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Abstract: Background/Objectives: Our studies have provided evidence for the alteration
of exercise-induced metabolic responses by the intake of anthocyanin-rich New Zealand
blackcurrant (NZBC) extract. In this secondary analysis of 10 studies, we examined
the relationship between the pre-intervention exercise-induced respiratory exchange
ratio and the blackcurrant-induced respiratory exchange ratio and substrate utilisation
during exercise. Methods: Metabolic data of seven cohort and three case studies with
females (n = 46) and males (n = 71), from recreationally active to ultra-endurance trained
individuals that were dosed with different intake durations (acute to two-week intake)
and dosages (105 to 420 mg of anthocyanins) of NZBC extract for walking-, running-,
and cycling-induced effects, were included in the secondary analysis. Results: There
was a strong positive correlation between the pre-intervention and blackcurrant-induced
respiratory exchange ratio for females (Pearson r: 0.7972, p < 0.0001) and males (Pearson
r: 0.8674, p < 0.0001). A moderate positive correlation was obtained for the relationship
between the pre-intervention respiratory exchange ratio and changes in fat oxidation
for females (Pearson r: 0.5311, p = 0.0001) and males (Pearson r: 0.3136, p = 0.002). In
addition, a moderate negative correlation was obtained for the relationship between the
pre-intervention respiratory exchange ratio and changes in carbohydrate oxidation for
females (Pearson r: —0.3017, p = 0.0393) and males (Pearson r: —0.3327, p < 0.001). There
were no differences between females and males in the changes of the exercise-induced
metabolic responses to the intake of New Zealand blackcurrant extract. Conclusions: Our
secondary analysis of the data in studies on the effects of New Zealand blackcurrant
extract suggests that the metabolic response of individuals to the intake of New Zealand
blackcurrant extract depends partly on the pre-intervention respiratory exchange ra-
tio, with the majority of individuals showing enhanced exercise-induced fat oxidation
and lower exercise-induced carbohydrate oxidation. However, a divergent metabolic
response seems possible such that individuals with a very low intrinsic respiratory
exchange ratio may more likely experience lower fat oxidation and higher carbohydrate
oxidation with the intake of New Zealand blackcurrant. Individuals with a high intrinsic
respiratory exchange will more likely experience higher fat oxidation and lower carbo-
hydrate oxidation with the intake of New Zealand blackcurrant. Future work is required
to examine the factors and mechanisms for the individual variation of the response of
exercise-induced substrate utilisation relative to the intake of anthocyanin-rich New
Zealand blackcurrant extracts.
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1. Introduction

Metabolic energy sources that fuel the main ATP-requiring processes in skeletal mus-
cles during physical exercise, i.e., cross-bridge formation [1], cross-bridge relaxation [2],
and sarcoplasmic reticulum calcium pumping activity [3], are associated with the intensity
and duration of the exercise (for a review, see [4]). For example, for low- and moderate-
intensity exercise, the required ATP resynthesis is primarily met by both the oxidation
of exogenous and endogenous carbohydrates and adipocyte-located lipids, with only a
small contribution of amino acid oxidation [5,6]. The balance between the oxidation of
carbohydrates and lipids during exercise can be quantified with the measurements of
oxygen uptake and carbon dioxide production using indirect calorimetry and expressed as
the unitless respiratory exchange ratio [7]. The respiratory exchange ratio is the ratio of the
volume of carbon dioxide divided by the volume of oxygen. A respiratory exchange ratio
of 0.707 indicates 100% lipid oxidation and a value of 1.00 indicates 100% carbohydrate
oxidation [8]. As such, the respiratory exchange ratio at rest and during low-intensity to
moderate-intensity exercise is an indicator of whole-body metabolic function.

In endurance-trained male (n = 45) and female (n = 16) cyclists, the respiratory ex-
change ratio (and thus whole-body metabolic function) showed substantial variation at
rest and during selected short-duration (i.e., 10-min) exercise intensities (i.e., 25%, 50%,
and 75% of the peak cycling power output) [9]. For example, at 25% of peak cycling power
output, the respiratory exchange ratio ranged from ~0.78 to ~0.94 [9]. It was suggested that
differences in training and dietary intake accounted for the variability in the respiratory
exchange ratio [9]. In addition, Rothschild et al. [10], in an analysis of 434 studies on the
respiratory exchange during submaximal cycling exercise, concluded that the intensity and
duration of the exercise, sex, age, training status and pre-exercise muscle glycogen could
explain only 60% of the variation in the exercise-induced respiratory exchange ratio.

The alteration of the exercise-induced respiratory exchange ratio and thus the whole-
body metabolic function via an experimental intervention (e.g., physical training or nu-
trition) is primarily an indication of the adaptation in the metabolic pathways for the
oxidation of carbohydrates and lipids. For example, a lower exercise-induced respira-
tory exchange ratio was observed relative to physical training with moderate-intensity
continuous exercise [11] and high-intensity interval training (for a review, see [12]), in-
dicating a higher reliance on fat as an energy source. A similar effect is observed with
the acute and chronic intake of high-fat diets [13,14]. The effects on the exercise-induced
respiratory exchange ratio has also been examined with respect to the acute and chronic
intake of dietary supplements. For example, caffeine intake has been reported in some
studies to increase exercise-induced fat oxidation (for a systematic review, see [15]). In
active winter triathletes (n = 80, 36 females), the 7-day intake (3 x 70 mL-day~! with
6.5 mmol NO3;~ in 70 mL) of beetroot juice lowered the running-induced respiratory ex-
change ratio at SO%VOzpeak [16]. Since 2009, studies have examined the effects of the intake
of New Zealand blackcurrant on responses during exercise and exercise recovery (e.g., [17]).
Blackcurrant contains the polyphenol flavonoid anthocyanin, i.e., primarily delphinidin-3-
rutinoside, delphinidin-3-glucoside, cyandin-3-rutinoside, and cyanidin-3-glucoside [18].
Anthocyanins and anthocyanin-induced metabolites can provide anti-oxidant and vasodila-
tory responses [17,19].
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We have reported in several cohort studies on the effects of the intake of New Zealand
blackcurrant extracts in altering exercise-induced fat metabolism and the exercise-induced
respiratory exchange ratio (i.e., [20-26]) and also in case studies with ultra-endurance
athletes (i.e., [27-29]. In our cohort studies, the alteration in the exercise-induced substrate
utilisation and respiratory exchange ratio with the intake of New Zealand blackcurrant
extract was reported as group effects. It was not examined, in the studies with New
Zealand blackcurrant extracts, whether the individual responses of an alteration in a
metabolic parameter were associated with the pre-intervention respiratory exchange ratio
and whether there is a difference in responses between females and males. The secondary
analysis of these studies provides a sample size of 46 females and 71 males that would
allow a valid correlation analysis of the exercise-induced metabolic responses to the intake
of New Zealand blackcurrant extracts.

Therefore, the aim of the present study was to conduct a secondary analysis of our
cohort and case studies on the effects of New Zealand blackcurrant extracts on exercise-
induced substrate utilisation to examine the following: (1) the relationship between the
pre-intervention (i.e., placebo or control condition) respiratory exchange ratio and the post-
intervention respiratory exchange ratio; (2) the relationship between the pre-intervention
(i.e., placebo or control condition) respiratory exchange ratio and changes in carbohydrate
and fat oxidation; and (3) whether females and males differ in the relationship between
the pre-intervention respiratory exchange ratio and the metabolic responses via the intake
of New Zealand blackcurrant extracts. The outcome of the secondary analysis of our
studies will contribute to the understanding of individual responses to an anthocyanin-rich
supplement and may have applications for personalized advice on the intake of New
Zealand blackcurrant extracts. The primary focus of the present secondary analysis is on
the relationships between metabolic parameters and not an examination of the differences
in absolute changes in the metabolic parameters in the cohort and case studies. It was
hypothesized that the exercise-induced metabolic response to the intake of anthocyanin-
rich New Zealand extracts is associated with the intrinsic exercise-induced respiratory
exchange ratio.

2. Materials and Methods
2.1. Study Design

The present study is a secondary analysis of the respiratory exchange ratio and sub-
strate oxidation individual data from our published cohort and case studies on the effects
of the intake of New Zealand blackcurrant extracts on exercise-induced substrate utilisation
(i.e., cohort studies [20-26] and case studies [27-29]). All studies had ethical approval
from research ethics committees, with all participants providing written informed con-
sent. The individual data of 46 females (46 observations) and 71 males (141 observations)
were included in the secondary analysis. Note that the 141 observations were due to
three male cohort studies, with one having 7- and 14-day intake durations [23], one with
three different intensities [20], and one with two doses [21] used for analyses. For the
cohort and case studies, details on the participants, experimental design, dosing strate-
gies with New Zealand blackcurrant extracts, exercise tasks, and observations for the
changes in the respiratory exchange ratio are provided in Table 1. The respiratory ex-
change ratio is calculated as carbon dioxide production (i.e., VCO,) divided by oxygen
consumption (i.e., VOz).
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Table 1. Summary of the methods and observations of the respiratory exchange ratio (RER) of
the cohort and case studies examining the effects of the intake of anthocyanin-rich New Zealand
blackcurrant (NZBC) extracts on exercise-induced substrate utilisation. The studies were used for the
secondary analysis. The cohort and case information in Table 1 were obtained from the authors. MET,
metabolic equivalent. | indicates a decrease.

Source Participant(s)

Design Dosing Strategy

Exercise Task RER Outcome

14 males, cycling 8-10 h
per week,
age: 38 £ 13 years

Cook et al. [20]

double blind,
placebo-controlled,
randomized, cross-over

105 mg NZBC
anthocyanins in extract
form for 7 days

45%: 10.01 (p = 0.006)
55%: 10.02 (p = 0.102)
65%: 10.01 (p = 0.043)

3 x 10 min cycling at 45%,
55% and 65% VOpmax

15 males, cycling 6-10 h
per week,
age: 38 & 15 years

Cook et al. [21]

control (no dose), 105,
210, and 315 mg NZBC
anthocyanins in extract

form for 7 days

randomized,
counterbalanced,
latin-square

120 min cycling
at 65% VOzmaX

210 mg: 10.03 (p < 0.05)
315 mg: 10.02 (p < 0.05)

recreationally active,
11 females,
age 27 & 7 years; 11 males,
age: 32 & 9 years

Cook et al. [22]

double blind,
placebo-controlled,
randomized, cross-over

210 mg NZBC
anthocyanins in extract
form for 7 days

60 min of treadmill
walking at 50% VO;max

males: [0.02 (p < 0.05)
females: 10.02 (p < 0.05)

recreationally active,

double blind, 210 mg NZBC

30 min of treadmill

Willems et al. [26] 12 females, placebo-controlled, anthocyanins in extract walking at moderate ( f%o(fog)
age 21 + 2 years randomized, cross-over form for 7 days intensity (4.7 & 0.4 MET) p=0
endurance trained, double blind, 210 mg NZBC 120 min cycling 10.02
Strauss et al. [24] 16 females, placebo-controlled, anthocyanins in extract . M
at 65% VO,max (p =0.063)

age: 28 & 8 years

randomized, cross-over form for 7 days

control (no dose) and

30 min of treadmill

910 me NZBC walking at 7 days: 10.009 (p = 0.122)
Sahin et al. [23] 16 males, age 24 + 6 years randomized, cross-over & N moderate-intensity 14 days: 10.016
anthocyanins in extract (n = 3: 4-MET (= 0.004)
form for 7 and 14 days a ¢ p=0
n =13: 5-MET)
. . i 60 min of fasted running
recreationally active; double blind, 210 mg NZBC o T 10.02
Hiles et al. [25] 6 females, 12 males: placebo-controlled, anthocyanins in extract at 65; %o VOzmix (= 0 04)
age 27 + 6 years randomized, cross-over form for 7 days (34‘ Cand 40'/" p=5
relative humidity)
120 min treadmill running
male amateur 210 mg NZBC o ¥ 10.02
Willems and Briggs [27]  ultra-endurance runner, allocated, cross-over anthocyanins in extract at 05 8% VOZmé" < 0 01)
age: 40 years form for 7 days (26 °C and relative p<b

humidity of 70%)

female (age: 23 years) and
male (age: 38 years)
amateur Marathon des
Sables athletes

Willems et al. [28]

control (no dose) and
210 mg NZBC
anthocyanins in extract
form for 7 days

randomized, cross-over

60 min treadmill running

at 50% VOzmax
(34 °C and relative

male: [0.03 (p = 0.04)
female: no change

male amateur

Willems et al. [29] Ironman athlete

acute intake of 420 mg
NZBC anthocyanins in
extract form

single blind,
placebo-controlled,
randomized, cross-over

humidity of 30%)
240 min of indoor 10.02
cycling at 165 Watts (p =0.042)

Online respiratory gas measurement systems (Moxus metabolic system, AEI Tech-
nologies, Pittsburg, PA, USA) were used by Strauss et al. [24] and Cook et al. [22] (Cortex
Metalyzer 3B, Biophysik GmbH, Leipzig, Germany). All other studies used Douglas bags
for expired air collection with gas analysers and dry gas meters.

In Table 2, we provide the equations that were used in the cohort and case studies to
quantify substrate oxidation from the measurement of oxygen consumption and carbon
dioxide production.

Table 2. Equations used in cohort and case studies on the effects of New Zealand blackcurrant
extracts on exercise-induced fat and carbohydrate oxidation. VO,, oxygen consumption; VCO,,
carbon dioxide production.

Source Fat Oxidation Carbohydrate Oxidation

Cook et al. [20] 1.695 x VCO, — 1.701 x VCO, Low intensity: 4.344 x VCO, — 3.061 x VO,

Moderate intensity: 4.210 x VCO, — 2.962 x VO,

Cook et al. [21], Willems et al. [26], Strauss et al. [24], Sahin et al. [23],
Hiles et al. [25], Willems and Briggs [27], Willems et al. [28]

Cook et al. [22]
Willems et al. [29]

1.695 x VO, — 1.701 x VCO, 4210 x VCO, —2.962 x VO,

4344 x VCO, — 3.061 x VO,
455 x VCO, — 321 x VO,

1.695 x VO, — 1.701 x VCO,
167 x VO, — 1.67 x VCO,
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In each of our cohort studies used for secondary analysis, the relationship between the
respiratory exchange ratio and changes in substrate utilisation was not examined due to
the sample sizes being considered too small (in all cohort studies, less than 17 participants)
to allow valid correlation analyses. In the present study, the amount of data on females
(n =46, i.e., 46 observations) and males (n = 71, i.e., 141 observations) from the published
studies [20-29] will also allow an examination of sex differences in the exercise-induced
metabolic response via the intake of New Zealand blackcurrant extracts. We refer to the
published studies for additional details on the methodology.

2.2. Statistical Analysis

For all female and male participants in the cohort and case studies, Pearson correlation
coefficients were calculated and analysed (Prism 5, Graphpad Software, Boston, MA, USA)
for the significance of the relationships between metabolic parameters, e.g., between the
pre-intervention exercise-induced respiratory exchange ratio and the change in exercise-
induced fat oxidation with the intake of New Zealand blackcurrant extracts. Z-scores and
probability values were calculated for the analysis of Pearson correlation coefficients. Linear
regression analysis was used for slope differences between females and males. Significance
was accepted at p-values < 0.05.

3. Results
3.1. Exercise-Induced Respiratory Exchange Ratio Relationships for Females and Males

Figure 1 provides the relationship between the pre-intervention exercise-induced
respiratory exchange ratio and the exercise-induced respiratory exchange ratio after New
Zealand blackcurrant extract intake for females (a) and males (b). For both females and
males, there were significant positive correlations between the exercise-induced respiratory
exchange ratios (Pearson r, females: 0.7972 (95%CI [0.6614, 0.8824], p < 0.0001; males:
0.8674 (95%CI1[0.8196, 0.9032], p < 0.0001). There was no difference between the correlations
(z-score: —1.338, p = 0.09) and the slopes (p = 0.608), indicating no sex differences. The
location of most of the datapoints below the line of identity in both females and males indi-
cates lower respiratory exchange ratio values with the intake of New Zealand blackcurrant
extracts, as reported in the cohort and case studies.

3.2. Exercise-Induced Respiratory Exchange Ratio Relationships in the Placebo/Control Condition
and Changes in Exercise-Induced Fat Oxidation with the Intake of New Zealand Blackcurrants in
Females and Males

Figure 2 provides the relationship between the pre-intervention exercise-induced
respiratory exchange ratio and the change in exercise-induced fat oxidation with New
Zealand blackcurrant extracts for females (a) and males (b). The correlation equation
for changes in exercise-induced fat oxidation crossed the x-axis at ~0.80. Less than 10%
of the females and 5% of the males had a pre-intervention respiratory exchange ratio
lower than 0.80. A respiratory exchange of 0.80 and lower indicates a contribution
of fat oxidation of ~70% or more. For both females and males, there were significant
positive correlations between the exercise-induced respiratory exchange ratio in the pre-
intervention and changes in exercise-induced fat oxidation in the New Zealand blackcurrant
extract conditions (Pearson r, females: 0.5311 (95%ClI [0.2878, 0.7100], p = 0.0001; males:
0.3136 (95%CI [0.1563, 0.4553], p = 0.0002). There were no differences between the correla-
tions (z-score: 1.543, p = 0.06) and the slopes (p = 0.720).
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3.3. Exercise-Induced Respiratory Exchange Ratio Relationships in the Placebo/Control Condition
and Changes in Exercise-Induced Carbohydrate Oxidation with the Intake of New Zealand
Blackcurrant in Females and Males

Figure 3 provides the relationship between the pre-intervention exercise-induced
respiratory exchange ratio and the change in exercise-induced carbohydrate oxidation
with New Zealand blackcurrant extracts for females (a) and males (b). The correlation
equation for changes in exercise-induced carbohydrate oxidation also crossed the x-axis
at ~0.80. A respiratory exchange of 0.80 and lower indicates a carbohydrate oxidation
contribution of ~30% or less. For both females and males, there were significant nega-
tive correlations between the pre-intervention exercise-induced respiratory exchange
ratio and changes in carbohydrate oxidation in the New Zealand blackcurrant extract
conditions (Pearson 1, females: —0.3017 (95%CI [—0.5419, —0.0158], p = 0.0393; males:
—0.3327 (95%CI [-0.4633, —0.1662], p < 0.001). There was no difference between the cor-
relations (z-score: 0.199, p = 0.421) and the slopes (p = 0.662), indicating no sex difference.

1.151
- 1.10- . ® Cook et al (2025)
= 1.05- Y  Willems et al (2022)
E 1.004 A Strauss et al (2018)
% 0.95- L Hiles et al (2020)
N _ (o] i
> 0.90 NN *';... Willems et al (2024a)
o 0.857 N
&= 0.80 v v
=4

0.754

0.70 1 1 1 1 1 1 1

0.70 0.75 0.80 0.85 0.90 0.95 1.00 1.05
RER - placebo/control
(a)

1.15- ® (Cook et al (2025)
g 1.101 ¥ Cook et al (2015)
g 1057 O Cook et al (2017)
$ 1.00- ~ .- .
g 0.954 u - A  Sahin et al (2022)
; 0.90- ®m  Hiles et al (2022)
Q‘/ 0.85- V  Willems and Briggs (2022)
= 0.80+ 4 A Willems et al (2024a)

0.759 _=2 #  Willems et al (2024b)

0-70 ] ] ] ] ] ] 1

0.70 0.75 0.80 0.85 090 095 1.00 1.05
RER - placebo/control

(b)

Figure 1. Relationship between the exercise-induced respiratory exchange ratio (RER) in the
placebo/control and New Zealand blackcurrant extract conditions for females (a) and males (b). The
dotted lines indicate linear positive correlations. The solid lines are the lines of identity. Datapoints for
females (a): o, from Cook et al. [22]; ¥, Willems et al. [26]; A, Strauss et al. [24]; B, Hiles et al. [25]; O,
Willems et al. [28]. Datapoints males (b): o, Cook et al. [22]; ¥, Cook et al. [20]; O, Cook et al. [21]; A,
Sahin et al. [23]; B, Hiles et al. [25]; 57, Willems and Briggs [27]; A, Willems et al. [28]; %, Willems et al. [29].
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Figure 2. Relationship between the exercise-induced respiratory exchange ratio (RER) in the
placebo/control and changes (A) in exercise-induced fat oxidation with the intake of New Zealand
blackcurrant extracts for females (a) and males (b). The dotted lines indicate the linear posi-
tive correlations. Datapoints for females (a): o, from Cook et al. [22]; ¥, Willems et al. [26]; A,
Strauss et al. [24]; B, Hiles et al. [25]; O, Willems et al. [28]. Datapoints males (b): o, Cook et al. [22]; V¥,
Cook et al. [20]; O, Cook et al. [21]; A, Sahin et al. [23]; B, Hiles et al. [25]; 5/, Willems and Briggs [27];
A, Willems et al. [28]; #, Willems et al. [29].
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Figure 3. Relationship between the exercise-induced respiratory exchange ratio (RER) in the
placebo/control and changes (A) in exercise-induced carbohydrate oxidation with the intake of
New Zealand blackcurrant extracts for females (a) and males (b). The dotted lines indicate linear
negative correlations. Datapoints for females (a): o, from Cook et al. [22]; ¥, Willems et al. [26]; A,
Strauss et al. [24]; B, Hiles et al. [25]; O, Willems et al. [28]. Datapoints males (b): o, Cook et al. [22]; V¥,
Cook et al. [20]; O, Cook et al. [21]; A, Sahin et al. [23]; B, Hiles et al. [25]; 57, Willems and Briggs [27];
A, Willems et al. [28]; #, Willems et al. [29].
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4. Discussion

The secondary analysis of the observations in our published cohort and case studies
on the exercise-induced metabolic responses to the intake of New Zealand blackcurrant
provides evidence that the responses are related to the pre-intervention respiratory ex-
change ratio. The pre-intervention respiratory exchange ratio values were normally dis-
tributed (D’Agostino and Pearson normality test) for females and males with respect to
the means, SDs, and range values (female: 0.87 £ 0.05, range: 0.73-1.00; males: 0.88 £ 0.05,
range: 0.77-1.00). The present observations with the variation of the pre-intervention
exercise-induced respiratory exchange ratio confirm what has been reported in other stud-
ies (e.g., 45 male and 16 female endurance-trained cyclists, range: 0.82-0.98 during cycling
exercise at 50% of peak power output [9], ~3304 RER observations from 434 studies [10]).
With the data available in the present secondary analysis, there was no evidence of a
difference between females and males for the changes in metabolic responses relative to
the intake of anthocyanin-rich New Zealand blackcurrant. As far as we know, this ob-
servation confirms the findings of the study by Cook et al. [22], the only study in which
females and males were examined for their responses to the intake of New Zealand black-
currant. The findings of the present study suggest that existing differences in metabolic
function during moderate-intensity exercise between females and males (e.g., for a review,
see [30]) do not result in a gender-specific metabolic response to the intake of New Zealand
blackcurrant extracts.

However, the positive and negative correlations for exercise-induced fat oxidation and
exercise-induced carbohydrate oxidation as a function of the pre-intervention respiratory
exchange ratio may suggest that individuals (female and males) with a very low pre-
intervention exercise-induced respiratory exchange ratio may not respond to the intake of
New Zealand blackcurrant or even respond with enhanced carbohydrate oxidation and
lower fat oxidation. Future work is needed to address the specific mechanisms for the
absence and the interindividual metabolic responses to the intake of anthocyanins-rich
New Zealand blackcurrant or other anthocyanin-rich supplements. When individuals
respond with enhanced fat oxidation, it is possible due to enhanced lipolysis [24] and
enhanced blood flow [31], allowing the increased delivery of free fatty acids to contracting
skeletal muscles.

The absence of the effects of New Zealand blackcurrant in some individuals in our
published cohort and case studies may be due to the dose (primarily 105 and 210 mg of
anthocyanins) and intake duration (all studies less than 15 days). In our cohort studies
on the effects of New Zealand blackcurrant extracts, i.e., [20-26], the individual metabolic
responses to the intake of New Zealand blackcurrant extracts were not reported. None of
our studies have examined the repeatability of the individual metabolic responses using
the same dose and intake duration with respect to the New Zealand blackcurrant extract.
In addition, human studies on the effects of wild blueberries [32], elderberry juice [33],
epigallocatechin-3-gallate and resveratrol [34,35], Helichrysum italicum ssp. italicum [36], caf-
feine and oolong tea [37], mixed flavonoids and caffeine [38], blackberry [39], chlorogenic
acids [40], licorice flavonoid oil [41], decaffeinated green tea extract [42], green tea ex-
tract [43—45], and matcha green tea [46,47] have reported enhanced fat oxidation. However,
the individual responses in those studies in relation to pre-intervention metabolic functions
were not reported. Also, in sport and exercise nutrition studies, studies on the repeatability
of metabolic responses via a nutritional ergogenic intervention are limited (e.g., [48]). As
far as we know, only a recent study by Perkins et al. [49] reported the repeatability of lactate
responses for high-intensity intermittent treadmill running via the intake of New Zealand
blackcurrant extracts.
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The exercise-induced respiratory exchange ratio is affected by many factors (for a
review, see Rothschild et al. [10]). Among the easily modifiable factors are dietary factors,
i.e., habitual carbohydrate and fat intake, pre-exercise dietary intake, carbohydrate intake
during exercise, and the type of carbohydrate that is being consumed, but there is no
mention of the potential effect of supplements [10]. The present observations seem to
suggest that there may be a cross-over for the effect on metabolic responses via the intake
of New Zealand blackcurrant extracts at a low respiratory exchange ratio. Intuitively, for
individuals who already have a high internal ability for fat oxidation, the mechanisms and
potential changes for the alteration of fat oxidation enhancement may be less sensitive to the
effects of anthocyanins or anthocyanin-induced metabolites. The respiratory exchange ratio
is related to the oxidative capacity of skeletal muscles, and when this oxidative capacity
favours fat as an energy source, i.e., at a very low respiratory exchange ratio, the muscle
is likely to be highly adapted for fat oxidation. In general, physical training can enhance
exercise-induced fat oxidation related to proteins that control intramuscular lipid storage,
the mobilization of free fatty acids, and fat oxidation [50,51]. However, physical training
studies will normally examine changes in proteins that happen over a long period of
time, whereas studies with nutritional interventions that showed enhanced fat oxidation
sometimes use relatively short intake durations (e.g., 2 weeks [23]), pointing to the different
mechanisms for enhancing fat oxidation via nutritional and physical training interventions.
Future cohort studies on exercise-induced metabolic responses via the intake of New
Zealand blackcurrant extracts and other anthocyanin-rich supplements are encouraged to
report on the individual metabolic responses in relation to the pre-intervention exercise-
induced respiratory exchange ratio.

However, a few limitations need to be noted. First, none of the cohort and case studies
specifically recruited individuals with a particular respiratory exchange ratio. Second, the
data collection and analysis methods for obtaining metabolic data were different between
the studies. Third, none of the studies implemented strict dietary control, which may
have affected the absorption, distribution, metabolism, and excretion of anthocyanins and
anthocyanin-induced metabolites. Fourth, age and training status were not considered. As
the precise mechanisms and factors that contribute to the alteration of exercise-induced
substrate utilisation via the intake of New Zealand blackcurrant are unknown, our sec-
ondary analysis did not have statistical adjustments for confounding variables. In addition,
the 10 studies that were included in the analysis all had a cross-over design and random-
ization, minimizing the effect of any (but unknown) confounding variables. Therefore,
our secondary analysis indicates that the individual exercise-induced metabolic response
to the intake of New Zealand blackcurrant extract is related to the intrinsic respiratory
exchange ratio.

5. Conclusions

Individual responses to the intake of a dietary supplement in order to affect exercise
responses always show variation. In the case of exercise-induced metabolic responses to
the intake of New Zealand blackcurrant extracts, a divergent response seems to be possible,
such that the individual could be considered a responder with enhanced fat oxidation or
enhanced carbohydrate oxidation depending on the pre-intervention respiratory exchange
ratio. Individuals with a very low respiratory exchange ratio may not respond to the
intake of New Zealand blackcurrant extracts or respond with enhanced carbohydrate oxi-
dation and lower fat oxidation. Our observations could have implications for personalized
supplementation strategies with anthocyanin-rich supplements.



Nutrients 2025, 17, 997 10 of 12

Author Contributions: Conceptualization, M.E.T.W.; methodology, M.E.T.W. and M.D.C.; formal
analysis, M.E.T.W.; writing—original draft preparation, M.E.T.W.; writing—review and editing,
M.E.T.W. and M.D.C. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The present study was a secondary analysis of published
cohort and case studies that had all ethical approvals.

Informed Consent Statement: The present study was a secondary analysis of published cohort and
case studies in which all participants provided written informed consent.

Data Availability Statement: Data can be provided upon reasonable request from the corresponding
author of this manuscript due to the need to seek permission from corresponding authors of the
studies used in the secondary analysis.

Conflicts of Interest: The authors declare no conflicts of interest.

Abbreviations
The following abbreviations are used in this manuscript:
MET  Metabolic equivalent;

NZBC New Zealand blackcurrant;
RER Respiratory exchange ratio.

References

1. Chasiotis, D.; Bergstrom, M.; Hultman, E. ATP utilization and force during intermittent and continuous muscle contractions.
J. Appl. Physiol. 1987, 63, 167-174. [CrossRef]

2. Jones, D.A.; Turner, D.L.; McIntyre, D.B.; Newham, D.J. Energy turnover in relation to slowing of contractile properties during
fatiguing contractions of the human anterior tibialis muscle. J. Physiol. 2009, 587, 4329-4338. [CrossRef]

3. Rui, H;; Das, A.; Nakamoto, R.; Roux, B. Proton countertransport and coupled gating in the sarcoplasmic reticulum calcium
pump. J. Mol. Biol. 2018, 430, 5050-5065. [CrossRef]

4.  Hargreaves, M.; Spriet, L.L. Skeletal muscle energy metabolism during exercise. Nat. Metabol. 2020, 2, 817-828. [CrossRef]

5. Muscella, A; Stefano, E.; Lunetti, P.; Capobianco, L.; Marsigliante, S. The regulation of fat metabolism during aerobic exercise.
Biomolecules 2020, 10, 1699. [CrossRef]

6.  Cermak, N.M.; van Loon, L.J. The use of carbohydrates during exercise as an ergogenic aid. Sports Med. 2013, 43, 1139-1155. [CrossRef]

7. Matarese, L.E. Indirect calorimetry: Technical aspects. J. Am. Diet Assoc. 1997, 97, S154-5160. [CrossRef]

8.  Péronnet, F.; Massicotte, D. Table of nonprotein respiratory quotient: An update. Can. J. Sport Sci. 1991, 16, 23-29.

9.  Goedecke, ].H.; Gibson, A.S.C.; Grobler, L.; Collins, M.; Noakes, T.D.; Lambert, E.V. Determinants of the variability in res-
piratory exchange ratio at rest and during exercise in trained athletes. Am. ]. Physiol. Endocrinol. Metabol. 2000, 279,
E1325-E1334. [CrossRef] [PubMed]

10. Rothschild, J.A.; Kilding, A.E.; Stewart, T.; Plews, D.]. Factors influencing substrate oxidation during submaximal cycling: A
modelling analysis. Sports Med. 2022, 52, 2775-2795. [CrossRef]

11. Carter, S.L.; Rennie, C.; Tarnopolsky, M.A. Substrate utilization during endurance exercise in men and women after endurance
training. Am. J. Physiol. Endocrinol. Metabol. 2001, 280, E898-E907. [CrossRef]

12.  Astorino, T.A.; Schubert, M.M. Changes in fat oxidation in response to various regimes of high intensity interval training (HIIT).
Eur. ]. Appl. Physiol. 2018, 118, 51-63. [CrossRef]

13.  Hawkins, K.R.; Hansen, K.C.; Schoeller, D.A.; Cooper, J.A. Effect of exercise on the diurnal variation in energy substrate use
during a high-fat diet. Eur. J. Appl. Physiol. 2012, 112, 3775-3785. [CrossRef]

14. Schrauwen, P.; van Marken Lichtenbelt, W.D.; Saris, W.H.; Westerterp, K.R. Changes in fat oxidation in response to a high-fat diet.
Am. J. Clin. Nutr. 1997, 66, 276-282. [CrossRef]

15.  Conger, S.A.; Tuthill, L.M.; Millard-Stafford, M.L. Does caffeine increase fat metabolism? A systematic review and meta-analysis.
Int. J. Sport Nutr. Exerc. Metabol. 2022, 33, 112-120. [CrossRef]

16. Huang, X.; Zhang, Z.; Wang, X.; Wang, G.; Wang, Y.; Tang, K.; Gao, B. Influence of chronic nitrate-rich beetroot juice supplemen-

tation on the endurance performance of active winter triathletes: A randomized controlled trial. . Am. Nutr. Assoc. 2023, 42,
195-206. [CrossRef] [PubMed]


https://doi.org/10.1152/jappl.1987.63.1.167
https://doi.org/10.1113/jphysiol.2009.175265
https://doi.org/10.1016/j.jmb.2018.10.014
https://doi.org/10.1038/s42255-020-0251-4
https://doi.org/10.3390/biom10121699
https://doi.org/10.1007/s40279-013-0079-0
https://doi.org/10.1016/S0002-8223(97)00754-2
https://doi.org/10.1152/ajpendo.2000.279.6.E1325
https://www.ncbi.nlm.nih.gov/pubmed/11093921
https://doi.org/10.1007/s40279-022-01727-7
https://doi.org/10.1152/ajpendo.2001.280.6.E898
https://doi.org/10.1007/s00421-017-3756-0
https://doi.org/10.1007/s00421-012-2360-6
https://doi.org/10.1093/ajcn/66.2.276
https://doi.org/10.1123/ijsnem.2022-0131
https://doi.org/10.1080/07315724.2021.2021562
https://www.ncbi.nlm.nih.gov/pubmed/35512758

Nutrients 2025, 17, 997 11 of 12

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Lyall, K.A.; Hurst, S.M.; Cooney, J.; Jensen, D.; Lo, K.; Hurst, R.D.; Stevenson, L.M. Short-term blackcurrant extract consumption
modulates exercise-induced oxidative stress and lipopolysaccharide-stimulated inflammatory responses. Am. |. Physiol. Regul.
Integr. Comp. Physiol. 2009, 297, R70-R81. [CrossRef]

Simerdovad, B.; Bobrikova, M.; Lhotska, L; Kaplan, J.; K¥enova, A.; éatinsk}'f, D. Evaluation of anthocyanin profiles in various
blackcurrant cultivars over a three-year period using a fast HPLC-DAD method. Foods 2021, 10, 1745. [CrossRef]
Rodriguez-Mateos, A.; Rendeiro, C.; Bergillos-Meca, T.; Tabatabaee, S.; George, T.W.; Heiss, C.; Spencer, J.P. Intake and time
dependence of blueberry flavonoid—induced improvements in vascular function: A randomized, controlled, double-blind,
crossover intervention study with mechanistic insights into biological activity. Am. J. Clin. Nutr. 2013, 98, 1179-1191. [CrossRef]
Cook, M.D.; Myers, S.D.; Blacker, S.D.; Willems, M.E.T. New Zealand blackcurrant extract improves cycling performance and fat
oxidation in cyclists. Eur. J. Appl. Physiol. 2015, 115, 2357-2365. [CrossRef]

Cook, M.D.; Myers, S.D.; Gault, M.L.; Edwards, V.C.; Willems, M.E.T. Dose effects of New Zealand blackcurrant on substrate
oxidation and physiological responses during prolonged cycling. Eur. ]. Appl. Physiol. 2017, 117, 1207-1216. [CrossRef] [PubMed]
Cook, M.D.; Shan, Y.; Willems, M.E.T. Effects of New Zealand Black Currant Extract on Exercising Substrate Utilization and
Postexercise Blood Pressure in Men and Women. Int. |. Sport Nutr. Exerc. Metab. 2025, 35, 150-161. [CrossRef]

Sahin, M. A ; Bilgi¢, P.; Montanari, S.; Willems, M.E.T. Intake duration of anthocyanin-rich New Zealand blackcurrant extract
affects metabolic responses during moderate intensity walking exercise in adult males. J. Diet. Suppl. 2021, 18, 406—417. [CrossRef]
Strauss, J.A.; Willems, M.E.T.; Shepherd, S.0. New Zealand blackcurrant extract enhances fat oxidation during prolonged cycling
in endurance-trained females. Eur. |. Appl. Physiol. 2018, 118, 1265-1272. [CrossRef]

Hiles, A.M.; Flood, T.R.; Lee, B.J.; Wheeler, L.E.; Costello, R.; Walker, E.F.; Ashdown, K.M.; Kuennen, M.R.; Willems, M.E.T.
Dietary supplementation with New Zealand blackcurrant extract enhances fat oxidation during submaximal exercise in the heat.
J. Sci. Med. Sport 2020, 23, 908-912. [CrossRef]

Willems, M.E.T.; Banic, M.; Cadden, R.; Barnett, L. Enhanced walking-induced fat oxidation by New Zealand blackcurrant extract
is body composition-dependent in recreationally active adult females. Nutrients 2022, 14, 1475. [CrossRef]

Willems, M.E.T.; Briggs, A.R. Running-induced metabolic and physiological responses using New Zealand blackcurrant extract
in a male ultra-endurance runner: A case study. J. Funct. Morphol. Kinesiol. 2022, 7, 104. [CrossRef]

Willems, M.E.T.; Bray, PW.; Bassett, H.M.; Spurr, T.].; West, A.T. Effects of CurraNZ, a New Zealand blackcurrant extract during
1 hour of treadmill running in female and male Marathon des Sables Athletes in hot conditions: Two case studies. J. Funct.
Morphol. Kinesiol. 2024, 9, 76. [CrossRef]

Willems, M.E.T.; Spurr, T.J.; Lacey, J.; Briggs, A.R. Beneficial Physiological and Metabolic Effects with Acute Intake of New
Zealand Blackcurrant Extract during 4 h of Indoor Cycling in a Male Ironman Athlete: A Case Study. J. Funct. Morphol. Kinesiol.
2024, 9, 141. [CrossRef]

Cano, A.; Ventura, L.; Martinez, G.; Cugusi, L.; Caria, M.; Deriu, F; Manca, A. Analysis of sex-based differences in energy
substrate utilization during moderate-intensity aerobic exercise. Eur. J. Appl. Physiol. 2022, 122, 29-70. [CrossRef] [PubMed]
Cook, M.D.; Myers, S.D.; Gault, M.L.; Willems, M.E.T. Blackcurrant alters physiological responses and femoral artery diameter
during sustained isometric contraction. Nutrients 2017, 9, 556. [CrossRef]

Pilolla, K.D.; Armendariz, J.; Burrus, B.M.; Baston, D.S.; McCarthy, K.A.; Bloedon, T.K. Effects of wild blueberries on fat oxidation
rates in aerobically trained males. Nutrients 2023, 15, 1339. [CrossRef]

Teets, C.; Ghanem, N.; Ma, G.; Minj, ].; Perkins-Veazie, P.; Johnson, S.A.; Etter, A.]J.; Carbonero, F.G.; Solverson, PM. A One-Week
Elderberry Juice Intervention Augments the Fecal Microbiota and Suggests Improvement in Glucose Tolerance and Fat Oxidation
in a Randomized Controlled Trial. Nutrients 2024, 16, 3555. [CrossRef]

Jardon, K.M.; Goossens, G.H.; Most, J.; Galazzo, G.; Venema, K.; Penders, J.; Blaak, E.E. Examination of sex-specific interac-
tions between gut microbiota and host metabolism after 12-week combined polyphenol supplementation in individuals with
overweight or obesity. Gut Microbes 2024, 16, 2392875. [CrossRef] [PubMed]

Most, J.; Timmers, S.; Warnke, I.; Jocken, J.W.; van Boekschoten, M.; de Groot, P.; Bendik, I.; Schrauwen, P.; Goossens, G.H.;
Blaak, E.E. Combined epigallocatechin-3-gallate and resveratrol supplementation for 12 wk increases mitochondrial capacity
and fat oxidation, but not insulin sensitivity, in obese humans: A randomized controlled trial. Am. J. Clin. Nutr. 2016, 104,
215-227. [CrossRef]

Kenig, S.; Kramberger, K.; Petelin, A.; Bandelj, D.; Baruca Arbeiter, A.; Miklav¢i¢ Visnjevec, A.; Peeters, K.; Mohorko, N.;
Sik Novak, K.; Jenko Praznikar, Z. Helichrysum italicum ssp. italicum infusion promotes fat oxidation in hepatocytes and
stimulates energy expenditure and fat oxidation after acute ingestion in humans: A pilot study. Plants 2021, 10, 1516. [CrossRef]
Zhang, S.; Takano, J.; Murayama, N.; Tominaga, M.; Abe, T.; Park, L.; Seol, J.; Ishihara, A.; Tanaka, Y.; Yajima, K; et al. Subacute
ingestion of caffeine and oolong tea increases fat oxidation without affecting energy expenditure and sleep architecture: A
randomized, placebo-controlled, double-blinded cross-over trial. Nutrients 2020, 12, 3671. [CrossRef]


https://doi.org/10.1152/ajpregu.90740.2008
https://doi.org/10.3390/foods10081745
https://doi.org/10.3945/ajcn.113.066639
https://doi.org/10.1007/s00421-015-3215-8
https://doi.org/10.1007/s00421-017-3607-z
https://www.ncbi.nlm.nih.gov/pubmed/28391393
https://doi.org/10.1123/ijsnem.2024-0108
https://doi.org/10.1080/19390211.2020.1783421
https://doi.org/10.1007/s00421-018-3858-3
https://doi.org/10.1016/j.jsams.2020.02.017
https://doi.org/10.3390/nu14071475
https://doi.org/10.3390/jfmk7040104
https://doi.org/10.3390/jfmk9020076
https://doi.org/10.3390/jfmk9030141
https://doi.org/10.1007/s00421-021-04802-5
https://www.ncbi.nlm.nih.gov/pubmed/34550468
https://doi.org/10.3390/nu9060556
https://doi.org/10.3390/nu15061339
https://doi.org/10.3390/nu16203555
https://doi.org/10.1080/19490976.2024.2392875
https://www.ncbi.nlm.nih.gov/pubmed/39182247
https://doi.org/10.3945/ajcn.115.122937
https://doi.org/10.3390/plants10081516
https://doi.org/10.3390/nu12123671

Nutrients 2025, 17, 997 12 of 12

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

Nieman, D.C.; Simonson, A.; Sakaguchi, C.A.; Sha, W.; Blevins, T.; Hattabaugh, J.; Kohlmeier, M. Acute ingestion of a mixed
flavonoid and caffeine supplement increases energy expenditure and fat oxidation in adult women: A randomized, crossover
clinical trial. Nutrients 2019, 11, 2665. [CrossRef]

Solverson, PM.; Rumpler, W.V.; Leger, ].L.; Redan, B.W,; Ferruzzi, M.G.; Baer, D.]J.; Castonguay, T.W.; Novotny, ].A. Blackberry feeding
increases fat oxidation and improves insulin sensitivity in overweight and obese males. Nutrients 2018, 10, 1048. [CrossRef]

Park, I; Ochiai, R.; Ogata, H.; Kayaba, M.; Hari, S.; Hibi, M.; Katsuragi, Y.; Satoh, M.; Tokuyama, K. Effects of subacute ingestion of
chlorogenic acids on sleep architecture and energy metabolism through activity of the autonomic nervous system: A randomised,
placebo-controlled, double-blinded cross-over trial. Br. J. Nutr. 2017, 117, 979-984. [CrossRef]

Roberts, ].D.; Roberts, M.G.; Tarpey, M.D.; Weekes, ].C.; Thomas, C.H. The effect of a decaffeinated green tea extract formula on
fat oxidation, body composition and exercise performance. J. Int. Soc. Sports Nutr. 2015, 12, 1. [CrossRef] [PubMed]

Mori, N.; Nakanishi, S.; Shiomi, S.; Kiyokawa, S.; Kakimoto, S.; Nakagawa, K.; Hosoe, K.; Minami, K.; Nadamoto, T. En-
hancement of fat oxidation by licorice flavonoid oil in healthy humans during light exercise. J. Nutr. Sci. Vitaminol. 2015, 61,
406-416. [CrossRef] [PubMed]

Hodgson, A.B.; Randell, R.K.; Jeukendrup, A.E. The effect of green tea extract on fat oxidation at rest and during exercise:
Evidence of efficacy and proposed mechanisms. Adv. Nutr. 2013, 4, 129-140. [CrossRef]

Venables, M.C.; Hulston, C.J.; Cox, H.R.; Jeukendrup, A.E. Green tea extract ingestion, fat oxidation, and glucose tolerance in
healthy humans. Am. J. Clin. Nutr. 2008, 87, 778-784. [CrossRef]

Dulloo, A.G.; Duret, C.; Rohrer, D.; Girardier, L.; Mensi, N.; Fathi, M.; Chantre, P.; Vandermander, J. Efficacy of a green tea extract
rich in catechin polyphenols and caffeine in increasing 24-h energy expenditure and fat oxidation in humans. Am. J. Clin. Nutr.
1999, 70, 1040-1045. [CrossRef]

Willems, M.E.T; Fry, H.L.; Belding, M.A.; Kaviani, M. Three weeks daily intake of Matcha green tea powder affects substrate
oxidation during moderate-intensity exercise in females. . Diet. Suppl. 2021, 18, 566-576. [CrossRef]

Willems, M.E.T.; Sahin, M.A.; Cook, M.D. Matcha green tea drinks enhance fat oxidation during brisk walking in females. Int. ].
Sport Nutr. Exerc. Metabol. 2018, 28, 536-541. [CrossRef]

Froio de Araujo Dias, G.; da Eira Silva, V.; de Salles Painelli, V.; Sale, C.; Giannini Artioli, G.; Gualano, B.; Saunders, B. (In)
consistencies in responses to sodium bicarbonate supplementation: A randomised, repeated measures, counterbalanced and
double-blind study. PLoS ONE 2015, 10, e0143086.

Perkins, 1.C.; Blacker, S.D.; Willems, M.E.T. Individual responses to repeated dosing with anthocyanin-rich New Zealand
blackcurrant extract during high-intensity intermittent treadmill running in active males. Nutrients 2024, 16, 4253. [CrossRef]
Shaw, C.S.; Swinton, C.; Morales-Scholz, M.G.; McRae, N.; Erftemeyer, T.; Aldous, A.; Murphy, R.M.; Howlett, K.F. Impact of
exercise training status on the fiber type-specific abundance of proteins regulating intramuscular lipid metabolism. J. Appl.
Physiol. 2020, 128, 379-389. [CrossRef]

Schmitt, B.; Fluck, M.; Décombaz, J.; Kreis, R.; Boesch, C.; Wittwer, M.; Graber, F; Vogt, M.; Howald, H.; Hoppeler, H.
Transcriptional adaptations of lipid metabolism in tibialis anterior muscle of endurance-trained athletes. Physiol. Genom. 2003, 15,
148-157. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.3390/nu11112665
https://doi.org/10.3390/nu10081048
https://doi.org/10.1017/S0007114517000587
https://doi.org/10.1186/s12970-014-0062-7
https://www.ncbi.nlm.nih.gov/pubmed/25650043
https://doi.org/10.3177/jnsv.61.406
https://www.ncbi.nlm.nih.gov/pubmed/26639849
https://doi.org/10.3945/an.112.003269
https://doi.org/10.1093/ajcn/87.3.778
https://doi.org/10.1093/ajcn/70.6.1040
https://doi.org/10.1080/19390211.2020.1811443
https://doi.org/10.1123/ijsnem.2017-0237
https://doi.org/10.3390/nu16244253
https://doi.org/10.1152/japplphysiol.00797.2019
https://doi.org/10.1152/physiolgenomics.00089.2003
https://www.ncbi.nlm.nih.gov/pubmed/14565968

	Introduction 
	Materials and Methods 
	Study Design 
	Statistical Analysis 

	Results 
	Exercise-Induced Respiratory Exchange Ratio Relationships for Females and Males 
	Exercise-Induced Respiratory Exchange Ratio Relationships in the Placebo/Control Condition and Changes in Exercise-Induced Fat Oxidation with the Intake of New Zealand Blackcurrants in Females and Males 
	Exercise-Induced Respiratory Exchange Ratio Relationships in the Placebo/Control Condition and Changes in Exercise-Induced Carbohydrate Oxidation with the Intake of New Zealand Blackcurrant in Females and Males 

	Discussion 
	Conclusions 
	References

