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Translational Statement

Circadian rhythms in metabolism, hormone secretion,
cell cycle, and locomotor activity are regulated by a
molecular circadian clock. Disruption of the circadian
rhythm may cause serious health problems and
abnormal cell growth. Secondary hyperparathyroidism is
a severe complication of chronic kidney disease associ-
ated with increased morbidity and mortality, and the
control of parathyroid hyperplasia is a clinical challenge.
This article describes the existence of an internal mo-
lecular circadian clock that is operating in the para-
thyroid gland and which is disturbed in chronic kidney
disease. Deregulation of the circadian clock in the
parathyroids might therefore potentially call for the use
Circadian rhythms in metabolism, hormone secretion, cell
cycle and locomotor activity are regulated by a molecular
circadian clock with the master clock in the suprachiasmatic
nucleus of the central nervous system. However, an internal
clock is also expressed in several peripheral tissues.
Although about 10% of all genes are regulated by clock
machinery an internal molecular circadian clock in the
parathyroid glands has not previously been investigated.
Parathyroid hormone secretion exhibits a diurnal variation
and parathyroid hormone gene promoter contains an E-
box like element, a known target of circadian clock
proteins. Therefore, we examined whether an internal
molecular circadian clock is operating in parathyroid
glands, whether it is entrained by feeding and how it
responds to chronic kidney disease. As uremia is associated
with extreme parathyroid growth and since disturbed
circadian rhythm is related to abnormal growth, we
examined the expression of parathyroid clock and clock-
regulated cell cycle genes in parathyroid glands of normal
and uremic rats. Circadian clock genes were found to be
rhythmically expressed in normal parathyroid glands and
this clock was minimally entrained by feeding. Diurnal
regulation of parathyroid glands was next examined.
Significant rhythmicity of fibroblast-growth-factor-
receptor-1, MafB and Gata3 was found. In uremic rats,
deregulation of circadian clock genes and the cell cycle
regulators, Cyclin D1, c-Myc, Wee1 and p27, which are
influenced by the circadian clock, was found in parathyroid
glands as well as the aorta. Thus, a circadian clock operates
in parathyroid glands and this clock and downstream cell
cycle regulators are disturbed in uremia and may
contribute to dysregulated parathyroid proliferation in
secondary hyperparathyroidism.
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C ircadian rhythms are controlled by the molecular clock
mechanisms and have a systemic impact on all aspects
of physiology, including hormonal secretion, meta-

bolism, and cell cycle. Core clock genes and their products are
involved in transcriptional-translational feedback loops and
are revealed as important regulators of organ function. The
possible existence of an internal circadian clock machinery
in the parathyroid gland has not previously been examined.
Calcium homeostasis is maintained primarily by the parathy-
roid glands.1 The parathyroid gland senses minor changes in
extracellular ionized calcium (Ca2þ) via the calcium-sensing
receptor (CaSR) and secretes parathyroid hormone (PTH)
in response to hypocalcemia.2,3 PTH acts primarily on bone
to release calcium from bone storage and on the kidney to
enhance renal calcium reabsorption and increase
1,25(OH)2-vitamin D synthesis, which increases intestinal

of chronotherapy in future clinical studies.
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calcium absorption. In addition to extracellular Ca2þ, the
parathyroid gland also responds to changes in plasma phos-
phate (p-P), recently shown to be mediated via an effect of
P on the CaSR,4 activation of the vitamin D receptor, fibro-
blast growth factor 23 (FGF23) via fibroblast growth factor
receptor 1 (FGFR1) in combination with FGFR1 cofactor
Klotho and recently proposed to be affected by leptin.4–8

PTH and FGF23 are phosphaturic hormones reducing P reab-
sorption in the renal proximal tubules.9 PTH secretion ex-
hibits a diurnal variation with acrophase during the inactive
period in both humans and rodents.10,11 The parathyroid
glands are not controlled by a superior “hypothalamic-pitui-
tary-axis” as seen in some endocrine glands and are likely to
use other, hitherto unknown, regulatory mechanisms for sus-
taining a circadian variation in hormone secretion.12–14 PTH
gene promotor contains an E-box–like motif in both humans
and rodents.7 E-box motifs are known targets of the core
circadian clock proteins, BMAL1 (Brain and Muscle
ARNTL-like 1) and CLOCK.15

The circadian clock is an internal, self-sustaining pace-
maker that operates with a periodicity of 24 hours to coor-
dinate proper rhythms in behavior, hormone secretion,
metabolism, and cell cycle.16 The suprachiasmatic nucleus in
hypothalamus generates the central circadian rhythm essential
for directing cycles of locomotor activity and coordinating the
peripheral and central clocks via neuronal, hormonal, and
metabolic signaling pathways. However, in addition to this
central pacemaker, a molecular clock has been found in a
number of peripheral tissues.17 At the core of the circadian
clock is the activator BMAL1, which combines with either
CLOCK or NPAS2 for binding to E-box motifs to induce
transcription of the repressor genes Period 1-3 (Per1-3) and
Cryptochrome 1-2 (Cry1-2).18 The PERIOD and CRYPTO-
CHROME proteins then translocate to the nucleus and
interact with BMAL1/CLOCK to repress their own tran-
scription and thereby completing an autoregulatory
transcriptional-translational feedback loop.19 An extra feed-
back loop involves BMAL1 induction of REV-ERBs20 and
RORs, which in turn regulate Bmal1 transcription. In addi-
tion, posttranslational modification regulates the clock ma-
chinery. For instance, a phosphorylation-dephosphorylation
cycle of CK1ε regulates the activity of the Period genes by
hindering nuclear translocation and promoting degradation
of PER/CRY complexes.21 Similarly, CLOCK undergoes
phosphorylation in a circadian manner, which is coupled to
nuclear translocation and the subsequent degradation of the
protein.22 CK1ε does not cycle but is constitutively expressed,
whereas Clock only cycles in some tissues.23 The circadian
clock regulates an estimated 8% to 10% of all genes expressed
in peripheral tissues.24,25 Regulation by different constituents
of the molecular clock occurs at various levels from tran-
scription to secretion and is cell-specific.22,26–28 The circadian
clockwork is entrained by environmental cues. Entrainment
signals, which differ between tissues, are primarily blue light
input via retina or feeding signals.29 The circadian clock has
been implicated in gating control of the cell cycle at a number
1462
of targets: induction of Wee1 for inhibition of Cyclin B1 at the
G2/M (Gap2/Mitosis) transition,30 induction of p20 and p21
at the G1/S (Gap1/Synthesis) transition,

31,32 and regulation of
p27, Cyclin D1, and c-Myc for progression through G1.

33–36

Cell turnover rate is very low in the parathyroid gland
under normal conditions; with an estimated mean life
span of normal parathyroid cells being 19 years in
humans and 2 years in rats.37 This rate increases
dramatically in secondary hyperparathyroidism (sHPT)
caused by chronic kidney disease (CKD). sHPT is a
frequent cause of clinically significant bone disease and
soft-tissue and vascular calcification. sHPT in CKD oc-
curs with a combination of functional and structural
changes in the parathyroid glands that are resulting in
increased PTH biosynthesis, secretion, and in parathyroid
hyperplasia.38

MafB, Gata3, and glial cells missing homolog 2 (Gcm2) are
indispensable transcription factors in the development of the
parathyroid gland,39,40 but continue to influence parathyroid
functions into adulthood: Gcm2 was found to maintain
parathyroid cell mass and proliferation in adult mice41 and
both Gcm2 and MafB may play a role in sHPT.42,43

The present study is the first to investigate the internal mo-
lecular circadian clock in the parathyroid gland and whether
such an internal molecular circadian clock is related to the
circadian rhythm of p-PTH and parathyroid function.
Furthermore, we examine the potential role of deregulation of
such a circadian clock in the development of sHPT in CKD–
mineral and bone disorder (MBD) and expand the impact of
deregulation of the clock in CKD-MBD to uremic vasculopathy.

RESULTS
An internal molecular circadian clock operates in the
parathyroid gland
Rats kept in 12:12 hour light-dark cycle and fed ad libitum
were sacrificed at 4-hour intervals for 24 hours and para-
thyroid glands were investigated for gene and protein
expression of core clock components (protocol 1). Rhyth-
micity of the gene expression was assessed by cosinor analysis,
fitted to a periodicity of 24 hours and was significant for
Bmal1 (P < 0.0001), Npas2 (P < 0.0001), Per1 (P < 0.02),
Per2 (P < 0.0001), Per3 (P < 0.0001), Cry1-2 (P < 0.0001),
and Rev-Erba (P < 0.001). No significant circadian rhythm
was found for CK1ε and Clock (Figure 1).

JTK_CYKLE (Hughes Lab, Pulmonary and Critical Care
Medicine, Washington University School of Medicine, St.
Louis, MO) analysis confirmed the significant circadian
rhythmicity of core clock genes (Table 1).

Western blot showed significant circadian rhythmicity of
core clock protein BMAL1 in the parathyroid glands (P <
0.05) with a phase delay of approximately 4 hours compared
with that of the gene expression profile of Bmal1
(Supplementary Figure S1). Further support for an oper-
ating circadian clock on the protein level was found in our
phosphoproteomics study with CK1E and CLOCK identified
in the rat parathyroid glands (data not shown).
Kidney International (2020) 98, 1461–1475



Figure 1 | The circadian clock operates in the parathyroid gland. Expression profiles of core circadian clock genes in the parathyroid gland
harvested every fourth hour for 24 hours (n ¼ 38). (a) Bmal1, (b) Clock, (c) Npas2, (d–f) Per1-3, (g,h) Cry1-2, (i) Rev-Erba, and (j) CK1ε. Dots
represent each animal. Circadian rhythmicity was assessed by cosinor analysis (solid line). Resulting P values are shown; P < 0.05 considered
significant. Gray areas indicate dark periods and white areas indicate light periods. Dashed line is the mesor. Zeitgeber time (ZT; “time-giver”) is
time since light onset. Conc, concentration.
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Plasma PTH has circadian rhythmicity, but Pth gene
expression is not rhythmic
P-PTH exhibited diurnal variation as previously shown by us
and others,10,11 and its statistical significance was confirmed
by cosinor analysis (Figure 2a), revealing acrophase in the
inactive period and nadir during the active period. Para-
thyroid expression of the Pth gene showed no diurnal varia-
tion (Figure 2d).

Expression profiles of parathyroid genes of importance for
PTH secretion
The gene expression of important regulators of PTH secretion
was examined: Casr, Vdr, Klotho (Kl), and Fgfr1. Fgfr1
Kidney International (2020) 98, 1461–1475
expression showed significant rhythmicity (P < 0.05),
whereas the expression of FGFR1 cofactor Klotho was not
rhythmic. Likewise, Casr and Vdr had no significant rhyth-
micity (Figure 2).

Regulators of cell cycle and proliferation of the parathyroid
gland show diurnal variation
The gene expression of cell-cycle regulators under circadian
clock influence was examined: Wee1, Cyclin D1, p27, and c-
Myc (Figure 3). Wee1 expression showed significant rhyth-
micity (P < 0.0005), as did Cyclin D1 (P < 0.03), whereas no
significant rhythmicity was found for p27 (Supplementary
Figure S2) or c-Myc.
1463



Table 1 | Circadian parameters of core clock genes estimated by JTK_CYCLE analysis in the parathyroids from controls, CKD
rats, and rats exposed to restricted feeding

Mesor (CI) Amplitude (CI) Acrophase (ZT) (CI) Period (h) P value (JTK)

Control
Bmal1 0.73 (0.58, 0.89) 0.66 (0.44, 0.88) 0.48 (23.27, 1.69) 24 <0.0001
Clock 0.79 (0.69, 0.89) 0.05 (�0.09, 0.20) 8.65 (22.62, 18.68) 16 1
Npas2 0.88 (0.69, 1.08) 0.64 (0.36, 0.91) 0.20 (22.61, 1.79) 24 <0.0001
Per1 0.71 (0.58, 0.83) 0.24 (0.06, 0.42) 10.72 (8.01, 13.43) 24 0.57
Per2 0.89 (0.73, 1.05) 0.72 (0.49, 0.94) 14.82 (13.61, 16.03) 24 <0.0001
Per3 0.82 (0.66, 0.98) 0.64 (0.40, 0.87) 11.64 (10.28, 12.99) 24 <0.0001
Cry1 0.99 (0.86, 1.12) 0.61 (0.43, 0.79) 18.17 (16.98, 19.36) 20 <0.0001
Cry2 0.90 (0.79, 1.00) 0.42 (0.26, 0.57) 14.07 (12.67, 15.47) 24 0.0001
Rev-Erba 0.47 (0.29, 0.65) 0.62 (0.37, 0.88) 8.61 (7.06, 10.16) 24 <0.0001
CK1ε 0.78 (0.64, 0.92) 0.11 (�0.09, 0.31) 15.52 (8.665, 22.38) 12 1

CKD
Bmal1 0.79 (0.70, 0.87) 0.64 (0.52, 0.76) 1.22 (0.55, 1.89) 24 <0.0001
Clock 0.90 (0.81, 1.00) 0.14 (0.004, 0.28) 3.18 (23.46, 6.90) 12 0.27
Npas2 0.57 (0.49, 0.66)a 0.52 (0.40, 0.64) 2.89 (2.02, 3.76)a 24 <0.0001
Per1 1.08 (0.94, 1.22)a 0.19 (�0.02, 0.40) 10.82 (6.84, 14.80) 12 0.16
Per2 1.41 (1.10, 1.72)a 0.96 (0.52, 1.40) 15.72 (13.92, 17.52) 20 <0.0001
Per3 1.11 (0.87, 1.34) 1.20 (0.86, 1.54) 14.13 (13.10, 15.16)a 20 <0.0001
Cry1 1.11 (0.92, 1.31) 0.71 (0.43, 0.99) 20.77 (19.44, 22.11)a 20 <0.0001
Cry2 1.10 (0.95, 1.25) 0.40 (0.17, 0.62) 13.38 (11.36, 15.40) 20 0.0005
Rev-Erba 1.27 (1.04, 1.50)a 1.76 (1.42, 2.09)a 9.5 (8.79, 10.21) 24 <0.0001
CK1ε 0.96 (0.83, 1.09) 0.12 (�0.06, 0.29) 6.93 (0.59, 13.27) 16 0.017

RF
Bmal1 0.68 (0.54, 0.81) 0.35 (0.16, 0.54) 23.82 (21.78, 25.86) 16 <0.0001
Clock 0.78 (0.67, 0.89) 0.03 (�0.13, 0.18) 23.89 (0.00, 23.99) 16 1
Npas2 0.63 (0.51, 0.76) 0.15 (�0.03, 0.34)a 20.94 (16.55, 1.33) 20 0.010
Per1 0.84 (0.73, 0.94) 0.21 (0.06, 0.37) 14.94 (12.17, 17.71) 24 0.46
Per2 1.04 (0.87, 1.21) 0.56 (0.32, 0.80) 13.67 (12.04, 15.30) 24 0.00093
Per3 1.21 (0.88, 1.55) 0.83 (0.35, 1.31) 9.74 (7.61, 11.87) 24 0.00039
Cry1 0.99 (0.80, 1.17) 0.36 (0.11, 0.61) 16.91 (14.10, 19.72) 24 0.055
Cry2 1.13 (0.85, 1.40) 0.67 (0.27, 1.06) 12.78 (10.58, 14.98) 24 0.019
Rev-Erba 0.68 (0.50, 0.87) 0.47 (0.21, 0.73) 6.13 (3.92, 8.34) 24 0.00051
CK1ε 0.84 (0.69, 0.98) 0.04 (�0.17, 0.24) 4.54 (0.00, 23.99) 12 1

CI, confidence interval; CKD, chronic kidney disease; RF, restricted feeding; ZT, Zeitgeber time (measured in hours since lights on). Data shown as mean (95% CI).
aThere is a significant difference when compared with control (P < 0.05). P value (JTK) is the adjusted P value reported from JTK_CYKLE analysis.

bas i c re sea r ch S Egstrand et al.: Circadian clock in the parathyroid gland
For the regulators of parathyroid proliferation and PTH
secretion, MafB, Gata3, and Gcm2, expression was examined
(Figure 3), and significant rhythmicity was demonstrated for
MafB (P < 0.003) and Gata3 (P < 0.03), but not for Gcm2.

The parathyroid secretory response to induction of acute
hypocalcemia does not vary according to the time of the day
Parathyroid function was assessed by acute induction of hypo-
calcemia in vivo in the rat (protocol 3).3,12,13 Ethylene-
bis(oxyethylene-nitrilo)tetraacetic acid infused into the femoral
vein resulted in progressive hypocalcemia starting at either ZT4
(light phase) or ZT16 (dark phase). ZT refers to time since light
onset (zeitgeber time; “time-giver”). Hypocalcemia was induced
at similar rates in the 2 groups (Figure 4a). Samples were drawn
from a catheter in femoral artery to determine the secretory
response to hypocalcemia. PTH secretion did not differ signif-
icantly between the 2 time points (Figure 4b).

Changing feeding pattern shifts the phase of PTH secretion,
but only slightly impacts the internal circadian clock in the
parathyroid gland
Rats were acclimatized to the standard conditions of 12:12
hour light-dark cycle and ad libitum feeding for 2 weeks and
1464
blood samples were drawn, then feeding was restricted to the
light phase (ZT2–ZT12) for 4 weeks, blood samples were
repeated and parathyroid glands harvested every 4 hours for
24 hours and gene expression examined (protocol 2). Sig-
nificant rhythmicity was confirmed for p-PTH with compa-
rable acrophase timing to that found in protocol 1 when rats
were fed ad libitum (P < 0.0002) (Figure 5a). Significant
rhythmicity was found also for p-P (P < 0.0001) (Figure 5b)
and p-urea (P < 0.0001) (data not shown). P-Ca (Figure 5d)
and creatinine (data not shown) remained constant during
the day. Feeding restricted to the inactive phase markedly
shifted the phase of p-PTH and p-P (Figure 5a and b) and
urea (not shown), now exhibiting significant circadian pattern
that mirrors that of rats with continuous access to feeding
(P < 0.0001). In restricted feeding, p-Ca gained significant
rhythmicity with a small amplitude (P < 0.03) (Figure 5d).
We also measured p-FGF23 during restricted feeding and
found a highly significant rhythmicity (P < 0.0001) and
reversal of the phase similarly to that of P and PTH
(Figure 5c).

Despite the dramatic shifted pattern of the circadian
rhythm in p-PTH, the gene expression of the parathyroid
Kidney International (2020) 98, 1461–1475



Figure 2 | Parathyroid hormone (Pth) gene expression is constitutively expressed and similarly the gene expressions of important
regulators of PTH secretion, calcium-sensing receptor (CaSR), vitamin D receptor (VDR), and Klotho show no overall diurnal variation.
(a) Plasma PTH shows circadian rhythmicity, but (d) Pth gene expression shows no diurnal variation. Diurnal variation was found for (b) Fgfr1
gene expression but not for the Fgfr1 cofactor, (c) Klotho, or for (e) Casr or (f) Vdr (n ¼ 38). Dots represent each animal. Data are fitted by
cosinor regression (solid line) and resulting P values are shown; P < 0.05 is considered significant. Gray areas indicate dark periods
and white areas indicate light periods. Dashed line is the mesor. Zeitgeber time (ZT; “time-giver”) is time since light onset. Conc,
concentration.
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circadian clock genes in restricted feeding showed only
slightly changed profiles without a shift in phase
(Figure 6). Compared with ad libitum–fed rats in proto-
col I, restricted feeding disrupted the circadian rhythm of
Figure 3 | Regulators of cell cycle and proliferation are rhythmically
Wee1 and (b) Cyclin D1 show significant rhythmicity, whereas (c) c-
proliferation (d) MafB and (e) Gata3 exhibit significant circadian rhy
represent each animal. Data are fitted by cosinor regression (solid lin
significant. Gray areas indicate dark periods and white areas indica
“time-giver”) is time since light onset. Conc, concentration.

Kidney International (2020) 98, 1461–1475
Npas2 only, with significantly reduced amplitude, but did
not significantly affect the acrophase timing, mesor, or
amplitude of Bmal1, Per1-3, Cry1-2, and Rev-Erba
(Table 1).
expressed in the parathyroid glands. Cell-cycle regulators (a)
Myc does not (P ¼ 0.25). Regulators of parathyroid cell
thm. (f) Gcm2 shows no diurnal variation (n ¼ 38). Dots
e) and resulting P values are shown, with P < 0.05 considered
te light periods. Dashed line is the mesor. Zeitgeber time (ZT;

1465



Figure 4 | Parathyroid function, expressed as the secretory response of parathyroid hormone (PTH) to hypocalcemia, is stable
between day and night. (a) Hypocalcemia was induced by a continuous i.v. ethylene-bis(oxyethylene-nitrilo)tetraacetic acid infusion and the
resulting decrease in plasma Ca2þ was similar between the 2 groups: examined at day (ZT4) or nighttime (ZT16). (b) Plasma PTH secretion in
response to hypocalcemia showed no significant difference between day and nighttime. Area under the curve (pg/ml � min) was at ZT4:
21,042 � 5702 and ZT16: 32,475 � 4757; P ¼ 0.156; n ¼ 6 in each group. Shown are mean � SEM. ZT (zeitgeber time; “time-giver”) is time
since light onset.
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The parathyroid circadian clock is disturbed in uremic
hyperplastic glands
CKD and sHPT were induced by 5/6 nephrectomy followed
by high-P diet for 8 weeks (protocol 4) or for 24 weeks
(protocol 5), respectively. Plasma parameters are presented in
Supplementary Table S1 and Supplementary Figure S3,
comparing the control and the CKD groups. In CKD, we
found significantly increased p-PTH, p-urea, and p-creati-
nine, as well as significantly reduced animal weight. p-P was
unchanged, whereas p-Ca was significantly decreased.

Results from protocol 4, with a duration of CKD and high-P
diet of 8 weeks and parathyroid glands harvested every fourth
hour for 24 hours (Figures 7 and 8) demonstrated that gene
expression of Pth was significantly elevated in sHPT (P <
0.0001) (Figure 8a), as was gene expression of proliferating cell
Figure 5 | Restricted feeding shifts the phase of the circadian rhythm
fibroblast growth factor 23 (FGF23). Restricted feeding to the inactive
(d) Plasma calcium had little diurnal variation, which was only significant
Data are fitted by cosinor regression (solid lines) and resulting P values a
dark periods and white areas indicate light periods. Striped area indicate
the mesor. Zeitgeber time (ZT; “time-giver”) is time since light onset.

1466
nuclear antigen (PCNA) (P < 0.04) (Figure 8b), a proliferation
marker expressed during DNA synthesis.

Circadian clock genes were severely deregulated in uremic
rats compared with control rats with significant upregulation
of Per1 (P < 0.0002), Per2 (P < 0.03), Rev-Erba (p < 0.004)
while significant downregulation of Npas2 (P < 0.05) was
found (Figure 7). Cosinor analysis demonstrated abolished
rhythmicity of Per1 in uremic rats, in contrast to Per1 in
control rats (p < 0.02) (Figure 7).

JTK_CYKLE analysis of the gene expressions showed that
in CKD the best fitting period of rhythmicity was reduced to
20 hours as opposed to the normal 24 hours for Per1, Per2,
Per3, and Cry2. Significant shifts in the acrophase were found
for Npas2, Per3, and Cry1. Furthermore, a significant increase
in amplitude was found for Rev-Erba (Table 1, Figure 7i).
of plasma (p) phosphate (P), parathyroid hormone (PTH), and
phase reverses the circadian rhythm of (a) pPTH, (b) P, and (c) FGF23.
when feeding was restricted (n ¼ 14). Dots represent each animal.
re shown with P < 0.05 considered significant. Gray areas indicate
s interval of restricted feeding (ZT2–ZT12). Dashed horizontal line is

Kidney International (2020) 98, 1461–1475



Figure 6 | (a–j) Effect of restricted feeding on the circadian clock in the parathyroid glands. Expression profiles of core circadian clock
genes in the parathyroid gland after 4 weeks of restricted feeding (RF) from ZT2 to ZT12 are fitted by cosinor regression (blue lines) (n ¼ 39)
and compared with expression profiles of ad libitum–fed animals from protocol 1 (black lines) (n ¼ 38). Circadian rhythmicity was assessed by
cosinor analysis. The resulting P values are shown within figures with P < 0.05 considered significant. Gray areas indicate dark periods and
white areas indicate light periods. Zeitgeber time (ZT; “time-giver”) is time since light onset. Asterisk * indicates significant difference (P < 0.05)
between the groups at specific time points. Conc, concentration; Ctrl, control.

S Egstrand et al.: Circadian clock in the parathyroid gland bas i c re sea r ch
Regulators of cell cycle under influence of the circadian
clock were deregulated in uremia; the circadian rhythm of
Wee1 and Cyclin D1 was abrogated and downregulation of
Wee1 (P < 0.0001) and p27 (P < 0.0001) was found
(Figure 8), whereas no change was found for c-Myc
(Supplementary Figure S4).

Likewise, significant deregulation was found for regulators
of parathyroid proliferation and PTH secretion; the circadian
rhythm of MafB and Gata3 was abrogated in uremia; and
MafB, Gata3, and Gcm2 were significantly upregulated
(Figure 8). In addition, a strong correlation was found among
Kidney International (2020) 98, 1461–1475
these 3 transcription factors and the circadian clock-
controlled regulator of cell cycle Wee1 (Figure 9).

Results from protocol 5, in which the duration of CKD and
high-P diet was 24 weeks and parathyroid glands were har-
vested between ZT3 and ZT8 are presented in Supplementary
Figures S5 and S6. Significant deregulation was found for
Clock (P < 0.05), Npas2 (P < 0.005), Per1 (P # 0.02), Per2
(P < 0.02), Per3 (P < 0.003), Cry2 (P < 0.0001), Rev-Erba
(P < 0.004), and CK1ε (P < 0.0001). Bmal1 expression was
not affected by uremia similar to the findings after 8 weeks of
CKD in protocol 4.
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Figure 7 | (a–j) The expression of circadian clock genes in the parathyroid glands is disturbed in chronic kidney disease (CKD).
Expression profiles of core circadian clock genes in the parathyroid gland after 8 weeks of uremia (red lines) (n ¼ 44) and compared to normal
controls (Ctrl) (black lines) (n ¼ 38). Dots represent each animal. Data are fitted by cosinor regression, and the resulting P values are shown
within figures. Gray areas indicate dark periods and white areas indicate light periods. Zeitgeber time (ZT; “time-giver”) is time since light onset.
The significant difference in mesor is indicated on top of the single figures. Asterisk * indicates significant difference (P < 0.05) between the
groups at specific time points. Conc, concentration.
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In protocol 6, phosphoproteomic analysis was performed
on parathyroid glands from normal rats and rats with CKD
and sHPT, induced by adenine diet. Several phosphoryla-
tion sites in Clock protein were found. A significant increase
in phosphorylation of S852 residues of the Clock protein
(HRT(0.21)DS(0.729)LT(0.061)DPSKVQPQ) was found in
CKD rats (P < 0.0005). Phosphorylation at this site,
conserved in mammals, alters clock nuclear localization and
hence function as indicated by a search of PhosphoSitePlus
(version 6.5.9.3; Cell Signaling Technology, Danvers, MA;
https://www.phosphosite.org/siteGroupAction.action?id¼
23094535&protOrg¼23174&showAllSites¼true).22,27 No
1468
significant difference was found for phosphorylation of
CK1E in parathyroid glands of uremic rats compared with
that of control rats.

The circadian clock is disturbed in the uremic aorta
Vascular calcification is part of CKD-MBD. The vascular wall
has been shown to have a functioning circadian clock. The
impact of CKD on the vascular circadian clock has not pre-
viously been investigated. Induction of vascular calcification
in CKD models requires long-term uremia, administration of
high-P diet, and active vitamin D (protocol 7), while vascular
pathology in CKD rats does not include robust calcification.44
Kidney International (2020) 98, 1461–1475
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Figure 8 | The circadian rhythm of genes related to cell-cycle regulation and proliferation is disturbed in the uremic parathyroid
gland. (a) The Pth gene and (b) proliferation marker Pcna do not express circadian rhythmicity. The levels are, however, significantly increased
in uremia. Cell-cycle regulators (c) Wee1 and (d) Cyclin D1 show significant rhythmicity in normal parathyroid glands, which is abolished in
chronic kidney disease (CKD), while the expression of (e) p27 is significantly decreased. Regulators of parathyroid cell proliferation (d) MafB
and (e) Gata3 exhibited significant circadian rhythm in normal parathyroids, which is abolished in uremia. (f) Gcm2 showed no diurnal
variation. Dots represent each animal. Circadian rhythmicity was assessed by cosinor analysis (solid lines), and the resulting P values are
shown within figures with P < 0.05 considered significant. CKD rats (red lines) (n ¼ 44) are compared with normal controls (Ctrl) (black lines)
(n¼ 38). Gray areas indicate dark periods andwhite areas indicate lightperiods. Zeitgeber time (ZT; “time-giver”) is time since light onset. (Continued)
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Figure 9 | The cell-cycle regulator gene, Wee1, is strongly correlated to MafB, Gata3, and Gcm2 in the parathyroid glands (PTGs).
Correlations between the gene expression of the regulator of cell cycle, Wee1, and regulators of parathyroid proliferation and parathyroid
hormone (PTH) secretion are presented. Strong correlations were found in the normal rat parathyroid glands: (a) MafB (P ¼ 10�6), (b) Gata3
(P ¼ 10�9), and (c) Gcm2 (P ¼ 10�7) (n ¼ 22). In the long-term (24 weeks) uremic rat parathyroid glands a significant correlation was found for
(d) MafB (P ¼ 0.001) and (f) Gcm2 (P ¼ 0.0001), but not for (e) Gata3 (P ¼ 0.08) (n ¼ 10). Dots represent each animal. Data are fitted by linear
regression (solid lines), and resulting P values and R2 values are shown.
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Results from RNA sequencing (RNAseq) data from the
calcified rat aorta45 in CKD compared with that from the
aorta of control rats have been submitted to The Gene
Expression Omnibus (GSE146638). RNAseq data on core
circadian genes and main output genes of circadian clock are
presented in Table 2. A significant upregulation of Clock (P <
0.001) and a significant downregulation of Per1 (P < 0.001),
Per2 (P < 0.003), Per3 (P < 0.001), and Rev-Erba (P < 0.05)
were clearly found in CKD. Rev-Erbb (P < 0.05) was also
downregulated in CKD, whereas RORa was unchanged. Al-
bumin D box–binding protein (DBP) and thyrotroph em-
bryonic factor (TEF) are proline and acidic amino acid–rich
basic leucine zipper transcription factors with rhythmic
expression, known to be controlled by the circadian clock,
similar to their repressive counterpart, nuclear factor inter-
leukin 3 regulated (NFIL3)46. Dbp, Tef, and Nfil3 were all
=

Figure 8 (Continued) The significant difference in mesor is indicated on
(P < 0.05) between the groups at specific time points. Conc, concentrat
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downregulated in the uremic calcified aorta (P < 0.001). The
circadian clock–controlled cell-cycle regulators Wee1 and p21
were significantly downregulated (P < 0.001), while Cyclin D1
was upregulated (P < 0.001) in the uremic aorta. No change
was found for p27.

In protocol 4, aorta was removed at 4-hour intervals for
analysis of the rhythmicity of the expression of the circadian
clock genes in rats at an early stage of CKD with no active
vitamin D administration, compared with control rats. In
control rats, rhythmicity of Bmal1 (P < 0.0001), Clock (P <
0.001), Npas2 (P < 0.0001), Per2 (P < 0.0001), Per3 (P <
0.0001), Cry1 (P < 0.0001), and Rev-Erba (P < 0.001) was
found, whereas Per1, Cry2, and CK1ε did not exhibit signif-
icant rhythmicity. JTK_CYCLE analysis confirmed the
rhythmicity, which was demonstrated by cosinor analysis
(Supplementary Table S2).
top of the single figures. Asterisk * indicates significant difference
ion.
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Table 2 | Circadian clock and clock-controlled genes in the uremic calcified aorta

Gene Name Control aorta (Rpkm) Uremic calcified aorta (Rpkm) P value

Bmal1/Arntl Aryl hydrocarbon receptor nuclear
translocator-like 1

7 8 0.52

Clock Circadian locomotor output cycles
kaput

2 5 <0.001

Npas2 Neuronal PAS domain protein 2 18 13 0.052
Per1 Period circadian clock 1 87 51 <0.001
Per2 Period circadian clock 2 51 32 0.003
Per3 Period circadian clock 3 16 7 <0.001
Cry1 Cryptochrome 1 3 3 1
Cry2 Cryptochrome 2 10 11 0.91
Rev-Erba/Nr1d1 Nuclear receptor subfamily 1, group D,

member 1
145 42 <0.05

Rev-Erbb/Nr1d2 Nuclear receptor subfamily 1, group D,
member 2

10 7 <0.05

CK1ε/CSNK1ε Casein kinase 1, epsilon 15 12 0.24
Dbp D site of albumin promoter (albumin

D-box) binding protein
206 28 <0.001

Tef Thyrotrophic embryonic factor 32 17 <0.001
Nfil3 Nuclear factor, interleukin 3 regulated 73 32 <0.001
Wee1 WEE1 G2 checkpoint kinase 26 10 <0.001
Ccdn1 Cyclin D1 22 86 <0.001
Cdkn1b/p27 Cyclin-dependent kinase inhibitor 1B 33 28 0.43
Ckdn1a/p21 Cyclin-dependent kinase inhibitor 1A 40 78 <0.001
Icam1 Intercellular adhesion molecule 1 12 28 <0.001
Vcam1 Vascular cell adhesion molecule 1 80 293 <0.001
Ccl2 Chemokine ligand 2 2 26 <0.001
Thbd Thrombomodulin 40 23 <0.001

Rpkm, reads per kilobase per million mapped reads. n ¼ 6. Vascular calcification was induced by long-term uremia and treatment with calcitriol. The aorta gene expressions
were analyzed by RNA sequencing.
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In CKD, significant upregulation of Rev-Erba (P < 0.02),
Clock (P < 0.0001), Cry2 (P < 0.01), and CK1ε (P < 0.05)
was found, whereas Per1 was downregulated (P < 0.02)
(Figure 10). Finally, a significant change in the amplitude for
Rev-Erba was found (Supplementary Table S2).

DISCUSSION
This is the first investigation showing an internal circadian
clock operating in the parathyroid gland. It is demonstrated
that the expression of the clock genes: Bmal1, Npas2, Per1-3,
Cry1-2, and Rev-Erba show significant 24-hour rhythmicity
in the rat parathyroid gland. The circadian expression profiles
were similar to that found in the aorta in the present study.
CK1ε, as expected, did not exhibit rhythmicity.23

Circadian clocks are in some peripheral tissues entrained
primarily by food intake rather than light input to the retina.
To examine the relative importance of these prime zeitgebers in
the parathyroid gland, we dissociated feeding inputs from
lighting inputs by restricting food availability to only the
habitual inactive period of the rats (ZT2–ZT12) for 4 weeks,
providing ample time for the phase of the circadian clock to
accommodate. In previous investigations on peripheral tissues,
the sufficient time for a shift in the phase of the circadian clock
to take place after a change in feeding time has been <12
days.47 Restricted feeding completely inversed the acrophase of
p-P, p-PTH, p-FGF23, and p-urea. p-P is known to decrease
following food intake, primarily due to an insulin-driven shift
of phosphate into cells, most evidently in the “refeeding
Kidney International (2020) 98, 1461–1475
syndrome.”48 This mechanism could explain the timing of the
downward slope of p-P in our results (in active period in ad
libitum feeding and just after feeding time at ZT2 in the
restricted feeding regime). Circadian rhythmicity of urea might
be controlled by the circadian clock in the liver,26 known to be
entrained by food intake.29 This might explain the observed
shift in the phase of urea. Interestingly, feeding restricted to the
inactive phase shifted the phase of p-PTH, but did not
significantly shift the phase of core circadian clock genes in the
parathyroids. This demonstrates that feeding only minimally
affects the circadian clock in the parathyroid gland, in contrast
to some other peripheral tissues.29,47,49,50 Furthermore, the
observed dissociation between p-PTH cycle and the intrinsic
parathyroid circadian clock cycle makes it unlikely that PTH
secretion is primarily regulated by a circadian clock. A constant
expression of the Pth gene in the parathyroid glands during the
day and no difference in the parathyroid secretory response to
hypocalcemia between day and night strongly support this
notion. As such it is still not clear how p-PTH rhythmicity is
regulated. Possibly, the rhythmicity might be due to trans-
lational or posttranslational modifications or secretory mech-
anisms, as have been shown for insulin.51

PTH has a phosphaturic function in addition to its cal-
ciotropic effect and elevated P has been shown to stimulate
PTH secretion, both directly via CaSR inhibition and
increasing Pth mRNA stability4,5,52–54 and indirectly by
decreasing p-Ca2þ, which further inhibits the CaSR.4,53,54

One might speculate that the diurnal variation in P,
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Figure 10 | (a–j) Disturbed expression of circadian clock genes in uremic aorta after 8 weeks of chronic kidney disease (CKD).
Expression profiles of core circadian clock genes in the aorta after 8 weeks of uremia (red lines) (n ¼ 44) and compared with normal controls
(Ctrl) (black lines) (n ¼ 39). Dots represent each animal. Data are fitted by cosinor regression, and the resulting P values are shown within
figures. Gray areas indicate dark periods and white areas indicate light periods. Zeitgeber time (ZT; “time-giver”) is time since light onset. In
CKD, significant upregulation of Rev-Erba (P < 0.02), Clock (P < 0.0001), Cry2 (P < 0.01), and CK1ε (P < 0.05) was found, whereas Per1 was
downregulated (P < 0.02). Asterisk * indicates significant difference (P < 0.05) between the groups at specific time points.
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resulting from timing of food intake, could drive the diurnal
variation in PTH. As an indication of that, we found that the
phase of the P cycle closely paralleled and preceded that of
PTH in both feeding regimes.

sHPT induced by CKD and high-P diet had a significant
impact on the expression of the circadian clock genes in the
parathyroid glands. Wee1, Cyclin D1, p27, and c-Myc are cell-
cycle regulators, which are controlled by the circadian clock.
Significant rhythmicity of the gene expression of Wee1 and
Cyclin D1 was found in the parathyroid glands and this was
abolished in CKD. Furthermore, a marked downregulation of
cell cycle components Wee1 and p27 was found at 8 weeks of
1472
uremia and extended at 24 weeks of uremia to also include
Cyclin D1 and c-Myc.

BMAL1 requires heterodimerization with either CLOCK or
NPAS2 for translocation to the nucleus. This might explain
the downregulation of the circadian clock–regulated cell cycle
components, despite unchanged Bmal1 gene expression,
because the gene expression of Npas2 and CLOCK phos-
phorylation was affected by CKD.

The change in phosphorylation of CLOCK in CKD in-
dicates an additional level of regulation of the circadian clock
machinery in the parathyroids, which is disturbed in uremia.
This change might result from upregulation in CLOCK
Kidney International (2020) 98, 1461–1475
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phosphorylation or from a shift in the phase of CLOCK
phosphorylation. The CLOCK phosphorylation is known to
be circadian, and the glands for our phosphoproteomic study
were harvested within a short time interval and not over 24
hours.

Our results are in line with results from an elegant study by
Sadowski et al.,55 who examined the gene expression profile in
human parathyroids and found downregulation of Cry2 in
sHPT and downregulation of Per1-2, Cry1-2, and c-Myc in
primary hyperparathyroidism. However, the circadian
rhythmicity in the parathyroid glands and its disturbance in
uremia as found in the present study have not been shown
before. Downregulation of p27 in sHPT has been linked to
development of parathyroid hyperplasia and adenoma for-
mation.56 57

Gcm2 is a zinc finger-type transcription factor, which is
indispensable for organogenesis of the parathyroid glands, but
also with retained expression in adult glands. Gcm2 has been
proposed to maintain parathyroid cell mass and proliferation
in adult mice41 and to uphold high expression of CaSR.58,59

Gcm2 requires the transcription factors Gata3 and MafB for
parathyroid organogenesis and PTH stimulation.38–40,60 In
normal rat parathyroid glands, we found significant rhyth-
micity in the expression of Gata3 and MafB. Furthermore,
strong correlations among the gene expressions of MafB,
Gata3, and Gcm2 to that of Wee1 were found in both normal
and uremic glands, which may suggest a regulation by the
circadian clock, which directly or indirectly is linked to
WEE1.

Results of studies on the expression of GCMB, the human
analog of Gcm2, in sHPT have been conflicting, both with
increased expression in primary HPT and sHPT43 and also
with unchanged expression in sHPT and decreased expression
in primary HPT.61 Another study has looked at MafB in the
context of uremic sHPT in mice, where MafB hap-
loinsufficiency suppressed parathyroid proliferation and PTH
secretion.42 In the present study, an initial significant increase
in the gene expression of Gcm2 and its required transcription
factors, Gata3 and MafB, was found in sHPT at the time of
increased parathyroid proliferation, confirmed by an
increased PCNA gene expression, and accompanied by
increased Pth gene expression after 8 weeks of uremia. This
was followed by a significant downregulation of Gcm2, Gata3,
and MafB at 24 weeks of uremia. Because GCM2 upholds
parathyroid expression of CaSR,58,59 which is downregulated
in uremia, and leads to reduced responsiveness of the para-
thyroid glands to extracellular calcium and calcimimetics, it
might be important to study the potential regulation of this
transcription factor activity by the circadian clock in future
research.

It is still an open question, what the primary event is: the
deregulation of circadian clock that favors alteration of the
cell cycle or whether the unrestricted growth of the tissue
affects the circadian genes. Some evidence suggests that
disruption of the circadian rhythm may cause abnormal cell
growth and even an increased risk of cancer. Per2 mutant
Kidney International (2020) 98, 1461–1475
mice have excessive cell proliferation in the salivary glands
and propensity to cancer.35,36

In conclusion, this is the first study to demonstrate an
internal circadian clock machinery operating in the para-
thyroid gland. The phase of this clock is not entrained by
feeding. CKD and secondary parathyroid growth are associ-
ated with severe deregulation of the circadian clock and clock-
dependent factors, regulating cell cycle and tissue growth.
CKD also led to disturbance of the circadian clock and
downstream genes in the uremic aorta, indicating that
deregulating of the circadian clock machinery is an important
feature of CKD-MBD.

METHODS
Experimental design
All rats were acclimatized for 2 weeks at our facility.

Protocol 1. A total of 38 male Wistar rats (Charles River,
Erkrath, Germany) were kept in a 12-hour light-dark cycle and fed
a standard diet (0.9% calcium, 0.5% phosphorus, and vitamin D,
1050 IU/kg chow) with ad libitum access to water and food. At 4-
hour intervals, 6 to 7 rats were anesthetized, blood was drawn
from tails, and parathyroid glands were harvested by microdis-
section and immediately frozen in liquid nitrogen. Rats investi-
gated in the dark period in all protocols were carefully not exposed
to blue light by using red light during anesthesia and covering the
eyes once anesthetized.

Protocol 2. Another 39 rats had blood samples obtained at 4-
hour intervals. Then, feeding was restricted to the inactive light
phase from ZT2 to ZT12 for 4 weeks, and blood samples were ob-
tained again as described above. Weights were recorded and rats
followed standard growth rate charts. Animals were then killed, and
parathyroid glands were harvested every 4 hours.

Protocol 3. Twelve rats were studied at either ZT4 or ZT16.
Hypocalcemia was induced by infusion of 40 mmol/l ethylene-
bis(oxyethylene-nitrilo)tetraacetic acid (Sigma, St. Louis, MO) at
4.5 ml/h, by a Braun infusion pump via a catheter inserted in the
femoral vein. Blood samples were obtained for determination of p-
PTH and p-Ca2þ at times 0, 5, 10, 20, 30, 40, and 50 minutes from a
catheter in the femoral artery.3,12,13 The sample volume of 0.6 ml was
replaced by an equal amount of saline.

Protocol 4. CKD was induced by one-step 5/6 nephrec-
tomy62,63 in 44 rats. Thirty-eight normal rats were used as controls.
CKD rats received high-P diet (0.9% Ca, 1.4% P, 600 IU vitamin D3
per kilogram chow). After 8 weeks, parathyroid glands and aorta
were harvested every 4 hours for 24 hours.

Protocol 5. Rats were randomization to CKD (n ¼ 10) or
control (n ¼ 22). CKD was introduced by 5/6 nephrectomy62 and
high-P diet. After 24 weeks, parathyroid glands were harvested be-
tween ZT3 and ZT8.

Protocol 6. For phosphoproteomic analysis, CKD and sHPT
was induced in 8 rats by 0.75% adenine and high-P diet for 14
days.64 Parathyroid glands were harvested from ZT3 to ZT4 in CKD
rats and from 9 control rats.

Protocol 7. Severe vascular calcification was induced in 6 rats
by 5/6 nephrectomy, high-P diet, and vitamin D.45 Aorta between the
renal arteries and the aortic root was removed from uremic rats as
well as from 6 control rats between ZT3 and ZT6. We have submitted
raw and processed RNAseq data files to the Gene Expression
Omnibus (GSE146638). Some of the vascular calcification–related
1473
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RNAseq data have previously been reported,45 while the present
investigation extends the pool of data to focus on circadian molec-
ular clock–related genes.

Biochemistry
Plasma urea, creatinine, phosphate, total calcium, PTH, and FGF23
were analyzed. For details, see the Supplementary Methods.

Quantitative reverse transcription polymerase chain reaction
Parathyroid and aorta gene expressions were analyzed by quantitative
reverse-transcriptase polymerase chain reaction. For detailed method
and primers, see Supplementary Methods and Supplementary
Table S3.

Western blot
Protein expression was analyzed by Western blot. For detailed
method and antibodies, see the Supplementary Methods.

RNAseq
The whole method and dataset can be found in the Supplementary
Methods and at the Gene Expression Omnibus (https://www.ncbi.
nlm.nih.gov/geo/query/acc.cgi?acc¼GSE146638).

Phosphoproteomics
Phosphoproteomics of parathyroid glands from normal and uremic
rats were analyzed by liquid chromatography–tandem mass spec-
trometry. For details, see the Supplementary Methods.

Statistics
All statistical analyses were performed using R (version 3.5.3; R Core
Team 2018, R Foundation, Vienna, Austria). For cosinor analysis,
data were fitted to a linear model using the least-squares method
minimizing the residual sum of the squares:

YðztÞ ¼ mesorþ b$ cos
2p$zt
24

þ g$ sin
2p$zt
24

;

where zt ¼ zeitgeber time, b ¼ A$ cos4, g ¼ A$ sin 4, A ¼
amplitude, 4 ¼ acrophase. The period is fixed at 24 hours. Sig-
nificant rhythm is found when the 95% confidence intervals of b or
g do not include 0.

For JTK_CYCLE analysis, the R package, MetaCycle (version
1.2.0) was used.65

Welch’s 2 sample t-test or Mann–Whitney test was used for
comparing uremic and control groups. Results were classified as
significant at P < 0.05.
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