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ABSTRACT

Humanbrown adipose tissue (BAT) has attracted clinical interest not only because it dissipates energy but also for its potential capacity to counteract
obesity and related metabolic disorders (e.g., insulin resistance and dyslipidemia). Cold exposure is the most powerful stimulus for activating and
recruiting BAT, and this stimulatory effect ismediated by the transient receptor potential (TRP) channels. BAT can also be activated by other receptors
such as the G-protein–coupled bile acid receptor 1 (GPBAR1) or β-adrenergic receptors. Interestingly, these receptors also interact with several
dietary components; in particular, capsinoids and tea catechins appear to mimic the effects of cold through a TRP-BAT axis, and they consequently
seem to decrease body fat and improve metabolic blood parameters. This systematic review critically addresses the evidence behind the available
human studies analyzing the effect of several dietary components (e.g., capsinoids, tea catechins, and ephedrine) on BAT activity. Even though the
results of these studies are consistent with the outcomes of preclinical models, the lack of robust study designs makes it impossible to confirm the
BAT-activation capacity of the specified dietary components. Further investigation into the effects of dietary components on BAT is warranted to
clarify to what extent these components could serve as a powerful strategy to treat obesity and relatedmetabolic disorders. AdvNutr 2019;10:291–
302.
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Introduction
Brown adipose tissue (BAT) generates heat via nonshivering
thermogenesis (NST) to maintain a constant core body tem-
perature at low ambient temperatures (1–4). Among other
mechanisms (5), NST occurs via the action of uncoupling
protein 1 (UCP1), a molecular hallmark of BAT (6). This
protein is expressed in both brown adipocytes (classical
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BAT) and brite adipocytes (brown-like adipocytes emerging
in white adipose depots, also known as beige adipocytes)
(7). The sympathetic nervous system (SNS) is the primary
regulator of BAT activity, releasing norepinephrine through
terminal neurons (8). The surfaces of BAT adipocytes are
rich inβ-adrenergic receptors, which bind to norepinephrine
(9). These β-adrenergic receptors are coupled to a Gs protein
system that activates the enzyme adenylyl cyclase and leads to
the formation of cAMPas a secondarymessenger (10). cAMP
activates protein kinase A, which leads to the activation of the
thermogenic response (9). Both intracellular fatty acids and
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fatty acids from the bloodstream are the primary substrates
of BAT mitochondria (11). Circulating glucose is also a fuel
for brown adipocytes, which allows for the use of imaging
techniques to trace human BAT activity via labelled glucose
(12). However, a set of techniques based on lipid metabolism
are being postulated as an alternative method for measuring
BAT activity (13).

Several studies have demonstrated a negative association
of human BAT activity and/or volume with BMI (14),
fat mass (15–17), glucose concentrations (16, 18), total
cholesterol, and TGs (19, 20) and the incidence of type 2
diabetes (21). Thus, since its “rediscovery” in humans in 2009
(4, 22–24), BAT has been postulated as a potential target
tissue in the treatment of obesity and related diseases. Cold
exposure, which is the primary BAT-activating stimulus (25),
stimulates the transient potential receptor (TRP) channels
that activate the SNS response (26). Acute or chronic cold
exposure effectively increases BAT volume and activity in
humans, and improves overall metabolic health in healthy,
obese, and diabetic patients (27–30). However, cold accli-
mation is difficult to implement in clinical practice and is
unpleasant for patients (26, 31).

Interestingly, TRP channels not only mediate temperature
stimuli but also function as chemesthetic receptors of
substances naturally present in food and herbal plants (32).
TRP vanilloid 1 (TRPV1), TRP ankyrin 1 (TRPA1), and TRP
melastin 8 appear to be the most relevant TRP channels
for BAT activation, as their stimulation is associated with
increased BAT activity (33). Currently, it is known that
several thermogenic food ingredients (hereafter referred to
as dietary components) mimic cold exposure through the
activation of TRP channels, consequently stimulating BAT
(26). The activation of TRPV1, TRPA1, and TRP melastin
8 (34) may be protective against obesity and cardiovascular
disease risk by preventing dietary-induced body fat gain and
inhibiting proinflammatory pathways (35–37).

In addition, some of these dietary components can
increase cold-induced thermogenesis (CIT) as well as diet-
induced thermogenesis (38). These effects may be partially
explained by BAT, as diet-induced thermogenesis is higher
in BAT-positive subjects than in BAT-negative subjects (39),
and by the association between cold-induced BAT activation
and CIT, independently of age and fat-free mass (40).

To date, there is increasing scientific evidence suggesting
that dietary components may play a role in human BAT
volume and activity (41). We systematically reviewed the
available human intervention studies analyzing the effect
of dietary components on BAT to further understand the
potential clinical relevance of this promising strategy.

Methods
We conducted a systematic search of articles of interest
in PubMed and the Web of Science. Our search strat-
egy included articles from 1 January 2007, the year of
publication of the first article suggesting that BAT was
metabolically active in adult humans, until 1 February
2018 (42).

Search strategy
Search terms related to studies of brown fat in humans were
combined in the following strategy in PubMed: (((((((“Adi-
pose Tissue, Brown” [Mesh] OR “Brown Fat” OR “Brown
adipose tissue”))) OR ((“Adipose tissue, beige” [Mesh] OR
“beige adipose tissue” OR “Brite fat” OR “beige fat”)))))
NOT (((((((((((“Mice” [Mesh]) OR “Rats” [Mesh]) OR
“Animal Experimentation” [Mesh]) OR “Models, Animal”
[Mesh])) OR (“rats” OR “mouse”))) OR “mice”)) OR “rat”)))
NOT “Review” [Publication Type]; and in Web of Science:
((“Brown adipose tissue” OR “Brown fat” OR “Brite adipose”
OR “Beige adipose” OR “Beige fat” OR “brite fat”) NOT
(“Mice” OR Rat∗ OR (Experiment∗ AND Animal∗) OR
(Research∗ AND Animal∗) OR “mouse” OR (model∗ AND
animal∗))). File type: (ARTICLE OR CLINICAL TRIAL OR
CASE REPORT).

Study selection
The inclusion criteria were as follows: 1) dietary compo-
nents (those components that met the dietary component
definition criteria, i.e., any nonartificially synthetized or
pharmaceutical chemical component of biological origin
able to elucidate a significant thermogenic response when
administered orally or injected); 2) human studies; 3)
original studies (no reviews); and 4) articles written in the
English language. Studies that included cancer reports such
as pheochromocytoma or hibernoma were excluded. After
discarding the duplicates found in both databases, eligibility
for inclusionwas evaluated based on the following: 1) reading
the title and abstract and 2) reading the full text.

Data collection process
The following data were collected from each included
study: 1) dietary compound; 2) source; 3) dose; 4) year;
5) country; 6) season or month; 7) study design; 8) BMI;
9) participants’ sex; 10) main findings; 11) BAT activity
measurement technique; 12) 18F-fluorodeoxyglucose (FDG)
positron emission tomography (PET) combined with com-
puted tomography (CT)(18F-FDG PET/CT) measurement
point; and 13) reference.

Results
General results
A total of 1778 studies were identified after duplicates
were discarded (Figure 1). No additional information was
retrieved after repeating the search in Scopus (information
not included in the flowchart). A total of 14manuscripts were
finally included after applying the aforementioned inclusion
and exclusion criteria. Two of the manuscripts (43, 44)
included 2 studies in the samemanuscript, resulting in a total
of 16 studies. We found no studies conducted in participants
with metabolic syndrome or type 2 diabetes. Notably, some
studies did not report information regarding the season in
which the study was conducted (45–47), whereas others were
conducted completely (40, 43, 44, 48–50) or partially (51–
53) in winter. Due to the high heterogeneity of the identified
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FIGURE 1 Flowchart showing the literature search and article selection process.

studies, no quality-assessment scale systems were used to
evaluate the quality of our eligible studies.

The most-studied dietary components were capsinoids
(n = 6 studies) (40, 43, 48, 49, 54), followed by tea
catechins (n = 3 studies) (44, 50) and ephedrine (n = 3
studies) (45, 51, 52). Other studies focused on bile acids
and various extracts of plants and seaweed (46, 47, 53,
55). All studies were published between 2012 and 2018.
The Japanese group headed by Dr. Saito conducted nearly
half of the studies in this field (n = 6; 35%) (40, 44,
46–48). A total of n = 12 (75%) of the studies were
performed in Asians (40, 43, 44, 46–50, 54, 55) and 25%
(n = 4) (45, 51–53) were conducted in Caucasians. Notably,
only 3 (43, 52, 55) of the 16 studies conducted 18F-FDG
PET/CT scans before and after the intervention (Table 1)
. Another 3 studies (19%) performed an 18F-FDG PET/CT
scan only after the intervention (45, 51, 53). A total of 13
(81%) studies used 18F-FDG PET/CT scans to quantify BAT
activity and/or volume before and/or after the intervention
(Table 1). Two studies (43, 50) (n = 2; 12.5%) used near-
infrared time-resolved spectroscopy (NIRTRS), whereas only
1 study used infrared thermography (n = 1; 6%) (49) to
quantify BAT activity. No study conducted biopsies. All
studies were conducted in adults under the age of 35 y (40,
43–53, 55); 14 studies were conducted in healthy and lean
humans (40, 43, 44, 46–53); and 2 studies were conducted in
obese humans (45, 55).

Capsinoids
All studies on capsinoids used the oral administration of
9 mg capsinoids/d extracted from Capsicum annuum L.

(CH-19 sweet chili pepper), except for a single study (54) that
administered 12 mg/d (acute effect). There were 3 chronic-
effect studies that used 9 mg capsinoids/d (between 6 and
8 wk) (40, 43) and 3 acute-effect studies (48, 49).

Yoneshiro et al. (40) conducted a chronic-effect study
(Table 1) in which the participants were selected according
to their BAT activity. After 6 wk of capsinoid treatment,
the participants who had received capsinoids exhibited a
significant increase in CIT capacity compared with the
control group (40). Nirengi et al. (43) reported that 6 wk
of capsinoid treatment induced an increase in BAT activity
as measured by 18F-FDG PET/CT scan (43). The same
group (43) studied the effect of daily capsinoid ingestion
over 8 wk and showed that the total hemoglobin (total-Hb)
change (assessed by NIRTRS every 2 wk at 27°C in the supr-
aclavicular region) was significantly greater in the capsinoid
group (43).

Yoneshiro et al. (48) reported that acute-effect ingestion
of capsinoids significantly increased resting metabolic rate
(RMR) and supraclavicular skin temperature in the high-
BAT activity group (48). The observed increase in RMR was
associated with an increase in BAT activity (48). Moreover,
Ang et al. (49) concluded that a single ingestion of capsinoids
elicited a significant increase in RMR and skin temperature
in the cervical-supraclavicular region measured by infrared
thermography in the capsinoid group (49). Finally, Sun
et al. (54) used the highest dose of capsinoids (12 mg/d) in
healthy adults and compared this treatment with mild cold
exposure: no effect of capsinoid ingestion onBAT stimulation
was observed, whereas a mild cold exposure did stimulate
BAT (54).

Activating human BAT using dietary components 293
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Tea catechins
All studies on tea catechins used green tea extract beverages
from Camellia sinensis, and 2 of these studies also used caf-
feine supplementation (44). Nirengi et al. (50) administered a
beverage containing 540 mg catechins plus 77 mg caffeine/d
for 12 wk and demonstrated an increase in BAT density
evaluated by NIRTRS (50). Yoneshiro et al. (44) administered
a beverage containing 615 mg catechins plus 77 mg caffeine
twice daily for 5 wk. BAT activity was measured by 18F-FDG
PET/CT scan before the intervention with a previously fixed
cooling protocol (2 h; 19°C) to select participants with low
BAT activity (44). The authors demonstrated an increase in
CIT in the catechin group relative to the control group (44).
The results of the experimental group (44) also revealed that
a single ingestion of the beverage containing catechins plus
caffeine induced a significant increase in RMR in the catechin
group compared with the placebo group.

Ephedrine
The only available chronic-effect study determined that BAT
activity was significantly reduced after a 28-d ephedrine
treatment (1.5mg ephedrine hydrochloride · kg–1 · d–1) in the
experimental group compared with the control group (52).
The findings of the acute-effect studies are contradictory.
Carey et al. (45)measured BAT activity 60min after ingestion
of 2.5 mg ephedrine/kg, and revealed an increase in BAT
activity in lean humans but not in obese humans. In contrast,
Cypess et al. (51) detected no increase in BAT activity after
an intramuscular injection of 1 mg ephedrine/kg.

Other dietary components
Three studies used plant extracts with pungent activity (46,
47, 55), and 1 study used bile acids (53). Only 1 study
evaluated the chronic effect of the dietary component (55)
and 3 studies evaluated the acute effects (46, 47, 53).

One study used a seaweed extract containing fucoxanthin
on 2 obese adult women (55). The women were instructed
to take 2 pills of Xanthigen (600 mg contained in 2 capsules;
PLT Health Solutions) with fucoxanthin (3 mg) and punicic
acid (174 mg) every day for 12 wk. The 18F-FDG PET/CT
scan analyses, which were conducted before and after the
12-wk intervention, reported a visual (not quantitative)
increase in BAT activity in 1 of the participants. Sugita
et al. (46) used a single dose of 40 mg from Aframomum
melegueta. The participants were divided into BAT-positive
and BAT-negative groups. After the oral ingestion of the
dietary components, a significant increase in RMR was
found in the BAT-positive group (46). Matsushita et al.
(47) used a single 100-mg dose of Kaempferia parviflora
extract. All participants were men and were previously
divided into high-BAT-activity and low-BAT-activity groups.
A significant increase in RMR in the high-BAT group was
demonstrated. The acute effect of chenodeoxycholic acid
(15 mg · kg–1 · d–1 for 2 d) was tested in young and lean
women (53). The authors reported a significant increase in
BAT activity and an increase in RMR in the chenodeoxy-
cholic acid group (53).

Discussion
We analyzed all available human studies that investigated
the effect of both chronic and acute ingestion of dietary
components on BAT activity, as measured by 18F-FDG
PET/CT, and on CIT, RMR, supraclavicular total-Hb, and
supraclavicular skin temperature. In general, the study
designs were not robust, because only 7 studies (47%) (43, 45,
49–53) used a double-blind, randomized, placebo-controlled
design, and only 3 studies (43, 52, 55) conducted an 18F-FDG
PET/CT scan before and after the intervention. There is a
lack of information on the effect of the dietary component
at the molecular level in BAT, white adipose tissue, or
musclemeasured in vivo through biopsy analysis. The results
of many studies (40, 43–50, 53–55) suggest that it seems
plausible to activate and recruit human BAT through the
ingestion of certain dietary components in healthy adults,
yet the current level of evidence precludes a definitive
conclusion. Further studies are warranted to confirm this
hypothesis.

Capsinoids
Capsinoids are substances naturally present in chili peppers,
and they are particularly abundant in C. annuum L. or “CH-
19 Sweet” (56). Capsinoids include capsiate, dihydrocapsiate,
and nordihydrocapsiate (57). Although capsinoids are struc-
turally similar to capsaicin, they are 1000 times less pungent
but are as potent as capsaicin in increasing thermogenesis
and RMR (48).

The thermogenic activation pathways of capsinoids in-
clude TRPV1 and TRPA1, which have possible mechanisms
of action on BAT activity, because capsinoids activate both
receptors (58, 59). In mice, intragastric administration
of capsinoids has been shown to elicit an increase in
temperature in the intrascapular BAT region, whereas this
effect was attenuated in TRPV1-deficient animals (60). The
thermogenic response is also impaired in humans with amu-
tation affecting TRPV1 function (61). Furthermore, capsiate
is an enhancer of UCP1 expression (62). Consequently, it
is likely that capsinoids activate BAT through the TRPV1-
SNS-BAT axis in humans. Only 1 study on capsinoids
analyzed BAT activity before and after the intake of dietary
components (43) and only 1 study analyzed BAT activity
after the capsinoid ingestion. Notably, the first study (43)
had a low sample size (n = 3; single-blind and crossover
study design), whereas the second study (54) had a nonblind
design. Neither study (43, 54) performed a personalized
cooling protocol before the 18F-FDG PET/CT scan, and the
glucose standardized uptake values were not individualized
(43) and did notmeet the recommendations for BAT analysis
and quantification (63).

Tea catechins
Tea catechins are polyphenolic components present in
green tea. The most abundant and bioactive component is
epigallocatechin gallate, which is one of the most thoroughly
studied dietary components present in green tea. Therefore,
epigallocatechin gallate may be the best choice if only 1
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catechin is encapsulated to test its properties on BAT activity.
The thermogenic effect of tea catechins has repeatedly been
shown in humans (64, 65). Regarding the mechanism of ac-
tion, epigallocatechin gallate and its auto-oxidation products
have been shown to be TRPA1 and TRPV1 agonists (66, 67).
Catechins can activate and recruit BAT via TRP channels
located in the sensory neurons of the gastrointestinal tract
(68). There is no solid evidence that tea catechins can activate
and recruit BAT in humans, because there are no studies
in which 18F-FDG PET/CT scans were conducted before
and after the dietary component administration. However, it
seems biologically plausible that tea catechins plus caffeine
activate human BAT in both chronic and acute treatments,
because this combination has been shown to increase CIT
and RMR in humans (44). Certain studies suggest that
CIT may be proportional to BAT-dependent thermogenic
capacity (69). Therefore, the significant increase in CIT
observed after the tea catechin treatment may be due to
an increase in BAT activity. Interestingly, there is strong
evidence that skeletal muscle is a major contributor of
CIT, so we cannot discard the possibility that the effects
of catechins are muscle-mediated and not BAT-mediated
(70, 71). Nirengi et al. (50) quantified the change in total-
Hb in the supraclavicular region after a chronic intake
of catechins under thermoneutral conditions, which was
found to be significantly higher in the catechin group (50).
This finding is in agreement with the results of a previous
experiment performed by the same research group in which
they demonstrated that total-Hb values under thermoneutral
conditions were positively correlated with BAT activity (72).
Thus, it seems feasible that the increase in total-Hb in
the supraclavicular area may be directly correlated with
an increase in BAT activity, and that tea catechins could
activate BAT even under thermoneutral conditions in healthy
humans.

An acute-effect study (44) showed an increase in RMR
after the ingestion of a tea catechin beverage in subjects with
detectable BAT activity but not in subjects with undetectable
BAT activity. Even though this increase in RMR was likely
due to an increase in BAT activity, no 18F-FDG PET/CT
scan was conducted after the intervention to confirm the
finding.

In vitro studies using tea catechins have revealed an
inhibition of the catecholamine-degrading enzyme catechol-
O-methyltransferase (73), which could explain the SNS-
BAT connection as due to an increase in norepinephrine
life span. Nonetheless, catechol-O-methyltransferase activity
was not impaired by high doses of epigallocatechin gallate
in humans (74). Regarding the thermogenic effects of
caffeine, these effects may occur through the inhibition of
phosphodiesterase (an enzyme that degrades cAMP) (75).
In addition, a synergistic interaction has been proposed
between tea catechins and caffeine, with the latter increasing
adrenergic and lipolysis activity (76, 77). Additional studies
are warranted to clarify whether the inhibition of catechol-O-
methyltransferase and phosphodiesterase is responsible, in
part, for the thermogenic effect of tea catechins and to verify

to what extent TRPA1 and TRPV1 activation can enhance
human BAT activity.

Ephedrine
The dietary component ephedrine is a sympathomimetic
amine found in plants of the Ephedra genus, which can
bind to adrenergic receptors. The mechanism of action of
ephedrine does not involve activation of the TRP receptor,
but rather, stimulation of SNS activity and thermogenic
pathways boosts BAT activity. Historically, ephedrine has
been used to increase energy expenditure in humans (78),
and it has been linked to an increase in 18F-FDG BAT uptake
in mice (79); thus it seems plausible that ephedrine itself
could activate BAT in humans. Carey et al. (45) showed that
BAT can be activated in healthy, lean adults with a single dose
of ephedrine. Interestingly, the same treatment administered
to obese patients did not significantly increase BAT activity,
suggesting that, at least in response to sympathomimetic
dietary components, BAT activity may be impaired in
obese humans. This finding is consistent with previous cold
exposure studies that did not detect a significant increase
in BAT in obese humans (4, 15, 24). Conversely, another
acute-effect study performed by Cypess et al. (51) failed
to stimulate BAT activity after ephedrine administration.
However, this study used a single intramuscular dose of
1 mg ephedrine/kg, which was a lower dose (and a different
route of administration) than that used by Carey et al. (45) (a
single oral dose of 2.5 mg ephedrine/kg); hence, we cannot
discern to what extent the difference between intramuscular
injection and oral ingestion affected the outcome. Moreover,
the analyses were performed over a wide period of time
(>1 y considering all the interventions and measurements
of all participants) so the seasonal variations in BAT activity
could have introduced a bias.

Chronic effects of ephedrine treatments appear to reduce
BAT activity. Carey et al. (52) showed that BAT activity
was reduced after 28 d of ephedrine treatment. Interestingly,
this intervention was performed from spring to autumn,
far from the winter season, which means that the warmer
outdoor temperatures might have also inhibited BAT activity
(29). Further studies are needed to determine whether
BAT activation could be due to ephedrine itself, what the
ideal dose and route of administration (intramuscular or
orally ingested) are, and to what extent the duration of the
treatment impairs BAT activity.

Other dietary components
A. melegueta seeds, also known as “Grains of Paradise,”
are used as a spice for flavoring food and are known to
have anti-inflammatory properties (80). These seeds are rich
in 6-gingerol, 6-paradol, and 6-shogaol (all of which are
nonvolatile with pungent activity) (81). It seems feasible that
these dietary components may exert their effects by binding
TRPV1 (68). Sugita et al. (46) demonstrated an increase
in RMR in BAT-positive individuals compared with BAT-
negative individuals after an intervention with an extract of
A.melegueta (46). However, the effect ofA.melegueta onBAT
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activity was not tested and is therefore unknown because
the 18F-FDG PET/CT scan was performed only before the
intervention. The volatile components existing in the A.
melegueta extract have a vanilloid moiety, which can activate
TRPV1 (involved in the thermic effects of capsinoids and
catechins, as previously described). Therefore, if the increase
in RMR after the ingestion of A. melegueta is confirmed by a
parallel augmentation in BAT activity assessed after ingestion
of the dietary component, then the activation of the TRPV1-
SNS-BAT axis may be the underlying mechanism of action.

Regarding human BAT activity after oral ingestion of the
K. parviflora extract, RMR increased in the BAT-positive
group (46). K. parviflora has been demonstrated to have
antiobesity effects in type 2 diabetic obese mice (82).
Dietary supplementation with K. parviflora prevented not
only body weight increase and body fat accumulation but
also glucose intolerance (82, 83). Yoshino et al. (84) showed
that K. parviflora ingestion increased urinary excretion of
noradrenaline, UCP1 expression, and RMR in mice. Thus,
it could be expected that K. parviflora, similar to capsinoids,
activates and recruits BAT. Nevertheless, studies with better
methodological designs are warranted to determine whether
K. parviflora truly enhances BAT activity in humans.

Xanthigen is a weight-management ingredient combining
punicic acid (from pomegranate) and fucoxanthin from the
brown edible seaweedUndaria pinnatifida. The combination
of Xanthigen with punicic acid appears to have positive
effects on weight loss, body fat, and liver fat content in obese
nondiabetic women (85). In addition, fucoxanthin from U.
pinnatifida has exhibited an antiobesity effect through the
enhancement of UCP1 expression in murine white adipose
tissue (86). Although Kim et al. (55) performed a before-
and-after assessment of BAT, the sample size of their study
(n = 2) precludes any firm conclusion. Moreover, these
authors reported a visual increase (not quantified) in BAT
activity according to PET/CT (55). Thus, even though the
results appear to support the evidence of previous studies
demonstrating that Xanthigen increases RMR in obese
patients (85) and could therefore be useful as a therapy
against diabetes (87), a larger sample size and a better study
design are needed.

Chenodeoxycholic acid is one of the primary bile acids
produced by the liver in humans, and its supplemental use
has been demonstrated to be safe in humans and easily
administered orally (88). Chenodeoxycholic acid activates
theG-protein–coupled bile acid receptor 1 (GPBAR1), which
results in an increase in the concentration of intracellular
cAMP. This secondary messenger, cAMP, activates type 2
deiodinase, an enzyme that drives the conversion of the
inactive thyroid hormone to the active form (T3). Thus,
T3 is the final activator of BAT, which also increases RMR
(89). It also appears to increase BAT activity and enhance
RMR in murine models (90). Moreover, there is strong
evidence supporting a correlation between circulating bile
acids, BAT activity, and NST (89). Broeders et al. (53)
showed that an administration of 15 mg chenodeoxycholic
acid/d for 2 d increases BAT activity measured by 18F-FDG

PET/CT scan under thermoneutral conditions. Therefore, it
would be of clinical interest to study the effects of chronic
chenodeoxycholic acid supplementation on BAT activity.

General limitations of the studies included in the review
Homogeneous composition of dietary component
extracts.
To enable interstudy comparisons, there is a need to stan-
dardize the use of dietary component extracts. For example,
Yoneshiro et al. (44) and Nirengi et al. (50) used different
concentrations of catechins in their beverages; therefore, it is
not possible to determine to what extent the results between
these studies are comparable.

18F-FDG limitations.
Even though 18F-FDG uptake is a marker of BAT activity,
this parameter is not directly proportional to energy con-
sumption, because glucose is not the major fuel in BAT
metabolism (91). Indeed, fatty acids, which are the main
substrate for BAT mitochondria, are mostly provided from
the inner depots, but are also provided from the bloodstream
via the action of the lipoprotein lipase (12). Hence, we should
use additional approaches to quantify total BAT activity, such
as measuring the oxygen consumption (70), tracking other
fatty acid derivatives such as 11C-acetate (92), and usingMRI
(93–96).

Ethnicity.
There is evidence that BAT volume is dependent on ethnicity
(97). The majority of the studies included in the review were
conducted in South Asians (75%; n = 12) (40, 43, 44, 46–50,
55), compared with 25% in Caucasians (n = 4) (45, 51–53).
Therefore, caution must be used when translating the results
from one ethnic group to another.

Seasonality.
Seasonal changes in BAT and CIT may be due to envi-
ronmental factors such as outdoor temperatures (98) and
photoperiod (99). In addition, not only CIT but also cold-
induced fat oxidation have been shown to be increased in
winter compared with summer, and this change is more
notable in high-BAT subjects than in low-BAT subjects
(100). Considering all this evidence, the involvement of
BAT in the seasonal variations of CIT in healthy humans
is another variable that warrants consideration to optimize
study designs (i.e., crossover with washout for acute-effect
studies; control group with placebo for chronic-effect studies
with placebo).

Dose adjustment.
Only the chenodeoxycholic acid (53) and ephedrine (45, 51,
52) studies adjusted the dietary component dose according
to the weight of each participant.

Authorship.
Notably, all studies using capsinoids and tea catechins were
conducted by Japanese researcher groups (40, 43, 44, 46–50),
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with Dr. Saito leading a significant fraction of the studies
(n= 6; 35%) (40, 44, 46–48). To date, there is no confirmation
of the results of these studies by an independent research
group, except for Sun et al. (54), who studied capsinoids.

Conclusions
Although it is biologically plausible that the ingestion of di-
etary components increases human BAT activity, the current
level of evidence supporting this hypothesis is low. More
and better-designed studies (e.g., double-blind, randomized,
placebo-controlled, and season-matched,with a personalized
cooling protocol prior to PET/CT or MRI scan) are needed
to understand whether dietary components are an effective
treatment to activate and recruit human BAT.
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