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Background: Cinacalcet is a calcium-sensing receptor agonist that is clinically approved for the treatment of secondary hy-
perparathyroidism in chronic kidney disease and hypercalcemia in patients with parathyroid carcinoma. This
study aimed to use quantitative mass spectrometry-based label-free proteomics to evaluate the effects of cina-
calcet on protein expression in rat brains and livers.

Material/Methods: We randomly assigned 18 Wistar rats to 2 groups: an untreated control group (n=6) and a group treated with
cinacalcet at a dose corresponding to the maximum dose used in humans (2 mg/kg/body weight, 5 days/week)
divided into 7-day (n=6) and 21-day (n=6) treatment subgroups. A mass-spectrometry-based label-free quan-
titative proteomics approach using peptides peak area calculation was used to evaluate the changes in pro-
tein expression in examined tissues. Bioinformatics analysis of quantitative proteomics data was done using
MaxQuant and Perseus environment.

Results: No changes in protein expression were revealed in the 7-day treatment subgroup. We detected 10 upregulat-
ed and 3 downregulated proteins in the liver and 1 upregulated protein in the brain in the 21-day treatment
subgroup compared to the control group. Based on Gene Ontology classification, all identified differentially ex-
pressed proteins were indicated as molecular functions involved in the enzyme regulator activity (36%), bind-
ing (31%), and catalytic activity (19%).

Conclusions: These findings indicate that long-term cinacalcet therapy can impair phase Il of enzymatic detoxication and
can cause disturbances in blood hemostasis, lipid metabolism, and inflammatory mediators or contribute to
the acceleration of cognitive dysfunction; therefore, appropriate patient monitoring should be considered.
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ANIMAL STUDY

Background

Cinacalcet is a type Il calcimimetic. It is recommended in sec-
ondary hyperparathyroidism or calciphylaxis, mainly in pa-
tients with end-stage chronic kidney disease (CKD), especially
hemodialysis or primary hyperparathyroidism, when the pa-
tients are not subjected to surgical treatment [1].

Renal dysfunction is associated with metabolic disorders of
calcium, phosphorus, and vitamin D, including abnormalities
of the Ca-sensing receptor (CaSR), vitamin D receptor, and fi-
broblast growth factor 23. The physiological response to these
abnormalities includes increased serum parathyroid hormone
(PTH) and parathyroid hyperplasia. It is associated with car-
diovascular disease and fracture risk factors, resulting in low-
er quality of life and higher mortality [2,3]. Secondary hyper-
parathyroidism occurs in about 70% of patients with advanced
CKD and about 55% of hemodialyzed patients [4,5]. The glob-
al all-age prevalence of CKD was 9.1% in 2017, which equals
697.5 million cases, with a constantly increasing trend since
1990 [6]. CaSR detects minor changes in serum concentration
of Ca+ and maintains PTH accordingly. CaSR is located on the
cell membrane of chief cells of the parathyroid gland and is
coupled with 7-transmembrane domain G-proteins. Once acti-
vated, CaSR inhibits the accumulation of cAMP and simultane-
ously stimulates the phosphoinositide-phospholipase C path-
way, ultimately leading to suppression of PTH secretion [7].

Cinacalcet acts as an allosteric activator of the CaSR, but it is
not a true ligand. Cinacalcet changes the structural conforma-
tion of CaSR, thus increasing the sensitivity to eCa2+. It shifts
the Ca-PTH concentration-response curve to the left and final-
ly decreases PTH secretion in a dose-dependent manner [8,9].
The recommended starting dose of cinacalcet for adults is 30
mg, and the maximum dose is 180 mg administered once dai-
ly. Cinacalcet has dose-proportional pharmacokinetics. After
oral administration, its peak plasma concentration occurs af-
ter 2-6 hours, with absolute bioavailability of 20%-25%. The
half-time elimination is 30-40 hours, and the steady-state con-
centration is achieved after about 7 days [10,11]. Cinacalcet
is principally eliminated by oxidative metabolism in the liver
mediated by hepatic cytochrome P450 enzymes. The primary
route of its metabolism is N-dealkylation leading to carboxylic
acid derivatives and oxidation of the naphthalene ring to form
dihydrodiols. Metabolites of cinacalcet in humans are excret-
ed in urine and feces in the proportion of about 80% to 15%,
in the form of glycine conjugates (urine), and as glucuronide
conjugates (urine and feces) [11-14].

Cinacalcet has some adverse effects, for which the mecha-
nism remains unclear. Such adverse effects include nausea,
vomiting, dizziness, asthenia, anorexia, and hypertension [14].
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Cinacalcet is widely used among patients with CKD. Those pa-
tients, especially in the last stage, require many other drugs;
therefore, the possible interaction between cinacalcet and oth-
er drugs should always be taken into account. Additionally, the
therapy of CKD patients is long-term [15]; therefore, possible
interactions and adverse effects could accumulate. Taking into
account the mode of metabolism and elimination of cinacal-
cet, and its direct or indirect possible influences on the central
nervous system resulting in some of the adverse effects list-
ed above, we aimed in this study to examine the influence of
cinacalcet on protein expression in rat brain and liver tissues.
Over the past few years, mass spectrometry (MS)-based pro-
teomics has evolved significantly [16-20]. Sample preparation
and the efficiency of separation techniques are still evolving
and improving instrument performance. To evaluate chang-
es in protein expression after cinacalcet therapy, we used a
novel methodology with a mass spectrometry-based label-
free quantitative proteomics approach using peptides peak
area calculation.

Material and Methods

All experiments were performed following the relevant European
Union guidelines and regulations for the care and use of labo-
ratory animals. The appropriate Ethics Committee approved the
experimental protocol (permission number: WAW2/055/2018,
Warsaw, Poland). A mass-spectrometry-based label-free quan-
titative proteomics approach was used to evaluate the changes
in protein expression in brain and liver tissue following treat-
ment with cinacalcet. The method used was based on the mea-
surement of peak areas, which covers calculating and compar-
ing the mean intensity of peak areas for all peptides from each
protein in the biological sample. The methodology includes the
following steps: (1) sample preparation, including protein ex-
traction, reduction, alkylation, and in-solution digestion; (2)
chromatographic separation by liquid chromatography (nano-
UHPLC) and analysis by a high-resolution mass spectrometer
(Orbitrap); and (3) bioinformatics analysis of quantitative pro-
teomics data to identify differentially expressed proteins. The
experimental workflow of label-free quantitative proteomics
is summarized in Figure 1.

Samples

Eighteen adult male Wistar rats (Rattus norvegicus) aged 10-16
weeks and with similar body weight were used as described
previously [18,19]. Rats were randomly assigned to the follow-
ing groups: the control group (n=6) and the group treated with
cinacalcet (7-day group and 21-day group, n=6 in each group,
with dose of 2 mg/kg/body weight, 5 days/week). Fresh fro-
zen brain and liver tissues were used during the experiments.
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Figure 1. Experimental workflow of label-free differential quantitative proteomics.

Instrumentation and reagents

The instrumentation used for sample preparation were: vacu-
um centrifuge 5804/5804 R (Eppendorf, USA), mechanical ho-
mogenizer Ultra-Turrax (IKA, Germany), laboratory incubator
CLN 240 (MultiSerw, Poland), vortex shaker (IKA, Germany),
thermomixer Eppendorf Comfort (Eppendorf, USA), and vacu-
um concentrator SpeedVac Concentrator Plus (Eppendorf, USA).
Separations of peptides were performed using a nano-UHPLC
by UltiMate 3000 nanosystem (Dionex Ultimate Series UHPLC,
Thermo Scientific, USA) equipped with an in-house-packed
fused silica capillary C-18 column (75 pmx500 mm, particle
size 1.9 pm) coupled to a high-resolution tandem mass spec-
trometer (Orbitrap Fusion Tribrid™ Mass Spectrometer, Thermo
Scientific, USA). Analytical-grade reagents for proteomics analy-
sis were obtained from Thermo Scientific (USA), Promega (USA),
Merck (Germany), Waters (USA), and EMD Millipore (Germany).

Sample Preparation, Digestion, and Peptide Extraction

Each tissue piece (approx. 50 mg wet weight) was homoge-
nized with 1 mL of lysis buffer (1% SDS and cOmplete™ EDTA-
free protease inhibitor) (Merck, Germany) in 100 mmol/L am-
monium bicarbonate (Merck, Germany), at room temperature
for 15 min supported by a mechanically operated homogeniz-
er. Protein supernatants were obtained by centrifugation for 30
min at 20 000xg. Protein concentration was determined using
the Pierce™ BCA Protein Assay Kit (Thermo Scientific, USA) fol-
lowing the manufacturer’s instructions. The volumes of protein
extracts derived equivalent to 100 pg of proteins were precipi-
tated overnight with acetone (-20°C, 800 pL; Merck, Germany).
The samples were then centrifuged (20 000xg) at 4°C, and the
supernatants were discarded. Dried protein pellets were then
re-suspended in 50 pL of 0.1% RapiGest (Waters, USA) in 50
mmol/L ammonium bicarbonate (Merck, Germany). Then, the
proteins were reduced with 75 pL of 5 mmol/L 1,4-dithioth-
reitol (Merck, Germany) for 45 min at 56°C and alkylated with
75 pL of 30 mmol/L acrylamide (Merck, Germany) for 30 min
at room temperature in the dark. Alkylation was quenched by
adding an equal-molar amount of 1,4-dithiothreitol and in-
cubation at room temperature for 15 min. The samples were

enzymatically digested for 18 h at 37°C with 75 pL of 20 ng/L
trypsin Promega (USA) and 100 pL of 50 mmol/L ammonium
bicarbonate (protein: enzyme weight ratio — 100: 1). The reac-
tion was quenched by adding 150 pL of 5% formic acid aque-
ous solution (Merck, Germany). Pierce™ Peptide Desalting Spin
Columns (Thermo Scientific, USA) were used to purify peptides.

LC-MS/MS Analysis

Dried peptide fractions were re-suspended in 100 pL of 5%
acetonitrile (Merck, Germany), 0.1% formic acid, and subject-
ed to LC-MS/MS analysis. Peptide mixtures (1 pg) were sep-
arated on a reverse-phase 50 cm long in-house packed C18
fused silica column (75 pm inner diameter, ReproSil Gold 120
C18 1.9 pm beads, Dr. Maisch, Germany) using a UHPLC in-
strument (Ultimate 3000 nano-UHPLC, Thermo Fisher Scientific,
USA) coupled on-line to an Orbitrap Fusion™ Tribrid™ mass
spectrometer (Thermo Fisher Scientific, USA). Elution was per-
formed over 90 min at a flow rate of 300 nL/min using gra-
dient elution consisting of 0.1% formic acid in water (solvent
A) and 0.1% formic acid in 80% acetonitrile/20% water (sol-
vent B). The optimal conditions for ion source were: positive
ionization mode and capillary voltage of 1.9 kV. The other pa-
rameters of the mass spectrometer were: auxiliary gas flow:
15 L/min; ion transfer tube temperature: 300°C; 60 000 re-
solving power of Orbitrap for survey scan and 15 000 for MS2;
type of fragmentation: higher-energy collisional dissociation
and m/z range: 350-1600.

Data analysis and Statistical Analysis

Bioinformatics analysis of MS/MS raw data was performed
using MaxQuant version 1.6.1.0 and searched using the
Andromeda search engine [21,22]. The sequence database
(Rattus norvegicus) used in the analysis was accessed from
the UniProt database (n=29 928 protein isoforms, retrieved
July 2021) [23]. Fixed modification was propionamidation on
cysteine (C), which is the result of using acrylamide as an al-
kylating agent during sample preparation. Variable modifica-
tions were: fluorination of alanine (A), phenylalanine (F), tryp-
tophan (W), and tyrosine (Y); oxidation of methionine (M); and
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acetylation of protein N-terminal were set as variable modifi-
cations. The trypsin enzyme (Trypsin Gold, Mass Spectrometry
Grade, Promega) was adjusted as specific enzymatic digestion.
Bioinformatic analysis was carried out in no-labeling mode and
multiplicity was set to 1. During the main search, parent masses
were allowed an initial mass deviation of 5 ppm and fragment
ions were allowed a mass deviation of 10 ppm. The search for
common contaminants was also considered during analysis.
Peptides with a minimum of 7 amino acid lengths were con-
sidered. Identifications were filtered to a false discovery rate
(FDR) of 0.01 at the PSM (peptide spectrum match) and pro-
tein level using the target-decoy approach to control for false
discoveries. Quantitation of proteins was performed using
LFQ (label-free quantification) with consideration of only razor
and unique peptides. For protein quantification, the minimum
ratio count was adjusted as 2. All other MaxQuant settings
were arranged as default according to the protocol proposed
by Tyanova et al [24]. Perseus software (version 1.6.14.0, Max
Planck Institute of Biochemistry, Germany) was used to per-
form bioinformatics and statistical analysis using the output
file from MaxQuant [25]. Using the obtained dataset, principal
component analysis (PCA) was conducted using Perseus soft-
ware. Perseus contains PCA analysis based on singular value
decomposition [22]. Analysis of variance (ANOVA) was used
to test for significant global differences between all 3 groups
(control, after 7 days, and after 21 days of cinacalcet therapy).
To compare the specific changes in protein expression between
2 groups (control vs after 21 days), the t test was used. A pro-
tein was considered to be differentially expressed when the
difference between groups had an adjusted P value of <0.05.
The fold change cut-off was set at 2 (s0=1).

Results

Proteomics Analysis

To investigate changes in the proteins’ expression after cina-
calcet therapy in rat liver and brain tissue, we conducted bioin-
formatics analysis of the LC-MS/MS data using MaxQuant and
Perseus software. These analyses identified about 2200 and
2500 proteins in brain and liver tissue samples, respectively.

To obtain an overview of the proteomic variability between
the 3 groups (control, 7 days, and 21 days), principal compo-
nent analysis was carried out (Figure 2). Data represent the
results of PCA of log2 LFQ intensity values from each sample.
Technical replicates are shown by matching colors — green:
control group, blue: after 7 days, red: after 21 days. In case of
differences in the histogram plots for individual sample repli-
cates and no agreement in the Pearson correlation, replicates
that were not well correlated were not considered in further
analysis. The correlations between the replicates suggest a
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Figure 2. Principal component analysis score plot of the
differential expressed proteins in control and study
groups (after 7 days and 21 days). To elucidate the
hidden patterns in the data set, the different groups
discriminated by each of the components were
highlighted using colored ellipses: green: control group,
blue: after 7 days, red: after 21 days of cinacalcet
therapy).

strong, positive association and higher than between sam-
ples from different groups. Principal component analysis of ob-
tained data showed significant differences between the con-
trol and study groups (after 7 days and 21 days, respectively,
of cinacalcet therapy).

Ten upregulated and 3 downregulated proteins in the liver and
1 upregulated protein in the brain showed altered expression
levels in the group after 21 days of cinacalcet therapy in com-
parison with the control group. No downregulated proteins
were detected for brain tissues after using very stringent sta-
tistical criteria (FDR=1%; s0=1; adjusted P<0.01) using the
Perseus proteomics data environment. However, only 13 up/
downregulated proteins after applying very stringent statisti-
cal criteria (FDR=1%; s0=1; adjusted P<0.01) during bioinfor-
matic analysis were used for further analysis. The very strin-
gent statistical criteria allow identifying only those changes in
protein expression that are statistically most significant. The
complete lists of all differentially expressed proteins are pro-
vided in Tables 1 and 2.

Gene Ontology Analysis

All differential proteins identified were assigned a gene sym-
bol using the UniProt database [23]. Protein classification was
performed based on functional annotations using gene ontol-
ogy (GO) for molecular function [23]. Gene ontology classifi-
cation of differentially expressed proteins under cinacalcet
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Table 1. List of upregulated and downregulated protein expression after 21 days cinacalcet therapy in rat livers (FDR=1%; s0=1,

adjusted P<0.01).

Student’s t-test difference

(protein fold) Geneisymbe

Protein description

(a) Up-regulated protein expression (21 days vs control) in rats liver

Succinate dehydrogenase [ubiquinone] cytochrome b small subunit,

3.86 TF Serotransferrin
23 MGST2  Microsomal
28 ERG28  Ergosterol bi
256 10299282 Serine prote:

247 LRRP1 mitochondrial

2.43 IGHG
215 weir T-kininogen 2
206 P 3betahydro
206 PDsz Fatty acid desaturase 2
R wer T-kininogen 1

-1.81 EIF4E
-3.10 GSTA2
-4.54 RPS28

40S ribosomal protein S28

Table 2. List of upregulated and downregulated protein expression after 21 days cinacalcet therapy in rat brains (FDR=1%; s0=1,

adjusted P<0.01).

Student’s t-test difference
Gene symbol

Protein description

(protein fold)

(a) Up-regulated protein expression (21 days vs control) in rats brain

Histone H1.0 N-terminally processed

therapy (Figure 3) is related to global changes in proteins ex-
pression identified in the liver and brain. All differentially ex-
pressed proteins were primarily involved in the enzyme regu-
lator activity (36%), binding (31%), and catalytic activity (19%),
the contribution of proteins in a given process (in parenthe-
ses) is indicated in relation to the number of all proteins in-
volved in all processes.

Discussion

The results of our study revealed a set of proteins in investi-
gated tissues whose expression was increased or decreased
after cinacalcet administration. It has been previously report-
ed that long-term use of cinacalcet as the fluorinated drug
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induces fluorination of selected proteins in brain and liv-
er tissue [18], but the possible relationship between these
2 phenomena is unclear. After 21 days of cinacalcet admin-
istration with a dose comparable to the mean dose used in
humans, we identified only 1 protein with an increased con-
centration in brain tissue — Histone H1.0 N-terminally pro-
cessed. According to UniProt [23], histones are usually found
in cells that are in terminal stages of differentiation or that
have low rates of cell division. In general, this protein is in-
volved in DNA binding, which can negatively regulate chroma-
tin silencing, DNA recombination, and transcription by RNA
polymerase. It also participates in nucleosome assembly and
positioning and regulation of transcription regulatory region
DNA binding. According to Reactome [26], Histone H1 is pres-
ent in 2 pathways: DNA damage and telomere stress-induced
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Figure 3. Gene ontology (GO) classification
indicated molecular function of
differentially expressed proteins under
cinacalcet therapy.

senescence and apoptotic execution phase. Based on our re-
sults and the data listed above, we cannot speculate on the
possible outcome of the increased concentration of Histone
H1.0 N-terminally processed in brain tissue after cinacalcet ad-
ministration. We cannot indicate the direct association with
adverse effects of cinacalcet associated with the central ner-
vous system listed in cinacalcet SmPC [10]; however, we hy-
pothesize that this increase, especially in terms of the role of
Histon H1 in biochemical pathways, could contribute to the
acceleration or intensification of dementia or cognitive dys-
function, which are observed in CKD patients [27,28]. The liver
is the major site of cinacalcet metabolism [11]; therefore, we
chose liver tissue as the second investigated tissue in our ex-
periment. We identified 10 proteins whose concentration in-
creased after cinacalcet administration and 3 proteins whose
concentration decreased. Those proteins whose concentra-
tion increased possess various and multiple functions. Some
of them, such as Serotransferrin and Succinate dehydrogenase
(ubiquinone) cytochrome b mitochondrial small subunit, are
involved in metal ion transport, especially iron. Ergosterol bio-
synthesis 28 homolog and Fatty acid desaturase 2 are involved
in lipid metabolism, while Succinate dehydrogenase (ubiqui-
none) cytochrome b mitochondrial small subunit is involved
in the tricarboxylic acid cycle. Some of them, such as Serine
protease inhibitor A3N and Ig gamma-1 chain C region, play a
role in the inflammatory reaction, both innate and acquired,
by, among others, positive regulation of cytokines production.
Kininogens also play roles in immune reaction, such as in reg-
ulating hemostasis and acute-phase reaction [23,29]; it was
revealed that cinacalcet-treated HepG2 cells in the presence
of oleic acid exhibited a 19% increased triglycerides content,
and there was a 50-300% elevation in the expression of pro-
inflammatory cytokines. These studies concluded that stimu-
lation of CaSR in hepatic cells could elevate steatosis and in-
crease proinflammatory cytokines.

Those proteins, whose concentration in liver tissue decreased
after cinacalcet administration, regulate the translation process

and mitotic cell cycle (Eukaryotic translation initiation factor
4E) or are the structural constituent of ribosome (40S ribo-
somal protein 528) [23].

Interestingly, the influence of cinacalcet administration on mi-
crosomal glutathione S-transferase 2 is reciprocal, in contrast
to its influence on cytosolic glutathione S-transferase/gluta-
thione S-transferase alpha-1. Glutathione transferases play
an important role in phase Il of enzymatic detoxication of xe-
nobiotics. This detoxication is divided into 3 separate phases,
but they are integrated with each other. Phase | is catalyzed
mainly by cytochrome P450 (CYP). The cytochrome P450 su-
perfamily is a family of enzymes, including CYP2D6. Standard
nomenclature for this family includes prefix CYP, followed by
the number for the family, then the number for the subfamily,
and finally the number for the specific gene. It had previously
been reported that cinacalcet is a strong inhibitor of CYP2D6
[11,30]. Glutathione S-transferases (GSTs) are the major set of
phase Il enzymes that catalase the reactions of conjugation of
activated xenobiotics to reduced glutathione; however, they
also play other roles. Phase Ill refers to the elimination of the
metabolites from the cell [31]. GSTs can be found in the cy-
tosol, they are associated with microsomal membranes, and
they are encoded by separate genes. The microsomal class of
GSTs, quite distinct from the cytosolic enzymes, is designat-
ed as “membrane-associated proteins in eicosanoid and glu-
tathione metabolism (MAPEG)”. MAPEG consist of 6 proteins,
including 3 types of microsomal glutathione S-transferase: 1,
2, and 3 (MGST1, 2, and 3, respectively). MGST?2 affects gluta-
thione S-transferase and glutathione-dependent peroxidase.
It is involved in cellular defense mechanisms against harmful
highly reactive lipophilic compounds of exogenous and endog-
enous origin, including metabolites produced during oxidative
stress. It catalyzes the conjugation of LTA4 (Leukotriene A4) with
glutathione, which further leads to the production of particles
that are inflammatory mediators [32]. Cytosolic GSTs are clas-
sified into Alpha, Mu, and Pi classes; the Alpha and Mu class-
es include several enzymes, while the Pi class includes only 1.
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Glutathione S-transferases catalyze the nucleophilic attack of
the sulfur atom of glutathione on the electrophilic groups of a
wide range of exogenous and endogenous compounds, thus be-
ing also involved in the defense against carcinogens and ther-
apeutic drugs by modifying their serum concentration, and in
consequence, the bioavailability and therapeutic action. It also
has an endogenous non-detoxification function, including the
formation of glutathione conjugates of prostaglandins, hor-
mone biosynthesis, and defense against peroxidase-induced
cell death and the role in the metabolism of oxidized fatty ac-
ids [23,31,33,34]. The change in GSTs concentration in liver tis-
sue after cinacalcet administration can influence many func-
tions and activities of the liver and the organism as a whole.
Based on our results, we cannot speculate about possible out-
comes. We also cannot predict whether the increase in MGST
balances the decrease in cytosol GSTs; however, this effect of
cinacalcet should be further explored because it could have,
for instance, a crucial impact on the metabolism and the ac-
tivity of concomitant drugs administered to the individual pa-
tient, especially since the influence of cinacalcet on phase | of
detoxication is already well known [10].

Limitations

This experiment has some limitations. The sizes of the inves-
tigated groups were rather small. We conducted the experi-
ment only among healthy individuals, and therefore we did
not check the influence of cinacalcet on the concentration of
proteins in selected tissues in health and disease and did not
compare these results. We also did not check the outcomes of
the change in the expression of investigated proteins.
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Conclusions

In conclusion, chronic administration of cinacalcet results in
changes in the concentration of selected tissue proteins. Some
of these are involved in the enzymatic detoxication process in
the liver. It is well known that cinacalcet is a strong inhibitor of
the CYP2D6 enzyme, engaged in phase | of enzymatic detoxica-
tion. Our results indicate that cinacalcet therapy could also im-
pair phase Il of enzymatic detoxication. Therefore, dose adjust-
ment of concomitant drugs is required, not only in the case of
drugs that are mainly metabolized in phase | but also in phase
Il. Other proteins may cause disturbances (for instance, in blood
hemostasis, lipid metabolism, and inflammatory mediators) or
contribute to the acceleration or intensification of dementia and
cognitive dysfunction; therefore, close monitoring of patients
subjected to long-term cinacalcet therapy may be required.

The results obtained in this experiment cannot be the basis for
particular recommendations associated with cinacalcet thera-
py; however, they clearly indicate the urgent need for further
research to explore the possible impact of cinacalcet on the
comprehensive therapy of CKD patients and clinical outcomes.
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