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1. Introduction

Time-of-day-dependent effects of a green tea
extract on postprandial glycemia and insulinemia
in healthy adults: a randomized, controlled,
double-blind, cross-over interventiont

ab.c Erika J. Rosbotham,®9 Rebekah Warnock,®® Louise Polzella,?
ab

Noha Sulaimani,
Rebecca Judowski,? Luca Nicolotti,®" Michael J. Houghton,
Gary Williamson € #° and Maxine P. Bonham () *?

Glucose homeostasis is intricately associated with circadian rhythms, and disrupting these rhythms, due
to mistimed eating, can increase the risk of metabolic dysfunction. Although green tea (poly)phenols are
recognized for their potential to lower postprandial glycemia, time-of-day effects of green tea extract
incorporated into a starch-based meal remain unexplored. We hypothesized that combining green tea
extract with a starch-rich meal could lower postprandial glucose and insulin in both the morning and
evening. A four-arm randomized, double-blind, controlled, cross-over intervention was conducted on
fourteen healthy adults. Fasted volunteers attended twice in the morning (08:00) and twice in the evening
(18:00), consuming either a control (white rice) or test meal (green tea extract-enriched white rice). Blood
glucose and insulin concentrations were measured at several time points over 180 minutes, and incre-
mental areas under the curve (IAUC) and peak blood concentrations were calculated. Postprandial
glucose levels were higher in the evening compared to the morning, while insulin levels were lower in the
evening, regardless of the intervention. The green tea extract meal did not significantly alter the glucose
and insulin IAUC compared to the control meal during the morning and evening. Although green tea
extract did not affect postprandial glucose concentrations, it significantly decreased peak insulin levels
(629 + 313 pmol L™, P = 0.04) 30 minutes after the morning meal. Green tea (poly)phenols delay post-
prandial insulin in the morning but not in the evening, revealing a time-of-day dependent effect on insulin
sensitivity.

the liver, pancreas, muscles, and adipose tissues. This disrup-
tion can adversely influence glucose metabolism, potentially

Glucose homeostasis is regulated by circadian rhythms, the
internal biological clock that consists of a central brain clock
and peripheral tissue clocks. Behavioral factors, such as mis-
timed food intake, can disrupt circadian rhythms, mainly
impacting peripheral clocks across various tissues including
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leading to an increased risk of developing type 2 diabetes."?
Evening carbohydrate ingestion, compared to morning intake,
results in an extended and elevated postprandial glucose
response in healthy adults.’ In addition, two recent meta-ana-
lyses of acute studies in healthy individuals substantiate that
extending eating time beyond 18:00 is linked to augmented
postprandial glucose spikes compared to earlier in the day,
irrespective of meal composition.”® However, findings for
insulin are less consistent, with some studies indicating
higher postprandial insulin area under the curve (AUC) or
incremental area under the curve (iAUC) in the evening,” but
others reporting no significant difference in postprandial
insulin AUC between morning and evening.* These variations
have been attributed to circadian differences in insulin
sensitivity,”” liver responsiveness,””® and pancreatic p-cell
activity.>® Thus, it is crucial to consider dietary approaches
aimed at modulating postprandial glycemia, where mistimed

This journal is © The Royal Society of Chemistry 2025


http://rsc.li/food-function
http://orcid.org/0009-0000-2355-9323
http://orcid.org/0000-0001-6579-7995
http://orcid.org/0000-0002-5624-6267
http://orcid.org/0000-0002-4854-1581
https://doi.org/10.1039/d4fo04843a
https://doi.org/10.1039/d4fo04843a
https://doi.org/10.1039/d4fo04843a
http://crossmark.crossref.org/dialog/?doi=10.1039/d4fo04843a&domain=pdf&date_stamp=2025-05-16
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4fo04843a
https://pubs.rsc.org/en/journals/journal/FO
https://pubs.rsc.org/en/journals/journal/FO?issueid=FO016010

Open Access Article. Published on 28 April 2025. Downloaded on 12/27/2025 8:23:47 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Food & Function

food intake can exacerbate these variations in physiological
processes by disrupting circadian rhythms, ultimately leading
to dysregulation of glucose metabolism.'®'*

Naturally occurring bioactive compounds in plants, such as
(poly)phenols and their subclasses, including flavonoids like
catechins, have been shown to modulate postprandial blood
glucose excursions. As such, the incorporation of (poly)
phenols into meals, especially at times of relative insulin resis-
tance (ie. at night) may have ramifications for managing
blood glucose. Intervention studies in healthy humans have
reported that (poly)phenols, as extracts or (poly)phenol-rich
foods, can attenuate postprandial hyperglycemia.'*™” Green
tea, high in catechins such as (—)-epigallocatechin gallate
(250% of total catechins) and (—)-epicatechin gallate (~33%),'®
has demonstrated a postprandial glucose-lowering effect in
some studies on healthy individuals.'®° This effect is
ascribed to its inhibitory action on the activity of key enzymes,
a-glucosidase®! and a-amylase,'®*>%* involved in carbohydrate
digestion, as well as on glucose transporters®* and on starch
hydrolysis via starch-polyphenol complex formation.>?

Whilst some studies have examined the effects of (poly)
phenols in general on metabolic health, the possible time-of-day
influence of (poly)phenol ingestion and its subsequent impact on
postprandial glycemia are yet to be extensively explored. To date,
two human trials have investigated the time effect of a green tea
beverage, revealing a notable decrease in postprandial blood
glucose levels in the evening compared to the morning,>*® but,
to our knowledge, no previous studies have explored the role of
green tea incorporated into food on time-of-day effects on post-
prandial glycemia or insulin. It has been reported that consump-
tion of green tea in combination with starchy food reduces both
glucose and insulin levels in a dose-dependent manner in healthy
individuals,'® as EGCG slows down starch hydrolysis via com-
plexation with starch, not via direct inhibition of a-amylase.”” We,
therefore, tested the hypothesis that green tea extract incorporated
into a starch-rich food could lower postprandial glucose and
insulin in both the morning and evening and designated the
change in glucose and insulin iAUC from time 0-180 minutes as
the primary outcome measure.

2. Methods

2.1. Study design

This study was a double-blind, controlled, randomized cross-
over intervention carried out on a total of 14 healthy volunteers
in the morning and evening. The study protocol was approved
by the Monash University Human Research Ethics Committee
(ethics approval number 18721) and registered with the
Australian New Zealand Clinical Trials Registry (registration
number ACTRN12619000789167) and can be accessed at
https://www.anzctr.org.au/Trial/Registration/TrialReview.aspx?
id=377433&isReview=true. This study was conducted between
June and November 2019 and recruitment was stopped when
the sample size was reached. Each participant provided written
informed consent before the commencement of the study.
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2.2. Subjects

Participants were recruited via a snowball sampling method,
utilizing flyers and online advertising. Male and female volun-
teers between the ages of 18 and 65, with a body mass index
(BMI) ranging from 18.5 to <28 kg m™>, fasting blood glucose
<5.5 mmol L™" and normal blood pressure, were eligible for
inclusion. Exclusion criteria were as follows: taking medication
for blood glucose control or other natural health products
known to affect (poly)phenol metabolism, bioavailability, or
action on target pathways (such as fish oil), having any gastro-
intestinal problems that could interfere with (poly)phenol
absorption and intestinal functions, having any serious health
conditions (e.g., thyroid or liver dysfunction or recent major
surgery), possessing an implanted cardiac defibrillator, being
pregnant or breastfeeding, consuming more than four alco-
holic drinks per day, or shift workers.

2.3. Randomization and blinding

Using computer-generated randomization, participants were
allocated in a random sequence to either the control in the
morning, green tea extract-rich meal (GTE) in the morning,
control in the evening, or GTE in the evening. The researcher,
participants and data analysts were blinded to the intervention
being conducted in each session, labeling intervention groups
with letter codes (A, B, C, or D) to conceal their identity. To
maintain blinding for both participants and the researcher,
both meals were colored using synthetic black food coloring.
Participant identification during analysis of blood samples
was also concealed from the researchers using a three-digit
code.

2.4. Test meal

All meals consisted of a carbohydrate load in the form of
jasmine rice (64 g raw weight), containing 50 g available carbo-
hydrates as estimated using FoodWorks 10 (Xyris Software,
Australia Pty Ltd, Spring Hill, Queensland, Australia). Rice was
cooked in 400 mL of water and 6 g of chicken stock, with 6 g of
Nature’s Way ® Matcha Green Tea Powder (containing ~1.06 g
of (poly)phenols) added to the test meal. The control meal was
identical to the test meal except for the absence of green tea
extract. Both meals were supplemented with 2.5 mL of Queen
Black Food Color Gel to ensure blinding of researchers and
participants.

2.5. Procedure

Each participant attended four sessions at the Monash
University Be Active Sleep Eat (BASE) facility in Melbourne,
Australia, two of which were morning visits and two were
evening visits, with the participants receiving either the
control or test meal in a randomized pattern, as described
above, on a total of four occasions. A one-week minimum
washout period was implemented between each treatment.
2.5.1. Pre-intervention. Prior to the testing visit, partici-
pants were requested to complete a 24-hour dietary recall, and
a food frequency questionnaire (FFQ) and the International
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Physical Activity Questionnaire (IPAQ)*” were collected during the
screening visit. These measures were carried out to establish par-
ticipants’ baseline dietary habits and evaluate their baseline total
(poly)phenol intake utilizing the Polyphenol-Explorer 3.6 data-
base on (poly)phenol content in foods®® and the USDA Database
for the Flavonoid Content of Selected Foods, Release 3.1,>° and
determine their baseline physical activity levels, respectively.
Anthropometric measurements, including height, weight, waist
circumference, and fat mass percentage, were recorded as part of
baseline health data (see 2.8).

2.5.2. Intervention

2.5.2.1. Morning sessions. Participants were given a standar-
dized commercially-available meal for dinner (energy content:
1530-1670 KkJ) to consume between 19:00-21:00 the night
before each testing day and then were asked to fast overnight
(=9 h), except for water. Participants were also instructed to
abstain from engaging in vigorous exercise and consuming
(poly)phenol-rich foods and beverages for 24 hours preceding
each testing session, with a list of suggested foods provided
before the start of the study.

On the morning of each testing session, at 08:00, a fasting
blood sample was collected, via finger prick, to assess fasting
blood glucose and insulin. Anthropometric measurements
(weight, height, weight circumference, and fat mass percentage)
were also collected. Thirty minutes after baseline sampling, par-
ticipants were provided with the meal and asked to consume it
within 15 minutes. Blood was sampled through finger prick at
pre-determined intervals to measure levels of postprandial blood
glucose (15, 30, 45, 60, 90, 120, 150 and 180 minutes) and
insulin (30, 60, 90, 120 and 180 minutes) (Fig. 1).

2.5.2.2. Evening sessions. Evening sessions followed the
same protocol as the morning sessions, except for consuming
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the same standardized meal between 08:00-09:00, followed by
a fasting period until 18:00, when a fasting blood sample and
anthropometric measurements were collected. Subsequent to
test meal consumption, blood samples were collected at the
same pre-specified postprandial intervals over the next three
hours (Fig. 1).

2.6. Analysis of (poly)phenols in test meal

The green tea extract-containing meal given to participants
was analyzed by liquid chromatography-mass spectrometry
(LC-orbitrap-MS), as previously described,*® and high-perform-
ance liquid chromatography with photodiode-array detection
(HPLC-DAD).

2.6.1. Extraction of (poly)phenols. To extract (poly)phenols
from the test sample, 3 mL methanol (MeOH), 3 mL chloro-
form and 2 mL of Milli-Q water were added to 2.004 g of green
tea cooked rice. The sample was vortexed and extracted for
15 min on an orbital shaker. The extract was centrifuged at
3750 rpm for 10 min and the supernatant (Milli-Q water/
MeOH) was transferred to a test tube. The remaining pellet
was submitted to a second extraction step using 3 mL MeOH
and 2 mL of Milli-Q water. The sample was vortexed and
extracted for 15 min on an orbital shaker. The extract was cen-
trifuged at 3750 rpm for 10 min and the supernatant was
added to the first fraction. The sample was dried using a nitro-
gen evaporator at 30 degrees using 3.5 mL min~" of nitrogen
flow. After this the sample proved to still contain a high
amount of sugars and, therefore, sample purification and con-
centration using SPE was carried out. The sample was resus-
pended in 2 mL of Milli-Q water. Strata-X SPE 100 mg per
3 mL cartridges (Phenomenex Australia, Lane Cove, New South
Wale, Australia) were conditioned with 1 mL of MeOH and

Morning ! Evenin
— £ CoC » ' ™ g
-~ 08:30 g e Er i 18:30
Control meal | _ washout | Control meal
! (7 days between !
! visits)
) N : : &
—> H H —>
GTE meal . : : GTE meal s
® ! : : ]
(] [ ;
— = — . ! +
: H_eg[thy Randomized i
individuals . ! .
(n=14) Collection of . Collection of
AVL Evening blood samples | Morning blood samples
> 18:30 at each visit | ! > 08:30 at each visit
Control meal ‘ Control meal
) T i A -
GTE meal i : GTE meal
19:00-21:00 08:00 08:30
or or or +15 +30 +45 +60 +90  +120 +150 +7180
08:00-09:00 1I8:00 18:30 mlin mlin mlin min m}n mlin min min
. : I I | [
A standardized L > 9 h fasting - Anthropometric, ! Control/test meal ) : . ! : : J J
meal & FBG, FBI measures (15 min) é é é é é é é )

Fig. 1 Experimental protocol and sample collection timeline. FBG: fasting blood glucose; FBI: fasting blood insulin; GTE: green tea extract meal.
Blood glucose was taken at 0, 15, 30, 45, 60, 90, 120, 150, and 180 minutes. Blood insulin was measured at 0, 30, 60, 90, 120, and 180 minutes.
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1 mL of Milli-Q water. Samples were loaded on the SPE car-
tridges, the eluate was discarded and the cartridges were
washed with 1 mL of 2% MeOH in Milli-Q water. Analytes of
interest were eluted with 2 mL of MeOH. Samples were dried
down using either a nitrogen evaporator at 30 °C with nitrogen
flow rate of 3.5 mL min~" or a centrifugal evaporator at 45 °C.

2.6.2. Identification of (poly)phenols from test sample by
LC-orbitrap-MS. To prepare a sample for LC-MS analysis, the
samples were reconstituted in t, 50 pL HPLC solvent A (0.1%
formic acid, 0.5% MeOH in Milli-Q water) and 50 pL HPLC
solvent B (0.1% formic acid, 2% Milli-Q water 40% Acetonitrile
in MeOH) and transferred in LC vials with inserts for analysis.
The flow rate was set at 0.4 mL min~' and the injection
volume was set at 3 pL and 6 pL for MS and MS/MS experi-
ments, respectively. Compound separation was carried out
using a Phenomenex Kinetex F5 2.6 pm 150 mm X 2.1 mm ID
chromatographic column (Phenomenex Australia, Lane Cove,
New South Wale, Australia). Compound detection was achieved
using a Thermo Fisher Orbitrap Tribrid IDX (Thermo Fisher
Scientific, San Jose, California, United States) operating in
both MS and MS/MS mode.

2.6.3. Quantification of (poly)phenols from test sample by
HPLC-DAD. The main (poly)phenol, EGCG, in the test meal
was quantified using HPLC equipped with DAD. Separation
was carried out using the HPLC-DAD (Agilent, Mulgrave,
Australia) through the Agilent Zorbax SB-C18 column (4.6 mm
x 250 mm x 5 um) with an 80 min gradient program of 0.1%
formic acid in water (A) and 0.1% formic acid in acetonitrile
(B): 5% B (0 min), 5-15% B (15 min), 15-25% B (30 min),
25-40% B (10 min), 40-100% B (5 min), 100% B (15 min),
100-5% B (0.1 min), 5% B (4.9 min). The HPLC conditions
were as follows: column temperature 40 °C; injection volume
10 pL; DAD detection 190-600 nm, step 2.0 nm. Simultaneous
monitoring was performed at 280, 325, 365, 520 nm at a flow
rate of 0.5 mL min~". Only measurements at 280 nm were
taken for further calculations.

2.7. Blood glucose and insulin measures

Finger pricks were performed using a Unistick® 3 Extra single-
use lancets (Owen Mumford Ltd, Oxfordshire, United
Kingdom) and capillary glucose concentrations were assessed
with the HemoCue Glucose 201 RT System (Radiometer Pacific
Pty Ltd, Mount Waverley, Victoria, Australia), following stan-
dard procedures. Plasma insulin concentrations were
measured by Human Insulin ELISA kit (#EZHI-14K, Millipore,
Merck Life Science, Bayswater, Victoria, Australia), according
to the manufacturer’s instructions.

2.8. Anthropometric data and blood pressure

Height, weight and body composition data were collected after
removing shoes and socks. Height was measured using
Harpenden Stadiometer (Holtain Ltd, Crymych, UK). Weight and
body composition (% fat mass, % fat free mass) were determined
using the SECA mBCA 515 medical body composition analyzer
(SECA, Hamburg, Germany). Waist circumference measurements
were taken directly over bare skin, aligned with the naval. Resting
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blood pressure was measured with a portable sphygmoman-
ometer (Welch Allyn, Skaneateles Falls, New York, USA), with two
measurements taken and averaged for analysis.

2.9. Dietary assessment and physical activity

Participants’ 24-hour dietary recalls (four per individual) were
analyzed using FoodWorks 10 software (Xyris Software
(Australia) Pty Ltd, Spring Hill, Queensland, Australia), with a
standardized set of assumptions developed and applied where
detailed information was unavailable across all recalls. Average
daily energy, carbohydrate, protein, and fat intakes were calcu-
lated, with average (poly)phenol intake estimated from the
FFQ data. The IPAQ score was calculated and participants were
designated as having low, medium or high activity levels.

2.10. Intolerance symptoms

To evaluate the incidence and intensity of side effects, an intol-
erance symptoms questionnaire was completed by participants
24 hours following test meal consumption. They were asked to
report whether they had experienced any adverse reactions,
such as headache, anxiety, tiredness/exhaustion, lack of
energy, tendency to become rapidly exhausted, changes in
appetite (either increased or decreased), hiccups, nausea,
vomiting, indigestion, stomach or abdominal pain, consti-
pation, diarrhea, gas, abdominal bloating, cardiac palpita-
tions, balance disorders, reduced capacity to concentrate,
feeling cold, muscle or joint pain, numbness, burning or
itching sensations, and dark or depressing thoughts.

2.11. Statistical analysis

Given the lack of prior equivalent data on the effects of an
evening (poly)phenol treatment, power analysis was derived
from outcomes of a previous study assessing the impact of
green tea consumption in the morning on postprandial glyce-
mia.** The sample size was determined to observe a change in
the primary variable, 40 units in the postprandial blood
glucose iAUC between the treatment and control, based on
iAUC of 178 + 47 mmol L. At a two-sided power of 80% and a
significance level of 0.05, a minimum of 14 participants was
required to complete each arm of the study, with participants
acting as their controls.

Postprandial blood glucose and insulin responses were esti-
mated using the incremental areas under curves (iAUC) over
180 minutes, and peak blood concentrations recorded. Using
SPSS 29.0 software (IBM® SPSS® Statistics Corp, Chicago, IL,
USA), the iAUC was calculated applying the trapezoidal
method, excluding baseline values, and is expressed as mmol
L™ min~" for glucose and pmol L' min~" for insulin. Data
are presented as mean + standard deviation (SD). Normality of
data distribution was tested by the Shapiro-Wilk test and
visual inspection of residuals plots. Where results were non-
normally distributed, data transformation was conducted
using the natural logarithm. A two-factor repeated measures
analysis of variance (ANOVA), with Tukey’s post-hoc compari-
sons tests, was carried out to investigate the interaction
between the two meals (control and test meal) and time of day
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on blood glucose and insulin responses across the post-meal
period (0-180 min). Differences in postprandial intervals,
iAUC and peak blood concentration among the four groups
were considered significant at P < 0.05, with 95% confidence
intervals (CI). Statistical analyses and visualization of figures
were performed using GraphPad Prism 9.3.1 software
(GraphPad Software, Boston, MA, USA).

3. Results

3.1. Participants

Fourteen subjects completed the 4-way intervention (Fig. 2),
with baseline characteristics shown in Table 1. All participants
were within a healthy weight range, with a normal fasting
blood glucose concentration (<5.5 mmol L"), and normal
blood pressure readings. No adverse reactions after ingestion
of the test meal were reported, as indicated by responses to an
intolerance symptoms questionnaire.

3.2. Postprandial plasma glucose response

There were significant main effects of time of day on postpran-
dial glucose levels (Fig. 3). As shown in Fig. 3A, there were sig-
nificantly higher glucose concentrations at 60 min (P < 0.01),
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Table 1 Participant baseline characteristics (n = 14)

Characteristics Mean (SD)
Age (years) 19.5 (2.25)"
BMI (kg m™?) 22.7 (3.2)
Waist circumference (cm) 75.7 (9.9)
Fat mass (%) 27.2 (8.2)°
Fat free mass (%) 72.8 (8.2)°
Fasting blood glucose (mmol L) 4.3 (1.0)*
Systolic blood pressure (mmHg) 117.9 (14.0)
Diastolic blood pressure (mmHg) 74.3 (8.0)

Estimated (poly)phenol intake (mg

901 mg (403)

day™)

n (frequency)

Sex M: 5 (35.7%); F: 9 (64.3%)
Physical activity level” Moderate: 6 (46%); high: 7
(54%)

“Values reported as median (IQR); IQR: interquartile range; SD: stan-
dard deviation; M: male; F: female. “n = 13 due to unreported data
from one participant. Average (poly)phenol intake was estimated from
FFQ data based on the Phenol-Explorer 3.6 database on (poly)phenol
content in foods®® and the USDA Database for the Flavonoid Content
of Selected Foods, Release 3.1.>° Physical activity level was measured
via the International Physical Activity Questionnaire (IPAQ); BMI: body
mass index.

Enrolment Assessed for eligibility
(n= 36)
Excluded (n=12)
R . 119t m_eetmg inclusion
criteria (n=4)
e Lost interest (n= 8)
Allocation Randomized to crossover
order
(n=24)
Chose not to continue (n= 5)
Follow-up Commenced intervention
(n=19)
— Chose not to continue (n=5)
Analysis Completed intervention

(n=14)

Fig. 2 Participant flow diagram. Created with https://www.biorender.com/.
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Fig. 3 Glucose response in healthy individuals (N = 14) following the consumption of white rice (control) or green tea extract-enriched white rice
(test meal) in the morning and evening (A). Incremental area under the glucose curve of meals across time of day (B). Peak glucose concentration in
the morning and evening (C). Values are mean + SD. Significant differences were determined by two-factor repeated measures ANOVA with Tukey's
post-hoc comparisons. **P < 0.01, ***P < 0.001 for control-AM vs. control-PM; /P < 0.01 7P < 0.001 for GTE-AM vs. GTE-PM. Ctrl-AM: morning
control meal; GTE-AM: morning green tea extract meal; Ctrl-PM: evening control meal; GTE-PM: evening green tea extract meal.

90 min (P < 0.001), and 120 min (P < 0.01) during the evening
session compared to the morning session, irrespective of the
meal consumed. The postprandial glucose iAUC was approxi-
mately two-fold higher in the evening versus the morning (P <
0.01) for both meals (Fig. 3B). However, no significant differ-
ences were observed in peak plasma glucose concentration
between time of the day (P = 0.07) (Fig. 3C). There were no
main effects of treatment or time of day x treatment inter-
actions observed in the mean postprandial blood glucose con-
centrations, glucose iAUC or glucose peak between the treat-
ment groups (Fig. 3A, B and C).

3.3. Postprandial plasma insulin response

Postprandial plasma insulin concentrations are presented in
Fig. 4. Two-factor repeated measures ANOVA revealed signifi-
cant main effects of time of day (P < 0.001) and interaction of
time of day x intervention (P < 0.001), but not of the interven-
tion (P = 0.18), on mean postprandial blood insulin concen-
trations (Fig. 4A). In terms of main effects of time of day, post-
prandial insulin concentrations were lower in the evening than

This journal is © The Royal Society of Chemistry 2025

in the morning, specifically at 30 min, in both the control
group (P = 0.002) and GTE group (P = 0.01). Of note, there was
a 32% reduction in mean plasma insulin concentration at
30 min after consuming GTE in the morning compared to the
control (P = 0.04), indicating the interaction of time of day x
intervention. There was a main effect of intervention (P =
0.004) on insulin iAUC (Fig. 4B), but no specific significant
differences detected by the post-hoc comparisons tests.
Significant main effects of time of day (P = 0.0002), interven-
tion (P = 0.014) and time of day x treatment interaction (P =
0.031) were observed for the insulin peak (Fig. 4C). Notably,
the insulin peak declined in the evening compared to the
morning by 44% in the control group (P = 0.0002) and ~30%
in the GTE group (P = 0.01). The GTE considerably reduced
peak insulin in the morning by 30% compared to the control
(P =0.04), but not in the evening (P = 0.8).

3.4. (Poly)phenol composition of the test meal

Table 2 shows the (poly)phenol constituents of the test meal
analyzed using LC-orbitrap-MS. Epicatechin, (—)-epigallocate-
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the morning and evening (C). Values are mean + SD. Significant differences were determined by two-factor repeated measures ANOVA with Tukey's
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extract meal.

chin gallate, (—)-catechin gallate, catechin, and rutin are the
predominant (poly)phenols in the green tea extract-enriched
rice, demonstrating that the test meal retained (poly)phenols
during the meal preparation process. This retention was
further confirmed by quantifying EGCG, the most abundant
polyphenol, in the test meal using HPLC, which indicated that
the meal contained 127.9 mg EGCG per portion of rice con-
sumed (0.552 mg EGCG per gram of eaten rice).

4. Discussion

We conducted a randomized, double-blind, controlled, cross-
over trial to test the hypothesis that (poly)phenol-rich green
tea extract (GTE) combined with a starchy meal could attenu-
ate postprandial glycemia and insulinemia in healthy individ-

4128 | Food Funct, 2025, 16, 4122-4133

uals in both the morning and evening. Postprandial glucose
response was increased in the evening compared to the
morning, independently of the intervention, but there was no
effect on glucose response by the GTE at either time of day. In
contrast to glucose, insulin was decreased in the evening com-
pared to the morning, regardless of the GTE, while the GTE
delayed insulin secretion in response to the starch-based meal
in the morning.

The augmented postprandial glucose response observed
here in the evening, irrespective of the intervention, concurs
with similar studies that have examined the impact of meal
timing on postprandial glycemia in healthy individuals,***?
and supports meta-analyses showing time-of-day differences in
postprandial glucose response.”” The insulin concentration
was substantially lower in the evening 30 minutes after meal
intake, aligning with other research.>?* These responses are

This journal is © The Royal Society of Chemistry 2025
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(Poly)phenols putatively identified in the test meal containing green tea extract

Weight normalized relative

Tentative compounds identified by Liquid Chromotography Formula MW tr (min) peak area (divided by 1000)
Epicatechin Cys Hyy O 290.08 17.28 923156
Epigallocatechin gallate Cyy Hig 044 458.09 23.65 648 997
24.38 52947
(—)-Catechin gallate C,, Hig Oy 442.09 24.22 271648
24.82 169 271
Catechin Cis His O 290.08 9.41 264442
Rutin C,7 Ha O16 610.15 25 56 843
3-p-Coumaroylquinic acid Cy6 Hig Og 338.10 14.86 54299
18.95 30372
11.57 27 876
trans-5-O-(4-Coumaroyl)-p-quinic acid Ci6 Hig Og 338.10 6.05 42148
(-)-Epiafzelechin 3-O-gallate Cy, Hig Oy 426.10 25.12 40133
6-0-Galloyl-i*p-glucose Cy3 Hyg O1p 332.07 1.36 39691
2.41 11186
Kaempferol 3-neohesperidoside” Cy7 H3p O15 594.16 22.99 22522
Isovitexin 2"-O-arabinoside 24.14 22037
24.59 15911
Quercetin-3p-p-glucoside Cy1 Hyo 04, 464.10 25.07 21594
24.91 16 405
Myricetin 3-O-p-p-galactopyranoside Cy1 Hyp O3 480.09 24.26 21003
Leucodelphinidin Cy5 Hyy Og 322.07 6.46 14 037
Theogallin Ci4 Hi6 Oq9 344.07 2.29 11746
Neochlorogenic acid C16 Hig Og 354.10 12.08 10225
(+)-Gallocatechin Cy5 Hyy O 306.07 17.98 9712
Gentisic acid C, Hg O4 154.03 4.59 9235

The bold typeface represents (poly)phenols identified in green tea as evidenced by literature.”®***° Many of the other compounds have been
described in tea as well, including the hydroxycinnamic acids. “ Kaempferol 3-neohesperidoside may be analogous to kaempferol-3-O-rutinoside
due to their identical chemical formula with a slight difference in molecular weight (594.16 and 594.52, respectively). tz: retention time in

minutes; MW: molecular weight.

attributed to a close interconnection between physiological
processes, metabolic homeostasis and circadian rhythms.
Insulin secretion and insulin sensitivity exhibit diurnal vari-
ations, being profoundly lower in the evening than in the
morning.">® In both rats® and humans,® insulin secretion is
regulated by the pancreatic circadian clock, with Circadian
Locomotor Output Cycles Kaput (CLOCK) and Brain and
Muscle ARNT-Like 1 (BMAL1) playing a crucial role in activat-
ing genes related to insulin production and secretion, and
therefore maintaining glucose metabolism. Similarly, human
muscle tissue displays greater insulin sensitivity in the
morning as opposed to the evening,*” indicating diurnal vari-
ations influenced by the molecular clock in the muscle.
BMAL1 regulates insulin-dependent translocation of glucose
transporter GLUT4 to the cell surface.>® Further, CLOCK and
BMAL1 regulate insulin sensitivity by modulating insulin-
stimulated phosphorylation of proteins in the insulin signal-
ing pathway, including insulin receptor substrate-1 (IRS-1),
protein kinase B (AKT) and glycogen synthase kinase-3p
(GSK-3p), as well as expression of sirtuin1 (Sirt1). Sirtl is a key
enzyme responsible for the deacetylation of several proteins
involved in the insulin signaling pathway, thereby impacting
the circadian clock and metabolic processes in muscle cells.?”

The addition of green tea (poly)phenols to a rice dish did
not impact glucose homeostasis either in the morning or the
evening, compared to rice alone. In contrast, Takahashi
et al.>?° reported a significant attenuation of postprandial

This journal is © The Royal Society of Chemistry 2025

glucose in the evening, but not in the morning, after consump-
tion of a green tea drink together with a mixed meal in healthy
subjects, and a comparable effect was observed with a single
dose of (poly)phenol-rich mulberry leaf extract consumed with
a mixed meal.** Conversely, there was no effect on postpran-
dial glucose by a brown seaweed extract when consumed

3839 A limited number

before bread in the morning or evening.
of studies have compared the effect of (poly)phenols on post-
prandial glucose response in the morning to that in the
evening, with most reporting data on the effect of (poly)
phenols on postprandial glucose only in the morning after
fasting. Some studies have observed an effect of a (poly)
phenol-rich food or extract in the morning, but many do
not.**** For example, green tea did not impact postprandial
glycemia when consumed with a meal,*® nor when incorpor-
ated into bread.'’ Despite previous studies showing mixed
results regarding the effects of (poly)phenols on postprandial
glycemia, this discrepancy can be explained in part by inter-
individual variations in the bioavailability and metabolism of
(poly)phenols, the combined effects of various compounds in
the food matrix on the biological outcomes of (poly)phenols,

the concentration and composition of (poly)phenol
consumed,*>*® or the diverse mechanisms of (poly)phenol
action.

Our findings suggest that the lack of effect by the GTE on
glucose response is conceivably due to no influence on carbo-

hydrate digestion'® or glucose absorption.>**” Despite this,
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diurnal variations in the expression of glucose transporters
may influence metabolic responses to meals consumed at
different times of the day. For example, expression of rat intes-
tinal transporters sodium-dependent glucose co-transporter-1
(SGLT1), glucose transporter 2 and 5 (GLUT2 and GLUTS5)
exhibited circadian oscillations.*®* >° However, this seems unre-
lated to our observed results, as postprandial glucose
responses remained unaffected following the GTE meal.
Indeed, the human pancreatic a-amylase, essential for carbo-
hydrate digestion, does not follow a rhythmic pattern through-
out the day, suggesting that this enzyme is not under direct
circadian regulation.>

An important finding in the present study is that consum-
ing green tea extract added to a starch-based meal in the
morning resulted in a pronounced and significant reduction
in the postprandial insulin peak (30 min). Despite this,
limited short-term human intervention studies have shown no
time-of-day-dependent effects of (poly)phenols on postpran-
dial insulinemia.>*****3%3° The reduction in insulin observed
in our study was not observed previously with the acute inges-
tion of a green tea beverage®>>° or mulberry leaf extract with a
mixed meal,* or brown seaweed extract with bread.?®3°
However, in trials run in the morning in healthy individuals,
insulin concentrations were blunted after consuming a green
tea extract added to bread,*' a strawberry beverage with a high-
carbohydrate moderate-fat meal,** berries with white bread,**
or baobab fruit extract-enriched bread,” with no discernible
effects on glucose concentrations.

In the current study, the observed effect on insulinemia
may be explained by the circadian rhythmicity of insulin sensi-
tivity, with cells being more responsive to insulin in the
morning than in the evening. The absence of an effect by the
(poly)phenol-rich GTE on postprandial insulinemia in the
evening is likely due to the lower baseline insulin response in
the evening rather than an effect on circadian processes by the
(poly)phenols, particularly since this was a single-dose post-
prandial study that did not implicate the mechanism of GTE
(poly)phenols on circadian genes. However, the green tea poly-
phenols, namely (—)-epicatechin, (—)-epigallocatechin and
(—)-epigallocatechin gallate, are rapidly absorbed and reach cir-
culation within 30 minutes post-consumption,>® allowing
them to exert immediate effects on insulin sensitivity.
Consecutive ingestion of a green tea beverage increased
insulin in the evening while decreasing glucose in healthy
individuals, suggesting its potential efficacy in improving
reduced insulin sensitivity in the evening.>® Despite the
notable scarcity of publications concerning the impact of
(poly)phenols on circadian-metabolic responses in humans,
effects by green tea (poly)phenols on circadian processes have
been demonstrated in cultured cells.>® In cultured rat muscle
cells, EGCG facilitated GLUT4 translocation to the cell mem-
brane by insulin-induced phosphorylation of AKT, sub-
sequently enhancing glucose uptake.’® Further, EGCG modu-
lated insulin signaling in human HepG2 cells, metabolically
stressed with high glucose, by reducing serine (ser 307) phos-
phorylation and activating tyrosine phosphorylation of IRS-1
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via Adenosine Monophosphate-activated Protein Kinase
(AMPK) activation, and thereby enhancing hepatic insulin sen-
sitivity.>> These data indicate that habitual (poly)phenol con-
sumption has the potential to improve insulin sensitivity
through circadian genes, opening up a new avenue for explor-
ing their time-of-day effects on disturbed glucose metabolism
caused by mistimed eating.

This study is the first to investigate the efficacy of a green
tea extract incorporated into a starch-based meal consumed in
the morning and evening, demonstrating its potent impact on
lowering postprandial insulin levels exclusively in the morning.
This finding suggests that combining GTE into morning meals
could be a promising strategy for enhancing insulin sensitivity
and improving metabolic health. Such an approach could benefit
both the general population and individuals with metabolic dis-
orders, potentially reducing the risk of developing type 2 diabetes
and cardiovascular diseases. The consistently controlled fasting
duration (>9 h) for both morning and evening trials allowed for
precise assessment of the time-of-day effect on meal consump-
tion. A limitation of the study is that healthy participants were
recruited, and the effect was not examined on individuals with
insulin resistance, obesity or diabetes, nor on populations experi-
encing mistimed eating and circadian disruption, such as shift
workers. Plasma incretins such as glucose-dependent insulinotro-
pic polypeptide and glucagon-like peptide-1 (GLP-1), were not
measured, which could provide deeper insights into how green
tea (poly)phenols interact with glucose absorption rates and
explain the observed differences in insulin concentrations at
different times of day.

5. Conclusion

Green tea extract incorporated into rice delayed postprandial
insulin in the morning, but not in the evening, with no effect
on postprandial glucose. While postprandial glucose was
higher in the evening compared to the morning, insulin was
in the evening, regardless of the intervention.
Considering the protective effects of (poly)phenol-rich foods
or extracts against the risk of type 2 diabetes, further long-
term intervention and mechanistic studies are essential to dis-
entangle how (poly)phenols, whether consumed indepen-
dently or integrated with meals at different times of the day,
can improve metabolic health. Additionally, future research is
needed to determine whether circadian interactions occur pri-
marily at the level of digestion, glucose transporters (e.g., by
comparing equal amounts of different carbohydrate sources)
or insulin sensitivity.

lower
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