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Introduction

A minor metabolite from Curcuma longa effective
against metabolic syndrome: results from a
randomized, double-blind, placebo-controlled
clinical study+

Muhammed Majeed, (2 #° Kalyanam Nagabhushanam, ©'° T. V. Devarajan,®
Santhosh Saklecha,? S. Venkata Krishna Reddy® and Lakshmi Mundkur 2 *2

Metabolic syndrome (MetS) is characterized by the presence of at least three interrelated risk factors, including
central obesity, hypertension, elevated serum triglycerides, low serum high-density lipoproteins, and insulin re-
sistance. Abdominal obesity is considered a predominant risk factor. Lifestyle changes with medications to
lower cholesterol, blood sugar, and hypertension are the general treatment approaches. Functional foods and
bioactive food ingredients represent versatile tools for addressing different aspects of MetS. In a randomized
placebo-controlled clinical study, we evaluated the effect of Calebin A, a minor bioactive phytochemical from
Curcuma longa, on metabolic syndrome in obese adults (N = 100), and 94 individuals completed the study
(N = 47 in both groups). They were subjected to Calebin A supplementation for 90 days, which resulted in a
statistically significant reduction in their body weight, waist circumference, body mass index, low-density lipo-
protein-cholesterol, and triglyceride levels compared to those with the placebo. A small but significant
increase in high-density lipoprotein-cholesterol levels was also observed in these individuals. Furthermore,
Calebin A showed a positive effect on adipokines by reducing circulating leptin levels. Finally, C-reactive
protein levels were significantly reduced in Calebin A-supplemented individuals, suggesting a beneficial impact
on managing MetS-induced inflammation. Blood glucose levels, insulin resistance, and blood pressure levels
were not affected by Calebin A. In conclusion, Calebin A may be an effective supplement for managing
abdominal obesity, dyslipidemia, and systemic inflammation in individuals with metabolic syndrome. This study
was prospectively registered on the Clinical Trial Registry of India (CTRI) with the registration number CTRI/
2021/09/036495. https://ctri.nic.in/Clinicaltrials/advancesearchmain.php

which greatly increase the risk for cardiovascular disease or type
2 diabetes." A recent study by the National Health and Nutrition

Metabolic syndrome (MetS) represents a cluster of metabolic
abnormalities, including abdominal obesity, hyperglycemia,
glucose intolerance, arterial hypertension, and dyslipidemia,
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Examination Survey (NHANES) reported an overall prevalence of
MetS at 34.7%, with a significant increase among young adults in
the age group of 20-39 years, a leading public health concern.?*
The underlying pathophysiology of MetS and its multifaceted
origin are not yet fully understood.” The most widely accepted
hypothesis suggests insulin resistance/hyperinsulinemia and
central obesity as the main pathogenic mechanisms.>® However,
other factors, such as oxidative stress and low-grade chronic
inflammation, have also been proposed to be involved in the
development and/or progression of the syndrome.”*

MetS is usually managed by lifestyle changes, along with
pharmacological treatment* using statins, anti-diabetic and
anti-hypertensive drugs, often in combination." An effective
natural remedy could represent a valuable tool in the fight
against MetS. The use of functional foods and natural bio-
active compounds could exert beneficial effects on the various
components of MetS like body weight, blood pressure, glucose
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metabolism, endothelial damage, and lipid profile, apart from
the favorable effects on the inflammatory state and oxidative
stress.

The rhizomes of the Curcuma longa plant are a rich source
of numerous phytochemicals.”™** Curcuminoids and turmer-
ones are among the well-known researched materials. The
minor components have hardly merited any serious scientific
studies. The increasing use of turmeric powder in food and
supplement products prompts one to study the physiological
effects of the minor components. Calebin A (feruloylmethyl
ferulate) is a phytochemical present in trace amounts in
Curcuma species (Curcuma longa/caesia) and belongs to a family
of ferulate esters, rightfully called calebenoids. While curcumi-
noids occur to the extent of 4-8% in Curcuma longa, Calebin A
occurs in extremely minute quantities, <0.01% w/w, excluding
the possibility of the plant being an economical source for this
active phytochemical. The calebenoids seem to arise from a
biological Bayer-Villiger type of transformation of curcumi-
noids."> Endophytic fungi producing Bayer-Villiger monooxy-
genase were found to bio-transform curcumin to Calebin
A" Though Calebin A is structurally related to curcumin, it
lacks the beta-diketone group at 1,3-carbon, which is unique
to curcumin’s structure.’® Calebin A shows higher chemical
stability in acidic and basic media in contrast to the noted
instability of curcumin at higher pH values while retaining
several physiological properties with curcumin.*®

Calebin A exhibits a variety of pharmacological activities.
Hence, it could be a potential compound in managing various
human ailments such as metabolic disorders, obesity, arthritis,
low bone density, and cancer.'® Lai et al (2015) demonstrated
that Calebin A prevents high-fat-diet-induced obesity, inhibits adi-
pocyte differentiation, and ameliorates hepatic steatosis, by sup-
pressing the expression of peroxisome proliferator-activated recep-
tor (PPAR), fatty acid synthase and activated acetyl-CoA carboxy-
lase.”” In the animal model of diet-induced obesity, Calebin A
supplementation decreased weight gain, and visceral fat accumu-
lation, which was suggested to be mediated by the activation of
AMP-activated protein kinase in adipocytes and the liver."”
Furthermore, Calebin A inhibited osteoclastogenesis,'® protected
cells from p-amyloid toxicity,"® and prevented fatty liver disease
by inhibiting adipogenesis.>® Preclinical safety and toxicological
studies have elaborated on the safety of Calebin A in animals as
per the regulatory requirement.*"

Although several preclinical studies describe the pharmaco-
logical uses of Calebin A, human clinical evaluation to trans-
late the effects from animal studies to bedside is lacking. In
the present study, we evaluated the effect of Calebin A sup-
plementation on metabolic parameters associated with MetS
in a randomized clinical study.

Materials and methods
Materials

The interventional materials for the study were supplied by
Sami-Sabinsa Group Limited. Since Calebin A occurs only in
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trace amounts in the turmeric rhizome, it was chemically syn-
thesized with >99% purity. The test product was a capsule con-
taining 25 mg of Calebin A (CurCousin®) with 3 mg of piper-
ine (BioPerine®), a safe food component known for increasing
the bioavailability of phytoactives.”>** Microcrystalline cell-
ulose capsules were used as a placebo. Both capsules were
identical in weight and appearance.

Calebin A

Calebin A was analyzed by reverse phase HPLC using a
Thermo BDS Hypersil C18 column having a particle size of 5 ,
an internal diameter of 4.6 mm and a length of 250 mm. The
mobile phase used was a mixture of acetonitrile and water in a
ratio of 1:1 (v:v) with a flow rate of 1.0 mL min~". Standard
and sample solutions were prepared in acetonitrile : phosphate
buffer with pH 4.0 in a ratio of 1:1.25 (v:v) at a concentration
of 0.025 mg mL™" and 20 pL was injected into the HPLC. A
Calebin A peak was detected at 340 nm and elutes were
obtained at about 4.9 min. The spectral properties of Calebin
A were in accordance with earlier reports."*'® A typical HPLC
chromatogram of Calebin A along with its structural similarity
with curcumin are depicted in Fig. 1.

Study design and ethics

The study was conducted as a multi-centric, randomized,
double-blind, placebo-controlled clinical trial from April 2021
to August 2022 at three sites, Apollo First Med Hospitals in
Chennai, Santosh Hospital in Bangalore, and Vijaya Specialty
Hospital in Nellore. The study was carried out by following the
approved ethical guidelines of the Central Drugs Standard
Control Organization (September 2019), ICMR Guidelines
2017, Schedule Y (Drug & Cosmetic Act, India 2014), the World
Medical Association Declaration of Helsinki, Fortaleza, 2013 &
the ICH (Step V), and “Guidance on Good Clinical Practice”
(GCP). The entire study protocol was approved by the ethics
committee of Apollo First Med Hospitals in Chennai, Santosh
Hospital in Bangalore, and Vijaya Specialty Hospital in Nellore
in Southern India, and no changes were made to the study
design after recruitment had commenced. Written informed
consent was obtained from all the participants at the time of
enrolment, and the study was registered prospectively with the
registration number CTRI/2021/09/036495.

Sample size

Male and female obese subjects (N = 100) in the age group of
30 to 65 years (both inclusive) who met all the inclusion cri-
teria were enrolled in this study (Fig. 2). The sample size was
calculated based on the earlier research publication.>* Using
these inputs with 80% power and alpha = 0.05 significance
level and assuming a correlation of 0.2, the required sample
size was calculated to be at least 60 participants. Allowing a
20% dropout, the sample size was estimated at 72 participants.
Therefore, we recruited 100 participants in a 1: 1 ratio between
two treatment groups (N = 50 per treatment group).

Food Funct, 2023,14, 4722-4733 | 4723
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Fig. 1 Structure and HPLC profile of Calebin A. A: The difference in the structures of Calebin A and Curcumin, B: HPLC profile of Calebin A used for

the study.
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Fig. 2 CONSORT flow diagram.

Inclusion and exclusion criteria

Overweight individuals in the age group of 30 to 65 years (both
inclusive), with a waist circumference of >90 cm (men) or
>80 cm (women) and the presence of any two or more of the
following conditions according to the International Diabetes
Federation (IDF) were included in this study: (a) fasting blood
glucose of >5.6 mmol L™" (100 mg dL™") or diagnosed dia-
betes; (b) high-density lipoprotein cholesterol (HDL-C) of
<1.0 mmol L™ (40 mg dL™") in men, <1.3 mmol L™" (50 mg
dL™) in women; (c) blood triglycerides of >1.7 mmol L™"
(150 mg dL™"); (d) blood pressure of >130/85 mmHg. All the
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participants enrolled in the study had a BMI of >28 kg m™>

and <35 kg m™> and were willing to take up regular physical
activity. Exclusion criteria included the presence of any genetic
syndromes associated with obesity (Cushing’s syndrome,
Turner’s syndrome, and Prader-Willi’s syndrome) based on the
medical records of participants screened by the principal
investigator, excessive alcohol use, pregnancy, thyroid dis-
eases, hepatic/cardiac/pulmonary/psychiatric diseases, malig-
nancies and presence of chronic inflammatory conditions,
history of coagulopathies, cardiovascular diseases, congestive
heart failure, pancreatitis, lactic acidosis, hepatomegaly with
steatosis, motor weakness, peripheral sensory neuropathy,

This journal is © The Royal Society of Chemistry 2023
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psychiatric disorder, uncontrolled bronchial asthma and/or
Chronic Obstructive Pulmonary Disorder [COPD]
excluded from the study. Participants with a fasting blood
glucose of >150 mg dL™" and HbAlc of >7%, hypertension
with a blood pressure of >160/100 mmHg or undergone weight
loss (—5%) in the last three months were also excluded from
the study. Details are given in the ESI section.{

were

Randomization and blinding

One hundred participants meeting the eligibility criteria were
enrolled in the study. The subjects were randomized using a
predetermined randomization schedule generated using com-
puter-based randomization software STATA15, prepared by a
statistician, independent of the sponsoring organization and
not involved in the conduct or reporting of the study. An alpha
code was generated for both the active and placebo to improve
the blindness of the study and concealment of allocations.
Block randomization (only one block) was followed wherein
the subjects were randomized to receive either a placebo or an
investigational product. The randomization codes were kept
strictly confidential and were accessible only to authorized
persons on an emergency basis as per the standard operating
procedures of the sponsor until the time of unblinding. The
study was double-blinded, wherein, the study groups, investi-
gators, and other staff were blinded to the group assignment.
The principal investigator assigned the subjects to two
different groups using the alpha codes. The treatment codes
were kept in a sealed envelope, which was not opened until
study completion or in case of an emergency, i.e., a serious
adverse event.

Intervention

The participants received either a Calebin A capsule (contain-
ing 25 mg of Calebin A and 3 mg of piperine) or a placebo
twice daily, 30 minutes after breakfast and dinner, for 90 days
(Fig. 2). Participants were advised to adhere to their usual life-
style, continue to consume their regular diet but avoid junk
foods and fried items. They were advised to undertake physical
activity of walking for 30 minutes daily for five days a week,
which was monitored through a patient record diary. After
every 30 days, they were asked to visit the study site to assess
outcome measures. All the participants were telephonically fol-
lowed up 15 days after the final visit for overall health and any
adverse events.

Outcome measures and endpoints

During every visit, all the participants underwent a medical
and physical examination. The primary endpoints were to
measure the mean change in body weight and fasting blood
sugar (FBS) between the baseline (day 0) and the final visit
(day 90). Secondary endpoints were to assess the efficacy of
Calebin A through the change in anthropometric measure-
ments (waist and hip circumferences), body mass index (BMI),
blood pressure, lipid profile, serum biomarkers (Leptin,
Adiponectin, and Insulin), glycosylated hemoglobin (HbA1c),
and high sensitive C-reactive protein (hs-CRP), and vital signs

This journal is © The Royal Society of Chemistry 2023
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(body temperature, pulse rate, and blood pressure). Safety was
monitored throughout the study by recording any adverse
events and by any change in vital parameters, biochemical,
hematological, and urinary markers. Body weight measure-
ment of the participants were taken in a surgical gown without
footwears and other external apparel, using a weighing
balance from the same manufacturer and model at each site.
The waist circumference was measured by placing the measur-
ing tape horizontally around the waist just above the hip bone.
The details are provided in the ESI section.t The height was
measured using a stadiometer.

Biochemical and biomarker evaluation

The serum biochemical parameters were estimated in the SRL
Diagnostics lab (Gurugram India), using a COBAS 8000 bio-
chemical analyzer. Biomarkers leptin and Adiponectin levels
were estimated by the enzyme linked immunosorbent assay
(ELISA), using commercial kits (Diagnostics Biochem, Canada,
as per the manufacturer’s instructions. The levels of HbAlc
were measured by iron exchange HPLC, liver/renal enzymes by
spectrophotometry, Hs-CRP by nephelometry, the thyroid
profile by competitive electrochemiluminescence and urine
analysis was carried out using an integrated automated
system. The details of lab evaluations are given in the ESI
section.t Insulin resistance was calculated using the fasting
glucose (mg dL™") and insulin levels (uU mL™") according to
the homeostasis model assessment (HOMA-IR) method:
glucose x insulin/405. The HOMA-B-cell function (HOMA-B)
was calculated using the following formula: 360 x fasting
insulin (WU mL™")/(fasting glucose (mg dL™') — 63).*° The
Apolipoprotein B level (ApoB100) was calculated using the
formula: [ApoB100 = —33.12 + 0.675 x LDL + 11.95 x In(tg)].*®

Safety measurements

The safety data were monitored throughout the course of the
study by the principal investigator at every visit by physical
examination and incidence of unfavorable changes in health.
The changes in the pulse rate, body temperature, clinical bio-
chemical parameters including, the liver profile, renal profile,
thyroid profile, hematology, urine analysis and electrolyte
levels were monitored from the baseline to the end of the
study.

Statistical analysis

The statistical analysis was conducted using the STATA
Software version 15.0 on the study population who completed
the study. For continuous variables, the normality of distri-
bution was tested by a one-sample Shapiro-Wilk normality
test. The paired ¢test or Wilcoxon Signed Rank Test was used
to compare quantitative variables within the group and the
independent 7T-test or Mann-Whitney U test between the
groups based on their normal distribution. Categorical vari-
ables were compared using Chi-square tests. Repeated
measure analysis of variance (ANOVA) was used to compare the
parameters that were monitored every visit. The change in
efficacy parameters from the baseline to the end of the study

Food Funct, 2023,14, 4722-4733 | 4725
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was compared between the treatment groups to assess the
treatment effect. The level of statistical significance is defined
as p <0.05.

Results
Demographic details at the baseline of the study

A total of 94 participants (N = 47, each in placebo and Calebin
A groups) completed the study and were included in the data
analysis. Three participants from each group were lost to
follow-up (Fig. 2). The baseline variables, including the gender
distribution, body weight, blood pressure, and fasting sugar,
were comparable between the Calebin A and placebo groups
(Table 1). The average age was 45.25 + 8.14 in Calebin A and
41.27 + 7.11 in placebo (P = 0.02). All the participants were
Indians, and none had a smoking or alcohol abuse history. All
the participants were overweight, with an average body weight
of 87.53 + 8.32 kgs and a BMI of 31.18 = 1.75 kg m™>. The
waist circumferences of the participants were more than 94 cm
in males and >80 cm in females. The mean triglyceride levels
were 167.4 + 63.6 mg dL™" and fasting blood sugar level was
104.5+ 15.6 mg dL™". All the participants satisfied at least two
conditions of metabolic syndrome apart from central obesity,
conforming to the IDF definition of MetS. All the participants
were advised to walk for 30 minutes five days a week during a
study period of 90 days.

Effect of Calebin A on anthropometric parameters and blood
pressure

Consumption of Calebin A for 90 days significantly reduced
anthropometric characteristics. The mean waist circumference
was reduced by 3.75 cm in individuals consuming Calebin A,
which was significantly better than those consuming placebo.
The body weight of the participants in the placebo group was

Table 1 Demographic details
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reduced by 0.94 kg compared to 5.32 kg in the Calebin A group
(P < 0.001). Other parameters like the BMI (1.88 kg m™2 com-
pared to 0.29 kg m™> in placebo) and hip circumference
(4.02 cm vs. 0.77 cm) also reduced significantly in Calebin
A-supplemented participants, suggesting its profound effect
on overall weight management (Table 2). Weight loss,
reduction in the waist circumference, and related parameters
were observed after a month of supplementation, which gradu-
ally decreased further in three months (Fig. 3). The systolic
blood pressure was reduced in the placebo and Calebin A
groups, but the difference was insignificant.

Effect of Calebin A on lipid and sugar profiles

Calebin A supplementation showed a positive effect on lipid
levels. Total cholesterol (—13.65 mg dL™'), low-density lipo-
protein cholesterol (LDL-C) (—=9.53 mg dL "), very low-density
lipoprotein cholesterol (VLDL-C) (—1.75 mg dL™"), and trigly-
ceride (-11.51 mg dL™") levels reduced significantly, and
this difference was significantly better than that of the
placebo group. The high-density lipoprotein cholesterol
(HDL-C) level increased to 2.65 mg dL™' in the Calebin A
group, while it decreased (0.51 mg dL™') in the placebo
group. We calculated the ApoB100 levels based on the
LDL-C and TG levels as they are known to be a better pre-
dictor of cardiometabolic risks.”” The calculated ApoB100
levels reduced by —6.16 in the Calebin A group compared to
—2.81 in the placebo group, which was a significant differ-
ence. Fasting blood sugar and HbAlc levels were not
impacted by Calebin A. A mild reduction was observed in
the placebo and Calebin A groups, which was not statisti-
cally significant (Table 3).

Effect of Calebin A on serum biomarkers

The levels of leptin reduced significantly in Calebin
A-supplemented individuals by 9.21 ng ml™". The placebo did

Parameters Calebin A (N = 47) Placebo (N = 47) Overall (N =94) Pvalue
Age (years) 45.25 + 8.14 41.27 + 7.11 43.26 +7.86 0.02
Gender, n (%)

Male 30 (63.82%) 31 (65.95%) 61 (64.89%) 0.83
Female 17 (36.17%) 16 (34.04%) 33 (35.10%)

WC (Cm)

Male 98.10 £ 7.03 100.53 £+ 8.92 99.21 + 8.03 0.23
Female 93.88 +11.84 94.38 £9.21 94.12 +10.48 0.57
Total 96.57+9.17 98.57 £ 9.22 97.42 +9.24 0.26
Weight (kg) 87.51 +7.79 87.52 + 8.91 87.53 + 8.32 0.72
BMI (kg m2) 30.79 +1.71 31.02 +1.78 31.18 £ 1.75 0.36
Height (cm) 167.05 £ 6.52 167.76 £ 6.39 167.40 + 6.43 0.63
SBP mmHg 136.68 £ 7.61 137.72 £ 7.06 137.20 £ 7.32 0.65
DBP mmHg 85.87 £ 5.99 84.85 + 8.48 85.36 £ 5.71 0.66
Pulse rate 82.34 £6.78 82.78 £5.78 82.56 £ 6.57 0.51
Triglycerides mg du 167.91 £ 77.22 166.89 £ 47.21 167.4% 63.65 0.96
FBS mg dL™? 108.10 + 16.34 105.37 £ 14.77 104.5 £ 15.6 0.62

Demographic values were compared between the two groups at the baseline. The quantitative variables were compared by independent T-tests,
while the chi-square test was used to compare categorical variables. None of the parameters, except age (P = 0.02), were significantly different
between the groups. WC: waist circumference, BMI: body mass index, SBP: systolic blood pressure, and DBP: diastolic blood pressure.
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Table 2 Effect of Calebin A on anthropometric parameters and blood pressure and blood pressure

Parameters Group Day 0 Day 90 Mean diff. p-Value

Body weight (kg) Placebo 87.52 + 8.91 86.82 + 8.59* —0.94 <0.001
Calebin A 87.55 +7.79 82.24 + 6.74+# -5.32

BMI (kg m~2) Placebo 31.08 +1.71 30.79 +1.91 -0.29 <0.001
Calebin A 31.33 £1.79 29.44 + 2.30%+# —1.88

Waist circumference (cm) Placebo 98.28 + 9.33 98.53 +10.23 0.26 <0.001
Calebin A 96.57 £ 9.17 92.82 + 10.09*** -3.75

Hip circumference (cm) Placebo 100.43 £ 9.18 99.66 + 10.11** —-0.77 0.016
Calebin A 100.0 £ 10.25 95.98 + 11.66**** —4.02

SBP mmHg Placebo 137.72 £ 7.06 130.12 £ 8.76** -5.30 0.41
Calebin A 136.68 + 7.61 131.38 £ 7.69%* —7.60

DBP mmHg Placebo 84.85 + 8.48 83.48 +£7.04 -1.36 0.44
Calebin A 85.87 £ 5.99 82.74 + 6.64* -3.13

The values related to the body weight, body mass index (BMI), waist circumference (WC) and hip circumference (HC), systolic blood pressure
(SBP), and diastolic blood pressure (DBP) from the baseline to the end of the study are represented as mean + SD. The change in values after 90
days of supplementation were compared within the groups by paired T test (*) and between the group by independent (unpaired) T test (#), the
mean difference between Calebin A and placebo were compared by the Mann Whitney test.

A Body Weight 5 BMI
100 4 33 4
95 1 32 4
% o =
X 90, £ 313 ! I T
= E T T - Q’ i 1
5 851 + = 301
o * *k m
; 80- *% 29- *%
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Fig. 3 Reduction in body weight and related parameters over time by Calebin A. (A) Reduction in (B) body weight, body mass index (BMI) (C) waist
circumference (WC), and (D) hip circumference (HC) with time is depicted in the graphs. One-way repeated measures ANOVA with Dunnett’s post-
hoc test was used to compare the changes within the group from the baseline. *P < 0.05 and **P < 0.01 compared to the baseline.

not have any effect on leptin, showing an increase in the mean not significant. The difference in the adiponectin increase was
levels (0.68 ng ml™") at the end of the treatment period. higher in the Calebin A group (0.57 ug ml™" vs. 0.05 pg ml™),
Adiponectin was observed to increase in both groups, but was which was significantly better. The levels of the C-reactive
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Table 3 Effect of Calebin A on lipid and sugar profiles
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Parameters Group Day 0 Day 90 Mean difference p-Value

TC mg dL™ Placebo 155.0 (146.0, 195.0) 167.0 (144.0, 191.0) —-4.57 0.01
Calebin A 159.0 (145.0, 207.0) 153.0 (138.0, 187.0)** —13.65

LDL-C mg dL™" Placebo 91.0 (973.0, 125.00) 99.0 (68.0, 116.0) —4.45 0.006
Calebin A 95.0 (72.0, 135.0) 79.0 (67.0, 116.0)** —-9.53

VLDL-C mg dL™* Placebo 33.0 (25.1, 36.9) 30.0 (24.5, 34.5) -0.51 0.001
Calebin A 33.7 (27.9, 36.0) 31.0 (26.0, 33.0)* -1.75

HDL-C mg dL™* Placebo 42.0 (38.0, 45.0) 42.0 (36.0, 47.0) -0.51 <0.001
Calebin A 40.0 (37.0, 42.0) 44.5 (40.0, 48.0)* +2.65

TG mg dL™* Placebo 169.0 (9116.0, 184.0) 153.0 (123.0, 181.0) 1.47 0.002
Calebin A 169.0 (139.0, 177.0) 153.0 (114.0, 165.0)* —-11.51

ApoB 100 mg dL™* Placebo 84.21(77.17,112.8) 89.25 (72.89, 108.8) -2.81 0.02
Calebin A 90.02 (75.98, 122.0) 80.70 (69.93, 103.60) —6.16

FBS mg dL™* Placebo 104.0 (98.0, 117.0) 102.0 (96.0, 106.5) -2.93 0.14
Calebin A 105.0 (100.5, 109.0) 103.0 (95.0, 108.0) —5.62

HbA1c% Placebo 6.1 (5.7, 6.3) 5.9 (5.5, 6.1) —-0.14 0.87
Calebin A 6.1 (5.6, 6.4) 6.0 (5.5, 6.1) -0.16

HOMA-IR Placebo 3.34 (2.55, 5.58) 43.01 (2.15, 4.79) 0.18 0.59
Calebin A 4.14 (2.53, 6.20) 3.88 (2.55, 5.53) —-0.12

HOMA-f Placebo 44.66 (36.82, 71.55) 40.79 (32.06, 60.0) 2.68 0.23
Calebin A 52.65 (36.05, 86.59) 60.74 (37.29, 76.29) 3.18

The values are represented as median and interquartile range. The change in the levels of the parameters after 90 days of supplementation were
compared. The changes in values after 90 days of supplementation were compared within the groups (*) by the Wilcoxon signed rank test. The
mean difference between Calebin A and placebo were compared by the Mann Whitney test. TC; total cholesterol, LDL: low-density lipoprotein,
VLDL: very low-density lipoprotein, HDL: high-density lipoprotein, TG: triglycerides, Apo B: apolipoprotein B, FBS: fasting blood sugar, HbAlc;
glycosylated hemoglobin. HOMA-IR, homeostatic model assessment for insulin resistance, and HOMA-B, homeostatic model assessment of beta
cells.

protein, an acute phase protein, and a marker for inflam-
mation were lowered significantly by Calebin A (2.9 pg ml™)
compared to the placebo (0.4 pug ml™"), suggesting an anti-
inflammatory effect of Calebin A (Fig. 4).

Safety outcomes

Two participants, one from Calebin A and one from the
placebo group reported diarrhea during the study. The events
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Fig. 4 Effect of Calebin A on serum biomarkers. Circulating levels of A: leptin, B: adiponectin, and C: high sensitivity C-reactive protein at the base-
line and after 90 days of supplementation. The change in their levels in 90 days is represented in D—F. The change in values from the baseline to 90
days of supplementation was compared within the groups by the Wilcoxon signed rank test (*P < 0.05 and ***P < 0.01). The mean difference
between Calebin A and placebo were compared by the Mann Whitney test.
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Table 4 List of adverse events and their resolution

Participant no. Gender-age Group Event term Start date End date Outcome
V03-036 F-51 Calebin A Diarrhea 13/6/22 14/6/22 Resolved
V03-040 F-44 Placebo Diarrhea 16/6/22 17/6/22 Resolved

were resolved without any medications and were not related to
the medications of this study (Table 4). Calebin A and placebo
supplementation were continued without a break and no par-
ticipant discontinued the study due to any adverse events. The
clinical safety parameters did not show any significant
changes from the baseline to 90 days. The hematological para-
meters, liver and renal function test, and urine analysis were
in the normal range in both Calebin A and the placebo groups
at the end of the study (ESI Tables 1-37).

Discussion

The present study evaluated the effect of Calebin A sup-
plements on metabolic syndrome in obese individuals. The
results showed a significant reduction in body weight, waist
circumference, BMI, total and LDL-cholesterol, triglyceride
levels and a small but significant increase in HDL-C in individ-
uals consuming Calebin A compared to placebo at the end of
90 days. Leptin and hs-CRP levels were decreased by Calebin A,
suggesting a beneficial effect on managing MetS-induced
inflammation. Surprisingly, blood glucose levels, insulin resis-
tance, and blood pressure levels were not affected by Calebin A
supplementation.

Calebin A decreased the expression of PPAR vy, acetyl CoA
carboxylase (ACC) and fatty acid synthase, resulting in redu-
cing lipid accumulation in pre-adipocyte cell lines in vitro. In
animal models of diet-induced obesity, Calebin A was found to
reduce weight accumulation and improve hepatic steatosis by
activating AMPK, a key metabolic regulator responsible for
modulating cellular metabolism, mitochondrial biogenesis,
fatty acid oxidation and loss of adipose weight.”**® The acti-
vation of AMPK downregulates ACC, resulting in the reduction
of malonyl CoA and increase in carnitine palmitoyltransferase-
1 (CPT-1), further resulting in reduced triglyceride accumu-
lation through increased fatty acid oxidation.”® Extending this
observation, a recent study demonstrated that Calebin A
enriched the microbiota of high-fat diet-fed mice with
Akkermansia, Butyricicoccus, and Ruminiclostridium in
association with weight reduction, blood sugar and white adi-
pocyte content reduction and induced thermogenesis in
mice.?® The anti-obesity effect of Calebin A could be translated
in this clinical study, wherein we observed a 6% reduction in
the body weight and BMI and close to a 4% reduction in the
waist circumference in the absence of any caloric restriction.
In an earlier clinical study, a Curcuma caesia extract containing
Calebin A was shown to have similar effects.**

Obesity and overweight are associated with dyslipidemia,
which is generally associated with increased triglycerides and

This journal is © The Royal Society of Chemistry 2023

free fatty acids and decreased HDL-C.*' LDL-C, VLDL-C and
ApoB100 are also increased in these individuals due to
the  hepatic  overproduction of ApoB100-containing
lipoproteins.®** We observed a reduction in triglyceride levels
by 6.9%, and an increase in HDL levels by 6.08% in Calebin
A-treated individuals. We also observed a decrease in LDL and
VLDL cholesterol, suggesting an overall positive effect on the
lipid profile. These results agree with the preclinical and clini-
cal studies wherein lipid levels were positively modulated by
Calebin A.>*** The possible mechanism of the lipid lowering
effect of Calebin A could be due to an enhancement in fatty
acid oxidation as observed in preclinical studies.> In addition,
we observed a 6.34% decrease in the calculated ApoB100
levels, which directly reflects the number of atherogenic par-
ticles, including LDL, VLDL, and intermediate-density lipopro-
teins.>* ApoB100 has been found to be a better predictor of
CVD risks than LDL-C in several epidemiological studies.*>®

Insulin resistance and progressive pancreatic f-cell dysfunc-
tion are considered the two primary features in the pathogen-
esis of type 2 diabetes. The homeostasis model assessment
(HOMA), a mathematical calculation derived from fasting
glucose and insulin levels, is a validated clinical and epidemio-
logical tool for estimating insulin resistance and f-cell
function.?”*® We could not find a difference between Calebin
A and the placebo in reducing the fasting blood sugar or
HbA1c levels in serum. A very mild reduction in insulin resis-
tance and an improvement in f-cell functions were observed
with Calebin A intake, which was not significant. In animal
studies, Calebin A was found to reduce blood glucose
levels.?*° In vitro and in silico studies have shown an inhibi-
tory effect of Calebin A on dipeptidyl peptidase-IV (DPP-1V)
enzyme activity, suggesting a possible effect of diabetes.*®
AMPK activation is also known to have a positive influence on
diabetes. The participants enrolled in the present study had
very mild prediabetic conditions, unlike the high fat-induced
animal model, where the blood glucose levels increased sig-
nificantly compared to control. It may be valuable to target
individuals with type 2 diabetes with higher blood sugar and
HbA1c levels in future studies to clearly understand the effect
of Calebin A on controlling blood sugar levels.

An increase in free fatty acids plays a critical role in the
pathogenesis of inflammation in metabolic syndrome
individuals.*®*" Inflammation in the adipose tissue, pancreas,
kidneys, also associated with metabolic
diseases.

liver is
Increased plasma concentrations of C-reactive
proteins (CRP), tumor necrosis factor (TNF)-a, IL-1, and
IL-6 have been reported in individuals with metabolic dis-
eases.*®> As a marker of inflammation, the CRP, was found to
be higher among subjects with MetS and more recently has

and
42,43
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been characterized as an independent predictor of future
cardiovascular events in MetS patients.** The CRP concen-
trations were higher among subjects with MetS in the National
Health and Nutrition Examination Survey.*”> The hs-CRP levels
were positively correlated with waist circumference, BMI,
blood pressure, insulin resistance, lipid and glucose levels.*®
Calebin A has been shown to have anti-inflammatory activity
by targeting the NF-kb signaling pathway.?”” We observed a sig-
nificant reduction in hs-CRP levels in individuals consuming
Calebin A, confirming the in vitro observation. The significant
decrease in hs-CRP is likely to induce additional benefits for
managing metabolic syndrome.

Leptin and adiponectin are other biomarkers associated
with MetS.*® As members of the adipokine family of cytokines
secreted from the adipose tissue, adiponectin and leptin carry
out antagonistic functions in the body. Leptin supports appe-
tite regulation by inducing satiety and maintaining fat storage
in the body, enhances glucose utilization, prevents insulin
hypersecretion, and is involved in fat metabolism.**! Leptin
levels are increased in individuals with MetS and is considered
a predictive marker.’>>* We observed a significant decrease in
circulating leptin levels in the Calebin A group compared to
the placebo group, suggesting a correlation between a
reduction in visceral adiposity and leptin in the MetS patients
participating in the study.

Adiponectin is involved in energy metabolism and exhibits
anti-inflammatory effects, including its role as an insulin sen-
sitizer.”> Low adiponectin levels were found in obese individ-
uals and are associated with insulin resistance, diabetes, and
cardiovascular disease.>®*” In our study, the increase in adipo-
nectin levels did not reach significance with Calebin A sup-
plementation, although, the difference in the levels from the
baseline to the end of the study was significantly higher com-
pared to placebo.

The possible mechanisms of Calebin A could be mediated
by increased fatty acid oxidation, reflecting a positive effect on
the lipid profile. Other mechanisms could be mediated
through its effect on inflammation and leptin levels. Leptin in
its normal physiological role is involved in energy regulation,
and satiety.”® Paradoxically, a state of leptin resistance and
increased levels of circulating leptin were observed in over-
weight/obese individuals, reflecting a state of the leptin resis-
tance.”® Several mechanisms have been proposed for leptin re-
sistance, while the presence of high levels of leptin could also
trigger a resistance,’ thus, reducing leptin levels could be a
possible mechanism of weight reduction. A recent study
showed that a targeted anti-inflammatory therapy had a posi-
tive effect on weight reduction and metabolic dysfunction.®
Calebin A is a known antioxidant and has shown anti-inflam-
matory activity in cell lines and animal studies.'®?%%%7:61 The
observed effect of Calebin A in this study could be a cumulat-
ive impact on multiple pathways involved in metabolic
dysfunction.

In summary, Calebin A could reduce visceral obesity, dysli-
pidemia, and inflammation. Visceral fat is central to the devel-
opment of MetS. The free fatty acids from adipocytes are
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packed into LDL and VLDL, and lower HDL levels.
Dysfunctional HDL, in turn, can increase inflammation and
reduce AMPK and nitric oxide levels, causing vasoconstriction
and hypertension. By influencing these functions, Calebin A
may benefit obese/overweight individuals with MetS.

Calebin A can be combined with herbal extracts with
proven effects on metabolic syndrome especially diabetic para-
meters to increase the benefits of a formulation in Met S. The
Emblica officinalis extract, grape seed extract,’>®* and curcumi-
noids®* are known to have antioxidant and anti-inflammatory
properties due to the polyphenol content and may have a
synergistic effect on different aspects of metabolic dysregula-
tion. Some limitations of the study are that all the participants
were in the early stages of MetS and were from the southern
part of India. The participants were not given a caloric restric-
tion, although they were asked to undertake 30 minutes of
physical exercise five days a week.

Conclusion

In conclusion, Calebin A could be a promising supplement to
manage body weight, dyslipidemia and mild inflammation
associated with metabolic dysfunction. Hs-CRP is increasingly
recognized as the important inflammatory parameter to be
controlled and Calebin A does have a mitigating effect on this
marker. In the present study, Calebin A supplementation did
not show any effect on blood glucose levels and associated
parameters. Future studies with a longer duration and a
higher dosage of Calebin A on overweight individuals with
type 2 diabetes would be helpful in elucidating its effects on
hyperglycemia which is an important parameter for metabolic
syndrome.

Abbreviation

AE Adverse event

Apo B100 Apolipoprotein B

BMI Body mass index

CVD Cardiovascular disease

DBP Diastolic blood pressure

FBS Fasting blood sugar

GRAS Generally regarded as safe

HbAlc Glycosylated hemoglobin

HC Hip circumference

HDL High-density lipoprotein

HOMA-p Homeostasis model assessment — p-cell function

HOMA-IR Homeostasis model assessment of insulin
resistance

hs-CRP High-sensitivity C-reactive protein

LDL Low-density lipoprotein

MetS Metabolic syndrome

NF-kB Nuclear factor kappa B

SBP Systolic blood pressure

TC Total cholesterol
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TG Triglycerides
VLDL Very-low-density lipoprotein
wWC Waist circumference
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