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ABSTRACT

Activation of brown adipose tissue (BAT) and promotion of white adipose tissue (WAT) browning is considered a potential tool to combat obesity
and cardiometabolic disorders. The use of plant-based dietary components has become one of the most used strategies for activating BAT and
promoting WAT browning in rodents. The main reason is because plant-based dietary components are usually recognized as safe when the dose
is properly adjusted, and they can easily be administrated by being added to the diet or dissolved in water. The present systematic review aimed
to study the effects of plant-based dietary components on activation of BAT and promotion of WAT browning in rodents. A systematic search of
PubMed and Scopus (from 1978 to 2019) identified eligible studies. Studies assessing the effects of plant-based dietary components added to diet
and/or water on uncoupling protein 1 (UCP1) expression in BAT and/or WAT were included. Studies that used dietary components of animal origin,
did not specify the effects on UCP1, or were conducted in other species different from mice or rats were excluded. Of 3919 studies identified in the
initial screening, 146 studies were finally included in the review. We found that tea extract catechins, resveratrol, capsaicin and capsinoids, cacao
extract flavanols, and quercetin were the most studied components. Scientific evidence suggests that some of these dietary components activate
BAT and promote WAT browning via activation of the AMP-activated protein kinase (AMPK) and sirtuin 1 (SIRT1) pathways. These findings reveal that
there is strong scientific evidence supporting the use of plant-based dietary components to activate BAT and promote WAT browning in rodents
and thus to potentially combat obesity and cardiometabolic disorders. Adv Nutr 2021;12:2147–2156.

Statement of Significance: This is the first systematic review that affords a critical analysis of the effects of plant-based dietary components
on BAT activation and promotion of WAT browning in rodents. The findings of the present systematic review support the use of plant-based
dietary components to activate BAT and promote WAT browning in rodents and thus to potentially combat obesity and cardiometabolic
disorders.
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Introduction
Obesity is a global epidemic that increases the risk of
morbidity and reduces life span, being closely related to
an increased risk of developing cardiometabolic disorders
(1, 2). Brown adipose tissue (BAT) is considered a target
tissue to combat obesity (3) and cardiovascular disease
(4), as BAT activation increases energy expenditure,
reduces adiposity, and effectively protects against diet-
induced obesity in mice (5, 6). The thermogenic capacity

of BAT is driven by uncoupling protein 1 (UCP1) activity,
located in the inner mitochondrial membrane of brown
adipocytes (7). Interestingly, UCP1 can also be expressed
in beige adipocytes [brown-like adipocytes within white
adipose tissue (WAT)], a process known as WAT browning
(8). The resulting increase in energy expenditure due to
BAT activation goes beyond heat generation, improving
glucose and lipid metabolism (9–11). Furthermore, it seems
that BAT also exerts an endocrine function through the
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so-called batokines (adipokines released by brown
adipocytes), which could partially explain improvements in
metabolism (12, 13). The existence of UCP1-independent
thermogenic mechanisms is also known, yet their relevance
in terms of energy expenditure remains poorly understood
(14).

Cold exposure is the canonical stimulus for BAT ac-
tivation (14), this being primarily mediated through β-3
adrenergic receptor (β3-AR) stimulation in rodents (15).
There are, however, other ways to stimulate BAT activation
and to promote WAT browning (both understood as an
increase in UCP1 expression), such as the pharmacologic
agonism of the β3-AR (16) and the glucagon-like peptide
1 (GLP1) receptor (17). Increasing evidence suggests that
plant-based dietary components, which can easily be added
to the diet or dissolved in water (18), can also boost BAT
activation and promote WAT browning (19–21). Moreover, a
significant fraction of these dietary components is Generally
Recognized As Safe (GRAS) in the United States, which
results in a large list of potential candidates. This might
explain the massive increase in the number of publications
on this topic.

Therefore, the main goal of the present systematic review
was to study the effects of plant-based dietary components
on BAT activation and promotion of WAT browning in
rodents.

Methods
This systematic review was conducted following the Pre-
ferred Reporting Items for Systematic Reviews and Meta-
Analyses (PRISMA) statement (22).

Inclusion and exclusion criteria
The inclusion criteria were as follows—1) meeting the

definition of plant-based dietary components: naturally oc-
curring isolated dietary component, selected isolated fraction
of plant extracts, or whole-plant extracts of vegetal origin,
and thus excluding those of animal origin (i.e., conjugated
linoleic, fish oil, or omega-3 fatty acids from animal origin);
2) administration: orally via mixture with diet or dissolved in
water; 3) type of rodent: mice and rats; 4) UCP1 expression:
measurements of UCP1 gene/protein expression in BAT
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and/or WAT; 5) original papers (not reviews); and 6) articles
written in the English language.

The exclusion criteria were 1) plant-based dietary com-
ponents categorized as toxic (i.e., alcohol or ephedrine), 2)
inclusion of a control group with a different type of diet from
the intervention group, and 3) housed animals at different
temperatures from the intervention group.

Eligibility for inclusion and exclusion criteria was evalu-
ated by reading 1) title and abstract (n = 3919) and 2) full
text, but only when the information provided in the title and
abstract did not allow to decide on the inclusion or exclusion
of the study. We read the full text of ∼300 publications.

Data-collection process
The following data were extracted from each included study:
1) plant-based dietary component; 2) daily dose (single dose
for acute studies); 3) species (sex); 4) age (at the beginning of
the intervention, weeks); 5) duration of intervention with the
plant-based dietary component (weeks); 6) housing temper-
ature (◦C); 7) light cycle (lights on:light off); 8) humidity (%);
9) food and water access (e.g., ad libitum or time-restricted);
10) type of diet; 11) sample size (intervention group); 12)
activation of BAT and promotion of WAT browning, studies
that measured UCP1 at gene (qRT-PCR) and/or protein
(immunoblot and immunostaining assays) expression levels
in 1 or both tissues; and 13) reference.

Search strategy
We used 3 different term resources from the National
Library of Medicine for indexing articles for PubMed in our
search—1) medical subject heading (MeSH) terms: used
for ceiling the search to publications where that term is the
major focus of the article; 2) text words (tw): this includes
all words and numbers in the title, abstract, MeSH terms,
MeSH subheadings, publication types, and other relevant
sections; and 3) Supplementary concept: this includes
chemical or organism-specific indexed terms. Search terms
related to the main goal of the current systematic review were
combined using the following strategy in PubMed: (“Adipose
Tissue, Brown”[MeSH] OR “Adipocytes, Brown”[MeSH] OR
“browning”[tw] OR “beigeing”[tw] OR ((“brown”[tw]
OR “beige”[tw] OR “brite”[tw]) AND (“fat”[tw] OR
“adipose”[tw] OR “adipocyte”[tw] OR “adipocytes”[tw]
OR “thermogenesis”[tw]) OR (“Uncoupling Protein
1”[MeSH] OR “Uncoupling Protein 1”[tw] OR “UCP1”[tw]
OR “Ucp1 protein, rat” [Supplementary concept]) OR
(“Ucp1 protein, mouse” [Supplementary concept]) AND
(“Food”[MeSH] OR “food”[tw] OR “foods”[tw] OR
“condiment”[tw] OR “condiments”[tw] OR “spice”[tw]
OR “spices”[tw] OR “dietary”[tw] OR “diet”[tw] OR
“diets”[tw] OR “carbohydrate”[tw] OR “carbohydrates”[tw]
OR “grain”[tw] OR “grains”[tw] OR “fiber”[tw] OR
“fibers”[tw] OR “prebiotic”[tw] OR “prebiotics”[tw]
OR “probiotic”[tw] OR “probiotics”[tw] OR “fruit”[tw]
OR “fruits”[tw] OR “seed”[tw] OR “seeds”[tw] OR
“nuts”[tw] OR “intake”[tw] OR “vegetable”[tw] OR
“vegetables”[tw] OR “flavoring”[tw] OR “flavouring”[tw]
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FIGURE 1 Flowchart of the literature search and study selection process.

OR “Flavonoids”[MeSH] OR “Flavonoids”[tw]
OR “Flavonoid”[tw] OR “Anthocyanins”[tw] OR
“Anthocyanin”[tw] OR “Catechins”[tw] OR “Catechin”[tw]
OR “Flavanones”[tw] OR “Flavanone”[tw] OR
“Flavones”[tw] OR “Flavone”[tw] OR “Flavonolignans”[tw]
OR “Flavonolignan”[tw] OR “Isoflavones”[tw] OR
“Isoflavone”[tw]) AND (“Animal Experimentation”[MeSH]
OR “Murinae”[MeSH] OR “murinae”[tw] OR “rat”[tw] OR
“rats”[tw] OR “mouse”[tw] OR “mice”[tw] OR “murine”[tw]
OR “rodent”[tw] OR “rodents”[tw]) NOT (“humans”[MeSH]
NOT “murinae”[mesh]). Publication date range was set from
the identification of UCP1 as the inner mitochondria
component driving the thermogenic process in BAT in 1978
(23) until 30 November 2019.

Results
A total of 3919 publications were identified in the search
(Figure 1). No additional studies meeting the inclusion
criteria were identified after adapting the search terms to the
Scopus database (data not shown). A total of 143 publications
(including 146 different studies) were included after applying
the inclusion and exclusion criteria. Supplemental Table 1
depicts all the plant-based dietary components included
with references, sorted by the number of studies and
name of the dietary component. Supplemental Table 2
shows the study set-ups and the main results of the

146 studies included (Supplemental References) in the
systematic review. Notably, 98 of 146 studies (67%) used an
isolated plant-based dietary component or a selected isolated
fraction of the plant extracts, whereas the rest (n = 48,
33%) used the whole-plant extract. Because of the hetero-
geneity of the methods and information availability of the
included studies, no quality-assessment scale system could be
applied.

General results
For a better comprehension of the results and due to the
elevated number of included studies, we have focused on
those plant-based dietary components that were investigated
in 6 or more studies. The most studied plant-based dietary
components were as follows: 1) tea extract catechins (n = 9
studies) (24–32), 2) resveratrol (n = 8 studies) (33–40), 3)
capsaicin and capsinoids (n = 8 studies) (41–48), 4) cacao
extract flavanols (n = 7 studies) (49–55), and 5) quercetin
(n = 6 studies) (56–61), which constitute a subset of n = 38
studies to be considered for the next analysis (see Figure 2
and Table 1). When we applied a less strict threshold (n ≥ 3),
the studies using monosaccharides/sweeteners, curcumin,
leucine, menthol, garlic, and Puerariae flowers were included
(Supplemental Figure 1). Of the 86 different plant-based
dietary components included in the 146 studies, 14% were
studied twice and 73% were studied only once. Among the
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FIGURE 2 Process to select the most studied plant-based dietary components that activate BAT and/or promote WAT browning in
rodents. (A) The number of isolated dietary components and selected fraction of plant extract studies versus plant extract studies after the
initial screening. (B) Histogram depicting isolated dietary components and selected fractions of plant extract studies (n ≥ 6) (left) and
plant studies (right). (C) Donut diagram depicting the most studied plant-based dietary components. BAT, brown adipose tissue; WAT,
white adipose tissue.

subset of the 38 selected studies, 96% of the studies that
measured UCP1 expression reported a significant activation
of BAT (24, 25, 29–35, 37–39, 41, 42, 45, 49–55, 57),
whereas 84% of the studies that measured UCP1 expression
reported a significant promotion of WAT browning (24,

26–28, 36, 40, 42–44, 46, 56–61). Some studies found that
an upregulation in AMP-activated protein kinase (AMPK)
signaling was involved in BAT activation (29, 31, 38, 39, 50,
52, 54, 55) and promotion of WAT browning (36, 56, 57, 59).
Accordingly, other studies found that an upregulation of the
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sirtuin 1 (SIRT1) signaling was involved in BAT activation
(30, 33–35, 45) and promotion of WAT browning (44).

Tea catechins, resveratrol, capsaicin, and capsinoids
promote BAT activation and WAT browning
Tea extract catechins promoted BAT activation in 6 of
9 studies (24, 25, 29–32) and increased WAT browning in
4 studies (24, 26–28), whereas resveratrol promoted BAT
activation in 6 of 8 studies (33–35, 37–39) and increased WAT
browning in 2 studies (36, 40). Capsaicin and capsinoids
promoted BAT activation in 4 of 8 studies (41, 42, 45,
48), while 1 study showed no BAT activation (43). Among
these 8 studies, 5 reported that capsaicin and capsinoids
promoted WAT browning (42–44, 46, 48), while 3 reported
no significant effects on WAT browning (41, 43, 48).

Cacao extract flavanols activate BAT and quercetin
promotes WAT browning
Cacao extract flavanols promoted BAT activation in all
studies (n = 7) (49–55), while none of them evaluated the
effect of cacao extract flavanols on WAT browning. Quercetin
promoted BAT activation in 1 of 6 studies (57), while 1 study
reported no BAT activation (58).

Discussion
In this systematic review, we investigated rodent studies
evaluating the effects of plant-based dietary components on
the activation of BAT and promotion of WAT browning.
Tea extract catechins were the most studied plant-based
dietary component, followed by resveratrol, capsaicin and
capsinoids, cacao flavanols, and quercetin. Sixty-seven per-
cent of the studies used isolated dietary components or a
selected fraction of the plant extracts, whereas the remaining
33% used whole-plant extracts. AMPK and SIRT1 signaling
pathways were upregulated and linked to the activation of
BAT and promotion of WAT browning. Collectively, these
findings support the use of plant-based dietary components
to activate BAT and promote WAT browning in rodents
and thus to potentially combat obesity and cardiometabolic
disorders.

Tea from plants of Camellia sinensis is one of the
world’s most consumed beverages (62). The thermogenic
response to tea extract catechins seems to be driven by
the transient receptor potential (TRP) vanilloid subfamily
member 1 (TRPV1) and TRP ankyrin 1 (TRPA1) channels
expressed in the gut (63), and brown and white adipocyte
membranes (64). Interestingly, the most abundant and
bioactive tea catechin, epi-gallocatechin gallate (EGCG), and
its autoxidation products can activate TRPV1 and TRPA1 in
intestinal enteroendocrine cells at doses equivalent to those
expected in the gut after tea catechin ingestion (65, 66).
Therefore, it is likely that tea catechins could activate BAT
via TRP channels located in the sensory neurons of the gut
via a gut–sympathetic nervous system (SNS)–BAT axis (67).
BAT activation by tea catechins will be ultimately driven via
sympathetic activation of β-AR on brown adipocytes and by
the inhibition of catechol-O-methyl transferase (COMT) by

tea catechins, a catecholamine-degrading enzyme (68, 67).
However, COMT activity is not inhibited by high doses of
EGCG in humans, indicating a negligible role of COMT in
the catechin effects in vivo (69, 70). This is explained by
the much lower circulating concentrations of catechins after
a single ingestion observed (∼0.1 μM at maximum) (71),
compared with the half-maximal inhibitory concentration
for the COMT activity (∼14 μM) (72). Notably, green
tea leaf extracts are also rich in caffeine, a phosphodi-
esterase inhibitor (73). Since the phosphodiesterase enzyme
degrades cAMP, its inhibition could enhance the protein
kinase A (PKA) thermogenic pathway, as PKA is posi-
tively allosterically modulated by cAMP (74). Nonetheless,
further studies are needed to confirm a link between tea
extract catechins and the activation of the gut-SNS-BAT
axis.

Capsaicinoids refers to a subgroup of secondary metabo-
lites of the genus Capsicum plant, and are known for being
pungent. The most important capsaicinoid is capsaicin, being
responsible for the pungent effects of chili peppers through
the activation of TRPV1 channels in the gut (75). Capsinoids,
which include capsiate, dihydro-capsiate, and nor-dihydro-
capsiate, activate TRPV1 and TRPA1 channels and are
significantly less pungent than capsaicin (76). Both capsaicin
and capsinoids activate BAT and promote WAT browning
in rodents, probably via SNS adrenal catecholamine secre-
tion (77). Congruently, the intragastric administration of
capsinoids promotes BAT activation via TRPV1 agonism
and sympathetic activation (77). However, BAT activation
after capsinoid treatment was abolished either after vagal
afferent denervation (78) or in UCP1-knockout mice (48).
These results strengthen the idea that capsaicin and capsinoid
effects rely on a gut-SNS-BAT axis.

Resveratrol is one of the most well-known polyphenols
with antioxidant properties. It is mainly found in grape
skin and seeds, but also in berries and nuts. Whereas
resveratrol activates BAT (33–35, 37–39) and promotes
WAT browning in mice and rats (36, 40), the gut-SNS-
BAT connection has not yet been demonstrated. It seems
that the thermogenic properties of resveratrol are directly
mediated at the intracellular level, by an upregulation of the
thermogenic pathways and related makers such as FNDC5
(type I membrane protein) and SIRT1 (79). Nevertheless,
further investigation is warranted to confirm the mechanisms
driving BAT activation after resveratrol ingestion.

Cacao beans are rich in flavonoids that constitute up
to 10% of the dry weight of the bean (80). Cacao extract
flavanols promote BAT activation, yet less is known about
their effect on WAT browning. BAT activation by cacao
extract flavanols is driven by an increase in catecholamine
secretion and the consequent activation of the β3-ARs on
brown adipocytes (52–54). Furthermore, it is important to
consider that cacao extract flavanols can also be a source
of theobromine and caffeine, substances that can boost the
sympathetic response (81), thereby activating BAT. Further
studies are needed to pinpoint the mechanism by which
cacao extract flavanols activate BAT.
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Quercetin is the most abundant flavonoid in onions, and
it can also be found in other vegetables and fruits. Similar
to cacao extract flavanols, quercetin drives its thermogenic
activation through sympathetic stimulation (57). Quercetin
upregulates β3-AR in WAT (57); therefore, the promotion of
WAT browning by quercetin could be explained by a higher
sensibilization of white adipocytes to catecholamines. How-
ever, the thermogenic mechanisms explaining the promotion
of WAT browning by quercetin remain to be elucidated.

Last, we have analyzed in-depth those studies included
after applying the sensitivity threshold of n ≥ 3 (i.e.,
monosaccharides/sweeteners, curcumin, leucine, menthol,
garlic, and Puerariae flowers). However, the current scientific
evidence is not strong enough to support these plant-based
dietary components as BAT activators and promoters of
WAT browning and further investigation is warranted to
confirm their use.

We observed that 18 of 38 studies reported that either
AMPK and/or SIRT1 pathways were upregulated in BAT
and/or WAT in response to plant-based dietary components.
AMPK is considered one of the major controllers of the cel-
lular response to energetic stress and mitochondrial home-
ostasis (82) and plays a significant role in the metabolism
of brown and beige adipocytes (83). Previous AMPK-null
mouse studies have shown that AMPK is necessary for cold-
induced and β-adrenergic BAT activation and WAT brown-
ing (84), whereas the specific pharmacological activation
(A-769662 injection) of AMPK promotes WAT browning
(85). SIRT1, which also has fuel-sensing properties similar to
AMPK, is important for the activation of BAT and promotion
of WAT browning (86). A whole-body SIRT1 heterozygous
knockout (SIRT1+/−) mouse model study showed less BAT
activation, higher adiposity, and insulin resistance (86),
suggesting that SIRT1 activation is needed for normal BAT
function.

BAT has an important endocrine role orchestrated by
the release of batokines, with an impact on metabolism
both at local and systemic levels (12, 13). Therefore, it is
not surprising that many of the studies included in this
systematic review also reported significant improvements
in glucose and lipid metabolism along with BAT activa-
tion/recruitment and/or WAT browning. Collectively, these
findings suggest that the potential clinical relevance of plant-
based dietary components goes beyond thermogenic effects,
as BAT activation and WAT browning might be driving
the additional metabolic improvements potentially through
BAT-mediated endocrine mechanisms. Future studies should
address the connection between the secretory role of BAT
and the metabolic improvements elicited by plant-based
dietary components.

Limitations of the systematic review
Selected dietary components.
It is important to highlight that, although we considered
a reasonably wide spectrum of plant-based dietary com-
ponents, the search strategy focused on a select group of
compounds (see Methods section). Thus, certain groups

of compounds, such as carotenoids, were not explicitly
included.

Species included in the search.
The present systematic review is focused on studies con-
ducted exclusively in rodent models (mice and rats). There-
fore, these findings cannot be transferable to other species.

In light of the aforementioned limitations, we contend
that future systematic reviews on this topic should focus
on specific and well-defined groups of plant-based dietary
components. This would strengthen the scope of the studies
by allowing them to use more specific search strategies and
to include a wider spectrum of animal models (i.e., non-
rodents).

Limitations and possible bias of the included studies
Heterogenous composition of plant-based dietary compo-
nent extracts.
There were differences in the composition of the plant-
based dietary component on those studies using tea extract
catechins (24–29) and cacao extract flavanols (50, 53, 55).
Thus, a comparison of the results between these studies
should be made carefully. Future studies should standardize
the composition of plant-based dietary components to enable
a critical comparison of the results across studies.

Dose.
Dose variations in the plant-based dietary components used
in the studies also hamper the comparison of results between
studies.

Authorship.
Of note, 5 of 7 studies that used cacao extract flavanols
were conducted by the same laboratory (49, 51–54). The
Ajinomoto Company was involved in 3 of 4 studies using
capsinoids (43, 47, 48), whereas 2 of 3 capsaicin studies
were conducted by members of the same laboratory (44, 45).
Two of 8 resveratrol studies were conducted by a US-China
collaboration (36, 39), while a Spanish group conducted 2
of 8 studies (34, 37). Therefore, these findings should be
replicated by independent laboratories.

Analysis of thermogenic pathways.
The assessment of AMPK and SIRT1 pathways was likely
based on previous evidence and, therefore, untargeted
approaches (RNA sequencing or proteomics) should be
performed to demonstrate that both signaling pathways are
the main pathways that activate BAT and promote WAT
browning.

Assessment of BAT activity.
The studies included lack of evaluation of actual BAT activity
through either 18F-fluorodeoxyglucose positron emission to-
mography/computed tomography (18F-FDG-PET/CT) scans
(the current gold standard) (87), direct interscapular BAT
temperature measurements, or infrared thermography as-
sessments. Notably, it is important to consider that many
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of the studies measured UCP1 at the gene expression level,
which cannot be considered a proxy of thermogenesis. While
mRNA to protein ratio is thought to be constant (88), it could
vary depending on specific tissues and genes. Future studies
should include UCP1 protein assessments.

BAT activation and BAT recruitment.
The studies evaluated the effects of plant-based dietary
components over a period of time by measuring UCP1
mRNA or protein concentrations in BAT, which reflects
BAT recruitment. Even though BAT recruitment is likely a
consequence of repeated BAT activation, only a capsinoids
study (42) and 2 cacao flavanol extract studies (53, 55)
showed an acute activation of pre-existing BAT. Thus, future
studies should investigate BAT activation (and not only
recruitment) after chronic plant-based dietary component
interventions.

Safety of plant-based dietary components.
It has been shown that certain catechins at high concen-
trations may be responsible for the hepatotoxic effects of
green tea extract (70), or β-carotene supplementation could
increase the risk of lung cancer in smokers (89). Future
studies investigating the safety of supplementation with
plant-based dietary components are needed.

Translational research: future lines
Only 2 studies have evaluated the effect of oral tea extract
catechins on human BAT activity (90, 91), showing that
tea extract catechins increase cold-induced thermogenesis,
resting metabolic rate, and BAT density in BAT-positive
individuals. Sun et al. (92) reported a significant increase
in BAT glucose uptake after capsinoid ingestion. In light
of the present results, resveratrol, cacao extract flavonols,
and quercetin could be potential activators of human BAT,
although their BAT-activating properties have never been
tested in humans. Furthermore, whether plant-based dietary
components promote WAT browning in humans remains
unexplored. Experimental procedures, robust study designs,
and use of the gold-standard techniques for assessing BAT
activity and WAT browning must be used in future studies.

Conclusions
To date, the most studied plant-based dietary components
for activating BAT and promoting WAT browning in mice
and rats are tea extract catechins, resveratrol, capsaicin
and capsinoids, cacao extract flavanols, and quercetin. The
findings of the present systematic review support the use
of plant-based dietary components to activate BAT and
promote WAT browning in rodents and thus potentially
to combat obesity and cardiometabolic disorders. It seems
that a part of these effects could be dependent on the
upregulation of AMPK and SIRT1 signaling pathways, yet
further studies are needed to confirm the mechanisms
driving these findings. Studies in humans are warranted to
understand the impact of plant-based dietary components on
BAT metabolism and WAT browning.
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