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Cholesterol crystal (CC) embolism can cause acute tissue infarction
and ischemic necrosis via triggering diffuse thrombotic angiopathy
occluding arterioles and arteries. Neutrophils contribute to crystal-
induced immunothrombosis as well as to ischemic necrosis-related
necroinflammation. We speculated that CC embolism-induced acute
kidney injury (AKI) would be circadian rhythm-dependent and associated with
cyclic differences in neutrophil function. Injection of CC into the left kidney
induced thrombotic angiopathy progressing starting as early as 3h after CC
injection followed by a progressive ischemic cortical necrosis and AKI at
24h. In C57BL/6J mice, circulating CD11btLy6GT neutrophils were higher
during the day phase [Zeitgeber time (ZT) 0-12] compared to the dark phase
(ZT12-24). In the time frame of thrombus formation at ZT13, more neutrophils
were recruited into the injured kidney 24 h later compared to CC embolism
at ZT5. This effect was associated with an increased circulating number of
CXCR2T neutrophils as well as an upregulated kidney adhesion molecule
and chemokine expression. These findings were associated with a significant
increase in kidney necrosis, and endothelial injury at ZT13. Thus, the time of
day has an effect also on CC embolism-related AKI in association with the
circadian rhythm of neutrophil recruitment.
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FIGURE 4

CC embolism during the active phase leads to more kidney injury. (A) Schematic of experiment. (B) Representative images of Ly6B2+ staining,
and neutrophil counts in the kidney at ZT5 and ZT13 (n = 10 mice/group). (C) Representative images of PAS staining, and mouse kidney injury
score at ZT5 and ZT13 (n = 10 mice/group). (D) Representative images of CD31 staining, and endothelial injury in the kidney (n = 10
mice/group). (E) GFR reduction upon ZT5 and ZT13 24 h post-CC injection (n = 20 mice/group). While background: daytime, gray background:
nighttime. Data are means =+ SD, unpaired Student's t-test, *P < 0.05.

mice GFR, circulating neutrophils and their recruitment injured kidney may explain these differences. These findings
to the injured kidney, (c) Differences in CXCR2 receptor imply that time of day may determine the outcomes of
expression on neutrophils and its respective ligand in the CC embolism (Figure 6).
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FIGURE 5
Enhanced kidney neutrophil recruitment is CXCR2 dependent. The intrarenal mRNA expression level of Cxcr2 (A, n = 6-8 mice/group), Cxcll
(B, n = 7-8 mice/group), Vcam-1 (C, n = 7—-8 mice/group), and Icam-1 (D, n = 7—-8 mice/group) at ZT5 and ZT13 before and post-CC injection.
Data are means + SD. Icam-1, intercellular adhesion molecule 1; Vcam-1, vascular cell adhesion molecule 1; Cxcr2, CXC chemokine receptor
2; Cxcll, CXC motif chemokine ligand 1. Unpaired Student’s t-test, *P < 0.05, **P < 0.01.

In this project, we investigated the time kinetics of crystal
clot formation and found that crystal clots as early as 3 h after CC
embolism. We assume that CC impacting the endothelial lining
of kidney arteries induces endothelial cell injury, and release
of tissue factor and chromatin, both activating platelets (5).
Activated platelets release pro-coagulant and pro-inflammatory
mediators from their granules, thereby inducing thrombus
growth as a gradual process at the site of injury (5, 25,
26). As with arterial thrombosis, in this pathological process,
thrombus formation occurs at injured kidney vessel sites, which
subsequently leads to the apposition of a mesh composed
of fibrin and extracellular DNA to trap circulating platelets,
neutrophils, and red blood cells (27, 28).

Previous studies suggest that young CXCR2T neutrophils
have enhanced pro-inflammatory properties and an increased
migratory capacity (23). We found a high expression of
CXCR2% at ZT13 in steady-state when high numbers of aged
CXCR4* aged neutrophils were present in the circulation (23).
In line with other reports, we found oscillations of neutrophil
numbers in mice blood peaking at ZT5 and lowest at ZT13
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under a steady-state (9). In support of these data, we also
found enhanced kidney expression of adhesion molecules (Icam-
I, Vcam-1) and fresh neutrophil chemoattractants Cxcll and
chemokine receptor Cxcr2 at ZT13 in the kidney. Neutrophils
represent the predominant innate immune cell population that
massively infiltrates the injured tubular within the first hours.
Consequently, if an ischemic injury occurs during the active
phase, more CXCR2™ fresh neutrophils migrate to the kidney
to respond locally to the ischemic injury by releasing pro-
inflammatory mediators to attract more inflammatory cells into
the area of the ischemic kidney necrosis. These process may lead
to an uncontrollable inflammatory response and more severe
kidney injury. Neutrophil-depletion studies might shed further
light into this issue.

Neutrophil are produced within the bone marrow via
the process of granulopoiesis. During steady-state, neutrophils
patrol through many tissues in mice (29). Notably, infiltration
of neutrophils into most naive tissues follows circadian patterns
with a peak at night (29). The pathophysiological consequence
of the circadian oscillation of neutrophils in blood has been

frontiersin.org


https://doi.org/10.3389/fcvm.2022.974759
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org

Shi et al.

10.3389/fcvm.2022.974759

Day

@® CXCR4high/CXCR2low aged neutrophils:
-Sensitivity to inflammtory stimuli
-Capacity of migration
-Production of CXCL1 chemokine

@ Expression of adhesion molecule

Kidney necrosis

Night

@ CXCR4high/CXCR2low aged neutrophils:
-Sensitivity to inflammtory stimuli
-Capacity of migration
-Production of CXCL1 chemokine

@ Expression of adhesion molecule

Kidney necrosis

FIGURE 6

Schematic illustration of the putative mechanism of circadian rhythm-related kidney injury. During the day, the expression of adhesion molecule
(Ilcam-1, Vcam-1) on endothelial is lower than the night, the release of chemokine (CXCL1) from immune cells is less than the night, the
expression of CXCR2 is lower, while the CXCR4 is high. Consequently, this leads to more tissue necrosis during the night.

correlated with vascular disease and used for prognosis in
the clinics (30). Aged neutrophils are preferentially cleared
from the circulation into healthy tissues under steady-state
conditions (15), whereas fresh neutrophils preferentially recruit
to inflammatory sites (15). The rhythmic recruitment of fresh
and aged neutrophils could be also responsible for the circadian
manifestation of various inflammatory diseases. In a model of
myocardial ischemia, the infiltration of neutrophils increased
during the night (ZT13) aggravating cardiac injury (14). In this
case, the differential recruitment was CXCR2-dependent (14).
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This correlates with data showing increased CXCR2 expression
on neutrophils at night also in our model (15). Whether timed
infiltration of different type neutrophils in this tissue influences
other physiological organ functions remains to be explored.
Kidney CC embolism impairs kidney function in various
progressive ways (31, 32). Acute onset occurs within 1 week of
a clear causal trigger of atheroembolism and presents as loss
of excretory kidney function in 20-30% of patients (31). This
incident of AKI indicates diffuse intrarenal CCE. Subacute
kidney disease, as the most frequent form of CC embolism,
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with accelerating kidney function loss arising progressively
during several weeks of the triggering event. The chronic onset
of organ failure suggests clinically silent CC embolism, usually
remaining undiagnosed because kidney biopsy is not routinely
performed. The rate of CKD progression is highly variable.
28-61% of patients at acute or subacute stages need kidney
replacement therapy, and partial recovery of kidney function
occurs in 20-30% of those patients after a variable period of
dialysis (32). Recovery of kidney function is associated with
reduced inflammatory response and resolution of concurrent
acute tubular necrosis in ischemic areas. Moreover, kidney
CC embolism also associates with severe, uncontrolled
hypertension. Kidney infarction is a unique outcome of CC
embolism (33).

Limitations of our study include the short period of
the analysis and the specific focus on neutrophils. Similar
circadian rhythm may apply to platelet functions (e.g.,
oszillations in serotonin uptake and release) or other cell
types involved. As such, any interpretation of the role of
neutrophils in the observed kidney phenotype is merely
associative but not necessarily causative in this context. We
could study only unilateral kidney embolism, although in
clinical practice CC embolism usually affects both kidneys.
However, technical and animal welfare aspects did not allow
bilateral CC embolism.

In summary, our findings suggest that the time of day
may determine CC-injection-related AKI and outcomes in
association with circadian oscillations in neutrophil numbers,
surface expression of chemokine receptors, and neutrophil
recruitment to the injured kidney.
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