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Trimethylamine oxide induces pyroptosis of vascular
endothelial cells through ALDH2/ROS/NLRP3/GSDMD
pathway

LI Jialing', LU Hongwei’, CHEN Shuhua’, XIANG Hong?, LIU Hengdao®, ZHAO Shaoli’

(1. Department of Cardiology, Third Xiangya Hospital, Central South University, Changsha 410013
2. Center for Experimental Medicine, Third Xiangya Hospital, Central South University, Changsha 410013,
3. Department of Biochemistry, School of Life Sciences, Central South University, Changsha 410013,
4. Department of Cardiology, First Affiliated Hospital of Zhengzhou University, Zhenzhou 450000
5. Department of Endocrinology, Third Xiangya Hospital, Central South University, Changsha 410013, China)

ABSTRACT Objective: Trimethylamine oxide (TMAO) is a metabolite of intestinal flora and is known
to promote the progression of atherosclerotic plaques. However, how TMAO works,
including its effect on vascular endothelial cells, is not fully understood. This study aims to
explore the biological role of TMAO in human umbilical vein endothelial cells (HUVECs)
and the underlying mechanism.

Methods: Cell pyroptosis and the loss of plasma membrane integrity were induced under
TMAO stimulation in HUVECs. The plasma membrane integrity of the cells was measured
by Hoechst 33342/propidium iodide (PI) staining and lactate dehydrogenase leakage assay,
and the changes in cell morphology were observed by atomic force microscope. The
expression of proteins related to pyroptosis was determined by Western blotting or
immunofluorescence. Mitochondrial acetaldehyde dehydrogenase 2 (ALDH2) activity in
HUVECs was measured by the ALDH2 activity assay kit, and the level of reactive oxygen
species (ROS) was detected by fluorescent probe DCFH-DA.

Results: TMAO induced pyroptotic cell death, manifesting by the presence of propidium
iodide-positive cells, the leakage of lactate dehydrogenase, the production of N-terminal
gasdermin D (GSDMD-N), and the formation of plasma membrane pores. Moreover,
TMAO induced elevated expression of inflammasome components, nucleotide-binding

oligomerization domain-like receptor family pyrin domain containing 3 (NLRP3),
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apoptosis-associated speck-like protein containing a caspase activation and recruitment
domain (ASC), and caspase-1 in cells. TMAO significantly inhibited ALDH2 activity and
increased intracellular ROS production. However, the activation of ALDH2 by
pharmacological manipulation attenuated TMAO-induced inflammasome activation and
GSDMD-N production.

Conclusion: TMAO induces pyroptosis of vascular endothelial cells through the ALDH2/
ROS/NLRP3/GSDMD signaling pathway, which may be a potential therapeutic target for

improving the treatment of atherosclerosis.

KEY WORDS trimethylamine oxide; endothelial cell pyroptosis; endothelial dysfunction; atherosclerosis
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Blood vessels transport blood to any part of the
body, distribute oxygen and nutrients, and remove waste
metabolites. Any condition that affects blood circulation
can cause vascular disease, usually involving multiple
systems. Atherosclerosis is a typical vascular disease
that affects arteries. According to data from the 2017
Global Burden of Disease Study, approximately 17.8
cardiovascular  disease

million people died of

worldwide, which has become the primary threat to

human health™,

In the pathology of atherosclerosis, endothelial
cells are important participants. Vascular endothelial
cells form a permeable monolayer along the vascular
network for the exchange of substances between
circulating blood and tissues. Normally, endothelial cells
synthesize and secrete various cytokines to maintain the
balance between vasodilation and contraction, inhibition

and stimulation of smooth muscle cell proliferation and
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migration, thrombosis, and fibrinolysis™. However, once
stimulated by certain pathophysiological factors, such as
oxidatively modified lipoproteins, advanced glycation
end products, reactive oxygen species (ROS), pro-
inflammatory cytokines, and hemodynamic disorders"’,
the above-mentioned balances will be broken, and
vascular endothelial cells will subsequently undergo
various non-adaptive functional changes, including
pyroptotic cell death™*!.

Different from other forms of cell death such as
apoptosis and necrosis, pyroptosis is a pro-inflammatory
form of programmed cell death, involving several
caspases, mainly caspase-1, -4, -5, and -11". Nucleotide-
binding oligomerization domain-like receptor family,
pyrin domain containing 3 (NLRP3)/gasdermin D
(GSDMD) pathway is currently considered to be a
classic pyroptosis pathway. NLRP3 inflammasomes
activated by ROS and metabolic changes drive the
cleavage and activation of caspase-1, which in turn
cleaves cytosolic GSDMD, leading to the release of N-
terminal GSDMD (GSDMD-N) domain. Caspase-4 and -5
in humans and caspase-11 in mice cleave GSDMD
through non-canonical inflammasome pathways. The
free GSDMD-N, also known as the pore-forming
domain, interacts with the plasma membrane, and about
16 domain monomers are oligomerized to form a
gasdermin pore™. This pore is required for the secretion
of inflammatory interleukin (IL)-1p and IL-18 into the
extracellular space, but it also disrupts the
electrochemical concentration gradient across the cell
membrane, causing plasma membrane rupture, cell
swelling, and cell lysis®'?.

Trimethylamine oxide (TMAO) is a biologically
active molecule. Its precursor trimethylamine is
produced by commensal intestinal bacteria, absorbed in
the portal circulation, and then oxidized by heparin-

Bl In  vivo,

dependent monooxygenase to TMAO!
TMAO is important for the normal volume of cells by
maintaining the balance of water and electrolytes inside
and outside the cell'. TMAO is also a molecular
chaperone that stabilizes the folding state of proteins
and counteracts the effects of denaturants'”. In recent

16-18

years, many evidences!'*'® showed that the circulating

concentration of TMAO is positively related to the risk

19-20

of atherosclerosis. Several studies"**” have provided

evidence that TMAO may induce endothelial cell

pyroptosis through GSDMD pathway and caspase-3/
GSDME pathway, respectively. However, the role of
TMAO in endothelial cell pyroptosis and its underlying
mechanism remained inadequately investigated.
Mitochondrial —acetaldehyde
(ALDH2) is a nuclear-encoded aldehyde oxidase located

dehydrogenase 2

in the mitochondrial matrix, which detoxifies

acetaldehyde endogenously generted aldehydes during
lipid peroxidation to protect cells. Recent studies®'**
have confirmed that ALDH2 activity is negatively
correlated with the severity of atherosclerosis in patients
and mice. ALDH2 can reduce the production of
mitochondrial ROS (mtROS) and total cellular ROS,
inhibit the activation of NLRP3 inflammasomes, prevent
cardiomyocyte pyroptosis induced by high glucose, and
improve the wviability of cardiomyocytes under
hyperglycemia®. Conversely, the inhibition of ALDH2
enhances the aging phenotype of of vascular endothelial
cells, thereby accelerating vascular dysfunction™. So
far, the role of ALDH?2 in endothelial cell pyroptosis has
not been reported.

Therefore, in the study, we speculated that TMAO
intervention would induce NLRP3 inflammasome
activation and pyroptosis in vascular endothelial cells in
vitro and then explored the role of TMAO in human
umbilical vein endothelial cells (HUVECs) pyroptosis

and the associated mechanisms.

1 Materials and methods

1.1 Reagents

TMAO and ALDH2
purchased from Sigma-Aldrich (St. Louis, MO, USA).
Primary antibodies against NLRP3 (ab214185), caspase-1
(ab62698), IL-1p (ab9722), IL-18 (ab191152), GSDMD-
N (ab215203) and ALDH2 activity assay kit were
purchased from Abcam (Cambridge, MA, USA).

Primary antibody against apoptosis-associated speck-

activator alda-1 were

like protein containing a caspase activation and
recruitment domain (ASC) (sc-514414) was purchased
from Santa Cruz Biotechnology (Dallas, TX, USA).
BCA protein assay kit, ROS assay kit, and LDH
cytotoxicity assay kit were all purchased from Beyotime
(Jiangsu, China). Hoechst 33342/propidium iodide (PI)
double stain kit was purchased from Solarbio (Beijing,
China).
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1.2 Cell culture

HUVECs were obtained from American Type
Culture Collection grown in endothelial cell medium
supplemented with 5% fetal bovine serum, 1%
endothelial cell growth factor, and 1% penicillin/
streptomycin solution. The cells were incubated at 37 “C
in a humidified 5% CO, incubator.

Generally, around 80% confluent cells were treated
with different concentrations (0, 300, 600, and/or
900 pmol/L) of TMAO for 24 h before further analysis.
In different set of experiments, cells were pretreated
with alda-1 and then exposed to TMAO for 24 h.

1.3 Hoechst 33342/PI double staining

Hoechst 33342/P1 double staining was used to
measure plasma membrane integrity and cell death.
After washing with phosphate buffered saline (PBS),
cells were stained with 2.5 pL. Hoechst 33342 staining
solution and 2.5 pL PI staining solution in 800 puL cell
staining buffer at 4 °C in the dark for 30 min. Cell
images were captured with Olympus fluorescence

microscope.

1.4 Lactate dehydrogenase leakage assay

The appearance of lactate dehydrogenase (LDH)
activity in culture medium as a marker of pyroptotic cell
death was measured using a LDH cytotoxicity assay kit.
Briefly, 120 uL of cell culture medium and 60 pL of
reaction mixture were mixed in a 96-well plate and
incubated at room temperature in the dark for 30 min.
The absorbance was measured at 490 nm using a
PerkinElmer microplate reader. The activity of LDH=
(absorbance of test sample/absorbance of control sample

maximum enzyme activity) x 100%.

1.5 Atomic force microscopy (AFM)

Cells were seeded in 35-mm Petri dishes. After the
treatment, the cells were washed twice with PBS, fixed
with 4% paraformaldehyde, and imaged under a force-
curve-based AFM (FD-based AFM). A

Dimension Icon AFM was performed in the PeakForce

distance

Tapping mode. The AFM was equipped with a 90 pm
piezoelectric scanner. The AFM cantilevers had a
nominal spring constant of 0.4 nm™' and a sharpened
silicon tip with a nominal radius of 2 nm. The FD-based
AFM topographs were recorded at room temperature (20—
24 °C). The AFM was operated within an acoustic

isolation chamber and the maximum force applied to
image the samples was 1 nN. The oscillation frequency
and oscillation amplitude of the cantilever were set to
2 kHz and 50 nm, respectively. Collected images were
analyzed and processed with the Nanoscope Analysis
1.5. Each tapping mode image was flattened to measure
the diameter and depth of cell membrane pores. Pore
diameters were estimated from both the major axis and
short axis around the pore. Pore depths were obtained by
measuring from the highest protruding rim relative to

the lowest concave edge.

1.6 Western blotting analysis

HUVECSs were harvested and suspended in lysing
buffer (20 mmol/L Tris-HCI, pH 7.4, 300 mmol/L NaCl,
2% Triton X-100, 2 mmol/L EDTA, and 0.2% SDS)
supplemented with protease and phosphatase inhibitors.
After agitaing for 30 min at 4 °C, cell debris was
removed by centrifugation at 15000 g for 20 min.
Protein concentration was determined using a BCA
protein assay kit. Extracted proteins were resolved on
10%  SDS-PAGE gels and

polyvinylidene difluoride membranes. The membranes

transferred  onto

were blocked with 5% non-fat dry milk, washed, and
incubated overnight with primary antibodies on a rotary
shaker at 4 °C. After washing, the blots were incubated
with  horseradish ~ peroxidase-conjugated  second
antibodies for 2.5 h at room temperature, followed by
incubation with an enhanced chemiluminescence
reagent for 1 min. Protein bands were visualized using

an imaging instrument.

1.7 Immunofluorescence assay

Cells were fixed in 4% paraformaldehyde for
15 min and permeabilized by 0.1% Triton X-100 for
15 min. Following blocking at room temperature for 1 h,
cells were serially incubated with antibodies against the
inflammasome adaptor ASC and IL-1B overnight at 4 °C
and fluorescent secondary antibodies for 1 h in the dark.
Finally, cells were mounted with 4', 6-diamidino-2-
phenylindole (DAPI) and images were captured under

Olympus fluorescence microscope.

1.8 Intracellular ROS measurement
Cells were stained with 10 pmol/L fluorescence
dye DCFH-DA at 37 °C for 20 min. After washed thrice

with serum-free medium, cell images were captured

©Journal of Central South University (Medical Science). All rights reserved.



Trimethylamine oxide induces pyroptosis of vascular endothelial cells through ALDH2/ROS/NLRP3/GSDMD pathway LI Jialing, et al 1175

with Olympus fluorescence microscope.

1.9 Mitochondrial ALDH?2 activity assay
Mitochondrial ALDH2 activity in cell lysates was
detected using a commercial assay kit according to the
manufacturer's instructions. This assay is based on the
ability of ALDH2 to catalyse the substrate NAD" to
produce NADH, which has a strong absorption at 450 nm.

1.10 Statistical analysis

Measurement data were expressed as the mean+
standard deviation (¥*s) and statistically analyzed using
SPSS 23.0 software. Independent sample #-test was used
for the comparison between the 2 groups, and one-way
ANOVA was used for the comparison between multiple
groups, followed by Dunnett’s ¢ test for the comparison
between the group treated with different concentrations
of TMAO and the control group. Other experiments
were analyzed using a one-way ANOVA followed by a
LSD post hoc test. P<0.05 was considered statistically

significant.

2 Results

2.1 TMAO induced the destruction of plasma
membrane integrity

To elucidate the relationship between TMAO and
vascular endothelial cell pyroptosis, we used HUVECs
to evaluate the effect of TMAO on endothelial cell
pyroptosis in vitro. After HUVECs were treated with
different concentrations (0, 300, 600, 900 pmol/L) of
TMAO for 24 h and the cell membrane integrity was
quantified using Hoechst 33342/PI staining and LDH
leakage assay, our results showed that TMAO caused
the destruction of the plasma membrane (Figure 1A-1B)
and increased the release of LDH (Figure 1C) in a dose-
dependent manner.

To characterize the pyroptosis of HUVECs induced
by TMAO, we used AFM scanning imaging to observe
the perforation of the plasma membrane. Figure 1D
shows the formation of pore-like structures of various
sizes in the cell membrane 24 h after treatment with
900 umol/L TMAO. We further used the AFM
Nanoscope Analysis software to measure the diameter
(horizontal and vertical lengths) and depth of pore-like
structures, which confirmed the presence of pores. After

TMAO treatment, there were 2 different pores seen in

cell membranes; the pore sizes were 1.5 umx1.0 pm and
1.3 umx0.6 pm, and the pore depths were 287 nm and
401 nm, respectively (Figure 1E).

2.2 TMAO increased the expression of pyroptosis-
related proteins

In order to understand the molecular mechanism of
TMAO-induced pyroptosis of endothelial cells, we
evaluated the protein expression levels of NLRP3
inflammasome- and pyroptosis-related components in
HUVECs. As shown in Figure 2A-2B, exposure of cells
to TMAO led to increased expression of ASC and IL-1p.
Western blotting analysis confirmed that TMAO dose-
dependently induced the protein expression of NLRP3,
caspase-1, GSDMD-N, and IL-18, and that TMAO had
a significant inducing effect on all 4 proteins when it
was at 900 pumol/L (Figure 2C — 2D). These results
indicated that TMAO-induced pyroptosis of endothelial
cells may be at least partially through the canonical

inflammasome pathway.

2.3 TMAO inhibited mitochondrial ALDH2 activity
and increases total cellular ROS

Determined the changes in ALDH2 activity and
ROS production during cell pryoptosis induced by
TMAO and found that compared to the untreated control
group, 900 pmol/L TMAO significantly reduced
ALDH?2 activity (Figure 3A), but significantly induced
intracellular production of ROS detected by DCFH-DA
(Figure 3B). These data indicated that TMAO affects
mitochondrial ALDH2 activity and ROS production in

vascular endothelial cells.

2.4 ALDH2 activation attenuated ROS accumulation
and cell pyroptosis induced by TMAO

As  expected, alda-1
completely abolished the effects of TMAO on ALDH2
activity and ROS production in cells (Figure 4A -4B).
Interestingly, the activation of ALDH2 by alda-1
significantly blunted TMAO-induced
expression of NLRP3, caspase-1, and GSDMD cleavage

pretreatment  almost

increase in

detected by immunoblotting (Figure 4C), suggesting that
ALDH2 works upstream of the canonical inflammasome
pathway of pyroptosis, and TMAO induces vascular
endothelial cell pyroptosis by inhibiting ALDH?2 activity
(Supplementary Figure 1, https://doi. org/10.11817/].
issn.1672-7347.2021.220086F1).
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Figure 1 Trimethylamine oxide (TMAO) induces the loss of plasma membrane integrity in human umbilical vein
endothelial cells (HUVECs) which are treated with different concentrations of TMAO for 24 h

A: Plasma membrane integrity and cell death were evaluated by Hoechst 33342/propidium iodide (PI) double staining. Low blue/
high red (Hoechst 33342+/PI++) represents cell death. B: Pl-positive cells were quantitated. C: Lactate dehydrogenase (LDH)
released into culture medium as a marker of pyroptotic cell death was measured using a cytotoxicity assay kit. D: Visualization of
TMAO-induced pore formation under an atomic force microscopy. E: For diameter measurement, the white lines across the pore
served as an indicator of the topography, and the values were calculated between the 2 dotted vertical lines on the curve diagram.
Pore depth was defined as the vertical distance between 0 and the lowest value on the curve diagram. Representative images are

shown and quantitative data are expressed as the mean+tstandard deviation (n=3). *P<0.05, **P<0.01.

©Journal of Central South University (Medical Science). All rights reserved.



Trimethylamine oxide induces pyroptosis of vascular endothelial cells through ALDH2/ROS/NLRP3/GSDMD pathway LI Jialing, et al 1177

TMAO/(umol-L™) TMAO/(umol-L™)
300 600 900 600 900

ASC IL-1p

500 p| 500 pm s . 500 pm

DAPI DAPI

500 pn| 500 pm|

Merge

TMAO/(pmol-L™)

T 1.5
NC 300 600 900 & =
[=9}
< S 10
NLRP3 e ems o= @ [3kD S <2
§ 2 05
GAPDH s s oo smms 36 kD 2’ 2‘ 0
NC 300 600 900 © NC 300 600 900
-1 R
Caspase. 1 i Qﬁ 29 kD TMAO/(umol-L™) TMAO/(umol-L™")
) Z 15
GAPDH s #NES amms @ 36 kD 210 5
: =5}
GSDMD-N s sonins smmis s | 3| kD 8 05 =
= =
=) —
& O7NC 300 600 900 - NC 300 600 900
S S S S 36 (D A L S U8 AR
GAEDH TMAO/(umol-L™) TMAO/(umol-L™")
[ s —~
i ) =)
IL-18 - 22kD <20 < 8
S 15 g 6
< <
GAPDH s s s s 36 kD 10 g, 4
c 2 0s g 2
© =0
2 NC 300 600 900 o NC 300 600 900

TMAO/(umol-L™) TMAO/(umol-L ™) D

Figure 2 TMAO promotes the expression of inflammasome- and pyroptosis-associated mediators when HUVECs are
treated with different concentrations of TMAO for 24 h

A: Inflammasome adaptor apoptosis-associated speck-like protein containing a caspase activation and recruitment domain (ASC)
(red) and nucleus (blue) were visualized by immunofluorescence. B: Interleukin (IL)-1p (green) and nucleus (blue) were detected by
immunofluorescence. C: Expression of nucleotide-binding oligomerization domain-like receptor family pyrin domain containing 3
(NLRP3), caspase-1, N-terminal gasdermin D (GSDMD-N), and IL-18 was detected by Western blotting. D: Band densities were
quantitated and normalized to the corresponding GAPDH and ASC and IL-1p intersities were quantitated by immunofluorescence.
Representative images are shown and quantitative data are expressed as the meantstandard deviation (n=3). *P<0.05, **P<0.01, and
***P<0.001.
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Figure 3 TMAO reduces mitochondrial acetaldehyde dehydrogenase 2 (ALDH2) activity and increases total cellular
reactive oxygen species (ROS) when HUVEC:s are treated with 900 pmol/L TMAO for 24 h

A: ALDH2 activity was detected by mitochondrial ALDH?2 activity assay kit. B: Levels of intracellular ROS were detected by
DCFH-DA and quantitated. Representative images are shown and quantitative data are expressed as the mean+standard deviation (n=

3). #£P<0.01.
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Figure 4 ALDH2 activation attenuates TMAO-induced ROS accumulation and cell pyroptosis when HUVECs are
pretreated with ALDH2 activator alda-1 (20 pmol/L) for 1 h, and then exposed to 900 pmol/L. TMAO for 24 h
A: Mitochondrial ALDH2 activity; B: Intracellular ROS production; C: Expression of NLRP3, caspase-1 and GSDMD-N was

detected and quantitated by Western blotting. Representative images are shown and quantitative data are expressed as the mean+SD

(n=3). *P<0.05, **P<0.01.

3 Discussion

Currently, accumulated evidence suggests that
endothelial dysfunction and pyroptosis contribute to the
progression of vascular complications™?%. Also, the role
of TMAO in regulating endothelial function is receiving

P78 In this study, we collected

increasing attention
evidence for the first time that TMAO induces

pyroptosis in cultured HUVECs through the ALDH2/

ROS/NLRP3/GSDMD pathway.

Pyroptosis is mainly distinguished from other types
of cell death in 3 aspects: Morphological characteristics,
immunogenicity, and molecular mechanism. Compared
with apoptotic cells, the most significant morphological
changes of pyroptotic endothelial cells are the loss of
plasma membrane integrity and the release of cell
contents. Therefore, we first used Hoechst 33342/PI
doubling staining and LDH release assay to assess
TMAO-induced cell death. On this basis, in order to
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more intuitively characterize the morphological changes
of these endothelial cells, we used an AFM to scan the
fixed cells. The high-resolution AFM is a tool that uses
the force between the probe atoms and the atoms on the
sample surface to observe the morphology of the
sample, and is widely used in material surface analysis.
Recent study™ has shown that AFM can accurately
capture the plasma membrane pores formed by perforin,
complement, and GSDMD-N as well as the high
distribution and 3D topographic map of these formed
pores, which enables these plasma membrane pores
become intuitively visible. For the first time, we
measured the pores formed in the plasma membrane of
endothelial cells more accurately, and captured high-
definition AFM topographic images, which provided
direct evidence for vascular endothelial cell death
induced by TMAO treatment.

Next, we explored the mechanism of TMAO-
associated endothelial cell death. Just like the role of
mixed-lineage kinase domainlike in cell membrane
perforation in cell necrosis, GSDMD is regarded as the
ultimate executor of pyroptosis because of its ability to
form pores in the plasma membrane®”, which eventually
leads to cell swelling and osmotic lysis”". We tested the
expression level of activated GSDMD-N in endothelial
cells treated with different concentrations of TMAO,
and found that its expression increased with the increase
of TMAO concentration, supporting that endothelial
cells undergo pyroptosis following TMAO treatment.

There are several pathways to cause pyroptotic cell
death. Inflammatory caspases activated by inflamma-
some assembly is a key mechanism for the release of
GSDMD-NP, We detected the increased expression of
inflammatory factors IL-1B and IL-18 in endothelial
cells after TMAO treatment, suggesting that TMAO-
induced cell death is accompanied by immune
activation. Moreover, increased expression and spikes of
ASC in endothelial cells indicate the involvement of
inflammasome activation in TMAO cytotoxicity. We
also detected the expression level of the inflammasome
sensor NLRP3 by Western blotting and demonstrated
that NLRP3 expression was up-regulated. These results
indicated that TMAO HUVEC
pyroptosis at least in part through the canonical NLRP3

clearly induces

inflammasome pathway.
Stachowicz, et al® found that ALDH2 has an anti-

atherosclerotic effect in apoE”" mice. Subsequent
studies™” have confirmed that ALDH2 can reduce
oxidative stress, improve mitochondrial dysfunction,
and resist cell oxidative damage. In our study, we
observed that TMAO induced a decrease in ALDH2
activity and an increase in intracellular ROS levels.
Moreover, by using the ALDH2 activator alda-1, we
demonstrated that ALDH2 not only controls ROS
generation, but also regulates caspase-1 expression and
GSDMD-N production. More importantly, ALDH2 is a
key negative regulator upstream of TMAO-induced
pyroptosis. However, how TMAO reduces ALDH2
activity, such as through direct or indirect action and
through enzyme inhibition or genetic manipulation, need
to be TMAO-mediated

pyroptosis of vascular endothelial cells and the

determined. In addition,
regulatory role of ALDH2 in the pyroptotic process need
to be tested in vivo.

In conclusion, we found that TMAO induces
endothelial cell pyroptosis through the ALDH2/ROS/
NLRP3/GSDMD pathway, thus revealing the new
pathogenesis of TMAO-related vascular dysfunction,

which is helpful for designing mechanism-targeted

intervention strategies to improve atherosclerotic
disease.
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