm, San Francisco, USA) for amplification 
according to instructions from ProSeek Multiplex. The data 
were then corrected and expressed on a  log2 scale by nor-
malizing quantification cycle values against controls and a 

correction factor. Limits of detection were defined as three 
standard deviations above the background.

Enzyme‑linked immunosorbent assay

The concentration of RANKL was measured using a com-
mercial sandwich enzyme-linked immunosorbent assay 
(ELISA, DY626, R&D Systems, Minneapolis, MN, USA) 
to validate the results obtained by PEA on RANKL. The 
total CV for the assay was approximately 6%, and testing 
was performed blinded, without information on clinical data. 
The ELISA evaluation of RANKL also included visits two 
and six (i.e., all visits).

Bone mineral density

All scans were performed on a Prodigy Advance system. 
Preoperatively, the lumbar spine and proximal femora were 
scanned in an anteroposterior (AP) view. Postoperatively, 
measurements of periprosthetic BMD, lumbar spine, and 
the unaffected hip were investigated during the 24-month 
follow-up. For details, see Nyström et al. [19].

Conventional radiography

AP pelvis and AP/lateral hip views were performed preop-
eratively, with bilateral classification of OAH according to 
the KL system [23].

Statistical analysis

Descriptive statistics were used to compare baseline charac-
teristics of the trial participants. Of the 92 proteins, 17 had 
more than 20% values below the limit of detection. These 
17 proteins were excluded, leaving 74 for further analysis 
(in four proteins the lower limit of detection replaced values 
below this limit).

The proteins were then studied one at a time in lin-
ear mixed effect models. The protein level was set as the 
dependent variable. The independent variables with fixed 
effects were age, sex, BMI, plate, visit, treatment, and the 
interaction between visit and treatment. Patient identity was 
considered a random effect. Likelihood ratio tests estimated 
the effect of visit, treatment, and the interaction of visit and 
treatment on the protein level after adjusting for age, sex, 
BMI, and plate. The test results in a p value per protein, the 
global p value. Because the 74 tests cannot be considered 
independent (the proteins were selected because they are 
all involved in inflammation), we assume and adjust for 50 
independent tests instead of 74. The Bonferroni method was 
applied to control the family-wise error rate to 5% to adjust 
for multiple testing. This will correspond to a significance 
threshold of 0.001 (0.05/50). All statistically significant 
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proteins were further analyzed in post hoc analyses. We 
applied the Tukey test for pairwise post hoc testing, and 
p<0.05 was chosen as the error level. All statistical analyses 
were performed using R Statistical Software (version 3.6.3; 
R Foundation for Statistical Computing, Vienna, Austria).

Results

Change in inflammatory markers

Two proteins were significantly affected by denosumab 
treatment: RANKL (TRANCE) and TNFRSF9 (CD137/4-
1BB). In the denosumab-treated patients, the expression of 
RANKL after 3 months was more than twice as high com-
pared to the placebo group (ratio denosumab/placebo=2.10, 
p<0.001). Six months after surgery and immediately before 
the second dose of denosumab, the expression of RANKL 
remained 50% higher in the group treated with denosumab 
(ratio denosumab/placebo=1.50, p <0.001). After 12 months 
postoperatively, this difference persisted to about the same 
extent (ratio denosumab/placebo=1.47, p=0.002) (Fig. 1).

The level of TNFRSF9 decreased statistically significant 
in patients treated with denosumab 3 months after surgery 
but returned to baseline level at 6 months (Fig. 1). In con-
trast, the placebo group TNFRSF9 increased at 3 months 
before gradually returning to the baseline level. In pairwise 
comparisons between denosumab and placebo a significant 
reduction of TNFRSF9 was seen in the group treated with 
denosumab 3 months after surgery compared to placebo 
(ratio denosumab/placebo 0.68, p<0.001). The difference, 
although smaller, remained significant after 6 (ratio deno-
sumab/placebo 0.83, p=0.004) and 12 months postopera-
tively (ratio denosumab/placebo 0.86, p=0.026).

Validation using ELISA

Since we found an increased expression of RANKL in the 
denosumab group, we validate this finding derived from the 
PEA assay by use of an ELISA for the RANKL protein. A 
similar increase in protein content as in RANKL expres-
sion was found in patients treated with denosumab com-
pared to placebo, but the only time point with a statistically 
significant elevation of RANKL was 3 months after surgery 
(Fig. 2). Here, RANKL concentrations were 2.68 times 
higher in the group treated with denosumab (p=0.038).

Discussion

Principal findings

As a secondary endpoint analysis of a previous RCT in 
which patients were randomized to denosumab or placebo to 
study effects on periprosthetic BMD [19], we now analyzed 
serum levels of markers of inflammation in this cohort. We 
found that RANKL was strongly upregulated throughout the 
observation period in patients receiving denosumab treat-
ment, with the largest effect size measured 3 months after 
the start of treatment. Conversely, TNFRSF9 was downregu-
lated in patients in the denosumab group 3 months after 
treatment initiation. However, levels of TNFRSF9 returned 
to near baseline already 6 months after initiation of treat-
ment. For the other investigated markers, no statistically 
significant differences were found between the denosumab 
and placebo groups.

An inflammatory component in OAH has previously 
been suggested [24]. When OAH patients were treated with 
a THA, there is a marked improvement in patient-reported 
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Fig. 1  Protein levels at visit 0 days, 3, 6, and 12 months for RANKL 
and TNFRFS9. The protein level is expressed in NPX (normalized 
protein expression) a relative value on log2 scale. Boxplots summa-
rize the data, where the box ranges from first to third quartile, with 

the median indicated in the middle. The whiskers range from mini-
mum to maximum value within 1.5 IQR (inter-quartile range) from 
the border of the box. Any values further out, so called outliers, are 
represented by dots
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outcome measures [19], but this was not reflected or accom-
panied by significant changes in the inflammatory markers 
selected in the Olink Proseek Multiplex inflammation panel.

Strengths and weaknesses of the study

A major strength of the study is that it is derived on a rig-
orously conducted RCT. The patients’ important baseline 
characteristics in this trial are thus similar between treatment 
arms, which is especially important for pre-operative BMD 
[19]. The study population is also well-defined, representing 
patients with advanced unilateral OAH without prior bone 
metabolic disorders and previous or ongoing medication that 
could influence bone metabolism or inflammation, such as 
glucocorticoids or other antiresorptive treatments. Sixty-
three of 64 patients completed the 24-month follow-up, and 
61 patients had serum samples collected at the 24-month 
follow-up.

A major weakness of this study is that our investigation 
of inflammatory markers by PEA and ELISA is a post hoc 
analysis. Thus, the current analysis is based on the sample 
size derived from a power calculation designed to investi-
gate periprosthetic BMD, not the numbers needed to investi-
gate an a priori question related to changes in inflammatory 
markers. For most of the investigated molecules, we found 
no statistically significant differences between treatment 
arms, raising questions about the presence of type II errors. 
Another weakness of our study is that we only validated 
PEA-derived findings on changes in RANKL by measuring 

actual serum concentrations by ELISA. Only RANKL was 
substantially influenced by denosumab treatment, whereas 
the TNF-receptor TNFRSF9 was down-regulated only after 
3 months but not later, and concentrations of other investi-
gated molecules did not differ between treatment arms.

The unexpected finding of elevated levels of RANKL 
raises questions whether the RANKL-denosumab complex 
could interfere with the PEA measurement. There is always a 
chance that an antibody binds unspecific to another protein. 
However, PEA technology builds on the fact that a pair of 
antibodies binds to the protein and a unique DNA sequence 
can be measured, thus cross-events should not be detected, 
in contrast to traditional antibody-based technologies [22]. 
Also, the elimination half-life of 60-mg denosumab ranges 
between 15 and 32 days, thus being shorter than the first 
measured time point after 3 months [25, 26]. When an anti-
body is bound to an antigen an immune complex is formed. 
Depending on the size of the complex, it is cleared more 
rapidly than a free antibody. As denosumab is foreign to the 
immune system, there will be a response with production of 
anti-idiotypic antibodies that will further shorten the half-
life of denosumab. If denosumab blocks the binding of the 
assay antibody to the immunogen, the result should be lower 
at 3 months. Taken together, it is expected that at least 90% 
of the administered denosumab dose has been cleared after 
3 months.

Unfortunately, the PEA was only performed on four dif-
ferent occasions, preoperatively, 3, 6, and 12 months after 
surgery. The increased levels of RANKL were unexpected, 
and seen in retrospect, it would have been valuable to obtain 
PEA data also at the 24-months follow-up.

Although RANKL was found to be higher 3 months after 
surgery, both by PEA analysis and ELISA measurement, 
the differences were not statistically significant at 6 or 12 
months. However, the log-fold change in RANKL concen-
trations measured by ELISA shows a similar temporal trend 
(supplementary material). RANKL can be expressed in at 
least three different isoforms, thus there is a great variability 
in what is termed RANKL. It is not certain that kits from 
different manufacturers measure the exact same form of 
RANKL. Further studies are warranted to more precisely 
define the exact specificity of these assays.

Some important strengths but also limitations are revealed 
when comparing our study to others. Again, one strength lies 
in the RCT design of our study. Other studies investigating 
changes in inflammatory markers or RANKL concentrations 
during or after denosumab treatment involve retrospective 
analyses, with or without control groups [27, 28]. Another 
strength is our use of the multiplexed PEA that enabled us to 
simultaneously analyze a large number of molecules associ-
ated with inflammation and pain, rather than restricting our 
analysis to a few candidate molecules, but only in relative 
and not absolute measures [29]. Although our sample size 
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Fig. 2  RANKL concentration on log2 scale at the different visits as 
measured by ELISA. Boxplots summarize the data, where the box 
ranges from first to third quartile, with the median indicated in the 
middle. The whiskers range from minimum to maximum value within 
1.5 IQR (inter-quartile range) from the border of the box. Any values 
further out are, so called outliers, are represented by dots
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was limited, our cohort is still comparable to those studied 
by other authors interested in the rebound phenomenon after 
denosumab treatment [29].

In an impressive prospective longitudinal cohort, 
Cassuto et  al. measured inf lammatory markers after 
THA. They presented a primary peak in proinf lam-
matory cytokine expression that we were unable to 
confirm. In addition, they reported a peak of RANKL 
concentrations at 5 years, but before that, levels were 
lower than baseline. Those early results are in line with 
findings in our placebo group [30–32].

Fassio et  al. [28] recently published a prospective 
cohort study of 15 patients with discontinuation of long-
term denosumab treatment and a follow-up of 12 months. 
These authors evaluated RANKL levels in relation to the 
canonical WNT pathway with the presentation of BMD, 
bone turnover markers, and WNT inhibitors. In contrast 
to our findings, Fassio et al. saw an increase of RANKL 
after discontinuation of denosumab treatment. Unfortu-
nately, in that study, the levels of all serum markers, 
including RANKL, were missing not only at baseline but 
also during the denosumab treatment. Moreover, RANKL 
concentrations in serum increased together with those 
of P1NP and CTX, whereas concentrations of Dickkopf 
(Dkk)-1 and sclerostin decreased. Taken together, these 
changes suggest that the observed rebound phenomenon 
can be ascribed to hyperstimulation of osteoclasts after 
disinhibition. However, there are some limitations when 
comparing this material to our findings. The indication 
for denosumab treatment in the cited study was postmen-
opausal osteoporosis, there was a lack of control group, 
and the sample size was small. These contradicting find-
ings raise the need for further studies in the field.

McDonald et  al. recently published evidence that, 
instead of undergoing apoptosis, osteoclasts can fis-
sion into osteomorphs, recycling to osteoclasts under 
RANKL stimulation [33]. Inhibiting RANKL blocked 
this recycling process and resulted in the accumulation of 
osteomorphs. Our findings indicate that a compensatory 
upregulation of RANKL occurred already directly after 
the initiation of denosumab treatment and was sustained 
during the entire treatment period. Thus, it is tempting to 
speculate that if withdrawal of denosumab occurs when 
molecules that stimulate osteoclastogenesis are abundant, 
there will be rapid recruitment of osteoclasts and recy-
cling of osteomorphs — the net effect being substantially 
increased bone resorption.

The TNFRSF9, believed to enhance RANKL-induced 
osteoclastogenesis, is expressed on osteoclast precursors 
[16, 17, 34, 35]. The downregulation of this receptor found 
in our study may be a direct effect of denosumab treatment 

or part of a complex feedback loop triggered by the blocking 
of RANK receptors. This view supports our findings indicat-
ing bidirectional signaling between RANKL and TNFRSF9 
for maintaining cellular homeostasis and osteoclastogenesis.

Conclusion

We found that RANKL was upregulated during the first 
12 months after denosumab treatment, with the larg-
est effect size measured 3 months after the initiation of 
treatment. Contrarily, TNFRFS9, was downregulated 
in patients in the intervention group. None of the other 
measured markers of inflammation were influenced by 
denosumab treatment. Our findings indicate that this 
compensatory upregulation of RANKL can be coupled 
via reverse signaling to TNFRFS9. Combined with novel 
insights into the regulation of osteomorphs, these changes 
may partly explain the immediate rebound effect seen on 
BMD after discontinuance of denosumab treatment.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s00198- 022- 06423-w.
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