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Introduction

Cocoa flavanol supplementation preserves early
and late radial artery function after transradial
catheterizationf

Michael Gréne, 2 Miriam Schillings,1® Dragos Duse,® Nicolas Kramser,?
Christine Quast, (2@ Christian Heiss, {2 ® Roberto Sansone,? Christian Jung,*®
Malte Kelm**© and Ralf Erkens (=@

Background: The transradial approach for coronary angiography is associated with fewer complications
and preferred over the femoral approach. Injury to the radial artery (RA) endothelium elicits intimal hyper-
plasia, possibly resulting in total occlusion and limb functional decline. Flavanols are known to improve
endothelial function. Effects on arterial remodeling after mechanical injury are unknown. Objective: To
investigate the effects of cocoa flavanols on (a) intimal hyperplasia and (b) endothelial functional recovery
after mechanical vascular wall injury through transradial coronary angiography (TCA). Methods: Primary
endpoint in this double-blind, randomized, controlled trial was RA intima-media thickness (IMT) after
6 months follow-up (FU). Secondary endpoints were RA flow-mediated vasodilation (FMD) and fractional
diameter change (Fdc). Further luminal diameter and circulating endothelial microparticles (EMP) were
assessed. Thirty-six male patients undergoing elective TCA were included. Flavanol or matched placebo
supplementation started 7 days prior TCA (cocoa flavanol 1000 mg day™) for 14 days. Four measurements
spanned three periods over 6-moths-FU. Results: TCA induced sustained intimal hyperplasia in the
placebo-, but not in the flavanol-group (IMT 0.44 + 0.01 vs. 0.37 + 0.01 mm, p = 0.01). FMD decreased
after TCA in both groups, but recovered to baseline after 6 months in the flavanol group only. Fdc acutely
decreased, EMPs increased in the placebo-, not in the flavanol -group. Luminal diameter remained
unchanged in both groups. Conclusion: Peri-interventional cocoa flavanol supplementation prevents
long-term intima media thickening and endothelial dysfunction 6 months after TCA opening the perspec-
tive for dietary interventions to mitigate endothelial cell damage and intimal hyperplasia after mechanical
injury.

reduction in peri-procedural mortality and major adverse
cardiovascular events (MACE) in acute coronary syndrome

The radial artery (RA) is the widely preferred access site for cor-
onary angiography and percutaneous coronary interventions
(PCI) for both diagnostic and therapeutic management of cor-
onary artery disease (CAD)." Compared to the femoral access,
the transradial access (TRA) is associated with decreased
bleeding risk, vascular site complications, a significant
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(ACS) procedures.>® The American Heart Association (AHA)
therefore recommend the TRA as first line approach for acute
or stable ischemic heart disease. This can also provide
reductions in economic burden and costs, patient’s comfort
and increases post-procedural safety." However, there are con-
cerns that the TRA may damage the arterial wall and induce
intimal hyperplasia following the late onset of complications
like post-procedural radial artery occlusion (RAO).> Damage of
the vessel wall and chronic hyperplasia limit the usability of
the RA as a potential bypass graft or dialysis shunt vessel in
the future and may induce a reduction in endothelial cell
regeneration and function, which can affect cardiovascular
health.

In our previous work, we already demonstrated that radial
access for TCA leads to an acute impairment in vascular and
endothelial function as measured by a decrease in flow-
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mediated-vasodilation (FMD) of the radial and brachial artery.°®
Furthermore, we demonstrated that the functional capacity of
the endothelium is impaired in smokers,” which is associated
with reduced nitric oxide synthase (NOS)-activity and reduced
vascular repair capabilities.® Maintaining endothelial health is
of crucial importance and several mechanisms to optimize
endothelial function have been addressed,’ one of them being
the dietary supplementation of flavanols, a subfamily of flavo-
noids that are found in various food groups like berries, choco-
late, and wine, for example. Flavanols are thought to increase
endothelial NO synthase (eNOS) activity and nitric oxide (NO)
bioavailability.">"" Our previous data suggest that (—)-epicate-
chin via it circulating structurally related metabolites may be
the major bioactive component of the flavanol capsule in this
study (see ESI Table 31)."* (—)-Epicatechin is associated with a
prolonged and augmented NO synthesis that may be mediated
by the increase of r-arginine conversion to r-citrulline and
NO."*'* It was further shown to improve endothelial function,
integrity,">'® and to decrease blood pressure and arterial
stiffness.”” ' The methylxanthines in cocoa may contribute to
the biological activities of cocoa via enhancing the bio-
availability.*® In addition, our research suggests that procyani-
dins may interact with cholesterol absorption leading to lower-
ing of plasma cholesterol levels."

Flavanols also modulate the adhesion and migration of
monocytes to the vascular endothelium and increase the levels
of circulating angiogenic cells (CAC).>

Therefore, we hypothesize that peri-interventional cocoa fla-
vanol supplementation mitigates EC dysfunction associated
with TCA, preserves EC integrity as assessed by microparticle
release, and thus long-term  intima-media
hyperplasia.

prevents

Materials and methods
Recruitment and ethics

We identified 60 consecutive male patients, who were sched-
uled for elective TCA in the cardiology department of the
Heinrich Heine University Hospital Diisseldorf. After the
screening process, 16 patients did not meet the inclusion cri-
teria and 3 men refused to participate in the study (Fig. 2).
Inclusion criteria were the indication for an elective TCA by
a cardiologist and a non-pathologic Allen’s test, indicative of
sufficient collateral blood supply to the hand and forearm on
the intervention site and male gender to exclude sex-specific
effects. For TCA interventions a 6F-sheath was used and
patients were heparinized by 5000 LE. of heparin. Exclusion
criteria were prior TCA on the site of the currently planned
approach, inflammation (C-reactive protein (CRP) >2.0 mg
dl™), known malignancies, heart rhythm other than sinus
rhythm, symptomatic heart failure (New York Heart
Association functional class III or IV), terminal renal failure
(eGFR < 30 ml min™"), and female gender. No distinction was
made concerning known CAD or prior coronary angiography.
If CAD was already known, patients were on standard optimal
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medical therapy including a statin, beta-blocker, ACE-inhibi-
tor/ARB, Aspirin, and/or P2Y12 inhibition. Ethical approval
was obtained from the ethics committee of the Heinrich Heine
University Diisseldorf (No. 3574) and registered at clinical
trials (NCT03488823). All participants gave informed signed
consent for the examination of medical records and use of the
data. The data that support the findings of this study are avail-
able from the corresponding author, upon reasonable request.

Study protocol

Examinations took place at four-time points including
6 months of FU (Fig. 1). Baseline assessment was performed
one week before TCA (=7 d) and included baseline character-
istics, blood work, and medication history as well as ultra-
sound measures. Primary endpoint was defined as intima-
media thickness (IMT) during FU. Secondary endpoints were
radial artery endothelial function measured by flow-mediated
vasodilation (FMD) and fractional diameter change (Fdc).
Tertiary endpoint were luminal and external arterial diameter.
Quaternary endpoint was circulating levels of endothelial
microparticles (EMP), acquired at three visits. As an intra-indi-
vidual control, we acquired FMD of the contralateral arm,
where no local intervention or manipulation occurred.
Participants were randomized after assessment to receive
either 500 mg (2 capsules) of cocoa flavanols or 2 capsules of
matched placebo control supplementation twice-daily (total of
4 capsules per day) for one week prior to elective TCA to
achieve a stable increase in endothelial function even after
excretion of structurally related cocoa flavanol metabolites as
demonstrated in our previous work and using a similar
dose.'®** The composition of the flavanol capsule is listed in
ESI Table 3.1 Placebo capsules were filled with microcrystalline
cellulose and matched for theobromine and caffeine content.
Thus, flavanols and (-)-epicatechin were absent in placebo
capsules. Overall appearance and weight of placebo capsule
were not distinguishable from those of active capsules.
Supplementation was continued for 14 days in total.
Participants were instructed to continue intake for 7 days after
TCA to ensure stable effects on endothelial function during
the healing process. Participants were advised to consume
study capsule with breakfast and with dinner. The morning
before TCA subject’s bilateral radial arteries were examined the
second time (-2 h) to document the effect of the dietary inter-
vention and directly after compression release on the radial
artery after TCA (+2 h) for the third time. Blood was drawn at
time points —7 d, —2 h before TCA, and +2 h after TCA to deter-
mine plasma levels of circulating endothelial microparticles
(EMP). After 6 months, patients were called and examined
again (+6 M) to assess the long-term arterial remodeling
(primary and tertiary outcome) and late functional recovery.
To evaluate the changes between the four time points, three
periods were defined: period 1 = pretreatment prior to TCA, fla-
vanol effect from —7 d to —2 h; period 2 = acute effects of TCA,
flavanol effect from —7 d to +2 h, and period 3 = long-term
effects of TCA, flavanol effect from 7 d to +6 M.
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Fig. 1 Study protocol. The vascular assessment was performed at baseline (-7 d), after one week of flavanol-/placebo-supplementation (-2 h),
after complete release of the compression device after TCA (+2 h), and at follow-up (+6 M). Flavanols or placebo were administrated seven days
prior and seven days after TCA, respectively. Primary outcome was intima-media thickness (IMT). Secondary outcomes were flow-mediated vasodila-
tion (FMD), flow-mediated vasodilation on the contralateral arm of sheath induction (FMDcontra), and fractional diameter change (Fdc). Tertiary out-
comes were the outer diameter (OD) and inner diameter (ID) of the investigated vessel (d = days, h = hours, M = months). Period 1 “green bars" =
pretreatment prior to TCA = flavanol effect from —7 d to —2 h; period 2 “red bars” = acute effects of TCA = from —7 d to +2 h; period 3 “grey bars” =

long-term effects of TCA = from -7 d to +6 M.

Screening (n = 60)

16 did not meet inclusion criteria,

| 3 did not consent
| Baseline -7d (n=41) |
! 1 stroke

n=39

| 1ACS

Placebo

Pre TCA -2h (n=19)

Post TCA +2h (n=19)

<+——— randomization

Flavanol

Pre TCA -2h (n=20)

Post TCA +2h (n=20)

TCA

End of Placebo intake (+7d) (n=19)

End of Flavanol intake (+7d) (n = 20)

Follow-up + 6M (n = 18)

3 patients lost to follow-up at 6
months

Follow-up + 6M (n = 18)

Fig. 2 CONSORT diagram. After screening 60 potential participants, 36 complete datasets were included in the analysis (TCA = transradial coronary

angiography, ACS = acute coronary syndrome).
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Ultrasound assessment of IMT, arterial diameters, FMD,
and Fdc

FMD was measured as previously described®® at both, interven-
tion arm and contralateral arm. Briefly, vessel diameter and
flow velocity of the RA were measured using a 12 MHz transdu-
cer (Vivid I, GE) and automatic edge-detection software
(Brachial Analyzer, Medical Imaging Applications, Iowa City,
Iowa) yielding standard deviations of mean differences
between repeated measurements of less than an absolute
1.0%. Reactive hyperemia was induced by 5 min of lower arm
occlusion with a sphygmomanometer cuff inflated to
200 mmHg. Immediately after cuff deflation, and 20, 40, 60,
and 80 s later, RA diameter was assessed, and FMD was calcu-
lated as maximal relative diameter gain relative to baseline.
External diameters reflected the media adventitia interface,
also called external elastic membrane to the opposite side
(EEM diameter). Inner/luminal arterial diameters were calcu-
lated as diastolic external EEM diameter minus 2*IMT. IMT
was measured with automatic contour detection software
between the intimal and adventitial layers at identical sites
used for the RA-FMD measurements. Local arterial stiffness
was determined at the site of RA-FMD measurements as a frac-
tional diameter change (Fdc) during one heart cycle and calcu-
lated as diametergyoiic diameter g;astoric/diametergiastolic-
Thus, an increased arterial stiffness is reflected by a decrease
in Fdc.

Blood collection, preparation, and microparticle
characterization by flow cytometry

The methods have been already described.>*** Citrated blood
(6 ml) was drawn from the cubital vein contralateral to inter-
vention arm and processed within 2 h. Platelet-rich plasma
was obtained by centrifugation of whole blood at 300g over
15 min at room temperature. Platelet-free plasma was obtained
by 2 successive centrifugations of platelet-rich plasma at
10 000g for 5 min at room temperature. Briefly, samples were
incubated for 30 min with fluorochrome-labeled antibodies or
matching isotype controls and analyzed in a Canto II flow cyt-
ometer (Beckton Dickinson, Heidelberg, Germany). Microbead
standards (1.0 pm) were used to define MPs as <1 pm in dia-
meter. The EMP subpopulations were defined as CD31"/
CD417, CD62e", or CD144" events. The total number of EMP
was quantified using flow-count calibrator beads (Beckman
Coulter; 20 ml).

Statistical analysis

Data are presented as means + standard error of the mean
(SEM). Statistical analyses were performed by using Fisher’s
exact test (case controls) and unpaired t-tests for detecting
differences between the groups. Repeated measurements were
calculated as ANCOVA with baseline values as covariates with
the Bonferroni post hoc test. Significance was assumed if p was
<0.05. Analyses were performed by GraphPad Prism version 9
and SPSS statistics, version 24 (IBM, Armonk, USA).
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Results
Baseline characteristics

Patient characteristics and procedural specifications are shown
in Table 1. No significant differences in age, presence of
known CAD, blood pressure, heart rate, smoking history or
status, blood cell count, cholesterol, CRP, estimated glomeru-
lar filtration rate (eGFR), or medication history were detected
between groups.

Flavanols prevent long-term media hyperplasia after TCA
(period 3)

After randomization, no significant differences were detected
between groups regarding IMT, inner or outer arterial diameter
(see Table 1). In short-term follow-up (FU) + 2 h after TCA, no
changes occurred in structural parameters IMT, inner dia-
meter (ID), or outer diameter (OD). After 6 months of FU, in
the placebo group RA-IMT increased significantly with a delta
at +6 M of 0.074 mm [95% CI 0.061; 0.088] (ESI Table 17). In
the group taking flavanols no significant increase in IMT was
detected with a delta to baseline at +6 M of 0.013 mm [95% CI
—0.001; 0.026] (Fig. 3). Further, we did not find RA occlusion
in any of our patients in the short- and long-term FU. In the
contralateral arm, no changes in radial artery structure were
observed in both groups. These data support the notion that
dietary flavanol supplementation immediately before and after
TCA prevents specifically at the site of injury structural remo-
deling of the injured radial artery.

Table 1 Descriptive statistics of patient’s characteristics. Mean, stan-
dard error of the mean (SEM), and statistical significance of differences
(p) are reported for flavanol and placebo

Placebo (n =  Flavanol (n

18) =18)

Mean SEM Mean SEM p
Age 63.4 1.7 63.1 1.7 0.908
Weight (kg) 90.9 3.8 81.8 2.4  0.053
Height (cm) 178 2 176 2 0.487
BMI (kg m™2) 286 1.0 263 0.7 0.083
Active smoker (%) 11.1 11.1 1
Former smoker (%) 77.8 83.3 0.99
Heart rate ( min™") 66 2 68 3 0.577
Blood pressure, systolic (mmHg) 146 4 145 4 0.824
Blood pressure, diastolic 82 2 85 2 0.369
(mmHg)
Hypertension (%) 89 100 0.49
Diabetes mellitus (%) 39 11 0.402
CAD (%) 44 50 0.999
eGFR (ml min™") 83 3 73 5 0.131
Urea (mg dI™") 31 2 32 2 0.695
Uric acid (mg dl™) 6.1 04 6.0 0.3  0.881
Total cholesterol (mg dI™) 176 9 202 10 0.073
Triglycerides (mg dI™") 179 38 212 32 0.527
HDL-C (mg dI ™) 45 3 47 3 0.626
LDL-C (mg dl™") 118 10 148 11  0.053
C-reactive protein (mg d1™") 0.1 0.0 0.1 0.1  0.845
WBC (x1000) 6.3 0.3 6.4 0.4 0.828
Hemoglobin(g dI™") 147 0.2 146 03  0.961
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Fig. 3 Flavanol supplementation reduces long-term IMT hyperplasia after TCA. (A) Absolute measures at different time points and (B) calculated
deltas of absolute measures of IMT within three different periods relative to TCA. Supplementation of flavanols —7 d to +7 d. Long-term effect of the
flavanol supplementation (-7 d to +6 M), p < 0.001; repeated measurements 2-way-(time x intervention) ANCOVA with baseline values as covariates
with Bonferroni's post hoc test. Values are reported as mean + SEM; (d = days; h = hours, m = months; P = period; period 1 “green bars" = pretreat-
ment prior to TCA = flavanol effect from —7 d to —2 h; period 2 “red bars” = acute effects of TCA = flavanol effect from —7 d to +2 h; period 3 “grey

bars” = long-term effects of TCA, flavanol effect from —7 d to +6 M).

Acute effects of cocoa flavanols on vascular function and
compliance prior to TCA (period 1)

After randomization, no significant differences were detected
between groups regarding FMD, contralateral FMD, Fdc (as a
surrogate for arterial stiffness), or IMT (ESI Table 1f). One
week of flavanol supplementation increased FMD on the site
of later sheath insertion (9.2 + 0.3% to 11.2 + 0.5%) with a
delta to baseline of 2.0% [95% CI 1.2; 2.7] and contralateral RA
(8.7 £ 0.3% to 10.9 + 0.4%) with a delta to baseline of 2.2%
[95% CI 1.6; 2.9] (Fig. 4). Shortly after TCA FMD decreased
back to baseline (+0.2 [95% CI —0.5; 0.9]). In the placebo
group, it remained unchanged (see Table 2). Also, Fdc
increased during the pre-TCA flavanol supplementation week
(1.8 £ 0.3% to 3.2 + 0.3%, delta to baseline 1.3% [95% CI 1.6;
2.9]), while it remained unchanged in placebo (2.2 + 0.3% vs.
2.0 + 0.3%) with a delta to baseline —0.1% [95% CI —0.9; 0.6].
The decrease in brachial artery blood pressure after one week
of flavanol supplementation was not significant compared to
placebo. Taken together these data corroborate previous find-
ings from our and other groups that dietary flavanols improve
endothelial function systemically and most important that the
chosen dose of flavanols was bioactive.

TCA acutely decreases endothelial function, flavanols preserve
long-term recovery

To test whether or not the beneficial long-term effects of flava-
nols on IMT 6 months after TCA are mediated through func-
tional changes in the endothelium, we measured site specifi-
cally flow-mediated dilation and radial artery compliance
immediately after TCA (period 2) and after long-term FU
(period 3). TCA induced a rapid decrease of RA-FMD in cocoa
flavanol (11.2 + 0.5% vs. 5.9 + 0.6%, p < 0.001) and placebo

4828 | Food Funct., 2023, 14, 4824-4835

(8.4 £ 0.5% vs. 4.3 + 0.6%, p < 0.001). FMD decreased with a
delta of —3.3% compared to baseline [95% CI —4.6; —2.0] in
flavanol and -4.2% [95% CI -5.5; —2.9] in placebo.
Furthermore, Fdc decreased in both groups pre-TCA to post-
TCA (3.2 £ 1.29% to 1.7 + 1.38% and 2.0 + 1.17% to 1.3 =
0.88%). Post-TCA assessed Fdc was not different from baseline
at —7 d when subjects ingested flavanol supplements (delta
—0.2% [95% CI —0.8; 0.5]. In the placebo group, the decrease
was significant with a delta of —0.9% compared to the initial
measurement [95% CI —1.5; —0.3]. No significant changes
were seen for IMT on the intervention arm or contralateral
arm immediately post-TCA (Table 2).

After a 6-month FU (period 3), FMD had recovered to base-
line (=7 d) in the cocoa flavanol group (delta +6 M —0.3 [-0.7;
0.1]). In the placebo group, FMD remained impaired with a
delta to baseline of —0.7% (95% CI [-1.1; —0.3]). On the
control arm, no significant long-term changes occur. These
results unequivocally demonstrate that cocoa flavanols site-
specifically limits endothelial dysfunction associated with TCA
induced damage of radial artery endothelium.

Short-term effects of TCA on endothelial integrity

Cocoa flavanols improve not only vasodilatory function but
also the integrity of vascular endothelium. Here we demon-
strate that flavanols prevents an increase of levels in circulating
EMP (see Table 3) as compared to the placebo group, which
implies that cocoa flavanols limits site specific sequel of endo-
thelial injury associated with the TCA procedure. Two hours
after TCA endothelial microparticles increased in placebo
group with a delta to baseline of 81 events per microliter (Ev
per pl) [95% CI 48; 114] for CD317/417, 89 Ev per pl [95% CI
48; 130] for CD144" and 69 Ev per ul [95% CI 14;125] for

This journal is © The Royal Society of Chemistry 2023
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Fig. 4 Flavanol supplementation improves endothelial function and facilitates functional recovery 6 months after TCA. Absolute measures and cal-
culated deltas to baseline at —7 d for FMD on intervention arm (A and B), contralateral arm relative to TCA (C and D), and Fdc (E and F). Pretreatment
effect (—7 d to —2 h), p < 0.05; acute effect (-7 d vs. +2 h), p < 0.001; repeated measurements 2-way- (time x intervention) ANCOVA with baseline
values as covariates with Bonferroni's post hoc test. Values are reported as mean + SEM. FMD, flow-mediated vasodilation, Fdc, fractional diameter
change; (d = days; h = hours, m = months; P = period, period 1 “green bars” = pretreatment prior to TCA = flavanol effect from —7 d to —2 h; period
2 "red bars” = acute effects of TCA = flavanol effect from —7 d to +2 h; period 3 “grey bars” = long-term effects of TCA, flavanol effect from —7 d to
+6 M).
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Table 2 Differences in vascular structural and functional parameters calculated versus baseline. Values are reported as mean difference versus
baseline with a 95% confidence interval. FMD, flow-mediated vasodilation; Fdc, fractional diameter change; FMD contralateral, flow-mediated vaso-
dilation at the contralateral arm of sheath induction; inner diameter, intraluminal diameter; outer diameter, the diameter of the vessel including
intima and media; repeated measurements 2-way-(time x intervention) ANCOVA with baseline values as covariates with Bonferroni's post hoc test,
*p < 0.01; delta between periods (flavanol vs. placebo) are reported as absolute values; (period 1 “green bars” = pretreatment prior to TCA = flavanol
effect from —7 d to —2 h; period 2 “red bars" = acute effects of TCA = flavanol effect from —7 d to +2 h; period 3 “grey bars” = long-term effects of
TCA, flavanol effect from —7 d to +6 M)

Flavanol vs. Placebo

Placebo (n = 18)

Flavanol (n = 18)

Primary endpoint
Intima-media thickness
(mm)

Secondary endpoint
FMD (%)

Fdc (%)
FMD contralateral (%)

Tertiary endpoint
Inner diameter (mm)

Outer diameter (mm)

Table 3 Differences in endothelial microparticle concentrations calculated versus baseline. Values are reported as mean difference versus baseline
with a 95% confidence interval; repeated measurements 2-way-(time x intervention) ANCOVA with baseline values as covariates with Bonferroni's
post hoc test, *p < 0.05; delta between periods (flavanol vs. placebo) are reported as absolute values; (period 1 “green bars” = pretreatment prior to

TCA = flavanol effect from —7 d to —2 h; period 2 “red bars” = acute effects of TCA = flavanol effect from —7 d to +2 h)

Placebo (n = 18)

Quaternary endpoint

EMP CD31°41" (events per pl)
EMP CD144" (events per pl)
EMP CD65E" (events per pl)

CD62¢" respectively. In the flavanol group, none of the EMP
subgroups increased after TCA (ESI Table 21).

Discussion

Our study provides evidence for the first time that cocoa flava-
nol supplementation

(i) mitigates EC dysfunction caused by TCA-induced
injury directly and 6 months after transradial -cardiac
catheterization,

(ii) limits acute endothelial damage as evidenced by
reduced microparticle release,

(iii) and thus, prevents intimal hyperplasia of the radial
artery after 6 months of FU.

4830 | Food Funct., 2023,14, 4824-4835

Flavanol vs.

Flavanol (n = 18) Placebo

These findings clearly demonstrate, that cocoa flavanol sup-
plementation preserves endothelial function after mechanical
injury. Furthermore, our results encourage for testing the
efficacy of dietary interventions during cardiac catheterization
to preserve radial artery function.

Long-term structural remodeling following TCA

Radial artery injury through TCA induced significant vessel
wall thickening in the placebo group after 6 months. These
structural changes were prevented via flavanol supplemen-
tation. Though we did not detect significant luminal diameter
changes in both groups, thickening of the intima-media
complex is associated with both reduced elasticity and func-
tional capacity.” In a previous study, we showed a more pro-
nounced IMT thickening in smokers, supposedly propagated

This journal is © The Royal Society of Chemistry 2023
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through smooth muscle cell proliferation initiating athero-
sclerosis.” Contrary, cocoa flavanol supplementation appears
as a potential preventive strategy for injury-induced IMT
thickening and reduced vascular remodeling, both of which
represent risk factors for subsequent radial artery damage and
occlusion.

Acute vascular complications occurring during and after
TCA range from transient bleeding complications to vessel
functional impairments to total RAO.*® Three risk factor cat-
egories are proposed for vascular complications: (1) pre-pro-
cedural, non-modifiable including age, female sex, diabetes, or
previous RA-access; (2) peri-procedural, modifiable risk factors
like insufficient anticoagulation, repeated punctures, sheath-
to-artery ratio, or number of used catheters; and (3) post-pro-
cedural, modifiable parameters like occlusive or prolonged
hemostasis.?” For subclinical, non-occlusive vascular remodel-
ing following TCA, data is scarce. Prevention of vasospasms by
intra-arterial or subcutaneous nitroglycerine’®?® has been
proven effective in the mitigation of RAO. Short-term RAO is
often induced through thrombosis following inadequate or
prolonged compression duration (see ref. 27 for a review).
Considering the 5.2% occlusion rate after transradial coronary
angiography in the ARTEMIS trial,®® there is a need for
improvement in peri-interventional management of vascular
function and prevention of short- and long-term vascular
complications.

Acute and long-term functional impairment after vascular
injury

In line with previous observations, TCA induced signifi-
cant damage to the vessel wall with an acute decrease in EC
function as measured by FMD. The acute and chronic func-
tional impairment is reversible after 6 months in the group
supplementing cocoa flavanols for two weeks (1 before and 1
following TCA). In the placebo group, FMD remained impaired
in long-term FU, indicative of persistently impaired EC func-
tion, which can be associated with reduced nitric oxide (NO)
bioavailability.>*> This observation is in line with previous
studies®™*® describing a decrease in FMD following TCA in
short- and mid-term FU. After TCA-induced vascular injury,
CAC and nearby endothelial cells migrate to the point of injury
where they propagate re-endothelialization processes and
reduce the development of further damage, which is sup-
ported by NOS activity as it is induced by flavanol supplemen-
tation.>* Compared to baseline, Fdc significantly decreased
after TCA in the control group, but not in the flavanol group
and cocoa flavanols significantly improved Fdc after 7 days.
The effect persisted after mechanical injury and in 6-month
follow-up assessments. Fdc is a marker for arterial stiffness
and local physicomechanical properties.>®> Thereby, it serves as
an adjunct to complement FMD and IMT as markers for endo-
thelial function and vascular remodeling. Long-lasting
improvements in Fdc arise from short-term improvements in
endothelial function and vascular repair, which in turn curbs
intima-media thickening.'®

24,31

This journal is © The Royal Society of Chemistry 2023
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The improvements in FMD and Fdc are in line with pre-
vious publications suggesting a beneficial functional effect of
flavanol intervention on short-term endothelial function and
arterial stiffness'>*® and extends the findings to chronic
effects on arterial structural adaptation to injury and mainten-
ance. Dietary flavanols, especially (—)-epicatechin as the major
monomeric flavan-3-ol contained in cocoa and the main ingre-
dient in our study supplement, received a health claim by the
European Food and Safety Authority (EFSA) in 2012. It is con-
sidered beneficial in maintaining FMD.?” The amount of
(—)-epicatechin as a reliable marker of total flavanol content in
commercially available chocolate products shows large vari-
ation. To achieve comparable amounts to the flavanols used in
the present supplement, approximately 240-900 g of dark cho-
colate would be required.*®**° Cocoa flavanols have been
shown to improve CVD risk biomarkers, including FMD and
blood pressure, in individuals of different CVD risk categories
ranging from healthy to established CVD.'® Potential mecha-
nisms include modulation of the inflammatory response
through NF-xB, TNFa, and IL-1p cascades.*’ In the recent
COSMOS trial, a 27% reduction in CV mortality was observed
in a large cohort of older adults.*”

Flavanols are potent inductors of NO bioavailability*®
potentially through reduced NO inactivation by inhibition of
NADPH oxidase, reducing oxidative damage and activating
eNOS, thus increasing vasomotor function.** Here we demon-
strate that supplementation of flavan-3-ols before TCA,
improves basal endothelial function and likely its regenerative
capacity prior to mechanical damage. Circulating levels of
EMP as markers of endothelial damage and injury were lower
in the cocoa flavanol than in the control group (Fig. 5). The
effect was significant for all three subpopulations (CD31/417,
CD144", CD62e"). CD144" represents vascular endothelial cell
cadherin (VE-cadherin), a marker for mechanical endothelial
injury and endothelial cell damage.*> PROCAM" (CD31%/417) is
a vascular cell adhesion and signaling molecule with increased
vesicularization in response to endothelial damage. In patients
with coronary artery disease, we had previously shown that
flavan-3-ol-related improvements in FMD and circulating NO
species were associated with marked decreases in circulating
EMP, suggesting that flavan-3-ols improve endothelial integrity
in patients with CVD*>*® without prior mechanical injury. In
this trial, we confirm the previously observed decrease in EMP
through one week of cocoa flavanol supplementation.
Additionally, cocoa flavanols mitigates EMP release caused by
mechanical injury measured two hours after TCA. Remote
effects on contralateral FMD transmitted via circulating EMP
could not be detected implying a site-specific beneficial effect
of flavanols on mechanically injured endothelium.

Preservation of RA integrity and function is critically impor-
tant to prevent limb dysfunction and preserve access sites for
future therapeutic interventions. In particular, high-risk
patients are prone to severe aggravation of pre-existing endo-
thelial dysfunction following TCA. Also, these subsets of
patients with diabetes mellitus, hyperlipidemia, smoking
history, and arterial hypertension exhibit a higher likelihood

Food Funct., 2023, 14, 4824-4835 | 4831
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Fig. 5 Flavanols preserve endothelial integrity and reduce structural
damage after TCA. Circulating levels of endothelial microparticles
CD31%*/41" (A), CD144* (B), and CD62e™ (C) as the difference to baseline
measurement. *p < 0.001; repeated measurements 2-way-(time X inter-
vention) ANOVA with baseline values as covariates with Bonferroni's post
hoc test; (P = period; period 1 “green bars” = pretreatment prior to TCA
= flavanol effect from —7 d to —2 h; period 2 “red bars” = acute effects
of TCA = flavanol effect from —7 d to +2 h).

that functional radial arteries will be necessary for either cor-
onary artery bypass grafting or dialysis shunts or as repetitive
radial access sites for coronary angiography.

The flavanol amount of 1000 mg twice a day (containing
around 160 mg (—)-epicatechin) represents a multiple of the
average flavanol intake in the German general population.*’
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Our previous results have shown that this amount is approxi-
mately required to achieve maximal increase in FMD (EDs,
approx. 226 mg cocoa flavanols with 31 mg (—)-epicatechin’)
when given as a single dose and when given daily for at least
one week leads to a ‘chronic’ increase in FMD that persists
structurally related metabolites have been
excrete A Standard-European-Diet would not supply
similar amounts of total flavanols, specifically (-)-epicatechin
(daily average European (—)-epicatechin intake: 13 mg
(ref. 48)), as supplemented in our study.*® If such flavanol-rich
diet provides similar benefit on vascular function and repair

even after
d.16:22

remains unknown.

Limitations

A few limitations of our proof-of-concept study are worth men-
tioning. First, we did not measure total cholesterol levels at
6-months-FU, which may have an influence on the long-term
effects.”” Second, we waived to measure neither plasma or
urine levels of flavanols, i.e. (—)-epicatechin, (+)-catechin, or
valerolactone nor did we assess the background diet with a
food questionaries.’® Third, we did not measure the effect
cocoa flavanols on microvascular endothelial function e.g. by
laser Doppler imaging. However, the analysis of the contralat-
eral radial artery served as control for interindividual varia-
bility of the biological activity'® of the flavanols as every indi-
vidual in the flavanol group revealed an increment in FMD in
the expected range. Imbalances in baseline characteristics
between groups, especially for LDL-cholesterol, weight and dia-
betes mellitus (Table 1), while close to statistical significance,
and due to chance in our randomized trial and likely attribu-
table to the relatively small sample size of our study cohort.

Conclusion

Peri-interventional cocoa flavan-3-ol supplementation prevents
arterial wall intima-media hyperplasia, protects the endo-
thelium from mechanical damage and preserves endothelial
function long-term, suggesting an improved healing process
after mechanical vascular injury. Larger randomized controlled
trials including other patient populations, geographic and cul-
tural regions are necessary to assess the generalizability of our
data, and to illustrate the huge potential of dietary interven-
tions prior to TCA on vascular function. This may help to
transfer the approach of flavanol supplementation before elec-
tive TCA into daily clinical practice.

Clinical perspectives
What is known?

Vascular injury induces a sustained endothelial dysfunction
and long-term negative vascular remodeling. Several cardio-
vascular risk factors like smoking aggravate the response to
damage. Coca flavanol supplementation improves short-term
vascular function in healthy, non-injured arteries.

This journal is © The Royal Society of Chemistry 2023
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What is new?

Supplementation of cocoa flavanols facilitates regain of arterial
function, and protects the endothelium after mechanical
injury. One week prior to and after transradial coronary angio-
graphy prevents endothelial dysfunction, negative vascular
remodeling, and intima-media thickening at 6 months after
transradial catheterization.

What is next?

Future studies are necessary to test the preventive approach of
peri-interventional cocoa flavanol supplementation at a larger
scale and evaluate the beneficial effect of dietary interventions
on short- and long-term radial artery function.

Abbreviations

CAC  Circulating angiogenic cells

CAD Coronary artery disease

EC Endothelial cell

EMP Endothelial microparticles

eNOS Endothelial nitric oxide synthase
eGFR Estimated glomerular filtration rate
Ev/ul  Events per microliter

Fdc  Fractional diameter change

FMD Flow-mediated vasodilation

FU Follow-up

IMT Intima-media thickness

NO Nitric-oxide

NOS  Nitric oxide synthase

OD Outer diameter

1D Inner diameter

PCI Percutaneous coronary interventions
RA Radial artery

RAO  Radial artery occlusion

TCA  Transradial coronary angiography
TRA  Transradial access
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