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Obesity results in greater aortic stiffness assessed by carotid-femoral Pulse Wave Velocity (cfPWV), which
is an independent predictor of cardiovascular (CV) events. We hypothesized that a novel curcumin formu-
lation with enhanced bioavailability, CurQfen®, would reduce cfPWV and inflammation in young, obese
men. In the present placebo-controlled pilot study, 22 obese subjects (BMI > 30.0 kg/m?) were random-
ized into placebo (n=11, BMI=33.18 +3.38 kg/m?) and curcumin (n=11, BMI = 33.29 + 3.69 kg/m?)
supplemented groups. When CurQfen® was supplemented at 500 mg/day for 12 weeks, it was found that
individuals who did respond to the treatment (n = 6) entered the study with higher baseline cfPWV versus
those who did not respond (n = 5) (6.81 £ 0.83 m/s v. 5.84 + 0.41 m/s, p = 0.045, group by time interaction).
The curcumin responders also had increased plasma IL-13 concentrations (p=0.018, 12 weeks v.
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Obesity baseline). These findings suggest CurQfen curcumin has potential to de-stiffen arteries in young, obese
Inflammation men with greater aortic stiffness.
Bioavailability © 2016 Elsevier Ltd. All rights reserved.

1. Introduction

The prevalence of obesity in the United States remains high,
with approximately 35% of the adult population considered obese
(Ogden, Carroll, Kit, & Flegal, 2014). Of great concern, obesity has
been linked to cardiovascular disease (CVD) risk and predisposes
individuals to a 50-100% greater risk of death (Pérez Pérez,
Ybarra Mufioz, Blay Cortés, & de Pablos Velasco, 2007). Cardiovas-
cular diseases are the leading cause of death in the United States
(Murphy, Xu, & Kochanek, 2013), and large artery stiffness, specif-
ically aortic stiffening, is an indicator of cardiovascular (CV) health.
Greater aortic stiffness serves as a predictor adjusted for traditional
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risk factors of CV events, CV mortality, and all-cause mortality
(Vlachopoulos, Aznaouridis, & Stefanadis, 2010) and is associated
with obesity at all ages across the lifespan (Scuteri, Najjar,
Morrell, & Lakatta, 2005; Wildman, Mackey, Bostom, Thompson,
& Sutton-Tyrrell, 2003). Thus, strategies to reduce aortic stiffening
have potential to reduce cardiovascular risk due to the predictive
nature of aortic stiffness on CV events (Cecelja & Chowienczyk,
2012).

Curcumin  [1,7-bis-(4-hydroxy-3-methoxy-phenyl)-1,6-hepta
diene-3,5-dione], the active component in the spice turmeric, has
shown beneficial effects to many disease conditions (Gupta,
Patchva, & Aggarwal, 2013). While the chemopreventive effects
of curcumin have been well-studied (Duvoix et al., 2005), clinical
studies with curcumin have shown significant improvements in
many pathologies including inflammatory-related conditions,
arthritis, chronic anterior uveitis, gastric and peptic ulcers, dia-
betes, acute coronary syndrome, and atherosclerosis (Gupta et al.,
2013). Additional study, however, needs to be done in order to
understand how curcumin can impact chronic disease, especially
as it relates to CVD and large artery stiffness. Initial evidence in
pre-clinical models has shown that curcumin reduces aortic stiff-
ness (Fleenor et al., 2013; Nakmareong et al., 2012) and improves
arterial compliance, an estimation of arterial stiffness, in post-
menopausal women (Akazawa et al., 2013). It is not yet known,
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however, whether curcumin de-stiffens arteries in obese individu-
als. Additionally, the poor bioavailability of curcumin in its natural
state in humans is well-established, which is attributed to poor
absorption, rapid metabolism, and rapid elimination (Aggarwal &
Harikumar, 2009). Therefore, various formulations have been cre-
ated to enhance the absorption and bioavailability of curcumin.
Of note, a novel food-grade formulation of curcumin containing
curcuminoids (curcumin/diferuloylmethane, demethoxycurcumin,
and bisdemethoxycurcumin), CurQfen® (hereinafter referred to as
‘CGM’), is combined with the galactomannan soluble dietary fiber
from fenugreek seeds (Trigonella Foenum gracum). This novel for-
mulation has been shown to improve the oral bioavailability of
curcumin in humans when compared to unformulated curcumin
(Krishnakumar, Ravi, Kumar, Kuttan, & Maliakel, 2012). CGM
improves the hydrophobic-hydrophilic balance of curcumin, creat-
ing a prolonged release of colloidal curcumin within the digestive
tract by preventing enzymatic breakdown in the upper gastroin-
testinal tract (Krishnakumar et al., 2012). Though CGM suggests
potential benefits due to its enhanced absorption and pharmacoki-
netics, the de-stiffening effects of this compound have not yet been
studied in an obese population (Scuteri et al., 2005; Wildman et al.,
2003).

Acute and chronic inflammatory processes are implicated in the
development of aortic stiffness through activation of the Nuclear
Factor Kappa Beta (NFxB) pathway, which induces transcription of
inflammatory cytokines such as IL-1B, IL-6, IFN-y, and TNF-o
(McEniery & Wilkinson, 2005; Vlachopoulos et al., 2005). Inflam-
matory cytokine production and secretion are increased among
obese individuals (Bastard et al., 2006; Greenberg & Obin, 2006),
which may, in turn, influence aortic stiffness in this population.
Since curcumin possesses anti-inflammatory properties (Wellen &
Hotamisligil, 2003), obesity-related aortic stiffness may be attenu-
ated by reducing inflammatory cytokines. While reductions in
acute inflammation have shown a decrease in aortic stiffness in
older adults (Jablonski et al., 2015), it is currently unknown
whether reductions in chronic inflammation will improve aortic
stiffness in a young, obese population (Fleenor, 2013). Thus, the
present pilot study investigated the effect of the anti-
inflammatory functional food, curcumin, to reduce obesity-related
aortic stiffness. The ability to ameliorate aortic stiffness could sug-
gest a role for curcumin as an anti-inflammatory functional food in
obese men to confer a benefit above and beyond its nutritional
effects as a protective and preventative agent against CVD.

We tested the hypothesis that a novel curcumin compound,
CGM, with enhanced bioavailability, would ameliorate aortic stiff-
ness in young, obese men following 12 weeks of supplementation.
Furthermore, we tested the hypothesis that the CGM curcumin
compound would attenuate inflammation in obese men that, in
turn, would lead to reductions in aortic stiffness.

2. Material and methods

This study was conducted at the University of Kentucky in the
Exercise Physiology Laboratory and the Center for Clinical and
Translational Science (CCTS) with blood analyses conducted by
the CCTS Biochemical Analysis Laboratory. The Institutional
Review Board at the University of Kentucky approved all proce-
dures before study commencement, and written consent from all
subjects was obtained prior to participation.

2.1. Subjects

Twenty-two subjects were recruited for this study via local
advertisement, including flyers and web announcements from
the CCTS and ResearchMatch through the University of Kentucky.

Healthy males aged 18-35years with BMI > 30 kg/m? were
recruited for this study. Volunteers were pre-screened via e-mail
to determine if age, BMI, sex, and current medication status were
appropriate based on inclusion and exclusion criteria (Table S1).
Additional screening occurred during their first visit to the Exercise
Physiology Laboratory at the University of Kentucky, including a
self-reported health history questionnaire, a preliminary blood
pressure (BP) reading, and a resting 12-lead EKG.

2.2. Study design and materials

Subjects in this double-blind, placebo-controlled study were
matched based on BMI and randomized by a random numbers
table into the curcumin or placebo group. The intervention period
lasted 12 weeks for both groups. Curcumin (CGM) and placebo
(fenugreek dietary fiber) supplement capsules were obtained from
Akay Flavours & Aromatics Pvt. Ltd. (Kochi, India). The intervention
consisted of a two-piece hard shell gelatin capsule of (500 mg x 1)
formulated curcumin (CGM) consisting of 38.6% curcuminoids
infused into 60% (w/w) of soluble dietary fiber isolated from fenu-
greek seeds. The CGM formulated curcumin is a 100% natural food-
grade formulation that is composed of 157.8 mg curcumin (diferu-
loylmethane), 29.6 mg demethoxycurcumin, and 5.5 mg bis-
demethoxycurcumin, with a total curcuminoids content of
193.0 mg per 500 mg. The placebo pills were formulated with
500 mg of fenugreek fiber and were identical in size and shape to
the intervention pills. Subjects were instructed to consume one pill
per day, with pill consumption recorded on written logs. Subjects
were encouraged to consume pills at the same time each day. Par-
ticipants were also instructed to not change any lifestyle habits
throughout the study, including maintaining habitual diet and
level of physical activity.

All testing was completed after a minimum of a 4-h fast from all
food, beverages other than water, and caffeine. The experimental
design included four total visits to the laboratory, occurring at 0,
4, 8, and 12 weeks. On the first visit to the laboratory, subjects
were screened to ensure that they met all inclusion and exclusion
criteria, and baseline measures were attained for anthropometrics,
body composition, BP, aortic stiffness, and plasma cytokine con-
centrations. Furthermore, subjects were assigned and given pills
based on randomization into the intervention or placebo group.
At all subsequent visits, anthropometric, body composition, BP,
and aortic stiffness measures were taken. Plasma cytokine concen-
trations were measured again at the final visit.

2.3. Anthropometric and body composition measurements

Height and weight measures were taken with the subjects
wearing light-weight clothing and no shoes. Height was measured
to the nearest 0.1 cm using a wall-mounted stadiometer (POR-
TROD; Health-o-meter, Alsip, IL), and weight was measured to
the nearest 0.01 kg using a calibrated electronic scale (DI-10; DIGU,
Rice Lake, WI). Hip and waist measures were taken to the nearest
0.1 cm in triplicate and averaged, alternating between the sites
with a spring-loaded fiberglass anthropometric tape (Gulick
Deluxe; Baseline Evaluation Instruments, White Plains, NY). The
waist circumference was measured at the level of the umbilicus,
and the hip circumference was measured at the largest circumfer-
ence around the gluteal muscles.

Body composition measures were taken in the supine position
on a non-conducting surface with a tetrapolar bioelectrical
impedance analyzer (Multi-frequency Quadscan 4000 Bioelectrical
Impedance Analyzer; Bodystat Ltd., Douglas, United Kingdom). A
proprietary calculation from the manufacturer was used to obtain
body fat percentage.
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2.4. Blood pressure and aortic stiffness measurements

Brachial BP measurements were taken after the subjects rested
in the supine position for a minimum of 10 min in a quiet, ther-
moneutral room. Measurements were taken manually for all sub-
jects with a sphygmomanometer by the same trained
investigator in duplicate and recorded. Brachial pulse pressure
(PP) was determined by subtracting diastolic BP from systolic BP.

Following BP measurements, aortic stiffness was determined by
carotid-femoral Pulse Wave Velocity (cfPWV) using the Sphygmo-
cor system (Sphygmocor; AtCor Medical, Sydney, Australia). Dis-
tance between the carotid and femoral sites was measured with
a flexible fiberglass measuring tape to the nearest millimeter. Mea-
surements were taken in triplicate by the same trained investigator
and averaged, and cfPWV was determined by the Sphygmocor sys-
tem as pulse wave distance traveled, divided by transit time of the
pulse wave.

2.5. Blood analyses

Blood samples were collected at baseline (0 weeks) and at the
completion of the study (12 weeks) by trained staff at the Univer-
sity of Kentucky’s CCTS. After whole blood was centrifuged, plasma
and serum aliquots were frozen until all blood samples were col-
lected for analysis. Plasma samples were analyzed by a lab techni-
cian in the CCTS using the V-PLEX Proinflammatory Panel 1
(human) Kit (Meso Scale Discovery, Rockville, MD), which deter-
mined cytokine concentrations for: IFN-v, IL-2, IL-4, IL-6, IL-8,
IL-10, IL-12 p70, IL-13, and TNF-o.

2.6. Statistical analysis

All data were analyzed using SAS version 9.4 (SAS System for
Windows; SAS Institute Inc., Cary, NC). Descriptive characteristics
are presented as means and standard deviations, and baseline data
were analyzed with paired samples t-tests to compare means
between the intervention and placebo groups. If data were not nor-
mally distributed, logarithmic transformation of the data was
employed to handle comparisons between the groups; if log trans-
formation did not correct normality, the signed rank test was
employed. Baseline data comparing the responders and non-
responders (subsets of the intervention group, determined post
hoc) were analyzed using an independent samples t-test. As a post
hoc sensitivity analysis, we re-ran our analyses on IL-2, IL-4, and
IL-12 p70 with log transformed versions of these quantities, since
the original versions were not normally distributed. In analyzing
curcumin versus placebo subjects on treatment effect throughout
the study, a multilevel linear regression model was used, with ran-
dom effects to account for BMI-matched pairs and an unstructured
covariance matrix to account for repeated measurements. In ana-
lyzing responders versus non-responders on treatment effect
throughout the study, random effects were not employed due to
the absence of matching within the intervention group. The Ken-
ward and Roger degrees of freedom method was used for inference
(Kenward & Roger, 1997). The Pearson product-moment correla-
tion was used to assess correlations between variables. Statistical
significance was defined by p < 0.05.

3. Results
3.1. Subject characteristics
All 22 subjects completed the 12-week protocol. Clinical base-

line anthropometric, body composition, and BP characteristics
did not differ significantly between the curcumin and placebo

groups (Table 1). Conclusions regarding statistical significance
were unaltered in the sensitivity analysis using log-transformed
versions of the previously indicated quantities. Overall supplement
compliance was 96.74% with no differences observed between
groups (98.02% placebo v. 95.43% curcumin; p = 0.520). No adverse
side effects were reported in the curcumin or placebo groups.

3.2. Effect of curcumin on aortic stiffness, plasma cytokines, and
subject characteristics

A significant reduction in brachial PP, a surrogate marker for
aortic stiffness, was observed in the curcumin group following
12 weeks of curcumin treatment when compared to the placebo
treatment (p = 0.040; Table 2). While no further significant differ-
ences were observed between curcumin and placebo groups,
including body composition, BP measures, and inflammatory
cytokines (Table 2), a notable trend for an increase was observed
in the anti-inflammatory cytokine IL-10 with curcumin interven-
tion (p = 0.071, group by time interaction; Table 2).

Interestingly, following 12 weeks of supplementation, a diver-
gent response among the curcumin group was observed in cfPWV.
Responders were individuals with reductions in cfPWV following
the 12-week curcumin intervention (n =6, Table 3), whereas the
non-responders demonstrated no reductions in cfPWV from base-
line values (n=5, Table 3). Mean baseline cfPWV values were
greater among the responders when compared to the non-
responders (6.81 +0.83 m/s v. 5.84 £ 0.41 m/s, p = 0.045, Table 3).
Additionally, the overall change in cfPWV among the curcumin
responders displays a greater curcumin-induced de-stiffening
effect for those with increased baseline cfPWV (r=-0.936,
p = 0.006). Responders and non-responders were defined in terms
of cfPWV change over time; thus, a p-value is not reported for
group by time interaction with respect to the outcome of cfPWV.
In sum, individuals with higher baseline cfPWV had greater reduc-
tions in aortic stiffness.

The effects of curcumin on anthropometric, body composition
and BP characteristics, and inflammatory cytokine markers in the
responders and non-responders for the 12-week study are given
in Table 4. Of note, the decrease in cfPWV values was accompanied
by an increase in anti-inflammatory IL-13 in the responders

Table 1
Baseline subject characteristics.

Curcumin (n=11) Placebo (n=11)

Age (years) 2591 +4.46 26.64 + 4.06
Body Mass Index (kg/m?) 33.29 £3.69 33.18+3.38
Hip circumference (cm) 11447 +8.41 112.80 +5.87
Waist circumference (cm) 108.93+11.99 106.27 +10.37
Body fat (%) 27.22+4.90 27.18 +5.46
Brachial SBP (mmHg) 123.64+8.48 124.91 +8.96
Brachial DBP (mmHg) 77.09 +£9.01 81.82 +5.40
Brachial PP (mmHg) 46.55 +10.20 43.09 + 6.41
cfPWV (m/s) 6.36+0.82 6.31+0.99
IFN-vy (pg/mL) 2.94 +0.94" 451 +2.66"
IL-2 (pg/mL) 0.17 £0.13° 0.45 +0.42*
IL-4 (pg/mL) 0.07 +0.05° 0.12+£0.10°
IL-6 (pg/mL) 0.77 +0.33" 0.62 +0.27°
IL-8 (pg/mL) 3.71£0.72° 3.48 +0.72°
IL-10 (pg/mL) 0.29+0.11° 0.45 +0.32°
IL-12 p70 (pg/mL) 0.32+0.22° 0.50 + 0.38°
IL-13 (pg/mL) 3.92 350" 9.00 £ 7.36°
TNF-o (pg/mL) 1.76 £ 0.49° 1.71 £ 045"

Values are means + SD. SBP = Systolic Blood Pressure; DBP = Diastolic Blood Pres-
sure; PP=Pulse Pressure; cfPWV =carotid-femoral Pulse Wave Velocity;
IFN = Interferon; IL = Interleukin; TNF = Tumor Necrosis Factor.

! p=0.052, between groups.

*n=9.

> n=10.
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Table 2
Subject characteristics with curcumin and placebo intervention.
Curcumin (n=11) Placebo (n=11)
Before After Before After
Age (years) 2591 +4.46 26.18 £4.38 26.64 +4.06 27.00 +£3.90
Body Mass Index (kg/m?) 33.29£3.69 33.99 +3.42 33.18+3.38 33.34+£3.79
Hip circumference (cm) 114.47 £8.41 115.36 £ 6.97 112.80 +5.87 112.75+5.42
Waist circumference (cm) 108.93+11.99 109.32+11.98 106.27 +10.37 106.41 +12.32
Body fat (%) 27.22 +4.90 28.52 +4.42 27.18 £5.46 27.69 +5.57
Brachial SBP (mmHg) 123.64+8.48 118.73 +8.64 12491 +8.96 123.82+7.51
Brachial DBP (mmHg) 77.09 £9.01 78.73 £7.60 81.82 +£5.40 80.00 £ 5.37
Brachial PP (mmHg) 46.55 £ 10.20 40.00 +9.42 43.09 + 6.41 43.82+£6.29
cfPWV (m/s) 6.36 £ 0.82 6.30 +0.68 6.31£0.99 6.51+1.03
IFN-vy (pg/mL) 2.94+0.94° 2.76 +0.69" 451 +2.66° 3.82 +1.89°
IL-2 (pg/mL) 0.17 +0.13° 0.17 +0.14° 0.45 +0.42° 0.44 + 0.48°
IL-4 (pg/mL) 0.07 £0.05" 0.07 +0.06" 0.12+0.10° 0.11+0.13%
IL-6 (pg/mL) 0.77 £0.33" 0.70 +0.38" 0.62 £0.27° 0.80 +0.62°
IL-8 (pg/mL) 3.71+0.72° 3.56+1.17° 3.48 +0.72° 3.51+1.19°
IL-10 (pg/mL) 0.29+0.11° 0.34+0.13" 0.45 +0.32° 0.41+0.31%
IL-12 p70 (pg/mL) 0.32+0.22° 0.29 +0.23" 0.50 + 0.38° 0.44 +0.48°
IL-13 (pg/mL) 3.92 +3.50° 3.77 +3.61° 9.00 + 7.36° 9.53 +9.02°
TNF-or (pg/mL) 1.76 +0.49" 1.89 +0.63" 1.71 £ 0.45° 1.72+051°

Values are means + SD. SBP = Systolic Blood Pressure; DBP = Diastolic Blood Pressure; PP = Pulse Pressure; cfPWV = carotid-femoral Pulse Wave Velocity; IFN = Interferon;

IL = Interleukin; TNF = Tumor Necrosis Factor.
" p<0.05, group by time interaction.

* p=0.071, group by time interaction.
2n=9.

> n=10.

Table 3
Baseline subject characteristics of curcumin responders and non-responders.

Responders (n = 6) Non-responders (n=5)

Age (years) 25.17 £4.17 26.80+5.12
Body Mass Index (kg/m?) 31.87+1.67 35.00 +4.88
Hip circumference (cm) 111.89+6.53 117.57 £10.07

Waist circumference (cm) 103.63 £5.32 115.28 £15.21

Body fat (%) 25.60 +3.41 29.16 £ 6.07
Brachial SBP (mmHg) 121.00 + 10.41 126.80 + 4.60
Brachial DBP (mmHg) 76.33+8.14 78.00 + 10.86
Brachial PP (mmHg) 44.67 £11.57 48.80+9.01
cfPWV (m/s) 6.81+0.83 5.84+0.41
IFN-vy (pg/mL) 3.00+1.18¢ 2.89+0.76
IL-2 (pg/mL) 0.22+0.17¢ 0.11 £ 0.05
IL-4 (pg/mL) 0.08 +0.07¢ 0.07 +0.02
IL-6 (pg/mL) 0.60 +0.21°¢ 0.94 +0.35
IL-8 (pg/mL) 3.69 +0.69° 3.72+0.83
IL-10 (pg/mL) 0.31+0.13¢ 0.27 +0.09
IL-12 p70 (pg/mL) 0.38+0.31¢ 0.26 +0.03
IL-13 (pg/mL) 4,52 + 4.68° 3314217
TNF-o (pg/mL) 1.54+0.18° 1.97 £0.62

Values are means + SD. SBP = Systolic Blood Pressure; DBP = Diastolic Blood Pres-
sure; PP=Pulse Pressure; cfPWV =carotid-femoral Pulse Wave Velocity;
IFN = Interferon; IL = Interleukin; TNF = Tumor Necrosis Factor.

" p<0.05, between groups.

“n=5.

(12 weeks v. baseline, p =0.018), and the time change of IL-13 in
responders was nearly significantly different (p = 0.052) from that
of non-responders. No additional significant group differences
were noted in anthropometric, body composition and BP charac-
teristics, and inflammatory cytokine markers (Table 4).

4. Discussion

The primary finding of the present study demonstrates respon-
siveness to curcumin treatment in young, obese men that is depen-
dent on increased baseline aortic stiffness measures. As such, a
reduction in cfPWV was apparent among the curcumin-
supplemented sub group (responders) when compared to the
non-responders, indicating the importance of curcumin among

people with higher baseline values of cfPWV (arterial stiffness).
Previous studies have found that curcumin treatment improves
aortic stiffness in aged rodents (Fleenor et al., 2013; Nakmareong
et al,, 2012), but young, obese individuals have yet to be studied.
Importantly, these initial findings may provide support for cur-
cumin to be used as a functional food to reduce obesity-related
aortic stiffness and potentially prevent CVD, but further study is
warranted. Furthermore, a mechanistic role is suggested with
anti-inflammatory cytokine IL-13 in the reduction of obesity-
associated aortic stiffness. Based on these findings, the ability to
alter inflammation, and specifically anti-inflammatory cytokine
IL-13, could determine the ability to affect obesity-associated aor-
tic stiffness.

The present study has demonstrated an overall group by time
interaction in brachial PP, a surrogate marker for aortic stiffness.
Previous work has shown BP-related reductions with curcumin
(Akazawa et al., 2013; Sugawara et al., 2012), though the present
study is the first to demonstrate a reduction in brachial PP. There
was a 13.6% average reduction in brachial PP in the curcumin
group as compared to a 2.4% average increase in the placebo group.
The change in brachial PP among the curcumin group is likely due
to functional rather than structural changes occurring in the artery,
as structural differences would have been expected to cause an
overall change in cfPWV. Functional changes that occur in the arte-
rial wall result in alterations of the vasodilatory properties of the
artery without directly affecting the structural components. Con-
versely, structural changes result in physical modification of the
arterial wall, which often impacts the two major proteins that alter
the rigidity of the wall: collagen and elastin. Therefore, these data
suggest different mechanisms may be contributing to the overall
reduction in brachial PP in the curcumin group versus the mecha-
nisms leading to improvements in cfPWV among the subset of
responders.

Inflammation is a potential explanation of this functional
change within the arteries. Curcumin has been shown to inhibit
NFxB signaling and the downstream inflammatory pathways that
it regulates, which can affect the production of inflammatory
cytokines (Gonzales & Orlando, 2008; Thangapazham, Sharma, &
Maheshwari, 2006). A trending increase of the anti-inflammatory
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Table 4
Subject characteristics in curcumin responders and non-responders.

Responders (n = 6)

Non-responders (n = 5)

Before After Before After
Age (years) 25.17 £4.17 25.50 +4.04 26.80+5.12 27.00+5.10
Body Mass Index (kg/m?) 31.87£1.67 32.60+2.11 35.00 +4.88 35.65+4.16
Hip circumference (cm) 111.89+6.53 112.58 +5.95 117.57 £10.07 118.69+7.19
Waist circumference (cm) 103.63 +£5.32 103.33+3.85 115.28 +15.21 116.51 £+ 14.89
Body fat (%) 25.60 +3.41 26.53 £3.03 29.16 £ 6.07 31.12 £4.67
Brachial SBP (mmHg) 121.00 £ 10.41 118.33+10.61 126.80 + 4.60 119.20+6.72
Brachial DBP (mmHg) 76.33+8.14 78.33+8.89 78.00 + 10.86 79.20+6.72
Brachial PP (mmHg) 44.67 £11.57 40.00 +9.88 48.80 +9.01 40.00 =+ 10.00
cfPWV (m/s) 6.81+0.83 5.92 £0.36 5.84 £ 0.41 6.75+0.72
IFN-vy (pg/mL) 3.00+1.18¢ 2.46 +0.55¢ 2.89+0.76 3.06+0.74
IL-2 (pg/mL) 0.22+0.17¢ 0.22+0.17¢ 0.11 £ 0.05 0.110.07
IL-4 (pg/mL) 0.08 £ 0.07¢ 0.10 £0.07¢ 0.07 £0.02 0.05 £ 0.02
IL-6 (pg/mL) 0.60+0.21° 0.56 +0.15¢ 0.94 +0.35 0.84+0.50
IL-8 (pg/mL) 3.69 +0.69° 430+0.71° 3.72+0.83 2.81+1.09
IL-10 (pg/mL) 0.31+£0.13° 0.38 £0.12° 0.27 £0.09 0.30+0.13
IL-12 p70 (pg/mL) 0.38+0.31° 0.39+0.30° 0.26 £ 0.03 0.20 + 0.06
IL-13 (pg/mL) 4.52 +4.68° 4.83+4.71° 331217 2.70+2.08
TNF-o (pg/mL) 1.54+£0.18° 1.74 £0.15° 1.97 £0.62 2.05+0.90

Values are means + SD. SBP = Systolic Blood Pressure; DBP = Diastolic Blood Pressure; PP = Pulse Pressure; cfPWV = carotid-femoral Pulse Wave Velocity; IFN = Interferon;

IL = Interleukin; TNF = Tumor Necrosis Factor.
“p < 0.05, group by time interaction

' p=0.052, group by time interaction.
“n=5.

cytokine IL-10 occurred in conjunction with the decreases in bra-
chial PP among the curcumin group when compared to the placebo
group (p = 0.071, group by time interaction). IL-10 is a potent anti-
inflammatory cytokine (Fiorentino, Zlotnik, Mosmann, Howard, &
O’garra, 1991), and inflammation can affect both functional and
structural properties of the artery. These changes that occur in
the arterial wall can occur through direct action of inflammation
on the structural components of the arterial wall or indirectly by
increased oxidative stress (Napoli, de Nigris, & Palinski, 2001;
Ross, 1999). Furthermore, curcumin may directly affect the vascu-
lar smooth muscles (Dewar, Clark, Singer, & Frame, 2011), which
alter the active tone of the arterial wall by vasodilation and vaso-
constriction (Gaballa et al., 1998), without affecting inflammation.
Another possible explanation is that curcumin can impact
endothelial function, and thereby affect vascular smooth muscle
tone, through increasing nitric oxide bioavailability (Stehouwer,
Henry, & Ferreira, 2008). A previous study in postmenopausal
women showed that curcumin ameliorated endothelial function
(Akazawa et al., 2012). Finally, it is plausible that a combination
of the above mechanisms, including inflammatory modulation
via anti-inflammatory cytokine IL-10, vascular smooth muscle
tone, and improvements in endothelial function, could explain
the significant change in brachial PP among the curcumin group.
It has been demonstrated that obesity leads to stiffer arteries
(DeVallance et al., 2015) as early as adolescence and extending to
old age (Zebekakis et al., 2005) adjusted for BP, ethnicity, and age
(Safar, Czernichow, & Blacher, 2006). The mean baseline cfPWV,
however, for the curcumin subjects was 6.36 m/s, which is not
above reference values for healthy individuals of this 18-35 age
group (Reference Values for Arterial Stiffness’ Collaboration,
2010). Mean cfPWV for healthy <30 and 30-39 year old individuals
is 6.2 m/s and 6.5 m/s, respectively (Reference Values for Arterial
Stiffness’ Collaboration, 2010). However, an important, yet unex-
pected finding of the current study is that a higher baseline aortic
stiffness measure was related to the responsiveness of the cur-
cumin intervention. On average, the individuals who responded
to curcumin treatment entered the study with modestly elevated
aortic stiffness (cfPWV: 6.81 £0.83 m/s) in contrast to the non-
responders (cfPWV: 5.84+0.41m/s) (Reference Values for
Arterial Stiffness’ Collaboration, 2010). Additionally, the individual

baseline measure predicted responsiveness among the responders,
showing that those with the greatest aortic stiffness were more
likely to see the greatest improvements (r=—0.936, p = 0.006).
This finding suggests a role for curcumin to ameliorate obesity-
related aortic stiffness when cfPWV is above mean reference values
of healthy age-matched counterparts. Importantly, aortic stiffness
is a strong predictor of CV events, CV mortality, and all-cause mor-
tality (Vlachopoulos et al., 2010), and obesity predisposes individ-
uals to an increased risk of CVD and death (Pérez Pérez et al., 2007).
An increase in cfPWV of 1.0 m/s corresponded with a 14% increase
in CV events, 15% increase in CV mortality, and 15% increase in all-
cause mortality among individuals with a greater age range than
herein (Vlachopoulos et al., 2010). Thus, the ability to reduce aortic
stiffness in a young, obese population may slow the rate of pro-
gression and, therefore, delay and/or prevent future CV-related
events later in life.

The lack of overall effect among the curcumin group is consis-
tent with a previous study in postmenopausal women with a lower
dose (150 mg/day) and shorter 8-week duration (Sugawara et al.,
2012). The lack of a decrease in cfPWV in the non-responders is
likely due to lower stiffness values associated with younger age;
a previous study in mice showed that curcumin had the potential
to reduce aortic stiffness to levels that were not significantly differ-
ent from young controls but did not have an effect on young mice
(Fleenor et al., 2013). The responsiveness to curcumin as deter-
mined by cfPWV among individuals with higher baseline values
may be partially explained by inflammatory response to the treat-
ment, though this likely occurs through a different pathway than
the functional inflammatory response associated with changes in
brachial PP postulated above. These data suggest reductions in aor-
tic stiffness in the responders could be explained by the increase in
anti-inflammatory cytokine IL-13 (p = 0.052, group by time inter-
action), which was driven by the effect in the responders
(p=0.018, 12 weeks v. baseline). The understanding of the role of
IL-13 in vascular function is still in its infancy, though previous
work has suggested IL-13 might protect against vascular patholo-
gies through vasoactive properties (Tang, Spitzbarth, Kuhn,
Chaitidis, & Campbell, 2003) or modulation of collagen fibers
(Cardilo-Reis et al., 2012). Therefore, the effects of IL-13 may occur
through functional and/or structural modification(s) of the artery.
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In rabbits, IL-13 regulated vascular tone through the beneficial
increase in vaso-relaxation of the aorta (Tang et al., 2003). In mice,
IL-13 has been reported to play a protective role against
atherosclerosis, which is a distinct but related arterial pathology,
by ameliorating atherosclerotic lesions through modulation and
structural re-organization of collagen fibers (Cardilo-Reis et al.,
2012). This may provide insight in models of aortic stiffness, where
imbalance and improper functioning of arterial proteins, such as
collagen and elastin, cause rigidity and changes in mechanical
properties of the arterial wall (Dobrin, Baker, & Gley, 1984). In
non-responders, for whom aortic stiffness was already at lower,
healthier levels, proper vaso-reactivity of the aorta or normalized
collagen content may have already been present, leading to no
additional benefit on aortic stiffness from curcumin. Thus, the pre-
sent study indicates the necessity of future studies to determine
the potential role of anti-inflammatory IL-13 in the modification
of aortic stiffness by either functional or structural adaptations.

Despite the novel findings of the present pilot study, the small
sample size and lack of mechanistic insight for the beneficial
effects of curcumin are limitations. Furthermore, the 12 week
duration of this study may not have been a long enough interven-
tion period to see changes in arterial stiffness that have accumu-
lated over a lifetime; thus, a longer intervention period may have
resulted in a more favorable effect. Moreover, the effect of a higher
dose of curcuminoids, in comparison with the current dose of
193 mg/day, should be addressed in future studies to see if addi-
tional favorable modifications would have resulted. While changes
in physical activity were not monitored throughout this study, par-
ticipants were instructed to maintain regular lifestyle habits,
including physical activity and exercise, throughout the duration
of the study. It should also be noted that this study was conducted
in a young, apparently healthy population without hypertension;
therefore, older or diseased populations with higher arterial stiff-
ness measures could potentially see a greater effect, but further
studies will need to investigate this possibility. Additionally, fur-
ther investigations should examine the potentially additive effect
of curcumin and exercise as found in previous studies (Akazawa
et al.,, 2013; Sugawara et al., 2012).

5. Conclusions

The present study provides initial evidence for the novel cur-
cumin compound, CurQfen®, to de-stiffen arteries in young, obese
males with elevated baseline aortic stiffness to enhance cardiovas-
cular health. Importantly, the anti-inflammatory properties of cur-
cumin, when administered in a bioavailable formulation, are
implicated in the amelioration of aortic stiffness. Reduced aortic
stiffness is likely to cause a reduction in CV risk and mortality.
These preliminary findings also suggest a potential mechanistic
role of anti-inflammatory IL-13 in the amelioration of aortic stiff-
ness that warrants further investigation.
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