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CIRCADIAN RHYTHMS OF LEUKEMIA INHIBITORY FACTOR IN THE BLOOD OF PATIENTS
WITH ESSENTIAL HYPERTENSION
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Leukemia inhibitory factor (LIF) exerts multidirectional effects in the setting of essential hypertension (EH). There is a mounting body of evidence refuting the
postulate about identical STATS signaling in cardiomyocytes and endothelial/smooth muscle cells, which is important in the situation of extended exposure to gp
130 ligands (LIF in particular). At the same time, there are no reports on the circadian dynamics of peripheral blood LIF concentrations and possible secondary
changes to the pathophysiological effects of this cytokine. This study aimed to analyze the circadian dynamics of LIF concentrations in the peripheral blood serum
measured at 5 different time points in patients with stage Il EH in the presence/absence of antihypertensive therapy and their relationship with the frequency
of complications developing within a 5-year follow-up. Blood serum LIF was measured in 60 patients with stage Il EH using ELISA at 8:00, 14:00, 20:00, 2:00,
and 8:00 o’clock before putting the patients on antihypertensive therapy and one year after its onset. The identified patterns of diurnal LIF concentrations (a rise
by >15% at 20:00, p < 0.001; a further rise by =22% peaking at 2:00, p < 0.001 relative to the values at 8:00) can be regarded as pathologic; their persistence
after one year of antihypertensive therapy is a sign of EH progression and puts the patients at 6-fold risk for cardiovascular complications, including myocardial
infarction and acute cerebrovascular events.
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W3MEHEHMUE CYTOYHOIO PUTMA COOEP>XAHUA MHITMBUPYIOLLEEIO NENKEMUIO ®AKTOPA
B KPOBW BOJIbHbIX 3CCEHUWNAJIbHON MTIMNEPTEH3UEN
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VIHrmbupytowwin neikemnto haktop (LIF) obnagaet HeogHo3Ha4HbIMM (D3MoNorn4eckimm achheKTamm Npv aCceHLmansHoM apTepuanbHon rmnepTeHsnm (SAID.
OnposepraeTca noctynar 06 naeHTU4HoCT STAT3-curHanmsauum B KeTkax Muokapda v aHOAoTeNanbHbIX/ MMagKOMBbILLEYHbIX KNETKax, YTO 3HaYMMO npu
ONTENbHOM BO3AENCTBUM LUTOKMHOB-MMraHaoB gp 130 (B 4acTHocTv LIF). Mpn 9TOM OTCYTCTBYIOT AaHHbIE O CyTOYHbIX XapakTepucTnkax comepxaqus LIF B
KPOBW C MOTEHLMaNbHbIMU BTOPUYHBIMY U3MEHEHUSIMN ero naTouranonormieckix achdexTos. Liensto nccnenosaHuns 6bi1o npoaHanManposaTe 0COBEHHOCTH
CYTOHHBIX PUTMOB coaepkarus LIF B ChIBOpOTKe NeprdepuHeckol Kposr 6onbHbIx DAL Il cTapum, onpeaeneHHoro B NATV BPEMEHHbIX TOHKax B 3aBICYIMOCTY OT
MPVIMEHEHNS TMNOTEH3VBHOWM Tepanuu 1 4acTOTbl PasBUTUA OCNOXHEHUI B nocneaytolme 5 net Habnogerns. Y 60 6onbHbix DA Il cTagmn MMMyHO(EPMEHTHBIM
METOLOM onpefensnn yposHn LIF B cbiBopoTke nepudbepuyeckon kposn B 8.00, 14.00, 20.00, 2.00, 8.00 4 fo v nocne roga rMnoTEH3VBHOM Tepanmn.
BbISiBNEHHbIE 3aKOHOMEPHOCT CYTOYHOrO pyUTMa copepxaHns LIF B coiBopoTke KpoBm 60mbHbIx DAT Il cTagum B Buae yeenndeHus B 20.00 4 Ha 15% (p < 0,001)
1 BbILLE C MakcuManbHbiM pocToM B 2.00 4 Ha 22% (p < 0,001) n 6onee npu cpaBHeHUM C MHAMBMAYabHbIM ypoBHEM B 8.00 4 MOXKHO XapakTepr3oBaTb Kak
naTonornyeckme, a Nx CoxpaHeHvie nocne rofa rMroTeH3VBHON Tepanun CAYXXUT NPU3HAKOM NPOrPeaneHTHOrO TeYEHVSt TMNEPTEH3UN C MOBbILLEHNEM pUCKa
pasBUTUA CEPAEHHO-COCYANCTbIX OCNOKHEHNI (MH(DAPKT M1OKapAa, OCTPOe HapyLLEHE MO3roBOrO KPOBOOOPaLLIeHs!) B 6 pas.
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Leukemia inhibitory factor (LIF) exerts a vast variety of
physiological effects through specific LIF receptors located
on the membranes of endothelial cells, monocytes, neurons
and other cells [1] in physiologically relevant quantities [2].
Although LIF signaling pathways through JAK/STAT (Janus
kinase/signal transducer and activator of transcription), MAPK
(mitogen-activated protein kinases) and PI3K (phosphoinositide
3-kinases) are stable, the effects LIF induces in different cell
types can be opposite, including both stimulation and inhibition
of cell differentiation and survival. There is a lot of debate as
to how LIF affects the arterial wall in patients with essential
hypertension (EH) since the mechanism underlying STAT3
activation is redox-sensitive [3] and its directionality changes
in the setting of chronically elevated blood pressure, distorting
LIF effects. There is a growing body of evidence refuting the
postulate about identical STAT3 signaling in cardiomyocytes
and endothelial/smooth muscle cells, which is important in
the situation of extended exposure to gp 130 ligands (LIF
in particular) [4]. Research has demonstrated that factors
implicated in EH progression and the risk of EH complications
are dependent on time of day [5], proving the significance of
investigating both the levels of cytokines involved and diurnal
variations in their concentrations.

The aim of this study was to analyze the circadian rhythms
of LIF concentrations in the peripheral blood serum measured
at 5 different time points (8:00, 14:00, 20:00, 2:00, and 8:00
o’clock) in patients with stage Il EH in the presence/absence
of antihypertensive therapy and their relationship with the
frequency of complications developing within a 5-year follow-up.

METHODS

In 2008 through 2019, a study called Cytokines in the
pathogenesis of essential hypertension was carried out at
the Institute of Medicine (National Research Mordovia State
University) and the Regional Vascular Center (Republican Clinical
Hospital Ne 4).

As part of the study, a group of 60 patients with stage I
EH (30 men and 30 women) was formed to explore how
LIF production changed over a 24-hour cycle. The following
inclusion criteria were applied: individuals with stage Il EH,
born in 1955-1956, who had a 10- to 14-year history of

the disease, were not receiving any antihypertensive therapy
at the beginning of the study but were subsequently put on
therapy (ACE inhibitors + diuretics) to achieve a target blood
pressure, as recommended by the Russian guidelines on the
diagnosis and treatment of hypertension (2010) [6], which they
did within a year that followed; total cholesterol < 5.0 mmol/L,
LDL < 3.0 mmol/L, HDL > 1.0 mmol/L, triglycerides < 1.7 mmol/L,
glucose < 5.5 mg/dl, BMI < 30 kg/m?, comparable risk
of developing EH-related complications. Patients with
hypertension-associated comorbidities, types 1 or 2 diabetes
mellitus, autoimmune disorders, allergies, or symptomatic
hypertension were excluded from the study. The control group
consisted of 30 seemingly healthy individuals (15 men and 15
women) with systolic BP of 100 to 130 mmHg and diastolic BP
of 70 to 89 mmHg; the groups were comparable in terms of
age and blood biochemistry.

Blood samples (2 ml) were collected prior to the onset of
antinypertensive therapy (2014) and one year after the start
of treatment (2015) at 8:00, 14:00, 20:00, 2:00, and 8:00
o’clock (the fasting period was at least 6 hours). The time
points were selected based on the results of our pilot study
(blood samples had been collected from 7 individuals at 7:00,
8:00, 10:00, 12:00, 14:00, 16:00, 18:00, 20:00, 22:00, 00:00,
2:00, 4:00, 6:00, 7:00, and 8:00 o’clock). Time elapsed from
sample collection to sample freezing was 60 min. Serum
LIF concentrations were measured using ELISA kits (Bender
MedSystems; USA).

Follow-up phone interviews were conducted annually (2014—
2019) to obtain information about possible complications,
such as myocardial infarction (Ml), acute cerebrovascular
events (ACVE) and transient ischemic attacks (TIA), which
were subsequently confirmed by clinical and diagnostic tests,
including ECG, echocardiography, troponin tests, brain CT scans.

The obtained data were processed in Statistica 10.0 (Stat
Soft; USA). Normality of data distribution was analyzed using the
one-sample Kolmogorov—Smirnov test. Based on the obtained
results, we used the paired t-test to compare the results of
pre-treatment blood tests taken at 8:00, 14:00, 20:00, 2:00,
and 8:00 o’clock in the group of patients with stage Il EH; the
Wilcoxon test was applied to compare the data in the group
of patients on antihypertensive therapy one year after its onset
and also in healthy controls. Intergroup comparison was carried

Table 1. LIF concentrations (pg/ml) in the peripheral blood serum in patients with stage Il EH at 8:00, 14:00, 20:00, 2:00, and 8:00 o’clock (next day) in the absence/
presence of antihypertensive therapy in patients with or without cardiovascular complications developed in the 5-year follow-up period (Me (Q25%-Q75%))

8.00 14.00 20.00 2.00 8.00
(day 1) (day 1) (day 1) (day 2) (day 2)
Patients with EH (before therapy), g . 9.02 [7.52-9.73] 10.1 [9.44-11.8] 7.53 [6.65-8.22]
n=60 a 7.51[6.58-8.34] 7.58 [6.47-8.41] *8.00. 14.00 *8.00. 14.00. 20.00 *20.00. 2.00
;'iaggy controls, b | 1.41[1.02-1.83] 1.38 [1.04-1.79] 1.45 [1.06-1.78] 1.42[1.03-1.81] 1.37 [0.99-1.79]
p(b-a) < 0.001 p(b-a) < 0.001 p(b-a) < 0.001 p(b-a) < 0.001 p(b-a) < 0.001
Patients with EH (one year in treatment), > . 8.95 [7.63-9.58] 7.62 [6.84-8.63] 7.58 [6.62-8.31]
n =60, of them: ¢ 7.54[6.57-8.38] 7.61[6.53-8.44] *8.00. 14.00 '8.00 *20.00 *20.00
p(c-a) > 0.05 p(c-a) > 0.05 p(c-a) > 0.05 p(c-a) < 0.001 p(c-a) < 0.05
p(c-b) < 0.001 p(c-b) < 0.001 p(c-b) < 0.001 p(c-b) < 0.001 p(c-b) < 0.001
5-year follow-up — MI, ACVE, g g 9.01 [7.56-9.61] 9.69 [8.91-9.98] 7.72[6.71-8.17]
n=15 c 7.66[6.68-8.22] 7.59[6.49-8.37] *8.00. 14.00 *8.00. 14.00. 20.00 *20.00. 2.00
5-year follow-up — no g . 8.79 [7.98-9.62] 7.55 [6.93-8.21] 7.36 [6.51-8.24]
complications, n = 45 2 7.58[6.52-8.41] 7.62[6.5-8.42] *8.00. 14.00 *20.00 *20.00
p(c2-c1) > 0.05 p(c2—c1) > 0.05 p(c2-c1) > 0.05 p(c2-c1) < 0.001 p(c2-c1) > 0.05
Note: significant for comparisons with the specified time of blood collection or the group (a, b, ¢, c1, ¢2); * —p < 0.001; »* — p < 0.01; ' — p < 0.05. The paired t-test

was applied for intragroup comparison of pretreatment results obtained at 8:00, 14:00, 20:00, 2:00 and 8:00 o’clock. The Wilcoxon test was applied for intragroup
comparison in the group of patients after one year of treatment and in the healthy controls. The Mann-Whitney U test was applied to compare independent samples.
The Wilcoxon test was applied to compare dependent samples.
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out using the Mann-Whitney U (for independent samples) and
the Wilcoxon test (for dependent samples). Below, the data are
presented as a median (Me) and percentiles (Q0.25-Q0.75).
When comparing the subgroups, the Bonferroni correction for
multiple comparisons was applied, ensuring the reliability of the
statistical data. We calculated the absolute and relative risks of
developing MI and ACVE, 95% ClI, sensitivity and specificity.
The analysis was aided by Fisher’s exact test (¢) and Pearson’s
correlation coefficient (C') were used.

RESULTS

The analysis revealed significant qualitative and quantitative
differences in the circadian rhythms of blood serum LIF
between the control group and the patients with stage |l
EH and a 10-14-year history of the disease who were not
on antihypertensive therapy at the beginning of the study. In
patients with stage Il EH, LIF levels measured at 8:00, 14:00,
20:00 and 2:00 o’clock were 5-7.5 times higher (o < 0.001) than
in the healthy individuals (Table 1). In the group of patients
with EH, a significant increase in LIF levels relative to 8:00
measurements (by 20.1% (16.7-24.3%); p < 0.001) was
observed at 20:00, peaking at 2:00 (an increase by 34%
(25.7-43%); p < 0.001). Importantly, in the group of healthy
controls, LIF levels did not change at 14:00, 20:00 and 2:00
o’clock relative to their initial values at 8:00 (p > 0.05). After
being on antihypertensive therapy for one year, the patients
with stage Il EH who had achieved their target blood pressure
demonstrated no decline in LIF concentrations at 8:00, 14:00
and 20:00 o’clock in comparison with pretreatment values
(o <0.01), but the circadian rhythm of the cytokine was different.
In the patients who had been receiving antihypertensive therapy
and had achieved the desired blood pressure, blood serum
LIF peaked at 20:00; measurements taken at 2:00 showed
a decline in LIF concentrations (Table 2) in comparison with
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the pretreatment period. In the group of patients undergoing
treatment, the distribution of data differed from Gauss—Laplace
distribution, which prompted us to analyze LIF circadian
rhythms for each individual patient in order to identify the
criteria for heterogeneity. We found that 22 patients undergoing
antinypertensive therapy who had achieved the target blood
pressure had the same circadian rhythms of blood serum LIF
as before therapy (a rise at 20:00 with a peak at 2:00 and a
decline at 8:00; see Table 2).

The analysis of data obtained during the follow-up observation
from the patients undergoing antihypertensive therapy who
had partially recovered normal LIF dynamics (a decline in LIF
concentrations at 2:00) revealed that only 4 of 42 patients had
developed ACVE or MI within a 5-year follow-up period (the
absolute risk of complications was 9.5% (0.63-18.4%)). In the
group of patients with persisting pathological diurnal rhythms of
serum LIF (arise at 20:00, a peak at 2:00 and a return to morning
levels at 8:00), 11 of 18 patients had developed complications
(ACVE, MI); in this group, the absolute risk of complications
was 61.1% (38.6-83.6%). The risk ratio between these two
groups was 6.41 (2.35-17.5%); specificity, 0.84; sensitivity, 0.73;
@ =0.0000 (p <0.05), C' =0.67 (the correlation was very strong).

DISCUSSION

The rise in serum LIF concentrations observed in the patients
with stage Il EH relative to the healthy controls can be explained
by impaired integration of LIFR/CD118 and gp130 signaling
under oxidative stress accompanying EH, which affects the
catalytic activity of JAK [7] and can stimulate LIF secretion.
The elevation of LIF levels at 20:00 o’clock, with a further
rise peaking at 2:00 observed in the study participants prior
to antihypertensive therapy and also in some patients who
had reached the desired blood pressure and were still on
antinypertensive drugs is pathogenically relevant: there are

Table 2. The percentage of deviations of blood serum LIF (pg/ml) measured at 14.00, 20.00, 2.00 and 8.00 o’clock (next day) from the initial concentrations measured
at 8:00 of the first day in patients with stage Il EH in the absence/presence of antihypertensive therapy with or without cardiovascular complications developed in the

5-year follow-up period (Me (Q25%-Q75%))

Groups 8.00 14.00 20.00 8.00
P (day 1) (day 1) (day 1) (day 2)
Patients with EH (before therapy), A g . 34 [25.7-33] *14.00. 1.06 [-1.05-3.65]
ne60 a 0.91 [-1.67-2.54] 20.1 [16.7-24.3] *14.00 20.00 *90,00. 2.00
I'j‘iaggy controls, b -1.08 [-2.03-1.19] 2.81[1.93-3.22] 0. 98 [-0.13-2.03] 1.03 [-1.72-2.56]
p(b-a) > 0.05 p(b-a) < 0.001 p(b-a) < 0.001 p(b-a) > 0.05
Patients with EH (one year in treatment), = N . N 6.32 [2.08-14.4] 0.76 [-0.45-2.21]
n =60, of them c 0.93[-0.61-2.0] 18.9[15.9-24.1]714.00 *14.00. 20.00 *20.00. 2.00
p(c-a) > 0.05 p(c-a) > 0.05 p(c-a) < 0.001 p(c-a) > 0.05
plc-b) > 0.05 plc-b) < 0.001 p(c-b) < 0.05 plc-b) > 0.05
5-year follow-up — MI, ACVE, N ¥ . _ . 26.5 [22.3-28.1] 0.22 [-1.35-2.33]
n-15 cl 0.91 [-2.83-1.8] 19.9 [15.1-23.8] *14.00 *14.00. 20.00 *90.00. 2.00
p(cl-a) > 0.05 p(cl-a) > 0.05 p(cl-a) > 0.05 p(c1-a) > 0.05
plc1-b) > 0.05 plc1-b) < 0.001 plc1-b) < 0.001 plcl-b) > 0.05
5-year follow-up — no complications, > . . N 2.29 [-0.35-5.44] 0.92 [-0.62-2.13]
o5 @ 0.52 [-0.47-1.67] 18.1 [14.8-23.8] *14.00 114,00 20.00 420.00. 2,00
plca—cl) > 0.05 plca-b) | plce-cl) > 0.05 plce-b) | P21 <0.001 ple2-ct) > 0.05
>0.05 p(c2-2) > 0.05 | <0.001 pc2-a) > 0.05 ple2-b) < 0.05 ple2-b) > 0.05
: : : : plc2-a) < 0.001 plc2-a) > 0.05
Note: significant for comparisons with the specified time of blood collection or the group (a, b, ¢, c1, ¢2). *— p <0.001; * —p < 0.01; ' — p < 0.05. The paired t-test

was applied for intragroup comparison of pretreatment results obtained at 8:00, 14:00, 20:00, 2:00 and 8:00 o’clock. The Wilcoxon test was applied for intragroup
comparison in the group of patients after one year of treatment and in the healthy controls. The Mann-Whitney U test was applied to compare independent samples.

The Wilcoxon test was applied to compare dependent samples.
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reports that LIF-dependent stimulation of STAT3 in endothelial
cells triggers the inflammatory cascade [8] and IL1 activation;
in turn, this causes a more pronounced EH progression in the
evening (20:00) and at night (2:00), when proinflammatory
activity of IL1ra and IL10 is low, through the activation of protein
arginine methyltransferase and the inhibition of dimethylarginine,
leading to an imbalance in the NO synthesis system. Previously
[9], we reported an increased left ventricular mass index, a
low mean fiber shortening fraction and a reliable association
with pronounced concentric left ventricular hypertrophy in
patients with EH and elevated LIF (>7.5 pg/ml). The observed
pathophysiological process led us to hypothesize that patients
whose LIF levels were growing between 20:00 and 2:00 in the
setting of antihypertensive therapy were at increased risk for
cardiovascular complications. The hypothesis was confirmed in
the course of this study. LIF-induced cardiac hypertrophy can
be characterized by an early reduction in myocardial contractility
resulting from the transmural changes in cardiomyocytes [10,
11]. In the early stages of the pathology, elevated LIF serves
as a mechanism of compensatory adaptation that stimulates
contractility of cardiomyocytes by increasing the activity of
T-type Ca?-channels [12]. Besides, elevated LIF could be
potentially protective against the inflammation-induced loss
of axons and also promotes survival of oligodendrocytes by
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