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Abstract

Objectives: Patients with bipolar disorder (BPD) are at high risk of cardiovascular dis-

eases (CVDs) that are attributed to endothelial dysfunction. Circulating endothelial

progenitor cells (cEPCs) are proposed as indicators of endothelial dysfunction. This

study examined the relationship of cEPC numbers with BPD diagnosis and its clinical

symptoms in patients with BPD.

Methods: We recruited 48 patients with BPD and 50 healthy controls (HCs). All the

patients had scores of<13 on the YoungMania Rating Scale (YMRS). In addition to the

YMRSandClinicalGlobal Impression forBPD (CGI-BP), bipolar patientswere assessed

using relevant measurements for their depression, anxiety, general psychopathology,

cognitive dysfunction and deficit, somatic symptoms, quality of life, and level of disabil-

ity. cEPC counts weremeasured using flow cytometry.

Results: The numbers of immature and mature cEPCs in the bipolar patients did not

significantly differ from those in the HCs. After correction for multiple comparisons

and controlling for body mass index and smokers, the number of immature cEPCs was

observed to be inversely correlatedwith CGI-BP (corrected p [pcorr]= .00018) and pos-

itive scores in the positive and negative syndrome scale (PANSS-P; pcorr = .0049). The

number of mature cEPCs was inversely correlated with YMRS (pcorr = .014), CGI-BP

(pcorr = .00022), and PANSS-P (pcorr = .0049) scores. In multivariate stepwise analysis,

numbers of both types of cEPCswere associated with CGI-BP.

Conclusions: cEPC levels, an indicatorof endothelial dysfunctionand riskofCVDs,may

be associatedmanic and positive symptom severities in patients with BPD.
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1 INTRODUCTION

Bipolar disorder (BPD) is chronic, lifelong, recurrent, complex, andmul-

tifactorial psychiatric disorder of mood that is characterized by manic,

hypomanic, or depressive episodes. Evidence suggests that patients

with BPD are more susceptible to CVDs, including ischemic heart dis-

ease, congestive heart failure, and cerebrovascular disorders (Carney

& Jones, 2006). In a 3-year longitudinal study, individuals with BPD

showed a higher incidence of CVDs and weremore than twice as likely

to have received a CVD diagnosis compared with patients with major

depressive disorder and controls (Goldstein et al., 2015). CVD onset

also occurred at a younger age in patients with BPD compared with

people with major depressive disorder and controls (Goldstein et al.,

2015). Although the higher rates of CVD comorbidity in patients with

BPDmaybe attributed to the use ofmood stabilizers and antipsychotic

drugs for the treatment of the disease, some researchers have rejected

this hypothesis, demonstrating that such medications are not associ-

atedwith higherCVDmortality or risk ofmyocardial infarction or cere-

brovascular disorder (Rotella et al., 2020), and no definitive evidence

suggests that these medications independently increase CVD risk

(Goldstein et al., 2020). These findings suggest that other pathophysio-

logical mechanisms (e.g., lifestyle-related behaviors and cardiovascular

factors) underlie the association between BPD and CVD susceptibility.

The earliest stage of atherogenesis and CVD is endothelial dysfunc-

tion, which suggests a link between the cardiovascular risk factors and

atherosclerosis-related disease as well as long-term CVD outcomes

(Amarasekera et al., 2021). The vascular endothelium is an organ with

active paracrine, endocrine, and autocrine functions that are crucial for

the regulation of vascular tone, maintenance of vascular homeostasis,

andmediation of inflammation (Little et al., 2021). Endothelial dysfunc-

tion impairs the endothelium-dependent vasodilation and activation

of proinflammatory, proliferative, and procoagulant activities. It thus

increases an individual’s susceptibility to atherosclerotic diseases and

unfavorable cardiovascular outcomes (Little et al., 2021).

Recent studies suggested that endothelial dysfunction and injury

to the vascular wall are repaired by circulating endothelial progeni-

tor cells (cEPCs) derived from the bone marrow (Chopra et al., 2018).

These cells express numerous hematopoietic stem cell specific (e.g.,

CD34 and CD133), progenitor cell specific (e.g., CD133), and endothe-

lial cell specific (e.g., kinase insert domain receptor [KDR]) surface

markers, and they can be classified as immature (or early; positive for

CD34, CD133, and KDR) and mature (or late; CD34 and KDR) cEPCs

(Chopra et al., 2018). In response to tissue ischemia causedby endothe-

lial dysfunction and injury, cEPCs differentiate from hematopoietic

stem cells derived from the bone marrow. They then mobilize into

the peripheral blood, migrate to vascular damage sites, integrate into

the endothelial monolayer, and subsequently promote vascular repair

and angiogenesis through paracrine signaling to neighboring cells and

transdifferentiating to mature endothelial cells (Chopra et al., 2018).

The cEPC count is correlated with clinical surrogates of endothelial

dysfunction (e.g., flow-mediated brachial artery reactivity and carotid

intima media thickness) and is associated with combined Framingham

risk factor scores (Chopra et al., 2018; Hill et al., 2003). Therefore,

cEPCs have been proposed as direct indicators of endothelial function

(Chopra et al., 2018).

Despite increasing evidence demonstrating the involvement of

cEPCs in CVDs and the association of BPD with the increased risk of

CVDs, the relationship between cEPCs and BPD and its related clinical

manifestations has not yet been thoroughly studied. Ferensztajn-

Rochowiak et al. (2017) discovered that the cEPC numbers of patients

with BPD (some of whom were treated with lithium) did not differ

significantly from those of controls. However, that study did not inves-

tigate the association of cEPC numbers with the clinical symptoms

of BPD (Ferensztajn-Rochowiak et al., 2017). Therefore, the present

study investigated whether the numbers of cEPCs are associated

with either BPD or its clinical presentations, including manic symp-

tom severity, cognitive dysfunction, somatic symptoms, subjective

disability in key functional domains, and suboptimal quality of life.

2 METHODS

2.1 Patients and participants

This study was conducted at Taipei Veterans General Hospital (Taipei,

Taiwan). Board-certificated senior psychiatrists interviewed all the

participants using the Mini International Neuropsychiatric Interview

(MINI), clinical observation, andmedical charts to diagnose psychiatric

disorders. The diagnosis of BPD was made based on the criteria for

BPD specified in the Diagnostic and Statistical Manual of Mental Dis-

orders, Fourth Edition, Text Revision (DSM-IV-TR). The exclusion cri-

teria were any DSM-IV-TR diagnosis (e.g., schizophrenia, other psy-

chotic disorders, intellectual disability, substance use disorder, or psy-

chiatric disorder due to general medical condition or substance use),

unpredictable physical illness, pregnancy, and breastfeeding. Age- and

gender-matched participants without any psychiatric disorder were

included in the healthy control (HC) group. The participants’ ages

ranged from 20 to 65 years. This study was approved by the Insti-

tutional Review Board of Taipei Veterans General Hospital and was

conducted in accordance with the Declaration of Helsinki. Written

informed consent was obtained from the participants prior to their

study involvement.

2.2 Clinical assessments

This study assessed the severity ofmanic symptomsby using theYMRS

and Clinical Global Impressions Bipolar (CGI-BP) scale (Spearing et al.,

1997). The YMRS has 11 items and is one of themost widely employed

scales for evaluating manic symptoms according to a patient’s subjec-

tive condition.Additional informationderived fromclinical observation

was elicited during the course of the interview (Young et al., 1978).

The severity of current depressive symptoms was evaluated using

the 17-item Hamilton Depression Rating Scale (HAMD-17) and
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Montgomery–Åsberg Depression Rating Scale (MADRS). Both scales

are commonly applied in psychiatric research and clinical practice for

assessing depression level. However, the HAMD-17 does not evalu-

ate oversleeping, overeating, and concentration difficulties, and the

MADRS lacks assessment of psychomotor changes, reduced interest

in daily activities, or guilt (Carmody et al., 2006). Because neither the

HAMD-17 nor MADRS can be used to evaluate all of the core crite-

rion symptoms of a major depressive episode, both scales were used

to fully assess depressive symptom severity in the patientswith BPD in

this study.

This study also used the positive and negative syndrome scale

(PANSS) to assess the level of general BPD psychopathology (Kay

et al., 1987). PANSSwas originally designed to evaluate schizophrenia-

related psychotic symptoms, and it comprises three components: posi-

tive symptoms (PANSS-P), negative symptoms (PANSS-N), and general

symptoms (PANSS-G) (Kay et al., 1987). The scale has also been widely

applied to assess affective and psychotic symptoms in patients with

BPD (Anderson et al., 2017).

In the present study, the Digit Symbol Substitution Test (DSST) was

employed to assess the participants’ objective neurocognitive func-

tion. The DSST measures the psychomotor speed of the performance

in tasks requiring visual perception, spatial decisionmaking, andmotor

skills. The DSST is a valid and sensitive assessment of various cognitive

domains, including executive function, attention, psychomotor speed,

and working memory (Jaeger, 2018). In addition, the participants sub-

jectively assessed their cognitive deficits by completing the Perceived

Deficits Questionnaire for Depression (PDQD) (Lam et al., 2018). The

PDQD assesses the impact of cognitive dysfunction on an individual’s

ability to perform activities of daily living based on their self-reported

experiences in the context of BPD symptoms.

The participants also completed two other self-administered ques-

tionnaires: the Depressive and Somatic Symptom Scale (DSSS) and the

12-item Short-FormHealth Survey (SF-12). The advantage of theDSSS

is that it simultaneously assesses somatic and depressive symptoms,

overcoming the deficiencies of other depression scales that assess few

somatic elements (Hung et al., 2006). SF-12 comprises summaries of

physical components (SF12-PCS) andmental components (SF12-MCS)

and evaluates an individual’s overall health-related quality of life (Ware

et al., 1996).

Finally, this study also used the Sheehan Disability Scale (SDS) to

assess patients’ functional impairment in daily life. The SDS is a three-

item self-reported tool for evaluating functional disability in work,

school, social, and family life contexts (Sheehan & Sheehan, 2008).

2.3 Measurement of biochemical parameters and
cEPC counts

Blood samples were drawn after 12-h overnight fasting. Plasma bio-

chemical parameters, such as alanine aminotransferase (ALT), aspar-

tate aminotransferase (AST), creatinine (CREAT), fasting blood glu-

cose (FBS), triglyceride (TG), cholesterol (CHOL), high-density lipopro-

tein cholesterol (HDL), and uric acid (UA) levels, were determined

using standard laboratory procedures. For the measurement of cEPC

counts, a 1.0-ml sample of peripheral blood was obtained from each

participant. The cEPC count was measured through flow cytometry

by researchers blinded to the patients’ clinical information. The blood

samples were subsequently incubated with allophycocyanin (APC)-

conjugated monoclonal antibodies against human KDR (R&D, Min-

neapolis, MN, USA), phycoerythrin (PE)-conjugated monoclonal anti-

bodies against human CD133 (Miltenyi Biotec, Germany), and fluores-

cein isothiocyanate (FITC)-conjugated monoclonal antibodies against

human CD34 (BD Biosciences Pharmingen, San Diego, CA, USA) in the

dark for 30 min. Each analysis was based on 150,000 acquired events

and was as reliable as 500,000 events (intraclass correlation coeffi-

cient > 0.95). When viability markers were included, the viability of

cEPCs reached 96.3%. The interindividual variability of two samples

obtained from 10 patients was strongly correlated (r = .90, p < .001).

The intraindividual variability of immature (CD34+KDR+CD133+)

and mature (CD34+KDR+) cEPCs over time was evaluated based on

two measurements conducted 1 year apart in 21 patients, and the

resulting intraclass correlation coefficients were 0.69, 0.75, and 0.78,

respectively. Cell counts are expressed as cEPCs per 105 mononuclear

cells (Liou et al., 2021).

2.4 Statistical analyses

Statistical analyses were performed using SPSS (version 21; SPSS

Inc., Chicago, IL, USA). The distribution of categorical variables across

groups was compared using the chi-square test (and the Fisher exact

test if necessary). The group differences in continuous variables were

determined using the independent t test or the Mann–Whitney U test

if the variable deviated from the assumption of a normal distribution.

The normality of continuous variableswas examinedwith the Shapiro–

Wilk test. The direction and strength of the correlation between cEPC

counts and clinical measurements were examined with Kendall’s tau-

b partial correlation in three models by using JASP 0.16 (https://jasp-

stats.org/download/). Model 1 controlled for the effect of body mass

index (BMI) and smokers. Model 2 additionally controlled for systolic

blood pressure (SBP), diastolic blood pressure (DBP), FBS, and HDL in

addition to controlling for BMI and smokers. Model 3 additionally con-

trolled for the use of antipsychotic drugs and mood stabilizers in addi-

tion to controlling for BMI and smokers. Models 2 and 3 are the par-

allel sensitivity analyses. Multivariate stepwise linear regression was

used to identify the most predictive clinical symptom associated with

cEPC counts with adjustment for potential confounding factors (i.e.,

BMI, SBP,DBP, smokers, FBS, andHDL). The criterion for entry an inde-

pendent variable was set as if a p-value less than .05 and for removal

as greater than .1. The statistical significance level for all univariate

analyses was set at a corrected p-value of <.05 after multiple com-

parison adjustment with the Benjamini–Hochberg procedure (https:

//tools.carbocation.com/FDR), and the threshold for statistical signifi-

cance in themultivariate stepwise linear regression was set as p<.05.

https://jasp-stats.org/download/
https://jasp-stats.org/download/
https://tools.carbocation.com/FDR
https://tools.carbocation.com/FDR
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3 RESULTS

3.1 cEPC numbers in patients with BPD and in
HCs

In this study, 48 patients with BPD (bipolar I = 24, bipolar II = 24) and

50 HCs were recruited. The BPD patients were treated with the fol-

lowing psychotropic drugs: antipsychotic drugs (risperidone = 3, olan-

zapine = 1; quetiapine = 10, ziprasidone = 3, lurasidone = 18, arip-

iprazole = 3, amisulpride = 1, and sulpiride = 1), mood stabilizers

(lithium = 5; valproic acid = 6), and antidepressants (fluoxetine = 2;

excitalopram=2; sertraline=4; venlafaxine=4; duloxetine=1; bupro-

pion = 4; agomelatine = 2; mertazapine = 1; lamotrigine = 6). Some

of the patients had also received diagnoses of hypertension (N = 2),

heart disease (N = 1), diabetes mellitus (DM; N = 5), and hyperlipi-

demia (N = 2). The total YMRS score of all patients with BPD was

less than 13. The mean (range, SD) scores of YMRS, HAMD-17, and

MADRS in the BPD patients were 2.4 (0–11, 2.8), 10.9 (0–30, 6.4), and

15.1 (0–36, 9.1), respectively. Table 1 lists the demographic and clinical

data, laboratory data, and cEPC counts of the BPD andHC groups. The

between-group differences in gender distribution and in the median

age, height, heart rate, and ALT, AST, UA, CHOL, HDL, and low-density

lipoprotein (LDL) cholesterol levels were all nonsignificant. However,

the BPD group included more smokers than the HC group. The BPD

group also exhibited significantly higher median body weight (BW),

BMI, SBP, DBP, and TG level but a lower median FBS level than the HC

group (Table 1; Mann–Whitney U test, all p <.05). No significant dif-

ference was observed in mature and immature cEPC counts between

the patients with BPD and the HCs (Table 1; Mann–Whitney U test, all

p>.05).

3.2 Strength (degree) and direction of correlation
between cEPC count and BPD-related clinical
indicators

Table 2 presents the correlation coefficients (τb) between the cEPC

counts and clinical measurements related to BPD in three ana-

lytic models with Kendall tau-b partial correlations. Both immature

and mature cEPC counts were correlated inversely with YMRS in

Model 1 (immature: p = .011; mature: p = .002), Model 2 (imma-

ture: p = .014; mature: p = .0029), and also in Model 3 (immature:

p = .008; mature: p = .0012). The counts of both types of cEPCs

were also correlated inversely with CGI-BP in Model 1 (immature:

p= .0000082;mature:p= .0000024),Model 2 (immature:p= .000012;

mature: p = .0000029), and Model 3 (immature: p = .000016; mature:

p = .0000032). The score of PANSS-P were found to correlate neg-

atively with both types of cEPCs in Model 1 (immature: p = .0006;

mature: p = .00049), Model 2 (immature: p = .00072; mature:

p = .0005), and Model 3 (immature: p = .00025; mature: p = .00015).

Despite the correlation noted between immature cEPCs and YMRS

scores, inverse correlations of the mature cEPCs count with the YMRS

scores, immature andmature cEPC countswith theCGI-BP scores, and

TABLE 1 Comparison of demographic parameters, clinical
measurements, and cEPC counts between patients with bipolar
disorder (BPD) and healthy controls (HC).a

BPD (N= 48) HC (N= 50)

p (χ2 or
MWU)b

Gender, male/female 20/28 21/29 .973

Smoker, yes/no 15/33 1/49 <.001

Age, year 26 (15) 27(11) .850

Illness duration, year 6.5 (12.5)

Treatment duration, year 0.83 (7.9)

Height, cm 165.7 (10.4) 164.0 (15.0) .398

BW, kg 65.3 (23.8) 60.0 (17.8) .029

BMI 24.8 (8.6) 22.3 (3.3) .037

SBP, mmHg 116.0 (13.0) 112.0 (15.0) .038

DBP, mmHg 71.0 (11.0) 65.0 (11.0) .007

Heart rate 75.0 (14.0) 71.5 (13.0) .064

ALT, U/L 17.0 (17.0) 15.5 (9.0) .291

AST, U/L 18.0 (7.0) 18.5 (6.0) .935

CREAT, mg/dl 0.8 (0.2) 0.75 (0.14) .871

UA, mg/dl 5.3 (1.8) 5.6 (1.8) .446

FBS, mg/dl 81.5 (15.0) 85.5 (9.0) .024

CHOL, mg/dl 183.5 (42.0) 188.5 (54) .823

TG, mg/dl 96.0 (69.0) 70.5 (38.0) .052

HDL, mg/dl 50.5 (20.0) 56.0 (16.0) .037

LDL, mg/dl 109.0 (42.1) 110.1 (41.4) .725

Mature cEPCs, counts 16.0 (17.0) 13.0 (16.0) .240

Immature cEPCs, counts 11.0 (12.0) 11.0 (14.0) .834

Abbreviations: ALT: alanine aminotransferase; AST: aspartate aminotrans-

ferase; BMI: body mass index; BW: body weight; CREAT: creatinine; cEPC:

circulating endothelial progenitor cells; CHOL: cholesterol; DBP: diastolic

blood pressure; FBS: fasting blood sugar; HDL: high-density lipoprotein

cholesterol; LDL: low-density lipoprotein;MWU:Mann-WhitneyU test; TG:

triglyceride; SBP: systolic blood pressure; UA: uric acid.
aContinuous variables were presented as their medians and interquartile

ranges (IQR).
bBold italicized values represent the p-value less than .05.

immature and mature cEPC counts with the PANSS-P scores in the

three partial correlation models remained statistically significant after

correction for multiple comparisons (all corrected p< .05).

3.3 Effect of symptom levels of BPD on cEPC
counts

In this study, linear regression was used to determine the relationship

between the cEPC count and clinical information with simultaneous

adjustment for potential confounding factors (e.g., BMI, SBP, DBP,

FBS, CHOL, TG, and smoking). In the analyses, cEPC counts were the

dependent variables, and scores of the clinical measures were the

independent variables. Table 3 presents the results of univariate and
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TABLE 2 Kendall Tau-b partial correlation analysis for circulating endothelial progenitor cell numbers and clinical symptomatology level in
patients with bipolar disorder.a

Immature cEPCs Mature cEPCs

Model 1b Model 2c Model 3d Model 1b Model 2c Model 3d

YMRS −0.26* −0.26* −0.28** −0.31** −0.31** −0.34**

CGI-BP −0.46*** −0.47*** −0.45*** −0.48*** −0.50*** −0.49***

HAMD −0.11 −0.14 −0.12 −0.07 −0.10 −0.09

MADRS −0.16 −0.17 −0.19 −0.16 −0.18 −0.15

HAMA −0.19 −0.21 −0.16 −0.17 −0.19 −0.15

PANSS-T −0.20* −0.19 −0.19 −0.21* −0.19 −0.20

PANSS-P −0.35*** −0.36*** −0.38*** −0.36*** −0.37*** −0.40***

PANSS-N −0.17 −0.13 −0.14 −0.14 −0.10 −0.11

PANSS-G −0.14 −0.16 −0.15 −0.16 −0.17 −0.17

DSSS −0.00 −0.18 −0.12 −0.10 −0.15 −0.09

DSST −0.15 −0.04 −0.03 0.00 0.03 0.02

PDQD −0.15 −0.16 −0.16 −0.18 −0.18 −0.19

PCS −0.11 −0.14 −0.08 −0.08 −0.12 −0.05

MCS 0.18 −0.11 −0.03 −0.16 0.12 −0.17

SDS −0.17 −0.10 −0.02 −0.11 0.04 −0.05

Abbreviations: CGI-BP: Clinical Global Impression—Bipolar Version—Severity of Illness; DSSS: Depressive and Somatic Symptom Scale; DSST: Digit Symbol

Substitution Test; HAMA: Hamilton Anxiety Rating Scale; HAMD: 17-item Hamilton Depression Rating Scale; MADRS: Montgomery–Åsberg Depression

Rating Scale; MCS: Mental Component Summary of the 12-Item Short Form Health Survey; PCS: Physical Component Summary of the 12-Item Short Form

Health Survey; PANSS-G: general scores in PANSS; PANSS-P: positive scores in PANSS; PANSS-N: negative scores in PANSS; PANSS-T: total scores in Positive

and Negative Syndrome Scale (PANSS); PDQD: Perceived Deficits Questionnaire-Depression; SDS: Sheehan Disability Scale; YMRS: Young Mania Rating

Scale.
aThe number in each cell corresponds to the Kendall’s tau-b correlation coefficient between variables. *p< .05, **p< .01, ***p< .001.
bModel 1: controlling for BMI and smokers.
cModel 2:Model 1 additionally controlling for SBP, DBP, FBS, andHDL.
dModel 3:Model 1 additionally controlling for the use of antipsychotic drugs andmood stabilizers.

multivariate analyses. The univariate analysis indicated that choles-

terol level (p = .044), YMRS score (p = .030), CGI-BP score (p = .002),

and PANSS-Total score (PANSS-T; p = .041) were significantly asso-

ciated with the immature cEPC count. Among these results, the

association between CGI-BP scores and the immature cEPC count

remained statistically significant after correction for multiple testing

(corrected p = .04). The mature cEPC count was significantly associ-

ated with being a smoker (p= .013) as well as YMRS (p= .021), CGI-BP

(p = .002), PANSS-T (p = .016), and PANSS-G (p = .044) scores in the

univariate analysis. Among these results, the association between the

mature cEPC count andCGI-BP score remained statistically significant

after correction for multiple testing (corrected p = .044). In the mul-

tivariate stepwise linear analysis, the CGI-BP score was significantly

associated with both immature and mature cEPC numbers (p = .003

and .006, respectively).

4 DISCUSSION

In this study, we explored the role of cEPCs in BPD and BPD-related

clinical presentations in patients with BPD. Although no significant dif-

ference in immature and mature cEPC counts was noted between the

patients with BPD and the HCs, we discovered that the count of both

types of cEPCs exhibited significant inverse correlations with YMRS,

CGI-BP, and PANSS-P scores (Table 2). The greater strength of both

manic and positive symptoms in the patients with BPD accompanied

lower immature and mature cEPC counts. Furthermore, after control-

ling for physiological (e.g., blood pressure and BMI) and biochemical

(e.g., FBS, and HDL) effects in multivariate stepwise regression, both

immature and mature cEPC counts were inversely associated with the

global severity of BPD (i.e., CGI-BP; Table 3). The relationship between

the cEPC count and manic symptom severity indicates that the cEPC

count may be a cellular marker of the vascular–bipolar link (Goldstein

et al., 2020).

Evidence has suggested that variations in the cEPC count are

related to affective symptoms. Such a finding mainly originates from

the effects of depressive symptom severity and depressive disorders

on the cEPC count (N. Yang et al., 2021). Most findings have shown

that lower cEPC numbers are associated with high depressive symp-

tom severity and depressive disorder (N. Yang et al., 2021). However,

a contradictory finding has also been reported (Liou et al., 2021; N.

Yang et al., 2021), which may be explainable by variations in the study

populations, the effect of antidepressants, or the duration of antide-

pressant treatment (Liou et al., 2021; N. Yang et al., 2021). Although
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studies have shown the association between depressive symptoms and

depressive disorder, the relationship of the cEPC count withmanic and

related symptoms in BPD has not been studied. To the best of our

knowledge, the present study is the first to investigate the relationship

of both manic and positive BPD-related symptoms with cEPC counts,

and this study showed that stronger manic and positive symptoms are

correlatedwith lower cEPCnumbers inpatientswithBPD.Fiedorowicz

et al. (2012) enrolled a cohort of individuals from theNational Institute

of Mental Health Collaborative Depression Study, and they demon-

strated that participants with more severe manic symptoms exhibited

poorer endothelial function, as measured by flow-mediated dilation

(FMD) of the brachial artery (Fiedorowicz et al., 2012). Because cEPCs

are direct indicators of endothelial function (Chopra et al., 2018), the

finding of an inverse correlation betweenmanic symptom severity and

cEPC numbers in present study is in accordance with the finding of

Fiedorowicz et al. (2012), and the finding suggests that endothelial dys-

function is associated with low cEPC numbers in patients with BPD.

The reasons underlying the inverse relationship between cEPC

counts and manic symptom severity in patients with BPD remain to

be determined. The numbers of cEPCs could be affected by fasting,

smoking, serum cholesterol, oxidized LDL levels, hypertension, or DM

(Chopra et al., 2018). In the present study, we controlled for confound-

ing factors such as being a smoker, BMI, blood pressure, FBS, and HDL

by using Kendall’s tau-b partial correlation. We observed that both

immature and mature cEPC counts continued to exhibit inverse corre-

lationswith YMRS andCGI-BP scores (Table 2). Furthermore, stepwise

regressions revealed that the CGI-BP score was inversely associated

with immature andmature cEPCcounts (Table3). These results suggest

that the inverse relationshipbetween cEPCcounts andmanic symptom

severity is independent of cEPC-related cardiovascular factors.

Numerous factors have been identified as being related to cEPC

counts, such as inflammation and oxidative stress. The numbers of

cEPCs are sensitive to inflammatory markers and mediators, including

tumor necrosis factor-α (TNF-α), C-reactive protein (CRP), and inter-

leukin 6 (IL-6). CRP, an acute phase marker of systemic inflammation,

exerts a direct inhibitory effect on cEPC differentiation, migration,

proliferation, adhesion, and angiogenic activity (Verma et al., 2004)

and enhances the apoptosis of cEPCs (J. Chen et al., 2012). TNF-α
also significantly reduces proliferation, migration, adhesion, and angio-

genic functions and the quantity of cEPC, and a negative correlation

has been reported between the TNF-α concentration and cEPC count

(T.G. Chen et al., 2011; Seeger et al., 2005). Similarly, although IL-

6 stimulates cEPC proliferation and migration, the cEPC count has

been found to exhibit an inverse correlation with the IL-6 concen-

tration in patients with chronic hemodialysis or first-episode depres-

sion (Ozkok et al., 2013; L. Yang et al., 2011). Inflammatory processes

also play a pivotal role in the pathophysiology of BPD (Muneer, 2016).

Increasing evidence has shown high levels of circulatory inflamma-

tory cytokines in distinct phases of BPD (Muneer, 2016), and some

inflammatory cytokines and mediators are persistently activated in

both symptomatic and euthymic patients with BPD (Solmi et al., 2021;

Vares et al., 2020). Oxidative stress is defined as an imbalance between

pro- and antioxidants or between the production and removal of ROS,

wherein excessive pro-oxidant activity andROSproduction lead to sev-

eral effects deleterious to aerobic life-forms (Sies, 1991). Preclinical

studies have demonstrated that high ROS (e.g., hydrogen peroxide) lev-

els and ROS production are associatedwith low cEPC numbers (Urbich

et al., 2005). At the clinical level, the conditions associated with high

systemic oxidative stress are related to low cEPC numbers (Watson

et al., 2008). One study reported the involvement of oxidative stress

in the pathophysiology of BPD based on findings of altered oxida-

tive stress levels in antioxidant enzymes, nitric oxide, and the prod-

ucts of oxidative damage to DNA/RNA, proteins, and lipids (Jimenez-

Fernandez et al., 2021). Some oxidative stress markers and antioxi-

dants exhibit varying levels in specific BPD phases, such as UA during

euthymia and thiobarbituric acid reactive substances (TBARS) during

depression in BPD (Jimenez-Fernandez et al., 2021). In summary, the

inverse relationship of cEPC counts with manic symptom severity may

reflect anadaptionof cEPCs to inflammatory andoxidative stress in the

pathophysiology of BPD.

In the present study, the cEPC count was significantly nega-

tively correlated with the PANSS-P score (Table 2). Psychosis and

its related symptoms, such as delusion, grandiosity, hallucinatory

behavior, overexcitement, and hostility, are not only prominent in

schizophrenia but also in other psychiatric conditions, such as BPD

(Fernandez-Garcimartin et al., 2014). The patients with BPD and

psychotic symptoms have more severe mood and anxiety symptoms;

higher rates of psychiatric hospitalization, suicidality, and sexual and

physical abuse; and poorer psychosocial functioning and prognosis

than those patients with BPD who do not have psychotic symptoms

(Shalev et al., 2020). Historically, psychosis in BPD is also associated

with a high risk of CVD (Prieto et al., 2015). The inverse correlation

of cEPC counts with PANSS-P scores observed in the present study

is in line with the increased risk of CVD in psychotic mania (Prieto

et al., 2015) and suggests the involvement of endothelial dysfunction

in the susceptibility to CVD among patients with BPD and psychotic

symptoms. The aforementioned inverse correlation may also suggest

that cEPCs are the cellular contributors to CVD risk factors in patients

with BPD, specifically for those patients with psychotic symptoms.

The numbers of immature and mature cEPCs in patients with BPD

were compared with those in the HCs in this study. However, no

significant differences in the median numbers of either type of cEPC

were observed between the patients with BPD and the HCs (Table 1).

This result is in line with the finding of Ferensztajn-Rochowiak et al.

(2017) that the cEPC numbers in patients with BPD (who were either

treated or not treated with lithium) were not significantly different

from the HCs. One explanation for this failure to detect a difference

in cEPC counts between the patients with BPD and the controls

may be that both studies were limited by small sample sizes. For the

median difference in cEPC levels between groups, our study only had

statistical power of .07 and .27 for small and medium effect sizes,

respectively. Similarly, our study had statistical power of .24 to .55 for

very weak correlation, such as the relationship between cEPC counts

and depressive symptom levels. Increasing the sample size in future

studies is necessary to draw robust conclusions on the association

between the cEPC count and BPD. Regarding the correlation of severe
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manic symptoms with low cEPC numbers noted in this study, the

similar numbers of cEPCs in the BPD patients compared with the

HCs may be the effects of psychotropic drugs on cEPC numbers. BPD

is associated with high risks of recurrence and relapse. In clinical

practice, polypharmacy, including prescriptions of antipsychotics,

lithium, mood stabilizers, and antidepressants, is common applied to

prevent affective recurrence and maintain remission (Yatham et al.,

2018). Most antipsychotic agents used in the treatment of BPD are

antagonists of dopamine D2 receptors (DRD2). In a murine model,

DRD2 antagonists increased the numbers of cEPCs by eliminating

the negative effects of dopamine on the migration and mobilization of

cEPCs (Chakroborty et al., 2008). Antidepressants can increase cEPC

numbers by enhancing the mobilization and proliferation as well as

inhibiting the apoptosis of cEPCs (Zan et al., 2015). Amongmood stabi-

lizers, lithium also improves the proliferation, migration, and network

formationof cEPCsby inhibiting glycogen synthase kinase3β (Cui et al.,
2015). Nevertheless, the effect of valproic acid on cEPC numbers has

not been thoroughly investigated. The aforementioned evidence col-

lectively indicates that the psychotropic drugs commonly used for BPD

treatment may increase cEPC counts, thus reducing the difference in

cEPC numbers between the patients with BPD and the HCs. The other

explanation for the similar numbers of cEPCs in the patients with BPD

relative to theHCs is that the cEPC countmight be a treatment (rather

than a diagnostic) marker of endothelial dysfunction in CVDs or car-

diometabolic diseases comorbid with BPD. This is supported by earlier

studies that have shown that lower FMD is significantly correlated

with higher TG, FBS, and BMI as well as higher waist circumference

and manic or hypomanic symptom burden (Fiedorowicz et al., 2012;

Hatch et al., 2015) in patients with the disorder. A treatment marker

would be helpful to develop, refine, and monitor a treatment network

on the specific dimension of symptoms or comorbid conditions (Gill

et al., 2021), such as endothelial dysfunction in patients with BPD.

Endothelial dysfunction is characterized by a proinflammatory,

prothrombotic, and atherogenic state (Little et al., 2021). Endothelial

dysfunction occurs in the early stage of atherosclerotic vascular

damage and is a crucial factor that precedes atherogenesis and plaque

formation that can lead to the development and progression of CVDs

(Gimbrone & Garcia-Cardena, 2016). Endothelial dysfunction is also

associated with hypertension, obesity, and diabetes (Amarasekera

et al., 2021). Because patients with BPD are considered to be at

risk of hypertension, obesity, diabetes, and CVD (Goldstein et al.,

2020), several studies investigating endothelial vascular dysfunction in

patients with BPD have been conducted, with measures of endothelial

activity and endothelial dysfunction-related arterial stiffness, such

as FMD, pulse wave velocity, augmentation index (AIx), and reactive

hyperemia index (RHI) (Fiedorowicz et al., 2012; Hatch et al., 2015;

Murray et al., 2012; Rybakowski et al., 2006; Sodhi et al., 2012; Tong

et al., 2018). However, the findings of these studies are diverse, and

drawing a conclusion from them is not possible. For instance, AIx in

patients with BPD or in depressed patients with mixed mood disorder

was significantly higher compared with the HCs (Rybakowski et al.,

2006) or age-based population norms (Sodhi et al., 2012). However,

this difference in AIx was not replicated in another similar study (Tong

et al., 2018). In addition, no significant difference in FMD and RHI was

observed between patients with BPD and HCs in some of the studies

(Murray et al., 2012; Tong et al., 2018). These discrepancies regarding

the association of impairment in endothelial function with BPD may

originate from differences in participant age range, mood state, and

BPD stage or from the limited sensitivity of measures for detecting

differential changes in patientswithBPDcomparedwith theHCs (Tong

et al., 2018). Despite the inconsistent findings on the link between

endothelial dysfunction and BPD, lower FMD was significantly cor-

related with higher TG, FBS, and BMI and waist circumference but

lower HDL (Hatch et al., 2015). Moreover, lower FMD was associated

with manic or hypomanic symptom burden, suggesting that manic or

hypomanic symptoms are associated with poor endothelial function

(Fiedorowicz et al., 2012). Our results of lower cEPCnumbers correlat-

ing with higher manic and positive symptom levels support this point

of view from a cellular level and provide another piece of evidence for

the link between BPD symptom severity and endothelial dysfunction.

The present study entailed some limitations. First, our study had a

cross-sectional design, precluding causal interpretations of the asso-

ciation of cEPC counts with mood and positive symptoms. Additional

longitudinal studies with larger samples are required to elucidate the

temporal relationship among cEPC count, changes in mood-related

symptoms, and pharmacological effects throughout the course of BPD.

Second, the study did not investigate the relationship among cEPC

function parameters (such as adhesion, migration, tube formation, and

the ability of cEPCs to form colonies), BPD diagnosis, and levels of

clinical symptom severity. Third, adolescent patients, older patients,

or patients undergoing any acute mood-related episode were not

enrolled in this study. The findings of inverse correlations of manic

and positive symptom severities with cEPC counts were obtained

from the data of patients whose total YMRS scores were less than 13

(Tohen et al., 2009), and we are unable to generalize these findings to

the patients with BPD in other age groups or other phases or states

of the disease. Despite these shortcomings, our study is, to the best

of our knowledge, the first to investigate the relationship between

cEPC counts and BPD from multiple clinical perspectives including

mood-related symptom severity, cognitive dysfunction, and function

disability. Our data suggest that the numbers of cEPC may play a role

in vascular homeostasis in patients with BPD. Subsequent studies are

warranted to verify these observed associations.

In conclusion, the present study reported low numbers of cEPC cor-

related with severe manic and positive symptom severity in patients

with BPD. The inverse correlation of cEPC counts and the severity of

manic and positive symptoms were independent of several cardiovas-

cular factors. Although the medians of both types of cEPCs did not

significantly differ between the patients with BPD and the HCs, our

results suggest that the cEPC count may be a treatment, rather than a

diagnostic,marker of endothelial dysfunction in patientswithBPDwho

are at risk of CVDs (Gill et al., 2021). Despite the exploratory and pre-

liminary nature of the study, the inverse correlation of cEPC numbers

and symptom severity implies that the cEPC count may be a cellular

marker of the vascular–bipolar link (Goldstein et al., 2020) and the cel-

lular mechanism involved in the association between BPD and CVDs.
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