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Figure 1 Schematic diagram of blood pressure circadian fluctuations in humans and rodents. (a) Circadian rhythm of blood pressure in human;
(b) circadian rhythm of blood pressure in rodents; (c) diurnal blood pressure fluctuation type, nocturnal hypertension, morning hypertension and their
clinical classification relationship diagram. Figure was created with BioRender.com
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Figure 2 Schematic diagram of biological clock regulation mechanism of blood pressure. The interaction of circadian rhythm, environmental and
behavioral factors, and other factors, by affecting the organ or system that regulates blood pressure, ultimately leads to the disturbance of blood pressure

rhythm and increases the risk of CVD. Please see the text for details. Figure

WD, X ZEH T Per UREIEA WSh SRAASR LY
FEERS; Mingli He NP7 Bl B % 1 1 K RS
BRI Perl KA P 1rs225380%75 5 Ifil K T B =2 (A1 47
TERRR.

A b 3 R 5 i 22 IR AF AR DB R . Soli-
manZ§ AP Clock B2 /1N B 11 5535 JR AR 5ty B0
BRPE PR AARE, JUESEA: Wb ] 3 sk 5 0 B O A

MmmA; 57A &M, DEC1HIClock: Bmall ] 3:[H]
P g i Na' /K -ATPHER 17 5407 (1) 3 [ —ATP1B1 1)
BT IR AT 1 B T Y, R G
L HRCry LRI Cry2 Bz B /0N B BT SR S0 & 1

was created with BioRender.com

SRR PSR D L A T o L 4 R 9
TVEFACY, Cry 1384473 5 0T RE 5 1 T2 A0 1L 1
KA IR SRS R, A i
(BT 52 2 e Il P BOE 1T LA 2P 0 b B 1
fi, RIS RESE W H SR, B K T 5 A 5%
W, ERFFSE I AT 2 B 2R 4 14 T M RS A W o I it
R k.

3.2 WRE. AT BB R A S
321 #EH[EE M ETE
RGP AR, SEE R mT LIRSS R E

3401



M4 %0 & 2020587H E£70% %218

R Zhang®E NPR I, 5/ NRARIE S, &5
O BT R A e s X IR B e BE
T FEBRiRA TS0 A 2 B ARG I B T A 3R L
A GEREE R L. Hous NIZeBH, FHAUAETRERIN 25 Sk
PRIG/INRE D), AT ERE DR /N BRI B R T A X
— RIIE RS T BB [ AR PRI I R T
FIVELEIRITVE R, 38 Ao B b PR £8 3 7 LE A 1) i (1]
PEE AT e R R E R . A X — R, IS
SERFST B AT LIRS A s 1] 2 75 AE Z2 i HAd i g IR
AT BB A AL

322 WE/MLSEE, B T/EL W E T4

Fhas it 22 e T AT A B A0 B AR =) 485 R oK o
B H AR 2T A B 22 5, S RO sh
Mtk 2iE sh Z B = A R 22 A, X B —Fiil e
e (IS 5Y, PompeiaZi N PORIESE, FEAERRHEAS I
ZHT AR, O AR T B T 22 AN BT
FERFAE, W RS MBS ZKSE A T S H, DT
IMCVDXE

WY TAET e S BUM LS T ZETL. Riegelss
PR IR, S YETAERY 5 T AEREARAS JE B, {8 5 0
I L 9. ToffoliZe N3, ACHF T AR i 244
IR, R & A iR B T A 4. Lunde
PGB, R HE T A S0 A R AR AR, X T RE S
A TR T AL S SO Z AR AL, AT
SECVDA . KankiZs AP35 4 911%:350,0008 A
RS EHHREAR, U T HEREIR(<S h)AHEHEIR(>S h).
R 5 52 0 B K PR T AR 5 I 2 AR TR ARG,
TG 24 A% G (70 P 8 2 A AR o i e XU e A
Tk, FfRA P TAE BT AL S ELA T R EEA
BERY B Al e T/ T2, Kankif R I RN BE TAE
T B0 0 A8 5 DRUBS B 08 1 R 25 9 8 5 1 B I,
H 5 M58 o] LN Z24E 259 7 =X (iR & 46 B & n
Al e AR PR T AR A BRI 5 A 2K L.

323 M5 %

FEOH A 22 A A Bl R 5 i R BT R A 5,
N7 E R X % %5, Chakraborty% A*OE K R
WAL R, (A WD T R 3R A 5 S R 5 1
FETHEAT G, %A BN RAE 0 ) g 1 R 4L T SR,
Giintiirk 25 A% B0 M0 A2 B0 IR TL- 187K S
HE5IMERBATEA . REMELOIRRE BE L
R BTE bR 2 i, I HLXR AR
B LRGSR B R L

3402

Wi SedE RERIDITER AL R GE 58 3%, (HA357R 1M
R R 2, A KRS A RHRR.

3.3 AP

WFSEFRMT, & F A £ 350 i s 5 A 3
FLIXUB, o L 2 A8k R . IR . B IR
i BENR PO 2 A A A, R i i N
%, XA BE SR SRR ] 5 LR R I T RE A
TERYIRIN, [R5 R0 s i R AR SE1 Y, 5540, i
. 2R A R a1 A T I,
LR P R A I RS2, BT T 220 [ B4 £
JiE 22 B AR TR HLR.

O (ARIENETENRES

JRAERRINEZ5 IS T HERE, ([HCVDIET R4
SRR AL B, R R — L i IR AL
il PR A AR T 5 IR R TR, B kP AR 4 A
YR AN TR BE 2, LA AR U R Pk a7 o
M. LA 0 B P 7 12 D0 T 3 5 3 25 T 95 491
G013k 4 I [0] ) F1 25 4 I 18] 36 97 Sk BB F sl C VD &
AT T E A VLI RIS TG S [ sk 18] A A
W IE 25 A 280, (BL45 59T R —%%. Mathur&s A%
PG b BT IR 4 25 100 25490 Al A Ak 2 ) ) A
TR L. i Kreutz25 A3 B ML 25490 45 1 78 IR i
Y424, BRI 45 245 1 e S A AS RIS, G i a1 eI
IRRFFE AN, 75 R o 2 ] ok 7 B % R 0 L
RGO, DL T 25 2580 12 S 4, LAk
) TG4 ) 10 /0 L S KUK P L. PRI
IRBFFERERT G« AR R, HET, SR e RS
e = . RERIPRERE . AR . 2595 Fhas
FRHEIN T LT B R, TR T AR A R ST
TSR SE R 7 1, X TFRHIEA SR UL, BEE Pk
S5
5 Mgk

IR

ML AR A AR A5 7 o I AL A RS 486 T A
I, T AL TE AR g L AR A I AR
IR S5 A L] AT o BRI 3R A [
AR, IFHRL Sk ARG T BoA B b
NZECVDIISETZ R, AR IIWTFE A BERERE I ATy
FEVRATHLH] S BFoSE, R Pk FUR THEas,
TR, A BB B If s M AR A AT R .



RPN

1

10

14

15

16

20

21

22

23

24

Wang C, Hou X, Guan Q, et al. RNA modification in cardiovascular disease: Implications for therapeutic interventions. Sig Transduct Target Ther,
2023, 8: 412

Miao L P, Ren K H, Li M D, et al. Trend analysis and prediction of cardiovascular disease mortality in China from 2009 to 2021 (in Chinese). Chin
Gen Pract, 2024, 27: 2260-2264 [15 2, ABHILF, 25458 42 2009~20214F 1 L0 LB FE TR T S HINBTSE. thELSRHE2, 2024,
27: 2260-2264]

Fan F, David Spence J, Huo Y. Beyond hypertension: Hypertension with hyperhomocysteinemia. Sci Bull, 2023, 68: 1975-1977

Liu J, Li Y, Zhang X, et al. Management of nocturnal hypertension: An expert consensus document from Chinese Hypertension League. J Clin
Hypertens, 2024, 26: 71-83

Banegas J R, Ruilope L M, de la Sierra A, et al. High prevalence of masked uncontrolled hypertension in people with treated hypertension. Eur
Heart J, 2014, 35: 3304-3312

Lu Q, Kim J Y. Mammalian circadian networks mediated by the suprachiasmatic nucleus. FEBS J, 2022, 289: 6589-6604

Nelson R J, Bumgarner J R, Liu J A, et al. Time of day as a critical variable in biology. BMC Biol, 2022, 20: 142

Wang Y, Guo H, He F. Circadian disruption: From mouse models to molecular mechanisms and cancer therapeutic targets. Cancer Metastasis Rev,
2023, 42: 297-322

Mancia G, Facchetti R, Bombelli M, et al. Short- and long-term reproducibility of nighttime blood pressure phenotypes and nocturnal blood
pressure reduction. Hypertension, 2021, 77: 1745-1755

Mancia G, Kreutz R, Brunstrom M, et al. 2023 ESH guidelines for the management of arterial hypertension the task force for the management of
arterial hypertension of the European Society of Hypertension. J Hypertens, 2023, 41: 1874-2071

Filippone E J, Foy A J, Naccarelli G V. Controversies in hypertension III: Dipping, nocturnal hypertension, and the morning surge. Am J Med,
2023, 136: 629637

Kario K, Hoshide S, Chia Y C, et al. Guidance on ambulatory blood pressure monitoring: A statement from the HOPE Asia Network. J Clin
Hypertens, 2021, 23: 411-421

Chinese Expert Recommendations on High-quality Blood Pressure Management for Hypertensive Patients by Chinese Hypertension Alliance,
Chen X, Wang J G, et al. Chinese expert recommendations for high-quality blood pressure management in patients with hypertension (in Chinese).
Chin J Hypertens, 2024, 32: 104—111 [F & M6 B (i I 28 1o ot L R4 B P [ SRR ) Z2 014y, Wik, AR, 45 mii B
o O I A T v R SRR AR IR 2. 2024, 32: 104-111]

Chellappa S L, Vujovic N, Williams J S, et al. Impact of circadian disruption on cardiovascular function and disease. Trends Endocrinol Metab,
2019, 30: 767-779

Shafer B M, Kogan S A, McHill A W. Pressure building against the clock: The impact of circadian misalignment on blood pressure. Curr
Hypertens Rep, 2024, 26: 31-42

Smolensky M H, Hermida R C, Portaluppi F. Circadian mechanisms of 24-hour blood pressure regulation and patterning. Sleep Med Rev, 2017,
33: 4-16

Curtis A M, Cheng Y, Kapoor S, et al. Circadian variation of blood pressure and the vascular response to asynchronous stress. Proc Natl Acad Sci
USA, 2007, 104: 3450-3455

Anea C B, Cheng B, Sharma S, et al. Increased superoxide and endothelial NO synthase uncoupling in blood vessels of Bmall-knockout mice. Circ
Res, 2012, 111: 1157-1165

Chang L, Xiong W, Zhao X, et al. Bmall in perivascular adipose tissue regulates resting-phase blood pressure through transcriptional regulation of
angiotensinogen. Circulation, 2018, 138: 67-79

Huo M, Cao X, Zhang H, et al. Loss of myeloid Bmall exacerbates hypertensive vascular remodelling through interaction with STAT6 in mice.
Cardiovasc Res, 2022, 118: 2859-2874

Crislip G R, Costello H M, Juffre A, et al. Male kidney-specific BMALI knockout mice are protected from K -deficient, high-salt diet-induced
blood pressure increases. Am J Physiol Renal Physiol, 2023, 325: F656-F668

Costello H M, Crislip G R, Cheng K Y, et al. Adrenal-specific KO of the circadian clock protein BMALI alters blood pressure rthythm and timing
of eating behavior. Function, 2023, 4: zqad001

Solocinski K, Richards J, All S, et al. Transcriptional regulation of NHE3 and SGLT1 by the circadian clock protein Perl in proximal tubule cells.
Am J Physiol Renal Physiol, 2015, 309: F933-F942

Solocinski K, Holzworth M, Wen X, et al. Desoxycorticosterone pivalate-salt treatment leads to non-dipping hypertension in Perl knockout mice.
Acta Physiol, 2017, 220: 72-82

3403


https://doi.org/10.1038/s41392-023-01638-7
https://doi.org/10.1016/j.scib.2023.08.018
https://doi.org/10.1111/jch.14757
https://doi.org/10.1111/jch.14757
https://doi.org/10.1093/eurheartj/ehu016
https://doi.org/10.1093/eurheartj/ehu016
https://doi.org/10.1111/febs.16233
https://doi.org/10.1186/s12915-022-01333-z
https://doi.org/10.1007/s10555-022-10072-0
https://doi.org/10.1161/HYPERTENSIONAHA.120.16827
https://doi.org/10.1097/HJH.0000000000003480
https://doi.org/10.1016/j.amjmed.2023.02.018
https://doi.org/10.1111/jch.14128
https://doi.org/10.1111/jch.14128
https://doi.org/10.1016/j.tem.2019.07.008
https://doi.org/10.1007/s11906-023-01274-0
https://doi.org/10.1007/s11906-023-01274-0
https://doi.org/10.1016/j.smrv.2016.02.003
https://doi.org/10.1073/pnas.0611680104
https://doi.org/10.1073/pnas.0611680104
https://doi.org/10.1161/CIRCRESAHA.111.261750
https://doi.org/10.1161/CIRCRESAHA.111.261750
https://doi.org/10.1161/CIRCULATIONAHA.117.029972
https://doi.org/10.1093/cvr/cvab336
https://doi.org/10.1152/ajprenal.00126.2023
https://doi.org/10.1093/function/zqad001
https://doi.org/10.1152/ajprenal.00197.2014
https://doi.org/10.1111/apha.12804

M4 %0 & 2020587H E£70% %218

25

26

27

28
29

30

31

32
33

34
35

36

37

38

39

40

41

42

43

44
45

46

47

48

49

Alli A, Yu L, Holzworth M, et al. Direct and indirect inhibition of the circadian clock protein Perl: Effects on ENaC and blood pressure. Am J
Physiol Renal Physiol, 2019, 316: F807-F813

Zietara A, Spires D R, Juffre A, et al. Knockout of the circadian clock protein PER1 (Period1) exacerbates hypertension and increases kidney injury
in Dahl salt-sensitive rats. Hypertension, 2022, 79: 2519-2529

He M, Li L, Li J, et al. rs2253820 variant controls blood pressure dip after stroke by increasing CLOCK-BMALI expression. Transl Stroke Res,
2023, 14: 472489

Soliman R H, Pollock D M. Circadian control of sodium and blood pressure regulation. Am J Hypertens, 2021, 34: 1130-1142

Nakashima A, Kawamoto T, Noshiro M, et al. Dec1 and CLOCK regulate Na'/K -ATPase 1 subunit expression and blood pressure. Hypertension,
2018, 72: 746-754

Doi M, Takahashi Y, Komatsu R, et al. Salt-sensitive hypertension in circadian clock—deficient cry-null mice involves dysregulated adrenal
Hsd3b6. Nat Med, 2010, 16: 67-74

Firouzabadi F D, Mirzababaei A, Shiraseb F, et al. The interaction between CRY 1 Polymorphism and Alternative Healthy Eating Index (AHEI) on
cardiovascular risk factors in overweight women and women with obesity: A cross-sectional study. BMC Endocr Disord, 2023, 23: 172

Zhang D, Colson J C, Jin C, et al. Timing of food intake drives the circadian rhythm of blood pressure. Function, 2021, 2: zqaa034

Hou T, Su W, Duncan M J, et al. Time-restricted feeding protects the blood pressure circadian rhythm in diabetic mice. Proc Natl Acad Sci USA,
2021, 118: 2015873118

Caliandro R, Streng A A, van Kerkhof L W M, et al. Social jetlag and related risks for human health: A timely review. Nutrients, 2021, 13: 4543
Pompeia S, Panjeh S, Louzada F M, et al. Social jetlag is associated with adverse cardiometabolic latent traits in early adolescence: An
observational study. Front Endocrinol, 2023, 14: 1085302

Riegel B, Daus M, Lozano A J, et al. Shift workers have higher blood pressure medicine use, but only when they are short sleepers: A longitudinal
UK biobank study. J] Am Heart Assoc, 2019, 8: e013269

Toffoli B, Tonon F, Giudici F, et al. Preliminary study on the effect of a night shift on blood pressure and clock gene expression. Int J Mol Sci,
2023, 24: 9309

Lunde L K, Skare @, Mamen A, et al. Cardiovascular health effects of shift work with long working hours and night shifts: Study protocol for a
three-year prospective follow-up study on industrial workers. Int J Environ Res Public Health, 2020, 17: 589

Kanki M, Nath A P, Xiang R, et al. Poor sleep and shift work associate with increased blood pressure and inflammation in UK Biobank
participants. Nat Commun, 2023, 14: 7096

Chakraborty S, Mandal J, Cheng X, et al. Diurnal timing dependent alterations in gut microbial composition are synchronously linked to salt-
sensitive hypertension and renal damage. Hypertension, 2020, 76: 59-72

Giintiirk E E, Giintiirk 1, Topuz A N, et al. Serum interleukin-18 levels are associated with non-dipping pattern in newly diagnosed hypertensive
patients. Blood Pressure Monitoring, 2021, 26: 87-92

Carranza-Leon D A, Oeser A, Wu Q, et al. Ambulatory blood pressure in patients with systemic lupus erythematosus: Association with markers of
immune activation. Lupus, 2020, 29: 1683—-1690

Fu X, Ren H, Xie J, et al. Association of nighttime masked uncontrolled hypertension with left ventricular hypertrophy and kidney function among
patients with chronic kidney disease not receiving dialysis. JAMA Netw Open, 2022, 5: €2214460

Gupta D K, Lewis C E, Varady K A, et al. Effect of dietary sodium on blood pressure. JAMA, 2023, 330: 2258-2266

Xue X -, Li W, Xie M -, et al. High sodium diet intake and cardiovascular diseases: An attributable death study in Tianjin, China. J Clin Hypertens,
2023, 25: 30-37

Eckle T, Bertazzo J, Khatua T N, et al. Circadian influences on myocardial ischemia-reperfusion injury and heart failure. Circ Res, 2024, 134: 675—
694

Gumz M L, Shimbo D, Abdalla M, et al. Toward precision medicine: circadian rhythm of blood pressure and chronotherapy for hypertension —
2021 NHLBI workshop report. Hypertension, 2023, 80: 503-522

Mathur P, Kadavath S, Marsh J D, et al. Chronotherapy for hypertension: Improvement in patient outcomes with bedtime administration of
antihypertensive drugs. Eur Heart J, 2020, 41: 4577-4579

Kreutz R, Kjeldsen S E, Burnier M, et al. Blood pressure medication should not be routinely dosed at bedtime. We must disregard the data from the
HYGIA project. Blood Pressure, 2020, 29: 135-136

3404


https://doi.org/10.1152/ajprenal.00408.2018
https://doi.org/10.1152/ajprenal.00408.2018
https://doi.org/10.1161/HYPERTENSIONAHA.122.19316
https://doi.org/10.1007/s12975-022-01063-y
https://doi.org/10.1093/ajh/hpab100
https://doi.org/10.1161/HYPERTENSIONAHA.118.11075
https://doi.org/10.1038/nm.2061
https://doi.org/10.1186/s12902-023-01429-9
https://doi.org/10.1093/function/zqaa034
https://doi.org/10.1073/pnas.2015873118
https://doi.org/10.3390/nu13124543
https://doi.org/10.3389/fendo.2023.1085302
https://doi.org/10.1161/JAHA.119.013269
https://doi.org/10.3390/ijms24119309
https://doi.org/10.3390/ijerph17020589
https://doi.org/10.1038/s41467-023-42758-6
https://doi.org/10.1161/HYPERTENSIONAHA.120.14830
https://doi.org/10.1097/MBP.0000000000000487
https://doi.org/10.1177/0961203320951274
https://doi.org/10.1001/jamanetworkopen.2022.14460
https://doi.org/10.1001/jama.2023.23651
https://doi.org/10.1111/jch.14599
https://doi.org/10.1161/CIRCRESAHA.123.323522
https://doi.org/10.1161/HYPERTENSIONAHA.122.19372
https://doi.org/10.1093/eurheartj/ehz836
https://doi.org/10.1080/08037051.2020.1747696

Summary for “Ifil & K A=¥8hIE4

Biological clock regulation of blood pressure
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Cardiovascular and cerebrovascular diseases (CVDs) are the leading cause of death worldwide. The global annual death
rate from CVD is increasing annually. Hypertension is the most readily modifiable risk factor for CVD; therefore, a clear
understanding of the endogenous and exogenous factors influencing hypertension is needed to reduce the incidence of
CVD. Abnormal blood pressure is the key factor that directly affects hypertension, and its diurnal fluctuation is one of the
most commonly and thoroughly studied physiological rhythms in humans. Abnormal circadian rhythms due to elevated
blood pressure at night are considered to be more effective and independent predictors of CVD than abnormal blood
pressure values are, and the mortality rate is relatively higher in CVD patients with abnormal blood pressure rhythms. At
present, nocturnal hypertension is highly prevalent in the Chinese population and other Asian populations, but many
research gaps exist in with regard to the pathogenesis and treatment. Twenty-four-hour ambulatory blood pressure (BP)
monitoring is currently the gold standard for the clinical diagnosis of blood pressure circadian rthythm disorders, but routine
office or home BP measurement is still the measurement method preferred by the public. The popularity of dynamic
monitoring technology is limited, resulting in a large number of patients who are not diagnosed in a timely manner and are
consequently at high risk for CVD. The importance of and potential risks associated with abnormal blood pressure
circadian rhythms are ignored by the public. On the basis of the latest progress in research, this paper summarizes the
process by which biorhythms develop and their specific regulatory mechanism for the first time and then introduces various
types of diurnal blood pressure fluctuations and their correlation with diseases. In particular, the harmful effects of
nocturnal hypertension caused by an abnormal increase in nocturnal blood pressure, specifically the contributions to
cardiovascular and cerebrovascular diseases, are emphasized, and the current gaps in and status of research are discussed.
The comprehensive factors influencing blood pressure rhythms are then summarized, and the cross-talk mechanism
between the biological clock and blood pressure rhythms are summarized with regard to clock genes, the timing of meals,
the performance of shift work, immune factors, intestinal flora, genetics, and diet (high salt). Finally, the status of research
on and clinical application of chronotherapy for hypertension generated by circadian rhythms are discussed. The aim of this
study is to explore the harm caused by diseases resulting from disturbances in blood pressure rhythms, enrich the
understanding of CVD pathogenesis, and provide a theoretical basis for reducing the increased risk of CVD.

circadian rhythm, blood pressure, hypertension, cardiovascular and cerebrovascular diseases, clock genes
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