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Abstract With advancements in veterinary care and
the growing recognition of pets as integral member
of the family, the lifespans of dogs and cats have sig-
nificantly increased, leading to a higher prevalence of
age-related conditions, including cognitive dysfunc-
tion syndrome (CDS). CDS adversely impacts pets’
quality of life and presents emotional and practical
challenges for owners. Given its similarities to Alz-
heimer’s disease in humans, CDS has gained attention
as a target for nutrition-based interventions aimed
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at preserving cognitive function. This systematic
review evaluates the efficacy of enriched diets and
nutraceuticals in improving cognition in aging com-
panion animals. A literature search was conducted
using PubMed, CAB Abstracts, Web of Science, and
Dimensions to identify clinical trials published in
English that investigated the effects of enriched diets
or nutraceuticals on cognitive functions in aged cats
or dogs. Study quality was assessed using a modified
CAMARADES checklist. A total of 30 studies (27
canine and 2 feline trials) published between 2002
and 2023 were reviewed. Studies on enriched diets
generally demonstrated higher methodological qual-
ity compared to those on supplements. Omega-3 fatty
acids showed cognitive benefits in aging pets, espe-
cially at higher doses, while antioxidants from plant
extracts and products and vitamins E and C alone
were less effective but remain essential for stabilizing
omega-3 fatty acids. Other supplements, including
S-adenosyl methionine, medium-chain triglycerides,
homotaurine, and apoaequorin, also showed promise.
However, future studies must standardize protocols,
include robust control groups, and utilize both objec-
tive tasks and subjective questionnaires to strengthen
conclusions.
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Introduction

With improvements in veterinary care [1], and owners
increasingly considering their pets as family members
[2, 3], the lifespans of dogs and cats have increased
[4]. This has led to a rise in age-related diseases [5],
globally the same as for humans [1, 6], extending the
concept of “health span” to pets [7]. Aging is a pro-
gressive and intrinsic decline in physiological func-
tions, influenced by toxic environmental factors and
limited genomic adaptability [8]. This decline com-
promises homeostasis and responsiveness to the envi-
ronment [9-11], reducing pets’ autonomy and bur-
dening owners [12, 13].

Among these declining functions, cognitive dys-
function is particularly impactful [14], leading to
cognitive dysfunction syndrome (CDS) in dogs and
cats [15]. Canine CDS prevalence increases with age
and may begin as early as 6 years old [16], affect-
ing 14-35% of dogs by age 8 [17]. Feline CDS is
less studied [18]. However, one-third of cats aged
11-14 years show symptoms, with prevalence
increasing with age [19]. Clinical signs of CDS in
both species are grouped into six categories: Diso-
rientation, altered social Interactions, changes in
Sleep—wake cycles, loss of Housetraining, altered
Activity levels, and increased Anxiety; defining “DIS-
HAA” approach [15].

CDS is linked to several changes in the aging brain
[17, 18]. Briefly, dogs exhibit brain atrophy, selec-
tive neuron loss, beta-amyloid plaques, oxidative
brain damage, neuronal mitochondrial dysfunction,
impaired neuronal glucose metabolism, and neuroin-
flammation due to abnormal microglial and astrocyte
activity [17, 18]. Calcium regulation abnormalities
have also been suggested [20]. Feline CDS is less
understood but involves beta-amyloid plaques of dis-
tinct structure, neuronal loss, and brain atrophy [18].
Both canine and feline brains show the accumulation
of several phosphorylated tau epitopes consistent with
Alzheimer’s disease (AD) in humans [18], although
they do not develop full-blown neurofibrillary tan-
gles, possibly due to their shorter lifespans [21].
These similarities have positioned dogs [22] and cats
[23] as potential models for studying AD in humans.

The role of nutrition in preserving cognition in
pets and humans has been studied for decades, show-
ing promising results in dogs and cats [24, 25]. These
interventions are often perceived as “natural” by the
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public, aligning with owner preferences [26]. How-
ever, studies evaluating enriched diets and nutraceu-
ticals in improving cognitive function in pets have
reported inconsistent results [27], leaving no consen-
sus on effective interventions.

This work aims to systematically review published
studies assessing the efficacy of enriched diets and
nutraceuticals in improving cognitive function in
aging companion animals. The objectives are to iden-
tify relevant products and propose recommendations
for future research in this field.

Materials and methods

This review follows the Preferred Reporting Items
for Systematic reviews and Meta-analyses (PRISMA)
statement [28] and is registered at PROSPERO with
registration number CRD42023451061. Since this
study did not involve animals or humans, no ethical
protocol was required.

Literature search

The literature search was conducted on July 17th,
2023, across four databases: Pubmed (Medline, 1946
onwards), Web of Science (Clarivate, 1950 onwards),
Dimensions (Digital Science, 1950 onwards), and
CAB Abstracts (EBSCOhost, 1973 onwards). A spe-
cifically designed formula composed of three groups
of keywords, (1) age-related cognitive dysfunction,
(2) targeted species, and (3) enriched diets and nutra-
ceuticals, was applied on titles and abstracts of the
registered publications (Table 1). The third keywords
group (enriched diets and nutraceuticals) was adapted
from a systematic review focusing on enriched diets
and nutraceuticals in the context of osteoarthritis pain
management in dogs and cats [29]. A citation search
was then performed on the identified articles, and rel-
evant references were added.

Selection of studies

Covidence software automatically removed dupli-
cates. Then, the entire pool of studies was indepen-
dently screened by two reviewers (T.B., J.E.) in a two-
step process. In the first step, titles and abstracts were
evaluated based on the following inclusion criteria:
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Table 1 Categorization of keywords used in the search formula for identifying relevant studies

Keyword group Keywords

1. Age-related cognitive dysfunction
2. Targeted species

3. Enriched diets and nutraceuticals®

“disease modifying agent,” nutrient*, nutritional, “nutritional medicinal product,

memory, cognit®, learning, anxiety, “Cognitive dysfunction,” Alzheimer, senility, dementia

cat, cats, feline, dog, dogs, canine

2

nutri-

tional supplements,” nutraceutical*, “botanical drugs,” “botanical food supplements,”
“herbal health nutritionals,” “herbal health nutritional,” “herbal medicine,” “fortified
food,” “food additive,” “food additives,” diet, “dietary supplements,” “dietary supple-

ment,” dietary, “geriatric diet,
“complementary medicines,
“food-derived products,” “food-derived product,

2 ”

natural product,” “natural products,” phytotherapy,
complementary medicine,” homeopathy, antioxidant,
” “mineral supplements,” “mineral sup-

2 <

” <

plement,” supplement, supplements, “Medium chain triglycerides,” MCT, “Fatty acids”

Keywords within each group were connected by “OR.” The three keyword groups were combined using “AND.”

#Adapted from Barbeau et al.

All references, including those from the database search and citation search, were imported into Covidence (Veritas Health Innova-
tion, Melbourne, Australia), a web-based collaboration software platform that streamlines the production of systematic and other

literature reviews.

An updated literature search was performed on 19th November 2024, using the same databases and search formula. However, no new

eligible articles were identified.

(I) The study was a clinical trial.

(II) The study was written in English.

(IIT) The study investigated the effects of enriched
diets or nutraceuticals on the cognitive func-
tions of aged cats or dogs.

Studies were excluded if they met any of the fol-
lowing criteria:

(I) The study did not include senior pets.

(II) No cognitive questionnaire or task was used.

(IIT) Enriched diets or nutraceuticals were used
solely as adjunctive therapy to a drug.

(IV) Only an abstract was available.

In the second step, full texts of the selected stud-
ies were independently assessed for eligibility by
the same two reviewers. Any disagreements during
the screening or assessment process were resolved
through thorough discussions between the reviewers
(T.B.,J.E.).

Data extraction

Data extraction was conducted independently across
all studies by two reviewers (T.B., J.E.), with the
extracted data subsequently consolidated by T.B. to
produce the final dataset using Excel (Excel 2023,
v. 2310, Microsoft Corp.). The extracted informa-
tion encompassed key general details, including

publication date, journal, title, first author’s name,
and the study’s country of origin. Pertaining to the
animals involved, the extracted data covered number
of animals, species, breeds, population specifications
(quantity, sex ratio), and the source of the animals
(e.g., laboratory, kennel, owners), alongside inclu-
sion and exclusion criteria. Regarding dietary aspects,
details on the diet at baseline (T0) and the control
diet as well as the diet maintained during the study
were extracted. The nature of the intervention (i.e.,
enriched diet or supplement) was specified, along
with comprehensive information about its compo-
sition, dosage, frequency, and duration. Cognitive
assessment details were also extracted, including
the type of cognitive evaluation employed (cogni-
tive tasks or questionnaires), the specific name of the
assessment used, and the outcome measured.

Quality assessment

The quality of studies was assessed independently by
two reviewers (T.B., J.E.) using a modified CAMA-
RADES checklist (Table 2) [29-31]. Based on the
quality score (QS) distribution, studies scoring 18 or
above were classified as very high quality, those scor-
ing 16 and 17 were considered good quality, those
scoring 14 and 15 were categorized as medium qual-
ity, and studies scoring less than 14 were classified as
low quality.
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Table 2 Modified CAMARADES checklist for study quality assessment

Item

Score

Publication in peer-reviewed journal
Type of study

Controlled study

Baseline testing

Randomization of treatment or control

Blinding

Blinded assessment of outcome

Prespecified inclusion and exclusion criteria

Ethics committee approval indicated

Animals check-up at baseline

Sample size calculation

Sample size

Statement of providing diet fulfilling animals’ needs

Dose of enrichment or nutraceutical provided

Cognitive assessment

Statement regarding possible conflict of interest
Reporting animals excluded from analysis
Reporting study funding

Statistical analyses clearly described

Yes (1), no (0)
Single cohort (0), crossover (1), parallel (2)
No control group (0), positive control group (1*), placebo (1*)

Yes, of everything studied (2), yes, but only part of things studied (1), no or
not mentioned (0)

Yes (1), no or not mentioned (0)

Single-blinded (1), double-blinded (2), no or not mentioned (0)
Yes (1), no or not mentioned (0)

Yes (1), no (0)

Yes (1), no (0)

Yes (1), no or not mentioned (0)

Yes (1), no or not mentioned (0)

< 10 per group (0), 10-20 per group (1),> 20 per group (3)

Yes, and provides name or full composition (2), yes (1), no or not mentioned
(— 1), no uniformization of diet (—2)

Yes (1), no (—1)

Questionnaire made for the study (0), validated questionnaire (1*), task made
for the study (0), validated task (1%*)

Yes (1), no (0)
Yes (1), no (0)
Yes (1), no (0)
Yes (1), no (0)

The normality of the quality scores was assessed
by visualization of the density plot. Potential factors
influencing the quality scores, the method of cogni-
tive function assessment (questionnaire vs. cognitive
task), type of intervention (enriched diet vs. supple-
mentation), and the type of animals included (labora-
tory vs. owner-owned dogs), were evaluated using the
Wilcoxon test. A p-value < 0.05 was considered statis-
tically significant, while a p-value <0.1 was regarded
as a tendency warranting further investigation.

Evaluation of cognitive function

The clinical trials were categorized separately based
on whether they assessed cognitive functions through
cognitive tasks or questionnaires. The numerous and
diverse cognitive tasks used were grouped according
to the cognitive function they assessed (i.e., memory,
learning, executive function, and visuospatial func-
tion) [32, 33] (Table 3). One clinical trial employed
the Modified Canine Cognitive Vienna Battery,
consisting of 11 subtests. Due to its comprehensive
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evaluation of canine cognition, this test evaluates the
four cognitive functions.

Supplementation

Regarding dietary supplementation, given that clini-
cal trials often involve a combination of nutrients, a
variable was created to categorize each existing nutri-
ent: e.g., plant extracts and products, antioxidant
vitamins, omega-3 fatty acids, apoaequorin, medium-
chain triglycerides (MCT), coenzyme Q10 (CoQ10),
B vitamins mitochondrial co-factors: lipoic acid (LA)
without acetyl-L-carnitine (ALCAR), ALCAR with-
out LA, or a combination (LA + ALCAR), trypto-
phan, phosphatidylserine (PS), and others: n-acetyl
cysteine (NAC), s-adenosyl-methionine (SAMe),
homotaurine, arginine.

To standardize dosages, all doses per kilogram of
body weight for dogs were calculated based on a theo-
retical 10 kg dog, reflecting the average weight of lab-
oratory beagles used in most studies. For cats, doses
were calculated using a 4 kg baseline, as indicated
in Pan et al.’s article [48]. When enriched diets were
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Table 3 Cognitive tasks used in the clinical trials and the cognitive function tested, task classification adapted from Davis and Head

[32] and Martin et al. [33]

Cognitive function Task Number of uses References
Dogs | cats Dogs | cats
Learning Object discrimination learning 711 [20, 34-38] | [35]
Landmark task—Iland-0 only 610 [38-43]
Size discrimination learning 311 [39, 40, 44-47] | [48]
Black and white discrimination learning 310 [38, 39, 45]
Maze learning 210 [49, 50]
Spatial discrimination learning 110 [51]
Memory Delayed non-matching position 911 [20, 34, 35, 37, 38,
40, 41, 44, 51, 52]
| [48]
Object discrimination retention 110 [37]
Maze retention 110 [49]
Executive function Attention task/oddity discrimination 510 [20, 40, 51, 53]
Object discrimination reversal 211 [35,51]11[35]
Size discrimination reversal 211 [39, 40] | [48]
Egocentric task reversal 210 [42, 43]
Maze reversal 210 [49, 50]
Black and white discrimination reversal 210 [38, 39]
Spatial discrimination reversal 110 [51]
Visuospatial function Landmark task 611 [38—43]1[48]
Egocentric task 211 [42, 43]1[48]

used, metabolizable energy (ME) and energy require-
ments were calculated according to National Research
Council’s 2006 guidelines (130¥*BW”0.75 kcal/day
for dogs and 100*BW*0.67 for cats) [54]. The theo-
retical food quantity was then derived by dividing
energy requirements by the ME of the diet, allowing
for the calculation of nutrient intake per animal.

Results
Study selection process

A total of 3167 articles were imported from databases
and an additional 3 articles were sourced through
citation searching, into Covidence software. The
PRISMA flowchart is shown in Fig. 1. Covidence
removed 1802 duplicates, leaving 1368 studies for
title and abstract screening, which resulted in the
exclusion of 1303 articles. Full texts of the remain-
ing 65 studies were assessed for eligibility, leading
to the exclusion of 35 studies. The main reasons for
exclusion were as follows: no mention of cognitive

function (37%), the study being a literature review
(20%), inclusion of only young pets (9%), and una-
vailability of full text (9%). Additionally, four
excluded articles were conference papers or summa-
ries of previously published studies already included
in the review. As a result, 30 studies were included,
comprising 29 unique clinical trials. Notably, four
articles referred to the same clinical trial [44—47],
while two articles encompassed two distinct clinical
trials each [20, 35]. Among these, only two clinical
trials focused on cats [35, 48], with the remaining 27
trials centered on dogs.

Characteristics of the studies

Studies were published between 2002 and 2023,
the most prolific year being 2007 with four publica-
tions. The median number of authors per study was 6
(range 3-13), involving a total of 123 unique authors
who contributed to these 30 studies, resulting in 174
author appearances. Of the 123 authors, 18 (14.6%)
were affiliated with the University of Toronto, 13
(10.6%) with CanCog Technologies, and 11 (8.9%)
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Studies from databases/registers (n = 3167)
PubMed (n = 758)
Web of Science (n =821)
CAB Abstracts (n = 508)
Dimensions (n = 1082)

References from other sources (n = 3)
Citation searching (n = 3)

c
=]
=}
©
=
=
-
c
)
=

Duplicates removed (n = 1802)

Titles & abstracts screened (n = 1368) —>| Studies excluded (n =1303)

v

Studies assessed for eligibility, full text (n = 65)

S Studies excluded (n = 35)

No statement about cognitive function (n = 13)
Review (n=7)

Young population (n = 3)

No full text available (n = 3)

Conference paper - Article published (n = 2)
Summary of a study already published (n = 2)
Case series (n=1)

Not in english (n=1)

Not about cognitive dysfunction (n = 1)

Not about enriched diet or nutraceuticals (n = 1)

Screening

Drug (n=1)
\ 4
Articles included in review (n = 30)
Clinical trials (n = 29)
Articles on the same clinical trial (n = 4)
Articles with two clinical trials (n = 2)
Canine clinical trials (n = 27) Feline clinical trials (n = 2)

Fig. 1 PRISMA flowchart for study selection

with the University of California, Irvine. The corre- (26.7%), Italy (10.0%), Austria (6.7%), France (6.7%),
sponding authors were affiliated with institutions in and Germany, South Korea, Spain, and the UK (3.3%
the following countries: the USA (36.7%), Canada each).
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Clinical trial methodologies

Concerning the dog trials selected, 15 clinical trials
were conducted on laboratory beagles; 11 were on
pet dogs, which included multiple breeds and cross-
bred dogs; and one was on kennel dogs. All trials
included a control group except four studies on pet
dogs. The median number of dogs included in the
test groups was 11.5 (range 4-61), with eight trials
(30%) having less than 10 dogs and two trials (7%)
having more than 40 dogs. Statistical power calcu-
lations were provided in three trials (11%). Six tri-
als (22%) did not provide sufficient information to
calculate the sex ratio. Of the remaining trials, four
(15%) had a balanced distribution between males
and females. Across all studies, the mean age of the
dogs was 10.1 years (range 6.5-17.3). Two clinical
trials did not provide precise age data for the dogs,
only noting that they were “aged.” Data on dogs’
weights were provided in seven trials (26%). In 17
trials (63%), all dogs were fed a controlled complete
and balanced food; in seven trials (26%), dogs were
kept on their owners’ diets, which were not detailed
in the articles; and two trials (7%) did not mention
the dogs’ basal diet.

The two feline clinical trials involved laboratory
domestic short-haired cats, included control groups,
but did not provide sample size calculations nor infor-
mation to calculate sex ratio. One trial involved 8

Fig. 2 Quality score of the
studies according to the
intervention (enriched diet
of supplementation)

Quality Score

cats, age ranged 8.4 to 13.9 years old, and the other
one involved 16 cats, age ranged 5.5 to 8.7 years old.

Quality scores

The quality scores of the studies, evaluated using
the modified CAMARADES checklist, were not
normally distributed. The median quality score was
16 (range 7-24). Due to the limited number of stud-
ies involving cats, factors influencing quality scores
could only be analyzed for dogs. Studies using
enriched diets had significantly higher quality scores
than those using supplements (p=0.035; median:
17.0 vs. 14.2, respectively; Fig. 2). While not statisti-
cally significant, studies using cognitive tasks tended
to have higher quality scores compared to those using
questionnaires (p=0.077), with greater variabil-
ity observed in the latter group (Fig. 3). Similarly,
although no statistically significant difference was
found in quality scores between studies involving lab-
oratory dogs and owner-owned dogs, the latter group
exhibited more variability in scores (Fig. 4).

Cognitive evaluation

Of the 27 canine clinical trials reviewed, 19 trials
(70%) incorporated cognitive tasks (Table 4) and
eight (30%) used questionnaires (Table 5) for cogni-
tive function evaluation. The most evaluated function

Wilcoxon, p = 0.035

Enriched diet

Supplement
Intervention
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Fig. 3 Quality score of the Wilcoxon, p = 0.077
studies according to cogni-
tive function assessment

(cognitive tasks or question- 30
naire)
o 20
o
O
0
=
©
5
10
0
Questionnaire Task
Assessment
Fig. 4 Quality score of the Wilcoxon, p = 0.557
studies according to the ani-
mals included (laboratory
animals or owner pets) 30
o 20
o
O
(%]
Py
©
3
(¢]
10
0
Laboratory animals Owners pets
Animals
was learning (n=15), followed by executive function assessed learning and executive function, while one
(n=13), memory (n=10), and visuospatial function also evaluated memory and visuospatial function.
(n=7) (Fig. 5). Specific tasks were commonly employed to assess
The two feline trials exclusively employed cogni- various cognitive domains: Object Discrimination
tive tasks, with no use of questionnaires. Both trials Learning Task emerged as the preferred method for
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Fig. 5 Venn diagram of the
cognitive functions evalu-
ated in 27 canine clinical
trials

Memory

Learning

evaluating learning, the Delayed Non-Matching Posi-
tion Task for memory assessment, the Attention Task/
Oddity Discrimination Task for executive function
evaluation, and the Landmark Task for assessing
visuospatial function (Table 3).

Supplementation

In dogs, 15 trials (56%) tested a supplement, while 12
trials (44%) evaluated an enriched diet. The median
duration of treatment was 91 days, with a range of
32 days to 3 years. For cats, one trial tested a supple-
ment lasting 39 days, and another tested an enriched
diet lasting nearly a year (345 days). For 89% of the
dog studies and all the cat studies, the precise dosage
administered to each animal was provided.

The most frequently used nutrients were plant
extracts and products (n=14, 48%), and vitamins
E and/or C (n=14, 48%). These were followed by
omega-3 fatty acids (n=10, 34%), mitochondrial
cofactors (LA, ALCAR, or a combination, n=38,
28%), and phosphatidylserine (n=6, 21%). The
29 clinical trials and their results are summarized

Executive

Visuospatial

in Table 4 for trials that included task-based
assessments and in Table 5 for those that used
questionnaires.

In trials testing eicosapentaenoic acid (EPA) and
docosahexaenoic acid (DHA), dosages ranged from
7 to 94.5 mg/kg. For vitamin E, dosages varied
between 1.2 and 19 mg/kg, while those including
LA ranged from 2 to 11 mg/kg. ALCAR dosages
spanned 1 to 27.5 mg/kg, and phosphatidylser-
ine ranged from 0.2 to 6.3 mg/kg. Detailed dosage
information for each supplement in the studies can
be found in Supplementary File 1.

Effects of the supplements on cognitive functions

Supplements that consistently failed to show positive
effects

Tryptophan was tested in two canine trials (86 mg/
kg in one, unknown dosage in the other) and con-
sistently failed to demonstrate a positive effect on
cognitive functions [36, 55].

@ Springer
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Supplements that showed a positive effect by their
own

e Omega-3 fatty acids: In one trial (QS: 19), DHA
alone (approx. 26 mg/kg) improved learning but
did not affect memory [37]. A second trial (QS:
20) combining pork brain sphingolipids with
67.5 mg/kg of DHA and 27 mg/kg of EPA showed
benefits for learning and executive functions and
prevented memory decline [51].

e MCT: One trial (QS: 17) demonstrated that a diet
containing 5.5% MCTs significantly improved
executive and visuospatial functions in laboratory
dogs [42].

e S-adenosyl-methionine: In trials involving cats
(QS: 15) and dogs (QS: 16), SAMe supplemen-
tation improved executive functions but had
no effect on learning. In cats, this benefit was
observed only in the top performers [35]. A
2-month trial in pet dogs (QS: 15) also showed
SAMe significantly alleviated CCD symptoms
[57].

e Homotaurine: A 1-year trial (QS: 14) found that
homotaurine significantly improved learning and
executive functions and prevented age-related
memory decline in dogs [49].

e Apoaequorin: In a 32-day trial (QS: 17),
apoaequorin improved learning and executive
functions without affecting memory in dogs [20].
A higher dose resulted in better cognitive out-
comes, and a second trial (QS: 16) showed greater
performance compared to selegiline.

Supplements effective only in combination

Plant extracts and products, vitamins E and
C Plant extracts and products and antioxidant vita-
mins showed limited efficacy when used alone. For
instance, polyphenols from grape and blueberry
extracts (QS: 18) did not significantly improve mem-
ory in dogs after 75 days [52]. Similarly, Snigdha
et al. (QS: 15) found no significant effects of a fruit
and vegetable and antioxidant vitamin—enriched diet
on learning, memory, executive, or visuospatial func-
tions in beagle dogs over 3 years [38]. However, com-
binations of the same fruits and vegetables with anti-
oxidant vitamins, LA, and L-carnitine were effective

@ Springer

in two trials [46, 53]. Additional combinations with
omega-3 fatty acids were also beneficial in both dogs
[50, 56] and cats [48].

LA and ALCAR LA alone, tested at doses of
2.7 mg/kg and 11 mg/kg, failed to show benefits and
even negatively impacted learning at the lower dose
after 3 years of supplementation in dogs [38, 39].
Similarly, ALCAR, tested once at 27.5 mg/kg, also
tended to worsen learning performance [39]. Despite
the negative effects observed with LA and ALCAR
when used individually, their combination demon-
strated a positive effect on memory in dogs at doses
of 2.7 mg/kg LA and 5.4 mg/kg ALCAR [38]. Chris-
tie et al. (2009) did not observe any positive effects at
higher doses (11 mg/kg LA and 27.5 mg/kg ALCAR),
while Milgram et al. (2007) reported improvements in
learning and visuospatial functions using the same
dosages. However, it is important to note that neither
Christie et al. (2009) nor Milgram et al. (2007) tested
memory function. Christie et al. proposed that differ-
ences in the cognitive baseline of the animals could
explain the divergent results [39].

Supplements consistently effective but only used
in combination

Certain supplements, such as arginine (315-390 mg/
kg), NAC (4-17 mg/kg), L-carnitine (2.7-4.7 mg/kg),
and B vitamins, consistently showed positive effects but
were always used in combination with other nutrients.
These supplements were absent from trials that failed
to find positive effects (see Supplementary File 1 for
dosages).

Ineffective combinations
e Omega-3 fatty acids +tryptophan: The only two tri-
als that included omega-3 fatty acids and failed to

show any positive effects were the ones combining
omega-3 fatty acids with tryptophan [36, 55].

Effective combinations

e Omega-3 fatty acids+CoQ10: The two trials with
the lowest effective doses of EPA and DHA (with
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15 mg/kg of krill oil and 5 mg/kg of krill powder
[50], and with 7 mg/kg of EPA +DHA [58]) both
incorporated CoQ10 (1.5 mg/kg and 0.2 mg/kg,
respectively).

e Omega-3 fatty acids in combination cocktails:
One trial in laboratory dogs (QS: 18) [43] and one
in laboratory cats (QS: 18) [48] tested enriched
diets containing vitamins E and C, EPA, DHA, B
vitamins, and arginine, both demonstrating posi-
tive effects on executive and visuospatial func-
tions. The feline trial also showed improvements
in learning and memory. A similar enriched diet,
further supplemented with 5.5% or 9% MCTs,
was tested in pet dogs and showed improvements
across all DISHAA domains after 90 days (QS:
23) [59]. Two other trials demonstrated benefits
for CCD symptoms in pet dogs with combinations
including vitamins E and C, omega-3 fatty acids,
and mitochondrial co-factors [56, 58].

Discussion

This study aimed to identify, through a systematic
review, effective enriched diets and nutraceuticals
that could improve cognitive function in aging dogs
and cats. We will first discuss the molecules that have
been tested, and then finish by looking at the obsta-
cles preventing us from going any further in our
conclusions.

Omega-3 fatty acids

DHA appears to have significant positive effects on
the cognition of aging dogs and cats, whether admin-
istered alone or in combination with EPA. Clear
positive results have been observed at high doses of
DHA (33, 41, and 67.5 mg/kg) and EPA (37, 43, and
27 mg/kg) for both dogs and cats [43, 48, 51]. With
lower doses, the effects are more variable [36, 55]. In
dogs, these benefits are particularly evident in learn-
ing functions [43, 51], while in cats, positive effects
have been noted across all studied cognitive func-
tions when administered in combination [48]. Indeed,
omega-3 fatty acids, especially EPA and DHA, play
a crucial role in brain health. DHA, which is abun-
dantly present in dogs and cats’ brain [65], is known
to have neuroprotective effects. It improves synap-
tic membrane fluidity, reduces pro-inflammatory

metabolites from omega-6 fatty acids, enhances
antioxidant defenses, promotes neurogenesis, and
increases glucose transporter activity [66]. The use
of omega-3 fatty acids in humans leads to the main-
tenance of brain volume [67] and higher hemoglobin
oxygen saturation and total hemoglobin concen-
trations, suggesting improved blood circulation in
the brain [68]. In vitro, DHA needs to be protected
with antioxidants to prevent its oxidation. Therefore,
in vivo, while antioxidant defenses are generally
sufficient in a physiological state, a combination of
omega-3 fatty acids and antioxidants seems more rea-
sonable [66].

Interestingly, the two studies that included coen-
zyme Q10 (CoQ10) alongside low doses of EPA and
DHA reported positive effects on cognitive function
[50, 58]. CoQ10, also known as ubiquinone or ubide-
carenone, is a potent antioxidant that plays a critical
role in cellular energy metabolism. In its reduced
form, it is a key component of the mitochondrial elec-
tron transport chain facilitating the transport of elec-
trons from Complex I and Complex II to Complex III
[69]. Omega-3 fatty acids also contribute significantly
to mitochondrial function by stabilizing complexes II1
and IV within this pathway [70]. This intricate inter-
play between omega-3 fatty acids and CoQ10 in the
inner mitochondrial membrane suggests a synergistic
relationship that supports mitochondrial efficiency
[71]. Given that cognitive dysfunction is linked to
oxidative stress and mitochondrial impairment, an
intervention targeting mitochondrial metabolism may
represent an effective strategy.

Plant extracts and products, vitamins E and C

Studies on the administration of polyphenols or
fruits and vegetables with vitamins E and C alone
have failed to demonstrate significant efficacy on
the cognitive function of dogs [38, 52]. This result
was unexpected as one known cause of cerebral
aging in dogs and cats is the accumulation of oxi-
dative stress-related damage [18]. Indeed, antioxi-
dant can inhibit the formation of excessive ROS
and other free radicals, as well as bind metal ions
that catalyze ROS generation [72]. The actual lack
of efficacy of supplementing antioxidants alone is
uncertain, just as the absence of a positive effect
may be due to study design (treatment duration
and dose, number of animals included, choice of

@ Springer
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cognitive assessment tools). Besides, antioxidants at
high doses can act as pro-oxidants and also disrupt
the redox balance by interacting with ROS at physi-
ological concentrations necessary for optimal cellu-
lar function. These contradictory effects are referred
to as the “antioxidant paradox” and have been pre-
viously reviewed [73]. For instance, research has
shown that supplementing human diets with high
doses of vitamin C (500 mg/day, approximately
6.7 mg/kg) increased oxidative damage in lympho-
cyte DNA. All the studies in this review were below
this threshold, except for one that used 11 mg/kg
of vitamin C, which failed to demonstrate any ben-
eficial effects, possibly due to the high dosage [74].
Furthermore, the three studies using extracted poly-
phenols in dogs also showed no cognitive benefits
[36, 52, 55] (Table 4). This aligns with the grow-
ing hypothesis that the health benefits linked to
plant food consumption may not be attributable to
individual compounds but rather to the synergistic
actions of complex mixtures of phytochemicals and
nutrients present in whole fruits and vegetables [75,
76].

Moreover, cognitive dysfunction is a multifaceted
syndrome; therefore, while antioxidants may help
mitigate oxidative damage, they may not be suffi-
cient on their own. Supporting overall cerebral func-
tion may require a more comprehensive approach that
includes additional therapeutic strategies beyond anti-
oxidant supplementation.

When combined with mitochondrial cofactors,
antioxidants may be beneficial for visuospatial
function [40], executive function [53], and mem-
ory [44—47], but the results are inconsistent. Two
studies showed positive effects [44—47, 53], while
a third study, which included fewer dogs and may
have lacked statistical power, did not demonstrate
any effects with the same enriched diet [38]. Addi-
tionally, even if combining antioxidants with phos-
phatidylserine (which is known to protect certain
neuronal populations from cell death [77]) has the
potential to improve cognitive function, no posi-
tive effects have been yet demonstrated compared
to a placebo. Antioxidants might also be beneficial
when combined with EPA and DHA, though study
outcomes appear to be dosage-dependent of these
latter. A combination with omega-3 fatty acids
and mitochondrial cofactors might be particularly

@ Springer

interesting for pet dogs showing signs of CDS, but
further research is needed, as only one good-quality
trial has investigated this combination [56].

Tryptophan and omega-3 fatty acids

Understanding the mechanisms behind tryptophan’s
influence on cognition is essential for interpreting
the clinical trials that failed to demonstrate its effi-
cacy, particularly in conjunction with omega-3 fatty
acids. Tryptophan’s role in cognitive function is
complex, primarily due to its conversion into sero-
tonin and its involvement in the kynurenine path-
way, which produces both neuroprotective, antioxi-
dant (kynurenic acid) and neurotoxic, pro-oxidative
(quinolinic acid) metabolites [78]. Tryptophan com-
petes with branched-chain amino acids for trans-
port into the brain; in aging dogs, reduced physical
activity could lead to decreased tryptophan uptake,
limiting its availability for serotonin synthesis [79].
As a result, supplementation in low-activity dogs
could increase the kynurenine pathway, potentially
leading to higher levels of the pro-oxidative qui-
nolinic acid. This, in turn, could oxidize omega-3
fatty acids, inhibiting their cognitive benefits. While
omega-3 fatty acids are generally known to promote
serotonin synthesis, they have also been associated
with increased kynurenine levels, which may com-
plicate their effects on cognition [80].

In the context of the two canine trials testing
tryptophan, both studies failed to show positive
cognitive effects, which may be due to several fac-
tors. First, the trials conducted by Chapagain et al.
(2018, 2020) used a diet enriched solely with DHA.
Second, one of the studies included high doses of
vitamin C, potentially acting as a pro-oxidant as
discussed above, while the other did not specify the
dosage. Moreover, unless there is a deficiency, tryp-
tophan supplementation may not yield significant
improvements in executive function, as a balanced
diet typically supplies adequate levels of this amino
acid [79]. Additionally, only one of these studies
evaluated the impact on executive function, which
is the cognitive domain most likely to be influenced
by tryptophan. This study involved pet dogs, where
achieving statistical significance can be challenging
due to high variability among individual responses.



GeroScience

Acetyl-L-carnitine (ALCAR), L carnitine, and
a-lipoic acid (LA)

ALCAR provides acetyl groups for acetylcholine
production and supports mitochondrial fatty acid
p-oxidation, contributing to neuroprotection by
maintaining mitochondrial membrane integrity and
promoting acetylcholine and glutathione (GSH) syn-
thesis [81]. Although L-carnitine is essential for shut-
tling fatty acids into mitochondria for f-oxidation,
it has not previously demonstrated the same oxida-
tive stress benefits as ALCAR [82]. This difference
is likely due to ALCAR’s superior ability to cross
the blood-brain barrier. In the three clinical trials
reviewed, L-carnitine was associated with positive
effects but was always administered in combina-
tion with other compounds. In the only study using
ALCAR alone (27.5 mg/kg), cognitive performance
tended to be worse in the treated group. Much like
excessive antioxidant use, high doses of ALCAR can
increase oxidative stress [83]; therefore, this dosage
may have been too high. Moreover, both ALCAR and
L-carnitine appear more effective in energy-depleted
conditions, such as aging or fatigue, rather than in
healthy individuals [84].

Additionally, LA, a cofactor in mitochondrial
energy production and acetylcholine synthesis,
showed mixed outcomes [85]. While LA can reduce
free radicals and inflammation, high doses may
paradoxically act as pro-oxidants [86], which could
explain why the two clinical trials using LA alone
failed to show cognitive improvement, with one trial
even reporting worsened outcomes. Due to the known
sensitivity of cats to LA’s toxic effects [87], its use
has not been tested in this species.

The combination of ALCAR and LA demonstrated
improved cognitive outcomes, particularly in mem-
ory, in two out of three trials that tested this pairing
alone, highlighting the potential synergistic effect
between the two compounds.

Medium chain triglycerides (MCTs)

In dogs, the cognitive benefits of MCTs have been
demonstrated in two high-quality trials [42, 59]. A
dietary inclusion of 5.5-6.5% MCTs (97% caprylic
acid and 3% capric acid) over a 90-day period was
sufficient to achieve these positive effects. While
glucose is the brain’s primary energy source, its

availability decreases with age due to mitochon-
drial dysfunction and reduced glucose metabolism
[88]. In beagles, regional cerebral glucose metabo-
lism has been shown to decline by as much as 25%
by the age of six [89], contributing to age-related
cognitive decline. MCTs offer an effective alter-
native energy source for the aging brain, as brain
uptake of ketones remains unaffected in mild-to-
moderate Alzheimer’s disease compared to healthy
age-matched controls [90]. Unlike long-chain tri-
glycerides, MCTs are rapidly digested without the
need for pancreatic lipases or bile acids and quickly
transported to the liver, where they are converted
into ketones [91]. In addition to providing energy,
MCTs and their derived ketones offer neuroprotec-
tive effects, such as reducing oxidative stress [92]
and potentially inhibiting Af-induced glutamate
release, which may decrease hyperexcitability and
inflammation [93]. These findings suggest that
incorporating MCTs into the diet not only compen-
sates for energy deficits in aging brains but also pro-
vides broader cognitive support, positioning MCTs
as a promising intervention for maintaining cogni-
tive health in older dogs.

S-adenosylmethionine (SAMe)

SAMe has shown positive results in three studies (one
involving laboratory dogs, one with pet dogs, and
one with laboratory cats) particularly in improving
executive function in laboratory animals. SAMe plays
a key role as the major methyl donor in the conver-
sion of phosphatidylethanolamine (PE) to phosphati-
dylcholine (PC), a process that helps regulate mito-
chondrial membrane fluidity and integrity through the
PC/PE ratio [94, 95]. It also serves as a precursor for
cysteine, which is essential for the synthesis of GSH
in neurons, further supporting its neuroprotective
potential [96].

Apoaequorin

Apoaequorin, a calcium-buffering protein, has dem-
onstrated cognitive benefits in learning and execu-
tive functions in two clinical trials, likely by reduc-
ing excitotoxicity and preventing ischemic cell death
associated to calcium dysregulation [97, 98].

@ Springer
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Homotaurine

One study investigated the effect of homotau-
rine alone on cognition on dogs and yielded posi-
tive results [49]. Homotaurine acts as a potent
GABA, receptor agonist [99], potentially reducing
Ap-induced excitotoxicity. It can also bind soluble Af
peptides, interfering with the amyloid cascade [100],
and its sulfur content may offer protection against
oxidative damage [101].

While these findings on SAMe, apoaequorin and
homotaurine are promising, more studies are needed
to confirm their overall effectiveness in improving
elderly dogs and cats’ cognitive functions.

Other supplements

Other potentially promising supplements include
arginine, NAC, and B vitamins, each consistently
associated with positive effects but only used in com-
bination with other compounds. Arginine serves as
the sole precursor of nitric oxide, which is crucial for
maintaining synaptic plasticity [102]. NAC acts as
a precursor to GSH, a key antioxidant [103]. B vita-
mins are essential for energy production and amino
acid metabolism, including homocysteine, which
interacts with vascular and neuronal systems (for a
review, see [104]).

Limitations

There have been relatively few clinical trials con-
ducted on dogs and even fewer on cats. The variabil-
ity in protocols, particularly in cognitive assessment
methods and the choice of supplements, has made
it difficult to draw definitive conclusions. Moreover,
supplements are often administered in combination
to enhance nutrient effects and counteract the multi-
faceted mechanisms of cognitive decline [72, 105].
This makes it challenging to draw conclusions about
the efficacy and relevance of each individual nutrient.
The absence of sample size calculations further lim-
its the ability to determine whether a lack of effect is
due to insufficient statistical power or a true absence
of benefit [106]. Therefore, in cases where multiple
cognitive tasks assessing the same function produce
conflicting results, we opted to note an “effect,” as a
non-effect in one task could result from inadequate
statistical power or inappropriate task difficulty.

@ Springer

Unfortunately, many studies on pet dogs lack control
groups, standardized diets, and consistent feeding
protocols before and during trials. This variability can
influence the animals’ responses to supplements [38],
as their nutritional status is often affected by incom-
plete and unbalanced feeding practices by owners
[107].

Despite these limitations, this systematic review
provides a comprehensive overview of clinical tri-
als investigating supplements or enriched diets for
improving cognitive function in dogs and cats, while
also evaluating their quality. It highlights the barriers
to obtaining definitive results, suggesting that future
clinical trials should address these issues to enable
future systematic reviews and ideally, meta-analyses.

Recommendations for future trials and perspectives

Since dogs share their owners’ lifestyle factors such
as physical activity, dietary choices, social relation-
ships, and exposure to pollutants, they represent a
compelling model for studying human aging [108,
109]. In contrast, laboratory dogs lack these human-
like environmental influences, making it essential to
test enriched diets and supplements in pet dogs, par-
ticularly in relation to cognition. Trials should ensure
that the diet is standardized before the study begins
and remains consistent throughout the trial period.
Additionally, all studies should include a control
group, especially when using subjective tools like
questionnaires. The sample sizes of the groups should
be determined based on statistical power calculations.

The use of established owner-administered ques-
tionnaires for cognitive function assessment in dogs,
such as the DISHAA Assessment Tool [59, 110],
CCDR [64], and Canine Dementia Scale [111], could
help reduce disparities between studies. Question-
naires are useful for identifying behavioral deficits,
while cognitive tasks offer an objective method to
assess cognitive functions [112]. Therefore, the use
of both methods is of great interest. Given the poten-
tial for nutrients to selectively affect specific cogni-
tive functions [113], it is important to assess multiple
cognitive functions using a variety of tasks to ensure
that no effects are overlooked. To date, no study has
used both questionnaires and cognitive tasks together
in this context.

Additionally, evaluating the persistence of post-
treatment effects would be valuable. Only one study
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has addressed this aspect, finding that while cognitive
functions improved during a 50-day intervention, they
returned to baseline levels within 10 days after the
treatment ended [58].

Conclusion

In conclusion, omega-3 fatty acids, particularly EPA
and DHA, have shown significant cognitive benefits
in aging dogs and cats, especially when administered
at higher doses, suggesting their potential as effective
interventions for cognitive decline. While antioxi-
dants alone did not demonstrate clear efficacy, they
remain essential in protecting omega-3 fatty acids
from oxidation, ensuring their continued effective-
ness. Other supplements, such as S-adenosyl methio-
nine, medium-chain triglycerides, homotaurine, and
apoaequorin, have also shown promising cognitive
benefits in aging pets. However, to draw more defini-
tive conclusions, future trials must standardize diets
and feeding protocols, include control groups, and
assess cognitive function using both objective tasks
and subjective questionnaires. Moreover, careful cal-
culation of sample sizes based on statistical power is
crucial for producing reliable and meaningful results.

Author contribution T. Blanchard had the idea for the arti-
cle; T. Blanchard and J. Eppe performed the literature search;
T. Blanchard analyzed the data and drafted the article and J.
Eppe, A. Mugnier, F. Delfour, and A. Meynadier critically
revised the work.

Funding Open access funding provided by Institut National
Polytechnique de Toulouse.

Data Availability The data that support the findings of this
study are available from the corresponding author upon reason-
able request.

Declarations

Conflict of interest The authors declare no competing inter-
ests.

Open Access This article is licensed under a Creative Com-
mons Attribution 4.0 International License, which permits
use, sharing, adaptation, 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 Crea-
tive Commons licence, and indicate if changes were made. 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/4.0/.

References

1. Day MJ. Ageing, Immunosenescence and inflammage-
ing in the dog and cat. J Comp Pathol. 2010;142:S60-9.
https://doi.org/10.1016/j.jcpa.2009.10.011.

2. Irvine L, Cilia L. More-than-human families: pets, peo-
ple, and practices in multispecies households. Sociol
Compass. 2017;11:e12455. https://doi.org/10.1111/soc4.
12455.

3. Dotson MJ, Hyatt EM. Understanding dog—human com-
panionship. J Bus Res. 2008;61:457-66. https://doi.org/
10.1016/j.jbusres.2007.07.019.

4. Montoya M, Morrison JA, Arrignon F, Spofford N,
Charles H, Hours M-A, et al. Life expectancy tables for
dogs and cats derived from clinical data. Front Vet Sci.
2023;10:1082102.  https://doi.org/10.3389/fvets.2023.
1082102.

5. Crimmins EM. Lifespan and healthspan: past, present,
and promise. Gerontologist. 2015;55:901-11. https://doi.
org/10.1093/geront/gnv130.

6. Gilmore KM, Greer KA. Why is the dog an ideal model
for aging research? Exp Gerontol. 2015;71:14-20.
https://doi.org/10.1016/j.exger.2015.08.008.

7. McCune S, Promislow D. Healthy, active aging for peo-
ple and dogs. Front Vet Sci. 2021;8:655191. https://doi.
org/10.3389/fvets.2021.655191.

8. Rose MR, Flatt T, Graves JL, Greer LF, Martinez DE,
Matos M, et al. What is aging? Front Genet. 2012;3:134.
https://doi.org/10.3389/fgene.2012.00134.

9. Lloyd D, Aon MA, Cortassa S. Why homeodynam-
ics, not homeostasis? ScientificWorldJ. 2001;1:133-45.
https://doi.org/10.1100/tsw.2001.20.

10. Vasto S, Scapagnini G, Bulati M, Candore G, Castiglia
L, Colonna-Romano G, et al. Biomarkes of aging Front
Biosci (Schol Ed). 2010;2:392-402. https://doi.org/10.
2741/s72.

11. Wensink MJ, Cohen AA. The Danaid theory of aging.
Front Cell Dev Biol. 2021;9:671208. https://doi.org/10.
3389/fcell.2021.671208.

12. Spitznagel MB, Jacobson DM, Cox MD, Carlson MD.
Caregiver burden in owners of a sick companion animal:
a cross-sectional observational study. Veterinary Record.
2017;181:321-321. https://doi.org/10.1136/vr.104295.

13. McKenzie BA, Chen F, LaCroix-Fralish ML. The phe-
notype of aging in the dog: how aging impacts the health
and well-being of dogs and their caregivers. 2022. https://
doi.org/10.2460/javma.22.02.0088.

14. Cesari M, Araujo de Carvalho I, AmuthavalliThiyagara-
jan J, Cooper C, Martin FC, Reginster J-Y, et al. Evidence
for the domains supporting the construct of intrinsic

@ Springer


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.jcpa.2009.10.011
https://doi.org/10.1111/soc4.12455
https://doi.org/10.1111/soc4.12455
https://doi.org/10.1016/j.jbusres.2007.07.019
https://doi.org/10.1016/j.jbusres.2007.07.019
https://doi.org/10.3389/fvets.2023.1082102
https://doi.org/10.3389/fvets.2023.1082102
https://doi.org/10.1093/geront/gnv130
https://doi.org/10.1093/geront/gnv130
https://doi.org/10.1016/j.exger.2015.08.008
https://doi.org/10.3389/fvets.2021.655191
https://doi.org/10.3389/fvets.2021.655191
https://doi.org/10.3389/fgene.2012.00134
https://doi.org/10.1100/tsw.2001.20
https://doi.org/10.2741/s72
https://doi.org/10.2741/s72
https://doi.org/10.3389/fcell.2021.671208
https://doi.org/10.3389/fcell.2021.671208
https://doi.org/10.1136/vr.104295
https://doi.org/10.2460/javma.22.02.0088
https://doi.org/10.2460/javma.22.02.0088

GeroScience

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

capacity. J Gerontol A Biol Sci Med Sci. 2018;73:1653—
60. https://doi.org/10.1093/gerona/gly011.

Landsberg GM, Nichol J, Araujo JA. Cognitive dysfunc-
tion syndrome: a disease of canine and feline brain aging.
Vet Clin North Am Small Anim Pract. 2012;42(749—
68):vii. https://doi.org/10.1016/j.cvsm.2012.04.003.
Studzinski C, Christie L-A, Araujo J, Burnham W, Head
E, Cotman C, et al. Visuospatial function in the beagle
dog: an early marker of cognitive decline in a model
of human aging and dementia. Neurobiol Learn Mem.
2006;86:197-204. https://doi.org/10.1016/j.nlm.2006.02.
005.

Dewey CW, Davies ES, Xie H, Wakshlag JJ. Canine
cognitive  dysfunction: pathophysiology, diagnosis,
and treatment. Vet Clin North Am Small Anim Pract.
2019;49:477-99. https://doi.org/10.1016/j.cvsm.2019.01.
013.

Vite CH, Head E. Aging in the canine and feline brain.
Vet Clin North Am Small Anim Pract. 2014;44:1113-29.
https://doi.org/10.1016/j.cvsm.2014.07.008.
Gunn-Moore DA. Cognitive dysfunction in cats: clini-
cal assessment and management. Top Companion Anim
Med. 2011;26:17-24.  https://doi.org/10.1053/j.tcam.
2011.01.005.

Milgram NW, Landsberg G, Merrick D, Underwood MY.
A novel mechanism for cognitive enhancement in aged
dogs with the use of a calcium-buffering protein. Journal
of Veterinary Behavior. 2015;10:217-22. https://doi.org/
10.1016/j.jveb.2015.02.003.

Yu C-H, Song G-S, Yhee J-Y, Kim J-H, Im K-S, Nho
W-G, et al. Histopathological and immunohistochemical
comparison of the brain of human patients with Alzhei-
mer’s disease and the brain of aged dogs with cognitive
dysfunction. ] Comp Pathol. 2011;145:45-58. https://doi.
org/10.1016/j.jcpa.2010.11.004.

Head E. A canine model of human aging and Alzhei-
mer’s disease. Biochimica et Biophysica Acta (BBA) -
Molecular Basis of Disease 2013;1832:1384-9. https://
doi.org/10.1016/j.bbadis.2013.03.016.

Zadik-Weiss L, Ritter S, Hermush V, Asher N, Avital A,
Or R. Feline cognitive dysfunction as a model for Alz-
heimer’s disease in the research of CBD as a potential
treatment-a narrative review. J Cannabis Res. 2020;2:43.
https://doi.org/10.1186/s42238-020-00054-w.

Morley JE. Cognition and nutrition. Curr Opin Clin Nutr
Metab Care. 2014;17:1-4. https://doi.org/10.1097/MCO.
0000000000000005.

Laflamme DP. Nutritional care for aging cats and dogs.
Vet Clin North Am Small Anim Pract. 2012;42(769—
91):vii. https://doi.org/10.1016/j.cvsm.2012.04.002.

Scott SE, Rozin P, Small DA. Consumers prefer “natu-
ral” more for preventatives than for curatives. Journal of
Consumer Research 2020;47. https://doi.org/10.1093/jcr/
ucaa034.

Sandor S, Kubinyi E. Genetic pathways of aging and
their relevance in the dog as a natural model of human
aging. Front Genet. 2019;10:948. https://doi.org/10.
3389/fgene.2019.00948.

Page MJ, McKenzie JE, Bossuyt PM, Boutron I, Hoft-
mann TC, Mulrow CD, et al. The PRISMA 2020 state-
ment: an updated guideline for reporting systematic

@ Springer

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

reviews. BMJ. 2021;372:n71. https://doi.org/10.1136/
bmj.n71.

Barbeau-Grégoire M, Otis C, Cournoyer A, Moreau
M, Lussier B, Troncy E. A 2022 systematic review and
meta-analysis of enriched therapeutic diets and nutraceu-
ticals in canine and feline osteoarthritis. Int J Mol Sci.
2022;23:10384. https://doi.org/10.3390/ijms231810384.
Macleod MR, O’Collins T, Howells DW, Donnan GA.
Pooling of animal experimental data reveals influence of
study design and publication bias. Stroke. 2004;35:1203—
8. https://doi.org/10.1161/01.STR.0000125719.25853.
20.

How CW, Teoh SL, Loh JS, Tan SLK, Foo JB, Ng
HS, et al. Emerging Nanotheranostics for 5-fluoroura-
cil in cancer therapy: a systematic review on efficacy,
safety, and diagnostic capability. Front Pharmacol.
2022;13:882704. https://doi.org/10.3389/fphar.2022.
882704.

Davis PR, Head E. Prevention approaches in a preclinical
canine model of Alzheimer’s disease: benefits and chal-
lenges. FRONTIERS IN PHARMACOLOGY 2014;5.
https://doi.org/10.3389/fphar.2014.00047.

B. Martin S, L.S. Dowling A, Head E. Therapeutic inter-
ventions targeting beta amyloid pathogenesis in an aging
dog model. CN 2011;9:651-61. https://doi.org/10.2174/
157015911798376217.

Araujo JA, Landsberg GM, Milgram NW, Miolo A.
Improvement of short-term memory performance in aged
beagles by a nutraceutical supplement containing phos-
phatidylserine, Ginkgo biloba, vitamin E, and pyridox-
ine. Can Vet J. 2008;49:379-85.

Araujo JA, Faubert ML, Brooks ML, Landsberg GM,
Lobprise H. NOVIFIT® (NoviSAMe®) tablets improve
executive function in aged dogs and cats: implications for
treatment of cognitive dysfunction syndrome. Int J Appl
Res Vet Med. 2012;10:90-8.

Chapagain D, Viranyi Z, Huber L, Serra J, Schoess-
wender J, Range F. Effect of age and dietary intervention
on discrimination learning in pet dogs. Front Psychol.
2018;9:2217. https://doi.org/10.3389/fpsyg.2018.02217.
Hadley KB, Bauer J, Milgram NW. The oil-rich alga
Schizochytrium sp. as a dietary source of docosahexae-
noic acid improves shape discrimination learning associ-
ated with visual processing in a canine model of senes-
cence. PROSTAGLANDINS LEUKOTRIENES AND
ESSENTIAL FATTY ACIDS 2017;118:10-8. https://
doi.org/10.1016/j.plefa.2017.01.011.

Snigdha S, de Rivera C, Milgram NW, Cotman CW.
Effect of mitochondrial cofactors and antioxidants sup-
plementation on cognition in the aged canine. Neurobiol
Aging. 2016;37:171-8. https://doi.org/10.1016/j.neuro
biolaging.2015.09.015.

Christie L-A, Opii WO, Head E, Araujo JA, de Rivera
C, Milgram NW, et al. Short-term supplementation with
acetyl-L-carnitine and lipoic acid alters plasma protein
carbonyl levels but does not improve cognition in aged
beagles. Exp Gerontol. 2009;44:752-9. https://doi.org/
10.1016/j.exger.2009.08.012.

Head E, Murphey HL, Dowling ALS, McCarty KL,
Bethel SR, Nitz JA, et al. A combination cocktail
improves spatial attention in a canine model of human


https://doi.org/10.1093/gerona/gly011
https://doi.org/10.1016/j.cvsm.2012.04.003
https://doi.org/10.1016/j.nlm.2006.02.005
https://doi.org/10.1016/j.nlm.2006.02.005
https://doi.org/10.1016/j.cvsm.2019.01.013
https://doi.org/10.1016/j.cvsm.2019.01.013
https://doi.org/10.1016/j.cvsm.2014.07.008
https://doi.org/10.1053/j.tcam.2011.01.005
https://doi.org/10.1053/j.tcam.2011.01.005
https://doi.org/10.1016/j.jveb.2015.02.003
https://doi.org/10.1016/j.jveb.2015.02.003
https://doi.org/10.1016/j.jcpa.2010.11.004
https://doi.org/10.1016/j.jcpa.2010.11.004
https://doi.org/10.1016/j.bbadis.2013.03.016
https://doi.org/10.1016/j.bbadis.2013.03.016
https://doi.org/10.1186/s42238-020-00054-w
https://doi.org/10.1097/MCO.0000000000000005
https://doi.org/10.1097/MCO.0000000000000005
https://doi.org/10.1016/j.cvsm.2012.04.002
https://doi.org/10.1093/jcr/ucaa034
https://doi.org/10.1093/jcr/ucaa034
https://doi.org/10.3389/fgene.2019.00948
https://doi.org/10.3389/fgene.2019.00948
https://doi.org/10.1136/bmj.n71
https://doi.org/10.1136/bmj.n71
https://doi.org/10.3390/ijms231810384
https://doi.org/10.1161/01.STR.0000125719.25853.20
https://doi.org/10.1161/01.STR.0000125719.25853.20
https://doi.org/10.3389/fphar.2022.882704
https://doi.org/10.3389/fphar.2022.882704
https://doi.org/10.3389/fphar.2014.00047
https://doi.org/10.2174/157015911798376217
https://doi.org/10.2174/157015911798376217
https://doi.org/10.3389/fpsyg.2018.02217
https://doi.org/10.1016/j.plefa.2017.01.011
https://doi.org/10.1016/j.plefa.2017.01.011
https://doi.org/10.1016/j.neurobiolaging.2015.09.015
https://doi.org/10.1016/j.neurobiolaging.2015.09.015
https://doi.org/10.1016/j.exger.2009.08.012
https://doi.org/10.1016/j.exger.2009.08.012

GeroScience

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

aging and Alzheimer’s disease. Journal of Alzheimer’s
Disease.  2012;32:1029—42.  https://doi.org/10.3233/
jad-2012-120937.

Milgram NW, Araujo JA, Hagen TM, Treadwell BV,
Ames BN. Acetyl-L-carnitine and alpha-lipoic acid
supplementation of aged beagle dogs improves learn-
ing in two landmark discrimination tests. FASEB J.
2007;21:3756-62.  https://doi.org/10.1096/£.07-8531¢c
om.

Pan Y, Larson B, Araujo JA, Lau W, de Rivera C, San-
tana R, et al. Dietary supplementation with medium-
chain TAG has long-lasting cognition-enhancing effects
in aged dogs. Br J Nutr. 2010;103:1746-54. https://doi.
org/10.1017/S0007114510000097.

Pan Y, Kennedy AD, Jonsson TJ, Milgram NW. Cog-
nitive enhancement in old dogs from dietary sup-
plementation with a nutrient blend containing argi-
nine, antioxidants, B vitamins and fish oil. Br J Nutr.
2018;119:349-58.  https://doi.org/10.1017/S000711451
7003464.

Milgram NW, Head E, Zicker SC, Ikeda-Douglas C,
Murphey H, Muggenberg BA, et al. Long-term treatment
with antioxidants and a program of behavioral enrich-
ment reduces age-dependent impairment in discrimina-
tion and reversal learning in beagle dogs. Exp Gerontol.
2004;39:753-65. https://doi.org/10.1016/j.exger.2004.01.
007.

Milgram N, Head E, Zicker S, Ikeda-Douglas C, Mur-
phey H, Muggenburg B, et al. Learning ability in aged
beagle dogs is preserved by behavioral enrichment and
dietary fortification: a two-year longitudinal study. Neu-
robiol Aging. 2005;26:77-90. https://doi.org/10.1016/].
neurobiolaging.2004.02.014.

Nippak PMD, Mendelson J, Muggenburg B, Milgram
NW. Enhanced spatial ability in aged dogs following die-
tary and behavioural enrichment. Neurobiol Learn Mem.
2007;87:610-23. https://doi.org/10.1016/j.nlm.2007.01.
001.

Siwak C, Tapp P, Head E, Zicker S, Murphey H,
Muggenburg B, et al. Chronic antioxidant and mitochon-
drial cofactor administration improves discrimination
learning in aged but not young dogs. Prog Neuropsy-
chopharmacol Biol Psychiatry. 2005;29:461-9. https://
doi.org/10.1016/j.pnpbp.2004.12.011.

Pan Y, Araujo JA, Burrows J, de Rivera C, Gore A, Bhat-
nagar S, et al. Cognitive enhancement in middle-aged
and old cats with dietary supplementation with a nutrient
blend containing fish oil, B vitamins, antioxidants and
arginine. Br J Nutr. 2013;110:40-9. https://doi.org/10.
1017/S0007114512004771.

Benedetti R, Marchegiani A, Tambella AM, Fruganti A,
Serri E, Malfatti A, et al. Effects of chronic supplemen-
tation of homotaurine on cognitive processes and spatial
cognition in aged dogs: preliminary results. Journal of
Veterinary Behavior 2019;33. https://doi.org/10.1016/].
jveb.2019.07.003.

Pero ME, Cortese L, Mastellone V, Tudisco R, Musco
N, Scandurra A, et al. Effects of a nutritional supple-
ment on cognitive function in aged dogs and on synaptic
function of primary cultured neurons. Animals (Basel).
2019;9:E393. https://doi.org/10.3390/ani9070393.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Araujo JA, Segarra S, Mendes J, Paradis A, Brooks M,
Thevarkunnel S, et al. Sphingolipids and DHA improve
cognitive deficits in aged beagle dogs. FRONTIERS IN
VETERINARY SCIENCE 2022:9. https://doi.org/10.
3389/tvets.2022.646451.

Fragua V, Lepoudere A, Leray V, Baron C, Araujo JA,
Nguyen P, et al. Effects of dietary supplementation with
a mixed blueberry and grape extract on working memory
in aged beagle dogs. J Nutr Sci. 2017;6: e35. https://doi.
org/10.1017/jns.2017.33.

Milgram N, Zicker S, Head E, Muggenburg B, Murphey
H, Ikeda-Douglas C, et al. Dietary enrichment counter-
acts age-associated cognitive dysfunction in canines.
Neurobiol Aging. 2002;23:737-45. https://doi.org/10.
1016/S0197-4580(02)00020-9.

National Research Council, editor. Energy. Nutri-
ent requirements of dogs and cats. Washington, D.C.:
National Academies Press; 2006. p. 28—45.

Chapagain D, Wallis L], Range F, Affenzeller N, Serra J,
Viranyi Z. Behavioural and cognitive changes in aged pet
dogs: no effects of an enriched diet and lifelong training.
PLoS ONE. 2020;15:¢0238517. https://doi.org/10.1371/
journal.pone.0238517.

Dodd C, Zicker S, Jewell D, Fritsch D, Lowry S, Allen
T. Can a fortified food affect the behavioral manifesta-
tions of age-related cognitive decline in dogs? Vet Med.
2003;98:396-408.

Reme CA, Dramard V, Kern L, Hofmans J, Halsberghe
C, Mombiela DV. Effect of S-adenosylmethionine tablets
on the reduction of age-related mental decline in dogs: a
double-blinded, placebo-controlled trial. VETERINARY
THERAPEUTICS. 2008;9:69-82.

Heath SE, Barabas S, Craze PG. Nutritional supplemen-
tation in cases of canine cognitive dysfunction - a clinical
trial. Appl Anim Behav Sci. 2007;105:284-96.

Pan Y, Landsberg G, Mougeot I, Kelly S, Xu H, Bhatna-
gar S, et al. Efficacy of a therapeutic diet on dogs with
signs of cognitive dysfunction syndrome (CDS): a pro-
spective double blinded placebo controlled clinical study.
Front Nutr. 2018;5:127. https://doi.org/10.3389/fnut.
2018.00127.

Lee M-J, Park M, Lee H-J. Dietary supplemented antho-
cyanin reduced serum amyloid beta oligomers and
improved cognitive dysfunction scores in elderly dogs.
APPLIED SCIENCES-BASEL 2022;12. https://doi.org/
10.3390/app122312130.

Reichling J, Frater-Schroder M, Herzog K, Bucher
S, Saller R. Reduction of behavioural disturbances in
elderly dogs supplemented with a standardised Ginkgo
leaf extract. Schweiz Arch Tierheilkd. 2006;148:257-63.
https://doi.org/10.1024/0036-7281.148.5.257.

Dewey CW, Rishniw M, Sakovitch K, Hollenbeck J.
Oral administration of an integrative supplement (Cog-
niCaps®) improves cognitive scores in aging dogs with
canine cognitive dysfunction for at least two months:
an open-label investigation in 10 dogs. Open Vet J.
2023;13:188-92. https://doi.org/10.5455/0V1].2023.v13.
i2.6.

Osella MC, Re G, Odore R, Girardi C, Badino P,
Barbero R, et al. Canine cognitive dysfunction

@ Springer


https://doi.org/10.3233/jad-2012-120937
https://doi.org/10.3233/jad-2012-120937
https://doi.org/10.1096/fj.07-8531com
https://doi.org/10.1096/fj.07-8531com
https://doi.org/10.1017/S0007114510000097
https://doi.org/10.1017/S0007114510000097
https://doi.org/10.1017/S0007114517003464
https://doi.org/10.1017/S0007114517003464
https://doi.org/10.1016/j.exger.2004.01.007
https://doi.org/10.1016/j.exger.2004.01.007
https://doi.org/10.1016/j.neurobiolaging.2004.02.014
https://doi.org/10.1016/j.neurobiolaging.2004.02.014
https://doi.org/10.1016/j.nlm.2007.01.001
https://doi.org/10.1016/j.nlm.2007.01.001
https://doi.org/10.1016/j.pnpbp.2004.12.011
https://doi.org/10.1016/j.pnpbp.2004.12.011
https://doi.org/10.1017/S0007114512004771
https://doi.org/10.1017/S0007114512004771
https://doi.org/10.1016/j.jveb.2019.07.003
https://doi.org/10.1016/j.jveb.2019.07.003
https://doi.org/10.3390/ani9070393
https://doi.org/10.3389/fvets.2022.646451
https://doi.org/10.3389/fvets.2022.646451
https://doi.org/10.1017/jns.2017.33
https://doi.org/10.1017/jns.2017.33
https://doi.org/10.1016/S0197-4580(02)00020-9
https://doi.org/10.1016/S0197-4580(02)00020-9
https://doi.org/10.1371/journal.pone.0238517
https://doi.org/10.1371/journal.pone.0238517
https://doi.org/10.3389/fnut.2018.00127
https://doi.org/10.3389/fnut.2018.00127
https://doi.org/10.3390/app122312130
https://doi.org/10.3390/app122312130
https://doi.org/10.1024/0036-7281.148.5.257
https://doi.org/10.5455/OVJ.2023.v13.i2.6
https://doi.org/10.5455/OVJ.2023.v13.i2.6

GeroScience

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

71.

syndrome: prevalence, clinical signs and treatment with
a neuroprotective nutraceutical. Appl Anim Behav Sci.
2007;105:297-310.

Salvin HE, McGreevy PD, Sachdev PS, Valenzuela MJ.
The canine cognitive dysfunction rating scale (CCDR):
a data-driven and ecologically relevant assessment tool.
Vet J. 2011;188:331-6. https://doi.org/10.1016/j.tvjl.
2010.05.014.

Bauer JJE. Essential fatty acid metabolism in dogs and
cats. R Bras Zootec. 2008;37:20-7. https://doi.org/10.
1590/S1516-35982008001300004.

Cole GM, Ma Q-L, Frautschy SA. Omega-3 fatty acids
and dementia. Prostaglandins Leukot Essent Fatty Acids.
2009;81:213-21. https://doi.org/10.1016/j.plefa.2009.05.
015.

Pottala JV, Yaffe K, Robinson JG, Espeland MA, Wal-
lace R, Harris WS. Higher RBC EPA + DHA corre-
sponds with larger total brain and hippocampal vol-
umes: WHIMS-MRI study. Neurology. 2014;82:435-42.
https://doi.org/10.1212/WNL.0000000000000080.
Dighriri IM, Alsubaie AM, Hakami FM, Hamithi DM,
Alshekh MM, Khobrani FA, et al. Effects of omega-3
polyunsaturated fatty acids on brain functions: a system-
atic review. Cureus. 2022. https://doi.org/10.7759/cureus.
30091.

Lenaz G, Fato R, Formiggini G, Genova ML. The role of
coenzyme Q in mitochondrial electron transport. Mito-
chondrion. 2007;7:S8-33. https://doi.org/10.1016/j.mito.
2007.03.009.

Freeman MP, Hibbeln JR, Wisner KL, Davis JM, Mis-
choulon D, Peet M, et al. Omega-3 fatty acids: evidence
basis for treatment and future research in psychiatry. J
Clin Psychiatry. 2006;67:1954-67. https://doi.org/10.
4088/jcp.v6Tn1217.

Feher J, Nemeth E, Nagy V, Lengyel G, Feher J. The
preventive role of coenzyme Q10 and other antioxidants
in injuries caused by oxidative stress. Arch Med Sci.
2007;3:305-14.

Polidori MC, Schulz R-J. Nutritional contributions to
dementia prevention: main issues on antioxidant micro-
nutrients. Genes Nutr. 2014;9:382. https://doi.org/10.
1007/312263-013-0382-2.

Bouayed J, Bohn T. Exogenous antioxidants—double-
edged swords in cellular redox state. Oxid Med Cell Lon-
gev. 2010;3:228-37. https://doi.org/10.4161/0xim.3.4.
12858.

Podmore ID, Griffiths HR, Herbert KE, Mistry N, Mis-
try P, Lunec J. Vitamin C exhibits pro-oxidant properties.
Nature. 1998;392:559. https://doi.org/10.1038/33308.
Lee KW, Lee HJ, Lee CY. Vitamins, phytochemicals,
diets, and their implementation in cancer chemopreven-
tion. Crit Rev Food Sci Nutr. 2004;44:437-52. https://
doi.org/10.1080/10408690490886674.

Liu RH. Health benefits of fruit and vegetables are from
additive and synergistic combinations of phytochemicals.
Am J Clin Nutr. 2003;78:517S-520S. https://doi.org/10.
1093/ajcn/78.3.517S.

Osella MC, Re G, Badino P, Bergamasco L, Miolo A.
Phosphatidylserine (PS) as a potential nutraceutical for
canine brain aging: a review. J Vet Behav: Clin Appl Res.
2008;3:41-51.

@ Springer

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

Davis I, Liu A. What is the tryptophan kynurenine path-
way and why is it important to neurotherapy? Expert
Rev Neurother. 2015;15:719-21. https://doi.org/10.1586/
14737175.2015.1049999.

Patrick RP, Ames BN. Vitamin D and the omega-3 fatty
acids control serotonin synthesis and action, part 2: rel-
evance for ADHD, bipolar disorder, schizophrenia, and
impulsive behavior. FASEB j. 2015;29:2207-22. https://
doi.org/10.1096/1j.14-268342.

Tlavskd L, Morvovda M, Paduchova Z, Muchova J,
Garaiova I, Durackova Z, et al. The kynurenine and sero-
tonin pathway, neopterin and biopterin in depressed chil-
dren and adolescents: an impact of omega-3 fatty acids,
and association with markers related to depressive dis-
order. A randomized, blinded, prospective study. Front
Psychiatry 2024;15. https://doi.org/10.3389/fpsyt.2024.
1347178.

Pennisi M, Lanza G, Cantone M, D’Amico E, Fisicaro
F, Puglisi V, et al. Acetyl-L-carnitine in dementia and
other cognitive disorders: a critical update. Nutrients.
2020;12:1389. https://doi.org/10.3390/nu12051389.

Liu J, Head E, Kuratsune H, Cotman CW, Ames BN.
Comparison of the effects of L-carnitine and acetyl-L-
carnitine on carnitine levels, ambulatory activity, and
oxidative stress biomarkers in the brain of old rats. Ann
N Y Acad Sci. 2004;1033:117-31. https://doi.org/10.
1196/annals.1320.011.

Hagen TM, Liu J, Lykkesfeldt J, Wehr CM, Ingersoll RT,
Vinarsky V, et al. Feeding acetyl-L-carnitine and lipoic acid
to old rats significantly improves metabolic function while
decreasing oxidative stress. Proc Natl Acad Sci U S A.
2002;99:1870-5. https://doi.org/10.1073/pnas.261708898.
Owen L, Sunram-Lea SI. Metabolic agents that enhance
ATP can improve cognitive functioning: a review of the
evidence for glucose, oxygen, pyruvate, creatine, and
I-carnitine. Nutrients. 2011;3:735-55. https://doi.org/10.
3390/nu3080735.

Dos Santos SM, Romeiro CFR, Rodrigues CA, Cer-
queira ARL, Monteiro MC. Mitochondrial dysfunction
and alpha-lipoic acid: beneficial or harmful in Alzhei-
mer’s disease? Oxid Med Cell Longev. 2019;2019:1-14.
https://doi.org/10.1155/2019/8409329.

Cakatay U. Pro-oxidant actions of a-lipoic acid and dihy-
drolipoic acid. Med Hypotheses. 2006;66:110-7. https://
doi.org/10.1016/j.mehy.2005.07.020.

Hill AS, Werner JA, Rogers QR, O’Neill SL, Christo-
pher MM. Lipoic acid is 10 times more toxic in cats than
reported in humans, dogs or rats. J] Anim Physiol Anim
Nutr.  2004;88:150-6.  https://doi.org/10.1111/§.1439-
0396.2003.00472.x.

Hoyer S. Glucose and related brain metabolism in nor-
mal aging. Age. 1988;11:150-6. https://doi.org/10.1007/
BF02432295.

London ED, Ohata M, Takei H, French AW, Rapoport
SI. Regional cerebral metabolic rate for glucose in beagle
dogs of different ages. Neurobiol Aging. 1983;4:121-6.
https://doi.org/10.1016/0197-4580(83)90035-0.

Cunnane SC, Courchesne-Loyer A, St-Pierre V, Van-
denberghe C, Pierotti T, Fortier M, et al. Can ketones
compensate for deteriorating brain glucose uptake dur-
ing aging? Implications for the risk and treatment of


https://doi.org/10.1016/j.tvjl.2010.05.014
https://doi.org/10.1016/j.tvjl.2010.05.014
https://doi.org/10.1590/S1516-35982008001300004
https://doi.org/10.1590/S1516-35982008001300004
https://doi.org/10.1016/j.plefa.2009.05.015
https://doi.org/10.1016/j.plefa.2009.05.015
https://doi.org/10.1212/WNL.0000000000000080
https://doi.org/10.7759/cureus.30091
https://doi.org/10.7759/cureus.30091
https://doi.org/10.1016/j.mito.2007.03.009
https://doi.org/10.1016/j.mito.2007.03.009
https://doi.org/10.4088/jcp.v67n1217
https://doi.org/10.4088/jcp.v67n1217
https://doi.org/10.1007/s12263-013-0382-2
https://doi.org/10.1007/s12263-013-0382-2
https://doi.org/10.4161/oxim.3.4.12858
https://doi.org/10.4161/oxim.3.4.12858
https://doi.org/10.1038/33308
https://doi.org/10.1080/10408690490886674
https://doi.org/10.1080/10408690490886674
https://doi.org/10.1093/ajcn/78.3.517S
https://doi.org/10.1093/ajcn/78.3.517S
https://doi.org/10.1586/14737175.2015.1049999
https://doi.org/10.1586/14737175.2015.1049999
https://doi.org/10.1096/fj.14-268342
https://doi.org/10.1096/fj.14-268342
https://doi.org/10.3389/fpsyt.2024.1347178
https://doi.org/10.3389/fpsyt.2024.1347178
https://doi.org/10.3390/nu12051389
https://doi.org/10.1196/annals.1320.011
https://doi.org/10.1196/annals.1320.011
https://doi.org/10.1073/pnas.261708898
https://doi.org/10.3390/nu3080735
https://doi.org/10.3390/nu3080735
https://doi.org/10.1155/2019/8409329
https://doi.org/10.1016/j.mehy.2005.07.020
https://doi.org/10.1016/j.mehy.2005.07.020
https://doi.org/10.1111/j.1439-0396.2003.00472.x
https://doi.org/10.1111/j.1439-0396.2003.00472.x
https://doi.org/10.1007/BF02432295
https://doi.org/10.1007/BF02432295
https://doi.org/10.1016/0197-4580(83)90035-0

GeroScience

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

Alzheimer’s disease. Ann N Y Acad Sci. 2016;1367:12—
20. https://doi.org/10.1111/nyas.12999.

Augustin K, Khabbush A, Williams S, Eaton S, Orford
M, Cross JH, et al. Mechanisms of action for the
medium-chain triglyceride ketogenic diet in neuro-
logical and metabolic disorders. The Lancet Neurology.
2018;17:84-93. https://doi.org/10.1016/S1474-4422(17)
30408-8.

Yang H, Shan W, Zhu F, Wu J, Wang Q. Ketone bodies
in neurological diseases: focus on neuroprotection and
underlying mechanisms. Front Neurol 2019;10. https://
doi.org/10.3389/fneur.2019.00585.

Hertz L, Chen Y, Waagepetersen HS. Effects of ketone
bodies in Alzheimer’s disease in relation to neural hypo-
metabolism, B-amyloid toxicity, and astrocyte function. J
Neurochem. 2015;134:7-20. https://doi.org/10.1111/jnc.
13107.

Caballero F, Fernandez A, Matias N, Martinez L, Fucho
R, Elena M, et al. Specific contribution of methionine
and choline in nutritional nonalcoholic steatohepatitis. J
Biol Chem. 2010;285:18528-36. https://doi.org/10.1074/
jbc.M109.099333.

Li Z, Agellon LB, Allen TM, Umeda M, Jewell L, Mason
A, et al. The ratio of phosphatidylcholine to phosphatidy-
lethanolamine influences membrane integrity and steato-
hepatitis. Cell Metab. 2006;3:321-31. https://doi.org/10.
1016/j.cmet.2006.03.007.

Vitvitsky V, Thomas M, Ghorpade A, Gendelman HE,
Banerjee R. A functional transsulfuration pathway in
the brain links to glutathione homeostasis. J Biol Chem.
2006;281:35785-93. hittps://doi.org/10.1074/jbc.M6027
99200.

Detert JA, Adams EL, Lescher JD, Lyons J-A, Moyer
JR. Pretreatment with apoaequorin protects hippocampal
CAl neurons from oxygen-glucose deprivation. PLoS
ONE. 2013;8:¢79002. https://doi.org/10.1371/journal.
pone.0079002.

Sanz-Blasco S, Valero RA, Rodriguez-Crespo I, Villalo-
bos C, Nuiiez L. Mitochondrial Ca2+ overload underlies
AP oligomers neurotoxicity providing an unexpected
mechanism of neuroprotection by NSAIDs. PLoS ONE.
2008;3:e2718. https://doi.org/10.1371/journal.pone.
0002718.

Meera P, Uusi-Oukari M, Lipshutz GS, Wallner M.
GABAA receptors as plausible molecular targets and
mediators for taurine and homotaurine actions. Front
Pharmacol 2023;14. https://doi.org/10.3389/fphar.2023.
1271203.

Martineau E, de Guzman JM, Rodionova L, Kong X,
Mayer PM, Aman AM. Investigation of the noncovalent
interactions between anti-amyloid agents and amyloid
beta peptides by ESI-MS. J Am Soc Mass Spectrom.
2010;21:1506-14. https://doi.org/10.1016/j.jasms.2010.
05.007.

Messina SA, Dawson R. Attenuation of oxidative dam-
age to DNA by taurine and taurine analogs. Adv Exp
Med Biol. 2000;483:355-67. https://doi.org/10.1007/0-
306-46838-7_40.

Shefa U, Kim M-S, Jeong NY, Jung J. Antioxidant
and cell-signaling functions of hydrogen sulfide in

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

the central nervous system. Oxid Med Cell Longev.
2018;2018:1873962. https://doi.org/10.1155/2018/1873962.
Skvarc DR, Dean OM, Byrne LK, Gray L, Lane S, Lewis
M, et al. The effect of N-acetylcysteine (NAC) on human
cognition — a systematic review. Neurosci Biobehav Rev.
2017;78:44-56. https://doi.org/10.1016/j.neubiorev.2017.
04.013.

Bonetti F, Brombo G, Zuliani G. Chapter 15 - The role
of B group vitamins and choline in cognition and brain
aging. In: Watson RR, editor. Nutrition and functional
foods for healthy aging, Academic Press; 2017, 139-58.
https://doi.org/10.1016/B978-0-12-805376-8.00015-0.
Solfrizzi V, Agosti P, Lozupone M, Custodero C, Schil-
ardi A, Valiani V, et al. Nutritional interventions and
cognitive-related outcomes in patients with late-life cog-
nitive disorders: a systematic review. Neurosci Biobehav
Rev. 2018;95:480-98. https://doi.org/10.1016/j.neubi
orev.2018.10.022.

Rodriguez Del Aguila M, Gonzélez-Ramirez A. Sam-
ple size calculation Allergol Immunopathol (Madr).
2014;42:485-92. https://doi.org/10.1016/j.aller.2013.03.
008.

Yam PS, Naughton G, Butowski CF, Root AL. Inaccurate
assessment of canine body condition score, bodyweight,
and pet food labels: a potential cause of inaccurate feed-
ing. Vet Sci. 2017;4:30. https://doi.org/10.3390/vetsc
4020030.

Cotman CW, Head E. The canine (dog) model of human
aging and disease: dietary, environmental and immuno-
therapy approaches. J Alzheimers Dis. 2008;15:685-707.
https://doi.org/10.3233/jad-2008-15413.

Hoffman JM, Creevy KE, Franks A, O’Neill DG, Prom-
islow DEL. The companion dog as a model for human
aging and mortality. Aging Cell. 2018;17: el12737.
https://doi.org/10.1111/acel.12737.

Purina institute. DISHAA Assessment Tool. DISHAA
Assessment Tool 2018. https://www.purinainstitute.com/
centresquare/nutritional-and-clinical-assessment/dishaa-
assessment-tool (accessed May 24, 2024).

Madari A, Farbakova J, Katina S, Smolek T, Novak P,
Weissova T, et al. Assessment of severity and progres-
sion of canine cognitive dysfunction syndrome using the
CAnine DEmentia Scale (CADES). Appl Anim Behav
Sci.  2015;171:138-45.  https://doi.org/10.1016/j.appla
nim.2015.08.034.

Gonzalez-Martinez A, Rosado B, Pesini P, Garcia-
Belenguer S, Palacio J, Villegas A, et al. Effect of age
and severity of cognitive dysfunction on two simple tasks
in pet dogs. Vet J. 2013;198:176-81. https://doi.org/10.
1016/j.tvj1.2013.07.004.

Solfrizzi V, Agosti P, Lozupone M, Custodero C, Schil-
ardi A, Valiani V, et al. Nutritional intervention as a
preventive approach for cognitive-related outcomes in
cognitively healthy older adults: a systematic review. J
Alzheimer’s Disease. 2018;64:5229-54. https://doi.org/
10.3233/JAD-179940.

Publisher’s Note Springer Nature remains neutral with regard
to jurisdictional claims in published maps and institutional
affiliations.

@ Springer


https://doi.org/10.1111/nyas.12999
https://doi.org/10.1016/S1474-4422(17)30408-8
https://doi.org/10.1016/S1474-4422(17)30408-8
https://doi.org/10.3389/fneur.2019.00585
https://doi.org/10.3389/fneur.2019.00585
https://doi.org/10.1111/jnc.13107
https://doi.org/10.1111/jnc.13107
https://doi.org/10.1074/jbc.M109.099333
https://doi.org/10.1074/jbc.M109.099333
https://doi.org/10.1016/j.cmet.2006.03.007
https://doi.org/10.1016/j.cmet.2006.03.007
https://doi.org/10.1074/jbc.M602799200
https://doi.org/10.1074/jbc.M602799200
https://doi.org/10.1371/journal.pone.0079002
https://doi.org/10.1371/journal.pone.0079002
https://doi.org/10.1371/journal.pone.0002718
https://doi.org/10.1371/journal.pone.0002718
https://doi.org/10.3389/fphar.2023.1271203
https://doi.org/10.3389/fphar.2023.1271203
https://doi.org/10.1016/j.jasms.2010.05.007
https://doi.org/10.1016/j.jasms.2010.05.007
https://doi.org/10.1007/0-306-46838-7_40
https://doi.org/10.1007/0-306-46838-7_40
https://doi.org/10.1155/2018/1873962
https://doi.org/10.1016/j.neubiorev.2017.04.013
https://doi.org/10.1016/j.neubiorev.2017.04.013
https://doi.org/10.1016/B978-0-12-805376-8.00015-0
https://doi.org/10.1016/j.neubiorev.2018.10.022
https://doi.org/10.1016/j.neubiorev.2018.10.022
https://doi.org/10.1016/j.aller.2013.03.008
https://doi.org/10.1016/j.aller.2013.03.008
https://doi.org/10.3390/vetsci4020030
https://doi.org/10.3390/vetsci4020030
https://doi.org/10.3233/jad-2008-15413
https://doi.org/10.1111/acel.12737
https://www.purinainstitute.com/centresquare/nutritional-and-clinical-assessment/dishaa-assessment-tool
https://www.purinainstitute.com/centresquare/nutritional-and-clinical-assessment/dishaa-assessment-tool
https://www.purinainstitute.com/centresquare/nutritional-and-clinical-assessment/dishaa-assessment-tool
https://doi.org/10.1016/j.applanim.2015.08.034
https://doi.org/10.1016/j.applanim.2015.08.034
https://doi.org/10.1016/j.tvjl.2013.07.004
https://doi.org/10.1016/j.tvjl.2013.07.004
https://doi.org/10.3233/JAD-179940
https://doi.org/10.3233/JAD-179940

	Enhancing cognitive functions in aged dogs and cats: a systematic review of enriched diets and nutraceuticals
	Abstract 
	Introduction
	Materials and methods
	Literature search
	Selection of studies
	Data extraction
	Quality assessment
	Evaluation of cognitive function
	Supplementation

	Results
	Study selection process
	Characteristics of the studies
	Clinical trial methodologies
	Quality scores
	Cognitive evaluation
	Supplementation
	Effects of the supplements on cognitive functions
	Supplements that consistently failed to show positive effects
	Supplements that showed a positive effect by their own
	Supplements effective only in combination
	Supplements consistently effective but only used in combination
	Ineffective combinations
	Effective combinations


	Discussion
	Omega-3 fatty acids
	Plant extracts and products, vitamins E and C
	Tryptophan and omega-3 fatty acids
	Acetyl-L-carnitine (ALCAR), L carnitine, and α-lipoic acid (LA)
	Medium chain triglycerides (MCTs)
	S-adenosylmethionine (SAMe)
	Apoaequorin
	Homotaurine
	Other supplements
	Limitations
	Recommendations for future trials and perspectives

	Conclusion
	References


