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Abstract: Diabetes mellitus, which is largely driven by nutritional and behavioral factors, is charac-
terized by accelerated atherosclerosis with impaired plaque stability. Atherosclerosis and associated
complications are the major cause of mortality in diabetic patients. Efficient therapeutic concepts for
diabetes-associated atherosclerosis are lacking. Atherosclerosis among diabetic patients is associated
with reduced endothelial thrombomodulin (TM) expression and impaired activated protein C (aPC)
generation. Here, we demonstrate that atherosclerotic plaque stability is reduced in hyperglycemic
mice expressing dysfunctional TM (TMPro/Pro mice), which have a pro-coagulant phenotype due to
impaired thrombin inhibition and markedly reduced aPC generation. The vessel lumen and plaque
size of atherosclerotic lesions in the truncus brachiocephalic were decreased in diabetic TMPro/Pro

ApoE-/- mice compared to diabetic ApoE-/- mice. While lipid accumulation in lesions of diabetic
TMPro/Pro ApoE-/- mice was lower than that in diabetic ApoE-/- mice, morphometric analyses re-
vealed more prominent signs of instable plaques, such as a larger necrotic core area and decreased
fibrous cap thickness in diabetic TMPro/Pro ApoE-/- mice. Congruently, more macrophages and fewer
smooth muscle cells were observed within lesions of diabetic TMPro/Pro ApoE-/- mice. Thus, impaired
TM function reduces plaque stability, a characteristic of hyperglycemia-associated plaques, thus sug-
gesting the crucial role of impaired TM function in mediating diabetes-associated atherosclerosis.

Keywords: atherosclerosis; diabetes; hypercoagulability; activated protein C; macrophages; smooth
muscle cells

1. Introduction

Atherosclerotic cardiovascular disease (ASCVD), including coronary artery disease
and its associated complications, such as myocardial infarction, is a main cause of mortality
and morbidity worldwide [1]. Lifestyle factors and nutrition are independently associated
with susceptibility to ASCVD. Intake of specific nutrients affects the development and
progression of atherosclerosis in ASCVD patients [2]. In individuals with an elevated
genetic risk of ASCVD, healthy lifestyle and nutrition reduces the risk for ASCVD events
by about 50%, compared to individuals with an unhealthy lifestyle and nutrition [3–5].
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Lifestyle and nutrition likewise increase the risk of and the course of diabetes mellitus [6,7].
The risk of ASCVD, in turn, is markedly increased in both type 1 and type 2 diabetic
patients. ASCVD events occur earlier in patients with diabetes than in non-diabetic pa-
tients [8,9], underscoring the importance of a better understanding of the mechanisms
promoting diabetes-associated ASCVD. Diabetes-associated ASCVD is characterized by
a larger necrotic core area, thin-cap atheroma and a more pronounced inflammatory cell
infiltrate independent of other risk factors, thus indicating a pathophysiology that is at least
partially disjunct from that in non-diabetic individuals [10,11]. The mechanisms underlying
the different disease courses in diabetic and non-diabetic patients remain unknown. Hyper-
glycemia exacerbates atherosclerosis progression and hinders plaque regression [12], with
increased expression of proinflammatory genes and reduced M2-associated gene expres-
sion in macrophages [12]. Intriguingly, despite intensive lipid lowering, the probability of
atherosclerosis and myocardial infarction remains increased in diabetic patients, suggesting
that diabetes-specific mechanisms contribute to atherosclerosis independent of elevated
blood lipids [12,13]. Optimal glycemic control provides beneficial effects in preventing
microvascular complications of diabetes, such as kidney disease and retinopathy. How-
ever, glucose lowering has only minor effects in preventing major cardiovascular events,
especially in patients with established ASCVD [8].

Diabetes mellitus is considered a hypercoagulable state. Coagulation activation mark-
ers, such as prothrombin activation fragment 1 + 2 and thrombin-anti-thrombin complexes,
are elevated in diabetes mellitus. Conversely, the levels of the anticoagulant protease acti-
vated protein C (aPC) decline, and are inversely linked with the severity of coronary artery
atherosclerosis, diabetes mellitus and cardiac ischemic injury in human patients [14]. Simi-
larly, endothelial expression of thrombomodulin (TM) and the endothelial cell protein C
receptor is reduced in endothelial cells of atherosclerotic plaque in coronary arteries [15–19].
In general, the effect of hypercoagulability on ASCVD appears to be dose-dependent, as
slightly increased levels of thrombin generation are associated with reduced cardiovascular
events—an effect lost at higher thrombin concentrations [20,21]. Accordingly, reports on the
effect of hypercoagulability on atherosclerosis in mice are partially controversial [18,22–27].
In normoglycemic mice, hypercoagulability has been shown to promote plaque stability in
hyperlipidemic mice [18]. Although hypercoagulability is repeatedly observed in diabetes
settings, the contribution of hypercoagulability to diabetes-induced atherosclerosis has not
been studied to date.

2. Materials and Methods
2.1. Reagents

The following antibodies were used in the current study: rabbit anti-alpha smooth
muscle actin (α-SMA) (Abcam, Berlin, Germany); and rat anti-MOMA-2, rabbit anti-mouse
IgG HRP (Abcam, Germany). The following secondary antibodies for immunofluorescence
were used: FITC goat anti-rabbit IgG; and FITC rabbit anti-goat IgG (Vector Laboratories,
Burlingame, CA, USA).

Other reagents were as follows: vectashield mounting medium with DAPI (Vector Lab-
oratories, USA); streptozotocin (Enzo Life Sciences, Lorrach, Germany); saffron, Oil Red-O
(Sigma–Aldrich, Darmstadt, Germany); accu-check test strips, accu-check glucometer;
albumin fraction V, hematoxylin Gill II, agarose (Carl ROTH, Karlsruhe, Germany); aque-
ous mounting medium (ZYTOMED, Berlin, Germany); TRIzol Reagent and PBS (Life
Technologies, Schwerte, Germany); RevertAid™ H Minus First Strand cDNA Synthesis kit
(Fermentas, Leon-Rot, Germany); rompun 2% (Bayer, Leverkusen, Germany); ketamine 10%
(beta-pharm, Augsburg, Germany), mouse IL-6, IL-1β and TNF-α ELISA kits (R & D system,
Minneapolis, MN, USA).
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2.2. Mice

ApoE-/- (002052) mice were obtained from the Jackson Laboratory (Bar Harbor, ME,
USA). TMPro/Pro mice have been described previously [16,28]. In the current study, we
used littermates backcrossed for at least 10 generations on a C57BL/6J background. Only
age-matched mice were used throughout the study. All animal experiments were conducted
following standards and procedures approved by the local Animal Care and Use Committee
(IKCP/G/05-1083/11_Maus, 30.01.2010, Landesverwaltungsamt Halle, Germany).

2.3. Atherogenic Mouse Models

Female ApoE-/- or TMPro/Pro ApoE-/- mice (age 6 to 8 weeks) were fed a normal chow
diet and were made diabetic (DM) by injecting streptozotocin (STZ, 60 mg/kg, intraperi-
toneally, once daily for five consecutive days, freshly dissolved in 0.05 M sterile sodium
citrate, pH 4.5), reflecting type 1 DM [29–32]. Control mice were injected with an equal
volume of 0.05 M sodium citrate, pH 4.5, for 5 days. All mice were maintained on a normal
chow diet [16,29,33]. Blood glucose and body weight were measured once weekly [16,29,33].
On average, 85–90% of mice became diabetic (blood glucose > 300 mg/dL) within the first
4 weeks, and these were included as diabetic mice in the experiments. Mice not devel-
oping persistently elevated blood glucose levels and maintaining blood glucose levels of
<200 mg/dL despite STZ injections were included in the control group [16]. The endpoints
analyzed did not differ between STZ-injected but normoglycemic mice and sodium-citrated
injected mice. Hyperglycemia (minimum 300 mg/dL) was maintained for up to 22 weeks.

Atherosclerotic plaque morphology was analyzed using Image-Pro Plus software from
Media Cybernetics as previously described [18]. Plaque characteristics were determined
as follows:

- Aortic plaque score (0–4 Arbitrary units): Aortic plaque score was determined as de-
scribed previously [34]. 0 = no lesions; 1 = Lesions only in bifurcation; 2 = like 1 + at least
one long-stretch lesion; 3 = like 1 + at least two long-stretch lesions; 4 = like 1 + three to
four long-stretch lesions.

- Vessel lumen (in µm2): the vessel lumen is the area within the blood vessel, consisting
of both the remaining open lumen and the plaque area. It does not include the vessel
wall itself.

- Total plaque size (in µm2): the size of the plaque comprising all parts of the atheroscle-
roma (fibrous cap, necrotic tissue, fibrous tissue, etc.) within the vessel lumen.

- Stenosis (in percent): the stenosis is determined as the relative proportion of the plaque
size in relation to the total vessel lumen.

- Necrotic core area (in percent): the area stained blue upon MOVATs stain; given as the
percentage of the total plaque size.

- Fibrous cap thickness (in µm): the fibrous cap thickness is the minimal thickness of
the fibrous tissue overlaying a necrotic core. If multiple necrotic cores were present
within one plaque, the thickness of all fibrous caps was determined, and the average
was used for further analyses.

2.4. Analysis of Mice

After 22 weeks of age, the body weight of the mice was measured, and the mice
were sacrificed [18,29,35]. Blood samples were obtained from the inferior vena cava of
anticoagulated mice (500 U of unfractionated heparin, intraperitoneally). Blood was cen-
trifuged at 2000× g for 20 min at 4 ◦C, and plasma was snap frozen in liquid nitrogen. Mice
were perfused with ice-cold PBS for 10 min, and the heart and aortic arches, including
brachiocephalic arteries, were embedded in Tissue-Tek® O.C.T.™ compound and snap
frozen. Brachiocephalic arteries were sectioned from distal to proximal at 5 µm thickness.
The thoracic aorta was fixed in 4% buffered formalin for 20 min, washed twice in PBS for
10 min and stored for no more than one day at 4 ◦C before analysis.
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2.5. Analysis of Blood Lipids

Plasma samples were analyzed in the accredited central laboratory of University
Hospital Leipzig using standard operating procedures according to the manufacturers’
instructions. Cholesterol, high density lipoprotein and triglycerides were analyzed on a
Siemens ADVIA Chemistry XPT System.

2.6. Histology and Immunohistochemistry

Oil Red O staining was conducted on thoracic aortae (opened longitudinally) or
frozen sections of the brachiocephalic arteries [18,29,35]. Tissue was stained with Oil Red
O for 10 min, and rinsed twice with distilled water for 20 s, and once in running tap
water for 10 min. Aortae were pinned on a black wax surface using 0.1-mm-diameter
stainless steel pins, as described previously [18,29,35]. Cryopreserved sections of the
brachiocephalic arteries and aortic roots (4 µm) were fixed in ice-cold acetone for 2 min,
rinsed twice in ice-cold 1 × PBS, and stained with Oil Red O using the same protocol
as described above [18,29,35]. Frozen sections were counterstained with hematoxylin
for 40 s, rinsed in tap water, and mounted with aqueous mount. Lipid-rich areas of the
aortae were analyzed by a blinded investigator using Image-Pro Plus software, as described
previously [18,29,35]. MOVAT staining was performed on frozen sections of brachiocephalic
arteries. Frozen sections (4 µm) were fixed in Bouin’s solution at 50 ◦C for 10 min and
stained with 5% sodium thiosulfate for 5 min, 1% Alcian blue for 15 min, alkaline alcohol
for 10 min, Movat’s Weigerts solution for 20 min, crocein scarlet acid/fuchsin solution for
1 min, 5% phosphotungstic acid for 5 min and 1% acetic acid for 5 min. Between every
staining step, the tissue sections were washed with tap water and distilled water. Afterward,
they were dehydrated in 95% and 100% ethanol for 1 min and stained in alcohol saffron for
8 min. Brachiocephalic arteries were washed in 100% ethanol for 1 min, moved to xylol
for 10 min and covered with a cytoseal mounting medium. Every 15th section (~90 µm) of
the brachiocephalic arteries and aortic roots was analyzed to quantify the plaque area. For
histological analysis, images were captured with an Olympus Bx43 microscope (Olympus,
Hamburg, Germany). Image-Pro Plus software (version 6.0) software was used for image
analysis [18,29,35].

For immunofluorescence, frozen sections of brachiocephalic arteries or aortic valves
with maximum plaque size were fixed in ice-cold acetone for 8 min, washed twice with
ice-cold PBS and incubated in 2% BSA in PBST for 1 h. Sections were then incubated
overnight at 4 ◦C with primary antibodies against MOMA-2, or α-SMC actin. Sections
incubated without primary antibodies were used as negative controls for background
correction. After overnight incubation, the sections were washed three times with 1 × PBS
for five minutes each, followed by incubation with fluorescently labeled corresponding sec-
ondary antibodies. After washing, nuclear counterstaining was conducted using mounting
medium with DAPI. Images were visualized, captured and analyzed using a fluorescence
microscope. All histological analyses were performed by two independent blinded investi-
gators. Immunohistochemistry and immunofluorescence images were captured with an
Olympus Bx43 microscope (Olympus, Hamburg, Germany). The relative macrophage and
SMC contents within the lesions were quantified by measuring the immunostained-positive
area using computer-assisted image analysis software (Image-Pro Plus; Media Cybernetics,
Bethesda, MD, USA).

2.7. Reverse Transcriptase Polymerase Chain Reaction (RT–PCR)

RNA was extracted from aortic tissues (comprising the plaque and surrounding tissue)
using an RNeasy mini kit (QIAGEN, Hilden, Germany). The RNA pellet was air-dried for
5 min and redissolved in 20 µL DEPC-water at 55 ◦C for 10 min. The RNA concentration
was measured in a nanodrop (2000C, Peq lab, Erlangen, Germany), and a 1.8% agarose gel
was run to verify the purity and integrity of the RNA. cDNA was synthesized according
to the manufacturer’s protocol (SuperScript First-Strand Synthesis System for RT–PCR,
Fermentas, Germany). Primers were custom synthesized by Thermo Fisher Scientific, and
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PCR was performed using Taq polymerase. Reactions lacking reverse transcriptase served
as negative controls, and GAPDH was used as a housekeeping gene.

2.8. IL-1β, IL-6 and TNF-α Immunoassay

Mouse blood samples were obtained from the inferior vena cava in 0.38% sodium
citrate. Plasma was obtained by centrifugation of blood samples for 10 min at 2000× g and
RT. Plasma samples were stored at −80 ◦C until analyses. We measured the concentrations
of mouse IL-1β, IL-6 and TNF-α (R&D Systems) by ELISA according to the manufacturer’s
instructions [30,36,37].

2.9. Statistical Analysis

Female mice were grouped according to genotype, and randomly assigned to different
interventions (control, streptozotocin). The data are summarized as the mean ± standard
error of the mean (SEM). Statistical analyses were performed with the Mann–Whitney U test
or analysis of variance (ANOVA), as appropriate. Post-hoc comparisons of ANOVA were
corrected with the Bonferroni method, as indicated in the figure legend. The Kolmogorov–
Smirnov test or D’Agostino-Pearson normality test was used to determine whether the data
were consistent with a Gaussian distribution. Prism 8 (www.graphpad.com, accessed on
2 April 2020) software was used for statistical analyses. Values of p ≤ 0.05 were considered
statistically significant.

3. Results

3.1. Comparable Plasma Lipid Levels in Hyperglycemic ApoE-/- and TMPro/Pro ApoE-/- Mice

To determine the effect of hypercoagulability on hyperglycemia-associated atheroscle-
rotic plaque development, we directly compared diabetic ApoE-/- mice expressing wild-
type thrombomodulin (TM, Thbd) with diabetic ApoE-/- mice expressing the TMPro mutant
(TMPro/Pro mice). The Glu404Pro mutation mimics oxidative damage of the short domain
between thrombomodulin’s EGF domains 4 and 5 and the associated marked reduction of
thrombin inhibition and protein C activation. This mutation mimics loss of TM-function
as observed in endothelial dysfunction and the associated hypercoagulability, reflected by
an increased plasma TAT [18] and D-dimer levels (Figure 1A) and low activated protein C
(aPC) plasma levels [28,38]. Mice were made hyperglycemic and followed up for 22 weeks
on a chow diet (Figure 1B, see experimental scheme). Body weight was not different, while
blood glucose levels differed between diabetic and non-diabetic ApoE-/-mice, as expected
(Figure 1C,D). Plasma lipids were increased (total cholesterol, triglycerides) or decreased
(HDL) in diabetic mice, but were comparable between diabetic ApoE-/- and TMPro/Pro

ApoE-/- mice (Figure 1E–G).

3.2. Smaller but Unstable Plaques in Hyperglycemic aPC-Deficient ApoE-/- Mice

Analyses of Oil Red O-stained aortae en face revealed a significant decrease in lipid
deposits in TMPro/Pro ApoE-/- DM mice compared to ApoE-/- DM mice (Figure 2A,B).
Congruently, fewer plaques were observed within the aortic arch of TMPro/Pro ApoE-/- DM
mice than in ApoE-/- DM mice (Figure 2C,D). Likewise, plaques in the brachiocephalic
artery were smaller, and lipid content within plaques of the brachiocephalic artery was
decreased in TMPro/Pro ApoE-/- DM mice compared to ApoE-/- DM mice (Figure 3A–C).
Despite different plaque sizes, the total vessel lumen area (Figure 3D) and degree of stenosis
(Figure 3E) did not differ between TMPro/Pro ApoE-/- DM and ApoE-/- DM mice.

In addition to plaque size and vascular stenosis, plaque stability is an important
determinant of clinical outcome. We therefore evaluated plaque stability in ApoE-/- DM and
TMPro/Pro ApoE-/- DM mice. Signs of plaque instability were more evident in TMPro/Pro

ApoE-/- DM mice than in ApoE-/- DM mice. Thus, plaques in TMPro/Pro ApoE-/- DM
mice displayed signs of decreased plaque stability, such as an increased necrotic core area
(Figure 3F) and thinner fibrous caps (Figure 3G).

www.graphpad.com
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dimer levels. (B) Experimental design. Body weight (C), blood glucose levels (D), total plasma cho-
lesterol levels (E), plasma triglyceride levels (F) and plasma HDL levels (G). ApoE-/- and TMPro/Pro 

ApoE-/- control mice (Cont, normal chow diet, citrate instead of streptozotocin injections), ApoE-/- 
DM mice and TMPro/Pro ApoE-/- DM (normal chow diet, streptozotocin injections). Each dot represents 
data obtained from one mouse specimen (n = at least 6 mice per group); ** p < 0.01; ns: non-signifi-
cant; Mann–Whitney U test (A); two-way ANOVA (C–G). 
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Figure 1. Plasma D-dimer, body weight, blood glucose and plasma lipid levels. (A) Plasma D-
dimer levels. (B) Experimental design. Body weight (C), blood glucose levels (D), total plasma choles-
terol levels (E), plasma triglyceride levels (F) and plasma HDL levels (G). ApoE-/- and TMPro/Pro

ApoE-/- control mice (Cont, normal chow diet, citrate instead of streptozotocin injections), ApoE-/-

DM mice and TMPro/Pro ApoE-/- DM (normal chow diet, streptozotocin injections). Each dot repre-
sents data obtained from one mouse specimen (n = at least 6 mice per group); ** p < 0.01; ns: non-
significant; Mann–Whitney U test (A); two-way ANOVA (C–G).
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Figure 2. Smaller plaques in hyperglycemic TMPro/Pro ApoE-/- versus hyperglycemic ApoE-/- mice.
(A,B): Representative images of thoracic aortae showing en face plaques as detected by Oil Red O
staining (A) and dot-plot summarizing data (total area stained with Oil Red O, (B) in control (normal
chow diet, Cont) and diabetic (STZ-induced hyperglycemia, DM) mice. Representative images show-
ing plaques within the aortic arch vessel (C) and dot plot summarizing plaque score (D). ApoE-/- and
TMPro/Pro ApoE-/- control mice (Cont, normal chow diet, citrate instead of streptozotocin injections),
ApoE-/- DM mice and TMPro/Pro ApoE-/- DM (normal chow diet, streptozotocin injections). Each
dot represents data obtained from one mouse specimen (n = at least 6 mice per group); ** p < 0.01;
two-way ANOVA.

3.3. More Macrophages and Fewer Smooth Muscle Cells within Plaques of Hyperglycemic
TMPro/Pro ApoE-/- Mice

Plaque morphology and stability depend at least in part on the cellular components
present within the plaque and the associated inflammatory response. Hence, we next
evaluated the cellular composition and parameters reflecting inflammation.

In plaques of TMPro/Pro ApoE-/- DM mice, the macrophage area (immunohistochemi-
cally positive for MOMA-2) was increased (Figure 4A), while the area staining positive for
smooth muscle cells (SMC α-actin positive area) was reduced in comparison to plaques of
ApoE-/- DM mice (Figure 4B). The observed shift to more macrophages and fewer SMCs
corroborates the reduced plaque stability in TMPro/Pro ApoE-/- DM mice.

Plaque-associated macrophages impair plaque stability in part by generating proin-
flammatory cytokines. Therefore, we next determined aortic mRNA expression (qPCR)
of the proinflammatory cytokines interleukin 6 (IL-6), IL-1β and tumor necrosis factor
alpha (TNF-α). Aortic mRNA expression levels of all these proinflammatory cytokines
were markedly increased in TMPro/Pro ApoE-/- DM mice compared to ApoE-/- DM mice
(Figure 5A–C). We then determined the plasma levels of these cytokines. In parallel, plasma
levels of IL-6, IL-1β and TNF-α were induced in TMPro/Pro ApoE-/- DM mice compared to
ApoE-/- DM mice, corroborating the mRNA data (Figure 5D–F).



Nutrients 2022, 14, 1991 8 of 15
Nutrients 2022, 14, x FOR PEER REVIEW 8 of 16 
 

 

 
Figure 3. Less stable plaques in hyperglycemic TMPro/Pro ApoE-/- versus hyperglycemic ApoE-/- 
mice. (A,B) Representative images showing MOVATs staining (A, lower panel) and Oil Red O stain-
ing of brachiocephalic arteries (A, upper panel). Dot plot summarizing the plaque area data (B). 
Necrotic core area within plaque is indicated by a * and fibrous caps thickness by a black arrow. (C) 
Dot-plot summarizing lipid deposition within brachiocephalic arteries, Oil Red O-staining. (D,E) 
Dot plot summarizing the total vessel lumen area (D) and extent of stenosis (E) derived from mor-
phometric analyses of MOVAT-stained images of brachiocephalic arteries. (F,G) Morphometric 
analyses of MOVATs stained images of brachiocephalic arteries reveal increased necrotic core area 
(F) and thinner fibrous caps (G), in TMPro/Pro ApoE-/- DM mice compared to ApoE-/- DM. The dot plots 
in b-f summarize the results obtained from MOVAT-stained brachiocephalic arteries. ApoE-/- and 
TMPro/Pro ApoE-/- control mice (Cont, normal chow diet, citrate instead of streptozotocin injections), 
ApoE-/- DM mice and TMPro/Pro ApoE-/- DM (normal chow diet, streptozotocin injections). Each dot 
represents data obtained from one mouse specimen (n = 8, each group); ** p < 0.01, * p < 0.05; ns: 
non-significant; two-way ANOVA. 

Figure 3. Less stable plaques in hyperglycemic TMPro/Pro ApoE-/- versus hyperglycemic ApoE-/-

mice. (A,B) Representative images showing MOVATs staining (A, lower panel) and Oil Red O staining
of brachiocephalic arteries (A, upper panel). Dot plot summarizing the plaque area data (B). Necrotic
core area within plaque is indicated by a * and fibrous caps thickness by a black arrow. (C) Dot-plot
summarizing lipid deposition within brachiocephalic arteries, Oil Red O-staining. (D,E) Dot plot
summarizing the total vessel lumen area (D) and extent of stenosis (E) derived from morphometric
analyses of MOVAT-stained images of brachiocephalic arteries. (F,G) Morphometric analyses of
MOVATs stained images of brachiocephalic arteries reveal increased necrotic core area (F) and
thinner fibrous caps (G), in TMPro/Pro ApoE-/- DM mice compared to ApoE-/- DM. The dot plots
in b-f summarize the results obtained from MOVAT-stained brachiocephalic arteries. ApoE-/- and
TMPro/Pro ApoE-/- control mice (Cont, normal chow diet, citrate instead of streptozotocin injections),
ApoE-/- DM mice and TMPro/Pro ApoE-/- DM (normal chow diet, streptozotocin injections). Each
dot represents data obtained from one mouse specimen (n = 8, each group); ** p < 0.01, * p < 0.05;
ns: non-significant; two-way ANOVA.
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IL-1β (D) and TNF-α (E). GAPDH was used as a housekeeping gene. (D–F): Dot plot summarizing data
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specimen (n = at least 6 mice per group); ** p < 0.01, * p < 0.05; ns: non-significant; two-way ANOVA.



Nutrients 2022, 14, 1991 10 of 15

In summary, impairment of TM function in TMPro/Pro ApoE-/- DM mice results in
smaller but unstable plaques, which are characterized by more macrophages, fewer SMCs
and increased aortic expression and plasma levels of proinflammatory cytokines when
compared to ApoE-/- diabetic mice.

4. Discussion

Diabetes mellitus is closely associated with a hypercoagulable state. The majority of
diabetic patients die due to cardiovascular complications, such as myocardial infarction,
cerebrovascular events and peripheral vascular complications [39,40]. Reduced vascular
thrombomodulin expression and aPC plasma levels have been associated with diabetes and
associated vascular complications [15–19]. While impaired thrombomodulin-dependent
protein C activation has been mechanistically linked with diabetic microangiopathy (e.g.,
nephropathy) [16,32,33,41,42], the role of impaired aPC activation and hypercoagulability
in diabetic-associated macroangiopathy (i.e., atherosclerosis) remained unknown. Here, we
demonstrate that partial loss of TM function, resulting in hypercoagulability and reduced
aPC generation, promotes atherosclerotic plaque instability in hyperglycemic mice, as
reflected by a larger necrotic core area, thin fibrous cap, fewer SMCs, more macrophages
and increased proinflammatory cytokines. This reflects a plaque morphology associated
with an increased risk for acute vascular complications, as observed frequently in diabetic
patients [10,11]. As loss of endothelial TM function reflects endothelial dysfunction in
diabetic patients, the current data suggest that impaired endothelial TM function drives
accelerated atherosclerosis in diabetic patients.

Plasma levels of blood lipids were comparable in hyperglycemic ApoE-/- and TMPro/Pro

ApoE-/- mice, raising the question of how loss of TM function accelerates macroangiopathy
in hyperglycemic mice. Loss of TM function promotes thrombin generation, which conveys
procoagulant and proinflammatory effects while suppressing aPC formation, an anticoagu-
lant and anti-inflammatory protease. Congruently, we observed increased expression and
plasma levels of proinflammatory cytokines. Hyperglycemia is known to promote unsta-
ble plaques through chronic inflammation [43,44]. The interaction of hyperglycemia and
hypercoagulability may be bidirectional: a loss of endothelial TM function and associated
hypercoagulability increases inflammation, while inflammatory cytokines contribute to
hypercoagulation and abnormal clot formation in type 2 diabetes mellitus [45]. Accord-
ingly, cytokines were higher in hypercoagulable diabetic mice than in non-hypercoagulable
diabetic mice.

Inflammation has a critical function at all stages of the atherothrombotic process,
during which immune mechanisms interact with metabolic risk factors to initiate and
propagate atherosclerotic lesions [46]. Activated immune cells—neutrophils, macrophages,
and T cells—within the plaque generate proinflammatory cytokines [47]. Additionally,
NLRP3 inflammasome-associated activation of IL-1β and IL-18 has been identified as a
key pathomechanism in ASCVD. Recently, the CANTOS trial showed that targeting IL-1β
reduced ASCVD event rates in patients with diabetes without lowering lipids or blood
pressure [48]. Importantly, the efficacy of IL-1β antibody was directly associated with the
reduction in IL-6 and CRP, clinical biomarkers of inflammation [48]. Intriguingly, a very
recent ongoing clinical trial targeting IL-6 has shown great promise for reducing cardiovas-
cular events in high-risk patients [49]. Whether IL-6 conveys also convey anti-inflammatory
effects, e.g., in low-risk cardiac patients, the importance of sIL-6R in mediating these effects
needs to be evaluated [50].

The observed induction of IL-6, IL-1β and TNFα in hypercoagulable diabetic mice
is consistent with these observations and with the perception of diabetic vascular com-
plications as inflammation-driven diseases. Intriguingly, inhibition of proinflammatory
signaling by aPC has previously been demonstrated in both atherosclerotic lesions of
diabetic mice and infarcted heart tissue [29,36]. As aPC inhibits NF-κB (nuclear factor
kappa-light-chain-enhancer of activated B cells) signaling [37,51,52] and as NF-κB induces
the pro-inflammatory cytokines IL-6 and TNFα [53], we propose that aPC restricts NF-
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κB signaling to avert the production of inflammatory cytokines within atherosclerotic
lesions in the setting of diabetes mellitus. Based on these data, we propose that the
aggravated loss of endothelial function with loss of TM and reduced aPC generation
in patients with diabetes mellitus contributes to accelerated atherosclerosis. aPC-based
approaches may allow modulation of the proinflammatory phenotype in the context of
diabetes-associated atherosclerosis.

Previous reports have shown partially opposing effects of hypercoagulability in
TMPro/Pro mice on atherosclerosis in hyperlipidemic mice [18,22]. Although both studies
showed aggravated atherosclerosis, opposing effects of hypercoagulability on plaque sta-
bility were reported [18,22]. These differences may be partially explained by the specific
mouse models (high-fat diet versus high-fat diet plus surgical implantation of perivascular
carotid collars) or the experimental time lines used [18,22]. Other potential explanations are
differences in food compositions or microbiota secondary to the specific animal husbandry
conditions [54,55]. Several studies have demonstrated a relationship between microbiota
and atherosclerosis [54,55]. Our current data show that changes in the metabolic state
(hyperlipidemia versus hyperglycemia) have an impact on plaque stability, supporting that
additional factors impact the role of hypercoagulability in atherosclerosis. The delicate
role of hypercoagulability in ASCVD is reflected by the dose-dependent (hormetic) effect
of thrombin on cardiovascular outcome [20,21]. It is possible that hypercoagulability, as
observed in diabetes mellitus, reverses the “hormetic” or low-dose protective effect of
thrombin in regard to ASCVD, resulting in plaque instability [56,57].

While providing novel insights, the current study has potential limitations. Thus,
due to restriction in the permission for in-vivo mouse work, we were only able to use
female mice in the current study. Furthermore, in the current study, we used a mouse
model of T1DM. Although the ApoE-/- streptozotocin model is an established mouse model
and considered to be a suitable model to study diabetes-associated atherosclerosis, we
cannot exclude the possibility that metabolic changes typically observed in type 2 diabetic
patients, such as obesity, increased insulin levels, or impaired insulin signaling, further
affect plaque stability. Despite these potential limitations, the current study demonstrates
that endothelial dysfunction with loss of TM function and associated hypercoagulability
and reduced aPC generation contributes to accelerated atherosclerosis in diabetes mellitus.
Therapies restoring TM function, such as soluble TM [58–62] or mimicking the function of
aPC, such as parmodulin or aPC-mimetics [36,63,64], may be suitable to specifically combat
accelerated atherosclerosis in diabetes mellitus.
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Abbreviations

aPC activated protein C
ApoE apolipoprotein E
ASCVD atherosclerotic cardiovascular disease
ANOVA analysis of variance
DM diabetes mellitus
DAPI 4′,6-diamidino-2-phenylindole
DEPC diethyl pyrocarbonate
EPCR endothelial protein C receptor
NF-κB nuclear factor kappa-light-chain-enhancer of activated B cells
qPCR quantitative polymerase chain reaction
ROS reactive oxygen species
RT-PCR reverse transcriptase polymerase chain reaction
SMC smooth muscle cells
α-SMC alpha-smooth muscle actin
SEM standard error mean
STZ streptozotocin
TM thrombomodulin
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