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Abstract: Obesity looms large in the contemporary health landscape, extending its impact beyond physical
appearance to influencing overall well-being. This slow intruder subtly weaves its influence through society,
affecting individual health and presenting a significant public health dilemma. Beyond the visible weight gain,
a web of interconnected health issues emerges, from cardiovascular complications to metabolic disorders,
casting a pervasive shadow over the pursuit of a healthy, fulfilling life. In response to the escalating prevalence
of obesity and its associated health complexities, there is a growing interest in swift weight management
medications. However, current pharmacotherapies targeting crucial weight management pathways often fall
short due to substantial side effects outweighing their benefits. Recently, plant extracts have emerged as
potential regulators of lipid metabolism and obesity by influencing gut microbiota composition and
abundance. This comprehensive review takes deep dive into the potential roles of Salvia spp. phytochemicals
as health-promoting agents, with a specific focus on the anti-obesity properties of Salvia spp. by compiling a
wealth of in-vitro, in-vivo and clinical studies. Drawing from the latest research, we unravel the potential of
Salvia spp. by shedding light on their underlying mechanisms intertwined with gut microbiota dynamics. As
scientific inquiry progresses, unraveling the intricate interplay between plant extracts, gut microbiota, and
metabolic health holds tremendous promise for addressing the escalating global burden of obesity. This review
is a humble attempt to provide a valuable synthesis of current knowledge, so as to pave the way for future
advancements in pursuit of effective anti-obesity strategies for clinical interventions.
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1. Introduction

1.1. Obesity: A Global Pandemic

Westernization in the lifestyle has inclined people towards the consumption of high-energy
foods, but reduced physical activity paves the path for the development of obesity. Currently, obesity
has been considered a pandemic, worsening over the last few years. World Health Organization
(WHO) defined obesity as the excessive build-up of adipose tissue in the body that poses a significant
concern for other health afflictions [1]. Obesity is a major non-communicable disease that is a global
threat to health issues in the 21t century. The most recent data put forward by WHO states that over
39% and 13% adults are overweight and obese, respectively [2]. Rates of overweight and obesity
continue to grow i.e., from 1975 to 2016, the prevalence of obesity in children and adolescents
increased more than four-fold from 4% to 18% globally [3]. The World Obesity Federation’s 2023-
World Obesity Atlas projects that the estimated yearly global economic costs associated with
overweight and obesity are expected to rise to $4.32 trillion by 2035. This financial burden is
comparable to the effects of the COVID-19 pandemic in 2020, accounting for over 3% of the global
Gross Domestic Product (GDP) [4].

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.
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1.2. Need for Plant Extracts in Curbing Obesity

Hippocrates, the ancient Greek physician from the classical era, believed that “Obesity is not just
a metabolic disorder in itself but has been also proclaimed as the precursor for the development of
other comorbidities”. This statement still remains relevant in the present world circumstances. A
plethora of studies specify that the obese condition contributes to the development of several
metabolic disorders, including type-2 diabetes, intestinal inflammation, hypertension, dyslipidemia,
and hyperglycemia [5]. Obesity typically results from elevated body fat levels, primarily stemming
from unhealthy dietary habits but if integrated into factors like smoking, alcohol consumption, and
a lack of physical activity, the condition worsens and exposes the individual to the risk of
atherosclerosis, kidney disease, and hypothyroidism [6]. Given the escalating prevalence of obesity
and its associated health complications, there is a burgeoning interest in medications for swift weight
management. However, existing pharmacotherapies targeting crucial weight management pathways
exhibit limited efficacy due to significant side effects that overshadow their benefits [7] (Table 1).
Consequently, as the global obesity epidemic persists, researchers are exploring novel treatment
strategies, including plant extracts and gut microbiome interventions, as potential solutions to
combat obesity. This review seeks to elucidate the current understanding of the use of Salvia spp. in
addressing obesity, encompassing their therapeutic potential in both in-vitro and in-vivo settings,
along with insights from clinical trials. By delving into the potential mechanisms related to gut
microbiota, this review aims to provide an updated comprehension of the intricate relationship
among plant extracts, gut microbiota, and obesity. In essence, this review serves as a humble attempt
to furnish available information for developing dietary strategies linked to Salvia spp. as a means to
treat and prevent obesity and its associated diseases.

Table 1. Market available drugs against obesity and their side-effects.

DRUG MECHANISM OF SIDE EFFECTS REFERENCES
ACTION
Orlistat Inhibits fat absorption Steatorrhea, diarrhoea, [129]
(Xenical, Alli) in the digestive tract: and anal fissures,
inhibiting gastric and hepatotoxicity, acute
pancreatic lipases kidney injury,
osteoporosis, colorectal
cancer
Phentermine Appetite suppressant Insomnia, dry mouth, [130]
(Qsymia) dizziness, palpitation,
hand tremor, and
elevation in blood
pressure and pulse rate
Setmelanotide melanocortin-4 (MC4) Increased heart rate, [131]
(Imcivree) receptor agonist emotional and sleep
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issues, memory loss,
metabolic acidosis,
paraesthesia, and dry

mouth

Metreleptin leptin analogue Anxiety, blurred vision, [131]; [132]
(Myalept) body aches burning,
itching, numbness,
chills/fever, dizziness,
increased hunger and sore
throat
Semaglutide GLP-1 analogue Abdominal pain, [133]
(Wegovy) constipation, diarrhoea,
vomiting, and headache
Tirzepatide GLP-1 and GIP Vomiting, diarrhoea, [134]
(Mounjaro®) receptor agonist nausea, dyspepsia,
reduced appetite, and
stomach discomfort.
Liraglutide Mimics glucagon-like Elevated pulse rate, [135]
(Saxenda and Victoza) peptide-1 (GLP-1 hypoglycemia, diarrhoea,
agonist) constipation, nausea,
vomiting, and headache
Naltrexone/Bupropion Modulates brain Nausea, headache, and [136]
(Contrave®) pathways related to constipation, insomnia,
appetite, reuptake dizziness, or dry mouth
inhibitor/ opioid
antagonist
Lorcaserin Activates serotonin Headache, dizziness, [137]

receptors in the brain

nausea



https://doi.org/10.20944/preprints202408.1806.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 26 August 2024

d0i:10.20944/preprints202408.1806.v1

2. Salvia: Nature’s Therapeutic Blessing

With about 1000 species, Salvia is the biggest genus in the Lamiaceae family. The genus is widely
distributed throughout the world, but is native to temperate and tropical areas [8]. Most of the Sage
species are well known for their ornamental nature, distinctive flavour, and bioactive components
which is the major reason for its commercial cultivation [9]. Salvia hispanica (chia) is known for its
edible seeds while the essential oils from Salvia officinalis have been significantly acknowledged for
treating a wide range of ailments associated with the neurological system, cardiovascular health,
respiratory system, digestive system, and metabolic and endocrine problems [10]. The Salvia genus
encompasses a diverse array of plant species, each distinguished by unique chemical compositions
and botanical characteristics. Noteworthy among them are S. officinalis, S. hispanica, Salvia libanotica,
Salvia miltiorrhiza, and Salvia plebeian, all of which exhibit promising therapeutic potential and some
of the others are discussed in Table 2.

Table 2. Pharmacological potential of various bioactive components derived from Salvia spp.

SPECIES NATIVE EXTRACTS MAJOR THERAPEUTI | REFERENC
AREA AND PLANT BIOACTIVE C POTENTIAL ES
PART COMPONENT
S
S. aethiopis Turkey Methanol, Rosmarinic acid | Anti-oxidant [138]
ethyl acetate and Cytotoxic
extracts
Acetone ursolic acid [139]
extract of corosolic acid
powdered B-sitosterol
Urmia,
roots urs-12-en-2a,3p- Antioxidant,
S. syriaca L. West
diol Anticholinester
Azarbaijan
daucosterol (1- ase inhibition
province
5)
B-sitosterol
daucosterol
S. verticillata Western Methanol Rosmarinic Antimicrobial, [140]
Serbia extract from acid, Antibacterial,
aerial parts Caffeic acid, Antifungal,
Salvianolic acid, Antioxidant,
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verticillata L.
var.
verticillate,

S. russellii

Benth

Yunnaneic Anti-
acids, inflammatory
Flavonoids
S. Turkey Ethanol extract Sclareol, Antiviral, [141]
candidissima Spathulenol, Cytotoxic
subsp. Caryophyllene activity,
occidentalis oxide Antioxidant
S. South of Methanol Linalool, [142]
Antiviral,
ceratophylla Jordan extract from Germacrene-D,
Cytotoxic
aerial parts
activity,
Bicyclogermacre
Anti-
ne,
inflammatory,
Bicyclic
Antiprotozoal
diterpene-
activitiy
alcoholsclareol
S. frigida Turkey Methanol, [143]
Boiss., Acetonitrile,
S. Water extract
candidissima from plant
subsp. seeds
Catechin, Antiviral,
candidissima
Rosmarinic Cytotoxic
Vahl.,
acid, activity,
S. virgata
vanilic acid Antimicrobial,
Jacg., S.
Antioxidant
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S.

heldreichiana

Turkey

Methanol,
Chloroform,
ethyl acetate
from Aerial

parts

p-coumaric
acid, caffeic
acid,
chlorogenic
acid, rosmarinic
acid, apigenin,
apigenin-7-O-
glucoside,
vitexin,
isoorientin,
luteolin-7-O-
glucoside,

hyperoside

Antioxidant,

Antimicrobial

[144]

S.
longipedicell

ata

East
Anatolia

(Turkey)

Ethanol,
Hexane
extracts from

mericarps

a-linolenic acid,
[-sitosterol,
Y-tocopherol,

potassium

Antioxidant,

Antimicrobial

[145]

S. argenten

Mediterrane

an region

Acetone
extract from

aerial parts

1B,3p-
dihydroxyurs-
9(11)-12-diene,
3-hydroxy-
urs-9(11),12-
diene,
1B,3p,15c,28-
tetrahydroxyurs
-12-en,
1B,3p,11a,150-
tetrahydroxy-

urs-12-ene,

Antibacterial,
Cytotoxic

activity

[146]
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3p-hydroxy-
olean9(11),12-
diene
S. Turkey [147]
macrochlamy
s
S. rutin hydrate, Antioxidant,
kronenburgii luteolin-7- Antibacterial,
, S. glucoside, Cytotoxic
euphratica Vanillic acid activity
Montbret, S.
huberi, S.
kurdica
S. sclarea Italy, Aerial, Linalol, [148]
Ukraine Fresh raw, linaliyl acetate, Anti-
Leaves germacrene D, inflammatory
a-terpineol
S. bracteata | Province of Methanol, [149]
Kirsehir, Ethyl acetate,
Turkey Hexane ledol,
Antioxidant,
extracts, camphor,
Antifungal
Essentials oil, valencene
from flowers,
shoots, leaves
S. Central Dichlorometha Antioxidant, [150]
blepharochlae Tiirkiye ne, methanol, | Rosmarinic acid Cytotoxic
na water extracts activity
S. Iran Essential oil a-pinene, Anti- [151]
multicaulis and ethanol camphene, inflammatory, [152]
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extracts from 1,8-cineole, Antimicrobial,
leaf, Camphor, Antioxidant
roots, Caryophllene, Analgesic
flower, rosmarinic acid effects
S. hydrangea Eastern Water, Camphor, [153]
region of n-hexane, 1,8-cineole,
Antioxidant,
Turkey chloroform, Camphene,
Antimicrobial,
methanol from Limonene,
Anti-
Aerial parts [-pinene,
inflammatory,
a-pinene,
Antispasmodic,
rosmarinic acid,
Aypolipidemic
luteolin
glycoside
S. verbenaca Tunisia Aerial Viridiflorol, [154]
Antibacterial,
a-pinene,
Anticancer,
B-
Antioxidant,
caryophyllene,
Antidiabetic
p-cymene
S. compressa Iran Dichlorometha | Citrostadienol, [155]
ne extract [3-sitosterol,
from shoot two glyceride
extract esters of Cytotoxic,
linolenic, Antibacterial
linoleic, and
palmitic acids
geraniol
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S. apiana Portugal Aqueous Rosmanol, Antioxidant [156]
S. extract from | Hydroxycarnosi Anti-
farinacea Aerial parts c acid, inflammatory
var. Victoria derivative of Antimicrobial
Blue sageone Cytotoxic
S. Schenk Ethanol extract Rutin, [157]
transsylvani Romania from aerial Catechin,
ca S. parts Epicatechin
glutinosa kaempferol,
Antimicrobial,
S. officinalis Apigenin,
Antifungal,
Quercetin
Cytotoxic
derivatives,
Caffeic acid,
p-coumaric

acid, naringenin

S. pilifera Turkey Methanol, Salvigenin [158]
Water extract quercetagetin-

from aerial 3,6-
Anticholinergic
parts dimethylether,
, Antidiabetic,
caffeic acid,
Antioxidant
epicatechin,

ferulic acid,

fumaric acid

The analgesic potential of Salvia species with antimicrobial properties and mitigating effect
against reactive oxidative species has led to their long-standing usage in traditional medicine. Sage
species have been used historically for their carminative, spasmolytic, astringent, antibacterial,
wound healing, and anti-inflammatory effects for a very long time. Sage has been used in European
traditional medicine to treat gastrointestinal diseases, including dyspepsia, flatulence, diarrhoea,
abdominal spasms, and intestinal mucosa inflammation [11]. It has also been used to treat
inflammation of the mouth and throat, excessive perspiration, coughing, skin inflammations, and
galactorrhea. The scientific literature available suggests that Salvia species could be a novel natural
therapeutic for the treatment of serious and potentially fatal conditions such as obesity, diabetes,
lupus, cardiovascular diseases, cancer, depression and dementia [12].
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In the realm of herbal exploration, this section delves into the diverse world of Salvia species,
unraveling their phytochemical marvels and their potential implications in the prevention and

treatment of obesity and related metabolic disorders. Through an extensive examination, this section

reviews the potential role of Salvia species in prevention and treatment of obesity and linked
metabolic disorders in various in-vitro (Table 3), in-vivo (Table 4), and human studies (Table 5).

Table 3. In-vitro studies on anti-obesity activity of Salvia species .

Salvia species

Experimental plant
extracts—Extract form /

Constituents, dose

Phytochemicals (PY)
isolated and Experimental

outcome (EO)

Reference

S. africana-lutea

MeOH extract

20 uL

PY: Oleanolic (OlA)
Ursolic acids
11,12-dehydroursolic acid
lactone
[p-amyrin
EO: Inhibition of a-
glucosidases

Inhibition of a-Amlyase

[159]

S. aurita

MeOH extracts

20 pL

PY: 4,7-dimethylapigenin
ether
7-methoxyrosmanol
12-methoxycarnosic acid
Rosmanol

Acarbose
EO: Inhibition of a-
glucosidases

Inhibition of a-Amlyase

[160]

S. cadmica

Aqueous extract (H20)
Methanol extract (MeOH)

ethyl acetate extract (EA)

Inhibition of a-
glucosidases:

MeOH > EA > H0

[161]
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Inhibition of a-Amlyase

MeOH > EA >H-0

S. nemorosa

n-hexane extract (n-hex)
Dichloromethane extract
(DCM)

Methanol (MeOH) extract

Quercetin
EO: Inhibition of «a-
glucosidase:

n-hex > DCM > MeOH

S. Aqueous extract (H20) Inhibition of a-Amlyase: [162]
blepharochlaena Dichloromethane extract DCM >MeOH > H20
(DCWM), Inhibition of «-
Methanol (MeOH) extract glucosidase :
MeOH > H:O> DCM
Inhibition of Lipase:
DCM > MeOH > H20
S. euphratica var. Aqueous extract (H20) Inhibition of «- [163]
leiocalycina Dichloromethane extract glucosidase:-
(DCM), H>0 > MeOH > DCM
Methanol (MeOH) extract Inhibition of a-Amlyase
DCM > MeOH > H20
Inhibition of Lipase:
DCM > MeOH
S. greggii Aqueous (H20) extract PY: Luteolin-C-hexoside [164]
Apigenin -C-exoside
EO: Inhibited o-
glucosidase
Inhibited a-Amlyase
Inhibited Lipase
PY: Caffeic acid [165]
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S. officinalis Aqueous (H20) extract PY: Apigenin-O- [164]
glucuronide
Rosmarinic acid

Scutellarein-O- glucuronide

EO: Inhibited «-

glucosidase
Inhibited lipase
S. hispanica organic solvent (Hexane AgNPS + methanolic [47]
(Chia) extract, Ethyl acetate extract, extract showed lipase
Methanol extract, Water inhibition
extract) | Cholesterol levels

3.1. Salvia Officinalis

S. officinalis goes by many common names, including sage, garden sage, golden sage, culinary
sage, dalmatian sage, and broadleaf sage. Native to Mediterranean region, this perennial shrub is
commonly grown as a garden plant for its aroma and vibrant red and purple flowers. However, along
with the culinary importance, the species has a long history of therapeutic potential associated to it
[13]. Traditionally sage had a profound usage in ethnomedicine to treat infertility, inflammation,
seizures, hyperglycemia, ulcers, etc. Extensive research has been carried out to investigate novel
bioactive components with curative potential. With abundant traditional uses, there are many recent
studies that have been focused on antinociceptive potential, antioxidant, antimicrobial properties,
antidementia effects along with hypoglycemic and hypolipidemic effects of S. officinalis [14]. Scientific
literature also highlights the mitigating effect of sage against other metabolic disorders like obesity,
gastroenteritis, diabetes, NAFLD (non-alcoholic fatty liver disease) and cancers related to breast or
colon [15].

Many bioactive components have been reported in S. officinalis, such as phenols, terpenes,
proteins, carbohydrates, and vitamins C, E, and B. It is also a source of essential minerals such as zinc,
iron, copper, and selenium, among other vital components. It is well known that S. officinalis contains
a wide range of phytochemical components, the majority of which can be derived via its essential oil,
alcoholic and aqueous extracts, butanol fraction, and preparation for infusion [16]; [17]. The main
components of the essential oil include thujone, boreal, camphor, caryophyllene, cineole, elemene,
humulene, ledene, and pinene. Because of the high concentration of essential oils and presence of
other biologically active components, S. officinalis is one of the most valued herb [18]. Both the
aqueous and alcoholic extracts of S. officinalis demonstrate significant concentrations of flavonoids,
particularly luteolin-7-glucoside and rosmarinic acid. Furthermore, it has been shown that S.
officinalis methanolic extract contains phenolic acids, such as 3-caffeoylquinic acid and caffeic acid
[19]. Afonso et al. studied the phytochemical composition of the three different sage species i.e., S.
africana, S. officinalis ‘Icterina’ and S. mexicana and it was observed that species had distinct phenolic profile
[20]. The glycosidic form of luteolin, apigenin, and scuttelarein were reported in S. officinalis ‘Icterina’,
while yunnaneic acid isomers were characterized for S. africana and simple caffeic acid derivatives
were obtained from S. mexicana. The study also reported that the rosmarinic acid dominated the
phenolic profile and exhibited significant antioxidant potential. In another study, rosmarinic acid was
again identified as the main phenolic component among three different plants: lemon balm (Melissa
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officinalis L.), sage (S. officinalis L.) and spearmint (Mentha spicata L.). The study provided an insight
of the active phytochemicals that could also be used as food additive to enhance the shelf life of the
food due to the antimicrobial potential of the plant extracts [21]. HPLC analysis identified 12 different
polyphenol components in the aqueous extract of S. officinalis (SOE), of which coffeic acid, coumaric
acid, ellagic acid, gallic acid, chlorogenic acid, catechin, rutin, and vanillin were the major
contributors. The researchers concluded S. officinalis as a promising therapeutic because of its potent
antioxidant potential observed against cadmium induced toxicity stress and damage in rats [22].
Jassbi et al. described Salvia as competent natural alternative to the artificial medications available in
the market due to the presence of numerous biologically active phytochemicals that can be isolated
from shoot and root of the plant and have a great clinical value [23].

Table 4. In-vivo studies on anti-obesity activity of Salvia species.

Salvia species Experimental model, dose, Experimental outcome Reference
interval period
S. tribola Male Albino rats | Plasma triglyceride [166]

N=20 levels

Methanol extract, 750 mg/kg | 1 inhibition of Pancreatic
Gastric intubation lipase

S. officinalis Adult female Wistar rats Group with (OVX + SOE [167]

N=40 +OR)

Aqueous extract,10 Body weight & visceral
mg/kg/day fat |

Orally Triglyceride(mg/ml) |
6 weeks TC (mg/ml) |
HDL (mg/ml) 1
LDL (mg/ml) |
Glucose levels(mg/ml) |
Adiponectin(ng/ml) |
Leptin levels(ng/ml) |
Pancreatic lipase(ng/ml)
!
AST(U/ml) |
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ALT (U/ml) |
MDA (nmol/mg protein)

!

GSH (mmol/mg protein)

'

TAC (mmol/mg protein)

1
S. hispanica L C57BL/6] male mice, Loss in Body weight [168]
N=6 (HFD-BE)- 1.8 £0.5
organic solvents: hexane, GOT(U/ml) |
dichloromethane, ethyl GPT (U/ml) |
acetate, and ethanol (50 ALP (U/ml) |
mg/kg/day) | fasting glucose
Orally | fasting insulin
12 weeks } in lipid droplets

| in lipid peroxidation

degree
S. officinalis & S. Adult white outbred male Body weight | [25]
sclarea rats | urea concentration
N=24 | total bilirubin
5% dry shredded shoots of | triglycerides
Salvia officinalis & Salvia 1 total protein in blood
sclarea 1 alkaline phosphatase
30 days activity
1 Hemoglobin
1 Erythrocytes

1 Erythrocyte

sedimentation rate (ESR),

1 WBC,
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. officinalis L. Male Wistar rats inhibited a-amylase and [169]
N=30 lipase activities
Sage Essential oil (2.5 uL/rat) | glycemia
Oral gavage 1 glycogen storage
30 days | the ALT
} AST
| LDH
| Creatinine
1 Uric acid
5. lavandulifolia Wistar rats and albino mice | post-prandial [170]
Aqueous extract (400 mg/kg) hyperglycemia
orally AUC glucose levels |
Table 5. Clinical trials (clinicaltrials.gov) linked to anti-obesity activity of Salvia species.
NCT Study Title Intervention | Sponsor Phase | Enrollm | Study type
Number s/ Treatment and ent
Collaborat
ors
NCTO03233 | The Effects of Dietary California NA Female: | Interventio
906 Chia on Supplement: State 60 nal
Overweight/ Chia Seeds- | Polytechni
Obese Women Salvia c
Hispanica University,
Pomona
NCT01403 Effectiveness Dietary Unity Phase II Male/ | Interventio
571 and Safety of Supplement: Health Female: nal
Salba on Weight | Salba (Salvia Toronto 77
Loss in hispanica L.)
Overweight [171]
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perilla oil
microcapsule
s, panax
powder,
ginkgo
biloba and
other plant

materials

16
Individuals
With Type 2
Diabetes (LOSS)
NCT02298 Body Dietary Hai-Jun | Complet Male/ Interventio
426 Constitution Supplement: | Wang, Pek ed Female: nal
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3.1.1. Experimental Evidence of Salvia Officinalis Against Obesity and Metabolic Disorders

A study by Ben Khedher et al. employed an HFD-induced mice model of obesity, inflammation,
and insulin resistance to examine the possible anti-obesity benefits of methanol (MeOH) extract of S.
officinalis, for five weeks, the trial assessed lipid content, body weight, fat mass, liver glycogen levels,
energy expenditure, and food consumption [24]. Furthermore, lipid droplet formation was shown to
be reduced in 3T3-L1 cells in in-vitro assays. Notably, adipocyte lipogenesis was inhibited at a lower
dosage of the sage MetOH extract. Supplementation of crushed shoots from S. sclarea and S. officinalis
to the meals of high-fat diet (HFD) rats showed possible health effects in the study [25]. They
suggested that Salvia spp. could be used as a dietary additive for improving complications in obese
patients. The results showed a significant reduction in organ weight with potent anti-atherosclerotic
activity. The effects of Hail S. officinalis total extract (SOTE) and its high flavonoid fraction (SOHFF)
were examined for eight weeks in the research by Othman et al. on obesity in rats produced by HFD
[26]. It was noted that along with histological alterations, the administration of SOTE and SOHFF
alleviated the substantial increases in body weight, blood insulin, leptin levels, and the atherogenic
index. The results implied that SOTE and SOHFF are characterized by hypolipidemic ability and
might be used as natural therapeutics to mitigate the problems associated with obesity. This study
from Abdulhussein et al. comparatively evaluated the impact of the market-available drug, Xenical
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and alcohol extract from S. officinalis leaves on the hyperlipidaemic white male mice fed with a high-
fat diet for 60 days [27]. The biochemical and histological analysis showed that the alcohol extract
from S. officinalis leaves showed beneficial effects in reducing hyperlipidemia. Samah identified the
presence of phenols, steroids, terpenoids, flavonoids, tannins, and glycosides in the leaves of S.
officinalis L. The methanolic extract was recorded with highest concentration of total phenols [28]. The
results showed that the MeOH extracts had the greatest effectiveness against lipase and showed the
strongest inhibition of a-amylase activity. In the study by ALsherif, S. officinalis aqueous extract
(SAGEAE) showed potential anti-obesity properties against rats with HFD-induced obesity and
metformin [29]. Eight weeks later, SAGEAE successfully ameliorated the high body weight, blood
sugar, insulin, lipid profiles variables in HFD groups to normal. The extract has shown promising
potential as a new pharmaceutical formulation for managing obesity.

3.2. Salvia hispanica

Chia, scientifically known as S. hispanica and commonly referred to as Mexican chia or salba chia,
is a flowering plant of Lamiaceae family and is primarily cultivated for its edible seeds [30]. Native
to southern Mexico and northern Guatemala, chia plants are currently well cultivated in Australia,
Bolivia, Colombia, Guatemala, Peru, Argentina, and Mexico, the latter country been the largest
producer of chia seeds worldwide [31]. S. hispanica has been reported with significant nourishment
value that attributes to the well-being of an individual. The nutritional profile demonstrates the chia
seeds have a higher protein (18.9%) and lipid (31.2%) content to lower carbohydrate content (3.4%).
These are also a great reservoir of Poly unsaturated fatty acids (PUFA) such as a-linolenic acid (19.5%)
and a-linoleic acid (5.2%), that are essential for humans but are not synthesized in the body [32].
Prevalent from the pre-Columbian period, the consumption of chia has been ever increasing as the
plant is a great source of energy, strength, and endurance. Incorporation of chia to the daily diets
have been reported with improved physiological and sensory characteristics due to its higher
concentrations of dietary fibers, essential fatty acids, proteins, minerals, antioxidants, vitamins. Due
to these diverse nutritional properties, dry chia seeds have made its various food stuffs like
smoothies, salads, yogurt, soups, baked products [33]. There are several studies that correlates to the
amelioration of obesity related disorders, cardiovascular diseases and oxidative stress with the
dietary intervention of chia seeds [34].

Additionally, these seeds serve as a noteworthy reservoir of polyphenols and antioxidants [35].
The phenolic content in the dried chia seeds is around 8.8% which includes certain phenolic acids,
including as kaempferol, caffeic acid, chlorogenic acid, quercetin, rosmarinic acid, gallic acid,
cinnamic acid, and myricetin. Trace levels of isoflavones such genistein, daidzein, and glycitein have
also been reported in the chia seeds [36][37]; [38]). These bioactive components are believed to have
various health benefits, including anti-carcinogenic, antihypertensive, and neuroprotective effects.
Rosmarinic acid and daidzein were identified as the major phenolics among the 27 identified using
HPLC-DAD-MS/MS. The study also identified the procyanidin dimers in the chia seeds for the first
time. Presence of varied phenolic acids, flavonoids and proanthocyanidins in the seeds of S. hispanica
points towards an excellent source of nutraceutical [39]. Polyphenolics are major phytochemicals that
contributes to the radical scavenging activity, thus, contributing to antioxidant potential. Chia seeds
and oils are a great reservoir for natural antioxidants such as polyphenols, phytosterols, carotenoids,
tocopherols [40]. Grancieri et al focused on elucidating the bioactive peptides from the chia seeds.
The study catalogued 20 different proteins of which 12 were involved in the regular metabolic
functioning in the plant cell while, the rest 8 were specifically involved in the production and storage
of the plant lipids, explaining high lipid concentrations in chia seeds [41]. Further, amino acid analysis
showed the biologically active nature of the peptides that has been correlated with major health
benefits specifically antioxidant ability related to the chia seeds. Where chia seeds have been
renowned for bioactive potential, chia leaves have also gained attention for the same. Amato et al.
tentatively identified 34 polyphenols from the vegetal matrix of the S. hispanica using HPLC-MS [42].
Along the polyphenols already identified, vitexin, orientin, apigenin and some hydroxycinnamic
acids were reported for the foliar part of the plant. While, exploring the chia plant for its bioactive
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potential, Elshafie et al. targeted essential oil extracted from the aerial part of the plant [43]. The study
reported that sesquiterpenes, majorly caryophyllenes were the principal constituents in the aerial
plant part which could have a potential application for microbial control.

3.2.1. Experimental Evidence of Salvia hispanica Against Obesity and Metabolic Disorders

Fonte- Faria et al examined the effect of S. hispanica seed oil supplemented diet against the obese
mice model [44]. The study reported a significant improvement in the blood glucose levels and
insulin tolerance with enhanced levels of high-density lipids. It was also observed that there was an
increase in lean mass while fat accumulation reduced. In the mice fed with a high-fat diet, digested
total proteins (DTP) from chia seeds showed a strong anti-inflammatory and anti-adipogenic
properties. The administration of DTP supplements resulted in a decrease in waist circumference,
adipocyte size, and plasma total cholesterol, LDL cholesterol, and triglycerides. The study
emphasizes the potential therapeutic benefit of digested proteins generated from chia seeds in
reducing inflammation and obesity. Singh et al. evaluated the effect of seed extracts of S. hispanica,
Ocimum basilicum, and Coriandrum sativum on leptin activation and lipase activity in fat cells derived
from chicken liver cells [45] The results point to the possibility of using these seed extracts to treat
obesity [46]. A study by Rubavathi et al. assessed S. hispanica, notably the omega-3-rich chia seeds,
for its ability to prevent obesity, as an alternative to the synthetic medications which have been
reported with possible adverse effects [47] . The study concentrated on lowering cholesterol and body
weight. Analysis of various extracts, including hexane, ethyl acetate, methanol, and water, revealed
the methanol extract resulted in lowest cholesterol concentration and the highest in water extracts,
highlighting chia seeds potential as a natural solution for managing obesity. According to Grancieri
et al. the digested proteins (DP) from chia seeds have an anti-inflammatory effect and adipogenesis
in mice fed a high-fat diet (HFD) [41]. These mice showed reductions in body fat percentage and
plasma cholesterol levels, as well as decreases in adipocyte size, inflammation markers, and the
mRNA expression of important adipogenesis-related factors. Dib et al. evaluated the phytochemical
makeup and antioxidant capacities of chia seeds and reported high concentrations of the total phenols
(19.06+0.14 mg GAE/g DW) and flavonoids (12.3+0.04 mg CE/g DW) [48]. While in another study,
methanolic extract of S. hispanica decreased the viability of MCF-7 Breast Cancer cell line with the
increase in the plant concentration [49]. Significant antioxidant activity of chia oil supplementation
has been observed in a study by Batista et al. where the oil administration ameliorated the increased
serum triacylglycerol levels in the high-fat group. An increased expression of antioxidant enzymes
such as superoxide dismutase 1 and 2, catalase, and glutathione peroxidase were also observed in the
liver [50].

3.3. Salvia miltiorrhiza

S. miltiorrhiza is a perennial plant from the genus Salvia that belongs to the mint family
(Lamiaceae). The plant is referred to as Danshen or red rooted sage because of tanshinones, the
primary phytochemical that provide the root with its distinctive red color [51]. S. miltiorrhiza is widely
distributed in Chinese and Japanese province with damp and warm environment having an average
temperature of 17°C and relative humidity of 77% [52]. Shennong’s Classic of Materia Medica (Eastern
Han Dynasty) was the first to report the roots of sage as “super grade herb” which has been in clinical
use for more than 2000 years. Later, traditional Chinese medicine (TCM) also recorded the red sage
as an herb with health promoting benefits as it provided a promising treatment for chronic
consumptive disorders, irregular menstruation, waist and spine pain, congestion following delivery,
irregular menstruation, rheumatism, and may other disorders [53]. The presence of various bioactive
phytochemicals in this species are responsible for the health promoting properties associated with it.

Till date more than 200 compounds have been extracted and identified from S. miltiorhiza. The
phytochemical from this Salvia spp. are broadly categorised into two main types : hydrophilic
phenolic compounds and lipid-soluble diterpenoid compounds [54]. The tanshinones present are
mainly diterpenoid quinones, which could be classified into two series, one is the phenanthro [1,2-b]
furan-10,11-diones and other is the phenanthrol [3,2-b] furan-7, 11-diones. A phytochemical analysis
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conducted by Zhong et al. used ultraperformance liquid chromatography (UPLC) to determine 13
hydrophilic and lipophilic compounds- protocatechuic acid, protocatechuic aldehyde, caffeic acid,
ferulic acid, isoferulic acid, rosmarinic acid, salvianolic acid B, salvianolic acid A, dihydrotanshinone
I, przewalskin, cryptotanshinone, tanshinone I, and tanshinone IIA from S. militorhiza  [55].
Tanshinone IIA (tan-IIA) was reported to protected the macrophages from H20:-induced cell death
in animal models of atherosclerosis. It was also observed that tan-IIA significantly ameliorated the
levels of GPx-1 mRNA levels [56]. Zou et al. aimed to isolate and identify salvianolic acids from
Danshen to explore its anti-inflammatory potential [57]. The results indicated that two novel bioactive
components along with four already known which isosalvianolic acid A-1 (Cl) and ethyl
lithospermate (C5). These inhibited neutrophil migrations in three zebrafish inflammation models
while C1 decreased the secretion of IL-6 and TNF-a and inhibited the expression level of p-IxBa
(Ser32) in LPS stimulated RAW 264.7 cells. Another phytochemical caffeic acid derivatives isolated
from the roots of S. miltiorrhiza Bunge showed anti-inflammatory potential. The extraction of two
new caffeic acid derivatives, and eight known derivatives, were isolated from the ethyl acetate
fraction of S. miltiorrhiza [58]. They reported that compounds shimobashiric acid B and rosmarinic
acid methyl ester inhibited NO production with ICso values of 1.4 and 0.6 uM, respectively and were
also observed to strongly inhibited the production of iNOS and COX-2. Although major therapeutic
potential of S. miltiorhiza is related to its secondary metabolites, but a natural polysaccharide has been
extracted from the roots of S. miltiorrhiza, SMP (S. miltiorrhiza polysaccharide) and is an important
active component that have gained more attention for their numerous pharmacological uses. The
polysaccharides are known for their anti-tumor, hepatoprotection, antioxidant, immunomodulatory,
anti-inflammatory activities. Luo et al. revealed that polysaccharides extracted from S. miltiorrhiza
shows antioxidant activity [59]. The results showed a significant DPPH and hydroxyl free radical
scavenging activity.

3.3.1. Experimental Evidence of Salvia miltiorrhiza Against Obesity and Metabolic Disorders

A significant improvement in body weight management, in insulin resistance, decrease in
visceral fat weight, were observed in an 8-week period study by Jung et al. which examined the
combined effects of prolonged endurance exercise and S. miltiorrhiza vinegar (SMV) on body
composition and insulin resistance in obese rats induced by a high-fat diet [60] . Although, significant
benefits were not observed when SMV was supplemented alone, indicating that anti-hyperglycemic
and anti-obesity potentials are predominantly derived from the synergistic combination of SMV and
endurance exercise. Another study carried out by An et al. showed the efficiency of Salvianolic acid
B (Sal B) produced from S. miltiorrhiza in reducing metabolic abnormalities associated with obesity
[61]. Illumina Hiseq 4000 was used to analyse the effects of Sal B on the expression of circular RNA
and long non-coding RNA in the epididymal white adipose tissue of HFD fed mice. Thet study
suggested that Sal B could be used as an effective alternative to treat obesity. The anti-obesity
properties of Tanshinone I (Tan I), a diterpenoid derived from S. miltiorrhiza Bunge, were examined
in the research conducted by [62]. Administration of Tan I to HFD mice’s decreased adipogenesis by
decreasing mitotic clonal expansion (MCE) and early adipogenic transcription factors according to
in-vitro experiments. The results showed that Tan I prevents early adipogenesis and mitigated
metabolic abnormalities related to obesity. With an emphasis on gut microbiota (GM) and lipid
metabolism, Ai et al. examined the anti-obesity effects of S. miltiorrhiza (Sal) in rats with obesity
induced by (HFD) [63]. Sal therapy improved gut integrity and lipid factors in liver and adipose
tissues, lowering body weight, body fat index, blood lipid levels. The therapy also inhibited Firmicutes
and Desulfobacterita while boosting Actinobacteriota and Proteobacteria, that had an impact on GM,
which correlated with reduced triglycerides, and cardiolipins and increased ceramides and (O-acyl)-
whydroxy fatty acids. The results highlighted that Sal therapy has a great potential for GM
modulation and lipid metabolism for obesity management. S. miltiorrhiza extract (SME) showed
notable anti-obesity benefits in mice fed with a high-fat diet (HFD) [64]. The administration of SME
therapy led to a decrease in body weight, fasting plasma glucose, triglyceride levels, and insulin
resistance. Additionally, genes linked to adipogenesis and lipogenesis were downregulated. ATF3-
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mediated downregulation of C/EBPa and modification of the C/EBP homologous protein (CHOP)
pathway were the mechanisms by which a novel derivative, ST32db, from S. miltiorrhiza,
demonstrated anti-obesity benefits.

3.4. Salvia libanotica

S. libanotica is an East Mediterranean plant known as S. fruticosa, or Greek sage is a perennial
herb or sub-shrub. The plant is especially abundant in Palestine, Israel, Lebanon, Southern Italy, the
Canary Islands, and North Africa. The herb is also referred to as a three-lobed sage because of its
trifoliate leaves, which distinguish it from S. officinalis. The plant has also been given a sacred name
‘Herba sacra’ by the Salerno School of Medicine Valnet, 1990. The herb has been traditionally important
in Lebanon because of its remedial potential against ailments such as common colds, headaches, and

stomach aches. Besides Lebanon, the plant holds a great traditional value in Greece as well in the
fields of beauty, medicine, and culinary, along with its sweet nectar and pollen. The tea from the sage
leaves has been reported to provide relief from headaches, stomach aches, and various other
disorders [65].

The plant holds significant therapeutic potential due to the existence of various phytochemical
components. More than 100 volatile compounds have been isolated from the essential oils of S.
fruticosa, which mainly belonged to the classes of monoterpenes, sesquiterpenes, diterpenes, and non-
isoprenoids. The three most prevalent compounds among these were reported to be 1,8-cineole,
camphor, and thujone [66]. Furthermore, about 160 polyphenolic compounds, such as flavonoids,
anthocyanins, phenolic acids, and distinctive derivatives of caffeic acid like rosmarinic acid, as well
as phenolic diterpenes like carnosic acid and other phenolic glycosides, have been found in the non-
volatile essential oils [67]. A study conducted by Boukhary et al. isolated eight phenolic compounds
from methylene chloride, ethyl acetate, and butanol extracts of S. libanotica [68]. The results showed
that among these compounds three flavonoids named apigenin, luteolin, and rutin and three
phenolic acids namely, ferulic acid, gallic acid, and rosemarinic acid were reported from the aerial
parts of the medicinal plants. In addition to this, the root extract of the plant was reported with
carnosol and dehydro-abietic acid. Villalva et al. observed significant antioxidant and anti-
inflammatory properties of an extract supplemented with rosmarinic acid [69]. The results showed
significant amelioration in the levels of TNF-a, IL-13, and IL-6 in the human THP-1 macrophage
model. Yet another molecular study performed by Subramanya et al. concentrated on 1,8-cineole, a
bioactive monoterpenoid that stimulates the colon PPAR-y transcription factor to reduce
inflammation in the colon [70]. The results proved the isolated phytochemical to be a strong activator
of the PPAR-y transcription factor. Hijazi et al. explored the anticancer potential of abietane
diterpenes isolated from the roots of S. libanoticum [71]. The results revealed that eight abietane
diterpenes were isolated, among them 7a-acetylhorminone, indicated ICso of 18 and 44 uM on
HCT116 and MDA-MB-132 cells, respectively. The study led by Alqudah et al. assessed the potential
modes of action and anti-inflammatory abilities of S. fruticosa essential oil (EOSF) [72]. The outcomes
of the research showed that carrageenan-induced edema, peritonitis, myeloperoxidase activity, and
NOx-peritoneal lavage concentration were all significantly ameliorated. Notably, sodium
nitroprusside-stimulated nitric oxide radical generation and Fe? induced lipid peroxidation was also
inhibited. A promising investigation carried out by Dawra et al. explored the phytochemical
composition of S. fruticosa (Mill.) and assessed its antioxidant capacity, anti-proliferative effects and
antibacterial activity on the HCT-116 and Caco-2 human colon cancer cell lines [73]. The methanol
(MeOH) extract showed significant antioxidant activity, with an IC50 value of 19.4 ug/mL and an
inhibition percentage (IP) of 76.1%. Another study by Kyriakou et al. elucidated the possible anti-
melanoma properties of S. fruticosa (SF) utilizing an in-vitro model of human malignant melanoma
with eight different fractions of the extracts [74]. The results demonstrated significant cytotoxic effects
on A375 cells, indicating its potential efficacy in the treatment of melanoma.

3.4.1. Experimental Evidence of Salvia libanotica Against Obesity and Metabolic Disorders
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In research led by Bassil et al. examined the rats fed with high-fat diet for the effects of S.
libanotica [75]. Following six weeks of increasing dosages of S. libanotica extract, there was an
improvement in glucose tolerance, while the levels of insulin and liver glycogen were increased,
along with improved HDL/LDL cholesterol ratio and decreased abdominal fat. These results reflect
the traditional use of S. libanotica in the prevention of cardiovascular illnesses and type 2 diabetes
linked to high-fat diets. In a comparative study carried out by Mervic et al. observed the antioxidant,
anti-acetylcholinesterase, and anti-a-glucosidase activities of S. nemorosa, S. officinalis, S. pratensis,
S. sclarea, and S. verticillate [8]. All the Sage species were reported with a-glucosidase inhibition,
however the results showed that S. fruticosa to be the most prominent inhibitor of the enzyme with
an ICso of 5291.51 + 335.08. Another investigation by Dawra et al. conducted the phytochemical
analysis along with their therapeutic potential and biological properties of the below mentioned
medicinal plants Origanum ehrenbergii Boiss., Origanum syriacum L., Stachys nivea Labill., Stachys
ehrenbergii Boiss., Cousinia libanotica DC., S. fruticosa Miller, and Berberis libanotica C.K. Schneider [76].
The results reported that the aqueous extract of S. fruticosa had a promising anti-hyperglycemic
activity with an ICso value of 167.4 ug/mL. Ercan and El reported the inhibitory effects of carnosic
acid, an important phenolic diterpene extracted from S. fruticosa and Rosmarinus officinalis L. on
various digestive enzymes [77]. The results showed that S. fruticosa inhibited a-amylase with I1Cso
value of 107.65+12.64, and lipase with ICso 6.20 +0.63. This study by Drikvandi et al. focused on
examining the effects of camphor, a key bioactive component derived from S. libanotica, on oxidative
and serum biochemical markers on alloxan-induced diabetic rats [78]. Over a period of 20 days, it
was found that consuming camphor raised the level of high-density lipoprotein cholesterol in the
blood while lowering blood levels of glucose, total cholesterol, triglycerides, and LDL cholesterol.

3.5. Salvia plebeia

S. plebeia, also known as “Li-Zhi-Cao in Chinese is an annual or biennial plant belonging to the
family Labiaceae. It is native to Asia, including China, Korea, Japan, Afghanistan, and India, where
it grows in a myriad environments including slopes, stream sides, and damp fields ranging from sea
level to heights of 9,200 feet [79]. Though presently appreciated for its medicinal attributes, the herb
has been associated with its utility in long traditional health benefits. S. plebeia was employed for
traditional herbal treatment in the Chinese Ming Dynasty about 490 years ago, according to the
Compendium of Materia Medica. Ithas been used in TCM (Traditional Chinese Medicine) prescription
and home remedies because of its ability to eliminate heat and cleanse the body of impurities. In
India, the plant is used as a folk medicine by the name Badarangboya, as well as in South Korea where
it has been used to treat common cold, flu, and cough [80]. Certain diseases like hepatitis, asthma,
inflammatory illnesses, and diarrhea have been effectively treated with a combination of S. plebeia
and Korean red ginseng [81]. Through several clinical trials, it has also been elucidated that the plant
possessed antiviral, antitumor, hepatoprotective, hypoglycemic, antioxidant, anti-inflammatory,
analgesic, and sedative properties. The plant offers all these significant health benefits due
to its variety of beneficial bioactive phytochemicals [82].

Several bioactive compounds were reported to be found in S. plebeia, including flavonoids,
phenolic acids, phenylpropanoids, sesquiterpenoids, and diterpenoids [83]. Dai et al. identified 70
metabolites including 46 flavonoids, 16 phenolic acids, seven terpenoids, and one organic acid, out
of which 21 were novel phytochemicals reported in S. plebeian [84]. Although the main bioactive
compounds, reported as per former studies are flavonoids, especially hispidulin, and
homoplantaginin. In a study conducted by Patel and Patel Hispidulin, a naturally occurring phenolic
flavonoid derived from S. plebeian was reported as an inhibitor of microsomal lipid peroxidation and
scavengers of oxygen free radicals under both in-vitro and in-vivo conditions [85]. Another important
phytochemical reported is Homoplantaginin (Hom), a major flavonoid discovered by Fan et al. in S.
plebeia R. Br [86]. The phytochemical administration improved the high glucose (HG) conditions on
vascular endothelial cells in db/db mice. Results obtained in-vitro showed a strong downregulation
of apoptosis with an increase in autophagosome formation. The report also suggested an improved
lysosomal activity and increased expression of cathepsin B and LAMP1. While, the in-vivo


https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/rosmarinus
https://doi.org/10.20944/preprints202408.1806.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 26 August 2024 d0i:10.20944/preprints202408.1806.v1

23

investigations indicated increased p-AMPK and TFEB protein expression, enhanced autophagy,
reduced apoptosis, and vascular damage mitigation. Many studies have demonstrated that
hispidulin and homoplantaginin have multiple pharmacological effects, such as anticancer, anti-
inflammatory, neuroprotective, anti-epileptic,c and thus, alleviated vascular endothelial cell
apoptosis. Choi et al. also reported a significantly higher free radical scavenging potential of the
phenolic compounds extracted from hairy root cultures of S.plebeia when compared to the wild-type
roots [87]. Another promising study performed on the herb by Jang et al. focused on the anti-
inflammatory effects of the ethanolic extract of S. plebeia plant [88]. The in-vitro suggested that the
ethanolic extract isolated from both aerial parts and roots were effective in ameliorating the pro-
inflammatory cytokine (IL-6 and IL-8) in BEAS-2B epithelial cell lines. While the ethanolic extracts
from the aerial parts mitigated the LPS induced Nitric Oxide (NO) inflammation.

3.5.1. Experimental Evidence of Salvia plebeia Against Obesity and Metabolic Disorders

In mice fed with high-fat diet, this study by Choi et al. examined the anti-obesity effects of
ethanolic extracts from S. plebeia R. Br (SPE) [87]. After eight weeks of administration, a substantial
reduction in body and adipose tissue weights were reported along with a drop in blood glucose, lipid
levels and reduction in size of adipocyte. A similar study focusing on the antioxidant activity and
lipid composition of an aqueous extract of S. plebeia in high-fat-induced rats was conducted by [89].
After a 4-week-long administration of the extract, it resulted in a significant reduction in the serum
total lipid, triglyceride, total cholesterol, and LDL-cholesterol levels. Pereira et al evaluated the
decoctions from four Salvia spp. (S. elegans Vahl., S. greggii A. Gray, and S. officinalis L.) for their
health promoting abilities [90]. The study particularly focused on the antioxidant potential and their
ability to inhibit the key enzymes in obesity and diabetes pathogenesis (ca-glucosidase, a-amylase
and pancreatic lipase). It was observed that where S. elegans was reported as the most potent inhibitor
of a-glucosidase, S. officinalis was reported with a good inhibitory activity against xanthine oxidase.
High flavones content including glycosidic forms of apigenin, scutellarein and luteolin were reported
in S. officinalis while caffeic acid richness in S. elegans decoctions contributed to health benefiting
properties. Similarly a study led by Eom et al. investigated the physiological activity and nutritional
makeup of plants growing in Chungbuk Province, including Saururus chinensis Baill, Gynura
procumbens, Angelica acutiloba, and S. plebeia R. Br [91]. The results showed that S. plebeia exhibited a-
glucosidase inhibitory action, however it was not as strong as the other three species.

4. Unveiling the Role of Gut Microbiota in Obesity

The term “gut microbiota” refers to the diverse microbial population found within the
gastrointestinal tracts of humans and other animals which includes bacteria, fungi, viruses, and
archaea. The domain that is most closely associated with the gut microbiota is the large intestine,
specifically the colon which serves as a reservoir for a complex microbial diversity, reported with
about 10" bacteria per gram of intestinal material [92]. The gut flourishes with diverse bacterial
groups, but the majority of bacteria belong to two major phyla, Bacteroidetes and Firmicutes which
constitute around 70-90% of diversity. At the same time, Proteobacteria, Actinobacteria, Synergistetes,
and Fusobacteria are also present. Although nearly all of these species have been reported as obligate
anaerobes, different degrees of aerotolerance have been shown by the Actinobacteria and Proteobacteria
phyla [93]. There has been a significant influence of the gut microbiota on the metabolic functioning
of the host. It helps break down proteins into amino acids and saturates dietary unsaturated fatty
acids [94]. Gut microbiota also influences lipid metabolism as it has been reported to modulate the
absorption of dietary fats, synthesis of lipids in the liver, and storage of fat in adipose tissue.
Concerning the hormones of the host, gut microflora mimics those involved in metabolic control,
primarily affecting energy expenditure, glucose homeostasis, and appetite management. The
fermentation of complex carbohydrates and non-digestible dietary fibers by the gut microbiota
results in the production of short-chain fatty acids (SCFAs), which can be used as an energy source
[95]. Over the past 20 years, there has been immense research concerning the beneficial effects of gut
microbiota and various diseases linked to the dysbiotic gut [96]. Various disorders such as type 2
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diabetes (T2D), obesity, non-alcoholic liver disease (NALD), gastrointestinal disorders like
inflammatory bowel disease (IBD) and irritable bowel syndrome (IBS), and cardiovascular diseases
all have been linked with the dysbiosis of the gut microbiota [97]. The dietary habits of an individual
have a major effect on the microbial composition of their gut. Consuming a high-fat diet alters the
gut microflora by negatively impacting the density of Bacteroidetes and enhancing the levels of
Firmicutes and Proteobacteria, which eventually has been concerned to gut dysbiosis [98].

Several environmental conditions as well as genetic factors have been correlated to the
development of dysbiosis. These host-specific factors include genetic makeup, medical history,
dietary habits, the exposure to drugs, food additives, and antibiotics. Also changes in the nutrient
consumption are capable of causing significant changes in the makeup of the gut microflora [99].
These variations have profound physiological repercussions, like diets containing significant
amounts of simple sugars have been reported to weaken the intestinal barrier, leading to
inflammation and ultimately disrupting host metabolism. Although the influence of food additives
on gut flora has long been neglected, there has been a recent increase in consciousness regarding this
issue. The studies have reported that the gut microbiota is very susceptible to preservatives, which,
when subjected, lead to the proliferation of Proteobacteria [59]. Another class of food additives that
directly modifies the makeup of the human gut flora are dietary emulsifiers that has also been related
to intestinal inflammation [100]. All these facts concerning microbial dysbiosis could become
more clearer, by understanding the role of bacteria in the development of various metabolic
disorders. A study conducted by Almugadam et al. investigated the relation between intestinal
microbiota and type 2 diabetes patients [101]. They observed a significant decrease in the number of
beneficial bacteria Faecalibacterium, Fusobacterium, Dialister, and Elusimicrobium. Inflammatory bowel
disease (IBD) is also a concerning disorder, which mainly includes Crohn’s disease (CD) and
ulcerative colitis (UC). Wiredu Ocansey et al. reported an imbalance in the microbial population
during IBD, where the ratio of Bacteriodetes to Firmicutes is decreased while the abundance of
gammaproteobacteria was reported in IBD patients [102]. Another study was reported on the faecal
samples of NASH (Non-alcoholic Steatohepatitis disease) patients, where Liakina et al. observed the
abundance of Parabacteroides and Allisonella but decreased levels of Faecalibacterium and
Anaerosporobacter [103].

Sedentary lifestyles have been a major pitfall for the emergence of dysbiotic gut which paves a
path for the development of metabolic syndrome where the term “metabolic syndrome” refers to a
group of related metabolic disorders that include obesity, insulin resistance, dyslipidemia,
hypertension, and insulin resistance. These disorders, either directly or indirectly, degrade the health
of the individual. Since all these disorders are linked with imbalanced gut microflora, the main focus
is to improve the dysbiotic gut, thus ameliorating various metabolic disorders. Obesity has become a
prevalent health issue throughout the Asia, particularly in South Asian countries and India being the
most populous country of South Asia, have around 3.5 billion cases of abdominal obesity [104]; [105].
It is believed that Asians have an inherited tendency to accumulate extra fat around their abdomens
[106]. A complex association between the gut microbiota and metabolic syndrome have been reported
with obesity. In particular, dysbiosis in the gut microbiota has been marked by distinctive
modulations such as relative abundance and scarceness of certain microbial species in the gut [107].
Proteobacteria has been the most consistently reported obesity-associated phylum. Xu et al
comprehensively reported the difference in the microbial species related to the obese and lean
individuals in their study [108]. They reported that Faecalibacterium, Akkermansia, and Alistipes were
lean-associated genera whereas Prevotella and Ruminococcus were obesity-associated genera in studies
from the West while the same were associated with lean in the East. Roseburia and Bifidobacterium
were lean-associated genera in the East, whereas Lactobacillus was an obesity-associated genus in the
West.

Furthermore, it has been observed the metabolites secreted by microbes also have been strongly
associated with obesity. The metabolites are essential for controlling body weight, and their
imbalance might result in the development of obesity. Adipokines, such as leptin and adiponectin,
help in the formation of insulin resistance and abnormal appetite regulation during obesity [109].


https://doi.org/10.20944/preprints202408.1806.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 26 August 2024 d0i:10.20944/preprints202408.1806.v1

25

Similarly, the link between obesity and Medium-chain fatty acids (MCFAs) has also surfaced. Caproic
acid, a major Medium-chain fatty acid present in the gut, helps in maintaining healthy cholesterol
levels and regulating body weight and fat deposition. Studies have been observed where obese
patients have been reported with a decrease in the level of caproic acid. In a similar study by Patel et
al. it was reported that there was a decrease in the levels of caproic acid in patients suffering
Clostridium difficile infection [110]. The gut bacteria produce another subset of fatty acids known as
Short-chain fatty acids (SCFAs), synthesized by anaerobic microbial fermentation of partially and
nondigestible polysaccharides. Several studies have also demonstrated that the levels of SCFA
produced by gut bacteria regulate obese conditions [111]. The basic mode of action of SCFA is the
stimulation of beige adipogenesis and biosynthesis of mitochondria, reduction in chronic
inflammation, and improvement in the breakdown of triglycerides and free fatty acid oxidation [112].
The enteric gut microbiota produces SCFA such as acetate, propionate, and butyrate, which have a
range of essential functions in the gut [113]. Butyrate SCFA serves as major source of nutrients for
colonocytes, while maintain a barrier integrity of intestinal membrane and decreasing the intestinal
inflammation. Collectively acetate, propionate, and butyrate enable G-protein-coupled receptors
(GPRs), which regulate fundamental satiety hormones such as GLP-1 and peptide YY (PYY). Studies
have shown that supplementation with short-chain fatty acids can help prevent weight gain. Another
study on preadipocyte cultures illustrated that the increased expression of proteins like FA binding
protein 4 (FABP4) and FA transporter protein (FATP), as well as enzymes like lipoprotein lipase
(LPL) and FA synthase (FAS), is all attributed to the addition of acetate, propionate, and butyrate that
are involved in lipid metabolism ([114]. Wu et al. (2021) analyzed the diets with a high fiber content
of primary SCFAs, namely, acetate and propionate, dramatically lower blood pressure levels in rat
models with spontaneous hypertension and deoxycorticosterone acetate salt-induced hypertension
[115].

5. Exploring the Mechanisms by which Gut Microbiota Influence Obesity

5.1. Gut Microbiota Interactions with Adipose Tissue

The gut microbiota plays a pivotal role in regulating the adipose cell accumulation in a very
intriguing way. It could affect the production of metabolic changes released by white adipose tissues,
linked with inflammation, and how brown and beige adipose tissues function in terms of energy
expenditure and reducing weight [116]. It facilitates that primarily, through 2 mechanistic pathways.
Firstly, the inhibition of lipoprotein lipase (LPL) by reducing the fasting-induced adipose factor
(Angptl4/Fiaf) and Angiopoietin-like protein 4, which are mainly released by both white and brown
adipose tissue, reduces the rate at which fatty acids are oxidized in muscle and adipose tissues [117].
Therefore, LPL inhibition by Fiaf reduces fat deposition. Studies reported that increased LPL activity
is a result of the B. thetaiotaomicron-induced inhibition of Fiaf [118]. Adjacently, the role of beneficial
microbiota was discussed in a study conducted by Aronsson et al., where it was observed that mice
supplemented with Lactobacillus paracasei ssp. paracasei F19 showed reduced fat accumulation via
increasing the levels of circulating fasting-induced adipose factor (Fiaf).

5.2. Microbial Influence on Bile-Acid and Cholesterol Metabolism in the Gut

Apart from the genetic makeup and various environmental factors oh the host, gut microbiota
also contributes in playing a critical role in the pathway that regulates the metabolism of cholesterol
and bile acids (Figure 1). Mainly the pathway involves the conversion of cholesterol into coprostanol
to Bile Acid metabolism. Two main routes are involved in this biotransformation. The first involves
the direct, stereospecific reduction of cholesterol’s 5,6-double bond, whereas the second involves an
indirect transition that results in the intermediate production of cholestenone and coprostanone.
There are many strains of bacteria like Bifidobacterium, Lactobacillus, and Peptostreptococcus found to
reduce cholesterol. Interestingly, the upper small intestine is the primary site of cholesterol
absorption which is mostly harboured by lactic acid bacteria, namely Lactobacillus, that have the
ability to convert cholesterol into coprostanol [119].
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Secondly the in the metabolism of bile acids the gut microbiota present in the intestine secretes
various microbial that metabolise primary and secondary bile acids. So during this process the
primary bile acids enzymes which are Glyco-conjugated and tauro-conjugated Cholic acid (CA) and
chenodeoxycholic acid (CDCA) firstly get deconjugated with the help of a catalyst enzyme Bile Salt
Hydrolase( BSHs), then get epimerized by hydroxysteroid dehydrogenases released by the intestinal
bacteria and then get 7a-dehydroxylated to finally form secondary bile acids namely, deoxycholic
acid (DCA) and lithocholic acid (LCA) which are eventually absorbed and utilized by the liver [120].
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Figure 1. A diagrammatical representation of gut microbiota’s regulatory control over obesity.

5.3. Influence of Gut Microbiota on Energy Homeostasis and Satiety Regulation

Another important role of gut microbiota is on the energy production and regulating satiety.
These are the factors that support the initiation and progression of metabolic disorders [121].
Importantly, the bacterial metabolites released by the gut microbiota help in this process of regulating
metabolism and energy intake. One way is the direct stimulation of neurons which then generate the
release of satiety hormones like glucagon-like peptide 1, GLP-1; peptide YY, PYY; and
cholecystokinin, CCK and other being the entry into the circulation, thereby directing and influencing
both the central and peripheral nervous systems [122]. Furthermore, the gut microbiota regulates
intestinal and systemic inflammation and modulates the permeability of the intestinal barrier. There
has been a higher rate of neuroinflammation in certain brain areas that are ultimately linked in
sustaining satiety and satiation in cases of systemic low-grade inflammation [123]. Another important
microbial metabolite that helps in contributing the regulation of satiety and energy intake are the
short chain fatty acids [124]. They help in inducing the release of several satiety-related gut hormones
like the gut peptides GLP-1 and PYY. Christiansen et al. observed an increase in the amount of PYY
and GLP-1 that are produced when administered with intestinal SCFAs which directly or indirectly
help in controlling hunger [125].

5.4. Endocannabinoid System

The Endocannabinoid (eCB) system is the system, which regulates appetite and metabolism with
the help of the microbiota-gut-brain axis and is considered as important factor which influences
obesity [126]. It has a significant impact on energy balance and has been suggested that during obesity
there is an imbalance in this system. The eCB system consists of endogenous bioactive lipids that are
produced locally, certain G protein-coupled receptors and the regulatory proteins that control their
synthesis and breakdown. The microbiota can affect the integrity of the intestinal barrier through the
ECS. Therefore, changes in the microbiota could mitigate the signs of illness brought on by a
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weakened intestinal barrier [127]. One such example is of Irritable bowel syndrome where a study
conducted by Jansma ef al. observed that when the cannabinoid receptor 1 (CB1) was activated,
intestinal peristalsis was decreased by inhibiting ileal contractions and regulating vagal
neurotransmission activity [128]. Another study by Xu et al. observed that ingestion of Lactobacillus
acidophilus NCFM stimulates the expression of the CB2 receptor in the intestine of mice, which has
analgesic properties against visceral discomfort [108].

6. Conclusion and Future Perspective

In conclusion, the investigation into Salvia spp. as a phytomedicine for obesity prevention
illuminates a promising pathway in combating the global obesity pandemic. Supported by
experimental evidence, Salvia extract exhibit notable potential in ameliorating obesity and related
metabolic disorders, owing to their rich array of bioactive compounds. Additionally, delving into the
intricate interplay of gut microbiota in obesity elucidates crucial mechanistic insights into how
interventions like Salvia spp. extracts may manifest their effects. Looking ahead, the future of utilizing
Salvia in the realm of obesity holds great promise. Further research avenues encompass not only
optimizing the extraction methods and dosage formulations of Salvia extracts but also exploring
synergistic combinations with existing therapeutic modalities. Embracing interdisciplinary
collaboration and fostering continued scientific inquiry will be pivotal in harnessing the therapeutic
repertoire of nature, particularly Salvia, to confront the multifaceted challenges of obesity on a global
scale.
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