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Abstract

Over the past five decades, the increasing incidence of obesity has sparked
considerable interest in nutraceuticals as promising natural alternatives for effective
weight management and metabolic health improvement. Sulforaphane (SFN), an
isothiocyanate abundant in cruciferous vegetables, has gained attention for its potential
in obesity management, particularly by promoting the browning of white adipose
tissue (WAT) and transforming it into energy-burning fat. While its potential is
significant, the underlying molecular mechanisms are complex and require a
comprehensive synthesis. Therefore, this review explores sulforaphane (SFN) as a
potential nutraceutical alternative by examining the scientific evidence of its anti-
obesity effects, focusing on its ability to activate multiple signalling pathways,
including Nuclear Factor Erythroid 2-related factor 2 (Nrf2), AMP-activated protein
kinase (AMPK), and sirtuin 1 (SIRT1), as well as upregulation of uncoupling protein
1 (UCP1). These are the key pathways in mitochondrial biogenesis, lipid metabolism,
and thermogenesis. Additionally, SFN can mitigate oxidative stress and modulate
inflammatory responses, further contributing to improved metabolic function and
energy expenditure. While much of the research on SFN has focused on its effects on
mature cruciferous vegetables, current research increasingly directs attention to
microgreens, which contain significantly higher concentrations of bioactive
compounds, including SFN. This review highlights SFN’s molecular mechanisms
underlying its role in the context of obesity, specifically its effects on WAT browning,
metabolic regulation, and thermogenesis. We also explored the potential of
microgreen-derived SFN as a promising nutraceutical for obesity intervention and
metabolic regulation, highlighting the novel bioactive chemical and biological
properties of these plants.
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INTRODUCTION

Obesity results from an imbalance in energy intake

This process transforms white fat cells into active
brown-like fat cells, thereby increasing energy

and expenditure, leading to the excessive accumulation
of white adipose tissue (WAT). This condition
contributes to the development of other diseases, such
as type 2 diabetes mellitus (T2DM), cardiovascular
disease (CVD), and particular types of cancers, all of
which have a significant impact on global mortality*
and are directly responsible for millions of deaths each
year worldwide.? Recently, several studies have
highlighted the browning of white adipose tissue
(WAT) as a promising approach for managing obesity.

expenditure. As a result, it helps reduce excess fat while
enhancing overall metabolic health.®

Natural compounds offer advantages to human health
because of their bioactive properties, which
demonstrate disease-modifying effects in various
chronic diseases, including obesity.
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Isothiocyanates, such as sulforaphane (SFN), are
sulfur- and nitrogen-rich compounds that are abundant
in cruciferous vegetables of the Brassicaceae family.
The abundance of SFN in the young plants, also known
as microgreens, was found to be an order of magnitude
higher than that in the mature plants. Importantly, the
compound has been widely acknowledged for its well-
known therapeutic effects and potential applications.*

Recent studies have highlighted SFN’s potential in
managing obesity and metabolic  syndrome,
demonstrating its ability to promote white adipose
tissue (WAT) browning and improve insulin
signalling.’ Furthermore, SFNs have demonstrated
disease-modifying capabilities through various and
extensive mechanisms of action, including the
reduction of reactive oxygen species (ROS), activation
of antioxidant enzymes, attenuation of oxidative stress,
and modulation of inflammatory responses.* In both in
vitro and in vivo models, SFN has been shown to
enhance  mitochondrial ~ biogenesis,  upregulate
thermogenic gene expression, and improve lipid
metabolism through key pathways, including Nrf2,
SIRT1/PGC-1a, and AMPK %10 Additionally, SFN has
been found to inhibit the differentiation of
preadipocytes into mature adipocytes and reduce lipid
accumulation by suppressing the transcription of
adipogenic factors, including PPARy and C/EBPa.
Interestingly, its effect also extends to glucose
metabolism, preventing weight gain, and altering the
composition of gut microbiota and inflammation. These
cumulative effects further underscore the use of
sulforaphane-rich nutraceuticals for managing obesity
and related metabolic disorders.'*12

This review aims to explore the underlying molecular
mechanisms of SFN as an anti-obesity nutraceutical,
with a focus on its thermogenic activities. It also
examines the chemical and biological characteristics,
including bioavailability, biostability, and metabolism,
as well as its impact on the browning of white adipose
tissue (WAT). The article concludes by evaluating SFN
as a promising therapeutic strategy for addressing
obesity and related metabolic disorders.

MATERIALS AND METHODS

A comprehensive literature search was conducted to
identify relevant studies for this review. We searched
electronic databases, including PubMed, Scopus, and
Google Scholar, for articles published up to June 2025.
The search strategy utilised a combination of keywords
related to the main topic, such as "sulforaphane,”
"obesity," "white adipose tissue browning,"” and
"thermogenesis,” often  paired with  broader
mechanism-related terms like "molecular pathways" or
"signaling pathways." This approach was designed to
identify the full range of underlying mechanisms
involved. We included preclinical studies (both in vivo
and in vitro) that investigated the molecular
mechanisms of sulforaphane in the context of adipocyte
function and metabolic regulation. Articles were
selected based on their relevance to the review's scope,
and priority was given to peer-reviewed original
research and review articles. No language restrictions
were applied during the initial search.

DISCUSSION
Sulforaphane

Molecular Structure and stability of Sulforaphane

As a member of the isothiocyanate family, SFN
possesses a molecular structure (CsH11NOSy)
characterised by a benzene ring (CsHs) attached to a
short aliphatic chain (-CH,-CH>-) and an isothiocyanate
functional group (-N=C=S). Additionally, the sulfinyl
group is connected to the aliphatic chain, contributing
to the compound's chemical reactivity (Figure. 1A).
The presence of sulfur and nitrogen atoms in SFN is
particularly significant in its structure. It plays a crucial
role in cellular signalling and contributes to energy
production.'® Additionally, the nitrogen atom enhances
its SFN reactivity towards cellular components, such as
proteins and enzymes.* SFN is a small molecule with
a molecular weight of 177.29 g/mol, which makes it
easier for the molecule to travel through cellular
membranes and reduces steric hindrances during
interactions with transport proteins and receptors.
Furthermore, the sp3-hybridised carbon-carbon (Csp3)
fraction is 0.83, indicating a predominantly aliphatic
structure that enhances its ability to interact with
hydrophobic regions of biological membranes and
protein-binding sites, thereby contributing to its
functional versatility in biological systems. These
properties are essential for understanding its structural
flexibility and interactions with biomolecules.®

SFEN exhibits high conformational freedom, as
evidenced by its five rotatable bonds, which feature a
“pivot joint” structure, providing the molecule with
flexibility. It enables various orientations and
interactions with biological targets, such as enzymes
and receptors, thereby enhancing their activity and
binding specificity.’® In addition, the molecule
possesses two hydrogen bond acceptors and no
hydrogen bond donors, which could influence its
solubility and interaction  with  hydrophilic
environments, including aqueous media and protein
active sites.!” Furthermore, the SFN’s polar surface
area (PSA) is calculated to be 80.73 Az (<140 A?),
generally  associated with good membrane
permeability, suggesting that sulforaphane can readily
cross biological membranes, including the blood-brain
barrier.®® Lastly, the molar refractivity of 48.40 further
supports its lipophilic interactions and the potential to
engage in van der Waals forces.*®

The melting point of SFN is 74.6° C, indicating
moderate thermal stability, which is essential for its
storage and formulation in a therapeutic setting. A
critical limitation of SFN regarding its delivery
mechanisms is its water insolubility, which has
moderate lipophilicity with a LogP of 1.93 (Figure.
1B). This is essential because it allows the substance to
be transported through passive diffusion while
maintaining solubility in aqueous fluids, such as blood
plasma.2’ However, its water insolubility necessitates
the development of delivery systems, such as
emulsions, nanoparticles, and encapsulation systems, to
enhance its solubility and bioavailability.?
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Figure 1. A. Molecular structure of sulforaphane in 2D and 3D conformations; B. Pharmacokinetic properties including
lipophilicity (LIPO: LogP = 1.93), flexibility (FLEX: Number of rotatable bonds = 5), molecular size (SIZE: Molecular
weight = 177.29 g/mol), polarity (POLAR: Polar surface area = 80.73 A2), insaturation (INSATU: Molar refractivity =

48.40), and insolubility (INSOLU: Insoluble)

General Sources of Sulforaphane

Generally, SFN is predominantly found in
cruciferous vegetables, particularly in the Brassica
genus. The highest concentrations are observed in
broccoli (16.6-57.7 umol/g d.w)??, cabbage (41.0—
177.0 pg/g d.w)Z, kale (4.0-12.5 umol/g d.w)?*, bok
choy (0.3-1.4 pmol/g d.w) %, cauliflower (3.8-9.2 ug/g
d.w) %, kohlrabi (0.78-40.25 pmol/g d.w)¥, and
brussels sprouts (336-1483.76 ng/g d.w).22 Notably,
younger plants, particularly sprouts, exhibited
significantly higher SFN contents than mature plants.
Studies have shown that broccoli shoots contain 10 to
100 times more nutrients than mature plants.?
Similarly, broccoli microgreens have been found to
have glucoraphanin (a precursor to sulforaphane)
content similar to that of broccoli shoots, making them
a significant source of sulforaphane (SFN).* The
presence of SFN in these vegetables underscores its
potential health benefits, including antioxidant, anti-
cancer, anti-inflammatory, and anti-obesity effects.!

Metabolic  Digestion
Sulforaphane

SFN undergoes a series of metabolic processes,
from ingestion to absorption and circulation, as shown
in (Figure. 2). Glucoraphanin (GRA) is converted to
sulforaphane (SFN) by the enzyme myrosinase when
plant tissue is disrupted, such as through chewing,
crushing, or cooking, which allows the enzyme to come
into contact with GRA. Without such disruption,
myrosinase remains inactive until the oral and gut
microbiota facilitate the conversion of GRA to SFN.%
Once in the stomach, the SFN remains stable in the
acidic environment and is efficiently passed through to
the small intestine, where the body absorbs it through
passive diffusion across the intestinal lining.®® During
this stage, SFN primarily conjugates with glutathione
via the mercapturic acid pathway, forming SFN-GSH
sulforaphane-glutathione conjugates (SFN-GSH). The
body transports these conjugates to the liver, where
they undergo phase Il metabolism to form
sulforaphane-cysteine (SFN-Cys) and sulforaphane-N-
acetylcysteine  (SFN-Nac). The latter is the
predominant metabolite in the blood and urine. These
substances are distributed across various organs and
tissues, including the adipose tissue. Notably, SFN’s
presence in adipose tissue has been linked to its

and Bioavailability of

potential role in thermogenesis, the body’s process of
heat production.®

The bioavailability of SFN significantly influences
its effectiveness and potential therapeutic benefits, with
a reported bioavailability of approximately 40%. It
appears in the bloodstream within 1-2 hours after
consumption, with peak plasma concentrations
occurring between 1 and 3 hours after ingestion. The
process can differ depending on individual factors such
as dietary intake, food preparation methods, and genetic
differences in glutathione-S-transferase activity.® The
bioavailability of SFN is significantly increased when
GRA is administered with active myrosinase, compared
to when it is absent. Moreover, gastric acidity can affect
the myrosinase activity. Studies have shown that proton
pump inhibitors such as omeprazole can increase the
bioavailability of SFN by reducing gastric acidity,
thereby protecting myrosinase from inactivation.% The
bioavailability and stability of SFN can be improved by
encapsulating it within protective molecules. For
example, the microencapsulation of SFN using whey
protein has been proven not only to preserve the
integrity and bioavailability of the delivered substance
but also to allow for its controlled release in the body,
potentially  increasing its  absorption  and
effectiveness.®” Compared to traditional forms such as
dried broccoli or pea protein, microencapsulated SFN
demonstrates superior resistance to harsh conditions of
the gastrointestinal tract, ensuring that a higher
proportion of the compound reaches its intended targets
in the body. This method can protect SFN from
degradation during the digestive process.*’ The
enhanced stability and targeted delivery of
microencapsulated SFN could pave the way for more
efficient and effective nutraceutical therapeutic
applications. Further research is necessary to optimise
the encapsulation process and investigate the potential
synergistic effects of this approach with other bioactive
compounds.

Browning Reaction of White Adipose Tissue (WAT)

Adipose tissue exists in two primary forms: white
adipose tissue (WAT) and brown adipose tissue (BAT),
both of which play critical roles in energy homeostasis,
metabolic regulation, and overall health maintenance.®
WAT primarily serves as an energy reservoir, storing
triglycerides in adipocytes for use during periods of
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Figure 2. Schematic representation of the metabolism p

rocess of the sulforaphane compound in the human body.

Cruciferous vegetables are rich in glucoraphanin with inactive myrosinase. Myrosinase is activated by chewing or through
the activities of oral or gut microbiota, which enzymatically convert glucoraphanin (GRA) to sulforaphane (SFN). SFN is
absorbed into the bloodstream and undergoes Phase 1l metabolism in the liver, producing beneficial effects on various

organs and tissues before being excreted in urine

energy deficit.®® In contrast, BAT specializes in energy
expenditure and thermogenesis, which are crucial for
maintaining body temperature and energy balance. It is
highly vascularized and is composed of brown
adipocytes rich in mitochondria, with thermogenic
capacity enhanced by uncoupling protein 1 (UCP1).%°
However, WAT can undergo a phenotypic conversion
known as browning, a process in which white
adipocytes acquire morphological and functional
characteristics similar to those of brown adipocytes.
This process enhances mitochondrial biogenesis and
increases UCP1 expression, facilitating proton leakage
across the inner mitochondrial membrane, which
ultimately leads to heat production.

Furthermore, mitochondrial biogenesis aligns with
an increase in the oxidative capacity of adipocytes,
promoting energy expenditure and thermogenesis
similar to that of brown adipose tissue (BAT). As a
result, the induction of WAT browning has been
identified as a promising therapeutic strategy for
obesity
and metabolic disorders, as it enhances energy
dissipation and improves metabolic efficiency. 34
Various stimuli, including cold exposure, exercise, and
specific  dietary = components, can  stimulate
thermogenesis. Cold exposure activates brown adipose
tissue (BAT) via the sympathetic nervous system,
increasing energy expenditure and heat production.*?
Notably, specific dietary components, such as SFN, can
enhance thermogenesis by activating several molecular
pathways that increase energy expenditure and

stimulate WAT browning. These effects improve
metabolic health and support effective obesity
management.5-12

The Molecular Pathways of Sulforaphane (SFN)
Induced White Adipose Tissue (WAT) Browning
Several studies have investigated the effect of SFN
on WAT browning, primarily through in vitro and in
vivo models, as shown in (Table. 1). This process
involves a complex mechanism mediated by multiple
molecular  signalling pathways that enhance
mitochondrial biogenesis, lipid metabolism, and energy
expenditure, as illustrated in (Figure. 3). Despite the
absence of large-scale human trials, the potential of
SFN to promote brown adipose tissue (BAT) browning
remains compelling. The promising data from
laboratory studies establish a basis for future
examinations, highlighting the necessity for more
thorough studies to verify SFN’s therapeutic potential
in humans. These initial findings justify continued
exploration and further investment in clinical trials.
While the majority of studies consistently report
enhanced UCP1  expression and  metabolic
improvements upon SFN treatment, variations in
experimental models, including cell lines, animal
species, dosing regimens, and treatment duration, may
influence specific molecular readouts. For example,
some investigations emphasise SFN’s role in
modulating  gut  microbiota and  systemic
endotoxemial?, whereas others focus on intracellular
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Table 1. Summary findings of in vitro and in vivo studies involving signaling the effects of sulforaphane (SFN) on White

Adipose Tissue (WAT) browning and metabolic health

Sulforaphane

Mechanism of

Model Dosage/ Key Findings Action Reference
Duration
Leptin- 25 mg/kg, 8 Reversed leptin resistance, 1 UCPI, | Nrf2-UCP1 6
resistant mice weeks inflammation, and ROS.
3T3-L1 Induced lipophagy via AMPK-mTOR AMPK-mTOR
: . - - - - 7
3?;rrz)c;cytes (in 5uM, 10 days ULK1 signalling; 1 fatty acid release. ULK1
HED-induced 10 mg/kg, 10 T Browning _markers (_UCI?I, PGC_la); AMPK- PGCla- .
. weeks improved mitochondrial biogenesis and

obese mice B o UCP1

insulin sensitivity.

1 Adipose browning (UCP1,
HED-induced 30 mg/kg/day, 12 PRDM_16); l endotoxem.la; improved Nrf2—U_CP1_and .

. systemic energy balance; changes to Gut Microbiota

obese mice weeks . . . -

gut microbiome composition; | plasma  Modulation

LPS levels.
Murine 3T3-L1 1 Browning markers, enhanced
adipocytes (in 10 uM, 48 hours ~ mitochondrial content and respiration, 1 Sirtl-PGCla ®
vitro) and lipid oxidation.

AMPK-PPARy-

1 AMPK activation; C/EBPa
HFD-induced 0.1% SFN in diet, | Adipogenesis markers (PPARY, (Adipogenesis) 12
obese mice 6 weeks C/EBPa);| adipocyte hypertrophy; |

Lipogenesis AMPK-ACC

(Lipogenesis)

3T3-L1 . o o
adipocytes (in 10 pM, 24 hours 1 I;:p()lygl? via HS; ac.gva.non’ AMPK-HSL 10
vitro) enhanced fatty acid oxidation.

pathways such as AMPK-mediated lipophagy or
mitochondrial biogenesis.” These complementary
findings highlight the multifaceted effects of SFN,
suggesting that its impact may vary across different
physiological and experimental contexts. Therefore, a
more harmonised approach in future study designs
could enhance cross-study comparability and facilitate
the translation of findings.

To establish a coherent framework of SFN's action,
it is essential to recognise that these signalling
pathways often interact in an integrated manner. The
molecular pathways regulated by SFN, namely Nrf2,
AMPK, and SIRT1, are not independent but are
interconnected and may exert synergistic effects. For
instance, AMPK activation enhances NAD+
availability, which in turn activates SIRT1 and
promotes PGC-la, a mediator of mitochondrial
biogenesis.  Simultaneously, ~SFN-induced Nrf2
activation leads to increased antioxidant defences,
reduced oxidative stress, and supports mitochondrial
function. This integrated response amplifies
thermogenesis and promotes the browning of BAT,
suggesting a concerted mechanism rather than a
collection of independent effects.

Nuclear Factor Erythroid 2-Related Factor 2 (Nrf 2)
pathway

Nrf2 is a key transcription factor that regulates gene
expression involved in cellular defence, the production
of antioxidant proteins, and the synthesis of
cytoprotective enzymes. Under conditions of high
oxidative stress, such as obesity, reactive oxygen
species (ROS) can modify kelch-like ECH-associated

protein 1 (KEAP1), leading to dysregulation of the
KEAP1-Nrf2 pathway. This process can overwhelm the
pathway, reducing Nrf2 availability or rendering its
activation ineffective. However, this route can be
restored through the use of bioactive compounds. SFN
can inhibit KEAP1, thus preventing Nrf2 degradation
and facilitating its migration and accumulation in the
nucleus.*®

Once SFN binds to small musculoaponeurotic
fibrosarcoma (MAF) proteins, it activates antioxidant
response elements (ARESs) within the promoter regions
of target genes, including thermogenic genes.** This
mechanism can induce the activity of UCP1, a key
mitochondrial protein responsible for thermogenesis in
adipose tissue.®! UCP1 dissipates the proton gradient
across the inner mitochondrial membrane, generating
heat instead of ATP.*® By enhancing mitochondrial
biogenesis and oxidative metabolism, SFN creates a
cellular environment that favours UCP1 activation,
promoting the conversion of energy-storing white
adipocytes to energy-expenditure beige adipocytes.*®
This browning process increases the energy
expenditure and decreases adiposity.4’

According to studies in animal models, Nrf2 can
mitigate obesity and induce the expression of UCP-1
through SFN treatment.®'* This induction is further
supported by enhanced fat oxidation, which supplies
thermogenesis with the energy substrates. Moreover,
altering fatty acid synthesis reduces lipid accumulation
and prompts adipocytes to shift from storing fat to
utilising it for energy. Improved leptin sensitivity also
stimulates thermogenic  pathways and UCP1
expression, thereby contributing to browning.®
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Consequently, the induction of UCP1 also leads to
the phenomenon in which energy is released as heat
instead of being converted to ATP, owing to the leakage
of protons across the mitochondrial membrane.*®
Consequently, the metabolic rate increases, which is
reflected in increased oxygen consumption (VO2) and
carbon dioxide production (VCO,). These mechanisms
may be beneficial for weight loss and improving
metabolic health by increasing insulin sensitivity and
glucose tolerance, decreasing the expression of
lipogenic genes, and reducing lipid peroxidation levels
and inflammation.*!

AMP-activated protein kinase (AMPK) pathway

AMPK, or AMP-activated protein kinase, is a
crucial enzyme that regulates the cellular energy
balance. It becomes activated when the ratio of
adenosine monophosphate to adenosine diphosphate
(AMP/ADP) increases relative to adenosine
triphosphate (ATP), typically during energy-deprived
states. This activation promotes catabolic processes that
generate ATP while inhibiting anabolic processes that
utilise ATP, thus maintaining the cellular energy
balance. Moreover, it also facilitates the browning of
WAT, which can be further enhanced by bioactive
compounds such as SFN. 495!

A previous study demonstrated that SFN activates
adipocyte autophagy through the AMPK-mTOR-
ULK1 signalling pathway ’. This pathway is pivotal in
WAT browning through lipophagy, improving
mitochondrial metabolism and thermogenesis. AMPK
responds to changes in energy levels and is activated in
response to energy deficiency. Its activity in enhancing
catabolic processes while suppressing anabolic
pathways is tightly regulated by the mammalian target
of rapamycin (MmTOR).**5! Inhibiting mTOR is vital
since it activates unc-51-like kinase 1 (ULK1), thereby
promoting lipophagy, which breaks down lipid droplets
in WAT to release free fatty acids (FFASs).5?

The effect of SFN also increases lipolysis by
activating hormone-sensitive lipase (HSL).1® AMPK
activation leads to HSL phosphorylation, which is a key
enzyme involved in the lipolytic process. For instance,
AMPK activation has been shown to increase the
phosphorylation of HSL at specific sites, thereby
enhancing its activity and promoting lipolysis in
adipose tissue. This process is crucial for mobilising
fatty acids that act as substrates for UCP1.5%5 It has
been shown that SFN effectively promotes the
browning of WAT via the AMPK-PGCla-UCP1
signalling pathway.2 AMPK directly phosphorylates
PGC-la, thereby preventing its degradation and
enhancing its function as a transcriptional co-activator.
Once activated, PGC-1a increases the number and
efficiency of mitochondria. It also enhances the
expression of UCP1, which uncouples mitochondrial
respiration and allows energy to be dissipated as heat.
This process is crucial for enabling WAT browning,
which is linked to increased energy expenditure and
enhanced thermogenic function.>®

The AMPK activation by SFN leads to a significant
reduction in adipogenic markers such as peroxisome
proliferator-activated receptor gamma (PPARy) and
CCAAT/enhancer-binding protein alpha (C/EBPa),

both of which are key transcription factors involved in
adipocyte differentiation.’? By downregulating these
markers, SFN prevents the formation of new adipocytes
and limits the expansion of white adipose tissue
(WAT), thereby creating a metabolic environment
favourable for adipocyte browning.% Additionally, the
activation of AMPK by SFN leads to the
phosphorylation of acetyl-CoA carboxylase (ACC), a
key enzyme involved in lipogenesis.>” When ACC is
inhibited, malonyl-CoA synthesis decreases, thereby
reducing the inhibition of carnitine
palmitoyltransferase 1 (CPT1) and increasing its
activity. This process aids in the transport of long-chain
fatty acids into the mitochondria for beta-oxidation.
Consequently, the subsequent increase in fatty acid
oxidation within the mitochondria enhances energy
expenditure. It will then facilitate the metabolic
reprogramming of white adipocytes into a beige
phenotype, characterised by increased thermogenic
activity.%®

Sirtuin 1 (Sirtl) pathway

Sirtuin 1 (SIRT1) is an NAD+-dependent
deacetylase that plays a vital role in cellular
metabolism, mitochondrial functions, and energy

regulation. It influences transcriptional regulators,
including PGCla, which is key to mitochondrial
biogenesis and thermogenesis.>® A study revealed that
SFN treatment significantly promoted WAT browning
via the SIRT1-PGClo pathway in 3T3-L1 adipocytes.®
SIRT1 deacetylates PGCla, leading to its activation.
Once activated, PGCla upregulates citrate synthase
(CS) activity, thereby increasing ATP production and
mitochondrial efficiency. PGCla also coactivates Nrfl,
thereby increasing the transcription of genes essential
for mitochondrial function, including UCP1.%% This
pathway also initiates lipolysis, as evidenced by the
reduced lipid droplet content and increased glycerol
release, while promoting fatty acid oxidation through
the upregulation of carnitine palmitoyltransferase 1
(CPT1). As a result, it increases mitochondrial
biogenesis and upregulates the expression of UCP1, an
essential marker of thermogenic adipocytes, indicating
the functional conversion of white adipocytes into a
beige phenotype.®

Gut Microbiota Modulation

Additionally, SFN exerts anti-inflammatory and
gut-modulatory effects that complement its metabolic
benefits. SFN’s impact on obesity was explored by
supplementing HFD-fed mice with glucoraphanin, a
precursor of SFN.X The mice in this study exhibited
reduced weight gain, increased expression of UCP1 in
white adipose tissue (WAT), and improved glucose
tolerance. Additionally, it revealed a significant decline
in pro-inflammatory markers, lower macrophage
accumulation in the liver, and an altered gut microbiota
composition, including  decreased levels of
lipopolysaccharide (LPS). The administration of
broccoli seed extract (BSE), which is rich in
glucoraphanin (GRP), a precursor to sulforaphane
(SFN), has been shown to enhance intestinal microbiota
diversity and is associated with an increased relative
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abundance of Akkermansia and Lactobacillus, along
with a decreased abundance of Xylanophilum.%

The composition of the gut microbiota significantly
influences the levels of LPS, a component of the outer
membrane of Gram-negative bacteria. Changes in the
gut microbiota can lead to modifications in intestinal
permeability, allowing LPS to pass into the
bloodstream, a phenomenon known as metabolic
endotoxemia. This occurrence is linked to systemic
inflammation and several metabolic disorders.®® When
LPS enters the circulatory system, it binds to Toll-Like
Receptor 4 (TLR4), which contributes to the metabolic
derangements observed in obesity.®* This suppression

Adipocyte Membrane

mechanisms in shaping microbial populations and its
long-term impact remain underexplored. Furthermore,
SFN may interact with gut-derived metabolites or co-
administered pharmaceuticals, potentially altering the
efficacy and/or metabolism of the drugs. Despite its
antioxidant and anti-inflammatory profiles, possible
side effects, such as gastrointestinal disturbances or
unintended microbiome shifts, should be systematically
evaluated. Studies on drug interactions are also scarce,
making it imperative to assess SFN’s compatibility
with common antidiabetic, antihypertensive, and/or
lipid-lowering medications in future clinical settings.
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Figure 2. Schematic representation of multiple molecular signalling pathways of sulforaphane (SFN) in promoting browning
reactions in white adipose tissue (WAT). The pathways involve key regulators such as Keapl (Kelch-like ECH-associated
protein 1), Nrf2 (Nuclear factor erythroid 2-related factor 2), sMaf (small Maf proteins), C/EBPa (CCA AT/enhancer-binding
protein alpha), PPARy (Peroxisome proliferator-activated receptor gamma), ACC (Acetyl-CoA carboxylase), CPT1
(Carnitine palmitoyltransferase 1), HSL (Hormone-sensitive lipase), mTOR (Mammalian target of rapamycin), ULK1 (Unc-
51-like autophagy activating kinase 1), PGC-1a (Peroxisome proliferator-activated receptor gamma coactivator 1-alpha),
and SIRT1 (Sirtuin 1). SFN also enhances gut microbiota, improves barrier integrity, lowers LPS levels, reduces ER stress
(Endoplasmic Reticulum), and decreases ROS (Reactive Oxygen Species). The process enhances mitochondrial function,
biogenesis, and thermogenesis, increasing energy expenditure, insulin sensitivity, glucose tolerance, leptin sensitivity, and

weight loss while balancing energy metabolism.

is linked to increased endoplasmic reticulum (ER)
stress and reactive oxygen species (ROS) production,
which leads to mitochondrial degradation and inhibits
the browning of white adipose tissue (WAT), a process
crucial for thermogenesis.®

Although SFN’s effect on the gut microbiota has
been highlighted in murine models, its specific

Future Applications and Implications

While the preclinical findings reviewed here are
promising, the current clinical landscape reveals a
critical research gap. Although some small-scale
clinical studies have explored SFN’s effects on related
metabolic markers, large-scale trials confirming a
direct anti-obesity effect in humans are absents. This
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context is crucial as we consider future research
directions. Future research should focus on clinical
trials to evaluate the efficacy and safety of SFN in
humans, determine the optimal dosages, and explore
potential side effects. Investigating the synergistic
impact of SFN with other dietary or pharmacological
agents could further enhance its anti-obesity effects and
expand its therapeutic applications.

Despite promising preclinical findings, the optimal
dosage, form, and delivery system of SFN for practical
use remains elusive. Current studies use varied
concentrations and durations in animal models, and the
standardized formulation has been validated for human
use. Moreover, SFN’s bioavailability is influenced by
the food matrix, cooking methods, and individual
genetic variability in enzymes, such as glutathione-S-
transferase. This genetic variability directly impacts
SFN metabolism and bioavailability, which likely
contributes to varied efficacy in human trials and
underscores the need for personalised approach.
Therefore, future studies should not only explore
clinical efficacy but also determine optimal dosing
regimens, develop stable formulations, such as
microencapsulated SFN, and evaluate the role of
personalised nutrition based on genetic profiles.

CONCLUSION

The potential of sulforaphane (SFN) to induce the
browning of white adipose tissue (WAT) offers a
promising strategy for combating obesity and related
metabolic disorders. SFN, which is naturally found in
cruciferous vegetables, could be developed as a dietary
supplement to support weight management and
metabolic health. Its ability to enhance glucose uptake,
oxidative utilisation, lipolysis, and fatty acid oxidation
in adipocytes underscores its potential as a non-
invasive nutritional intervention. In vivo studies further
support SFN’s therapeutic role, showing that it can
significantly reduce weight gain and fat mass in high-
fat diet (HFD)-induced obese mice. Additionally, SFN
improves glucose metabolism and insulin sensitivity by
promoting the browning of white adipose tissue
(WAT), enhancing mitochondrial biogenesis, and
promoting the browning of WAT, making it a valuable
agent in obesity management. The molecular
mechanisms underlying the SFN-induced browning of
white fat also provide insights into drug development.
Targeting these pathways could lead to novel
pharmacological agents that mimic SFN’s effects,
offering more potent and targeted treatments for obesity
and metabolic diseases.
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