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Abstract

As an inflammatory disease, atherosclerosis is associated with acute ischemic

stroke (AIS), but its early identification and intervention efficacy remain

suboptimal. A new research direction may be to explore peripheral

atherosclerotic biomarkers from the perspective of mitochondrial

dysfunction, which can induce inflammatory cell activation. Moreover, the

degree of overall cervicocephalic atherosclerosis (namely, atherosclerotic

burden) is more closely related to AIS prognosis than local atherosclerotic

lesions. Therefore, this study investigated the relationship between

mitochondrial dysfunction in peripheral blood mononuclear cells (PBMCs),

including monocytes and lymphocytes, and overall cervicocephalic

atherosclerotic burden and AIS outcome. Patients with AIS and

cervicocephalic atherosclerosis were enrolled and followed up for 90 days.

The reactive oxygen species (ROS) and themitochondrial deoxyribonucleic acid

copy number (mtDNA-CN) in PBMCs were measured respectively through a

fluorescence probe and a droplet digital polymerase chain reaction to evaluate

mitochondrial function. The overall intracranial and cervical atherosclerotic

burden (ICAB) was quantified by summing up the atherosclerosis degree points

in each arterial segment as assessed by computed tomography angiography. A

modified Rankin Scale (mRS) score >2 was considered a 90-day unfavorable

functional outcome. Five (4.9%) of the 103 patients with AIS were lost to follow-

up. mtDNA-CN [adjusted β = −0.099, 95% confidence intervals (CIs) = −0.153

~ −0.044, p < 0.001] and ROS content (adjusted β = 1.275, 95%CI = 0.885 ~

1.665, p < 0.001) were correlated with ICAB. The risk of a 90-day unfavorable

functional outcome increased with higher ROS content [adjusted odds ratio

(OR) = 1.523, 95%CI = 1.172 ~ 1.981, p = 0.002] and decreased with higher

mtDNA-CN (adjusted OR = 0.911, 95%CI = 0.850 ~ 0.976, p = 0.008). PBMC

mitochondrial dysfunction was found to be independently associated with
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extensive and severe cervicocephalic atherosclerosis and a 90-day unfavorable

functional outcome in patients with AIS, which may provide a novel

approach to improving the early identification and risk stratification of

cervicocephalic atherosclerosis, along with the prediction of the

outcome of atherosclerotic AIS.

KEYWORDS

atherosclerosis, mitochondrial deoxyribonucleic acid copy number, reactive oxygen
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Impact statement

As a chronic progressive inflammatory disease, atherosclerosis

is a primary etiology of acute ischemic stroke (AIS), but its early

identification and intervention efficacy remain suboptimal. It may

be a breakthrough to explore peripheral atherosclerotic biomarkers

from the perspective of inflammatory cells mitochondrial

dysfunction. Moreover, the overall cervicocephalic

atherosclerosis degree is more closely related to AIS prognosis

than the presence of local atherosclerotic lesion. Thus, we

investigated the relationship between peripheral blood

mononuclear cells (PBMC) mitochondrial dysfunction

(mitochondrial deoxyribonucleic acid copy number reduction

and reactive oxygen species overexpression) and intracranial

and cervical atherosclerotic burden (ICAB). PBMC

mitochondrial dysfunction was found to be independently

associated with extensive and severe cervicocephalic

atherosclerosis (high ICAB) and poor short-term functional

outcome in AIS patients with cervicocephalic atherosclerosis.

These findings may provide a feasible new approach to

improve the identification and risk stratification of total

cervicocephalic atherosclerosis degree and functional prognosis

prediction of atherosclerotic AIS patients.

Introduction

Atherosclerosis is the primary cause of acute ischemic

stroke (AIS) [1] and is closely correlated with AIS prognosis

[2, 3], necessitating the early identification of the

atherosclerosis degree for timely and appropriate prevention

and treatment. Despite the existence of various risk factors and

biomarkers, the efficacy of early identification and intervention

of atherosclerosis has not been optimal [4]. This highlights the

clinical need to explore specific and easily accessible biomarkers

associated with atherosclerosis from a novel perspective, to

improve risk stratification and facilitate early prevention

and treatment.

The initiation and progression of atherosclerosis are

associated with cell death, oxidative metabolism, inflammatory

cell activation state, and mitochondrial dysfunction [5–8].

Mitochondrial dysfunction is commonly reflected by a

reduction in mitochondrial deoxyribonucleic acid copy

number (mtDNA-CN) and an overexpression of reactive

oxygen species (ROS) in clinical research [9–16]. It has been

reported that there is less mtDNA-CN and more ROS content

in aortic and carotid atherosclerotic plaques compared to

normal artery walls [17, 18]. However, assessing

mitochondrial function in plaque is difficult in clinical

settings because of the invasive nature of obtaining plaque

by endarterectomy. Monocytes and lymphocytes, collectively

referred to as peripheral blood mononuclear cells (PBMCs), are

the major inflammatory cells involved in atherosclerosis [1], and

they can be easily isolated from peripheral blood. A previous study

suggested that mitochondrial dysfunction in peripheral blood

inflammatory cells may correspond to that in atherosclerotic

plaques [19]. However, there is still a lack of studies on the

correlation between PBMC mitochondrial dysfunction and

cervicocephalic atherosclerosis. Moreover, because of the systemic

nature of atherosclerosis, local atherosclerotic plaque or single-artery

stenosis does not accurately reflect the overall degree of

atherosclerosis. Thus, further investigation is needed to explore

the relationship between PBMC mitochondrial dysfunction and

the overall degree of cervicocephalic atherosclerosis. In addition,

previous studies have shown that lower mtDNA-CN is associated

with a poor prognosis for stroke patients (including those with

ischemic and hemorrhagic stroke) [15], but there are currently no

related studies on mtDNA-CN or ROS content in PBMCs and

functional outcomes in ischemic stroke patients, especially those

with cervicocephalic atherosclerosis.

In previous studies, real-time quantitative polymerase chain

reaction (qPCR) was used to detect mtDNA-CN [20–22]. Droplet

digital polymerase chain reaction (ddPCR) is a new method

developed in recent years that has the characteristics of absolute

quantification and accurate analysis [23], and is superior to previous

methods. In this study, ddPCRwas used for the first time tomeasure

mtDNA-CN in PBMCs and investigate its relationship with

cervicocephalic atherosclerosis. ROS content is usually

determined using a fluorescent probe. In addition, intracranial

and cervical atherosclerotic burden (ICAB), as a new

atherosclerosis assessment index, can quantify the degree and

extent of cervicocephalic atherosclerosis as a whole. Our recent

study showed that this indicator has a stronger vascular risk

stratification value than regional atherosclerosis assessment [24].

In this study, mtDNA-CN, ROS content, ICAB and a modified

Rankin Scale (mRS) were used to investigate the correlation between
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PBMC mitochondrial dysfunction and the overall degree of

cervicocephalic atherosclerosis, along with the poor short-term

functional prognosis of patients with AIS, in order to provide a

newway for improving the early identification and risk stratification

of cervicocephalic atherosclerosis in addition to the functional

prognosis prediction of patients with AIS with cervicocephalic

atherosclerosis.

Materials and methods

Study population

This single-center, prospective cohort study was performed

in accordance with the Declaration of Helsinki, and was

approved by the Ethics Committee of Xuanwu Hospital,

Capital Medical University (Beijing, China) [approval number

(2022)008, 26 January 2022]. All patients gave their informed

consent before inclusion. Patients admitted to the cerebral

vascular disease unit of the Department of Neurology at

Xuanwu Hospital, Capital Medical University from

01 February 2022 to 30 April 2022 were consecutively enrolled.

The inclusion criteria were as follows: (1) at least 18 years old; (2)

first-ever AIS confirmed by computed tomography or magnetic

resonance imaging; (3) within 7 days after onset of symptoms; (4)

undertook computed tomography angiography (CTA) successfully;

and (5) AIS subtypes of large-artery atherosclerosis (LAA) and

small-artery occlusion (SAO) with cervicocephalic

atherosclerosis [25].

The exclusion criteria included: (1) a history of hemorrhagic

stroke or subarachnoid hemorrhage; (2) symptomatic

atherosclerotic coronary artery disease; (3) infection or

chronic inflammatory disease (temperature ≥37.3°C, number

of leukocytes >12 × 109/L or <4 × 109/L, use of anti-

inflammatory drugs or antibiotics); (4) immunodeficiency or

use of immunosuppressants; (5) mitochondrial myopathy or

mitochondrial encephalomyopathy; (6) poor organ function;

(7) hematological system diseases; and (8) malignant tumors.

General characteristics

The patients’ age, sex, history of hypertension, diabetes

mellitus, hyperlipidemia history, smoking history, and alcohol

consumption were collected through interviews. Smoking was

defined as having smoked within the last 12 months.

Neurological deficit severity was estimated according to the

National Institutes of Health Stroke Scale (NIHSS) upon

admission [26]. Blood samples from all the enrolled patients

were subjected to complete blood counts, biochemical tests, and

coagulation function assays. Medical treatment during

hospitalization was in accordance with AIS management and

secondary prevention guidelines [27].

Measurement of ROS content by
fluorescence spectroscopy

In total, 10 mL of fasting venous blood was collected from

each patient within 24 h after admission. PBMCs were isolated by

density gradient centrifugation using Ficoll-Pauqe PLUS

(17144002, Cytiva, Marlborough, MA, United States) within

2 hours of the blood sample being taken. The ROS content

was then measured within 4 h by fluorescence spectroscopy. The

PBMCs of each patient were resuspended in 500 μL of D-PBM

buffer (201050, PBM, Tianjin, China) and then divided into a

background tube and a stained tube. There were approximately

1 × 106 PBMCs per tube. CellROX Green (C10444, Invitrogen,

Carlsbad, CA, United States) was added to the stained tube to

reach a final concentration of 5 μM. The two tubes were then

incubated in a water bath at 37°C for 30 min, and the twice-

washed PBMCs were placed in a 96-microwell plate (137101,

Thermo Scientific, Waltham, MA, United States). The wells were

defined as follows: negative well (100 μL D-PBS buffer),

background well (100 μL unstained cell suspension), and

stained well (100 μL stained cell suspension), respectively.

Finally, a microplate reader (Varioskan Flash Multimode

Reader, Thermo Scientific, Waltham, MA, United States) and

SkanIt Software 2.4.5 were used to detect fluorescence intensity

(FI) by fluorometry (excitation/emission: 485/520 nm), and the

ROS content was then calculated using Equation 1:

ROS content � FIstained – FIbackground( )/FInegative (1)

Determination of mtDNA-CN by ddPCR

After isolating the PBMCs, an animal mtDNA column

extraction kit (BTN80803, Beijing BioRab Technology, Beijing,

China) was used to isolate the mtDNA. The mitochondrially

encoded NADH dehydrogenase 1 (ND1) gene is located in the

mitochondrial membrane, and the ribonuclease P/MRP 30 kDa

subunit (RPP30) gene is a cellular housekeeping gene of the

nucleus. ddPCR was used in separate reactions to measure the

copy number of the mitochondrial ND1 gene (ND1-CN) and the

nuclear RPP30 gene copy number (RPP30-CN). The mtDNA-

CN quantification was calculated using Equation 2:

mtDNA-CN � ND1-CN/RPP30-CN (2)

Amplification of the target DNA was performed in a 20 μL

reaction mixture sample containing a ddPCR premixture (10 μL),

mtDNA (1 μL), the restriction enzyme Hind III (0.3 μL), nuclease-

free water (6.65 μL), a forward primer (0.9 μL), a reverse primer

(0.9 μL), and a probe (0.25 μL). The sample was loaded into droplet

generator (MicroDrop-100A, Forevergen, Guangzhou, Guangdong,

China) to convert it into a water-in-oil droplet emulsion. The

thermal cycling conditions consisted of a 10 min pre-

denaturation at 95°C followed by 45 cycles of a 30 s denaturation
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at 95°C, a 1 min annealing-extension at 58°C for the ND1 reaction

and at 61°C for the RPP30 reaction, a 10 min inactivation at 98°C,

and a 4°C holding period. Finally, the amplified sample was analyzed

using biochip analyzer (MicroDrop-100B, Forevergen, Guangzhou,

Guangdong, China). The ND1-CN and RPP30-CN values were

calculated using the QuantDrop system. The results were considered

reliable when the number of droplets was >40,000.
The ND1 primers and probe used in this work were as follows:

forward primer, 5′-CCCTAAAACCCGCCACATCT-3’;
reverse primer, 5′-GAGCGATGGTGAGAGCTAAGGT-3’;
probe, 5′-VIC/CCATCACCCTCTACATCACCGCCC/DBQ1-3’.

The following RPP30 primers and probe were considered:

forward primer, 5′-AGATTTGGACCTGCGAGCG-3’;
reverse primer, 5′-GAGCGGCTGTCTCCACAAGT-3’;
probe, 5′-FAM/TTCTGACCTGAAGGCTCTGCGCG/BHQ1-3’.

Quantification of the overall degree of
atherosclerosis in cervicocephalic arteries
using CTA

The CTA scan mode and the segments of cervicocephalic

arteries described in our previous study were adopted in the

present work [24]. Images of the cervicocephalic arteries were

reconstructed and reviewed independently by two experienced

radiologists who were unaware of the patients’ demographic and

clinical information. Any discrepancies were discussed until a

consensus was reached.

The degree of stenosis in the cervical arteries was evaluated

based on the North American Symptomatic Carotid

Endarterectomy Trial [28], and that in the intracranial arteries

was evaluated based on the Warfarin-Aspirin Symptomatic

Intracranial Disease Study [29]. The cervicocephalic arteries were

divided into 19 segments as follows: 18 segments (9 bilateral arteries,

including the subclavian, common carotid, extracranial carotid,

extracranial vertebral, intracranial carotid, intracranial vertebral,

posterior cerebral, middle cerebral and anterior cerebral arteries),

plus one single segment (the basilar artery) [30].We scored themost

severe atherosclerotic lesion in each segment as follows: 0 points (no

atherosclerotic lesion), 1 point (<50% stenosis or atherosclerotic

plaque with no stenosis), 2 points (50%–69% stenosis), 3 points

(70%–99% stenosis), and 4 points (occlusion), respectively [24].

ICAB was calculated by summing the points of each segment.

Follow-up

All patients were followed up at 90 days after the onset of AIS

via telephone interview with the patients or their long-term

caregivers by an experienced physician who was blinded to

the baseline data. The mRS was used to evaluate the post-

stroke disability [31].

Grouping of study subjects

ROS content, ICAB, and mtDNA-CN were divided into low,

median, and high groups based on tertiles. In addition, ROS

content was also classified as low or high according to the

median. An unfavorable functional outcome was defined as an

mRS >2, while a favorable functional outcome was defined as

an mRS ≤2.

Statistical analysis

The experimental data are presented as the mean ± standard

deviation for normally distributed continuous variables, as the

median (interquartile range) for non-normally distributed

continuous variables, and as the count (%) for categorical

variables. Continuous variables were compared using a

Student’s t-test or a Mann-Whitney U test between two

groups as appropriate, and using a one-way analysis of

variance or a Kruskal-Wallis test with Bonferroni’s correction

between three groups. Categorical variables were compared using

a Chi-squared test or Fisher’s exact test.

Spearman’s correlation analysis was used to evaluate the

correlation of mtDNA-CN and ROS content with ICAB, as

well as that of mtDNA-CN with ROS content. For further

exploration, the correlation of mtDNA-CN and ROS content

with ICAB was assessed by multivariable linear regression

analysis. The relationships between mitochondrial function

(mtDNA-CN and ROS content) and ICAB were evaluated

using Spearman’s correlation and multivariable linear

regression. The relationship between mtDNA-CN and ROS

content was assessed using Spearman’s correlation and

multivariable logistic regression. Additionally, multivariable

logistic regression was also used to examine the associations

of mitochondrial function (mtDNA-CN and ROS content) and

ICAB with 90-day unfavorable functional outcome (mRS >2). All
tests were two-sided, and p < 0.05 was considered statistically

significant. The statistical analyses were performed using SPSS

Statistics (version 25.0; IBM, Armonk, NY, United States), and

GraphPad Prism (version 8.0) was used for the preparation

of figures.

Results

Of the 115 participants with AIS without symptomatic

atherosclerotic coronary artery disease, the following patients

were excluded: those who refused to participate (n = 3), those

with incomplete CTA (n = 4), those with Moyamoya disease (n =
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1), those with leukopenia (n = 1), those with infection (n = 2), and

those with a tumor (n = 1). Thus, there was a total of 103 patients

enrolled in our cohort. Among them, 5 (4.9%) patients were lost

to follow-up, and the study finished with 98 patients with

complete information on mRS 90 days after ischemic

stroke (Figure 1).

Baseline characteristics and 90-day
functional outcomes

Among the 98 patients who completed the 90-day follow-up,

the mean age was 60.8 ± 11.5 years, and 67 patients (68.4%) were

men. The median ICAB was 14 (range 7–20) points, and the

median baseline mRS was 1 (range 0–3) point. The PBMC

mitochondrial function was indicated by a median mtDNA-

CN of 24.32 (range 13.27–37.97) ×102 and a median ROS content

of 5.71 (range 3.88–8.50) in the 98 patients, with no differences

compared to patients lost to follow-up (p = 0.256, p = 0.914)

(Supplementary Table S1). Patients in the high ICAB group

(ICAB >18 points) had lower mtDNA-CN (p < 0.05) and

higher ROS content (p < 0.05) than those in the low ICAB

group (ICAB <10 points) (Table 1). At the end of the 90-day

follow-up period, 24 patients (24.5%) had an unfavorable

functional outcome (mRS >2) (Supplementary Table S2).

The kappa value for inter-rater reliability in ICAB was 0.929

(p < 0.001).

Relationship between PBMC
mitochondrial dysfunction and ICAB

It is clear from Figure 2 that ICAB was found to be higher

in each group with severe PBMC mitochondrial dysfunction

(low mtDNA-CN <18.08 ×102, high ROS content >7.85).
Spearman’s correlation analysis showed a negative

correlation between mtDNA-CN and ICAB (r = −0.39, p <
0.001) (Figure 3A), and a positive correlation between ROS

content and ICAB (r = 0.58, p < 0.001) (Figure 3B). After

adjusting for age, sex, PBMC count, and the parameters with

p < 0.1 in univariable analysis (Supplementary Table S3),

mtDNA-CN was found to be independently and negatively

associated with ICAB (adjusted β = −0.099, 95%CI = −0.153

~ −0.044, p < 0.001), and ROS content was also positively

associated independently with ICAB (adjusted β = 1.275, 95%

CI = 0.885–1.665, p < 0.001) in multivariable linear regression

analysis (Table 2).

Relationship between mtDNA-CN and
ROS content

Figure 4 shows the significant negative correlation between

mtDNA-CN and ROS content in PBMCs in a Spearman’s

correlation analysis (r = −0.38, p < 0.001). After adjusting for

age, sex, diabetes history, and alcohol consumption in

FIGURE 1
Flowchart of patients’ enrollment and follow-up. Abbreviations: AIS, acute ischemic stroke; CTA, computed tomography angiography.
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TABLE 1 Comparison of baseline characteristics of patients in low, median, and high ICAB groups.

Variables Low ICAB (n = 34) Median ICAB (n = 32) High ICAB (n = 32) p value

Demographics

Age (years) 58.2 ± 13.5 64.8 ± 11.0 59.6 ± 8.58 0.050

Male patients (n) 20 (58.8)a 19 (59.4)a 28 (87.5) 0.018b

Clinical characteristics

NIHSS (points) 1 (0–2) 1 (0–3) 3 (1–5) 0.028b

mRS (points) 1 (0–2)a 0 (0–3)a 3 (1–3) 0.013b

ICAB (points) 4 (1–7)a, c 15 (11–16)a 23 (20–25) <0.001b

BMI (kg/m2) 26.01 ± 4.89 26.28 ± 3.61 26.05 ± 4.02 0.961

SBP (mmHg) 139.4 ± 22.1 138.2 ± 21.6 144.7 ± 18.6 0.421

DBP (mmHg) 87.8 ± 13.1 82.0 ± 11.1 89.0 ± 12.5 0.052

HbA1c (%) 5.60 (5.30–5.95)a 5.90 (5.40–7.48) 6.25 (5.50–7.88) 0.044b

FBG (mmol/L) 4.87 (4.24–5.36)a 5.26 (4.46–6.83) 5.92 (5.09–7.60) 0.001b

TC (mmol/L) 4.04 ± 1.05 4.21 ± 1.56 4.31 ± 1.26 0.363

TG (mmol/L) 1.23 (0.86–1.89) 1.42 (1.18–1.69) 1.52 (1.24–2.13) 0.067

LDL-C (mmol/L) 1.98 (1.76–2.96) 2.21 (1.42–2.90) 2.53 (1.69–3.35) 0.438

HDL-C (mmol/L) 1.17 ± 0.28a 1.12 ± 0.28a 0.96 ± 0.25 0.007b

Hcy (μmol/L) 16.94 (11.08–18.38) 16.29 (13.18–18.23) 14.95 (11.05–17.31) 0.394

UA (mmol/L) 316.41 ± 96.86 300.47 ± 87.54 322.66 ± 88.93 0.606

hs-CRP (mg/L) 1.50 (0.68–4.38) 1.37 (0.57–5.07) 3.68 (0.75–5.13) 0.462

FIB (g/L) 3.02 ± 0.78 3.12 ± 1.02 3.54 ± 0.98 0.690

D-Dimer (mmol/L) 0.26 (0.20–0.49) 0.26 (0.21–0.36) 0.25 (0.14–0.34) 0.547

Risk factors

History of hypertension (n) 20 (58.8) 23 (71.9) 26 (81.3) 0.133

History of diabetes (n) 4 (11.8) 10 (31.3) 11 (34.4) 0.072

History of hyperlipidemia (n) 15 (44.1) 12 (37.5) 15 (46.9) 0.738

Smoking history (n) 10 (29.4) 11 (34.4) 18 (56.3) 0.063

Alcohol consumption (n) 8 (23.5) 11 (34.4) 16 (50.0) 0.079

PBMC characteristics

PBMC count (×109/L) 2.29 ± 0.96 2.48 ± 0.66 2.37 ± 0.98 0.334

mtDNA-CN (×102) 32.61 (23.33–50.94)a 28.28 (14.28–40.89)a 12.61 (6.02–21.65) <0.001b

ROS content 4.09 (2.75–5.10)a, c 7.16 (4.94–8.14) 8.75 (5.06–12.18) <0.001b

Data presented as mean ± standard deviation, median (interquartile range), or n (%). ICAB was grouped by tertile: low ICAB <10 points, median ICAB = 10 ~ 18 points, and high

ICAB >18 points.

Abbreviations: ICAB, intracranial and cervical atherosclerotic burden; NIHSS, national institute of health stroke scale; mRS, modified Rankin Scale; BMI, body mass index; SBP, systolic

blood pressure; DBP, diastolic blood pressure; HbA1c, glycated hemoglobin; FBG, fasting blood glucose; TC, total cholesterol; TG, triglyceride; LDL-C, low-density lipoprotein cholesterol;

HDL-C, high-density lipoprotein cholesterol; Hcy, homocysteine; UA, serum uric acid; hs-CRP, hypersensitive C-reactive protein; FIB, fibrinogen; PBMC, peripheral blood mononuclear

cells; mtDNA-CN, mitochondrial deoxyribonucleic acid copy number; ROS, reactive oxygen species.
ap < 0.05 compared with the high ICAB group.
bStatistically significant differences (p value < 0.05).
cp < 0.05 compared with the median ICAB group.
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FIGURE 2
Comparison of ICAB between different groups of mtDNA-CN and ROS content. (A) ICAB of the low mtDNA-CN group was significantly higher
than that of the median and high mtDNA-CN groups. The mtDNA-CN was grouped by tertile: low mtDNA-CN < 18.08 ×102, median mtDNA-CN =
(18.08 ~ 32.83) ×102, highmtDNA-CN >32.83 ×102. *p < 0.001 vs the lowmtDNA-CN group. (B) ICAB of the high ROS content groupwas significantly
higher than that of the low and median ROS content groups. ROS content was grouped by tertile: low ROS content <4.64, median ROS
content = 4.64 ~ 7.85, high ROS content >7.85. *p < 0.001 vs. the high ROS content group. ICAB is represented as the median (interquartile range).
Abbreviations: ICAB, intracranial and cervical atherosclerotic burden; mtDNA-CN, mitochondrial deoxyribonucleic acid copy number; ROS, reactive
oxygen species.

FIGURE 3
Spearman’s correlation analysis of mtDNA-CN, ROS content and ICAB. (A) Correlation betweenmtDNA-CN and ICAB (r = −0.39, p < 0.001). (B)
Correlation between ROS content and ICAB (r = 0.58, p < 0.001). Abbreviations: ICAB, intracranial and cervical atherosclerotic burden; mtDNA-CN,
mitochondrial deoxyribonucleic acid copy number; ROS, reactive oxygen species.

TABLE 2 Multivariable linear regression of mtDNA-CN, ROS content and ICAB.

PBMC mitochondrial function ICAB

β (95%CI)a p value R2

mtDNA-CN −0.099 (−0.153 ~ −0.044) <0.001b 0.413

ROS content 1.275 (0.885–1.665) <0.001b 0.549

aAdjusted for age, sex, history of hypertension, history of diabetes, alcohol consumption, glycated hemoglobin, fasting blood glucose, triglyceride, high-density lipoprotein cholesterol,

fibrinogen, and PBMC count.

Abbreviations: ICAB, intracranial and cervical atherosclerotic burden; mtDNA-CN, mitochondrial deoxyribonucleic acid copy number; ROS, reactive oxygen species; CI, confidence

interval.
bStatistically significant differences (p value < 0.05).
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multivariable logistic regression, the risk of high ROS content

decreased with elevated mtDNA-CN (adjusted OR = 0.959, 95%

CI = 0.933–0.986, p = 0.003) (Table 3; Supplementary Table S4).

Relationship between ICAB and a 90-day
functional outcome of AIS

Compared to patients with a favorable functional

outcome, those with an unfavorable functional outcome

(90-day mRS >2) had higher levels of low-density

lipoprotein cholesterol (p = 0.033), NIHSS (p < 0.001),

ICAB (p < 0.001), and ROS content (p = 0.010), but lower

levels of mtDNA-CN (p = 0.001) (Supplementary Table S2).

Multivariable logistic regression analysis revealed that ICAB

was independently related to a 90-day unfavorable functional

outcome after adjusting for age, sex, PBMC count, total

cholesterol, low-density lipoprotein cholesterol, and NIHSS

(adjusted OR = 1.127, 95%CI = 1.021–1.244, p = 0.018)

(Table 4; Supplementary Table S5).

Relationship between PBMC
mitochondrial dysfunction and a 90-day
functional outcome of AIS

Multivariable logistic regression analysis showed that after

adjusting for age, sex, PBMC count, total cholesterol, low-density

lipoprotein cholesterol, and NIHSS, patients with higher

mtDNA-CN had a decreased risk of a 90-day unfavorable

functional outcome (adjusted OR = 0.911, 95%CI =

0.850–0.976, p = 0.008), while patients with higher ROS

content had an increased risk of 90-day unfavorable

functional outcome (adjusted OR = 1.523, 95%CI = 1.172 ~

1.981, p = 0.002) (Table 4; Supplementary Table S5).

Discussion

In this study, we found that mtDNA-CN and ROS content of

PBMCs were negatively and positively correlated with ICAB,

respectively. With the increase of the mtDNA-CN level, the

ROS content and the risk of mRS >2 decreased significantly. To

our knowledge, this is the first study to suggest that severe PBMC

mitochondrial dysfunction is associated with extensive and severe

cervicocephalic atherosclerosis, in addition to increased risk of

short-term unfavorable functional outcomes in patients with AIS.

Mitochondrial dysfunction may be involved in atherogenesis

and has been found in local carotid plaque [18, 32]. Another study

of 11 participants revealed decreased mtDNA-CN in coronary

artery plaques and a reduction in peripheral blood leukocytes [19],

indicating that mitochondrial dysfunction in peripheral blood

inflammatory cells could correspond to that in atherosclerotic

plaques. mtDNA damage in PBMC has also been reported to be

more significant in patients with atherosclerotic cardiovascular

disease than in controls without atherosclerosis [33]. Similarly, our

study confirmed that the mtDNA-CN of PBMCs was closely

related to cervicocephalic atherosclerosis. Thus, it is possible to

speculate that similar to themitochondrial dysfunction observed in

plaques, mitochondrial dysfunction in peripheral blood

inflammatory cells may also correlate with atherosclerosis. It is

also worth noting that mice with mtDNA damage or greater

oxidative stress in peripheral blood inflammatory cells were

FIGURE 4
Spearman’s correlation analysis of mtDNA-CN and ROS
content. The ROS content of PBMCs was negatively related to its
mtDNA-CN (r = −0.38, p < 0.001). Abbreviations: mtDNA-CN,
mitochondrial deoxyribonucleic acid copy number; ROS,
reactive oxygen species.

TABLE 3 Logistic regression analysis of mtDNA-CN and high ROS content.

Variable High ROS content

Univariable analysis Multivariable analysis

OR (95%CI) p value Adjusted OR (95%CI)a p value

mtDNA-CN (per 1 × 102 increased) 0.961 (0.939–0.984) 0.001b 0.959 (0.933–0.986) 0.003b

aAdjusted for age, sex, history of diabetes, and alcohol consumption.

ROS content was grouped by the median, with high ROS content ≥5.71.
Abbreviations: mtDNA-CN, mitochondrial deoxyribonucleic acid copy number; ROS, reactive oxygen species; OR, odds ratio; CI, confidence interval.
bStatistically significant differences (p value < 0.05).
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reported to have larger aortic atherosclerotic plaques than those

without [32, 34], showing the aggravating role of mitochondrial

dysfunction in the progression of local atherosclerosis. However

local atherosclerosis may not accurately reflect the overall degree of

atherosclerosis. The impact of mitochondrial dysfunction on

overall atherosclerosis needs to be further explored. The

relationship between mtDNA-CN in peripheral blood cells and

the total degree of atherosclerosis has only been observed in

coronary arteries, with inconsistent results and without ROS

content assessment [20, 21]. Furthermore, compared to

coronary arteries and aortic arteries, cervicocephalic arteries

provide a wider range of blood supply with a longer arterial

course. Thus, the association, especially between mitochondrial

dysfunction in peripheral blood inflammatory cells and the overall

degree of cervicocephalic atherosclerosis (ICAB) warrants further

investigation. Our findings demonstrated that patients with AIS

with severe PBMCmitochondrial dysfunction (lower mtDNA-CN

and higher ROS content) are at a higher risk for an extensive and

severe degree of overall cervicocephalic atherosclerosis (higher

ICAB) (Table 2). Therefore, assessing PBMC mitochondrial

dysfunction has potential value in risk stratification for

cervicocephalic atherosclerosis in clinical work.

The mitochondrial dysfunction of PBMCs in patients with AIS

was evaluated in our study from the perspectives of gene expression

and oxidative metabolism, as indicated by mtDNA-CN and ROS

content. We found that ROS content gradually increased as

mtDNA-CN in PBMCs decreased (Figure 4), suggesting that

mtDNA damage and oxidative metabolic injury may not be

independent of each other in the presence of atherosclerosis. It

should be emphasized that mtDNA lacks histone protection and

effective mtDNA repair, and is close to the electron transport chain

where ROS are generated [35]. As a result, mtDNA is easy to be

damaged by ROS and oxidative stress. Increased ROS content in

inflammatory cells may also lead to a decrease in mtDNA-CN,

which in turnmay lead to a decline in respiratory chain function, an

imbalance in cellular oxidative metabolism, and the promotion of

further ROS production, thus forming a vicious cycle [36].

Therefore, the decrease in mtDNA-CN and the increase in ROS

content in PBMCs are likely to promote each other and may

aggravate atherosclerosis. This finding provides some clues for

further exploration of the possible mechanisms underlying

PBMC mitochondrial dysfunction in patients with AIS with

cervicocephalic atherosclerosis.

Previous studies have shown that lower mtDNA-CN in

peripheral blood leukocytes can predict poorer outcomes in

stroke patients [15]. We conducted this study especially with

patients with AIS with LAA and SAO subtypes, so as to better

observe the relationship between mitochondrial dysfunction and

the prognosis of patients with AIS with cervicocephalic

atherosclerosis. Our results showed that both the decrease of

mtDNA-CN and the increase of ROS content in PBMCs were

independently associated with a 90-day unfavorable functional

outcome after AIS (Table 4). Except for the poor outcomes

caused by severe atherosclerosis in the cervicocephalic arteries

[2, 3, 24], the association between PBMC mitochondrial

dysfunction and the functional outcomes of AIS may also

involve other possible mechanisms unrelated to atherosclerosis.

The mtDNA-CN of peripheral blood leukocytes and other types of

cells, such as neurons and endothelial cells may exhibit similar

trends of change, and adequate mtDNA-CN in these cells could

enhance the repair ability of neurons and the blood-brain barrier

after stroke [15]. In addition, low mtDNA-CN may increase the

proportion of pro-inflammatory macrophages [9], resulting in the

release of more inflammatory factors that exacerbate neuronal

damage [37]. Moreover, the increased ROS content could

promote endothelial cell injury and apoptosis, in addition to

glucose metabolism dysfunction [7, 38–40]. These cellular and

tissue damages might affect the functional recovery of patients

with AIS, and these potential mechanisms need further exploration.

Finally, it must be mentioned that our study has certain

limitations. (i) As a single-center study with a relatively small

sample size, the results of this study should be generalized to

other populations with caution. (ii) The majority of patients with

AIS in this study exhibited mild neurological deficits, and further

TABLE 4 Logistic regression analysis of ICAB, mtDNA-CN, ROS content, and 90-day unfavorable functional outcome.

Variables 90-day unfavorable functional outcome

Univariable analysis Multivariable analysis

Or (95%CI) p value Adjusted OR (95%CI)a p value

ICAB (per point increased) 1.115 (1.045 ~ 1.190) 0.001b 1.127 (1.021 ~ 1.244) 0.018b

mtDNA-CN (per 1 × 102 increased) 0.953 (0.921 ~ 0.987) 0.006b 0.911 (0.850 ~ 0.976) 0.008b

ROS content (per level increased) 1.265 (1.097 ~ 1.459) 0.001b 1.523 (1.172 ~ 1.981) 0.002b

aAdjusted for age, sex, PBMC, count, total cholesterol, low-density lipoprotein cholesterol, and NIHSS.

A 90-day unfavorable functional outcome was defined as mRS >2 points.

Abbreviations: ICAB, intracranial and cervical atherosclerotic burden; mtDNA-CN, mitochondrial deoxyribonucleic acid copy number; ROS, reactive oxygen species; OR, odds ratio; CI,

confidence interval.
bStatistically significant differences (p value < 0.05).
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research should include patients with different degrees of

neurological impairment for a more comprehensive analysis.

(iii) While PBMC mitochondrial function and the majority of

the clinical characteristics did not differ between patients with

and without a completed follow-up, the lower ICAB scores

observed in the latter group may indicate the potential bias.

Further studies with a larger sample size are needed to reduce this

bias. (iv) In addition to functional outcomes, we will continue to

follow up on further cardio-cerebral vascular events in patients

with AIS to comprehensively investigate the correlation between

PBMC mitochondrial dysfunction and poor AIS outcomes. (v)

To explore the mechanism by which PBMC mitochondrial

dysfunction drives the development of the degree of

atherosclerosis, interventional experiments such as oxidative

stress inhibition assays should also be conducted.

Conclusion

In summary, this study demonstrated that PBMC

mitochondrial dysfunction may play an important role in

indicating the extensive and severe overall cervicocephalic

atherosclerotic burden and a poor short-term functional

outcome of patients with AIS. Given the advantages of the

convenient and non-invasive approach to measuring PBMC

mitochondrial dysfunction, this study may provide a novel

and feasible way to optimize the early identification and risk

stratification of cervicocephalic atherosclerosis and functional

prognosis prediction of patients with AIS with cervicocephalic

atherosclerosis. Further investigation is needed to understand the

complex mechanisms between mitochondrial dysfunction in

peripheral blood inflammatory cells and atherosclerosis

Author contributions

XZ: Investigation, Data curation, Formal analysis,

Visualization, Writing – original draft preparation. YY:

Investigation, Data curation, Writing – original draft

preparation. XD: Validation, Resources, Writing – review and

editing. LL: Investigation, Writing – original draft preparation.

CH: Formal analysis, Writing – review and editing. YC:

Methodology, Supervision, Validation, Resources,

Writing – review and editing. XM: Conceptualization,

Methodology, Supervision, Project administration, Funding

acquisition, Writing – review and editing. All authors

contributed to the article and approved the submitted version.

Data availability

The original contributions presented in the study are

included in the article/Supplementary Material, further

inquiries can be directed to the corresponding authors.

Ethics statement

The studies involving humans were approved by the Ethics

Committee of Xuanwu Hospital of Capital Medical University.

The studies were conducted in accordance with the local legislation

and institutional requirements. The participants provided their

written informed consent to participate in this study.

Funding

The author(s) declare that financial support was received for

the research and/or publication of this article. This work was

supported by the Natural Science Foundation of Beijing

Municipality (grant number 7212049).

Acknowledgments

The authors thank the staff and the participants of the study

for their valuable contributions.

Conflict of interest

The author(s) declared no potential conflicts of interest with

respect to the research, authorship, and/or publication of this article.

Generative AI statement

The author(s) declare that no Generative AI was used in the

creation of this manuscript.

Supplementary material

The Supplementary Material for this article can be found

online at: https://www.ebm-journal.org/articles/10.3389/ebm.

2025.10624/full#supplementary-material

References

1. Libby P, Buring JE, Badimon L, Hansson GK, Deanfield J, Bittencourt MS, et al.
Atherosclerosis. Nat Rev Dis Primers (2019) 5:56. doi:10.1038/s41572-019-0106-z

2. Lau AY, Wong KS, Lev M, Furie K, Smith W, Kim AS. Burden of intracranial
steno-occlusive lesions on initial computed tomography angiography predicts poor

Experimental Biology and Medicine
Published by Frontiers

Society for Experimental Biology and Medicine10

Zhao et al. 10.3389/ebm.2025.10624

https://www.ebm-journal.org/articles/10.3389/ebm.2025.10624/full#supplementary-material
https://www.ebm-journal.org/articles/10.3389/ebm.2025.10624/full#supplementary-material
https://doi.org/10.1038/s41572-019-0106-z
https://doi.org/10.3389/ebm.2025.10624


outcome in patients with acute stroke. Stroke (2013) 44:1310–6. doi:10.1161/
strokeaha.111.672741

3. Lei C, Wu B, Liu M, Chen Y. Risk factors and clinical outcomes associated with
intracranial and extracranial atherosclerotic stenosis acute ischemic stroke. J Stroke
Cerebrovasc Dis (2014) 23:1112–7. doi:10.1016/j.jstrokecerebrovasdis.2013.09.024

4. Feigin VL, Abate MD, Abate YH, Abd ElHafeez S, Abd-Allah F, Abdelalim A,
et al. Global, regional, and national burden of stroke and its risk factors, 1990-2021:
a systematic analysis for the global burden of disease study 2021. The Lancet Neurol
(2024) 23:973–1003. doi:10.1016/s1474-4422(24)00369-7

5. Yu EP, Bennett MR. Mitochondrial DNA damage and atherosclerosis. Trends
Endocrinol & Metab (2014) 25:481–7. doi:10.1016/j.tem.2014.06.008

6. Stöger JL, Gijbels MJ, van der Velden S, Manca M, van der Loos CM, Biessen
EA, et al. Distribution of macrophage polarization markers in human
atherosclerosis. Atherosclerosis (2012) 225:461–8. doi:10.1016/j.atherosclerosis.
2012.09.013

7. Chen Y, Yang M, HuangW, ChenW, Zhao Y, Schulte ML, et al. Mitochondrial
metabolic reprogramming by cd36 signaling drives macrophage inflammatory
responses. Circ Res (2019) 125:1087–102. doi:10.1161/circresaha.119.315833

8. Chiu YC, Chu PW, Lin HC, Chen SK. Accumulation of cholesterol suppresses
oxidative phosphorylation and altered responses to inflammatory stimuli of
macrophages. Biochem Biophys Rep (2021) 28:101166. doi:10.1016/j.bbrep.2021.
101166

9. Castellani CA, Longchamps RJ, Sun J, Guallar E, Arking DE. Thinking outside
the nucleus: mitochondrial DNA copy number in health and disease.
Mitochondrion (2020) 53:214–23. doi:10.1016/j.mito.2020.06.004

10. Piotrowska-Nowak A, Elson JL, Sobczyk-Kopciol A, Piwonska A, Puch-
Walczak A, Drygas W, et al. New mtdna association model, mutpred variant load,
suggests individuals with multiple mildly deleterious mtdna variants are more likely
to suffer from atherosclerosis. Front Genet (2018) 9:702. doi:10.3389/fgene.2018.
00702

11. Uchikado Y, Ikeda Y, Sasaki Y, Iwabayashi M, Akasaki Y, Ohishi M.
Association of lectin-like oxidized low-density lipoprotein receptor-1 with
angiotensin ii type 1 receptor impacts mitochondrial quality control, offering
promise for the treatment of vascular senescence. Front Cardiovasc Med (2021)
8:788655. doi:10.3389/fcvm.2021.788655

12. Mills EL, Kelly B, Logan A, Costa ASH, Varma M, Bryant CE, et al. Succinate
dehydrogenase supports metabolic repurposing of mitochondria to drive
inflammatory macrophages. Cell (2016) 167:457–70.e13. doi:10.1016/j.cell.2016.
08.064

13. Hubens WHG, Vallbona-Garcia A, de Coo IFM, van Tienen FHJ, Webers
CAB, Smeets HJM, et al. Blood biomarkers for assessment of mitochondrial
dysfunction: an expert review. Mitochondrion (2022) 62:187–204. doi:10.1016/j.
mito.2021.10.008

14. Liu CS, Tsai CS, Kuo CL, Chen HW, Lii CK, Ma YS, et al. Oxidative stress-
related alteration of the copy number of mitochondrial DNA in human leukocytes.
Free Radic Res (2003) 37:1307–17. doi:10.1080/10715760310001621342

15. Chong MR, Narula S, Morton R, Judge C, Akhabir L, Cawte N, et al.
Mitochondrial DNA copy number as a marker and mediator of stroke
prognosis: observational and mendelian randomization analyses. Neurology
(2022) 98:e470–e482. doi:10.1212/wnl.0000000000013165

16. Jiang Y, Cheng S, Shi Y, Xu Z,Wang H, Li Y, et al. Subtype-specific association
of mitochondrial DNA copy number with poststroke/tia outcomes in
10 241 patients in China. Stroke (2024) 55:1261–70. doi:10.1161/strokeaha.123.
045069

17. Ballinger SW, Patterson C, Knight-Lozano CA, Burow DL, Conklin CA, Hu Z,
et al. Mitochondrial integrity and function in atherogenesis. Circulation (2002) 106:
544–9. doi:10.1161/01.cir.0000023921.93743.89

18. Yu EPK, Reinhold J, Yu H, Starks L, Uryga AK, Foote K, et al. Mitochondrial
respiration is reduced in atherosclerosis, promoting necrotic core formation and
reducing relative fibrous cap thickness. Arteriosclerosis, Thromb Vasc Biol (2017)
37:2322–32. doi:10.1161/atvbaha.117.310042

19. Chen S, Xie X, Wang Y, Gao Y, Xie X, Yang J, et al. Association between
leukocyte mitochondrial DNA content and risk of coronary heart disease: a case-
control study. Atherosclerosis (2014) 237:220–6. doi:10.1016/j.atherosclerosis.2014.
08.051

20. Liu LP, Cheng K, Ning MA, Li HH, Wang HC, Li F, et al. Association between
peripheral blood cells mitochondrial DNA content and severity of coronary heart
disease. Atherosclerosis (2017) 261:105–10. doi:10.1016/j.atherosclerosis.2017.
02.013

21. Wang XB, Cui NH, Zhang S, Liu ZJ, Ma JF, Ming L. Leukocyte telomere
length, mitochondrial DNA copy number, and coronary artery disease risk and

severity: a two-stage case-control study of 3064 Chinese subjects. Atherosclerosis
(2019) 284:165–72. doi:10.1016/j.atherosclerosis.2019.03.010

22. Chien MC, Huang WT, Wang PW, Liou CW, Lin TK, Hsieh CJ, et al. Role of
mitochondrial DNA variants and copy number in diabetic atherogenesis.Genet Mol
Res (2012) 11:3339–48. doi:10.4238/2012.September.17.4

23. Hindson BJ, Ness KD, Masquelier DA, Belgrader P, Heredia NJ, Makarewicz
AJ, et al. High-throughput droplet digital pcr system for absolute quantitation of
DNA copy number. Anal Chem (2011) 83:8604–10. doi:10.1021/ac202028g

24. Yang Y, Kong Q, Ma X, Wang C, Xue S, Du X. A whole-scope evaluation of
cervicocephalic atherosclerotic burden is essential to predict 90-day functional
outcome in large-artery atherosclerotic stroke. J Atheroscler Thromb (2022) 29:
1522–33. doi:10.5551/jat.63226

25. Adams HP, Jr, Bendixen BH, Kappelle LJ, Biller J, Love BB, Gordon DL, et al.
Classification of subtype of acute ischemic stroke. Definitions for use in a
multicenter clinical trial. Toast. Trial of org 10172 in acute stroke treatment.
Stroke (1993) 24:35–41. doi:10.1161/01.str.24.1.35

26. DeGraba TJ, Hallenbeck JM, Pettigrew KD, Dutka AJ, Kelly BJ. Progression in
acute stroke: value of the initial nih stroke scale score on patient stratification in
future trials. Stroke (1999) 30:1208–12. doi:10.1161/01.str.30.6.1208

27. Kleindorfer DO, Towfighi A, Chaturvedi S, Cockroft KM, Gutierrez J,
Lombardi-Hill D, et al. 2021 guideline for the prevention of stroke in patients
with stroke and transient ischemic attack: a guideline from the American heart
association/American stroke association. Stroke (2021) 52:e364–e467. doi:10.1161/
str.0000000000000375

28. Barnett HJM, Taylor DW, Haynes RB, Sackett DL, Peerless SJ, Ferguson GG,
et al. Beneficial effect of carotid endarterectomy in symptomatic patients with high-
grade carotid stenosis. N Engl J Med (1991) 325:445–53. doi:10.1056/
nejm199108153250701

29. Chimowitz MI, Kokkinos J, Strong J, Brown MB, Levine SR, Silliman S, et al.
The warfarin-aspirin symptomatic intracranial disease study. Neurology (1995) 45:
1488–93. doi:10.1212/wnl.45.8.1488

30. Kong Q, Ma X, Wang C, Du X, Ren Y, Wan Y. Total atherosclerosis burden of
baroreceptor-resident arteries independently predicts blood pressure dipping in
patients with ischemic stroke. Hypertension (2020) 75:1505–12. doi:10.1161/
hypertensionaha.120.15036

31. van Swieten JC, Koudstaal PJ, Visser MC, Schouten HJ, van Gijn J.
Interobserver agreement for the assessment of handicap in stroke patients.
Stroke (1988) 19:604–7. doi:10.1161/01.str.19.5.604

32. Yu E, Calvert PA,Mercer JR, Harrison J, Baker L, Figg NL, et al. Mitochondrial
DNA damage can promote atherosclerosis independently of reactive oxygen species
through effects on smooth muscle cells and monocytes and correlates with higher-
risk plaques in humans. Circulation (2013) 128:702–12. doi:10.1161/circulationaha.
113.002271

33. Fetterman JL, Holbrook M, Westbrook DG, Brown JA, Feeley KP, Bretón-
Romero R, et al. Mitochondrial DNA damage and vascular function in patients with
diabetes mellitus and atherosclerotic cardiovascular disease. Cardiovasc Diabetol
(2016) 15:53. doi:10.1186/s12933-016-0372-y

34. Wang Y, Wang GZ, Rabinovitch PS, Tabas I. Macrophage mitochondrial
oxidative stress promotes atherosclerosis and nuclear factor-κb-mediated
inflammation in macrophages. Circ Res (2014) 114:421–33. doi:10.1161/
circresaha.114.302153

35. Peng W, Cai G, Xia Y, Chen J, Wu P, Wang Z, et al. Mitochondrial
dysfunction in atherosclerosis. DNA Cell Biol (2019) 38:597–606. doi:10.1089/
dna.2018.4552

36. Shemiakova T, Ivanova E, Grechko AV, Gerasimova EV, Sobenin IA,
Orekhov AN. Mitochondrial dysfunction and DNA damage in the context of
pathogenesis of atherosclerosis. Biomedicines (2020) 8:166. doi:10.3390/
biomedicines8060166

37. KaitoM, Araya S, Gondo Y, Fujita M,Minato N, Nakanishi M, et al. Relevance
of distinct monocyte subsets to clinical course of ischemic stroke patients. PLoS One
(2013) 8:e69409. doi:10.1371/journal.pone.0069409

38. Virag L. Structure and function of poly(adp-ribose) polymerase-1: role in
oxidative stress-related pathologies. Curr Vasc Pharmacol (2005) 3:209–14. doi:10.
2174/1570161054368625

39. Jacinto TA,Meireles GS, Dias AT, Aires R, PortoML, Gava AL, et al. Increased
ros production and DNA damage in monocytes are biomarkers of aging and
atherosclerosis. Biol Res (2018) 51:33. doi:10.1186/s40659-018-0182-7

40. Masi S, Orlandi M, Parkar M, Bhowruth D, Kingston I, O’Rourke C, et al.
Mitochondrial oxidative stress, endothelial function and metabolic control in
patients with type ii diabetes and periodontitis: a randomised controlled clinical
trial. Int J Cardiol (2018) 271:263–8. doi:10.1016/j.ijcard.2018.05.019

Experimental Biology and Medicine
Published by Frontiers

Society for Experimental Biology and Medicine11

Zhao et al. 10.3389/ebm.2025.10624

https://doi.org/10.1161/strokeaha.111.672741
https://doi.org/10.1161/strokeaha.111.672741
https://doi.org/10.1016/j.jstrokecerebrovasdis.2013.09.024
https://doi.org/10.1016/s1474-4422(24)00369-7
https://doi.org/10.1016/j.tem.2014.06.008
https://doi.org/10.1016/j.atherosclerosis.2012.09.013
https://doi.org/10.1016/j.atherosclerosis.2012.09.013
https://doi.org/10.1161/circresaha.119.315833
https://doi.org/10.1016/j.bbrep.2021.101166
https://doi.org/10.1016/j.bbrep.2021.101166
https://doi.org/10.1016/j.mito.2020.06.004
https://doi.org/10.3389/fgene.2018.00702
https://doi.org/10.3389/fgene.2018.00702
https://doi.org/10.3389/fcvm.2021.788655
https://doi.org/10.1016/j.cell.2016.08.064
https://doi.org/10.1016/j.cell.2016.08.064
https://doi.org/10.1016/j.mito.2021.10.008
https://doi.org/10.1016/j.mito.2021.10.008
https://doi.org/10.1080/10715760310001621342
https://doi.org/10.1212/wnl.0000000000013165
https://doi.org/10.1161/strokeaha.123.045069
https://doi.org/10.1161/strokeaha.123.045069
https://doi.org/10.1161/01.cir.0000023921.93743.89
https://doi.org/10.1161/atvbaha.117.310042
https://doi.org/10.1016/j.atherosclerosis.2014.08.051
https://doi.org/10.1016/j.atherosclerosis.2014.08.051
https://doi.org/10.1016/j.atherosclerosis.2017.02.013
https://doi.org/10.1016/j.atherosclerosis.2017.02.013
https://doi.org/10.1016/j.atherosclerosis.2019.03.010
https://doi.org/10.4238/2012.September.17.4
https://doi.org/10.1021/ac202028g
https://doi.org/10.5551/jat.63226
https://doi.org/10.1161/01.str.24.1.35
https://doi.org/10.1161/01.str.30.6.1208
https://doi.org/10.1161/str.0000000000000375
https://doi.org/10.1161/str.0000000000000375
https://doi.org/10.1056/nejm199108153250701
https://doi.org/10.1056/nejm199108153250701
https://doi.org/10.1212/wnl.45.8.1488
https://doi.org/10.1161/hypertensionaha.120.15036
https://doi.org/10.1161/hypertensionaha.120.15036
https://doi.org/10.1161/01.str.19.5.604
https://doi.org/10.1161/circulationaha.113.002271
https://doi.org/10.1161/circulationaha.113.002271
https://doi.org/10.1186/s12933-016-0372-y
https://doi.org/10.1161/circresaha.114.302153
https://doi.org/10.1161/circresaha.114.302153
https://doi.org/10.1089/dna.2018.4552
https://doi.org/10.1089/dna.2018.4552
https://doi.org/10.3390/biomedicines8060166
https://doi.org/10.3390/biomedicines8060166
https://doi.org/10.1371/journal.pone.0069409
https://doi.org/10.2174/1570161054368625
https://doi.org/10.2174/1570161054368625
https://doi.org/10.1186/s40659-018-0182-7
https://doi.org/10.1016/j.ijcard.2018.05.019
https://doi.org/10.3389/ebm.2025.10624

	Dependence of mitochondrial dysfunction in peripheral blood mononuclear cells on cervicocephalic atherosclerotic burden in  ...
	Impact statement
	Introduction
	Materials and methods
	Study population
	General characteristics
	Measurement of ROS content by fluorescence spectroscopy
	Determination of mtDNA-CN by ddPCR
	Quantification of the overall degree of atherosclerosis in cervicocephalic arteries using CTA
	Follow-up
	Grouping of study subjects
	Statistical analysis

	Results
	Baseline characteristics and 90-day functional outcomes
	Relationship between PBMC mitochondrial dysfunction and ICAB
	Relationship between mtDNA-CN and ROS content
	Relationship between ICAB and a 90-day functional outcome of AIS
	Relationship between PBMC mitochondrial dysfunction and a 90-day functional outcome of AIS

	Discussion
	Conclusion
	Author contributions
	Data availability
	Ethics statement
	Funding
	Acknowledgments
	Conflict of interest
	Generative AI statement
	Supplementary material
	References


