
Galluzzi et al. Nutrition Journal          (2024) 23:135  
https://doi.org/10.1186/s12937-024-01039-8

RESEARCH Open Access

© The Author(s) 2024. Open Access This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 
International License, which permits any non-commercial use, sharing, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if 
you modified the licensed material. You do not have permission under this licence to share adapted material derived from this article or 
parts of it. The images or other third party material in this article are included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To 
view a copy of this licence, visit http://creativecommons.org/licenses/by-nc-nd/4.0/.

Nutrition Journal

Citrus supplementation in subjective 
cognitive decline: results of a 36‑week, 
randomized, placebo‑controlled trial
Samantha Galluzzi1, Moira Marizzoni2*, Elena Gatti1, Natale Salvatore Bonfiglio3, Annamaria Cattaneo2,4, 
Francesco Epifano5, Giovanni B. Frisoni6, Salvatore Genovese5, Andrea Geviti3, Lorenzo Marchetti5, 
Giovanni Sgrò7, Claudio Singh Solorzano1, Michela Pievani1 and Serena Fiorito5 

Abstract 

Background  Developing interventions for older adults with subjective cognitive decline (SCD) has the poten-
tial to prevent dementia in this at-risk group. Preclinical models indicate that Citrus-derived phytochemicals could 
benefit cognition and inflammatory processes, but results from clinical trials are still preliminary. The aim of this 
study is to determine the effects of long-term supplementation with Citrus peel extract on cognitive performance 
and inflammation in individuals with SCD.

Methods  Eighty participants were randomly assigned to active treatment (400 mg of Citrus peel extract contain-
ing 3.0 mg of naringenin and 0.1 mg of auraptene) or placebo at 1:1 ratio for 36 weeks. The primary endpoint 
was the change in the Repeatable Battery for the Assessment of Neuropsychological Status (RBANS) total score 
across the 36-week trial period. Other cognitive outcomes included tests and scales evaluating verbal memory, atten-
tion, executive and visuospatial functions, and memory concerns. The secondary endpoint was the change of inter-
leukin-8 (IL-8) levels over the 36-week trial period in a subsample of 60 consecutive participants. An Intention-to-treat 
approach with generalized linear mixed models was used for data analysis.

Results  The RBANS total score showed significant improvement in both Citrus peel extract and placebo groups 
at 36 weeks (p for time < .001, d = 0.36, p time x treatment = .910). Significant time effects were also found in cognitive 
domains of short- and long-term verbal memory (p < .001) and scales of subjective memory (p < .01), with no sig-
nificant time x treatment interaction. The largest effect sizes were observed in verbal memory in the placebo group 
(d = 0.69 in short-term, and d = 0.78 in long-term verbal memory). Increased IL-8 levels were found at 36-week follow-
up in both Citrus peel extract and placebo groups (p for time = .010, d = 0.21, p time x treatment = .772). Adverse 
events were balanced between groups.

Conclusions  In this randomized clinical trial, long-term Citrus peel extract supplementation did not show cognitive 
benefits over placebo in participants with SCD, possibly due to high placebo response. These findings might have 
specific implications for designing future nutraceutical trials in individuals experiencing SCD.
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Trial registration  The trial has been registered at the United States National Library of Medicine at the National Insti-
tutes of Health Registry of Clinical Trials under the code NCT04744922 on February 9th, 2021 (https://​www.​clini​caltr​
ials.​gov/​ct2/​show/​NCT04​744922).
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Background
The concept of Alzheimer’s disease (AD) continuum 
recognized AD as a spectrum of clinical manifesta-
tions spanning from clinically asymptomatic to severely 
impaired [1]. Subjective cognitive decline (SCD) refers 
to individuals’ perceived decline in cognitive abilities 
compared to their previous performance, without objec-
tive cognitive deficits [2]. A recent systematic review and 
meta-analysis of prospective longitudinal studies esti-
mated that SCD conferred a twofold excess risk for cog-
nitive impairment and dementia [3], suggesting that some 
individuals with SCD may be in the preclinical phase 
of the AD continuum. A set of clinical features referred 
to as SCD plus [4] has been associated with AD pathol-
ogy [5], enabling the identification of SCD individuals at 
high risk of cognitive progression. Implementing targeted 
treatments prior to the appearance of objective cogni-
tive impairment has the potential to delay or prevent the 
progression across the continuum. Cognitive training or 
lifestyle interventions that could enhance cognition have 
been examined [6], but high-quality studies in this field 
are scanty [7].

There is an increased scientific interest in evaluating 
plant-derived nutraceuticals to promote cognitive func-
tion [8, 9], even in individuals with SCD [10, 11]. The 
use of over-the-counter supplements to boost memory 
is rapidly increasing among older adults [12, 13]. How-
ever, data about their efficacy are still controversial. A 
recent systematic review investigated the effect of herbal 
and nutritional medicines on cognitive function in older 
people with and without subjective cognitive impairment 
[14]. The quality assessment indicated high concern for 
the risk of bias across 21 randomized clinical trials. This 
finding prevented the authors from drawing firm conclu-
sions about treatment efficacy in this population, claim-
ing for future high-quality studies [14]. Common sources 
of bias regarded the domains of randomization, deviation 
from intended effect (i.e., no intention to treat analysis), 
treating of missing data and outcome measurement. 
Beside efficacy, issues concerning the quality of nutraceu-
tical manufacturing and its impact on safety have been 
raised. Low quality of commercially available nutraceuti-
cals can derive from the unknown origin of raw material, 
the presence of contaminants, the use of complex mix-
tures of plants with no accurate identification of the main 
active components, and the poor stability of the active 

components [15, 16]. In addition, chemically synthetized 
nutraceuticals may show different physiological proper-
ties than naturally occurring forms found in the whole 
plant [8].

To overcome the aforementioned shortcomings in the 
field, we conducted a randomized controlled trial inves-
tigating the cognitive and biological effects of a 36-week 
treatment with Citrus peel extract in older adults experi-
encing SCD [17]. The study was designed in accordance 
with the consolidated standards of reporting trials [18] 
and the recommendations of the International Academy 
on Nutrition and Aging Task Force [19]. The nutraceuti-
cal was manufactured according to good practice regula-
tions in nutraceutical development [20].

We used Citrus peels as a source of nutraceutical 
because preliminary data from epidemiological and clini-
cal studies in older adults showed a positive relationship 
between Citrus fruit intake and enhanced cognitive func-
tion, including global cognition and verbal memory [21, 
22]. Concerning their phytochemical composition, Cit-
rus peels are among the richest natural sources of flavo-
noids, specifically naringenin (NAR) [23], and auraptene 
(AUR), a phytochemical belonging to the coumarin class 
[24]. Naringenin and auraptene showed anti-inflamma-
tory effects in pre-clinical models of ageing and AD, both 
as individual compounds and in combination [25–27]. 
Specifically, they have been shown to reduce the proin-
flammatory cytokine interleukin-8 levels (IL-8) [28, 29], 
which has been implicated in AD pathophysiology [30, 
31].

In this paper, we report the results of the primary and 
secondary outcomes. We hypothesize that, in individuals 
taking Citrus peel extract relative to controls: (i) objec-
tive cognition, as rated by the Repeatable Battery for the 
Assessment of Neuropsychological Status (RBANS)—the 
primary endpoint—would be enhanced; and (ii) the levels 
of IL-8—the secondary endpoint—would be reduced.

Methods
Participants, study design and treatment
A 36-week, randomized, double-blind, parallel, mono-
centric, placebo-controlled clinical trial (NCT04744922) 
was conducted at the Laboratory of Alzheimer’s Neuro-
imaging and Epidemiology of the IRCCS Istituto Cen-
tro San Giovanni di Dio Fatebenefratelli, Brescia, Italy, 
between March 2021 and August 2022. The full protocol 
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was previously published [17]. Briefly, 80 older adults 
with SCD, aged 60–75  years, were recruited from the 
general community. Inclusion criteria were (i) the pres-
ence of SCD according to current research criteria [2] 
and (ii) performance within the normal range on stand-
ardized cognitive tests (see the paragraph below). The 
SCD criteria were operationalized to include features of 
the SCD plus category (i.e., the presence of a subjective 
decline in memory, rather than other domains of cogni-
tion, onset of SCD within the last 5  years, and worries 
associated with SCD expressed by the participant and/or 
an informant).

Exclusion criteria included: (i) cognitive performance 
below the normal range on two tests within a single cog-
nitive domain (i.e., memory, executive function, or atten-
tion); (ii) the presence of current major neurological 
(including stroke, dementia or cognitive impairment, and 
cancer) or psychiatric (including major depressive disor-
der, bipolar disorder, and drug and alcohol dependence) 
disorders; (iii) severe depressive symptoms, as indicated 
by scores > 17 on the 30-item Geriatric Depression Scale 
[32] (current psychotropic therapy was allowed if at a sta-
ble dose over the previous 8 weeks); (iv) the presence of 
a chronic disease or acute unstable illness (respiratory, 
cardiovascular, digestive, renal, metabolic, hematologic, 
endocrine, infectious, or malignant) that would inter-
fere with the aims of the study protocol; and (v) the use 
of supplements that could interfere with the study nutra-
ceutical (e.g. cognitive enhancers). Current use of supple-
ments was allowed if at a stable dose over the previous 
8 weeks and maintained at a constant dose for the dura-
tion of the study.

Inclusion and exclusion criteria were preliminary 
ascertained by phone screening and thereafter by face-
to-face assessment. Eligible participants were invited to 
the baseline visit (week 0) and randomly allocated at a 1:1 
ratio to either 400 mg of Citrus limon (L.) Osbeck (Fam. 
Rutaceae) peel extract standardized in levels of AUR and 
NAR (n = 40) or placebo (n = 40). Details about randomi-
zation and sample size computation can be found in the 
full protocol [17]. The sample size was computed by using 
G*Power. The trial nutraceutical was manufactured at the 
Laboratory of Phytochemistry and Chemistry of Natu-
ral Products, Department of Pharmacy, University ‘G. 
D’Annunzio’ of Chieti-Pescara, Chieti, Italy. The descrip-
tion of the manufacturing process was reported in the full 
protocol [17]. Briefly, the plant material originated from 
fruits without any chemical and/or phytosanitary treat-
ment planted in Barcellona Pozzo di Gotto (Sicily region, 
Italy). Fresh peels were homogenized and the semisolid 
material was lyophilized to obtain a fine powder. No sol-
vents or other chemicals were used to obtain this whole 
dry extract. One capsule (daily dose) of active treatment 

contained 0.0892 ± 0.001 mg of AUR and 2.99 ± 0.004 mg 
of NAR. Total flavonoids and polyphenols concentrations 
per capsule were 69.5 ± 0.008  mg and 121.0 ± 0.012  mg, 
respectively. A blood sample for biomarker measurement 
was collected in a subsample of 60 consecutive subjects 
at weeks 0 and 36.

Participants attended follow-up visits at week 18 to 
assess cognition, compliance and safety and week 36 to 
assess cognition, compliance, safety, and to collect a sec-
ond round of blood samples for biomarker measurement.

Outcome measures
The rationale for identifying objective cognitive perfor-
mance as the main outcome of our study was based on 
the hypothesis that SCD individuals with preserved cog-
nitive function had greater access to cognitive reserve, 
allowing them to enhance cognition or compensate for 
subtle cognitive deficits as a result of the intervention [6].

Primary endpoint
The primary endpoint of the study was the change from 
baseline to weeks 18 and 36 in the total index score on 
the RBANS [33]. The total index score ranges from 40 to 
160, with higher scores indicating better cognition. Data 
on validity, reliability, and practice effects of this test were 
provided in the Supplementary Material. As reported in 
the study protocol [17], we selected the RBANS for the 
trial’s primary endpoint because it has been designed 
for clinical trial outcome measurement in early and pro-
dromal AD; moreover, it has been recommended for 
drug trials and research in preclinical AD. Two Italian-
validated forms (Forms A and B) were used to prevent a 
learning effect from serial assessments.

Secondary endpoint
The secondary endpoint of the study was the change in 
IL-8 levels over the 36-week trial period. These levels 
were measured by a multiplex immunoassay system using 
magnetic beads (Luminex Discovery Assay, Bio-techne). 
As reported in the study protocol [17], we selected IL-8 
as the trial’s secondary endpoint because experimental 
studies showed that AUR and NAR exerted their anti-
inflammatory properties mainly through IL-8 reduction; 
furthermore, clinical data in healthy elderly individuals 
suggested its potential role as a biological marker of early 
cognitive dysfunction.

Cognitive outcomes
Other cognitive outcomes included the mean score 
change in verbal memory (California Verbal Learning 
test, CVLT, alternate forms A and B [34]), attention and 
executive functions (Attentional Matrices [35]; Stroop 
test [36]; Trail Making Test, TMT [37]; Wisconsin Card 
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Sorting test, WCST [38]), visuospatial function (Clock 
Drawing test, CDT [39]), and scales of memory concerns 
(Everyday Memory Questionnaire, EMQ [40]; Multi-
factorial Memory Questionnaire, MMQ [41]). The psy-
chologists who administered the cognitive battery had 
experience as certified raters in pharmacological clinical 
trials and were blinded to the treatment.

Statistical analysis
Statistical analyses were performed using SPSS version 
20 (SPSS Inc., Chicago, IL). P-values < 0.05 (two-tailed) 
were considered significant. The normality of each vari-
able distribution by treatment group was examined with 
the Shapiro–Wilk test. Baseline sociodemographic, clini-
cal, cognitive, and biological characteristics were com-
pared between groups using the two-sample t-test (or 
Mann–Whitney test in the case of non-normal distribu-
tion) for continuous variables and the χ2 test for categori-
cal variables.

We used the intention-to-treat approach. Missing data 
(i.e., the data from individuals lost to follow-up) were 
replaced using the mean-value imputation. The primary 
analysis was performed by using a linear mixed-effects 
model for repeated measures with treatment group, time 
(weeks 0, 18 and 36), treatment group–by–time interac-
tion as fixed effects, while subject ID was treated as ran-
dom. Moreover, a robust standard error estimator was 
used. A generalized linear mixed model with the same 
fixed and random effect specifications was run with 
IL-8 as the dependent variable and batch as the covari-
ate. In both models, the addition of age, sex, education, 
and health-related behaviors (i.e., adherence to the Medi-
terranean diet and lemon consumption) as covariates 
did not change the results. Thus, we decided to focus 
on unadjusted models to prevent overfitting. Estimated 
means and their standard errors were reported. Each test 
was performed at an alpha level of 0.05 (two-sided).

For cognitive tests other than the primary endpoint, 
we computed composite scores to reduce the number 
of models. We transformed the raw score of each test 
into z-score using mean and standard deviation at base-
line. Then, we averaged the z-scores to yield a composite 
score, namely: short-term verbal memory (CVLT imme-
diate recall, and short delay free and cued recall), long-
term verbal memory (CVLT long delay free and cued 
recall, and recognition), attention (Attentional matrices, 
and TMT B-A), and executive functions (WCST global 
score, Stroop test, and time interference). We multiplied 
the z-scores of TMT B-A and Stroop test by minus one 
to ensure that higher values of the composite scores con-
sistently reflected improved cognitive performance. We 
also computed the z-score for the CDT (visuospatial 
function). Therefore, mixed-effects models with the same 

fixed and random effect specifications used for the pri-
mary endpoint were run with each composite score as 
the dependent variable.

Depending on the distribution of the outcome, linear 
mixed models or generalized linear mixed models were 
implemented. Since all outcome measures exhibited a 
nearly symmetrical, well-shaped distribution centered 
around a mean value, we applied the normal distribution 
with an identity link function and employed the maxi-
mum likelihood method for parameter estimation. To 
evaluate goodness-of-fit, we utilized a combination of 
the Akaike information criterion corrected in conjunc-
tion with the Bayesian information criterion. In the pres-
ence of outliers and/or imperfections in the shape of the 
distribution curve, we used a robust covariance matrix 
estimator.

When a cognitive outcome showed a significant change 
from baseline to 36  weeks, the effect size (ES) was cal-
culated using Cohen’s d. Values of 0.20, 0.50, and 0.80 
were indicative of small, medium, and large effect sizes, 
respectively.

Results
Study participants
Figure 1 shows the participants’ flow in the study. A total 
of 80 participants (mean age 68.5 ± 4.2 years; 60 women, 
75%; mean education 13.7 + 3.4  years) was randomly 
assigned to receive Citrus peel extract (n = 40) or placebo 
(n = 40). At the end of trial, 4 individuals discontinued the 
treatment and were lost to follow-up (n = 2 Citrus peel 
extract, n = 2 placebo). All participants remained in the 
assigned group for the intention-to-treat analysis. Both 
groups showed high compliance rates, as measured by 
the number of remaining capsules at 36 weeks (compli-
ance rate in the total group: 98%).

At baseline, both groups demonstrated comparable 
sociodemographic and clinical characteristics (Table  1). 
Study participants were adherent to the Mediterranean 
diet (Mediterranean Diet Adherence Screener, mean 
score: 8.9 ± 1.8), and had low comorbidity (Cumulative 
Index Rating Scale, mean severity index: 1.5 ± 0.2). Preva-
lence of health-related behaviors (i.e., alcohol and coffee 
consumption, tobacco use) were similar between groups 
(Supplemental Table  1). The mean number of lemons 
consumed in a week was 2.1 ± 2.0 and 2.5 ± 2.0 in Citrus 
peel extract and placebo groups, respectively (p = 0.28). 
The most prevalent concomitant medications were drugs 
acting on the alimentary tract and metabolism, cardio-
vascular system, and supplements (60%, 56%, and 43%, 
respectively), with no differences between groups (Sup-
plemental Table 2).

Depressive and anxiety symptoms were below the clini-
cal cut-off scores used for the Geriatric Depression Scale 
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and the State-Trait Anxiety Inventory, without signifi-
cant difference between the treatment groups (Table 1). 
In terms of cognitive functioning, participants scored 
within the normal range on general cognition, as meas-
ured by the Mini Mental State Examination (mean score 
29.2 ± 0.9), as well as other cognitive domains. The raw 
scores of the cognitive tests were reported in Supplemen-
tal Table  3. There was no difference in the primary and 
secondary outcomes between the treatment groups at 
baseline (Table 1).

Endpoint results
Primary and secondary endpoints
We observed a significant effect of time, but not time x 
treatment group interaction, on the RBANS, total score 
(p < 0.001) and IL-8 (p = 0.010) (Fig.  2), indicating that 
both Citrus peel extract and placebo groups showed 

better cognitive performance and higher IL-8 levels at 
36-week follow-up. The effect size was small (d = 0.36, 
I.C. 0.19–0.53 for the primary endpoint, and d = 0.21, I.C. 
0.006–0.41 for the secondary endpoint).

Other cognitive outcomes
We found a significant effect of time, but not time x treat-
ment interaction, on short- and long-term verbal mem-
ory (p < 0.001), indicating that both Citrus peel extract 
and placebo groups showed better memory performance 
at 36-week follow-up. Notably, the largest effect sizes, 
i.e., medium to large, were shown in the placebo group 
(Table 2). Furthermore, we observed a significant effect of 
time, but not time x treatment interaction, on satisfaction 
and ability dimensions of the MMQ (p < 0.001), as well 
as the EMQ (p = 0.012), indicating that both Citrus peel 
extract and placebo groups reported better subjective 

Fig. 1  CONSORT flowchart of the trial
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memory at 36-week follow-up. The effect sizes of these 
changes were small or small to medium, ranging from 
0.18 to 0.42 (Table 2). There was no significant effect of 
either time or time x treatment interaction on attention 
and executive functions, nor on visuospatial function. 
Supplemental Fig.  1 shows the visual representation of 
the changes in all cognitive outcomes. We noted from 
data inspection that subjective measures ameliorated 
at 18  weeks and remained stable until 36  weeks, while 
objective measures were stable at 18 weeks and improved 
thereafter.

Safety
The overall incidence of adverse events was similar in the 
two groups (Table  3). There was no difference between 
the number of adverse events deemed as related to the 
treatment (35% vs 20% in the Citrus peel extract and pla-
cebo groups, respectively, p = 0.210). The most common 
adverse events (affecting > 10% of the participants) were 
respiratory, osteoarticular, or gastrointestinal, without 
significant differences between the two treatment groups. 
No serious adverse events occurred.

Discussion
This study investigated the effects of Citrus peel extract 
on the cognitive and biological characteristics of older 
adults experiencing SCD relative to placebo. The findings 

Table 1  Baseline sociodemographic and clinical characteristics 
of the participants with SCD included in intention-to-treat 
analysis

RBANS Repeatable Battery for the Assessment of Neuropsychological Status

Values denote mean ± SD or number (percentage)

Citrus peel 
extract 
(n = 40)

Placebo
(n = 40)

Sociodemographics

  Age, years 67.7 ± 4.0 69.3 ± 4.3

  Gender (female) 32 (80%) 28 (70%)

  Education, years 13.9 ± 3.7 13.5 ± 3.2

Nutritional status and comorbidity

  Body Mass Index 25.1 ± 4.8 23.9 ± 3.9

  Mediterranean Diet Adherence Screener 9.0 ± 1.9 8.8 ± 1.8

  Cumulative Illness Rating Scale 1.5 ± 0.2 1.5 ± 0.2

Depressive and anxious symptoms

  Geriatric Depression Scale 5.8 ± 4.2 6.6 ± 3.9

  State-Trait Anxiety Inventory—state 34.1 ± 5.4 36.4 ± 7.3

Global cognition

  Mini Mental State Examination 29.2 ± 0.8 29.2 ± 1.0

Primary endpoint

  RBANS Total Score 103.6 ± 9.6 101.5 ± 11.6

Secondary endpoint

  Interleukin-8 (pg/mL) 10.6 ± 4.5 11.0 ± 4.8

Table 2  Estimated mean change and effect size in cognitive outcomes showing a significant time effect from the mixed models, by 
treatment group

Data are reported as mean ± SE. Effect sizes are reported as Cohen’s d [confidence intervals]. MMQ: Multifactorial Memory Questionnaire

Week 0 Week 18 Week 36 Mean change 
(weeks 0–36)

Effect size change p time p time x 
treatment

RBANS, total score

  Citrus peel extract 103.6 ± 8.6 100.5 ± 8.6 108.2 ± 8.6 4.63 ± 1.57 0.34 [0.11–0.56]  < .001 .910

  Placebo 101.8 ± 8.6 98.9 ± 8.6 107.4 ± 8.6 5.63 ± 1.57 0.38 [0.13–0.63] - -

Short-term verbal memory

  Citrus peel extract 0.14 ± 0.67 0.20 ± 0.67 0.54 ± 0.67 0.41 ± 0.11 0.43 [0.21–0.65]  < .001 .246

  Placebo -0.14 ± 0.67 -0.06 ± 0.67 0.48 ± 0.67 0.62 ± 0.11 0.69 [0.46–0.92] - -

Long-term verbal memory

  Citrus peel extract 0.16 ± 0.59 0.19 ± 0.59 0.60 ± 0.58 0.44 ± 0.12 0.54 [0.24–0.83]  < .001 .397

  Placebo -0.16 ± 0.59 -0.09 ± 0.59 0.48 ± 0.58 0.64 ± 0.12 0.78 [0.49–1.08] - -

Everyday Memory Questionnaire

  Citrus peel extract 66.6 ± 17.4 60.1 ± 17.2 62.4 ± 17.3 4.13 ± 3.11 0.18 [-0.05–0.42] .012 .864

  Placebo 65.7 ± 17.4 60.7 ± 17.2 61.6 ± 17.3 4.05 ± 3.11 0.18 [-0.02–0.39] - -

MMQ, satisfaction

  Citrus peel extract 38.0 ± 6.5 40.2 ± 6.5 40.8 ± 6.5 3.88 ± 1.18 0.40 [0.16–0.63]  < .001 .904

  Placebo 36.3 ± 6.5 39.0 ± 6.5 40.1 ± 6.5 3.80 ± 1.18 0.44 [0.17–0.70] - -

MMQ, ability

  Citrus peel extract 43.8 ± 7.8 48.1 ± 7.8 47.6 ± 7.8 3.80 ± 1.14 0.34 [0.14–0.54]  < .001 .948

  Placebo 45.0 ± 7.8 49.2 ± 7.8 49.1 ± 7.8 4.08 ± 1.14 0.37 [0.17–0.57] - -
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indicate that both Citrus peel extract and placebo groups 
improved in the primary endpoint (i.e., the RBANS) and 
in other cognitive outcomes, including short- and long-
term verbal memory and subjective memory, at 36-week 
follow-up. Furthermore, both groups showed increased 
IL-8 levels at the follow-up.

In this study, we did not observe a significant difference 
in cognitive outcomes between the nutraceutical and pla-
cebo groups, notwithstanding significant improvements 
occurring in the Citrus peel extract, possibly due to high 

placebo response in the placebo group. Indeed, this latter 
group showed the largest effect sizes of changes, mainly 
in short-term and long-term verbal memory. The high 
placebo response has been related to failure in show-
ing treatment benefits in pain and psychiatric disorders 
[42, 43]. However, the underlying mechanisms have not 
been fully understood, making it difficult to determine 
whether these clinical trials were unsuccessful because 
of methodological problems or because the treatment 
lacked efficacy [42].

The placebo research showed that the expectancy of 
positive treatment effects was the main mechanism of 
placebo responses [42, 44]. Participants in clinical trials 
can derive their expectancies from extrinsic and intrin-
sic factors [45]. Extrinsic factors are those related to the 
act of being recruited in a clinical trial, for example better 
attention received during the study visits [45, 46]. In our 
study, it is noteworthy that the research staff included 
trained personnel experienced in clinical trials. There-
fore, main strategies to minimize a placebo response (e.g., 
avoiding positive information about the expected treat-
ment benefits, limiting the time spent with study partici-
pants, and communicating in an impartial manner) were 
adopted. Furthermore, the limited number of follow-up 
visits prevented frequent interaction with the study staff. 
Factors specifically related to the treatment, such as the 
color and smell of capsules, were also taken into account 
to neutralize study participants’ expectancies [17].

Intrinsic factors are those related to participant charac-
teristics [45, 47]. Our study participants were older adults 

Table 3  Adverse events

AE Adverse events. Values denote number (percentage %). AE type. Respiratory: 
COVID, bronchitis, flu, cough, cold. Osteoarticular: fracture, articular pain, discal 
hernia, knee prosthesis, Dupuytren disease. Gastrointestinal: stomach burning, 
abdominal pain, intestinal meteorism, intestinal polyp, stypsis, diarrhea. 
Dermatological: nevus, herpes zoster, eczema. Cardiovascular: hypertension, 
hypotension, coronary angioplasty. Others: cataract, hypovitaminosis B, benign 
prostatic hypertrophy, restless leg syndrome, depressive symptoms, dizziness

Citrus peel 
extract (n = 40)

Placebo
(n = 40)

p

AE, total number 26 (65) 32 (80) .21

AE, related to the intervention 14 (35) 8 (20) .21

AE, Type

  Respiratory 13 (33) 15 (38) .81

  Osteoarticular 9 (23) 14 (35) .32

  Gastrointestinal 9 (23) 11 (28) .78

  Dermatological 1 (3) 3 (8) .62

  Cardiovascular 2 (5) 2 (5) 1.0

  Others 5 (13) 9 (23) .38

Fig. 2  Estimated mean change and standard error in primary (panel A), and secondary (panel B) endpoint from baseline to 36 weeks. Orange 
and blue lines denote Citrus peel extract and placebo groups, respectively. RBANS: Repeatable Battery for the Assessment of Neuropsychological 
Status; IL: interleukin-8
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worried about their subjective memory complaints. SCD 
is a heterogeneous condition: some individuals may 
have preclinical AD and are at increased risk for cogni-
tive decline [4], while others (e.g., the ‘worried well’ peo-
ple) may be affected by functional cognitive disorders 
and have non-progressive symptoms [48]. In these lat-
ter individuals, memory complaints are distressing and 
associated with emotional upset, prompting them to seek 
medical help. It has been suggested that, for the ‘wor-
ried well’ people, nutritional supplements can be viewed 
as a panacea to feel better and take control of their own 
health [49]. Furthermore, our study participants were 
mostly well-educated women: both high levels of edu-
cation [50] and female gender [51] were recognized as 
predictors of a placebo response. Lastly, a proportion 
of our participants (55%) took part in previous research 
studies conducted at our Institute and expressed inter-
est for future research. These characteristics may get 
these individuals more familiar with the study proce-
dures and increased their positive perception about fur-
ther research experience. Concerning the possibility that 
cognitive improvement in our participants was due to 
task familiarity related to test repetition, we acknowledge 
that test–retest studies in older adults observed practice 
effects on the RBANS in the short- (median time gap of 
3.5  months) [52], medium- (one-year) [53], and long-
term (four years) periods [54]. In particular, the imme-
diate memory, delayed memory, and total score indices 
continued to increase with repeated assessments [54]. 
We cannot exclude that practice effects have contributed 
to cognitive and memory improvements in our trial, also 
considering that the form A was repeated at the time-
point where the improvements were evident. The use of 
more than two alternate forms – the form C is not yet 
validated in the Italian language – could be useful in 
designing future studies.

As regards the cognitive outcomes, the placebo group 
improved in both objective (RBANS, short- and long-
term verbal memory) and subjective measures. The find-
ing is in accord with research studies showing that young 
people were sensitive to the placebo response on subjec-
tive perception, but not on objective cognitive perfor-
mance [55, 56], while older adults can also be sensitive 
on objective cognition, including verbal memory [57]. 
Notably, in our study the effect size of change for delayed 
verbal memory was quite large (d = 0.78). As a reference, 
an effect size of 0.40 has been reported for cognitive out-
come measures as a clinically meaningful improvement 
of cognitive training interventions in healthy older adults 
[14]. The opposite pattern observed in objective and 
subjective improvements (i.e., subjective measures ame-
liorated at 18 weeks and remained stable until 36 weeks, 
while objective measures were stable at 18  weeks and 

improved thereafter) deserves additional comment. In 
placebo analgesia, subjective experience was the trigger 
of the placebo effect, thus activating brain systems and 
processes that resulted in pain relief [58]. Similarly, we 
speculate that better subjective memory in our partici-
pants activated brain pathways related to the subsequent 
improvement in objective cognition. Neuroimaging stud-
ies unrevealing the neural circuit basis of the placebo 
response are warranted.

As described above, some characteristics of our study 
participants can explain the high placebo response in the 
placebo group. It is more difficult to understand what 
happened in the nutraceutical group. Indeed, active 
treatments also have placebo components that contribute 
to their overall treatment effect [44, 59]. In randomized 
clinical trials, the classical additive model posited that the 
placebo response in the active treatment arm was equal 
to the placebo response in the placebo arm [60]. How-
ever, the non-additive model suggested that the former 
may be either smaller or greater than the latter, due to 
the complex interaction between drug-specific and pla-
cebo effects [44]. Unfortunately, the parallel design was 
not appropriate to answer this issue [44, 59]. Other study 
designs, such as three-armed clinical trials with placebo 
controls, might allow to better understand the placebo 
response mechanisms and reduce their effect [42, 43]. 
Another explanation for the inconclusive results on the 
treatment effect might be related to the small sample 
size [61]. As there were no comparable clinical trials, we 
determined the sample size of our study based on the 
effect of a different intervention (i.e., cognitive health 
program). To exclude this as a source of limitation, we 
computed a post-hoc power analysis, confirming that the 
sample size estimation was appropriate (see supplemen-
tal discussion for details).

In clinical trials showing high placebo responses, the 
low medication doses achieved in the active treatment 
may be a factor contributing to the failure to distin-
guish among treatment groups [62]. As reported in the 
study protocol [17], we established the trial nutraceuti-
cal dosage based on estimated data of flavonoid intake 
and major food sources of the elderly individuals. We 
acknowledge that this method may be subject to limita-
tions, such as overlooking individual bioavailability and 
metabolism. Considering the complex chemical compo-
sition of a nutraceutical, which includes multiple bioac-
tive compounds with varied physicochemical properties 
and complex pharmacokinetic traits, the importance of 
using appropriate pharmacokinetic modeling to optimize 
dosing regimens has been underlined [63]. Furthermore, 
as participants reported high adherence to the Mediter-
ranean diet, the requirement for nutritional compounds 
supplied by Citrus peel extract might already be satisfied, 
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thus undermining the possibility to detect an effect of the 
nutraceutical. No data on dietary intake were available in 
our study to test this hypothesis. Although we decided to 
manufacture the nutraceutical using a natural approach 
that avoided any chemical modification of the citrus peel 
extract, the use of whole foods provides a synergistic 
mixture of nutrients that could increase absorption and 
effectiveness [64, 65]. Future trials involving high intake 
of phytonutrient-rich whole food products could lead to 
more significant results.

The use of biological alongside clinical outcomes may 
provide insights into the physiological mechanisms 
that underlie the effect of a treatment. Contrary to our 
a-priori hypothesis, IL-8 did not decrease in the Cit-
rus peel extract, but increased in both groups. Based 
on preclinical data about the anti-inflammatory effects 
exerted by NAR and AUR through reducing IL-8 levels, 
the finding was quite unexpected. However, contrast-
ing results between the human and preclinical studies 
were frequently observed due to drug-disease interac-
tions [66] or poor quality of animal researches [67]. The 
result was unforeseen also considering that elevated IL-8 
levels have been associated with worse memory in older 
adults [68]. In contrast, a recent longitudinal study with 
AD biomarker collection showed the opposite finding: 
higher baseline IL-8 levels in the cerebrospinal fluid were 
associated with better memory performance, specifically 
in healthy older adults with lower load of AD pathology 
[69]. This study supported the concept that a neuroin-
flammatory response might be neuroprotective in aging 
and preclinical AD [70]. We speculate that increased IL-8 
levels in our sample of older adults might represent an 
up-regulation of pro-inflammatory response associated 
with beneficial effects, possibly related to high placebo 
response. The use of surrogate biomarkers of the molecu-
lar response to placebo treatments is warranted to pre-
dict placebo responsiveness in clinical trials [71].

Limitations
The main limitation of this study is the lack of biologi-
cal (AD biomarkers) and genetic (APOE4 genotype) 
characterization in our trial population. Since SCD 
individuals with AD pathology and/or APOE4 carriers 
were at increased risk of clinical progression to mild 
cognitive impairment or dementia [72, 73], the bio-
marker and genetic assessment might have identified 
individuals more prone to benefit from this trial. The 
absence of biological characterization might also have 
limited the generalization of our trial findings to other 
SCD samples. An enrichment strategy based on the 
selection of participants with high levels of inflamma-
tion at baseline might be an alternative to identify high 
responders to the treatment. Lastly, pharmacokinetic 

investigations to determine the optimal dosage ranges 
of nutraceutical and dietary intake assessment were not 
available.

Conclusions
Despite we did not find benefits of Citrus peel extract 
over placebo, the results of this study could be of signifi-
cant interest for improving the design of future nutraceu-
tical clinical trials aimed to test novel cognitive enhancers 
in SCD. Positing that SCD individuals, especially the 
‘worried well’ people, might be more susceptible to a pla-
cebo response, the measurement of variables such as par-
ticipants’ expectations, attitudes towards nutraceuticals 
and personality features could provide valuable insights 
into the accurate estimation of treatment effects. An 
improved understanding of the placebo response has the 
potential to increase the efficiency of future nutraceutical 
trials in SCD.
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