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Editorial on the Research Topic

Hormonal imbalance-associated oxidative stress and protective benefits
of nutritional antioxidants
The intricate interplay exists among the endocrine system, redox equilibrium, and

oxidative stress (OS) in various vital biological processes encompassing fertilization,

embryonic development, somatic growth, aging, and pathophysiological conditions

(Figure 1). Understanding the relationship between hormonal conditions, redox state,

and OS in living systems is an intricate challenge (1, 2). Reaching a unified conclusion

becomes more challenging when certain hormones display oxidant capabilities while others

possess antioxidant characteristics. In comparison to the antioxidative properties exhibited

by hormones such as melatonin, estrogen, progesterone, and insulin, hormones such as

thyroid hormone, catecholamines, and corticosteroids have the ability to augment the

production of free radicals and OS as a consequence of disequilibrium in redox homeostasis

(1, 2). Aerobic cells possess a proficient antioxidant defense mechanism that serves to

counteract the deleterious impact of reactive oxygen species (ROS) through the

maintenance of redox homeostasis (3). The elucidation of hormonal fluctuations and the

examination of the mechanisms underlying the effects of antioxidants hold promise for the

advancement of novel therapeutic approaches targeting disorders associated with

hormonal dysregulation (Figure 1).

Various plant-based compounds, such as alkaloids, flavonoids, phenolic acid, and

coumarin, have been shown to possess anti-diabetic and antioxidative effects (Figure 1)

(4, 5). The review article by Chhabria et al. explores the potential of plant-based Dipeptidyl

peptidase (DPP)-IV inhibitors in combating OS in diabetes-related pathological conditions

and also delves into the study of the creation of polyherbal formulations and

nanophytomedicines to regulate incretin activity. The review by Nelson et al. presents

multiple preclinical and clinical studies demonstrating the strong anti-colon cancer effects
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of alkaloids derived from medicinal plants and phytocompounds.

These alkaloids have shown minimal toxicity towards normal cells.

Additionally, the studies indicate that various alkaloids can induce

apoptosis in colon cancer cells by targeting different cellular

components, such as hormones and growth factors, which are

involved in metastasis, angiogenesis, proliferation, and invasion.

This review offers a detailed account of each alkaloid that has

undergone clinical trials, either alone or in combination with other

drugs, and also discusses different classes of phytochemicals that

can induce cell death in various types of cancers, including colon

cancer. Sea buckthorn and its bioactive ingredients show promise in

addressing gynecological issues like uterine inflammation and

endometriosis and alleviating symptoms of vulvovaginal atrophy

in postmenopausal women (Mihal et al.). The polyphenolic

flavonoids found in sea buckthorn have various health benefits

and exhibit antioxidant, anti-inflammatory, and anti-cancer

properties. They also play a role in promoting healthy ovarian cell

proliferation, regulating cell death, and hormone release.

Additionally, sea buckthorn may help reduce the risk of ovarian

cancer by promoting apoptosis and regulating estrogen release.

The study by Kolesarova et al. explores the promising potential

of pomegranate peel extract (PPE) in the prevention and/or therapy

of ovarian cancer. A brief treatment with PPE suppressed human

adenocarcinoma cell line metabolic activity and elevated the

expression of cyclin-dependent kinase 1. Also, the administration

of PPE resulted in a reduction in the secretion of growth factors,

specifically TGF-b2 and EGF. Additionally, the expression of their

respective receptors, TGFBR2 and EGFR, was also diminished. The

research review by Kohut et al. delves into the effects of grapeseed

extract and grape polyphenols on female reproductive processes.

Research has shown that grape extract and its polyphenols, like
Frontiers in Endocrinology 026
resveratrol, proanthocyanidin B2, and delphinidin, have the

potential to impact female reproductive health. These compounds

can regulate various signaling pathways involved in reproductive

hormones, steroid hormone receptors, oxidative stress,

inflammation, apoptosis, and cell growth. The significance of

these compounds in the treatment of ovarian cancer, ovarian

ischemia, polycystic ovary syndrome, age-related reproductive

insufficiency, or menopausal syndrome has been suggested.

Grapeseed extracts and/or proanthocyanidin B2 and delphinidin

may have an impact on developmental capacity, ovarian

steroidogenesis, and oocyte maturation, although these effects

may occur at varying regulatory levels.

Utilizing the potency of dietary antioxidants has promise in

mitigating OS resulting from adrenal hormone imbalance

(Patani et al.). This review explores the benefits of different

nutritional antioxidants, including selenium, zinc, polyphenols,

coenzyme Q10, vitamin C, vitamin E, carotenoids, and probiotics,

in reducing the negative impacts of OS caused by abnormalities in

adrenal hormone levels. Various studies have reported the

importance of nutritional antioxidants in preserving a healthy

balance of redox homeostasis in various thyroid pathologies.

Several research studies have indicated a favorable correlation

between beta-carotene levels and thyroid function. However,

other investigations have not observed a notable impact. The

review article by Far et al. explores the interactions between beta-

carotene/retinol and thyroid hormones, as well as the results of

clinical trials investigating the relationship between beta-carotene

intake and thyroid hormone levels. The review article by

Macvanin et al. offers insights into the role of nutritional

antioxidants in maintaining a healthy balance of redox

homeostasis in different thyroid pathologies. These pathologies
FIGURE 1

Role of antioxidants in hormonal imbalance-associated oxidative stress and various pathological conditions. The figure was generated using
BioRender (www.biorender.com; accessed on 10th Jan 2024).
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include the development of diseases like goiter, thyroid cancer, or

thyroiditis. New findings regarding the link between the thyroid

gland and gut microbiome were also explored, and the impact of

probiotics with antioxidant properties on thyroid diseases was

also assessed.

Natural mating can trigger alterations in the activity of female

genes that control antioxidant enzymes crucial for the survival of

sperm during their transport, primarily influenced by estrogen

present in the bloodstream and semen. The study conducted by

Álvarez-Rodrıǵuez et al. reveals interesting findings regarding

changes in the reproductive tract following mating, including a

decrease in the expression of estrogen and progesterone receptors,

as well as an increase in superoxide dismutase 1, glutaredoxin 3, and

peroxiredoxin 1 and 3 that may play a role in preventing OS in the

region near the sperm reservoir at the utero-tubal junction.

However, Multiple studies highlight the significance of hormones,

ROS generation, and their impact on male fertility. A systematic

review and meta-analysis study conducted by Ebrahimi et al.

analyzed 20 toxic materials and found that melatonin therapy

improved r ep roduc t i v e hormona l pane l , t e s t i cu l a r

histopathological characteristics, and tissue markers of oxidative

stress. Research suggests that melatonin has antioxidant properties

and could potentially safeguard testicular tissue against the harmful

effects of toxic substances. Melatonin therapy also had positive

effects on testicular health in male rodents with various types of

testicular injuries (Ebrahimi et al.). Another systematic review and

meta-analysis found evidence supporting the protective effects of

melatonin against anti-cancer stressors in rodent testicular tissue.

The meta-analysis revealed significant improvements in various

outcomes with melatonin therapy, including enhancements in

sperm quantity and quality, as well as improvements in the serum

levels of reproductive hormones (testosterone and Follicle-

Stimulating Hormone). Additionally, melatonin therapy decreases

tissue markers of oxidative stress, such as testicular tissue

malondialdehyde and caspase-3 activity. At the same time, it
Frontiers in Endocrinology 037
increases glutathione and total antioxidant capacity along with

superoxide dismutase, catalase, and glutathione peroxidase

activities (Ebrahimi et al.).

Henceforth, antioxidant supplements (5, 6) have emerged as a

subject of discourse in contemporary times, particularly in light of

their purported efficacy in addressing various pathological conditions,

including endocrine disorders, and serving as adjunctive modalities to

enhance conventional therapeutic interventions.
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Type 2 diabetes mellitus is a metabolic disorder resulting from impaired insulin

secretion and resistance. Dipeptidyl peptidase (DPP)-IV is an enzyme known to

trigger the catalysis of insulinotropic hormones, further abating the endogenous

insulin levels and elevating the glucose levels in blood plasma. In the field of drug

development, DPP-IV inhibitors have opened up numerous opportunities for

leveraging this target to generate compounds as hypoglycemic agents by

regulating incretin activity and subsequently decreasing blood glucose levels.

However, the practice of synthetic drugs is an apparent choice but poses a great

pharmacovigilance issue due to their incessant undesirable effects. The ideologywas

set to inventively look upon different ethnomedicinal plants for their anti-diabetic

properties to address these issues. To date, myriads of phytochemicals are

characterized, eliciting an anti-diabetic response by targeting various enzymes

and augmenting glucose homeostasis. Antioxidants have played a crucial role in

alleviating the symptoms of diabetes by scavenging free radicals or treating the

underlying causes ofmetabolic disorders and reducing free radical formation. Plant-

basedDPP-IV inhibitors, including alkaloids, phenolic acid, flavonoids, quercetin, and

coumarin, also possess antioxidant capabilities, providing anti-diabetic and

antioxidative protection. This review article provides a new gateway for exploring

the ability of plant-based DPP-IV inhibitors to withstand oxidative stress under

pathological conditions related to diabetes and for reforming the strategic role of

ethnomedicinal plants as potent DPP-IV inhibitors through the development of

polyherbal formulations and nanophytomedicines to regulate incretin activity.

KEYWORDS

dipeptidyl peptidase-IV, insulin resistance, incretin, polyherbal formulations,
antioxidants, hormonal disorder
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Introduction
Diabetes mellitus (DM) is a chronic hyperglycemic

metabolic condition caused by decreased insulin production,

peripheral insulin resistance, or both. According to a WHO

study, diabetes was the ninth biggest cause of death in 2019,

directly responsible for almost 1.5 million fatalities. Type 2

diabetes mellitus (T2DM) affects the majority of people with

diabetes, accounting for more than 90% of those with diabetes,

and is characterized by insulin secretion defects in pancreatic b-
cells and insulin resistance, whereas type 1 DM is caused by

autoreactive T cell-mediated destruction of b-cells (Figure 1) (1,
2). In reaction to food consumption, pancreatic b-cells secrete
the hormone insulin. The primary function of insulin is to

regulate blood glucose levels by inducing muscles, liver, and

fat cells to absorb accumulated glucose from the bloodstream

and store it as an energy source. T2DM, also called non-insulin

DM, plays a cardinal role in the humongous populace and is

triggered by an interplay of environmental and genetic factors

(3). It is hallmarked by hyperglycemia and characterized by the

impairment of the inositol triphosphate kinase (PI3K-Akt)

pathway (metabolic arm) of insulin signaling, failing to

transport glucose and synthesize glycogen and thus further
Frontiers in Endocrinology 02
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leading to compensatory hyperinsulinemia to maintain

euglycemia which ultimately causes insulin resistance (4, 5).

Consequently, this results in the redundant stimulation of

the unaffected RAS-MAPK pathway (mitogenic arm) of insulin

signaling, contributing to cardiovascular dysfunction and

endothelial injury and advancing myriads of chronic diabetic

complications by significantly compromising the quality of life

(5). The previous studies show a growing prevalence of DM in

India, triggering a shift in the onset age of DM from adult to

adolescence (6). This invokes a constant need for a

promising treatment to mitigate DM and the progression of

chronic symptoms.
Role of incretin hormones

The insulinotropic effects of incretin hormones are the

reason why the body produces more insulin in response to

meals when glucose is ingested orally rather than when it is

administered intravenously, even when the plasma glucose levels

are the same. This phenomenon is referred to as the incretin

effect (7). The previous studies demonstrated that gut extracts

possess a hormone that tightly regulates the secretion of

pancreas and was named as glucose-lowering element or
FIGURE 1

An overview of the impact of dipeptidyl peptidase (DPP)-IV inhibitors on the kidney and the insulin signaling pathways. The key aspects of the
insulin signaling pathway, such as insulin binding, signal cascade, exocytosis, and glucose entry, are presented. DPP-IV inhibitors (DPP-IVis) are
non-insulin glucose-lowering agents that are members of the incretin family. They are able to improve glycemic control while maintaining an
acceptable level of safety. In individuals with chronic kidney disease, these medications are associated with a minimal risk of hypoglycemia, no
weight gain, and good overall tolerability. The results of clinical trials are still up for debate, even though several experimental and clinical
research point to the possibility that DPP-IVis may exert considerable pleiotropic effects, particularly on the kidneys. The figure was created with
BioRender.com.
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incretin (INtestine seCRETtion Insulin). It was verified that

diabetic patients unveil a total loss of the incretin effect.

Henceforth, a hypothesis suggesting that an impaired incretin

function contributes to the pathogenesis of T2DM was

formulated. The two most potent incretin hormones released

in response to oral glucose are glucagon-like peptide-1 (GLP-1)

(Figure 1) and gastric inhibitory peptide (GIP) (7–9).

GIP is a peptide of 42 amino acids belonging to the glucagon

secretin family of peptides secreted from the K-cells of the upper

intestine was earlier known to inhibit gastric acid secretion, so it

was called gastric inhibitory peptide, but then later, it also

showcased its efficacy on the pancreas by stimulating insulin

secretion glucose dependently and was renamed as glucose-

dependent insulinotropic peptide (7–9). GLP1 is the second

most potent incretin hormone, a peptide of 31 amino acids

known to be one of the enteroglucagons synthesized from

proglucagon genes while secreted from both pancreatic alpha

cells as well as L cells of the lower intestine and colon, which are

known to stimulate the islets of the pancreas and secrete

insulin (8).

Both GLP-1 and GIP validate their functional role by

binding to their specific receptors GLP-1R and GIPR, which

belong to the G protein-coupled receptor family triggering

adenylate cyclase activity and elevating the levels of

intracellular cyclic adenosine monophosphate (C-AMP) in

pancreatic b-cells with the activation of protein kinase A

(PKA) and exchange protein activated by C-AMP2 (EPAC2)

involved in a broad range of intracellular actions such as altered

ion channel activity, elevated cytosolic calcium levels which

facilitate the fusion of insulin granules to the plasma

membrane, and enhanced exocytosis of insulin-containing

granules, contributing to the enhancement of insulin secretion

in a glucose-dependent manner (8–10). Both GLP-1 and GIP

induce insulin secretion in response to oral glucose consistently

with their functional role as incretins. Based on data from several

studies previously, both incretins share a few common

insulinotropic actions, like increasing insulin secretion,

enhancing resistance to apoptosis, and increased b-cell
proliferation, but also differ in a few biological attributes, like

GIP stimulates the pancreas by increasing glucagon secretion

and acts on the gastric tract by inhibiting gastric acid secretion,

whereas GLP 1 decreases glucagon secretion and acts on the

gastrointestinal (GI) tract by decreasing gastric emptying and

postprandial blood glucose (8, 10).
Crux of the matter: Dipeptidyl
peptidase-IV

The human gene dipeptidyl peptidase (DPP)-IV is located

on chromosome 2 and encodes dipeptidyl peptidase IV, a serine

protease, an enzyme located on epithelial as well as endothelial
Frontiers in Endocrinology 03
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cells found to be expressed in varied tissues including the liver,

gut, placenta, and kidney, causing the catalytic degradation and

reduction in the half-lives of GLP-1 and GIP levels and further

ensuing the perturbation of glucose homeostasis (Figure 2).

From the recent investigations done, it was reported that 75%

of GLP-1 metabolism by DPP-IV and elimination occurs in the

gut and liver, respectively, permitting only 10–15% of GLP-1

circulation in the blood (8, 10). In order to augment the

insulinotropic activity in blood plasma, various synthetic and

herbal DPP-IV inhibitors have gained much focus as oral

hypoglycemic agents with minimal side effects (7, 11, 12).
Status of the naturally available
DPP-IV inhibitors

Various naturally available plant-based compounds are

investigated as DPP-IV inhibitors. Different plant parts such as

leaves, seeds, flowers, buds, and bulbs are analyzed to identify

their inhibitory capacity against DPP-IV activity. Parts of the

plants were found to have different IC50 values against DPP-IV.

The distinction arises from the fact that diverse phytochemicals,

such as glycosides, flavonoids and phenols, terpenoids, and

stilbenoids, are located in different parts of various plants.

Numerous bioactive peptides derived from various plant

components are likewise highly efficient against DPP-IV

activity (Figure 3).
DPP-IV inhibitors in the leaves of plants

Many phytochemicals, including some that specifically

target the DPP-IV enzyme, can be found in the leaves of

plants. The leaves contain the most DPP-IV inhibitory

compounds compared with other parts of the plant. To

identify DPP-IV inhibitory compounds, the leaves of various

plant orders, including Myrtales, Fabales, Sapindales,

Gentianales, Urticales, Ericales, and Liliales, have been studied

(Figure 3)—for example, the leaves of different plants from the

order Myrtales, such as Psidium guajava (29), Eucalyptus

globulus, Eucalyptus citriodora, and Eucalyptus camaldulensis

(30), have IC50 values against DPP-IV activity of 380, 3.098,

6.138, and 3.99 mg ml-1, respectively. Similarly, the IC50 value

against DPP-IV activity in the leaves of Cicer arietinum,

Pterocarpus marsupium, and Punica Granatum belonging to

order Fabales are 0.09 (31), 273.73 (29), and 0.19 mg ml-1 (32),

respectively. Aegle marmelos, Mangifera indica, and Melicope

glabra, which belong to the order Sapindales, have an IC50 value

against DPP-IV activity of 790, 182.7, and 169.40 mg ml-1 (33–

35), respectively. The IC50 value was 96.8 µM (36) and 773.22 mg
ml-1 (16) in a few other plants such as Apocynum cannabinum

and Gymnema sylvestre from the order Gentianales. Similarly,
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FIGURE 3

Levels of dipeptidyl peptidase (DPP)-IV activity inhibition concentration of bioactive compounds in certain plants studied. Different inhibitory
concentrations of the plant products are found for the inhibition of DPP-IV (13–28). In (A), the inhibitory concentration is evaluated in mM, while
in (B) the inhibition concentrations are emulated in mg/ml.
FIGURE 2

Model of the mode of action of dipeptidyl peptidase (DPP)-IV inhibitors for augmenting incretin activity. In healthy individuals, food intake aids
the secretion of incretin hormones from the alimentary canal, which further favors the synthesis and release of insulin and additionally arrests
the synthesis and release of glucagon, subsequently maintaining the glucose levels in blood plasma. However, type 2 diabetes mellitus patients
incur a loss of incretin activity by the catalytic action of the DPP-IV enzyme, which is abated by DPP-IV inhibitors in order to escalate the
incretin levels for regulating glucose homeostasis. .
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for several other plants such asMorus alba and Pilea microphylla

(order Urticales), Aloe vera (order Liliales), Camellia sinensis

(order: Ericales), and Urena lobate (order: Malvales), the

recorded IC50 value against DPP-IV activity was 480 (37),

520.4, 2.716, 227, and 1,654.64 mg ml-1, respectively (37–39).

These values show that the leaves of many plants have a very

important role in inhibiting DPP-IV activity.

The leaves of Fagopyrum esculentum and Rheum palmatum

(order: Chenopodiales) containing rutin and emodin were found

to have IC50 values of 485 µM (27) and 5.76 µM (40),

respectively. Fan et al. (2013) (41) documented that the leaves

of Camellia sinensis from the order Ericales have gallic acid and

epigallocatechin gallate having IC50 values of 4.65 and 10.21 µM,

respectively. Against DPP-IV activity, the leaves of Psoralea

corylifolia (order: Fabales) contain genistein, Coffea arabica

(order: Gentinales) contains caffeic acid, and Brassica oleracea

(order: Brassicales) contains luteolin with IC50 values of 0.48,

3.37, and 0.12 M, respectively (41). Similarly, Bower et al. (2014)

(14) observed that the leaves of Rosmarinus officinalis and Lippia

graveolens (order: Lamiales) have cirsimaritin with IC50 value of

0.43 and 10.9 µM, respectively, which can be used for inhibition

of DPP-IV activity.
DPP-IV inhibitors in plant seeds

The seeds of various plants belonging to different orders, such as

Castanospermum austral, Cicer arietinum, Trigonella foenum

graceum (order: Fabales), Avena sativa, Hordeum vulgare var.

trifurcatum (order: Graminales), Amaranthus hypochondriacus

(Order: Chenopodiales) Eugenia jambolana (order: Myrtales),

Fagopyrum esculentum (Order: Polygonales), Ferula assa-foetida

(order: Apiales), and Prunus amygdalus (order: Rosales), were

documented to have IC50 concentration against DPP-IV activity of

13.96 (42), 0.09, 0.03 (31), 0.99, 1.83 (43), 1.1 (44), 278.94 (32), 1.98

(43), 24.5 (45), and 162.9 mgml-1 (46), respectively. Kim et al. (2018)

(47) also examined that the seeds of Lens culinaris (order: Fabales)

have different compounds such as kaempferol-3-O-

b g u l c o p y r a n o s y l - ( 1!2 ) - b g a l a c t o p y r a n o s y l - 7 -
Oarhamnopyranoside, kaempferol-3-O-bgulcopyranosyl-(1!2)-

[arhamnopyranosyl (1!6)]-bgalactopyranosy l-7-O-

arhamnopyranoside, robinin, and kaempferol with IC50 value

against DPP-IV activity of 27.89, 36.52, 37.01, and 51.9

µM, respectively.
DPP-IV inhibitors in other parts of plants

Several additional plant parts have been identified to have

compounds with DPP-IV activity-inhibiting properties. The

aerial parts of Hedera nepalensis (order: Apiales), Fagonia
Frontiers in Endocrinology 05
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cretica (order: Zygophyllales), and Desmodium gangeticum

(order: Fabales) have IC50 value against DPP-IV activity of

17.2 (19), 38.1 (19), and 255.5 mg ml-1, respectively. Similarly,

the IC50 values for Helichrysum arenarium (order: Asterales)

flowers, Berberis aristate (order: Ranunculales) bark, and

Anogeissus latifolia (order: Myrtales) were reported as 41.2,

14.4, and 754 mg ml-1 (34, 48), respectively, for DPP-IV

inhibition. The bulb of Allium sativum (Order: Asparagales)

was likewise documented with an IC50 value of 70.9 mg ml-1 (49),

while the fruits of Schisandra chinensis (Order: Austrobaileyales)

and Punica granatum (Order: Fabales) were recorded with an

IC50 value of about 10.8 mg ml-1 (31, 32) against DPP-IV activity.

Saleem et al. (2014) and Kalhotra et al. (2018) (19, 49)

noticed that lupeol, present in the aerial parts of Hedera

nepalensis (Order: Apiales), has an IC50 value of 31.6 µM, but

malvidin, found in the aerial parts of Anagallis monellin (Order:

Ericales), has an IC50 value of 1.41 µM against DPP-IV activity.

The stems and roots of Coptis chinensis (Order: Ranunculales)

contain berberine, which exhibits DPP-IV activity with an IC50

value of 14.4 mg ml-1 (13). The whole Pilea microphylla (Order:

Rosales) plant contains the active ingredient isoquercetin, which

has an IC50 value of 96.8 µM against DPP-IV activity (50). Lin

et al. (2015) (28) identified hopeaphenol, vitisin A, and vitisin B

in the stems and leaves of Vitis thunbergii that inhibited DPP-IV

activity with IC50 values of 401, 90.75, and 15.3 µM, respectively.

Similarly, Fan et al. (2013) (41) found apigenin in the stems and

pods of Acacia auriculiformis (order: Fabales), which had an

IC50 value of 0.14 µM, in the fruits of Citrus aurantium, Citrus

limon, and Citrus maxima belonging to order Sapindales having

hesperetin (with IC50 value of 0.28 µM), eriocitrin (IC50 value of

10.36 µM), and naringenin (IC50 value of 0.24 µM), respectively.

They also recorded that the fruits of Rubus fruticosus belonging

to order Rosales have cyanidin (IC50 value 1.41 µM) that acts as a

DPP-IV inhibitor. The compound cyanidin-3-glucoside present

in Vaccinum corymbosum (order: Ericales) has an IC50 value of

125.1 µM against DPP-IV activity (26).
DPP-IV inhibitor peptides

It has been demonstrated that several bioactive peptide

sequences found in a wide variety of plants are effective

against DPP-IV activity. In Phaseolus vulgaris, Mojica et al.

(2017) (18) identified peptide sequences such as KTYGL,

KKSSG, GGGLHK, and CPGNK, each of which had an IC50

value of 0.03, 0.64, 0.61, and 0.87 mg DW ml-1, respectively.

Similarly, Lammi et al. (2016) (17) reported that the IC50 value

for the peptide AVPTGVA in Glycine max and LTFPGSAED in

Lupinus albus was 106 and 228 µM, respectively. Wang et al.

(2015) (43) determined that the peptide LQAFEPLR present in

Avena sativa has an IC50 value of 103.5 µM. Harnedy et al.
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(2015) (15) found that ILAP and LLAP present in Palmaria

palmata had IC50 values of 43.40 and 53.67 µM, respectively. The

details about these plants are specified in Section 9.
Pharmacovigilance status of DPP-IV
inhibitors

With an ideology to work on the crux of the matter, DPP-IV

to manage diabetes, orally active small molecules called DPP-IV

inhibitors have already been introduced in the market since 2006

(51). From previous investigations, a therapeutic dosage of

different authorized DPP-IV inhibitors led to a two- to

threefold raise in endogenous GLP-1 concentration without

any inherent hypoglycemia risk and a favorable safety profile

(Figure 2). Synthetic authorized drugs in the market as DPP-IV

inhibitors are known as gliptins such as sitagliptin, linagliptin,

and saxagliptin, usually substantiated to be efficient competitive

inhibitors. In order to address the crisis imparted by DPP-IV,

sitagliptin (Merck) was the initial lead to embark on the journey

towards the upregulation of GLUT-4 expressions in the skeletal

muscles of spontaneously hypertensive rats by controlling the

postprandial glucose concentration and glycated hemoglobin

(52). With an appropriate drug administration, gliptins can

prove their efficacy for 24 h (53). Moreover, from the

pharmacovigilance studies done priorly, gliptins were able to

curtail the risk of hypoglycemia and weight loss and additionally

also had the potential to proliferate b-cell mass.

Variously targeted (GLP-1) and off-targeted substrates lead

to DPP-IV inhibition, contributing to managing incretin activity

and maintaining the basal blood glucose level (54). Lately, these

oral hypoglycemic agents, because of their insulinotropic effect,

have progressively replaced sulfonylurea as second-line therapy

and are also endorsed in the guidelines in triple therapies along

with metformin and SGLT-2 inhibitors (55–57). For attaining

the benchmark among all the other synthetic drugs, structural

backbones ranging from cyanopyrrolidines, triazopiperazine

amide s , and py r ro l i d i n e s h i gh l y influenc ed th e

pharmacodynamics of each commercialized gliptins (58). The

pharmacodynamics of each commercially authorized gliptin has

been summarized in Table 1 (54, 59).

Data are partially retrieved from the approved list of DPP

inhibitors by the US Food and Drug Administration (FDA) (60).

FDA has underlined the adverse effects of DPP-IV inhibitor

drugs such as Januvia, Janumet, Janumet XR, Onglyza,

Kombiglyze XR, Tradjenta, Glyxambi, Jentadueto, Nesina,

Kazano, and Oseni with active compounds sitagliptin,

sitagliptin and metformin, sitagliptin and metformin extended

release, saxagliptin, saxagliptin and metformin extended release,

linagliptin, linagliptin and empagliflozin, linagliptin and

metformin, alogliptin, alogliptin and metformin andalogliptin,

and pioglitazone, respectively (60).
Frontiers in Endocrinology 06
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Shortcomings associated with DPP-
IV inhibitors

The previous studies revealed the most common adverse

effects in patients, including infections in the respiratory passage,

nasopharyngitis, headache, and bladder infections associated

with sitagliptin and saxagliptin, respectively (61, 62).

Moreover, cases of hypoglycemia were also encountered with

the synergistic intake of sitagliptin and saxagliptin. From

analyzing the pharmacovigilance report and data supported by

FDA, it was proclaimed that, on intake of DPP-IV inhibitors,

several patients were diagnosed with hypersensitivity and joint

pain issues, and in some cases, these drugs have proven to be

fatal for patients with a history of pancreatitis (7, 56, 61, 63).

On a wider scale, strong aversions were laid against incretin-

based therapy regarding its cost-effectiveness and the increasing

risk of morbidity in patients with cardiovascular issues (64).

With an ideology to surpass the discredits, investigators have

inclined toward plant origin to discover innovative therapies to

combat glycemia and the emergence of severe morbidities

associated with the same.
Pharmacognosy: A strategy to
alleviate the glycemic load

Since antiquity, many traditional practitioners across the

globe have assertively exploited natural flora, which has proven

superlatively therapeutic over synthetic agents to regulate several

pathological conditions. Botanical leads, being a repository of

bioactive compounds, fostered the strategic role of

pharmacognosy (65). Metformin, a commercially effective

anti-diabetic medicine, was recently identified in the field of

drug discovery by adapting the concept of pharmacognosy and

establishing the foundation for formulating herbal products to

inhibit DPP-IV and regulate incretin activity (7, 66, 67).
Potential benefits of DPP-IV
inhibitors with antioxidant
properties in treating diabetes

Oxidative stress (OS) has been linked to the onset and

progression of diabetes and its many consequences resulting

from insulin insufficiency or insulin resistance (68). Several

clinical studies have demonstrated that T2DM reduces

antioxidant status and free radical scavenging activity due to

the decreased activities of superoxide dismutase (SOD), catalase

(CAT), and glutathione peroxidase (GPx) and ascorbate and

vitamin E levels, increasing the likelihood of diabetic patients

acquiring chronic OS (68). Several different molecular
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mechanisms such as protein modifications, including oxidant-

induced modifications in phosphorylation state, alterations in

gene regulation including transcriptomic and transcriptional

modifications with the affected proteins being either direct

insulin signaling molecules or oxidant-sensitive signaling

pathways that interfere with the insulin signaling cascade, have

been postulated to contribute to reactive oxygen species (ROS)-

induced insulin resistance (69). Excessive levels of ROS inhibit

insulin gene expression and insulin production as well as

damage islet tissue. Anti-diabetes effects can be enhanced

using plant-based DPP-IV inhibitors, such as alkaloids,

phenolic acid, flavonoids, quercetin, and coumarin, possessing

antioxidant characteristics (70, 71).

Antioxidants derived from plants, such as kinsenosides and

flavonoids, exhibit anti-diabetic and antioxidant properties and

assist in maintaining the function of pancreatic b-cells in vivo

(71, 72). The majority of studies examining the role of plant-

derived antioxidants in protecting b-cells focus on flavonoids.

The administration of flavonoids to diabetic animals boosts the

antioxidant potential of b-cells by increasing both enzymatic and

non-enzymatic antioxidants, consequently limiting ROS
Frontiers in Endocrinology 07
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generation and lipid peroxidation in b-cells and protecting

them against autophagy, apoptosis, or necroptosis (73, 74).

Diabetes is associated with an increase in the expression of

pro-apoptotic genes (e.g., caspases) and a decrease in the

expression of anti-apoptotic genes (e.g., Bcl-2 proteins) in b-
cells. Flavonoids have been proven to protect b-cell viability by

limiting these gene expression changes (Figure 4) (71, 75).

Flavonoids, which include flavanols, flavonols, flavones,

flavanones, isoflavones, and anthocyanins, also possess DPP-4

inhibitory activity—for instance, the flavonoid-rich fraction of

Pilea microphylla displayed antidiabetic efficacy in rats with

diabetes generated by a high-fat diet and streptozotocin by

lower ing DPP- IV . Th i s was accompl i shed wh i l e

simultaneously increasing the endogenous antioxidant status

in the liver of mice (38). Similarly, supplements derived from

citrus bioflavonoids suppress the DPP-4 enzyme and also have

higher free radical scavenging capabilities (27, 76). It has also

been reported that an ethanolic extract of the leaves of Psidium

guajava contains seven major flavonol-glycosides, all of which

inhibit DPP-IV in a dose-dependent manner (29). Additionally,

it was demonstrated through an in vitro bioassay that three
TABLE 1 Commercial dipeptidyl peptidase-IV inhibitors.

Attributes
of mar-
keted
drugs

Sitagliptins Vildagliptins Saxagliptins Alogliptins Linagliptin

DPP-IV
inhibition (%)

More than
80%–90%

More than 90% 75%–80% More than 80% More than 80%

Specificity for
DPP-IV and
type of
inhibition

Very high,
competitive,
and dose-
dependent
inhibitor

High affinity (but not as sitagliptin) as
compared with sitagliptin; it acts as a substrate
blocker

Moderate affinity,
selective, reversible,
competitive inhibitor

High affinity, competitive, and dose-
dependent inhibitor

High affinity,
high specificity,
and dose
dependent
inhibitor

HbA1C
reduction (%)

0.6% only
sitagliptin
0.89% with
metformin

0.7% 0.45–0.65% 0.6% with sitagliptin
0.7% with vildagliptin

0.53%

Hypoglycemia
risk

No risk
detected

No risk detected No risk detected No risk detected No risk detected

Mean half life 8–14 h 1.3–2.4 h 2.5 h 12.4–21.4 h 12 h

Bioavailability ±87% ±85% ±67% 100% ±30%

Metabolism/
elimination

Primary route:
kidneys (only
16%)
About 74%
has been
accounted for
as parental
drug

Primary route: kidneys
About 85.04% fraction of the drug is absorbed
and recovered in urine, wherein 27.14% (22.60
% recovered in urine and 4.54% recovered in
feces) is unchanged parental drug and 57.90% is
after hydrolysis

Primary route: kidneys
and liver
Liver: metabolizes the
drug by cytochrome
P450 enzymes and
forming an active
metabolite
Kidney: as renal
circulation 22.1% as
an unchanged parent
compound and 44.1%
as a metabolite

About 60% to 80% of the administered
dose tends to be unchanged in the urine
after 24 to 72 h and 10%–20% of the
dose is hepatically metabolized by
cytochrome enzymes
Primary excretion: kidneys (76%)
Secondary: fecal (13%)
Two minor metabolites explored were
N-demethylated alogliptin (inhibitor of
DPP-IV) and N-acetylated alogliptin

About 70%–80%
of the
administered
drug is bound to
plasma proteins
Primary
excretion: bile
and gut
Secondary
excretion:
kidneys

Year of
approval

2006 2007 2009 2013 2011

Brand name Januvia Galvus Onglyza Nesina Tradjenta
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flavonol glycosides extracted from the seeds of Lens culinaris

possessed DPP-IV inhibitory activity in a concentration-

dependent manner (47). Antioxidants derived from plants

with antidiabetic qualities, such as acting as DPP-4 inhibitors,

are regarded to be the most effective strategy for keeping a

normal b-cell physiology and treating diabetes (77). The

following sections address plants that have DPP-4 inhibitor

actions, either with or without known antioxidant properties.
In vitro and in vivo studies of DPP-IV
inhibitors derived from plants

The effectiveness of the DPP-IV inhibition offered by a

variety of tropical plants is being evaluated. In addition, in

prior studies, a wide variety of organic solvents, plant parts,

and extraction procedures were employed to isolate different
Frontiers in Endocrinology 08
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bioactive components. The percentage yield of the extracts and

the number of bioactive compounds are profoundly influenced

by the polarity of the organic solvents (39, 78).
Urena lobata: Pharmacokinetic difference
between in vitro and in vivo inhibition
efficacy against DPP-IV

Recent studies on the root and the aqueous leaf extract of U.

lobata reported its anti-diabetic competency in streptozotocin-

induced diabetic rats, in compliance with the fact that the

polarity of the organic solvent affects the solubility of bioactive

compounds and its antioxidant property, which is supported by

in vitro and in vivo generated results (79, 80). As a result of the

research performed in vitro, the findings of the alcoholic extract

portrayed its inhibition efficacy by expressing an IC50 value of
FIGURE 4

Role of dipeptidyl peptidase inhibitors with antioxidant properties in protecting pancreatic b-cells and treating diabetes. GLP-1, glucagon-like
peptide-1; GIP, glucose-dependent intestinal polypeptide; OS, oxidative stress.
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1,654.64 µg/ml. This value demonstrated that the alcoholic

extract was four times more effective than the aqueous extract,

which had an IC50 value of 6,489.88 µg/ml. However, the in vitro

inhibitory activity of standard vildagliptin was superior to both

extracts (IC50 = 57.44 µg/ml) (39, 78). In vivo, however,

pharmacokinetic indices indicated that the aqueous extract

was more effective than the alcoholic extract because water

positively influences the absorption of active compounds in

the serum by synergistically forming a complex and enhancing

the inhibition efficacy against DPP-IV as well as the

bioavailability of GLP-1 in the serum (81). Because the

extracts contain sterols, which are known to alter the

conformational structure of active compounds and

subsequently reduce the bioactivity within the gastrointestinal

(GI) tract, the alcoholic extract displays a lower level of in vivo

inhibitory activity (39, 82, 83).
Pueraria tuberose: In vitro and in vivo
inhibition efficacy against DPP-IV

From the in vivo studies undertaken previously using P.

tuberose methanolic root extract (PTME) as a potential herbal

treatment on the liver homogenates of alloxan-induced diabetic

rats, it was reported that PTME possessed an abundance of

flavonoids and significantly reduced DPP-IV activity in a time-

dependent manner from 16 DPP-IV activity in a time-

dependent manner fromto 4 mM/unit as compared with

alloxan control (17.5 mM/unit) within a period of 40 days,

which proved that PTME was a promising candidate to cure

DPP-IV-induced liver disorders (84). From another

investigation done, the aqueous extract was found to be potent

enough to upregulate antioxidant SOD levels and downregulate

DPP-IV mRNA expression, which apparently led to a

concomitant reduction in stress, changes in the structural

complexity of villi, increase of the intestinal patch, subsequent

increase of the rate of nutrient absorption, and augmentation of

GLP-1 and GIP secretion by causing an enhanced

intestinotrophic effect (85). Besides this, in vitro results also

supported the data as a potential DPP-IV inhibitor by exhibiting

a considerable IC50 value of 17.4 mg/ml. In addition, when in

vivo studies were undertaken on glucose-fed rats administered

with the aqueous extract, the plasma glucose concentration

during 60 min was reduced by 27.68%, and plasma DPP-IV

activity was reduced by approximately onefold as compared with

untreated rats. Additionally, a sharp rise of 1.2-fold was also

observed in the plasma GLP-1 concentration compared with the

untreated control (84).
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Withania coagulans: In vitro inhibition
efficacy against DPP-IV

As one of the prospective candidates, W. coagulans was

chosen, and its effectiveness was checked using root, leaf, and

fruits with 100 and 80% methanol as an organic solvent. Among

all the plant parts, a root extract of the mature plant with 100%

methanol exerted the maximum 50% inhibition efficacy against

DPP-IV at a concentration of 8.76 µg/ml, whereas 80%methanol

expressed its 50% inhibition at a concentration of 21.03 µg/ml.

However, both extracts showed lesser efficacy than diprotin, the

standard drug expressing its 50% inhibition efficacy at a

concentration of 4.13 µg/ml (86).
Commiphora mukul: Choice of
extraction method highly influences the
extract yield

Recent findings have unveiled that the alcoholic extract of C.

mukul gum resin with an abundance of antioxidants

significantly proclaimed its antihyperglycemic activity by

modulating the key glucose-metabolizing enzymes of the liver

and kidney and further promoting normal blood glucose

homeostasis (87–89).

With an ideology to get the maximum yield, optimization

of procedure was an essential need which was undertaken by

microwave-assisted extraction (MAE) method and conventional

Soxhlet extraction (CSE) method resulting from giving a yield of

2.5%–3% and 2%, respectively, by using ethyl acetate as the

solvent of interest (90). MAE proved to show a better yield than

the Soxhlet extraction method because it was found to be less

laborious, required less solvent, with improved quality of extract,

and more economical (91). Moreover, by taking Hydro alcohol

(HA) extract into practice for obtaining in vitro results, the

maximum inhibitory activity imparted by C. mukul was 92%,

with an IC50 value of 17 µM.
Ferrula asafetida: In vitro inhibition
efficacy against DPP-IV

When experiments were undertaken by choosing F.

asafoetida to assess DPP-IV inhibition activity using methanol,

ethanol, water, and methanol–ethanol as organic solvents, it was

observed that, among all the fractions, ethanol and ethanol–

methanol fractions showed a maximum inhibitory effect with

24% and 22%, respectively (45).
frontiersin.org

https://doi.org/10.3389/fendo.2022.1027237
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org


Chhabria et al. 10.3389/fendo.2022.1027237
Desmodium gangeticum: In vitro
inhibition efficacy against DPP-IV

By choosing Desmodium gangeticum as one of the potential

DPP-IV inhibitors, it was noted that the aqueous extract

exhibited 73.21 % inhibition at 1,000 µg/ml concentration with

an IC50 value of 255.5 µg/ml, which was inferior concerning its

efficacy when compared with the standard drug diprotin

expressing IC50 =10 µg/ml by 78.3% (92).
Moringa oleifera: In vitro DPP-IV
inhibitory activity

According to the data, the leaf extract of Moringa oleifera

was considered one of the potential candidates with significant

antihyperglycemic activity, particularly in the ethanol and ethyl

acetate extracts (93). Recent findings suggested that the extracts

successfully reduced the blood glucose levels, increased the

insulin levels, decreased the inflammatory cytokines and

HOMA-R values, and improved the PPAR gamma levels.

Nevertheless, the extract failed to prove its inhibition efficacy

against DPP-IV when a set of in vivo experiments was performed

(94). However, by undergoing ADMET analysis to evaluate the

pharmacokinetic indices, myriads of different compounds from

the extract were screened. Seven out of all could make it through

in silico analysis by undergoing molecular docking, and just one

compound with a specific conformation that exhibited the

highest inhibitory activity with maximum binding energy was

selected. Its in vitro evaluation was also undertaken, where it

responded with an IC50 value of 798 nM (95).
Morus alba: Sample pre-treatment
influences the in vitro DPP-IV inhibitory
activity

Recent data has also reported Morus alba (also called white

mulberry) as a potential DPP-IV inhibitor. MAE was used to

obtain the extract from dried stem bark using ethanol with and

without hydrolyzed acid. In addition, it was observed that the

proportion of bioactive compounds in the Morus alba ethanolic

extract without acid hydrolysis was only 0.04% but that the

percentage of these compounds increased to 0.16% when the

extraction was carried out with acid hydrolysis (96).

Furthermore, previous research findings suggested that the

compounds from M. alba root bark and fruits have also been

reported to have anti-diabetic effects on STZ-induced mice by

stimulating insulin secretion but lack the bioactive compounds

which could exert DPP-IV Inhibition (97–100). The

experiments were conducted to check the efficacy of stem bark

as a DPP-IV inhibitor, wherein it showed a considerable
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inhibitory activity of 23%, which was 0.33 times the inhibitory

activity of the standard drug sitagliptin (96).
Pterocarpus marsupium: In vitro and in
vivo inhibition against DPP-IV

Pterocarpus marsupium was selected to treat hypoglycemia

by utilizing various parts of the plant, and the DPP-IV

inhibitor activity of the plant was investigated in both in vitro

and in vivo conditions. Based on the findings, it was possible to

determine an IC50 value of 273 µg/ml. In addition, the

experimental conditions impacted the inhibitory half-life of

the enzyme, which was 462.3 min, whereas the in vivo studies

also reported that the extract could successfully increase the

GLP-1 levels compared with the control group; the highest peak

for GLP-1 was detected within 2 h (32).
Curcligo latifolia: In vitro inhibition
against DPP-IV

As one of the potential options for combating hyperglycemia

and hyperinsulinemia, the Hypoxidaceae family member C.

latifolia has been selected. The root and the fruit extracts were

prepared using the subcritical water extraction method. Both

extracts expressed inhibitory potential against DPP-IV, and

from the results, it was portrayed that the root extract

(66.15%) exhibited better inhibition against DPP-IV than the

fruit extract (42.79%).
Melicope latifolia: In vitro inhibition
against DPP-IV

In the latest studies, the anti-diabetic and antioxidant

potential of M. latifolia has been demonstrated, and the bark

extract obtained from the plant has been investigated using

various solvents. Methanol showed the highest yield out of all the

evaluated extracts. Moreover, the in vitro results depicted that

chloroform extract depicted the maximum inhibitory strength

against DPP-IV (IC50 value = 221.58 µg/ml), whereas the hexane

extract expressed the minimum inhibitory potential.
Phytochemical screening and in
silico analysis

Poor pharmacokinetic characteristics are a common reason

many drugs never make it to the market (101) (Table 2).

Therefore, it is crucial to develop lead compounds that are

easily absorbed orally, efficiently delivered to the site of action,
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not readily converted into harmful metabolic products en route

to the site of action, and rapidly excreted from the body. The

acronym ADMET is commonly used to describe the

aforementioned characteristics (absorption, distribution,

metabolism, excretion, and toxicity). Although Lipinski's “rule

of five" (106) is an early version of an integrated approach, its

parameters should be used for guidance rather than as strict

cutoffs. This mnemonic predicts that poor absorption or

permeation is more likely when there are more than five

hydrogen-bond donors and more than 10 hydrogen-bond

acceptors, the molecular weight is greater than 500, and the

calculated partition coefficient (logP) is greater than five. The

same holds for the methods used to deal with problems caused

by specific ADMET attributes (107).

A broad variety of bioactive compounds have been identified

through the use of various plants and various ways of extraction.

In addition, over the course of time, certain novel bioactive

compounds have been explored for their potential as DPP-IV

inhibitors through the use of in silico analysis (Figure 5). With

the aid of advanced computational biotechnological studies,

scientists can foretell the potential drug candidates in the

pharmaceutical industry. New ligands are needed for the
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targets of known structure, wherein the potential compounds

are screened for their adequate efficacy against a target of

interest, and also the therapeutic dosage approval is possible

by analyzing the ADMET properties to be able to abide by the

Lipinski rule and investigate the drug likeliness of the compound

(108, 109). The score of the free binding energy is directly

proportional to the binding affinity. The binding energy with a

lower value reinforced the synthesis of a strong binding molecule

by exhibiting potential biological activity and binding

orientation field (109, 110).

By generating an ensemble of ligand conformers that are

subsequently firmly docked into the binding site, fast rigid

exhaustive docking (FRED; part of the OpenEye Scientific

Software) enables ligand conformational flexibility. Fast

computations are possible with FRED, which is useful when

screening libraries containing hundreds of thousands of

molecules (111). A FRED docking study indicated that

inhibition of DPP-IV is one of the mechanisms by which

berberine exerts its hypoglycemic impact (13). Amini et al.

(2016) performed molecular docking experiments and

modeled the DPP-IV inhibitory activities of a variety of new

aminomethyl-piperidones using a quantitative structure–activity
TABLE 2 Inhibitory role of different tropical plant extracts against dipeptidyl peptidase-IV enzyme.

Plant Family Part used in the
investigation

Organic
solvent

IC50 value/percentage inhibition Extraction
method

References

Urena lobata Malvaceae Root Water
Ethanol

6,489.88 µg/ml
1,654.64 µg/ml

Decoction (78)

Pueraria
tuberose

Fabaceae Root Water
Methanol

17.4 mg/ml
Activity is reduced in a time-dependent manner

Decoction
Continuous
soxhlet

(84, 102)

Withania
coagulans

Solanacea Root Methanol (80%,
100%)
Ethanol

8.76 µg/ml
21.03 µg/ml

Hot percolation (86, 103)

Ferrula asafetida Umbelliferae Seed Methanol
Ethanol
Water
Methanol–
ethanol

24% Percolation (45)

Desmodium
gangeticum

Leguminosae Aerial parts Water 255.5 µg/ml Maceration (92)

Moringa oleifera Moringaceae Leaf Ethanol
Ethyl acetate
Hexane
Aqueous

798 nm Percolation (93, 94)

Morus alba Moraceae Stem bark Methanol 23% MAE (96)

Pterocarpus
marsupium

Leguminosae Root
Stem
Leaf

Petroleum ether
Methanol
Ethyl acetate
Chloroform

273.73 µg/ml Soxhlet and
maceration

(32)

Curcligo latifolia Hypoxidaceae Root
Fruit

Methanol
Ethanol
Acetonitrile

7.02% to 66.15%
2.69% to 42.79% (increased with respect to
concentration dependent)

Subcritical water
extraction

(104)

Melicope
latifolia

Rutaceae Bark Methanol
Chloroform
Hexane

990.21 µg/ml
221.58 µg/ml
5,872.03 µg/ml

Maceration (105)
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relationship (QSAR) technique (112). This paper demonstrates

the utility of a hybrid docking-QSAR approach to the study of

ligand–protein interactions. In another study, three of the sugars

found in fructooligosaccharides (i.e., 1-kestose, nystose, and 1-b-
fructofuranosyl nystose) are powerful inhibitors of dipeptidyl

peptidase-IV as determined by molecular docking with Gold and

Glide software (113). Furthermore, with the results of the

isobologram and combination index analysis, the synergistic

effects were also evaluated showing nystose and panose

combinations having the greatest synergistic effects (114). In a

recent report, the interaction of flavonoids with DPP-IV has

been studied elaborately (115). Among a panel of 70 structurally

different flavonoids that were tested for their inhibitory

properties, myricetin, hyperoside, narcissoside, cyanidin 3-O-

glucoside, and isoliquiritigenin exhibited concentration-

dependent stronger inhibitory effects against DPP-4.

Furthermore, fluorescence quenching studies revealed that

these five flavonoid molecules could efficiently suppress the

intrinsic fluorescence of DPP-4 by forming an unstable

complex through spontaneous binding. While myricetin's

complex with DPP-4 was mostly stabilized by hydrogen bonds

and van der Waals forces, electrostatic forces may play a

significant role in maintaining the complexes of the other four

flavonoids with DPP-4. AutoDock 4.2 software was used to

perform the molecular docking simulation, which further

confirmed the binding interactions between DPP-4 and the
Frontiers in Endocrinology 12
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five flavonoids chosen. The binding sites of hyperoside,

narcissoside, cyaniding 3-O-glucoside, and isoliquiritigenin

were found within the active site cavity of DPP-4, while

myricetin's binding site was found in a minor cavity close to

the active pockets (115).

Most of the flavonoids and terpenoids in the herbs have

potency as antioxidants (116), antiseptics, and anti-

inflammatory, and sterols are known for their anti-

inflammatory property, but the pharmacological influence of

alkaloids is difficult to predict because of the presence of many

biological activities. Anti-diabetic herbs have many active

compounds which could either work synergistically or

antagonistically (117).

To reduce the pathogenesis of diabetes and its

complications, flavonoids and polyphenolics have played an

extremely significant role by potentiating GLUT-4 (Figure 1)

isomer expression and uptake (118). Flavonoids portray their

characteristic antidiabetic potency by promoting carbohydrate

digestion, insulin signaling, secretion, glucose uptake, and

adipose deposition (119). From the previous findings, a strong

notion was developed that the phytocompounds have a potency

to regulate GLUT-4 translocation through insulin signaling

pathways, namely, the PI3K-Akt pathway and AMPK-

dependent pathway (120). Moreover, even the phenols trigger

the secretion of GLP-1 from the L cells of the large intestine,

causing the elevation of the half-life of GLP-1 and the inhibition
FIGURE 5

General mechanism of molecular docking. With a view to check the inhibition efficacy of different phytocompounds against the dipeptidyl
peptidase (DPP)-IV putative binding site, in silico analysis can be performed by exploring various software, and in accordance with the same,
different binding scores and orientations can be known, which are further projected towards molecular dynamics simulation. The ribbon
structure of the human DPP-IV and the molecular structure of the ligand were downloaded from the protein data bank of PubMed and
PubChem, respectively. The molecular interaction figure is recited after Kim et al. (2018) (47) under creative common license attribution.
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of DPP-IV enzymatic activity (121). Synergistically, many

phytocompounds also showcased their antioxidant and anti-

inflammatory effect by suppressing oxidation and inflammatory

signaling pathways and further preventing the risk of developing

diabetes-related complications.

The flavonoids obtained from the water and ethanolic leaf

extract of U. lobata were chrysoeriol and gossypetin. Chrysoeriol

is a flavone exhibiting anti-inflammatory properties, found to be

soluble in water and alkali solution, and after undergoing liquid

chromatography (LC)–mass spectrometry (MS), this bioactive

compound was found to be present in both the ethanolic and

aqueous leaf extracts, which were further explored by

undergoing molecular docking to check its inhibition activity

as a ligand against the enzyme DPP-IV, and its efficacy was

proven by portraying the binding energy of -4.6 kcal/mol (78).

Besides this, gossypetin was the other prominent flavone

identified in the aqueous and ethanolic leaf extracts of U.

lobata by undergoing LC–MS screening, and the inhibition

activity of this bioactive compound was investigated by

calculating the free binding energy, which was -5.20 kcal/

mol (78).

Two of the most potent flavonoids, puererone and robinin,

were obtained by undergoing HPLC–MS analysis from the

aqueous root extract of P. tuberose, which was exploited

through computational studies to investigate their potency as

DPP-IV inhibitors. Both flavones identified were competitive

inhibitors of DPP-IV as they docked directly into all the three

putative active sites of DPP-IV by exhibiting direct interaction,

hydrogen bonding, and pi–pi interaction to substantiate the

strong binding affinity and inhibition activity towards DPP-IV

by possessing free binding energies of 7.543 and 7.376 kcal/mol,

respectively, which further validated the efficacy of PTWE (84).

To select a potent phytochemical for the development of a

plant-based DPP-IV inhibitor, the fruit extract of W. coagulans

was screened and subjected to computational analysis, and from

the analysis, hydrogen bonding was analyzed for various

bioactive compounds against the target enzyme. In accordance

with the same, even the binding energies of the competent

compounds were detected to range from -7.2 to -9.8 kcal/mol,

further inhibiting the target enzyme irreversibly. Among all the

phytocompounds screened, sitoindoside IX showed the

maximum inhibitory activity (-9.8 kcal/mol), which was even

higher than the standard drug sitagliptin (103).

To analyze the DPP-IV inhibitory activity of Ferrula

asafoetida methanolic seed extract, 12 different bioactive

compounds were isolated and characterized by undergoing gas

chromatography (GC)–MS analysis; they were further screened

to examine their inhibitory role by going through docking

studies using AUTODOCK software. Among the 12 different

bioactive compounds, four bioactive compounds—namely,

hexadecanoic acid, methyl tetradecanoate, ethoxy-disilane, and

9,12-octadecadienoic acid—were found to be potent enough and

can be used for in vivo studies (122).
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Among different plants, even the seeds of Moringa oleifera

could show its efficacy as a DPP-IV inhibitor when being

addressed to different docking programs. This resulted in

generating 23 different competent compounds as ligands to

develop compatible configurations. This investigation revealed

that seven out of 23 candidate compounds had higher LibDock

scores than the standard vildagliptin. These seven were further

subjected to CDOCKER program, and three of them showed the

best potency as DPP-IV inhibitors by possessing binding energy

better than vildagliptin. Among the three, compound 1, a unique

urethane O-ethyl-4-[L-rhamnosyloxy) benzyl] carbamate,

possessed the highest binding energy (-84.99 kcal/mol) (95).

Five different bioactive compounds were detected from the

methanolic leaf extract of Gynura bicolor, which were

characterized using HPLC and LC–MS analysis and subjected

to docking to identify the compounds with strong binding

efficacy. Among the evaluated bioactive compounds, 3-caffeoyl

quinic acid showed the highest binding energy (-29.07 kJ/mol),

which was higher than sitagliptin (-25.04 kJ/mol), linagliptin

(-27.57 kJ/mol), and saxagliptin (-23.45 kJ/mol) and

subsequently proved to be a promising inhibitor of the enzyme

to regulate incretin activity (123).

By evaluating the in vitro activity of Curcligo latifolia,

fractionation was performed, and five different bioactive

compounds were obtained, which were then analyzed for their

drug-like properties; phlorizin exhibited the highest binding

energy (-10.9 kcal/mol), which was higher than that of the

reference drug sitagliptin (-8.6 kcal/mol) (104), whereas the

bioactive compounds of Melicope latifolia were isolated from

chloroform extract by undergoing LC–MS. It was observed that,

among the four different compounds, p-coumarate featured the

maximum binding efficacy towards the target molecule (-5.7

kcal/mol) (105).
Consortium of plant extracts—
Polyherbal formulation

It has been discovered that several mechanisms in the

treatment of diabetes effectively control the progress as well as

alter the deteriorating condition of patients. Conventional

medicines have been discouraged due to their adverse effects

and withdrawal symptoms. In lieu of getting diabetes control,

several herbal mixtures have been estimated and analyzed for

treating diabetic patients. A traditional therapeutic herbal

strategy has been practiced for the past many years.

Furthermore, this strategy also confers its maximum

effectiveness due to the synergistic action of several herbs to

achieve better potency as compared with that of an individual

herb, and this gave rise to the mechanistic concept of

polyherbalism or polypharmacy, which could be looked at as

one of the comprehensive approaches to address diabetes and its

emerging complications (85, 124–126).
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Moreover, nanoformulations could be used to address the

limitations of herbal medicinal products, such as low stability

and restricted absorption, which hinder their development as

medicinal agents (127). Extracts from plants and isolated

phytochemicals have been nanoformulated in a variety of ways

to improve their therapeutic efficacy as nanoformulations and

are proven to possess superior characteristics compared with the

respective plant extracts or isolated phytochemicals. Prior

research on pept ides obta ined from oat g lobul in

revealed potent DPP4-inhibiting activity (128). Solid lipid

nanoparticle-embedded oat globulin peptides were reported by

Su et al. (2020) as stable and being able to maintain their capacity

to inhibit DPP4, while non-embedded peptides suffered

secondary hydrolysis by proteases in gastrointestinal fluids and

lost their inhibitory effects (129). In a glucose-induced diabetic

zebrafish model, Eysenhardtia polystachya (EP)-loaded silver

nanoparticles (AgNPs) were likewise reported to boost

pancreatic b-cell survival and insulin secretion-enhanced

hyperglycemia. In addition, EP-AgNPs restored insulin

production in insulinoma cell line (INS-1; an established

model for studying the function of pancreatic islet b-cells)
cells induced by H2O2, indicating that this may be due to

cytoprotection against oxidative damage (130). Bark methanol/

water extract from EP contains bioactive components including

chalcones, flavonoids, and dihydrochalcones, which play a

determining role in the phytofabrication of AgNPs (130).

Compared to the control Chang liver cells, glucose

absorption was enhanced by the Leonotis leonurus extract-

nanostructured lipid carriers (NLCs) (131). Under

hyperglycemic conditions, INS-1 cells exposed to the NLCs

released more insulin than the control untreated cells and the

unformulated-extract-treated cells (131). A rise in the ATP/

ADP ratio results from glucose metabolism in b-cells, which
triggers insulin release. Increased intracellular Ca2+ stimulates

insulin secretion by closing ATP-sensitive K+-channels,

depolarizing the cell membrane, and activating voltage-gated

Ca2+-channels (132). It has been demonstrated that a

component derived from the Leonotis sibiricus plant can boost

insulin production in INS-1E cells while simultaneously

promoting cell proliferation (133). It is possible that the rise in

insulin release caused by the extract NLC is attributable to the

formulation's small particle size and high bioavailability (134),

both of which lead to efficient cellular absorption, which is

necessary for the effect to be achieved.

Paul et al. (2014) described an a-eleostearic acid (ESA)-rich

nanoemulsion (NE) formulation and its anti-diabetic and

antioxidative effects (135). Bitter gourd seed oil (BGO)

contains 30%–50% ESA (136), whose antioxidative activity in

scavenging ROS has been described (137). In plasma and liver

homogenate fractions, the antioxidative defense system of rats

with alloxan-induced T2DM was considerably impaired

compared with the normal control group. Evidently, the

administration of synthesized BGO-NE alleviated the oxidative
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stress state by activating the antioxidative defense mechanism

(as demonstrated by an improvement in GPx, SOD, and CAT

activities) (135).
Clinical status of phytochemicals
For decades now, it has been established that endothelial

dysfunction and, ultimately, atherosclerosis are directly linked to

the increase in oxidative stress that occurs during the

progression of diabetic hyperglycemia. According to prior

research, plasma antioxidants, including tocopherol, carotene,

lutein, lycopene, retinol, and ascorbic acid, decline significantly

in diabetes (138). Many phytochemicals are utilized to treat

various diseases, and they play a crucial role in the fight against

free radicals by targeting myriads of enzymes in several

metabolic pathways.

Recent studies show that quercetin and resveratrol are used

to increase insulin sensitivity, whereas beta-glucans and basic

acids have been clinically used to stimulate glycogen synthesis

and gluconeogenesis. Scirupsin B and myricetin are clinically

proven for efficacy by targeting amylase from the salivary gland.

Curcumin and turmerin have been recorded to inhibit

glucosidase in the small intestine. Additionally, chicoric acid

and lupanine acids are administered for insulin secretion from

b-cells. Even berberine and pectin imparted their efficacy for

reducing fasting blood glucose, postprandial blood glucose, and

hemoglobin A1c (HbA1c) (139). The previous studies also

showed that the seed extract of Castanospermum australe

possesses very strong DPP-IV inhibitory alkaloids, including

castanospermine, 7-deoxy-6-epi-castanospermine, and

australine, and these are depicted as their efficacy in the

management of hyperglycemia in rats (42). Recent studies

have also been undertaken with garlic bulb, which exhibited a

substantial DPP-IV inhibition efficacy (IC50 = 70.88 mg/ml), and

this was because of the presence of caffeic acid 3-glucoside,

malonylgenistin, and calenduloside E which have very high

binding energy Table 3 (49). The recent in silico studies

performed on the plant Amberboa ramose determined that the

compound 5-hydroxy-7,8 dimethoxyflavone can be considered a

promising candidate for serving well for all the purposes of drug

likeliness by following the Lipinski’s rule (140). The

phytochemicals extracted from Commiphora mukul are

guggulsterone E, guggulsterone Z, and glucogallin, and these

compounds have potent DPP-IV inhibitor activity compared

with vildagliptin (standard plant drug). Additionally,

phytochemicals like pzrogallol, beta-glucogallin, and gallic acid

purified from the plant Phyllanthus emblica possess considerable

inhibitory activity against the DPP-IV target compound (141).

Among many other medicinal plants, Terminalia arjuna is a

natural DPP-IV inhibitor with significant cardio-protective

effects owing to the presence of some active ingredients,
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including arjungenin, ellagic acid, and arjunic acid. These active

compounds show superior DPP-IV inhibitory activity compared

with synthetic inhibitors (64). Nowadays, combinations of

ethnomedicine are used, and their efficacy is enhanced by

adding bioactivity-determining related ingredients—for

example, the efficacy of some of the tea extracts is enhanced

by adding bioactive compounds like epigallocatechin-3-O-

gallate, kaempferol rutinoside, myricetin-3-0-glucoside, and

theogallin. The ethanolic extract of Eucalyptus citriodora has
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active compounds such as rhodomyrtosone B, rhodomyrtosone

E, and quercitroside. These compounds have remarkable in vivo

and in vitro effects on managing hyperglycemia. These

biochemical compounds enhance insulin functionality in 3T3-

L1 cells by improving plasma insulin, glucose tolerance in the

high-fat-diet-fed obese rats, and attenuating plasma DPP-IV

with a concomitant rise in GLP-1 levels (142). Moreover, a hot

water extract from Heritiera fomes possesses some bioactive

compounds similar to quercetin. These compounds exhibit
TABLE 3 Different bioactive compounds and their respective binding energy value.

Plant Phytochemicals Bioactive compounds Binding energy (kcal/mol) References

Urena lobata Flavonoids and flavones
Sterols
Glucoside

Gossypetin -5.20 (78)

Chrysoeriol -4.66

Stigmasterol -7.42

b-Sitosterol -6.59

Mangiferin -7.66

Pueraria tuberose Flavonoids Robinin 7.543 (84)

Puererone 7.376

Anhydrotuberosin 7.149

Daidzin 7.042

Tuberosin 6.965

Withania coagulans Sterols Withanolide-D -9.2 (103)

Withanone -7.9

Sitoindoside -9.8

Withaferin -8.1

Withacoagulin H -8.9

Withanolide E -7.6

Withangulatin A -8.8

Ferrula asafetida Sterols Hexadecanoic acid -3.0 (122)

Methyl tetra decanoate -2.8

Ethoxydi (tert-butyl) silane -2.4

9,12-Octadecadienoic acid -2.7

Moringa oleifera Sterols and peptides Urethane -84.99 (93, 95)

Isothiocyanate -81.10

Dipeptide -47.36

2-Butyloxycarbonyloxy-1(ethanol extract) -5.583

Eicosanoic acid -3.852

Cis-11-eicosenoic acid -3.00

Gynura bicolor Sterols 3-Caffeoylquinic acid -29.07 (123)

5-O-Caffeoylquinic acid -27.32

3,4-Dicaffeoylquinic acid -27.17

Trans-5-p-coumarylquinic acid 27.11

Curcligo latifolia Polyphenol
Flavonoid
Sterol

Phlorizin -10.9 (104)

Scandenin -9.3

Mundulone -9.3

Berberine -8.9

Dimethyl caffeic acid -7.1

Melicope latifolia Sterols
Flavonoids

b-Sitosterol
Halfordin
Methyl-p-coumarate
Protocatechuic acid

Maximum binding energy was of compound 3 (-5.7) (105)
fr
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antidiabetic action, proved using BRIN-BD11 cells and high-fat-

fed rats. A significant improvement in glucose tolerance and

plasma DPP-IV was observed in rats fed with the

abovementioned compounds. It also led to a decrease in

intestinal disaccharidase activity while increasing the GI tract

motility and transit time (143). In one of the experiments done

on the quinine tree (Rauvolfia caffra sond), the efficacy of crude

extract was found to be exterminated because of the dwindling

alliances between alkaloids and saponins. Assessing fractions

containing saponins and alkaloids revealed decreased

antioxidant and DPP-IV activity. Based on these results,

alkaloids and saponins should be kept separate during drug

formulation (144).

Using bioactive compounds alone or in combination for

their synergistic effects is thoroughly studied for their

effectiveness against free radicals. The synergism and

antagonism of two potential compounds of the crude extract

are well known to be strongly influenced by the structure and

spatial conformation of the antioxidants involved. It has been

stated recently that several compounds can have synergistic

effects in particular ratios, as at a particular concentration one

bioactive compound can enhance the bioavailability of the other

bioactive compound. With an increase of weaker antioxidants

like hydroquinone and resveratrol, synergism decreases.

Maximum synergism was observed when rutin hydrate was

paired with resveratrol in 3:1 proportion, whereas maximum

antagonism was observed when rutin hydrate was paired with

hydroquinone in 1:3 proportion (145, 146). Moreover, studies

have demonstrated that the efficacy of different combinations is

also influenced by molar ratio, and the externalization of synergy

strongly depends on the inflow of free radicals (147). In one of

the studies, the combination of Terminalia arjuna and

Commiphora mukul exhibited synergism and augmented

antioxidant activity as measured by the normalization of

superoxide radicals and nitric oxide levels (148).

Moreover, several polyherbal formulations like BGR-34

(blood glucose regulator) were marketed by Aimil

Pharmaceuticals, which was approved by the AYUSH

ministry, Government of India. It was named after 34 different

active phytoconstituents formulated with a consortium of six

different plant extracts, including the stem extract of Berberis

aristata, Pterocarpus marsupium, and Tinospora cardiofolia, the

leaf extract of Gymnema sylvestre, and the seed extract of

Trigonella foenum graecum. It has exhibited DPP-IV action

along with its cardioprotective effects, reduced glycated Hb

level, enhanced antioxidant action, and regulated glucose

homeostasis (124, 149, 150). Similarly, Insulin Management

Expert-9, which was developed by the Central Council of

Ayurvedic Sciences (CCRAS), is a consortium of five different

plant extracts, including the seed extract ofMangifera indica and

Syzigium cumini, the fruit extract of Momordica charantia, the

leaf extract of Gymnae sylvestre, and the exudates of Asphaltum

punjabinum. Its effects led to the regeneration of pancreatic b-
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cells, stimulation of insulin production, decrease in insulin

resistance, delayed insulin resistance, delayed intestinal

absorption, and reduced sugar cravings (124, 149, 150).

Flavonoids (Figure 6) are the most abundant plant

polyphenolics that are consumed on a regular basis by

humans, which can modulate DPP-4 activity, thus exerting

their anti-diabetic effects (115). Whether key flavonoid

subclasses (anthocyanins, flavones, flavonols, flavanones, and

flavan-3-ols) in the diet are connected with the incidence of

T2DM has been the subject of a number of research. Several

randomized clinical trials (RCTs) have demonstrated the

importance of flavonoids in T2DM, especially in long-term

trials, but short-term therapies had no discernible impact on

blood glucose levels or insulin resistance. An 8-week RCT by

Hall et al. (2006) (151) and a 6-month RCT using soy protein

and isoflavones did not find a beneficial effect on the plasma

concentrations of insulin and glucose in postmenopausal women

(152). In another study, green tea extracts containing 456 mg of

catechins (a type of flavonoid) daily did not have noticeable

effects on blood glucose levels or insulin resistance in an RCT

lasting for 2 months (153). However, the long-term randomized,

double-blind, placebo-controlled clinical investigation indicated

the benefit of green tea extract on patients with T2DM and lipid

abnormalities. For the duration of the 16-week research, the

therapeutic group took 500 mg of green tea extract three times

daily, whereas the control group received cellulose at the same

dose and frequency. An increase in GLP-1, likely by inhibiting

DPP-4, and a decrease in triglycerides and insulin resistance

were noticed in the therapeutic group who received green tea

extract (154). Additionally, Curtis et al. (2012) reported that

postmenopausal women with T2DM who took flavan-3-ols and

isoflavones for a year exhibited significant reductions in

estimated peripheral insulin resistance and persistent

improvements in lipid profile and insulin sensitivity (155).

Similarly, a meta-analysis of 24 RCTs by Shrime et al. (2011)

concluded that consuming flavonoid-rich cocoa significantly

improved insulin resistance (156), and a meta-analysis of the

effects of cocoa, chocolate, and flavan-3-ols from 42 RCTs was

summarized by Hooper et al. (2012), who noticed significant

reductions in insulin resistance and fasting serum insulin after

cocoa or chocolate interventions (157). Notably, flavan-3-ols are

among the most abundant bioactive components and account

for 82.5% of the total flavonoid consumption among adults in

the United States (158).

While the consumption of anthocyanin-rich foods, notably

blueberries and apples/pears, was related to a decreased risk of

T2DM in US men and women, no significant relationships were

reported between total flavonoid intake and other flavonoid

subclasses and T2DM risk (159). Dietary intakes of the

flavonoids quercetin (found in fruits and vegetables) and

myricetin (found in tea, berries, fruits, vegetables, and

medicinal herbs) were found to be marginally associated with

a reduced risk of T2DM in a study involving 10,054 Finnish men
frontiersin.org

https://doi.org/10.3389/fendo.2022.1027237
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org


Chhabria et al. 10.3389/fendo.2022.1027237
and women (160). Because of the contradictory results, well-

designed, long-term studies are required to determine whether

flavonoids offer protection against T2DM.
Discussion

Since antiquity, natural product leads have been enriched

with bioactive compounds encompassing a huge arena

compared with small synthetic molecules (161). Myriads of

bioactive compounds have made an incredible contribution to

pharmacotherapy. They are far superior to structural leads based

on diversified chemical properties. The presence of structural

complexity and scaffold diversity is the most distinguishing and

prominent feature which has characterized natural drugs to be

better and more advantageous than synthetic drugs (162, 163).

The existence of higher molecular mass, a larger number of sp3

carbon atoms, more oxygen atoms, and lesser nitrogen and

halogen atoms serve to be hydrogen donors and acceptors with

greater molecular rigidity over synthetic compounds. Earlier

synthetic drugs were preferred over herbal ones because of some

shortcomings. To isolate and identify bioactive compounds from

plant origin is a challenging task as plants can have a varied

chemical composition influenced by various parameters like

environmental conditions and choice of extraction methods

(164) which can create obstructions during isolation.

Henceforth, new advanced technologies have been introduced
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to reduce the risk of degradation of plant extracts. Microwave,

ultrasonic-assisted, and accelerated solvent extraction have

outcompeted and flourished over conventional techniques.

Currently, the application of ionic liquids, also known as

designer solvents, have been used for MAE as well as UAE,

have been strongly preferred over other classical solvents for

their novel properties, and have replaced several volatile organic

compounds in solvent extraction (165). Recent findings have

also suggested that adapting the supercritical fluid extraction

methodology for extracting various natural products results in

better yield (164, 166). As a deduction, herbal leads are

perpetuated with a humongous repository of compounds to

delineate various pharmacognostic products. With evolving

times, people are getting more inclined towards adopting a

healthy lifestyle and are required to get nutritionally enriched

products with more antioxidants and bioactive compounds;

sometimes, these are lost while undergoing processing. Hence,

improvement of physicochemical properties is needed along

with retention of phenolic compounds by maintaining all the

organoleptic characteristics in the final product. Therefore,

many emerging treatments are needed to preserve the

characteristics of the food product, and by following the block

freeze crystallization (BFC) technique, the entire solution is

subjected to a freezing process, which is further thawed by

microwave heating with separation and extraction of

cryoconcentrated solution by centrifugation and vacuum from

the frozen matrix. Maintaining concentration is the major trump
FIGURE 6

Flavonoids exhibiting an association with a reduced risk of type 2 diabetes mellitus in clinical studies.
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card of this technique. An advancement of adding a filter to

centrifugal BFC is to increase solute efficiency and solute yield.

While undergoing experiments with green tea extract, the

number of phenolics and antioxidant concentrations was

increased by following the BFC technique (167, 168).

Moreover, it is well established that obtaining a powder form

of pomegranate fruit by performing BFC and spray drying

resulted in greater retention of antioxidants as well as

significant increases in physical parameters such as solubility

index, bulk density, and hygroscopicity (169). The previous

studies conducted on fruits of Citrus sinensis demonstrated

that freeze drying technique expressed a higher content of

phenol and also antioxidants. Flavonoids (hesperidin) were

found to be decreased during heat drying (170). Due to the

heat-sensitive nature of phenol compounds and the activation of

polyphenol oxidase and peroxidase during the thermal drying

process, phenolic compounds are destroyed. In contrast,

polyphenol oxidase enzyme activity was reduced in freeze

drying, which was conducted at a lower temperature. So,

instead of using a heat drying process, freeze drying is the best
Frontiers in Endocrinology 18
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alternative for preserving and quality extraction of bioactive

compounds (170). A study on the preservation of antioxidant

capacity and health-promoting components in frozen baby

mustard also found that blanching before freezing diminishes

antioxidant capacity levels as well as the contents of high-

content glucosinolates and ascorbic acid (171).

With the recent progression in advanced drug discovery,

several in silico approaches have been re-strategized for testing

and synthesizing new phytochemicals as anti-diabetic

compounds (172). Moreover, in terms of pharmacological and

pharmacokinetic synergism, polyherbal formulation offers a

better therapeutic effect compared with a single multi-

component drug; hence, this strategy produced maximum

inhibition with minimal adverse effects (124). Although

phytochemicals have gained much interest as therapeutic

negotiators, a gap exists between the in vitro examination and

in vivo outcomes, eventually impeding clinical performance. To

compensate for its efficacy in this regard, the application of

nanotechnology has proven to be the best approach by turning

all the odds associated with their pharmacokinetic profile. In
TABLE 4 Different marketed polyherbal drugs with their composition and mechanism of action as dipeptidyl peptidase-IV inhibitors.

Plant Failed antidiabetic action of plant extracts Nanophytomedicine: mode of action Reference

Leonotis leonurus (,
ajor
phytoconstituent:
marrubin)

In vitro experiments were performed on Chang liver cells
and INS-1 cells exposed to hyperglycemic conditions.
The extract was able to induce insulin secretion and
upregulate the GLUT-2 gene
The extract could not portray its effectiveness in the
gastrointestinal tract because of its big size and poor
solubility and bioavailability

Leaf extracts fabricated with homogenized nanolipid carriers
demonstrated its efficacy on INS-1 pancreatic cells and changed the
liver cells exposed to hyperglycemic conditions by improving the size of
the formulation to increase the solubility and bioavailability

(131)

Ficus religiosa Insulin-sensitizing action and hypoglycemic action were
reduced

Solid lipid nanoparticles fabricated with extract induced hypoglycemic
effect insulin secretion

(174)

Momordica
Charantia (major
phytoconstituent:
alpha eleostearic
acid)

The bitter gourd oil enriched with conjugated linolenic
acid is known to increase the antioxidant activity of
enzymes within in vivo systems
Deprivation of bioavailability in the gastrointestinal tract
was a constraint which inhibited its efficacy against
reactive oxygen species

Since bioavailability was a constraint, hence, to upskill extract
formulation, henceforth oil-based nanoemulsions were formulated with
low dosage, maximum bioavailability, and efficacy against reactive
oxygen species

(135)

Argyeria nervosa The aqueous leaf extract has proven to be a potent
antidiabetic formulation for the presence of polyphenols
The extracts expressed limited efficacy against the target
enzymes because of poor solubility

With an intention to obtain maximum antidiabetic efficacy and
effectiveness against free radicals, functional groups of different
phytochemicals were coupled to a silver nanoparticle surface in order to
reduce the surface area and to obtain maximum antidiabetic activity

(175)

Eysenhardtia
polystachya

The methanolic and aqueous extract prepared is enriched
with an abundance of flavonoids to combat diabetic
complications
The plant extract showed its limited efficacy because of
poor bioavailability within the gastrointestinal tract

With a rationale to improve and showcase antidiabetic effects, extracts
are fabricated with nanoparticles to ameliorate insulin resistance and
hyperglycemia in INS-1 cells and zebra fish, respectively, by increasing
the bioavailability with minimal dosage

(130)

Marsilea quadrifolia The plant extract was found to be enriched with
phenolics and flavonoids which could impart its
antidiabetic property
The extract with poor bioavailability impeded glucose
availability to 3T3L adipose cells

Flavonoids and polyphenols of the extract attached to the surface of
AuNPs improved the bioavailability and induced transmitted GLUT -4
vesicle to the cell membrane and its uptake in adipocytes
Functional groups of different phytochemicals coupled to gold
nanoparticles resulted to the formation of biogenic gold nanoparticles,
which further reduced the surface area by improving the cellular
viability and glucose availability in 3T3 adipocytes

(176)

Oat derived peptides Peptides is potent enough to inhibit DPP-IV inhibitory
activity, but these peptides are degraded by
gastrointestinal tract hydrolysis

Nanocrystallization of solid nanoparticles was undertaken in order to
protect the oat-based bioactive peptides in a simulated gastric fluid
environment with a view to inhibit dipeptidyl peptidase-IV

(129)
fro
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accordance with the same from recent findings, nanocarrier-

assembled nanoparticles fabricated with bioactive compounds

act as hypoglycemia agents, which, in turn, strongly influence

the effectiveness of the anti-diabetic agents to improve drug

penetration within the GI tract against the specific target,

perpetuating the hypoglycemic effect with minimal side effects

(173). In line with the discussion above about DPP-IV inhibition

by the methanolic and aqueous extract of U. lobata, it was

understood that methanolic extract expressed better in vitro

results than aqueous extract. However, on the contrary, aqueous

extract expressed better in vivo results, but not methanolic

extract because of lack of solubility and bioavailability within

the GI tract, and to improvise the efficacy, the methanolic extract

could be fabricated with the nanoformulations for enhancing the

bioavailability within the GI tract.

In summary, the DPP-IV inhibitory properties of

phytochemicals have sparked an interest in their potential role

in glycemia management. Results from in vitro and animal

research highlight the potential of these natural inhibitors as

plant-based constituents to complement pharmacotherapy in

the regulation of blood glucose levels; however, human studies

on these compounds are limited. The next stage in researching

plant-derived DPP-IV inhibitors is to gather crucial data on the

bioaccessibility and bioavailability of these bioactive compounds

as well as clinical proof of their usefulness in humans and

probable Table 4 interactions with presently prescribed

medicines. DPP-IV inhibitors derived from plants may be

developed as dietary supplements to minimize the risk of

developing hyperglycemia or they may be used with anti-

diabetic medications currently approved for glycemic

management in T2DM; however, additional research is

required to determine the strategies that will result in

economically producible levels of these inhibitors.
Concluding remarks

At the molecular level, DPP-IV inhibitors have proved their

functional role by holding an important position in drug

discovery by hampering the deterioration of incretin hormones

and further preserving their endogenous and blood glucose levels.

Additionally, it also aids in the regeneration of pancreatic b-cell
mass and enhances skeletal muscle cell proliferation. Nowadays,

pharmacognosy has flourished enough to design herbal drugs far

more reliable and superior to synthetic drugs with the least

adverse effects. This review article aims to shed some light on

the potency of different isolated bioactive compounds, polyherbal

formulations, nanophytomedicines, and their functional role in

efficacious treatment for T2DM. With anticipation of promoting

pharmacognosy and phytochemistry to young researchers, this
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review is entailed with all the information which will be a

steppingstone to designing and developing an herbal drug

against the target enzyme to maintain endogenous incretin levels.
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An imbalance between pro-oxidative and antioxidative cellular mechanisms is

oxidative stress (OxS) which may be systemic or organ-specific. Although OxS

is a consequence of normal body and organ physiology, severely impaired

oxidative homeostasis results in DNA hydroxylation, protein denaturation, lipid

peroxidation, and apoptosis, ultimately compromising cells’ function and

viability. The thyroid gland is an organ that exhibits both oxidative and

antioxidative processes. In terms of OxS severity, the thyroid gland’s

response could be physiological (i.e. hormone production and secretion) or

pathological (i.e. development of diseases, such as goitre, thyroid cancer, or

thyroiditis). Protective nutritional antioxidants may benefit defensive

antioxidative systems in resolving pro-oxidative dominance and redox

imbalance, preventing or delaying chronic thyroid diseases. This review

provides information on nutritional antioxidants and their protective roles

against impaired redox homeostasis in various thyroid pathologies. We also

review novel findings related to the connection between the thyroid gland and

gut microbiome and analyze the effects of probiotics with antioxidant

properties on thyroid diseases.

KEYWORDS

oxidative stress, reactive oxygen species, thyroid disease, nutritional antioxidants,
thyroid-gut axis, gut microbiome, antioxidant probiotic
frontiersin.org01
32

https://www.frontiersin.org/articles/10.3389/fendo.2022.1092837/full
https://www.frontiersin.org/articles/10.3389/fendo.2022.1092837/full
https://www.frontiersin.org/articles/10.3389/fendo.2022.1092837/full
https://www.frontiersin.org/articles/10.3389/fendo.2022.1092837/full
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fendo.2022.1092837&domain=pdf&date_stamp=2023-01-04
mailto:mirjana.macvanin@vin.bg.ac.rs
mailto:isenovic@yahoo.com
https://doi.org/10.3389/fendo.2022.1092837
https://www.frontiersin.org/journals/endocrinology#editorial-board
https://www.frontiersin.org/journals/endocrinology#editorial-board
https://doi.org/10.3389/fendo.2022.1092837
https://www.frontiersin.org/journals/endocrinology


Macvanin et al. 10.3389/fendo.2022.1092837
1 Introduction

Cellular redox homeostasis depends on a dynamic

equilibrium between prooxidant production and its

elimination. Reactive oxygen species (ROS), together with

reactive nitrogen species (RNS), represent the most important

prooxidants whose excessive accumulation leads to oxidative

stress (OxS) and molecular damage (1, 2). ROS are molecules

with an oxygen atom, and unpaired electrons are primarily

generated as by-products of ATP synthesis in mitochondrial

respiratory chains (1) or during inflammation (3, 4). The

concentration of ROS determines their physiological role (5).

When present at low concentrations, ROS are involved in

signaling processes essential for normal cellular functions (6,

7), whereas high ROS concentration leads to DNA, lipid, and

protein damage and apoptosis (8).

ROS are crucial in thyroid function because they are

essential in the initial stages of thyroid hormone synthesis

during iodide oxidation (9). Also, the process whereby thyroid

peroxidase (TPO) catalyzes thyroxine (T4) and triiodothyronine

(T3) during its synthesis in thyroid follicles involves ROS (10).

In addition, thyroid hormones affect the mitochondrial activity

and modulate ROS production (10). The dependence of normal

thyroid function on ROS implies that the thyroid is continuously

exposed to ROS and, thus, particularly sensitive to oxidative

damage (10). Therefore, to protect the integrity of the thyroid, it

is mandatory that the thyroid antioxidant defence system

effectively regulates and balances ROS production and

elimination (11, 12).

Aerobic organisms have evolved multiple antioxidant and

repair systems for protection against OxS. Enzymes that

decompose ROS, such as catalase (CAT), superoxide

dismutase (SOD), glutathione peroxidase (GPx), and

glutathione reductase (GR) provide the primary antioxidant

defence (5, 7, 8, 13). In contrast, ROS-induced damage repair

systems eliminate damaged cells through autophagy and

apoptosis processes (14, 15). However, the capacity of intrinsic

antioxidant systems is not always sufficient to prevent damage

caused by excessive accumulation of ROS. Thus, non-enzymatic

mechanisms based on the action of molecules with antioxidant

properties such as glutathione (GSH), thioredoxin, coenzyme

Q10, and exogenous antioxidants, including various

polyphenolic compounds, ascorbic acid, tocopherol retinol,

and b-carotene, that may also support antioxidant systems are

essential. The use of nutritional antioxidants as supplementary

substances that delay and/or prevent the oxidation of cellular

components has shown the potential to protect human organs,

including the thyroid gland, against oxidative damage by

reinforcing the body’s antioxidant defence and increasing total

antioxidant capacity (5, 16, 17).

Recently, a search for natural nutritional antioxidants from

biological resources has gained substantial attention. Of
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particular interest are probiotics which represent live non-

pathogenic microorganisms that can restore microbial balance

in the gastrointestinal tract upon appropriate administration

(18). Evidence demonstrates that probiotic bacteria exert

significant antioxidant effects in vitro and in vivo (19–22), and

the connection between the thyroid gland and gut microbiome is

well-established. Furthermore, it has been documented that

dysbiosis, an imbalance in gut microbiota, is associated with

impaired thyroid function and pathogenesis of thyroid disorders

such as Hashimoto’s and Graves’ disease (23). In this review, we

discuss the protective role of exogenous nutritional antioxidants

in the context of various thyroid disorders. We also review novel

findings related to the connection between the thyroid gland and

gut microbiome and analyze the effects of probiotics with

antioxidant properties on thyroid diseases.
2 Search strategy

We searched MEDLINE and PubMed for all English and non-

English articles with English abstracts published between 1977 and

2022. The leading search terms were: oxidative stress, reactive

oxygen species, thyroid disease, nutritional antioxidants, thyroid-

gut axis, gut microbiome, and antioxidant probiotics. The search

retrieved original peer-reviewed research articles, which were

further analyzed, focusing on the role of nutritional antioxidants

in thyroid diseases. We specifically focused on including the most

recent findings published in the past five years.
3 Oxidative stress

Oxidative stress is a disbalance caused by excessive

production of prooxidant substances such as ROS and RNS

and/or the antioxidant systems working inefficiently (14, 24, 25).

ROS include superoxide anion, hydroxyl radical, and hydrogen

peroxide, which are produced in vivo primarily by the

mitochondrial respiratory chain during aerobic metabolism

(26). RNS family includes peroxynitrite, generated via a

reaction between nitric oxide (NO) and superoxide, and

nitrosoperoxycarbonate, generated via a reaction between

peroxynitrite and carbon dioxide. Under physiological

conditions, ROS plays a vital role in maintaining cellular

homeostasis by regulating the endogenous antioxidant pool

(27–30) and participating in host defence and hormone

synthesis (31, 32). In thyrocytes, ROS production is essential

for their functional role (33) since TPO-mediated hormone

synthesis depends on the action of dual oxidases (DUOX),

enzymes responsible for H2O2 production (34). However,

when ROS and RNS are present in excessive amounts and/or

in the form of highly reactive free radicals such as superoxide

anion and hydroxyl radical, they oxidize susceptible
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biomolecules such as membrane lipids, cellular proteins, and

nucleic acids, leading to disruption of normal cellular functions

(35). Lipid peroxidation is a process in which oxidants such as

free radicals or non-radical species attack lipids containing

carbon-carbon double bond(s), especially polyunsaturated fatty

acids (PUFAs) (36). The main lipid peroxidation products are

hydroperoxides, such as propanal, hexanal, 4-hydroxynonenal,

and malondialdehyde (MDA) (37). Phospholipids, cholesterol,

and glycolipids are also targets of potentially lethal peroxidative

modifications (38). ROS can also cause damage to DNA by

oxidizing nucleoside bases (39). For example, guanine oxidation

produces 8-oxo guanine (8-oxoG), which may lead to G-T or G-

A transversions if unrepaired. The guanine and deoxyguanosine

oxidation products 8-oxoG and its nucleotide 8-oxo-2′-
deoxyguanosine (8-oxodG) are ROS-mediated DNA lesions

considered the most significant biomarkers for oxidative DNA

damage (40). Oxidized bases are usually recognized and repaired

by the base excision pathway (BER). Still, when they co-occur on

opposing strands, BER can lead to the generation of double-

stranded DNA breaks (41). ROS accumulation also induces

mitochondrial DNA lesions, strand breaks, and DNA

degradation (42). In addition, increased ROS levels are

responsible for protein oxidation that can rapidly contribute to

the augmentation of OxS by directly affecting cell structure, cell

signaling, and essential enzymatic metabolic processes. Several

modes of ROS-mediated protein oxidation are reported,

including metal-catalyzed oxidation, oxidation-induced

cleavage, amino acid oxidation, and the conjugation of lipid

peroxidation products (43).

Excessive ROS accumulation is an important factor in the

pathogenesis of different diseases. For instance, an elevated ROS

production by the respiratory chain is observed in obesity as a

response to metabolic overload caused by excess macronutrients

and increased substrate availability (44). Mitochondrial

dysfunction and endothelial reticulum stress contribute to

metabolic perturbances in the adipose tissue of obese patients

(45). Consequent ROS accumulation leads to cell damage and

pathogenesis of inflammatory and cardiovascular diseases (46).

Furthermore, mitochondrial ROS acts as signaling molecules

mediating pro-inflammatory cytokines’ production, further

reinforcing the connection between OxS and inflammation (47).

Several enzymatic and non-enzymatic defence mechanisms

that guard cells against free radical damage have been identified

in different cellular localizations, including mitochondria,

plasma membrane, endoplasmic reticulum, peroxisomes, and

cytosol. For example, enzymes SOD, Cat, and GPx, and

transition-metal binding proteins, such as transferrin, ferritin,

and ceruloplasmin, inactivate free radicals (48). Three forms of

SOD are known in mammals: cytoplasmic SOD (SOD1),

mitochondrial SOD (SOD2), and extracellular SOD (SOD3)

(49). SOD belongs to a group of metalloenzymes that catalyzes

the dismutation of superoxide anion to hydrogen peroxide and
Frontiers in Endocrinology 03
34
molecular oxygen, while Cat decomposes hydrogen peroxide to

water and molecular oxygen (50). In high H2O2 levels, GPx also

participates in detoxification by converting lipid peroxides to the

corresponding alcohols. Hydrosoluble molecules with free

radical scavenging properties such as ascorbic acid, albumin,

bilirubin, urates and thiols, liposoluble coenzyme Q10, and

vitamin E interfere with the lipid peroxidation by neutralizing

the free radicals. In particular, liposoluble scavengers in cellular

membranes have high diffusion rates, enabling them to abolish

the radical chain reactions by immediately converting them into

more stable and less reactive molecules (46). Additional defence

mechanisms that reconstruct damaged molecules involve using

specific phospholipase that removes peroxidized fatty acids,

allowing the reacylation of damaged molecules (51, 52).
4 General overview of
thyroid diseases

Thyroid hormones have a considerable impact on the

cellular oxidative stress processes which is ascribed to their

role in cellular metabolism and oxygen consumption (53).

Thyroid hormones are produced by thyroid gland, released

into circulation, and transported to all organs and cells where

they exert their effect. An important role in production of

thyroid hormones has hypothalamic-pituitary-thyroid axis.

Hypothalamus production of thyrotropin-releasing hormone

(TRH) stimulates anterior pituitary gland to secrete thyroid-

stimulating hormone (TSH), which affects thyroid gland and

leads to production of thyroid hormones. Thyroid gland mainly

produces T4, a prohormone which needs to convert to T3 to

become biologically active. T4 comprises about 80% of secreted

thyroid hormones, while the other 20% is T3. Increased plasma

values of thyroid hormones in circulation activate negative

feedback loop and inhibit release of TSH (54, 55).

Thyroid hormones exhibit profound metabolic effects

characterized by an increased rate of both catabolic and

anabolic reactions, resulting in an overall acceleration of the

basal metabolism which is associated with increased oxygen

consumption, respiratory rate, energy expenditure, and heat

production (56). In addition, altered thyroid hormones levels

may cause changes in the number and activity of mitochondrial

respiratory chain components which represent the principal

cellular site of ROS production, ultimately leading to changes

in the cellular redox environment and increased ROS generation

(57, 58). For instance, it has been reported that hypothyroidism-

induced dysfunction of the mitochondrial respiratory chain is

associated with increased production of free radicals (59) Thus,

excess TSH in hypothyroidism may modulate oxidative stress

processes (60) by augmenting the accumulation of ROS that

result from both increased generation of free radicals and

diminished capacity of the antioxidative defense systems.
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Hypothyroidism is associated with an increased risk of

atherosclerosis due to its metabolic effects (61, 62). It is

commonly accompanied by hyperlipidemia which results from

a disbalance between the rates of fatty acids’ synthesis and

degradation and is characterized by elevated total cholesterol

and low-density lipoprotein-cholesterol (LDL-C), thus

providing the substrate for ROS-mediated lipid peroxidation

(63–66). Interestingly, products of lipid peroxidation may

further increase overall cellular oxidative stress by facilitating

the generation of free radicals through the formation of adducts

with proteins, which increases direct free radical-induced

protein oxidation (67).

In thyroid diseases, metabolic disorders associated with low-

grade inflammation can also lead to an increased oxidative stress

(68). For instance, chronic low-grade inflammation observed in

Hashimoto’s thyroiditis causes endothelial dysfunction which

represents an early step in the development of atherosclerosis.

Endothelial dysfunction is characterized by the reduction of

bioavailability of NO, resulting in impaired endothelium-

dependent vasodilation (69) and increased oxidative stress

(70). However, it should be mentioned that there is still no

consensus in the literature regarding the connection between

hypothyroidism and oxidative stress. Some studies report

increased oxidative stress in hypothyroidism while other

suggest that hypometabolic state that is prevalent in

hypothyroidism may protects tissues from oxidative damage.

Thyroid diseases are considered the most commonly

reported endocrine diseases in clinical practice, followed by
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lipid and carbohydrate disorders (71–73). The primary thyroid

condition that affects thyroid functionality presents as

hyperthyroidism or hypothyroidism (Figure 1.). Thyroid

dysfunction could manifest fully (clinically) or latently

(subclinically). Based on duration, thyroid dysfunction could

be persistent or transitional (73–75). The natural history of

thyroid disorders can negatively affect the morphology and

function of target tissues if left untreated or improperly treated

(55, 73, 76). Thus, the leading causes of death in patients with

thyroid dysfunctions are the consequences of atherosclerosis

acceleration and the worsening of pre-existing cardiovascular

and central nervous system diseases (77, 78). Such endpoints

depend on pronounced OxS and diminished antioxidant defense

systems at the molecular level (79–81).
5 Thyroid diseases and OxS

Different thyroidopathies have been shown to cause

increased ROS production and evident OxS-induced damage

to thyroid cells. This relationship is reciprocal since thyroid

conditions can worsen OxS and increase ROS production,

exacerbating oxidative damage. Thyroid hormones increase

ROS release in the mitochondrial respiratory chain (25, 82,

83). Hypothyroidism contributes to OxS through an inefficient

antioxidant defence system, opposite to hyperthyroidism, where

increased ROS production promotes OxS and oxidative damage

of thyroid cells (Figure 1) (46). According to published research,
A

B

FIGURE 1

Thyroid gland’s response to oxidative stress in: (A) physiological and (B) pathological conditions. Biorender.com was used to generate part of the Figure.
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preventive dietary antioxidant therapy may partially correct the

redox imbalance, making it a viable method for preventing the

onset of many chronic thyroidopathies (25).
5.1 Thyroid dysfunctions and OxS

5.1.1 Hypothyroidism
Even in its subclinical form, hypothyroidism reduces

antioxidant system activity, which promotes OxS, causing

oxidative damage and altered lipid metabolism in thyroid cells

(25, 46, 84). MDA, a by-product of ROS-induced lipid

peroxidation, has also been found in higher serum

concentrations in hypothyroid patients (79). Even though

levothyroxine considerably reduces lipid peroxidation, the

serum MDA levels never reach the levels seen in healthy

individuals (85). In addition, accumulated oxygen free radicals

in thyroid cells may inhibit TPO function and interfere with the

synthesis and secretion of thyroid hormones, causing

hypothyroidism (34, 86).

5.1.2 Hyperthyroidism
ROS generation is increased by hyperthyroidism (87). The

increased intracellular ATP consumption, increased tissue oxygen

consumption and oxidative phosphorylation, overexpression of

adrenergic receptors, and a decrease in antioxidant defensive

mechanisms are the mechanisms of free radicals overproduction

that favour OxS in hyperthyroid patients (46). In addition,

patients with hyperthyroidism have increased rates of lipid

peroxidation compared to euthyroid people, which is a sign of

oxidative damage to membrane lipids (82). The link between

hyperthyroidism and deteriorating OxS is suggested by the

positive association between thyroid hormones and MDA, TSH,

and GSH (83).
5.2 Thyroid disorders and OxS

5.2.1 Nodular goitre
OxS promotes thyroid cell proliferation (88, 89). Elevated

MDA levels were observed in tissues collected from patients with

toxic and non-toxic multinodular goitre, accompanied by

reduced activity of SOD, GPx, and selenium content compared

to adjacent, healthy thyroid tissue. Tissues of benign thyroid

nodules show significantly reduced total antioxidant status

(TAS) and reduced oxidative stress index (OSI) (90). The

presence of elevated OxS parameters in toxic multinodular

goitre and decreased plasma GPx and GR activities were also

demonstrated (91). These findings suggest an impaired redox

balance and antioxidant defence in patients with toxic thyroid

nodules and nodular goitre.

Additionally, rare loss-of-function germline mutations of

Kelch-like ECH-associated protein 1 (KEAP1) could be detected
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in nodular goitre leading to Nrf2 pathway activation that favours

transcription of cytoprotective and antioxidant enzymes (92).

The thyroid nodule size may change in both directions over

time. The decrease in the size of thyroid nodules may result from

supplementation with extracts of plants with antioxidant and

anti-inflammatory properties (93).
5.2.2 Autoimmune thyroid diseases
5.2.2.1 Hashimoto thyroiditis

By interacting with TPO and thyroglobulin (TG) and

promoting immunogenicity by altering their morphology and

function, NADPH-oxidases (NOXs) involvement in the

production of hydrogen peroxide (H2O2) regarding thyroid

hormone synthesis may be related to the pathophysiology of

AITD (86, 94, 95). More specifically, it has been demonstrated

that an increase in ROS encourages the cleavage of TG into

smaller fragments, which exposes the immune system to novel

epitopes and intensifies the autoimmune response (96). OxS

indicators are significantly higher when Hashimoto thyroiditis is

associated with thyroid dysfunction. According to certain

studies, the markers of worsened OxS in patients with

Hashimoto thyroiditis were closely related to the levels of TG

or TPO antibodies (25, 97–99).

Because it increases ROS production and lowers antioxidant

levels, excessive iodine consumption is considered an additional

risk factor for developing AITD. In people with Hashimoto

thyroiditis, anti-TPO antibodies depend on GSH levels and

exhibit an inverse correlation (89, 100). Additionally, there is a

favourable association between total oxidative status (TOS) and

OSI and both antibodies (anti-TG and anti-TPO). Reduced GSH

levels seem to be a decisive factor in OxS activation and the

development of Hashimoto thyroiditis (101, 102). Additionally,

it has been demonstrated that elevated TOS and OSI parameters

may precede the development of hypothyroidism in

autoimmune thyroiditis and may serve as indicators of thyroid

cell injury (101–103). Areas with lower-selenium soil have been

linked to increased Hashimoto thyroiditis in humans (104).

Also, genetic interactions between minor alleles in the

selenoprotein S gene (SELENOS) and the nuclear factor

erythroid 2-related factor 2 gene (NFE2L2) increase chronic

thyroiditis incidences (105).
5.2.2.2 Graves’ disease

The most typical cause of hyperthyroidism is Graves’ disease

(GD). Its natural history appears to be heavily influenced by

oxidative DNA damage. Untreated GD sufferers were shown to

have much more DNA damage than patients with toxic nodular

goitre and healthy people (106). The highest level of OxS

markers was recorded in hyperthyroid GD patients, especially

ones with relapsing disease (107, 108). Although both

thiamazole and propylthiouracil effectively restore ROS and

the antioxidative defence systems, some authors evidenced
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propylthiouracil as more efficacious (109). The unique

mechanism of how OxS leads to GD is disrupting self-

tolerance. The thyroid-stimulating antibodies (TSAb) present

in GD are engaged in oxidation processes. As the markers of OxS

show a positive correlation with TSAb, it may indicate that these

variables may be involved in the breakdown of redox balance

(110). In patients with GD, activating the nuclear factor

erythroid 2–related factor 2 (Nrf2) pathway may help restore

thyroid function (105).

5.2.3 Thyroid cancer
Increased production of ROS has been shown to favour

cancer development (111). However, ROS can also trigger cell

senescence and death, acting as an anti-tumorigenic agent (112).

Disturbed genomic integrity induces oxidative genetic damage,

DNA oxidation, the activation of proto-oncogenes, and the

inactivation tumour suppressor genes leading to proliferative

effects and mutagenesis (12, 113, 114). According to Krohn et al.,

DNA damage, a precursor to tumorigenesis, is thought to be

caused by OxS (115). Resultant oxidative DNA base lesions have

the potential to mutate some genetic material, which would

impair the integrity of the genome by preventing transcription

and replication and by generating mutagenesis (116). The

oxidized form of guanine, 8-oxo-2′-deoxyguanosine (8-oxo-

dG), is a valuable marker of oxidative DNA damage during

carcinogenesis (116, 117). When compared to matched normal

thyroid tissue, both benign (human follicular adenomas, or

FTAs) and malignant (follicular (FTC) and papillary thyroid

carcinoma (PTC)) lesions were found to have elevated nuclear

levels of 8-oxo-dG (118) which most likely reflects the

detrimental effects of prolonged exposure to chronic OxS seen

during thyroid cancer (113, 118).

According to an analysis of the redox balance, sera

antioxidant levels were lower in thyroid cancer patients than

in healthy controls, and OxS marker sera levels in thyroid cancer

patients were significantly higher than in the control samples

(119). In addition, high concentrations of MDA in blood were

detected in thyroid cancer patients, which unequivocally

indicated reduced blood antioxidative capacity (120, 121).

A disturbed balance between serum OxS and antioxidant

defence system markers is typically encountered in thyroid

cancer patients compared to healthy individuals (119, 120,

122, 123). The ineffective defence mechanism cannot

neutralize ROS overproduction in thyroid cancer cells, leading

to OxS (122). A significant difference in GPx activity and MDA

levels was seen between the thyroid cancer patients before and

after thyroidectomy in a study examining the change in OxS

markers. Although thyroidectomy dramatically improved the

oxidative status in favour of antioxidants, lipid peroxidation

levels remained much more significant than in healthy thyroid

people (25, 121, 124). Also, PTC patients exhibit a worse

oxidative profile than patients with autoimmune thyroid
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disease and higher oxidative process rates than healthy

individuals (125). Moreover, thyroid cancer risk was observed

to be higher in obese people, and female patients with type 2

diabetes mellitus (T2DM) are more likely to have the extra-

glandular invasion of PTC than male T2DM patients (126, 127).

In PTC and anaplastic thyroid carcinoma, somatic KEAP1

and NFE2L2 mutations activating the Nrf2 pathway were

discovered (128, 129). Although the significance of such

pathway activation in thyroid tumours is still unclear, it may

help cancer cells survive (105, 130). In addition, tumour tissue

exhibit a higher quantity of ROS, which was linked to the

decreased expression of selenium antioxidant proteins in

cancer cells compared to healthy cells (122). Furthermore,

compared to normal thyroid tissue, antioxidant catalase

expression was significantly reduced in human thyroid

tumours (131). These results show oxidant/antioxidant system

in thyroid cancer tissue is imbalanced (12, 132).
6 Nutrition and OxS

Proper nutritional intake is mandatory for overall well-being

and better human health. However, dietary habits have an

impact on human health and can lead to the development of a

variety of disorders and diseases. The most prevalent diet in the

world is the Western-style diet, characterized by an increased

intake of refined food with a high caloric index and an increased

amount of sugars and salt, while the intake of vegetables, fruits,

and fish is reduced (133). Negative consequences of nutritional

habits associated with a Western-style diet may lead to

inflammation and production of free radicals (134) through

the secretion of numerous pro-inflammatory molecules such

as interleukin (IL)- 6, IL-1b, IL-8, and C-reactive protein (CRP),

leading to the development of autoimmune disorders either

directly, due to inflammation or disturbed immune balance, or

indirectly due to increased fat depositions and the development

of obesity. Obesity has the most severe consequences since it is

associated with systemic inflammation, hypertension, and

hypercholesterolemia, which represent conditions that increase

the risk of developing cardiovascular disease and T2DM.

It is believed that the state after taking a meal (postprandial

state) is pro-inflammatory and pro-oxidative, and the type of food

mainly consumed affects the occurrence of OxS. As mentioned

earlier, the increased intake of proteins (processed, red meats),

sugars, salt, saturated and trans fat, and refined carbohydrates,

which are characteristic of the Western-style diet, leads to the

development of many diseases, which have their basis in the

occurrence of OxS (135). Furthermore, a diet based on an

increased intake of carbohydrates and fats leads to increased

production of free radicals, directly affecting mitochondrial

metabolism. Also, animals fed a high-fat diet have been shown to

have increased OxS and dysfunctional mitochondria (136).
frontiersin.org

https://doi.org/10.3389/fendo.2022.1092837
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org


Macvanin et al. 10.3389/fendo.2022.1092837
To reduce the development of obesity, cancer, diabetes, and

cardiovascular diseases, WHO recommended a diet that

includes an increased intake of fruits, vegetables, nuts, fish,

and unsaturated fatty acids. This type of diet is represented in

certain coastal regions of the world and has received the popular

nameMediterranean diet. The natural antioxidants, as a result of

proper nutritional habits, provide indirect protection by

decreasing the production of cytokines and reducing OxS (134).

Numerous exogenous antioxidant molecules (nutritional

antioxidants) have been shown to play an important role in

excessive ROS accumulation in organisms. Here we will discuss

several nutritional antioxidants with a confirmed protective

antioxidant role. For instance, monounsaturated fatty acids

(MUFA) such as oleic acid that are present in high amounts in

olive oil and certain nuts decrease ROS production and exert

protection against OxS (137). In addition, oleic acid showed

anti-inflammatory effects by decreasing obesity and cytokine

production and reducing cardiovascular mortality (134). The

anti-inflammatory actions of MUFAs are based on their ability

to counteract the effects of long-chain saturated fatty acids on

hepatocytes, which include reducing endoplasmic reticulum

stress, restricting lipotoxicity induced by accumulation of

saturated fatty acids, decreasing ROS production, and

inhibiting nuclear factor-kB (NF-kB) transcription factors by

binding peroxisome proliferator-activated receptor g (PPARg)
and G-protein coupled surface receptor 120 (GPR120) (138). In

vitro, MUFA has shown the ability to induce the expression of

the adiponectin gene via PPARg activation, which would result

in decreased production of pro-inflammatory molecules such as

IL-6 and tumour necrosis factor (TNF)-alpha (139)

Polyunsaturated fatty acids, such as omega-3 fatty acids (n-3

PUFA), are mostly found in eggs, nuts, and fish, whereas omega-

6 fatty acid (n-6 PUFA) is predominantly present in sunflower

and other vegetable oils. The ratio of n-3 PUFA/n-6 PUFA is of

the utmost importance since its disbalance may activate pro-

inflammatory pathways (140) n-3 and n-6 PUFA exert opposite

effects on the immune system, whereas n-3 PUFA have an anti-

inflammatory effect while n-6 PUFA induces a pro-

inflammatory action (141). The anti-inflammatory effects of n-

3 PUFA are based on their ability to decrease endogenous

concentrations of ROS and expression of NF-kB and promote

activation of genes involved in antioxidant protection.

Resveratrol (3,4′,5-trihydroxy-trans-stilbene) is a natural

polyphenol nonflavonoid compound primarily found in grapes,

red wine, berries, and peanuts. It has been shown that long-term

treatment with reservatrol prolongs lifespan and reduces OxS

(142). In addition, resveratrol was shown to possess cardiovascular

protective capacity (143–145) and exhibit antidiabetic, anti-

inflammatory, and antioxidant effects (146–150), as well as the

ability to suppress the proliferation of a variety of tumour cells

(151, 152). Also, resveratrol positively affects obesity, reducing

triglycerides and glucose levels. The anti-inflammatory effects

resulting from using resveratrol can be seen in the reduction of
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increased levels of interleukin and TNF in obese mice (15). The

antioxidant effects of resveratrol were confirmed in many studies.

For example, resveratrol significantly inhibited ROS production

by polymorphonuclear leukocytes treated with formyl methionyl

leucyl phenylalanine (153) and reduced OxS markers like glycated

albumin levels in serum and 8-hydroxyguanosine in urine in

stroke-prone spontaneously hypersensitive rats (154). Due to its

lipophilic nature, resveratrol can bind to lipoprotein particles,

which seems crucial for its antioxidant effects (155). Resveratrol

consumption increases plasma antioxidant levels and decreases

lipid peroxidation (156). It also reduces intracellular ROS and

prevents LDL oxidation in endothelial cells (157) by inhibiting

lipoxygenases (158). The mechanism by which resveratrol

prevents LDL oxidation is based on its ability to chelate copper

and scavenge ROS (159).

Curcumin (1,7-bis(4-hydroxy-3-methoxyphenyl)-1,6-

heptadiene-3,5-dione) is a natural polyphenol derived from the

rhizomes of the herbs from genus Curcuma, particularly from

Curcuma longa (turmeric), Curcuma amada, Curcuma zedoaria,

Curcuma aromatic and Curcuma raktakanta. (160–162). It has

multiple positive effects on the organism, acting as an

antioxidant and decreasing inflammation. Using macrophages,

Lin et al. showed that curcumin treatment increased levels of

SOD and Cat while decreasing levels of ROS (163). The anti-

inflammatory effect of curcumin is most likely associated with its

ability to inhibit cyclooxygenase-2 (COX-2), lipoxygenase

(LOX), and inducible nitric oxide synthase (iNOS) (164). In

addition, curcumin positively affects body weight and glucose,

increases GPx activity (165), and decreases FFA, triglycerides,

and cholesterol concentrations in diabetic rats (15).

Berberine (5,6-dihydro-9,10-dimethoxybenzo [g]-1,3-

benzodioxolo [5,6-a] quinolizinium) is a plant alkaloid found

and derived from numerous families of plants, such as

Annonaceae, Menispermaceae, Papaveraceae, Ranunculaceae,

etc. (166). Barberine has been shown to have numerous

positive effects such as decreasing cholesterol levels and

reducing weight and adipose tissue in obese mice. In addition,

berberine decreases obesity- and diabetes-related inflammation

(167). In the atherosclerotic mouse model, berberine activating

the adenosine monophosphate-activated protein kinase

(AMPK) signaling pathway decreases OxS (15, 168). Ma et al.

(169) showed diabetic animal models administered berberine

activates the Nrf2 pathway and decreases OxS.

It is important to mention micronutrients with antioxidant

properties, such as vitamins. Since the body cannot synthesize

sufficient amounts of vitamins, it is necessary to take them

through food or supplements. Vitamin E acts as a regulator of

cellular metabolism, and its deficiency leads to anaemia,

dysregulation of energy metabolism, irregular mitochondrial

function, and tissue damage resulting from increased lipid

peroxidation (16). Vitamin D deficiency affects muscle

function and leads to irregular cardiovascular function. Also, a

lack of Vitamin D is connected with disrupted mitochondrial
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function and thus increased inflammation and OxS (16).

However, it should be emphasized that an increased intake of

vitamins has the opposite effect, increasing OxS. For example, it

is well known that vitamin C has antioxidant properties; it reacts

with ROS creating a product with poor reactivity that does not

have detrimental effects. On the other hand, vitamin C may

undergo the Fenton reaction, in which a highly reactive free

radical is formed (170).
7 Nutritional antioxidants and
thyroid disease

7.1 Trace elements

7.1.1 Iodine
An average adult body contains around 15 to 20 mg of iodine

located predominantly in the thyroid gland, which performs an

essential role in synthesizing thyroid hormones. In addition to

being a component of the thyroid hormone, iodine can act as an

antioxidant and antiproliferative agent (171). Its uptake is

mediated by the sodium/iodide symporter (NIS), expressed in

thyroid cells and extrathyroidal tissues, including the stomach

and salivary glands. The iodine content in food is determined by

its amount in the soil. Since seafood and seaweed are rich sources

of iodine, a diet based on high seafood consumption is sufficient.

Likewise, fortifying salt and milk products with iodine ensures

an adequate amount of dietary iodine (172, 173). Although

iodine deficiency was associated with goitre and thyroid

nodules, PTC appears to be more common in areas with high

iodine intake, which points to the complex relationship between

iodine intake and thyroid disease (174). For instance, excessive

iodine intake is associated with a transient reduction of thyroid

hormone synthesis for approximately 24 hours after ingestion,

known as the Wolff-Chaikoff effect (175). In patients with

autoimmune thyroid disease or on anti-thyroid drug therapy,

increased iodine intake can induce hypothyroidism, whereas, in

patients with diffuse nodular goitre or latent Grave’s disease, it

can cause hyperthyroidism (176).

7.1.2 Zinc
Zinc is regarded as an antioxidative trace element because it

is a co-factor of the enzyme SOD, which scavenges free radicals.

Zinc is essential for normal thyroid function since it is required

for the activity of enzyme 1,5′-deiodinase which catalyzes the

conversion of T4 to T3. In addition, zinc plays a vital role in the

thyroid hormones’ metabolism by regulating thyrotropin-

releasing hormone (TRH) and TSH synthesis and modulating

the structures of essential transcription factors involved in

synthesizing thyroid hormones (177, 178). Zinc deficiency

affects the thyroid gland by impairing TRH, TSH, T3, and T4

synthesis. In animal studies, free levels of T3 and T4 were
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reduced by approximately 30% (179), and a similar trend was

observed in studies of human subjects. Hypothyroid patients

often present with reduced levels of zinc. In a study designed to

evaluate zinc metabolism in patients with thyroid disease,

plasma and erythrocyte zinc concentration and urinary zinc

excretion were investigated in hypo- and hyperthyroid patients

(180). The mean concentration of plasma zinc in hypothyroid

patients was lower than that of healthy control subjects, whereas

no statistically significant differences were observed in plasma

zinc values between hyperthyroid patients and control subjects.

However, erythrocyte zinc concentration was significantly

decreased in hyperthyroid patients compared to hypothyroid

patients and accompanied by an increased urinary zinc excretion

resulting from increased muscle tissue catabolism in

hyperthyroid patients. The findings of this study suggest that

abnormal zinc metabolism commonly occurs in thyroid

dysfunctions (180) (Table 1).
7.1.3 Selenium
Selenium is an essential trace mineral whose functions in the

organism are mainly connected to its antioxidant properties

(190). Selenium is essential to antioxidant enzymes such as GPx

(183) and is involved in thyroid and immune system functions.

The thyroid gland has the highest concentration of selenium in

the body, which is predominantly stored in the thyrocytes in the

form of selenoproteins, such as deiodinases, GPx, and

thioredoxin reductases (181, 182). Adequate selenium intake is

mandatory for the normal function of thyrocytes, and selenium

deficiency is associated with the decreased synthesis of thyroid

hormones (191), increased thyroid volume, and increased

number of thyroid nodules (182, 192). Selenium has been

shown to affect T-cell differentiation and modulate the T-

helper (Th) cells’ responses. Th cells are cytokine-producing

cells that are divided into subgroups 1 and 2 depending on their

mechanisms of action; Th1 cells are involved in cell-mediated

immunity, whereas Th2 cells participate in antibody-mediated

immunity. Th1 cytokine production generally tends to exert pro-

inflammatory effects and may lead to autoimmune conditions

such as Hashimoto’s thyroiditis. Th2-induced hyperproduction

of the thyroid autoantibodies observed in In Graves’ disease

results in hyperthyroidism. Selenium deficiency has been

associated with Th2 cell response, whereas higher selenium

levels favour Th1 response (193). These findings may explain

the beneficial effects of selenium supplementation in

autoimmune thyroid diseases (181, 194), such as reduced

levels of anti-thyroid antibodies, improved thyroid structure

and metabolism, and ameliorated clinical symptoms (181,

195). Dietary forms of selenium include selenomethionine

present in plant products and inorganic selenium forms used

for supplementation (196). No indication of an increased risk of

thyroid cancer in either selenium deficiency or exogenous

supplementation has been reported (182) (Table 1).
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7.2 Natural polyphenols and alkaloids

As an antioxidant polyphenolic compound and a free radical

scavenger, resveratrol has attracted interest for the potential

treatment of thyroid diseases accompanied by increased ROS

product ion , such as auto immune thyroid i t i s and

hyperthyroidism (197). In addition, resveratrol may help treat

thyroid cancer since it can induce apoptosis of thyroid cancer

cells by increasing the abundance and phosphorylation of p53

tumour suppressor protein (p53) (198, 199). In vitro and in vivo

studies have also demonstrated that resveratrol mediates the

levels of TSH and iodide uptake in thyrocytes by decreasing NIS

expression (184). However, the observed effects also resulted in

significant proliferative action of thyrocytes; thus, resveratrol

may be a thyroid-disrupting compound and a goitrogen (184).

Currently, data from clinical studies on resveratrol’s effect on the

thyroid in humans are absent, and all literature evidence is based

on studies performed in cell cultures and animal models.

Therefore, proper randomized clinical trials are mandatory to

reach the final verdict on the potential use of resveratrol in

treating thyroid diseases.

Alkaloid antioxidant berberine was recently reported to

exert positive effects in treating GD. When supplemented in

combination with methimazole, berberine significantly altered

the microbiota composition of patients, decreasing the

abundance of the pathogenic bacteria Chryseobacterium

indologenes and Enterobacter hormaechei while simultaneously

increasing the content of the beneficial bacteria Lactococcus lactis

(185). In addition, berberine supplementation resulted in

significantly elevated enterobactin production, improving iron
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functioning and restoring thyroid function in patients with

Graves’ disease (185) (see Table 1).
7.3 Inositol

Inositol (also known as vitamin B8) is a carbohydrate

compound that is an essential component of the plasma

membrane phospholipids and has an important role in

synthesizing secondary messengers in the cells (200). Inositol

is involved in signaling hormones such as TSH, insulin, and

gonadotropins. Myoinositol (Myo), a cyclic polyol with six

hydroxyl groups, is the most abundant isoform of inositol,

mainly derived from the dietary intake of fruits, beans, and

nuts. In contrast, its endogenous production is generated either

from glucose by enzymatic reactions or by de novo catabolism of

phosphatidylinositol (PI), phosphoinositides (PIP), and inositol

phosphates (IP). Myo has a crucial role in thyroid function and

autoimmune diseases due to its regulation of thyroid hormone

synthesis by forming H2O2 in thyrocytes. Myo is involved in the

TSH signaling pathway; thus, depleted levels of Myo may cause

the pathogenesis of thyroid diseases such as hypothyroidism

(187). It has been observed that TSH levels significantly

decreased in patients with subclinical hypothyroidism, with or

without autoimmune thyroiditis, after treatment with Myo in

combination with selenium (201, 202). Studies of patients with

Hashimoto’s thyroiditis and subclinical hypothyroidism showed

that supplementation of Myo and selenomethionine significantly

decreased TSH, TPOAb, and TGAb concentrations, while

simultaneously increasing thyroid hormones levels and
TABLE 1 The role of nutritional antioxidants in thyroid function.

Nutritional
antioxidant

Role in thyroid function Reference

Iodine Essential for the synthesis of thyroid hormones
Antioxidant
Antiproliferative agent

171)

Zinc Required for the activity of enzyme 1,5′-deiodinase which catalyzes the conversion of T4 to T3
Regulator of TRH and TSH synthesis

(177, 178)

Selenium Constituent of selenoproteins
Cofactor of Gpx, deiodinases and thioredoxin reductases

(181–183)

Resveratrol Mediates the levels of TSH and iodide uptake in thyrocytes by decreasing sodium/iodide symporter expression (184)

Berberine Decreases the abundance of pathogenic bacteria in the gut
Increases the content of beneficial bacteria in the gut

(185)

Inositol Regulates thyroid hormone synthesis by forming H2O2 in thyrocytes
Involved in TSH signaling pathway

(187)

L-carnitine inhibit thyroid hormone entry into the nucleus of hepatocytes, neurons, and fibroblasts (186, 187)

Probiotics Lactobacilli and Bifidobacteriaceae supplementation increase levothyroxine availability
Reduce thyroid hormone serum fluctuation
Increase the availability of bacterial enzymes sulfatases and ß-glucuronidases that regulate iodothyronines deconjugation

(188, 189)

TRH, thyrotropin-releasing hormone; TSH, thyroid stimulating hormone; GPx, glutathione peroxidase; H2O2, hydrogen peroxide.
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restoring euthyroid state in patients with autoimmune

thyroiditis (203, 204). In addition, the combined treatment

with Myo and selenomethionine was found to have an

ameliorating effect on nodular thyroid disease by promoting a

significant reduction of thyroid nodules size and number and

regression of their stiffness (205). Additional in vitro and in vivo

studies are required to investigate the mechanism of this effect

and the potential use of Myo, alone or in combination with

selenomethionine, as a novel clinical treatment for the general

management of autoimmune thyroiditis and thyroid

nodules (Table 1).
7.4 L-carnitine

L-Carnitine (3-Hydroxy-4-(trimethylazaniumyl) butanoate)

is a biological compound that is ubiquitous in mammalian
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tissues and fluids where it is required for b-oxidation of fatty

acids by facilitating their transport in the form of acyl-carnitine

esters across the mitochondrial inner membrane (206). In

addition, L-carnitine possesses significant antioxidant

properties reflected in its ability to scavenge superoxide anion

radical and hydrogen peroxide and chelate metal ions such as

ferrous ions (207). L-carnitine was shown to positively impact

cardiac function through reduced oxidative stress, inflammation,

and necrosis of cardiac myocytes (208). As much as 75% of L-

carnitine comes from the dietary intake of red meat and dairy

products (Table 2), whereas only 25% is generated by

endogenous biosynthesis. Muscles are the main reservoir of

carnitine, storing 95% of the total amount of 120 mmol

present in the adult human body (209)

The anti-thyroid effect of L-carnitine is based on its ability to

inhibit thyroid hormone entry into the nucleus of hepatocytes,

neurons, and fibroblasts (186, 210). As a result, rather than being
TABLE 2 Classification of nutritional oxidants with protective roles against oxidative stress in thyroid diseases and their naturally occurring
sources.

Nutritional antioxi-
dant

Natural source

Vitamins

Vitamin E Plant oils (wheat germ, sunflower, safflower, and soybean oil), nuts (almonds, peanuts), sunflower seeds, fruits, and vegetables

Vitamin D Cod liver oil, salmon, swordfish, tuna fish, sardines, egg yolk, beef liver, dairy and plant milk fortified with vitamin D

Vitamin C Citrus fruits (oranges, lemon, grapefruit), kiwi, strawberries, vegetables (bell peppers, tomatoes, broccoli, cabbage, cauliflower, white
potatoes)

Inositol (vitamin B8) Fruits (cantaloupe, citrus fruits), fibre-rich foods (beans, brown rice, sesame seeds, corn, wheat bran), nuts (almonds, peanuts)

Trace elements

Iodine Seafood, seaweed, iodized table salt, dairy, eggs, chicken, beef liver

Zinc Seafood, meat

Selenium Brazil nuts, seafood, meat

Monounsaturated fatty acids (MUFA)

Oleic acid Olive and almond oil, nuts (hazelnuts, pecans, almonds)

Polyunsaturated fatty acids (PUFA)

Omega-3 fatty acids Seafood, nuts and seeds (flaxseed, chia seeds, and walnuts), plant oils (flaxseed oil, soybean oil, and canola oil)

Omega-6 fatty acids Vegetable oils (sunflower, corn, and grapeseed oil), nuts (walnuts, pine nuts)

Polyphenolic compounds

Resveratrol Grapes, red wine, berries, peanuts

Curcumin Rhizomes of the herbs from genus Curcuma (Curcuma longa (turmeric), Curcuma amada, Curcuma zedoaria, Curcuma aromatic and
Curcuma raktakanta)

Alkaloids

Berberine Plants (Annonaceae, Menispermaceae, Papaveraceae, Ranunculaceae)

Biological compounds

Carnitine Red meat, dairy products
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a direct inhibitor of thyroid gland function, it acts as a peripheral

antagonist of thyroid hormone action (186). The first controlled

clinical trial demonstrating the beneficial effects of L-carnitine in

reducing elevated thyroid hormone circulating levels was

conducted in 50 women receiving TSH-suppressive (L-T4)

therapy for cytologically benign thyroid nodules (210). L-

carnitine supplementation was shown to be effective in

reversing and preventing symptoms of hyperthyroidism (210).

Consequent studies showed that severe forms of GD-related

hyperthyroidism, including thyroid storms, may be effectively

treated with L-carnitine (211–213), which may be partly

explained by increased levels of thyroid hormones deplete the

tissue deposits of L-carnitine (214). Interestingly, decreased

concentration of L-carnitine was also found in the skeletal

muscles of hypothyroid patients (215), suggesting that L-

carnitine depletion in skeletal muscles may contribute to

myopathy associated with either hypothyroidism or

hyperthyroidism. A recent study demonstrated that L-carnitine

supplementation might alleviate fatigue symptoms in

hypothyroid patients (216). Further clinical studies are

required to establish the usefulness of L-carnitine

supplementation in hypothyroidism (see Table 1).
7.5 Probiotics

Probiotics are live non-pathogenic microorganisms with

beneficial health effects for their hosts (217). Probiotics

regulate the composition of the intestinal microbiota, stimulate

humoral and cellular immunity; decrease the frequency and

duration of diarrhoea; and eliminate harmful metabolites in the

colon, such as ammonium and procancerogenic enzymes. In

addition, certain probiotic strains possess antioxidant activity

and may reduce damage caused by OxS (218). Probiotics

improve metabolic diseases such as obesity and diabetes by

modulating intestinal microbiota composition (219–221).

Furthermore, the oxidative stress in patients with T2DM can

be ameliorated by multispecies probiotics (222).

Probiotic bacteria possess their antioxidant defence systems,

such as enzymes SOD and Cat, and can chelate metal ions, such

as ferrous and cupric ions, preventing them from catalyzing

oxidation (19, 22, 223). In addition, probiotics can stimulate the

host’s antioxidant defence systems and increase the activity of

antioxidant enzymes (224). For instance, intact cells and cell-free

extracts of Bifidobacterium animalis 01 can scavenge hydroxyl

radicals and superoxide anion in vitro, whereas in vivo, they

increase the antioxidative enzyme activity (20). Lactic acid

bacteria strains can defend against peroxide radicals,

superoxide anions, and hydroxyl radicals (225, 226). Human

studies have shown elevated SOD and GPx activities, and

improved total antioxidant status in T2DM patients

supplemented with Lactobacillus acidophilus La5 and

Bifidobacterium lactis Bb12 (227). Lactobacillus rhamnosus
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supplementation was shown to exert significant antioxidant

protection in conditions of increased physical stress (228). In

addition, probiotics produce various antioxidant metabolites,

such as GSH and folate. Lactobacillus fermentum strains, E-3 and

E-18, contain very high levels of GSH (226), which can, together

with selenium-dependent GPx, eliminate hydroxyl radicals and

peroxynitrite (229).

The enormous complexity of human microbiota is reflected

in the finding that adult human organisms typically contain 1014

bacteria in the gut, which is approximately ten times more

bacterial cells than the number of human cells (230), with at

least 400 different bacterial species (231). Most bacterial species

in a healthy human microbiota belong to the genera

Bacteroidetes and Firmicutes (232), whereas Actinobacteria,

Proteobacteria, Fusobacteria, and Cyanobacteria, are less

abundant (233). Furthermore, microbiota composition varies

depending on its localization in the gastrointestinal system;

therefore Bacilli class of the Firmicutes and Actinobacteria is

enriched in the small intestine, whereas the Bacteroidetes family

of the Firmicutes is predominantly present in the colon (234).

Gut microbiota in patients with thyroid diseases has a

different composition compared to the healthy controls and

typically contains a decreased content of Lactobacillaceae and

Bifidobacteriaceae. (23). The family Lactobacillacae has

important antioxidant properties and may exert protective

effects on the thyroid. (235), and its decreased content may

cause higher oxidative stress in the thyroid (23). In addition,

opportunistic pathogens in gut microbiota were shown in

patients suffering from thyroid disease (Zhang, 235). Gut

microbiota dysbiosis negatively affects the regulation of anti-

inflammatory and immune system responses and appears to be

associated with autoimmune diseases, inflammation, and some

types of cancer (189, 236, 237). For instance, thyroid cancer is

associated with the increased presence of Clostridiaceae,

Neisseria, and Streptococcus, whereas in patients with thyroid

nodules, a relative increase of Streptococcus and Neisseria

compared to healthy controls was observed (235). Increased

abundance of Neisseria has been linked to inflammatory

disorders (238). In contrast, Clostridiaceae and Streptococcus

were associated with carcinogenic effects and a higher risk of

carcinomas (239, 240), and those three seem to have a role in

thyroid carcinogenesis (23).

Probiotic supplementation has substantial beneficial effects

on thyroid hormones and thyroid function. It was demonstrated

that Lactobacillus reuteri supplementation improves thyroid

function in mice by increasing free T4 and thyroid mass (241).

Microbiota modulation by probiotic supplementation of

Lactobacilli and Bifidobacteriaceae increased levothyroxine

availability in humans and stabilized thyroid function.

Probiotics were shown to be beneficial in lowering serum

hormone fluctuations (188), partly because iodothyronines

deconjugation is regulated by bacterial enzymes sulfatases and

ß-glucuronidases whose availability could be increased by
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probiotic supplementation (189). Finally, probiotics influence

the uptake of minerals relevant to thyroid function, including

selenium, iodine, iron, and zinc, and a synergistic effect of

probiotics and trace elements on the total antioxidant capacity

was observed in vivo. Although probiotic supplementation

shows promising potential in improving thyroid function in

thyroid diseases, further human studies on the effects of

probiotics as adjuvant therapy for thyroid diseases are

required (Table 1).
8 Conclusions

Besides the impairment of cellular redox homeostasis in

thyroid gland cells, thyroid diseases significantly contribute to

systemic redox imbalance. In that way, thyroid diseases are

organ-confined and promote histological changes in distant

organs by disturbing the vital cellular pathways. Therefore, the

simultaneous treatment of thyroid diseases and substituting of

nutraceutical antioxidants could beneficially affect different

molecular mechanisms enabling the recovery of disturbed

redox balance. Se levels are lower in people with thyroid

dysfunctions, such as subclinical or overt hypothyroidism

(242). In order to determine whether Se supplementation may

impact the progression of autoimmune thyroid disease, some

trials carried out in regions where the population has a diffusely

low or borderline Se status inconsistently suggest that Se

supplementat ion may cause a decrease in thyroid

autoantibodies (243, 244). The population heterogeneity,

various Se formulations and the length of Se supplementation,

as well as different thyroid function test and Se measurement

strategies, are among the reasons for the study conclusions

inconsistency (244). The benefit of Se supplementation could

be expected in patients living in regions with low Se availability

or who have low- or sub-optimal Se levels. The supplementation

must be attentive as the reference ranges of Se blood levels are

narrow, and the risk of insufficient or toxic supplementation is

possible (245, 246).

Accumulating evidence support the existence of a thyroid-

gut axis and displays important correlations between the

composition of the gut bacteria and thyroid function.

Dysbiosis, a common finding in thyroid disorders, not only

promotes local inflammation of the intestinal membrane but

also directly affects thyroid hormone levels via its own

deiodinase activity and TSH inhibition. In addition, gut

microbiota can modulate the absorption of trace minerals,

such as iodine, selenium, and zinc, that are essential for

thyroid function, including iron. For instance, iodine

deficiency may lead to goiter, whereas high iodine intake may

induce thyroid dysfunction in susceptible patients.

Supplementation with antioxidative probiotics has shown

beneficial effects in thyroid diseases thus representing a

potential adjuvant therapy for thyroid disorders. The advances
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in the field of microbiome research envision the future

possibility of personalized treatment with probiotics that are

specifically adjusted to individual patients. Nevertheless, more

data from adequately powered human studies are required for

further evaluation of the impact of gut microbiota on thyroid

diseases and the potential for possible therapeutic interventions.
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T, et al. Serum selenium is low in newly diagnosed graves’ disease: a population-
based study. Clin Endocrinol (Oxf) (2013) 79:584–90. doi: 10.1111/cen.12185

244. Schomburg L. Selenium deficiency due to diet, pregnancy, severe illness, or
COVID-19-A preventable trigger for autoimmune disease. Int J Mol Sci (2021)
22:8532. doi: 10.3390/ijms22168532

245. Krassas GE, Pontikides N, Tziomalos K, Tzotzas T, Zosin I, Vlad M, et al.
Selenium status in patients with autoimmune and non-autoimmune thyroid
diseases from four European countries. Expert Rev Endocrinol Metab (2014)
9:685–92. doi: 10.1586/17446651.2014.960845

246. Gorini F, Sabatino L. Selenium: An element of life essential for thyroid
function. Molecules (2021) 26:7084. doi: 10.3390/molecules26237084

COPYRIGHT

© 2023 Macvanin, Gluvic, Zafirovic, Gao, Essack and Isenovic. This is an
open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in
other forums is permitted, provided the original author(s) and the
copyright owner(s) are credited and that the original publication in this
journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply
with these terms.
frontiersin.org

https://doi.org/10.1016/j.cell.2016.03.001
https://doi.org/10.1158/1940-6207.capr-16-0249
https://doi.org/10.1186/s40168-015-0085-6
https://doi.org/10.21037/jgo.2018.04.07
https://doi.org/10.1155/2018/6031510
https://doi.org/10.1007/s11154-018-9467-y
https://doi.org/10.1210/jc.2015-2222
https://doi.org/10.1210/jc.2015-2222
https://doi.org/10.1111/cen.12185
https://doi.org/10.3390/ijms22168532
https://doi.org/10.1586/17446651.2014.960845
https://doi.org/10.3390/molecules26237084
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fendo.2022.1092837
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org


Macvanin et al. 10.3389/fendo.2022.1092837
Glossary

8-oxoG 8-oxo guanine

AMPK adenosine monophosphate-activated protein kinase

BER base excision repair

CAT catalase

COX-2 cyclooxygenase-2

CRP C-reactive protein

GD Graves’ disease

GPR120 G-protein-coupled surface receptor 120

GPx glutathione peroxidase

GR glutathione reductase

GSH glutathione

H2O2 hydrogen peroxide

iNOS inducible nitric oxide synthase

IP inositol phosphates

KEAP1 Kelch-like ECH-associated protein 1

LDL-C low-density lipoprotein-cholesterol

LOX lipoxygenase

MDA malondialdehyde

MUFA monounsaturated fatty acids

Myo myoinositol

NFE2L2 nuclear factor erythroid 2-related factor 2 gene

NF-kB nuclear factor-missingb

NIS sodium/iodide symporter

NO nitric oxide

NOXs NADPH-oxidases

OSI oxidative stress index

OxS oxidative stress

p53 p53 tumour suppressor protein

PI phosphatidylinositol

PIP phosphoinositides

PPARg peroxisome proliferator-activated receptor g

PTC papillary thyroid carcinoma

PUFA polyunsaturated fatty acids

RNS reactive nitrogen species

ROS reactive oxygen species

SELENOS selenoprotein S gene

(Continued)
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CONTINUED

SOD superoxide dismutase

SOD1 cytoplasmic SOD

SOD2 mitochondrial SOD

SOD3 extracellular SOD

T2DM type 2 diabetes mellitus

T3 triiodothyronine

T4 thyroxine

TAS total antioxidant status

TG thyroglobulin

TNF tumour necrosis factor

TOS total oxidative status

TPO thyroid peroxidase

TRH thyrotropin-releasing hormone

TSAb thyroid-stimulating antibodies

TSH thyroid-stimulating hormone
frontiersin.org

https://doi.org/10.3389/fendo.2022.1092837
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org


Frontiers in Endocrinology

OPEN ACCESS

EDITED BY

Luna Samanta,
Ravenshaw University, India

REVIEWED BY

Jun Wang,
Jilin Agriculture University, China
Sergio Minucci,
Università della Campania Luigi
Vanvitelli, Italy

*CORRESPONDENCE

Negar Azarpira

negarazarpira@yahoo.com

†These authors have contributed
equally to this work and share
first authorship

SPECIALTY SECTION

This article was submitted to
Cellular Endocrinology,
a section of the journal
Frontiers in Endocrinology

RECEIVED 08 December 2022

ACCEPTED 17 January 2023
PUBLISHED 30 January 2023

CITATION

Dehdari Ebrahimi N, Parsa S, Nozari F,
Shahlaee MA, Maktabi A, Sayadi M,
Sadeghi A and Azarpira N (2023) Protective
effects of melatonin against the toxic
effects of environmental pollutants and
heavy metals on testicular tissue: A
systematic review and meta-analysis of
animal studies.
Front. Endocrinol. 14:1119553.
doi: 10.3389/fendo.2023.1119553

COPYRIGHT

© 2023 Dehdari Ebrahimi, Parsa, Nozari,
Shahlaee, Maktabi, Sayadi, Sadeghi and
Azarpira. This is an open-access article
distributed under the terms of the Creative
Commons Attribution License (CC BY). The
use, distribution or reproduction in other
forums is permitted, provided the original
author(s) and the copyright owner(s) are
credited and that the original publication in
this journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permitted
which does not comply with these terms.

TYPE Systematic Review

PUBLISHED 30 January 2023

DOI 10.3389/fendo.2023.1119553
Protective effects of melatonin
against the toxic effects of
environmental pollutants and
heavy metals on testicular tissue:
A systematic review and meta-
analysis of animal studies

Niloofar Dehdari Ebrahimi1†, Shima Parsa1, Farnoosh Nozari1,
Mohammad Amin Shahlaee1, Amirhossein Maktabi1,
Mehrab Sayadi2, Alireza Sadeghi3† and Negar Azarpira1*

1Transplant Research Center, Shiraz University of Medical Sciences, Shiraz, Iran, 2Cardiovascular
research center, Shiraz University of Medical Sciences, Shiraz, Iran, 3Gastroenterohepatology Research
Center, Shiraz University of Medical Sciences, Shiraz, Iran
Background: Environmental pollution and infertility are two modern global

challenges that agonize personal and public health. The causal relationship

between these two deserves scientific efforts to intervene. It is believed that

melatonin maintains antioxidant properties and may be utilized to protect the

testicular tissue from oxidant effects caused by toxic materials.

Methods: A systematic literature search was conducted in PubMed, Scopus, and

Web of Science to identify the animal trial studies that evaluated melatonin

therapy’s effects on rodents’ testicular tissue against oxidative stress caused by

heavy metal and non-heavy metal environmental pollutants. Data were pooled,

and standardized mean difference and 95% confidence intervals were estimated

using the random-effect model. Also, the risk of bias was assessed using the

Systematic Review Centre for Laboratory animal Experimentation (SYRCLE) tool.

(PROSPERO: CRD42022369872)

Results: Out of 10039 records, 38 studies were eligible for the review, of which 31

were included in the meta-analysis. Most of them showed beneficial effects of

melatonin therapy on testicular tissue histopathology. [20 toxic materials were

evaluated in this review, including arsenic, lead, hexavalent chromium, cadmium,

potassium dichromate, sodium fluoride, cigarette smoke, formaldehyde, carbon

tetrachloride (CCl4), 2-Bromopropane, bisphenol A, thioacetamide, bisphenol S,

ochratoxin A, nicotine, diazinon, Bis(2-ethylhexyl) phthalate (DEHP), Chlorpyrifos

(CPF), nonylphenol, and acetamiprid.] The pooled results showed that melatonin

therapy increased sperm count, motility, viability and body and testicular weights,

germinal epithelial height, Johnsen's biopsy score, epididymis weight, seminiferous

tubular diameter, serum testosterone, and luteinizing hormone levels, testicular tissue

Malondialdehyde, glutathione peroxidase, superoxide dismutase, and glutathione

levels. On the other hand, abnormal sperm morphology, apoptotic index, and

testicular tissue nitric oxide were lower in the melatonin therapy arms. The included

studies presented a high risk of bias in most SYRCLE domains.
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Conclusion: In conclusion, our study demonstrated amelioration of testicular

histopathological characteristics, reproductive hormonal panel, and tissue

markers of oxidative stress. Melatonin deserves scientific attention as a potential

therapeutic agent for male infertility.

Systematic review registration: https://www.crd.york.ac.uk/PROSPERO, identifier

CRD42022369872.
KEYWORDS

melatonin, infertility, rodents, oxidative stress, environmental pollutants, heavy metals
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1 Introduction

Infertility is a universal public health issue with a dramatically

increasing prevalence in recent decades (1). About 48 million couples

worldwide suffer from fecundity problems (2), of which half have been

implicated by male factors (3). Male infertility may result from various

factors such as genetic, epigenetic, physical injuries, drugs, and

environmental pollutants. Among these, pesticides, plasticizers,

refrigerants, dry cleaners, and heavy metals are of great interest as they

are widely used in industry. Environmental pollutants impair the

function of male fecundity by altering hormonal, molecular, and

histological characteristics. These pollutants mostly affect biomechanics

through oxidative stress and increasing free radicals causing a shift in the

equilibrium between the production of free-radical species and the

antioxidant defense system in male reproductive cells (4, 5).

Reactive oxygen species (ROS) are highly reactive molecules

generated by cellular metabolism. A physiological level of ROS is

essential for the proper development of spermatozoa, including their

production, maturation, morphological reshaping, and fertilization

process (6). Redox reactions serve as cofactors for the spermatozoa

maturation, free radicals also stimulate intracellular pathways

resulting acrosome reaction, capacitation, motility, and

condensation of chromatin (7–9). ROS concentration increases in

excessive exposure to environmental pollutants (10); This excessive

ROS overwhelms the cellular antioxidant defense system and

accelerates oxidative stress (11). The elevated ROS attacks multiple

cellular macromolecules leading to DNA damage, lipid peroxidation,

and protein misfolding, resulting in mitochondrial dysfunction and

sperms’ structural integrity impairment (12–16). The damage

worsens by changes in the apoptotic index, cell vacuolization, and

diminished capacity to proliferate, followed by a reduction in sperm

viability and count (17, 18). Among the different cell types,

spermatozoa are highly vulnerable to oxidation due to the

abundance of unsaturated fatty acids in the membrane, lack of

proper DNA repair mechanisms, and the absence of cytoplasmic

antioxidant enzymes, with concomitant negative consequences on

sperm quality (19–23).

Antioxidants have gained attention for their role in infertility (24–

27). So far, various supplements with antioxidant capabilities, such as

ginger, vitamin C, and vitamin E, have been shown to improve

hormonal and histological parameters related to male reproduction

(28–30). Melatonin also has exhibited potent protective activities

against oxidative stress-induced testicular cell damage (31).

Melatonin synthetic enzymes and melatonin membrane receptors

are identified in testicular cells, indicating the importance of the

melatonergic system in male reproduction. It also directly affects

testosterone production from Leydig cells (32). Melatonin has

recently gained scientific interest due to its protection against

oxidative stress-induced testicular cell damage (33, 34). It protects

testicular cells from elevated ROS through anti-apoptotic and

antioxidant activities (34).

Despite the wealth of evidence, consensus and structured

gathering of evidence are still needed. This systematic review and

meta-analysis aims to congregate the evidence on melatonin as a

protective agent against rodential testicular damages caused by

environmental pollutants and toxic materials.
Frontiers in Endocrinology 0353
2 Material and methods

This systematic review of relevant studies was conducted

according to the Preferred Reporting Items for Systematic Reviews

and Meta-analyses guideline (PRISMA). The protocol is registered in

the International Prospective Register of Systematic Reviews

(PROSPERO: CRD42022369872). We systematically searched

PubMed, Scopus, and Web of Science from January 1, 1970, until

September 9, 2022, for “melatonin” and “reproductive indices” related

terms (Supplementary Material 1). Also, we manually searched the

reference list of the included papers for additional citations of interest.
2.1 Study selection and eligibility criteria

Firstly, duplicate records were removed automatically. All the

records were uploaded to the Rayyan online tool for managing

systematic reviews. Three reviewers (NDE, AS, and MAS) screened

the records by title and abstract. Then, records were screened for

eligibility criteria. Discrepancies were resolved with discussion.

Studies were included if they fulfilled the following criteria (1):

controlled animal studies (2), the subjects were rodents that were

exposed to toxic environmental materials such as environmental

pollutants and heavy metals to induce oxidative stress (3), at least

one intervention group received melatonin regimen (4), at least one

control group with similar oxidative stress that did not receive

melatonin (with or without placebo), and (5) the study reported

major hallmarks of testicular tissue (histopathologic, biochemical,

and sperm analyses). We excluded the studies if they (1): designed as

in-vitro and ex-vivo, (2) employed non-rodent animals, (3) studied

other types of stressors such as physical, ischemic, heat, radiation,

chemotherapy, and metabolic agents, (4) melatonin was administered

in combination with other drugs or the study employed melatonin

derivatives, (5) only evaluated healthy controls without oxidative

stress, and (6) they failed to report favorable outcomes. Also, we

excluded reviews, letters, and human trials.
2.2 Data extraction and assessment of risk
of bias

Two reviewers (FN and NDE) independently extracted the data

into Excel spreadsheets, and three reviewers (AS, MAS, and AM)

rechecked the data for any mistakes. The following data were

extracted from each study: (1) study characteristics (first author,

publication year, and country), (2) population characteristics (species,

age, and sample size), (3) toxic material, dose, administration route,

and duration of exposure, (4) melatonin dose, duration, route, and

setting of administration (before, simultaneous, or after oxidative

stress), (5) sperm characteristics (count, motility, viability, and

abnormal morphology), testicular parameters (height of germinal

epithelium, Johnsen’s testicular biopsy score (JTBS), seminiferous

tubular and luminal diameter, and apoptotic index), hormonal panel

(serum testosterone, Follicle-Stimulating Hormone (FSH),

Luteinizing Hormone (LH)), markers of oxidative stress (testicular

tissue Superoxide dismutase (SOD), Catalase (CAT) activity,
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Malondialdehyde (MDA), glutathione peroxidase (GPx), glutathione

(GSH), and nitric oxide (NO), and somatic characteristics (testis to

body relative weight, total testis weight, epididymis weight, body

weight, and body weight gain).

Two reviewers (NDE and AS) independently assessed the risk of

bias using the Systematic Review Centre for Laboratory Animal

Experimentation (SYRCLE) tool for animal intervention studies.
2.3 Data synthesis and statistical analyses

Meta-analysis was run via Stata 13 (College Station, TX, USA)

using the DerSimonian-Laird random effect model. Standardized

mean difference (SMD) was considered as the effect size for

comparing the mean difference of variables between the control and

intervention groups. The amount of heterogeneity in the studies was

indicated by I-squared. Subgroup analyses were done where at least

two studies were available in each subgroup to investigate the

differences between heavy metal and non-heavy metal pollutants.

Also, the forest plot was provided for each study, and pooled data
Frontiers in Endocrinology 0454
publication bias was assessed by Egger’s test. In addition, sensitivity

analysis was done to check for the robustness of our results.
3 Results

3.1 Search results

The PRISMA flow diagram of the literature search is presented in

Figure 1. The systematic search resulted in 10,039 records while

manual citation searching yielded 7 additional studies. The database

searching included PubMed (n=1,375), Web of Science (n=3,838),

and Scopus (n=4,826). 1,016 records were removed using automatic

duplicate detection. Title and abstract screening was conducted on

9,023 records and 98 studies was sought for retrieval. With exclusion

of two studies, which the full-texts were not found and our effort to

communicate with the authors failed, 103 articles were assessed for

eligibility. A total of 65 articles were excluded due to ineligible

population (n=45), design (n=6), intervention (n=2), outcome

(n=8), and publication type (n=4). Finally, a total of 38 articles
FIGURE 1

PRISMA flow chart of the literature screening. PRISMA, Preferred Reporting Items for Systematic Reviews and Meta-Analyses.
frontiersin.org

https://doi.org/10.3389/fendo.2023.1119553
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org


Dehdari Ebrahimi et al. 10.3389/fendo.2023.1119553
TABLE 1 General characteristics of the included studies.

Study name Rodent Number of subjects
(intervention, control)

Age of subject Injury agent

Studies that employed heavy metals

Uygur [2013] (67) Rats 9, 9 6 weeks Arsenic

Olayaki [2018] (58) Rats 5, 5 NA Lead

Lv [2017] (38) Mice 6, 6 8 weeks Hexavalent chromium

Bustos-Obregón [2013] a (37) Mice NA, NA 3 months Arsenic

Sobhani [2015] (Persian) (42) Rats 8, 8 6-8 weeks Cadmium

Bashandy [2021] (52) Rats 8, 8 3 months Potassium dichromate (PDC)

Bustos-Obregón [2013] b (45) Mice 22, 22 12 weeks Arsenic

Venditti [2021] b (68) Rats 6, 6 8 weeks Cadmium

Venditti [2021] a (69) Rats 6, 6 2 months Cadmium

Ji [2011] (47) Mice 12, 12 8 weeks Cadmium

Kara [2007] (55) Rats 12, 12 14–16 weeks Cadmium

Li [2015] (48) Mice 10, 10 8 weeks Cadmium

Studies that employed environmental pollutants

Rao [2012] (61) Rats 15, 15 NA Sodium Fluoride (NaF)

Aslani [2015] (39) Rats 5, 5 3-4 months Cigarette smoke

Abd el salam [2020] (40) Rats 10, 10 N/A Formaldehyde

Wang [2018] (41) Rats 8, 8 N/A Carbon tetrachloride (CCl4)

Huang [2009] (54) Rats 6, 6 8 weeks 2-Bromopropane

Kadir [2021] (63) Rats 6, 6 1 day Bisphenol A

Karabulut [2020] (56) Rats 7, 7 NA Thioacetamide

Kumar [2020] (71) Hamsters 6, 6 90-100 days Bisphenol S

Malekinejad [2014] (57) Rats 8, 8 8 weeks Ochratoxin A (OTA)

Mohammadghasemi [2018] (49) Mice 8, 8 10–12 weeks Nicotine

Sarabia [2011] (50) Mice 6, 6 12 weeks Diazinon

Othman [2014] (17) Rats 8, 8 8 weeks Bisphenol A

Ozen [2008] (60) Rats 7, 7 NA Formaldehyde

Anjum [2011] (43) Mice 6, 6 NA Bisphenol A

Bahrami [2018] (44) Mice 8, 8 4 weeks Bis(2-ethylhexyl) phthalate (DEHP)

Sarabia [2009] a (36) Mice NA, NA 12 weeks Diazinon

Dunjić [2022] (53) Rats 6, 6 NA Carbon tetrachloride (CCl4)

Ajani [2019] (thesis) (59) Rats 10, 10 NA Bisphenol A

Umosen [2014] (66) Rats 6, 6 7-8 weeks Chlorpyrifos (CPF)

Elwakeel [2018] (46) Mice 6, 6 9-12 months Bisphenol A

Rashad [2021] (62) Rats 7, 7 8 weeks Bisphenol A

Sarabia [2009] b (35) Mice NA, NA 12 weeks Diazinon

Tabassum [2016] (64) Rats 8, 8 NA Nonylphenol

Umosen [2012] (65) Rats 10, 10 NA Chlorpyrifos (CPF)

Wu [2013] (70) Rats 10, 10 8 weeks Bisphenol A

Zayman [2022] (51) Mice 6, 7 32 weeks Acetamiprid
F
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TABLE 2 Details on experimental designs of each included study.

Study name

Injury agent Melatonin

Name Route Each dose
(mg/kg)

Duration Cumulative
dose (mg/kg)

Route Each
dose
(mg/
kg)

Duration Cumulative
dose (mg/kg)

Mode of
intervention

Studies that employed heavy metals

Uygur [2013] (67) Arsenic Oral 5 30 days 150 IP 25 30 days 750 Therapeutic

Olayaki [2018] (58) Lead Oral 50 28 days 1400 Oral 4 and
10

2 and 4
weeks

56, 112, 140,
and 280

Therapeutic

Lv [2017] (38) Hexavalent
chromium

IP 16.2 7 days 113.4 IP 25 7 days 175 Simultaneous

Bustos-Obregón
[2013] a (37)

Arsenic Oral 7 8, 32,
and 66
days

58.1, 225.4,
and 464.8

Oral 10 8, 32, and
66 days

80, 320, and
660

Therapeutic

Sobhani [2015]
(Persian) (42)

Cadmium IP 2 30 days 60 IP 10,
15,
and
20

30 days 300, 450, and
600

Simultaneous

Bashandy [2021]
(52)

Potassium
dichromate (PDC)

Oral 10 56 days 560 IP 2.5
and 5

8 weeks 140 and 280 Preventive

Bustos-Obregón
[2013] b (45)

Arsenic Oral 7 33 days 231 Oral 10 33 days 330 Simultaneous

Venditti [2021] b
(68)

Cadmium Oral 50 NA NA Oral NA NA NA Simultaneous

Venditti [2021] a
(69)

Cadmium Oral 50 mg
CdCl2/L

40 days 2000 mg
CdCl2/L

NA 3
mg/L

40 days 120 mg/L Therapeutic

Ji [2011] (47) Cadmium IP 2 1 day 2 IP 5 1-2 days 20 Preventive

Kara [2007] (55) Cadmium SQ 1 30 days 30 SQ 10 1 month 300 NA

Li [2015] (48) Cadmium IP 2 7 days 14 IP 10 7 days 70 Preventive

Studies that employed environmental pollutants

Rao [2012] (61) Sodium Fluoride
(NaF)

Oral 10 60 days 600 IP 10 60 days 600 Preventive

Aslani [2015] (39) Cigarette smoke Inhaled 30 minutes 3 days 90 minutes IP 25 5 days 125 Therapeutic

Abd el salam [2020]
(40)

Formaldehyde IP 10 30 days 150 IP 25 30 days 375 Simultaneous

Wang [2018] (41) Carbon
tetrachloride (CCl4)

IP 8 g/kg 1 day 8 g/kg IP 10 2 days 20 Preventive

Huang [2009] (54) 2-Bromopropane IP 1000 7 days 7000 IP 5 1 day 5 Preventive

Kadir [2021] (63) Bisphenol A SQ and
oral

25 and 50 4 and 49
days

100 and 200 SQ
and
oral

10 4 and 49
days

40 and 490 Therapeutic

Karabulut [2020]
(73)

Thioacetamide IP 300 1 day 600 IP 10 1 and 2
day

10 and 20 Therapeutic
and
preventive

Kumar [2020] (71) Bisphenol S Oral 75 28 days 2100 IP 10 28 days 140 Preventive

Malekinejad [2014]
(57)

Ochratoxin A
(OTA)

Oral 0.2 28 days 5.6 Oral 15 28 days 420 Therapeutic

Mohammadghasemi
[2018] (49)

Nicotine IP 1 30 days 3 IP 10 30 days 300 Therapeutic

Sarabia [2011] (50) Diazinon IP 21.6 and
43.3

1 day 21.6 and 43.3 IP 10 Single
dose

10 Preventive

Othman [2014] (17) Bisphenol A NA 50 21 and
42 days

450 and 900 NA 10 3 and 6
weeks

90 and 180 Preventive

(Continued)
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were eligible for the study; among them, 7 (35–41) were only included

in the narrative data synthesis.
3.2 Study characteristics

Studies were published between 2007 and 2022 and all were

published in English except one which was in Persian (42). Mice, rats,

and hamsters were the subjects of 13 (35–38, 43–51), 24 (17, 39–42,

52–70), and one (71) studies, respectively. Studies have utilized heavy

metals (n= 12) including arsenic (37, 45, 67), lead (58), cadmium (42,

47, 48, 55, 68, 69), Hexavalent chromium (38), and Potassium

dichromate (52) and toxic materials (n= 26) including sodium

fluoride (NaF) (61), 2-Bromopropane (54), Bisphenol A (17, 43, 46,

59, 62, 63, 70), thioacetamide (56), Bisphenol S (71), ochratoxin A

(57), nicotine (49), Cigarette smoke (39), diazinon (35, 36, 50),

formaldehyde (40, 60), bis(2-ethylhexyl) phthalate (DEHP) (44),

carbon tetrachloride (CCl4) (41, 53), Chlorpyrifos (65, 66),

nonylphenol (64), and acetamiprid (51) to induce oxidative stress.

To administer the stressors, oral (n= 19) (37, 44–46, 51, 52, 57–59,

63–72), intraperitoneal (n= 14, IP) (35, 36, 38, 40–42, 47–50, 54, 56,

60, 62), and subcutaneous (n= 2, SQ) (55, 63) routes were used. To

administer melatonin, oral (n= 9) (37, 45, 46, 57, 58, 63, 65, 66, 68), IP

(n= 24) (35, 36, 38–42, 44, 47–52, 54, 56, 59, 60, 62, 64, 67, 70–72),

and SQ (n= 2) (55, 63) routes were used. Melatonin was administered
Frontiers in Endocrinology 0757
prior to (n= 18, preventive) (17, 35, 36, 41, 46–48, 50, 52, 54, 56, 62,

64–66, 70–72), simultaneously (n= 6) (38, 40, 42, 45, 59, 68), and after

(n= 12, therapeutic) (37, 39, 43, 49, 53, 56–58, 60, 63, 67, 69) the start

of stressor. The characteristics of the included studies are summarized

in the Tables 1, 2.
3.3 Sperm and somatic characteristics

Sperm characteristics were reported in the included studies as

abnormal morphology, count, motility, and viability. Melatonin

therapy significantly improved all these parameters: abnormal

morphology (SMD -3.59 with 95% CI -4.60, -2.59), count (SMD

3.56 with 95% CI 2.7, 4.42), motility (SMD 2.92 with 95% CI 2.16,

3.69), and viability (SMD 5.99 with 95% CI 4.19, 7.78), all with p-

values <0.001.

Between-study heterogeneity was substantial for all these outcomes

with I-squared ranging between 81% and 88% andp-values <0.001 for all

outcomes. Also, Egger’s test showed statistically significant publication

bias in all the outcomes with p-values <0.001. Forest plots of analyses for

sperm parameter outcomes are presented in Figure 2.

We categorized relative testis to body, total testicular, and body

weight and body weight gain as somatic indices. The meta-analyses

showed a significant impact of melatonin therapy on total testicular

and body weight (SMD 1.15 with 95%CI 0.56, 1.73 and p-value <0.001
TABLE 2 Continued

Study name

Injury agent Melatonin

Name Route Each dose
(mg/kg)

Duration Cumulative
dose (mg/kg)

Route Each
dose
(mg/
kg)

Duration Cumulative
dose (mg/kg)

Mode of
intervention

Ozen [2008] (60) Formaldehyde IP 10 30 days 150 IP 25 30 days 375 Therapeutic

Anjum [2011] (43) Bisphenol A NA 10 14 days 140 NA 10 14 days 140 Therapeutic

Bahrami [2018] (44) Bis(2-ethylhexyl)
phthalate (DEHP)

Oral 2000 14 days 28000 IP 10 14 days 140 NA

Sarabia [2009] a (36) Diazinon IP 21.6 and
43.3

1 day 21.6 and 43.3 IP 10 Single
dose

10 Preventive

Dunjić [2022] (53) Carbon
tetrachloride (CCl4)

NA 1 ml/kg 1 day 1 ml/kg NA 50 Single
dose

50 Therapeutic

Ajani [2019] (thesis)
(59)

Bisphenol A Oral 10 45 days 450 IP 10 45 days 450 Simultaneous

Umosen [2014] (66) Chlorpyrifos (CPF) Oral 8.5 28 days 238 Oral 0.5 28 days 14 Preventive

Elwakeel [2018] (46) Bisphenol A Oral 50 and 100 48 days 900 and 1800 Oral 100 48 days 1800 Preventive

Rashad [2021] (62) Bisphenol A IP 50 21 days 450 IP 10 21 days 90 Preventive

Sarabia [2009] b
(35)

Diazinon IP 21.6 and
43.3

1 day 21.6 and 43.3 IP 10 Single
dose

10 Preventive

Tabassum [2016]
(64)

Nonylphenol Oral 25 45 days 1125 IP 10 45 days 450 Preventive

Umosen [2012] (65) Chlorpyrifos (CPF) Oral 8.5 28 days 238 Oral 0.5 28 days 14 Preventive

Wu [2013] (70) Bisphenol A Oral 200 10 days 2000 IP 10 10 days 100 Preventive

Zayman [2022] (51) Acetamiprid Oral 25 21 days 525 IP 20 21 days 420 NA
IP, Intraperitoneal; SQ, Subcutaneous; CdCl2, Cadmium chloride; NA, Not Available.
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and SMD 1.11 with 95%CI 0.42, 1.80 and p-value 0.002, respectively).

Although, testis to body relative weight and body weight gain were

not significantly affected by melatonin therapy (SMD 0.85 with 95%

CI -0.05, 1.74 and p-value 0.064 and SMD -0.18 with 95%CI -1.62,

1.25 and p-value 0.803, respectively). Investigation of between-study

variation revealed substantial heterogeneity with I-squared ranging

between 72% and 83% (p-values <0.001 and 0.002). Assessment of

publication bias was not feasible for body weight gain due to low

sample size. Egger’s test showed statistically significant publication

bias in testis to body relative weight and total testicular weight (p-

value 0.003 and 0.012, respectively). Forest plots and detailed results

of Egger’s test for sperm parameter outcomes is presented in Figure 3

and Supplementary Material 2.
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3.4 Testicular tissue parameters

Testicular parameterswere reported in the included studies as height of

germinal epithelium, JTBS, tubular diameter, luminal diameter, epididymis

weight, and apoptotic index. Meta-analyses on these variables showed that

melatonin therapy significantly increased height in germinal epithelium

(SMD 3.63 with 95% CI 2.05, 5.21 and p-value <0.001), JTBS (SMD 4.13

with 95% CI 1.44, 6.81 and p-value <0.001), tubular diameter (SMD 2.44

with 95% CI 1.41, 3.47 and p-value <0.001), and epididymis weight (SMD

1.03 with 95% CI.014, 1.93 and p-value 0.024) and decreased apoptotic

index(SMD-4.07with95%CI-7.23, -0.91andp-value0.012).Althoughnot

statistically significant, melatonin therapy increased luminal diameter

(SMD 0.45 with 95% CI -0.90, 1.79 and p-value 0.515).
FIGURE 2

Forest plots for overall and subgroup effect measures on the impact of melatonin therapy on sperm characteristics including (A) abnormal sperm
morphology, (B) count, (C) motility, and (D) viability.
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Between-study heterogeneity was considerable for all these

outcomes with I-squared ranging between 76% and 91% and p-

values <0.001 for all outcomes. Egger’s test showed statistically

significant publication bias in all the outcomes with p-values <0.001

for tubular diameter, and epithelial height and 0.011, 0.026 and 0.008

for JTBS, luminal diameter, and epididymis, respectively. Forest plots

and detailed results of Egger’s test for sperm parameter outcomes are

presented in Figure 4 and Supplementary Material 2.
3.5 Reproductive hormones

Included studies reported serum FSH, LH, and testosterone;

among them, melatonin therapy increased serum LH and

testosterone significantly (SMD 1.61 with 95% CI 0.59, 2.63 and p-

value 0.002 and SMD 1.87 with 95% CI 1.14, 2.60 and p-value <0.001,

respectively). On the other hand, changes in serum FSH were not

statistically significant (SMD 0.55 with 95% CI -0.49, 1.60 and p-value

0.299). Between-study heterogeneity was substantial or considerable
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for reproductive hormones I-squared ranging between 85% and 88%

with p-value <0.001. Egger’s test showed significant publication bias

for serum LH with p-value <0.001. Forest plots and detailed results of

Egger’s test for reproductive hormones outcomes are presented in

Figure 5 and Supplementary Material 2.
3.6 Oxidative markers

All the reported oxidativemarkers showed significant changes with

melatonin therapy: testicular tissue CAT (SMD 2.34 with 95%CI 1.51,

3.17), GSH (SMD 2.82 with 95%CI 1.46, 4.18), GPx (SMD 1.26 with

95%CI 0.51, 2.02), MDA (SMD -4.83 with 95%CI -6.05, -3.61), SOD

(SMD 1.62 with 95%CI 0.81, 2.44), and NO (SMD -1.93 with 95%CI

-2.97, -0.90) with all p-values <0.001. Between-study heterogeneity was

substantial to considerable I-squared ranging between 60% to 90%with

all p-values <0.001 except for NO (p-value 0.054). Using Egger’s

regression model, all these outcomes suffered from publication bias

(p-values <0.001) except GPx (p-value 0.992). Forest plots and detailed
FIGURE 3

Forest plots for overall and subgroup effect measures on the impact of melatonin therapy on the (A) body, (B) total and (C) relative testicular weights and
(D) body weight gain.
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results of Egger’s test for sperm parameter outcomes is presented in

Figure 6 Supplementary Material 2.

3.7 Sensitivity analyses and risk of
bias assessment

Sensitivity analyses were done with omitting one study each time

to investigate robustness of our results. The leave-one-out plots are

provided in the Supplementary Materials 3. After removing studies

from the analyses individually, none substantially affected the pooled

SMD estimates in the study.
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For each domain, studies scored 1 if they were assessed as low

risk. Studies scored between 2 and 4 for risk of bias assessment by

SYRCKLE checklist. All the studies were labeled as unclear risk

on random sequence generation, allocation concealment,

random housing, blinding of investigators and outcome

assessors, and random outcome assessment. For other sources

of bias, all the studies were assessed as low risk. 21, 12, and 37

studies were labeled as low risk on baseline characteristics,

incomplete outcome data, and selective outcome reporting,

respectively. All the details are presented in the Figure 7 and

Supplementary Material 4.
FIGURE 5

Forest plots for overall and subgroup effect measures on the impact of melatonin therapy on the serum level of reproductive hormones including (A)
FSH, (B) testosterone, and (C) LH. FSH, Follicle-Stimulating Hormone; LH, Luteinizing Hormone.
FIGURE 4

Forest plots for overall and subgroup effect measures on the impact of melatonin therapy on the parameters of testicular tissue including (A) epithelial
height, (B) Johnsen’s biopsy score, (C) seminiferous tubular diameter, (D) epididymis weight, (E) seminiferous luminal diameter, and (F) apoptotic index.
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3.8 Subgroup analyses

To investigate between study heterogeneity, subgroup

analyses were done by categorizing the stressors as heavy

metals and non-heavy metals. Abnormal sperm morphology,

body and epididymis weight, epithelial height, serum LH, FSH,

testosterone, sperm count, motility, viability, CAT, GSH, GPx,
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SOD, MDA, total and relative testicular weights, and tubular

diameter were eligible for subgroup analysis. There was no

significant difference between the protective effect of melatonin

therapy against heavy metals and other toxins (non-heavy

metals) . Nonetheless , this method fai led to reduce the

heterogeneity within subgroups. Whenever feasible, subgroup

analyses are demonstrated in the Figures 1-6.
FIGURE 7

Proportional evaluation of quality score in each SYRCLE’s domain. SYRCLE, Systematic Review Centre for Laboratory Animal Experimentation.
FIGURE 6

Forest plots for overall and subgroup effect measures on the impact of melatonin therapy on the testicular tissue level of oxidative stress markers
including (A) MDA, (B) GPx, (C) CAT, (D) SOD, (E) NO, (F) GSH. MDA, Malondialdehyde; GPx, Glutathione Peroxidase; CAT, Catalase; SOD, Superoxide
Dismutase; NO, Nitric Oxide; GSH, Glutathione.
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4 Discussion

To the best of our knowledge, this is the first systematic review

and meta-analysis examining how melatonin intake protects rodents’

male reproductive system in exposure to environmental pollutants.

Environmental toxins, as potent oxidative stressors, damage male

infertility by causing an imbalance between the cells’ free radical levels

and the antioxidant defensive system. The following sections have

gone through melatonin’s potential effects and related mechanisms to

investigate its protective role on the male reproductive system.
4.1 Hormone parameters

The testosterone hormone mainly controls the spermatogenesis

process in Sertoli cells, and LH regulates testosterone synthesis in

Leydig cells (74, 75). As it is revealed by our data, melatonin intake

increases serum testosterone and LH levels in male rodents injured by

toxic components. These findings can be interpreted by antioxidants’

effects on reproductive hormones previously reported in reviews by

Vecchio et al. and Banihani (28, 76).

Spermatogenesis, a process carried out in Sertoli cells in the testes,

is mainly under testosterone control (74). Testosterone is synthesized

in Leydig cells and is regulated by LH (75). Environmental pollutants

may exert their effect as an endocrine disruption chemical in addition

to their anti-oxidant effect (77). Some of the substances included in

our study, such as Bisphenol A, Arsenic, and Cadmium, have an

endocrine-disrupting effect (77, 78). Arsenic, for example, may

interfere with gonadotropins’ function by suppressing their release

and decreasing the transcription of androgen receptors, besides

arsenic especially affects testosterone by decreasing its synthesis

(79–81). Moreover, environmental pollutants by the accumulation

of ROS could be accompanied by an over generation of reactive

nitrogen species such as NO (82). High levels of ROS and NO

generation in the testicles decrease the expression of biosynthetic

enzymes, i.e., suppressing the steroidogenic acute regulatory protein

(StAR) and cytochrome P450 side chain cleavage in Leydig cells (83).

These cause a decrease in testosterone secretion, which is the primary

hormone needed for optimal spermatogenesis (84).

Although it remains controversial, melatonin’s effect is likely to be

reducing on serum testosterone levels in preclinical studies (32, 85–

90). Melatonin acts directly on Leydig cells to reduce steroidogenesis

and spermatogenic activity in the testes (86, 91). In our study,

melatonin showed protective properties and relatively prevented the

toxic effects of stressors on rodents’ serum testosterone levels in

treatment arms. This effect can be explained by the protective effect of

melatonin on Leydig cells against oxidative stress, increased NO, and

pro-inflammatory factors (92). However, conducting more

meticulous investigations in this regard is needed.
4.2 Oxidative stress parameters

Antioxidant defense system plays a crucial role in cells responding

to environmental stresses (93). Numerous antioxidant responses are
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involved in antioxidant mechanisms. These responses include both

non-enzymatic molecules (such as GSH) and enzymes (such as CAT,

SOD, and GPx) (94). This system defends tissues and cells by

scavenging free radicals against oxidative stress-related harm (72);

however, it is not completely immune to free radicals (65).

As suggested by the results of this analysis, melatonin has been

demonstrated to be generally essential in buffering oxidative stress.

Regarding the effect of melatonin on MDA, GSH, and GPx levels,

these results agree with recent meta-analyses conducted by

Morvaridzade et al. and Sumsuzzman et al. (94, 95).

Environmental hazard components activate oxidative stress in

testicular cells, causing damage to macromolecules involving

membranes’ lipids. The testicular tissue MDA and NO levels

increase by lipid peroxidation and endothelial damage, respectively.

These environmental stressors also harm the pathways essential to

GSH, CAT, and SOD synthesis as members of the antioxidant defense

system. These changes in oxidative markers can be justified by ROS

activity. ROS directly damages the macromolecules necessary for

antioxidant production and overwhelms its capacity.

Melatonin plays its role by eliminating free and lipid peroxyl radicals

before they act to damage macromolecules andmembrane lipids (96, 97).

Furthermore, it can improve CAT, GPx, SOD, and GSH expression and

activity, possibly by interacting with nuclear or membrane receptors (98).

Moreover, melatonin works complementary with CAT and GPx to keep

the steady-state levels of intracellular H2O2, a more destructive form of

free radicals with a longer half-life (96).

There are inconsistencies between our results and Sumsuzzman

et al. reports regarding CAT and SOD levels (95), which are probably

due to the varying types and numbers of melatonin receptors,

bioavailability and concentration in different tissues, and the

insufficient number of studies to support the results. Nevertheless,

this concept remains controversial.
4.3 Sperm and somatic parameters

The results of this meta-analysis shows that melatonin

significantly improves sperm parameters, including sperm count,

viability, motility, and morphology. These findings align with the

previous reviews regarding the ameliorating effects of antioxidants on

semen qualities (28). Likewise, a systematic review by Wang et al.

revealed that antioxidant treatment after varicocelectomy could

significantly enhance the quality of sperm parameters (29).

In addition, findings from this systematic review and meta-analysis

confirm that melatonin intake makes a marked enhancement in testicle

tissue parameters, including histo-architecture, seminiferous tubular

diameter, epithelial height, epididymis and total testis weight, and

JTBS. In this regard, our data align with another systematic review by

Tatar et al. showing the protective role of antioxidants on the weights of

testes and epididymis (30).

Normal spermatogenesis is a specific determinant of semen quality

(99). Toxic pollutants affect spermatogenesis by diminishing the

cellular ability to proliferate and altering the apoptotic index (100).

Elevated apoptosis causes a decrease in cell viability and count. Also,

pollutants affect sperm motility by disturbing the function of proteins
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serving sperm movement as well as deterioration of the mitochondrial

function to support sperm’s motion energy. Lowered testosterone

levels, poor sperm quality, vacuolization in seminiferous tubules,

disordered germinal epithelium, and high apoptotic index cause

testicular dysfunction, leading to testicular atrophy and weight loss.

As demonstrated by our data, melatonin decreases the apoptotic index,

which can be justified by the free radical scavenging characteristics of

melatonin. As a direct and indirect free radical scavenger, melatonin

protects testis tissue/cells from dysfunctions and abnormal apoptosis.

Despite the effects of melatonin on the apoptosis index, germ cell

maturation, and testosterone levels, the factors that total testis weight

depends on, we did not observe any correlations in the relative testis

weight. This might be due to a simultaneous modulation of body

weight in melatonin-treated individuals.

The adverse effect of environmental pollutants on body weight is

probably associated with their action as enzymatic toxins, eventually

leading to disruption in metabolic processes that could be well

modulated by melatonin administration. In this review, melatonin

intervention is shown to be essential in buffering body weight against

toxicity damage. This is in accordance with two other systematic reviews

byMostafavi et al. and Loloei et al. (101, 102). This observation is further

supported by an earlier meta-analysis by Delpino et al., suggesting that

supplemental melatonin highlighted a considerable decline in body

weight after individuals experienced obesity (103).
5 Conclusions and future
research directions

Melatonin had beneficial protective effects against oxidative stress

caused by toxic materials in rodent animal models. Although included

studies crucially suffered from low quality and methodological

heterogeneity. Melatonin and stressor agents’ dose and duration of

administration, rodents’ characteristics, and assessment strategies varied

significantly across the studies. For more literature consolidation,

meticulous future studies with less difference in methodology are needed.
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Protective effects of melatonin
against physical injuries to
testicular tissue: A systematic
review and meta-analysis of
animal models

Niloofar Dehdari Ebrahimi1†, Sara Shojaei-Zarghani2,
Ehsan Taherifard1, Sanaz Dastghaib3, Shima Parsa1,
Nasim Mohammadi1, Fatemeh Sabet Sarvestani1,
Zahra Moayedfard4, Nima Hosseini1, Heidar Safarpour5,
Alireza Sadeghi2†, Negar Azarpira1* and Ali Reza Safarpour2

1Transplant Research Center, Shiraz University of Medical Sciences, Shiraz, Iran,
2Gastroenterohepatology Research Center, Shiraz University of Medical Sciences, Shiraz, Iran,
3Endocrinology and Metabolism Research Center, Shiraz University of Medical Sciences, Shiraz, Iran,
4Department of Tissue Engineering and Cell Therapy, School of Advanced Technologies in Medicine,
Shiraz University of Medical Sciences, Shiraz, Iran, 5Health Policy Research Center, Institute of Health,
Shiraz University of Medical Sciences, Shiraz, Iran
Background: Modern societies face infertility as a global challenge. There are

certain environmental conditions and disorders that damage testicular tissue and

may cause male infertility. Melatonin, as a potential antioxidant, may protect

testicular tissue. Therefore, we conducted this systematic review and meta-

analysis to evaluate the effects of melatonin in animal models against physical,

heat, and ischemic damage to the testicular tissue.

Methods: PubMed, Scopus, and Web of Science were systematically searched to

identify animal trials evaluating the protective effect of melatonin therapy on

rodent testicular tissue when it is exposed to physical, thermal, ischemic, or

hypobaric oxygen stress. Random-effect modeling was used to estimate the

standardized mean difference and 95% confidence intervals based on the pooled

data. Additionally, the Systematic Review Centre for Laboratory Animal

Experimentation (SYRCLE) tool was used to assess the risk of bias. The study

protocol was prospectively registered in PROSPERO (CRD42022354599).

Results: A total of 41 studies were eligible for review out of 10039 records. Studies

employed direct heat, cryptorchidism, varicocele, torsion-detorsion, testicular

vascular occlusion, hypobaric hypoxia, ischemia-reperfusion, stress by excessive or

restraint activity, spinal cord injury, and trauma to induce stress in the subjects. The

histopathological characteristics of testicular tissue were generally improved in

rodents by melatonin therapy. Based on the pooled data, sperm count,

morphology, forward motility, viability, Johnsen’s biopsy score, testicular tissue

glutathione peroxidase, and superoxide dismutase levels were higher in the

melatonin treatment rodent arms. In contrast, the malondialdehyde level in
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testicular tissuewas lower in the treatment rodent arms. The included studies suffered

from a high risk of bias in most of the SYRCLE domains.

Conclusion: This study concludes that melatonin therapy was associated with

improved testicular histopathological characteristics, reproductive hormonal

panel, and tissue markers of oxidative stress in male rodents with physical,

ischemic, and thermal testicular injuries. In this regard, melatonin deserves

scientific investigations as a potential protective drug against rodent male infertility.

Systematic review registration: https://www.crd.york.ac.uk/PROSPERO/,

identifier CRD42022354599.
KEYWORDS

infertility, melatonin, rodents, oxidative stress, ischemia, reperfusion, heat
1 Introduction

The pathophysiology of male infertility is caused by a number of

variables, including genetics and epigenetic changes, hormonal

imbalances, environmental influences, and physical injuries like

varicocele, cryptorchidism, and testicular torsion (1, 2). Some of

these factors change the balance between the generation of free-

radical species and the antioxidant defense system, which in turn

disrupts functional male fecundity. Reactive oxygen species (ROS) are

generally crucial for some common physiological processes like

spermatogenesis, sperm capacitation, and the acrosome reaction;

however, an increase in ROS production leads to “oxidative stress”

(3, 4), which harms cells by inducing oxidative damages like lipid

peroxidation, DNA damage, and protein misfolding resulting to

abnormal semen parameters (5). Utilizing antioxidant supplements,

such as melatonin, zinc, coenzyme Q10 (CoQ10), omega-3 fatty acids,

vitamin E, and L-carnitine, as novel treatment strategies to address

male infertility diseases has recently drawn increasing attention (6–8).

Melatonin, the sleep-wakefulness hormone, was initially discovered

byAaron Lerner in the pineal gland of a bovine in 1958 (9). Once believed

that it only is secreted by the pineal gland,melatonin is nowunderstood to

be produced throughout the body in various tissues, including the

cardiovascular, endocrine, immunological, male reproductive, skin, and

gastrointestinal tract systems (10, 11). As an endogenous indole amine,

melatonin plays a crucial role in many biological processes, like circadian

rhythm, redox homeostasis, epigenetic regulation, body temperature

regulation, fetal development, local and general immunity, and

reproductive physiology (5, 12, 13). Melatonin has been extensively

explored for its antioxidant properties (14–17). Melatonin can pass

through the blood-testis barrier and is capable of entering testis cells

(18). Melatonin has direct and indirect antioxidant properties. As an

electron-rich molecule, it can negate free radicals, making stable products

that are able to be excreted in urine. Melatonin’s antioxidant mechanism

involves free-radical scavenger cascade indicating efficiency of secondary

and tertiary metabolites. Furthermore, melatonin indirectly acts by

stimulating antioxidant enzymes (19–21). In fact, it can modulate the

mRNA levels and activity of some well-known antioxidants such as

Glutathione Peroxidase (GPx), ascorbate, and superoxide dismutase
0267
(SOD) (15, 22). It plays a role in the production and secretion of

testosterone by Leydig cells and increases the responsiveness of Sertoli

cells to Follicle-Stimulating Hormone (FSH) during testis development

and growth (23, 24). The detrimental disorders of unilateral testicular

damages (such as undescended testis and torsion), which influence

morphometric, spermatogenesis, and oxidative parameters, could be

reversed by melatonin as an antioxidant (25, 26). Up to now, it’s widely

recognized that melatonin has different effective roles in the male

reproductive system, which exerts these effects directly (non-receptor

mediated) or indirectly (receptor-mediated pathways) (27, 28). In

humans, melatonin has two types of high-affinity G-protein-coupled

receptors called melatonin type 1 and 2 receptors (MT1 and MT2) (29).

In the male reproductive system, melatonin, through the effect of MT1,

MT2, and retinoic acid receptor-related orphan receptor/retinoid Z

receptor (ROR/RZR) implicates in proliferation (such as

spermatogonial stem cells-SSCs), differentiation (such as spermatogonia

to spermatids) and metabolic functions (23, 30, 31). On the other hand,

melatonin acts directly as ROS and reactive nitrogen scavenger (RNS)

according to its structure that had been suggested to be an electron donor

(32, 33). Melatonin is believed to have an anti-apoptotic effect in the testes

by decreasing mitochondrial-related apoptosis and ROS-related

mitochondrial damage (34, 35).

Animal models have gained interest due to the limitations of

human studies in reproductive research, such as ethical limitations in

administering drugs and performing biopsies, and the long and

ambiguous period of disease development and progression. As a

result, we decided to systematically review the literature for rodent

animal studies that used, evaluated, and reported melatonin and its

protective effects on male genital systems against physical injuries.
2 Materials and method

This systematic review and meta-analysis was conducted

following The Preferred Reporting Items for Systematic reviews and

Meta-Analyses (PRISMA) statement (36), and the protocol is

registered in the International Prospective Register of Systematic

Reviews (PROSPERO: CRD42022354599).
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2.1 Key question

This review aimed to investigate the protective effects of

exogenous melatonin on the parameters of male reproductive

function against physical, heat, or ischemic injuries compared to

placebo in rodent subjects. We asked if melatonin therapy (whether

before or after the induction of stress) prevents oxidative pathways in

testicular cells.
2.2 Data sources and searches

Two reviewers (AS and SP) conducted a comprehensive search in

PubMed, Scopus, and Web of Science for records from January 1, 1970,

until September 9, 2022, for “melatonin”, “testicular function”, and their

equivalentsaskeywords.Thesearchstrategies comprisedacombinationof

Medical Subject Headings (MeSH) or their equivalent (where available),

keywords, truncations, and boolean operators. A manual backward and

forward citation search was also done for all the included studies. The

detailed search strategy is provided in Supplementary Material 1.
2.3 Study selection and eligibility criteria

Firstly, duplicate records were removed electronically. Then, using the

Rayyan online tool for managing systematic reviews (37), four reviewers

(NDE, SP, NM, and AS) independently screened titles and abstracts,

followed by the full-text screening of the identified records for eligibility

criteria.Disagreementswereresolvedwithdiscussion.Studieswereincluded

if they satisfied the following criteria: (1) controlled animal studies, (2) the

populationwasrodents thatwereexposedtophysical, electrical, ischemic,or

thermal injuries as oxidative stress to the testicular tissue, (3) at least one

intervention group received melatonin regimen, (4) at least one control

group with similar stress, and (5) reported major hallmarks of testicular

tissue (histopathologic, biochemical, and sperm analyses).

The exclusion criteria were: (1) in-vitro and ex-vivo studies, (2)

non-rodent animals with other types of stresses (radiation,

chemotherapy, toxins, and metabolic), (3) combination therapy of

melatonin with other drugs, (4) treatment using derivatives of

melatonin, (5) healthy controls without stress, and (6) reported

irrelevant outcomes. Also, reviews, letters, and human trails were

excluded from the review. Our search was not restricted by language.
2.4 Data extraction and risk of
bias assessment

Two reviewers (ET and FSS) independently extracted the favorable

data into Excel spreadsheets. Any disagreements were resolved by

discussion and involvement of a third author (AS). Structured forms

were used for data extraction of the following contents: (1) study

characteristics (first author, publication year, and country), (2)

population characteristics (species, age, sample size, and type of stress),

(3)melatonindose,duration,androute, (4) timeofassessmentofoutcome,

(5) tissue and plasma biochemical indices, and (6) histopathological

characteristics. For missing data, we contacted the first or corresponding

author and waited for a response for at least one month.
Frontiers in Endocrinology 0368
We assessed the risk of bias in the studies using the Systematic

Review Centre for Laboratory animal Experimentation (SYRCLE)

tool for animal intervention studies (38). Two authors (NDE and ET)

independently reviewed each article and classified it as high, low, or

unclear for each bias domain. Disagreements were resolved via

consensus or by a third (AS) reviewer if necessary.
2.5 Data synthesis and statistical analysis

Data were analyzed using Stata MP Version 16 (StataCorp, College

Station, TX, USA), and a p-value < 0.05 was considered statistically

significant. Under a random-effects model (DerSimonian-Laird

method), the pooled effect sizes were reported as standardized mean

difference (Glass’s D) and 95% confidence interval (39). The statistical

heterogeneity was examined using Cochran’s Q statistic, p-value, and I-

squared. I-squared was employed to qualify heterogeneity as “perhaps

not important”, “moderate heterogeneity”, “substantial heterogeneity”,

and “considerable heterogeneity” if I-squared values were 0-40%, 30-

60%, 50-90%, and 75-100%, respectively (40). Subgroup analyses were

implemented only if three or more studies were available for each

subgroup to identify possible sources of heterogeneity. In case of

missing data, if crucial, studies were removed from the analysis. Also,

funnel plots were used to detect visual asymmetry in publications when

at least ten studies were available for the outcome (40).

3 Results

3.1 Search results

The PRISMA flow diagram of the literature search is presented in

Figure 1. The systematic search yielded 10,039 records, while manual

citation searching yielded no additional studies. The database

searching included PubMed (n=1,375), Web of Science (n=3,838),

and Scopus (n=4,826). 1,016 records were removed using automatic

duplicate detection. Title and abstract screening was conducted on

9,023 records, and 110 studies were sought for retrieval. With the

exclusion of 5 studies that we failed to retrieve (41–45), 105 articles

were assessed for eligibility. A total of 64 articles were excluded due to

ineligible population (n=53), design (n=3), intervention (n=4),

outcome (n=1), and publication type (n=3). Finally, 41 articles were

eligible for the study; 12 (46–57) were only included in narrative data

synthesis. Two studies were on the same subject population; thus, for

data synthesis, they were treated as one (47, 51). Despite our effort to

contact the authors, 8 studies contained missing values; therefore,

they were excluded from the analysis (47, 52–55, 57–59).
3.2 Study characteristics

Included studies were published between 2000 and 2022 in English.

Rats (n=36) (25, 46–54, 56, 58–82) and mice (n=5) (55, 57, 83–85) were

the subjects in the included studies. Studies employed direct heat (n=3)

(82, 84, 85), cryptorchidism (n=2) (58, 72), varicocele (n=3) (60, 73, 77),

torsion-detorsion (n=18) (25, 46, 48, 49, 54, 56, 59, 62–66, 74, 75, 78–81),

testicular vascular occlusion (n=4) (52, 53, 61, 67), hypobaric hypoxia

(n=3) (47, 51, 55), ischemia-reperfusion (n=2) (50, 76), stress by excessive
frontiersin.org
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(n=3) (68, 69, 71) or restraint (n=1) (83) activity, spinal cord injury (n=1)

(57), and trauma (n=1) (70). Studies induced the stress mechanisms

bilaterally (n=16) (47, 48, 50, 51, 55, 57, 58, 68, 69, 71, 72, 75, 76, 82–85)

and unilaterally (n=25) (25, 46, 49, 52–54, 56, 58–67, 70, 73, 74, 77–81).

Mice aged between 6 - 12 weeks and rats aged between 6 – 24 weeks.

Studies administered melatonin intraperitoneal (n=31) (25, 46, 48, 49,

52–54, 56–60, 62, 63, 65–71, 73, 75, 77–81, 83–85), oral (n=5) (47, 51, 55,

61, 72, 82), intravenous (n=3) (50, 64, 76), and intramuscular (n=1) (74).

Characteristics of the included articles are summarized in Figure 2. The

dose of melatonin therapy, descriptive histopathological findings,

duration of stress induction, and outcomes assessment ranged

significantly between the studies presented in Table 1 and

Supplementary Materials 2.
3.3 Outcomes

18 outcomes were pooled from the included studies which were

classified into five groups: (a) sperm parameters, (b) reproductive

hormone profile, (c) markers of oxidative stress in testicular tissue, (d)
Frontiers in Endocrinology 0469
body weight and testicular somatic indices, and (e) exploratory outcomes.

Pooled outcomes included: total sperm count, forward progressive

motility, normal sperm morphology, sperm viability, Johnson tubular

biopsy score, serum testosterone and Inhibin-B levels, testicular tissue

SOD, malondialdehyde (MDA), GPx, and catalase (CAT) activity, final

body and testes weight, testis to body weight ratio, seminiferous tubular

diameter, percentage of tubules with TUNEL-positive cells (TUNEL:

Terminal deoxynucleotidyl transferase dUTP nick end labeling), and

number of TUNEL-positive cells per tubule. The forest plots of the

overall pooled effects sizes are presented in the Figure 3– 7.

3.3.1 Sperm parameters
The combined SMDs for the effect of melatonin therapy on total

sperm count (SMD = 2.358, 95% CI: 0.285 to 4.431, p-value = 0.026),

forward progressive motility (SMD = 5.907, 95% CI: 4 to 7.814, p-value

<0.001), normal sperm morphology (SMD = 3.312, 95% CI: 1.516 to

5.108, p-value <0.001), and sperm viability (SMD = 2.116, 95% CI: 0.291

to 3.941, p-value = 0.023)were statistically significant.On the other hand,

total sperm motility was not significantly affected by melatonin therapy

(SMD = -1.893, 95% CI: -9.076 to 5.29, p-value = 0.605). Between study
FIGURE 1

PRISMA flow diagram illustrating the process of selection of the studies.
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TABLE 1 Basic characteristics of the included studies.

First author [year] Country Rodent
species

Injury (location) n/
intervention,

control

Age of
subjects

Melatonin
per dose

Route of
intervention

SYRCLE
score

Abasiyanik [2004] (80) Turkey Rats Torsion detorsion
(Unilateral)

17, 12 N/M N/M IP 2

Abo El Gheit [2021]
(60)

Egypt Rats Varicocele (Unilateral) 13, 13 12 weeks 10 mg/kg IP 3

Aktas [2011] (46) Turkey Rats Torsion detorsion
(Unilateral)

21, 7 N/M N/M IP 1

Asghari [2016] (61) Iran Rats Testicular vasculature
occlusion (Unilateral)

10, 10 N/M 3 mg/kg Oral 3

Bustos-Obregón [2010]
& Hartley [2009] (47,
51)

Chile Rats Intermittent hypobaric
hypoxia (Bilateral)

48, 48 8-12
weeks

10 mg/kg Oral 2

Chen [2021] (48) Taiwan Rats Torsion detorsion (Bilateral) 6, 6 N/M 50 mg/kg IP 2

Duru [2007] (62) Nigeria Rats Torsion detorsion
(Unilateral)

60, 30 N/M N/M IP 2

Ekici [2012] (63) Turkey Rats Torsion detorsion
(Unilateral)

6, 6 12 weeks 10 mg/kg IP 3

Erdemir [2008] (49) Turkey Rats Torsion detorsion
(Unilateral)

10, 10 22- 24
weeks

N/M IP 3

Esrefoglu [2004] (50) Turkey Rats Ischemia reperfusion
(Bilateral)

8, 8 N/M 10 mg/kg IV 2

Gul [2018] (64) Turkey Rats Torsion detorsion
(Unilateral)

12, 12 90 days 40 mg/kg IV 3

Guo [2017] (83) China Mice Restraint stress (Bilateral) 10, 10 6 weeks 10 mg/kg IP 2

Gürbilek [2000] (81) Turkey Rats Torsion detorsion
(Unilateral)

12, 12 N/M 50 mg/kg IP 2

Haldera [2020] (82) India Rats Heat (Bilateral) 6, 6 11-12
weeks

10 mg/kg Oral 3

Jeong [2010] (65) Korea Rats Torsion detorsion
(Unilateral)

16, 12 6 and 10
weeks

N/M IP 2

Kanter [2010] (66) Turkey Rats Torsion detorsion
(Unilateral)

8, 8 16 weeks N/M IP 3

Koksal [2012] (67) Turkey Rats Testicular vasculature
occlusion (Unilateral)

16, 16 N/M N/M IP 2

(Continued)
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FIGURE 2

Analysis of study characteristics. Pie chart of (A) the countries that studies were published from, (B) the subject rodents across the studies, (C) the stress
mechanism used in the studies, (D) the side that stresses were induced in the subjects, (E) the route of melatonin administration across the studies,
(F) bar chart, illustrating the distribution of the methodological quality scores across the studies, and (G) violin plot demonstrating the distribution of
overall cumulative dosages that were administered to the rodents (mg/kg).
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heterogeneity was considerable for sperm viability (I2 = 82.5% and p-

value forQ test <0.001), total sperm count (I2 = 87.55% andp-value forQ

test <0.001), total sperm motility (I2 = 92.45% and p-value for Q test

<0.001), and normal spermmorphology (I2 = 84.78% and p-value for Q
Frontiers in Endocrinology 0671
test <0.001) and moderate for forward progressive sperm motility (I2 =

45.57% and p-value for Q test = 0.138).

Johnsen’s score was examined and reported in 14 studies, of

which, 11 were included in the meta-analysis. The combined SMD for
TABLE 1 Continued

First author [year] Country Rodent
species

Injury (location) n/
intervention,

control

Age of
subjects

Melatonin
per dose

Route of
intervention

SYRCLE
score

Kurcer [2008] (53) Turkey Rats Testicular vasculature
occlusion (Unilateral)

N/M 8 weeks N/M IP 2

Kurcer [2010] (52) Turkey Rats Testicular vasculature
occlusion (Unilateral)

N/M 8 weeks N/M IP 3

Mahmudi [2022] (68) Iran Rats Forced treadmill exercise
(Bilateral)

8, 8 N/M 10 mg/kg/
week

IP 1

Minaii [2013] (69) Iran Rats Forced swimming test
(Bilateral)

12, 12 N/M 10 mg/kg/
week

IP 3

Mirhoseini [2017] (25) Iran Rats Torsion detorsion
(Unilateral)

8, 8 N/M N/M IP 2

Mirhoseini [2019] (70) Iran Rats Trauma (Unilateral) 16, 8 N/M N/M IP 2

Moayeri [2017] (71) Iran Rats Forced swimming test
(Bilateral)

10, 10 N/M 10 mg/kg/
week

IP 2

Olayaki [2017] (72) Nigeria Rats Cryptorchidism (Bilateral) 12, 6 N/M 4 and 10 mg/
kg

Oral 2

Onur [2004] (73) Turkey Rats Varicocele (Unilateral) 20, 10 12-14
weeks

5 and 10 mg/
kg

IP 2

Ozturk [2003] (74) Turkey Rats Torsion detorsion
(Unilateral)

10, 10 N/M N/M IM 2

Parlaktas [2014] (75) Turkey Rats Torsion detorsion (Bilateral) 7, 7 20-24
weeks

N/M IP 3

Qin [2021] (84) China Mice Heat (Bilateral) 5, 5 9 weeks 20 mg/kg IP 2

Saalu [2006] (58) Nigeria Rats Cryptorchidism (Bilateral
and unilateral)

16, 16 N/M 0.7 mg/kg IP 2

Sahna [2006] (76) Turkey Rats Ischemia reperfusion
(Bilateral)

6, 6 8 weeks 10 mg/kg IV 4

Sekmenli [2016] (54) Turkey Rats Torsion detorsion
(Unilateral)

7, 7 12 weeks 17 mg/kg IP 4

Semercioz [2003] (77) Turkey Rats Varicocele (Unilateral) 10, 10 12-14
weeks

10 mg/kg IP 3

Semercioz [2017] (59) Turkey Rats Torsion detorsion
(Unilateral)

10, 10 N/M 3 mg/kg IP 2

Vargas [2011] (55) Chile Mice Intermittent and continuous
hypobaric hypoxia
(Bilateral)

16, 16 12 weeks 10 mg/kg Oral 2

Yildirim [2006] (56) Turkey Rats Torsion detorsion
(Unilateral)

14, 7 N/M N/M IP 2

Yuan [2016] (57) China Mice Spinal cord injury (Bilateral) N/M 8 weeks N/M IP 2

Yurtçu [2008] (78) Turkey Rats Torsion detorsion
(Unilateral)

10, 10 7.5 weeks 17 mg/kg IP 4

Yurtçu [2009] (79) Turkey Rats Torsion detorsion
(Unilateral)

20, 10 N/M 17 mg/kg IP 2

Zhang [2020] (85) China Mice Heat (Bilateral) 60, 30 10-12
weeks

20 mg/kg IP 2
fro
N/M, not mentioned; IP, Intraperitoneal; IV, Intravenous; IM, Intramuscular; SYRCLE, Systematic Review Centre for Laboratory Animal Experimentation.
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the effect of melatonin therapy on Johnsen’s mean testicular biopsy

score was (SMD = 3.322, 95% CI: 1.759 to 4.885, p-value <0.001).

Substantial between study heterogeneity was observed in the analysis.

3.3.2 Reproductive hormone profile
The overall pooled SMDs for the effect of melatonin therapy on

rodents’ reproductive hormones were (SMD = 1.012, 95% CI: -1.991 to

4.015, p-value = 0.509) and (SMD=2.659, 95%CI: 1.296 to 4.022, p-value

<0.001) for serum testosterone and Inhibin-B levels, respectively.

Substantial between study heterogeneity was observed in both analyses

(I2 = 89.03%andp-value forQ test <0.001 and I2 = 65.95%andp-value for

Q test = 0.032 for serum testosterone and Inhibin-B levels, respectively).

3.3.3 Markers of oxidative stress in testicular tissue
The pooled SMDs for the effect of melatonin therapy on testicular

tissue antioxidant activity were for SOD (SMD = 7.698, 95% CI: 3.863

to 11.533, p-value <0.001), malondialdehyde (SMD = -2.738, 95% CI:

-3.795 to -1.681, p-value <0.001), GPx (SMD = 4.927, 95% CI: 1.197 to

8.658, p-value = 0.005), and catalase (CAT, SMD = 2.323, 95% CI:

0.42 to 4.226, p-value = 0.017) were. However, considerable between-
Frontiers in Endocrinology 0772
study heterogeneity (I2 = 90.2% and p-value for Q test <0.001 for

SOD, I2 = 88.43% and p-value for Q test <0.001 for MDA, I2 = 93.39%

and p-value for Q test <0.001 for GPx, and I2 = 83.72% and p-value

for Q test <0.001 for CAT) was observed in testicular tissue

antioxidant activities.
3.3.4 Body weight and testicular somatic indices
The pooled SMDs for the effect of melatonin therapy on body

weight and testicular somatic indices were not statistically significant;

for final body weight (SMD = 2.076, 95% CI: -1.438 to 5.59, p-value =

0.247), final total testis weight (SMD = 3.745, 95% CI: -6.905 to 14.396,

p-value = 0.491), testis to body weight ratio (SMD = 0.036, 95% CI:

-1.089 to 1.162, p-value = 0.95), and seminiferous tubular diameter

(SMD = 0.818, 95% CI: -0.018 to 1.655, p-value = 0.055). The between-

study heterogeneity was substantial to considerable for body weight

and testicular somatic indices; for final body weight (I2 = 92.57% and

p-value for Q test <0.001), final total testis weight (I2 = 93.88% and p-

value for Q test <0.001), testis to body weight ratio (I2 = 73.12% and p-

value for Q test = 0.005), and seminiferous tubular diameter (I2 = 62%

and p-value for Q test 0.048).
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FIGURE 3

Forest plots for the overall pooled effects sizes of sperm parameters. (A) normal morphology (n=6), (B) total motility (n=4), (C) viability (n=6), (D) forward
progressive motility (n=4), (E) total count (n=9), (F) Johnsen’s biopsy score (n=11).
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3.4 Exploratory outcomes

In a complementary analysis, we assessed the effect of melatonin

therapy on TUNEL assay of seminiferous tubular cells (54, 65, 66, 68,

83, 85). The pooled SMD for the effect of melatonin therapy on the
Frontiers in Endocrinology 0873
percentage of tubules with TUNEL-positive cells (SMD = -3.886, 95%

CI: -6.365 to -1.406, p-value = 0.002) was statistically significant. On

the other hand, this measure was not statistically significant for the

number of TUNEL-positive cells per tubule (SMD = -5.636, 95% CI:

-11.495 to 0.222, p-value = 0.059).
A

B

FIGURE 4

Forest plots for the overall pooled effects sizes of serum level of reproductive hormones. (A) Serum Inhibin-B (n=4), (B) testosterone (n=4).
A B

C

D

FIGURE 5

Forest plots for the overall pooled effects sizes of the testicular tissue oxidative stress markers. (A) CAT (n=5), (B) GPx (n=7), (C) SOD (n=9), (D) MDA
(n=15). MDA, Malondialdehyde; GPx, Glutathione Peroxidase; CAT, Catalase; SOD, Superoxide Dismutase.
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3.5 Publication bias

Two outcomes were eligible for analysis of publication bias. The

funnel plots regarding the effects of melatonin therapy on testicular

tissue MDA activity and Johnsen have been analyzed for publication

bias. Both plots lack symmetry on visual inspection, suggesting a high

risk of publication bias. Egger’s regression and Begg’s tests also showed

consistent results: p-value <0.001 for both tests in both outcomes. The

funnel plots are presented in Supplementary Material 4.
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3.6 Subgroup analyses

Subgroup analyses were done on the side of induction of stress

(unilateral vs. bilateral), mechanism of stress (ischemic vs. non-

ischemic injuries), and duration of melatonin therapy (> 2 weeks

vs. ≤ 2 weeks). Subgroup analyses revealed significant between-group

differences for SOD based on the mechanism of stress and duration of

melatonin therapy (p-value <0.001 and 0.01, respectively). All the

meta-analyses are stratified in Table 2.
A B

C
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FIGURE 6

Forest plots for the overall pooled effects sizes of body weight and testicular somatic indices. (A) total testicular weight (n=3), (B) seminiferous tubular
diameter (n=4), (C) final body weight (n=3), (D) testis to body relative weight (n=5).
A

B

FIGURE 7

Forest plots for the overall pooled effects sizes of exploratory outcomes, including (A) the percentage of tubules with TUNEL-positive cells (n=3) and
(B) the number of TUNEL-positive cells per tubule (n=3). TUNEL, Terminal deoxynucleotidyl transferase dUTP nick end labeling.
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3.7 Risk of bias assessment

For each domain, studies scored 1 if they were assessed as low risk

using SYRCLE tool. Studies scored between 1 and 4. All the studies

were labeled as unclear risk on random sequence generation,

allocation concealment, random housing, blinding, and random

outcome assessment. For other sources of bias, all the studies were

assessed as low risk. Studies were low risk based on baseline

characteristics (n=16), incomplete outcome data (n=4), and

selective outcome reporting (n= 35). All the details are presented in

Figure 8 and Supplementary Material 5.
4 Discussion

Our results suggest the beneficial effects of melatonin on male

rodents’ infertility caused by physical testicular injuries. We

hypothesized that melatonin might exert this favorable effect by

influencing the reproductive system, inducing antioxidant defense,

and suppressing apoptosis. Furthermore, subgroup analysis revealed a

stronger impact of melatonin on testicular SOD in non-ischemia-

induced injuries and studies with longer intervention duration

compared to the comparison groups. Treatment duration and

mechanism of stress were detected as possible sources of

heterogeneity for testicular SOD and GPx analysis. In the following,

we discussed the possible related mechanisms.
4.1 Effects on sperm and testis parameters

Male infertility is commonly caused by ejaculatory dysfunction,

no or low sperm count, or abnormal morphology or motility of the

sperms (86). In the present study, melatonin improved

spermatogenesis, total sperm count, sperm viability and

morphology, and forward progression sperm motility in animals

with infertility induced by physical injuries. However, total

testicular weight, testis to body weight ratio, sperm motility, and

seminiferous tubule diameter were not affected by melatonin

administration. Our results were partially in line with previous

studies on other models of male infertility. Melatonin protects the

reproductive system against the toxicity of chemotherapeutic agents

(87). Zi et al. reported the favorable effects of melatonin on

doxorubicin-induced impaired spermatogenesis and sperm quality,

except for sperm motility (88). Melatonin also suppressed bleomycin,

etoposide, and cisplatin-induced testicular damage by ameliorating

histopathological alterations of testes, testicular weight, and sperm

motility, viability, and morphology, but not sperm count and its

progressive motility (89). These discrepancies may be due to the

differences in the type of animals, experimental models of male

infertil i ty, and dose, duration, and route of melatonin

administration. Melatonin may directly affect the male reproductive

system by interacting with its receptors on the testes, epididymis, or

spermatozoa (90, 91). Melatonin increased the expression of

spermatogenesis-related genes and led bovine Sertoli cells to transit

from G1 to S phase (92). In addition to the experimental studies,

lower serum and seminal melatonin levels in patients with idiopathic
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oligoasthenoteratozoospermia compared to the fertile men and a

significant positive correlation between serum melatonin and sperm

motility were detected in a previous case-control study (93). Due to

the conflicting evidence (55, 91), more studies should be performed to

clarify the effects of melatonin on sperm and testis parameters.
4.2 Effects on reproductive hormone levels

Testosterone has fundamental roles in male reproductive system

development and spermatogenesis (94). Our results revealed that

melatonin does not affect plasma testosterone levels, similar to some

reports on other animal models of male infertility (89, 95).

Nonetheless, transgenic mammals with endogenously elevated

melatonin levels revealed elevated testosterone production (96).

Evidence also suggests that melatonin induces testosterone

activation and inhibits its destruction (97). Although, the low

number of included studies may conceal the possible influence of

melatonin on testosterone; consequently, further studies are needed

to address the issue.

The serum level of inhibin-B, a hormone produced primarily by

the Sertoli cells of the testes, is a potential marker of testicular

function and spermatogenesis (98, 99). Our findings demonstrated

the improvement of inhibin-B levels following melatonin

administration, which may be because of melatonin’s beneficial

effects on preserving Sertoli cells against injuries. In this regard,

melatonin upregulated inhibin-B expression in bovine Sertoli cells

via its MT1 and MT2 receptors (92). In a randomized controlled trial

by Lu et al., melatonin supplementation increased the peripheral

blood inhibin B levels following varicocelectomy that could be

attributed to its effects on spermatogenesis function (100).
4.3 Effects on oxidant/antioxidant balance

Testicular oxidative stress could be derived from intrinsic

etiologies, including testicular torsion, varicocele, cryptorchidism,

infection, inflammation, or aging (101). Some extrinsic factors, such

as intense exercise, can also raise oxidative stress levels in the testes

(69). Sperms are extremely sensitive to oxidative damage due to the

high levels of polyunsaturated fatty acids in their membranes and the

low content of enzymatic antioxidants. Oxidative stress is directly

correlated with increased apoptosis in germ cells and mature

spermatozoa by changing caspase activity and disrupting

mitochondrial membrane (101). Therefore, multiple studies

indicated the association between oxidative stress and abnormal

sperm count, motility, viability, morphology, DNA integrity, and

fertilization ability (5, 101, 102). According to our results, melatonin

administration significantly increased the SOD, GPx, and CAT

activities, essential enzymatic antioxidants, and reduced MDA

levels, as a lipid peroxidation product, in the testicular tissue of

animals. Antioxidant properties of melatonin are reported in previous

literature. Melatonin could directly scavenge oxidants and indirectly

increase enzymatic antioxidant levels (103). Morvaridzadeh et al.

conducted a meta-analysis of randomized controlled trials on patients

with a different health condition. They reported increased total
frontiersin.org

https://doi.org/10.3389/fendo.2023.1123999
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org


Dehdari Ebrahimi et al. 10.3389/fendo.2023.1123999
antioxidant capacity, glutathione levels, SOD, GPx, and glutathione

reductase, but not CAT activities, and reduced MDA levels following

melatonin supplementation (104). Melatonin could upregulate the

antioxidant nuclear factor erythroid 2-related factor 2 (Nrf2)/heme

oxygenase-1 (HO-1) signaling pathway in the damaged testes (83).

This pathway induces the transcription of antioxidant proteins and

leads to ROS clearance (105). Melatonin may also exert its beneficial

effects through upregulating micro-RNA-34a/silent information

regulator 1 (SIRT1)/forkhead transcription factors-class O (type1)

(FOXO1) epigenetic axis (60). This pathway stimulates antioxidants’

expression, inhibits pro-inflammatory pathways, decreases apoptosis,

improves mitochondrial biogenesis, repairs cell damage, and prevents

cells’ dysfunction and infertility (106). Therefore, the effects of

melatonin on other oxidative stress-related conditions should

be investigated.
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4.4 Effects on apoptosis

Apoptosis, the programmed cell death, takes place during normal

spermatogenesis. However, physical testicular injuries could elevate

germ cell apoptosis and reduce seminiferous tubule diameter and

sperm count (60, 68, 107, 108). We observed that melatonin decreases

apoptotic germ cells and ameliorates the detrimental impact of

physical injuries on the testes. Consistently, melatonin had

protective effects against apoptotic cell damage caused by radiation

(109, 110) or drugs (89) in the testes in other studies. Melatonin also

inhibited endoplasmic reticulum stress-induced apoptosis in

reproductive tissues, and therefore exerted protective effects on

diabetes-related reproductive impairment (111). The anti-apoptotic

effect of melatonin could be mediated via increasing Bcl-2 gene

expression, an anti-apoptotic gene marker, and lowering
TABLE 2 Subgroup analyses.

Outcome Subgroup Number of effect
sizes

Pooled SMD [95%
CI]

P-for-differ-
ence

P-for-heteroge-
neity

I2

(%)

GPx All 7 4.927 [1.197, 8.658] 0.005 <0.001 93.39

Mechanism of
stress

Ischemia-induced stress 3 2.650 [-3.300, 8.610] 0.370 <0.001 93.18

Non-ischemia-induced
stress

4 5.750 [2.510, 8.980] <0.001 79.79

Treatment
duration

More than 2 weeks 4 5.748 [2.514, 8.983] 0.370 <0.001 79.79

2 weeks and less 3 2.652 [-3.303, 8.607] <0.001 93.18

Johnsen
score

All 11 3.322 [1.759, 4.885] <0.001 <0.001 87.47

Mechanism of
stress

Ischemia-induced stress 8 3.694 [1.804, 5.585] 0.59 <0.001 84.84

Non-ischemia-induced
stress

3 2.660 [-0.620, 5.930] <0.001 91.46

MDA All 15 -2.738 [-3.795, -1.681] <0.001 <0.001 88.43

Mechanism of
stress

Ischemia-induced stress 10 -2.408 [-3.665, -1.151] 0.33 <0.001 89.09

Non-ischemia-induced
stress

5 -3.73 [-6.070, -1.380] <0.001 87.00

Treatment
duration

More than 2 weeks 5 -4.297 [-6.897, -1.697] 0.16 <0.001 89.71

2 weeks and less 10 -2.224 [-3.417, -1.030] <0.001 87.72

SOD All 9 7.698 [3.863, 11.533] <0.001 <0.001 90.2

Mechanism of
stress

Ischemia-induced stress 3 1.286 [-3.299, 5.870] <0.001 <0.001 93.29

Non-ischemia-induced
stress

6 12.31 [7.390, 17.240] <0.001 73.78

Treatment
duration

More than 2 weeks 5 11.495 [6.524, 16.467] 0.014 0.002 75.69

2 weeks and less 4 2.848 [-1.909, 7.605] <0.001 91.74

Stress side Bilateral 4 14.660 [5.528, 23.791] 0.05 0.001 82.75

Unilateral 5 4.575 [0.270, 8.879] <0.001 92.13
frontie
GPx, glutathione peroxidase; MDA, malondialdehyde; SOD, superoxide dismutase.
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mitochondrial membrane potentials and pro-apoptotic Bcl-2-

associated X protein (BAX), P53, caspase 3, and nuclear factor-kB
(NF-kB) expression (83, 89, 112, 113). Melatonin also activated the

phosphoinositide 3-kinase (PI3K)/protein kinase B (AKT) pathway in

frozen-thawed human sperms (114). Activation of this pathway

causes increased sperm motility, suppressed apoptotic cascade and

caspase, and decreased membrane permeability and ROS production

in spermatozoa (115). Furthermore, melatonin protected human

spermatozoa from H2O2-induced DNA fragmentation and

apoptosis via MT1 and extracellular signal–regulated kinase

signaling (116). Some other studies also support the anti-apoptotic

effects of melatonin on injuries to the female reproductive system

(117, 118), heart (113), kidney (119), liver (120), and nervous tissue

(121). Due to the limited evidence, we recommend that future studies

assess the mechanisms related to the anti-apoptotic effects of

melatonin in physical injuries to male testicular tissue.
4.5 Strengths and limitations

To the best of our knowledge, this is the first systematic review and

meta-analysis on the protective effects of melatonin against physical

injuries to rodents’ testicular tissue. Animal models are indispensable

tools for assessing new agents’ effectiveness and side effects for disease

management. However, they do not completely imitate humanmodels.

Therefore, the interpretation of our findings should be conducted with

caution.High statistical heterogeneity, publication bias, and low quality

of the eligible studies are other limitations of our meta-analysis.

Between-study methodological heterogeneity was also found in our

study due to the differences between animals’ characteristics, the dose

of melatonin, the intervention schedule, and model of infertility

induction. Furthermore, the low number of the included studies

prohibited us from doing subgroup analysis for some variables to

detect other sources of heterogeneity. Almost all the available studies

that have utilized animal models to evaluate the effects of melatonin

therapy against male infertility were on rodent subjects. None of the

included studies have evaluated and reported possible adverse effects of

melatonin therapy. Finally, there are other outcomes that could have

been helpful in explaining the mechanisms behind the effects of

exogenous melatonin on male rodents’ reproductive system such as

dihydrotestosterone, corticosterone, testicular and general immunity

which were not investigated by the included studies.
5 Conclusion and future direction

In conclusion, melatonin protects against male infertility caused

by physical injuries through direct effects on rodent male

reproductive system cells, inducing antioxidant defense, and

inhibiting apoptosis. More well-designed animal studies should be

performed to clarify other mechanisms underlying these effects. To

avoid methodological variations, future studies should be more
Frontiers in Endocrinology 1277
harmonized regarding the mechanism of injury and design of

treatment to develop consensus on definitions and methods in this

field of research. Also, we recommend employing non-rodent subjects

to assess generalizability of the results of this review. Discussions

should be made about concerns on melatonin therapy with doses that

are needed for anti-infertility effects. Future studies should consider

detecting possible adverse effects and other outcomes such as

dihydrotestosterone, corticosterone in their protocols.
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The thyroid hormones play a pivotal role in various physiological processes,

including growth, metabolism regulation, and reproduction. While non-

modifiable factors are known to impact thyroid function, such as genetics and

age, nutritional factors are also important. Diets rich in selenium and iodine are

conventionally acknowledged to be beneficial for the production and release of

thyroid hormones. Recent studies have suggested a potential link between beta-

carotene, a precursor to vitamin A (retinol), and thyroid function. Beta-carotene

is known for its antioxidant properties and has been shown to play a role in the

prevention of various clinical conditions such as cancer and cardiovascular and

neurological diseases. However, its impact on thyroid function is still unclear.

Some studies have suggested a positive association between beta-carotene

levels and thyroid function, while others have found no significant effect.

Conversely, the hormone produced by the thyroid gland, thyroxine, enhances

the conversion of beta-carotene to retinol. Furthermore, vitamin A derivatives

are being explored as potential therapeutic options for thyroid malignancies. In

this review, we highlight the mechanisms through which beta-carotene/retinol

and thyroid hormones interact and review the findings of clinical studies

examining the association between beta-carotene consumption and thyroid

hormone levels. Our review underscores the need for further research to clarify

the relationship between beta-carotene and thyroid function.

KEYWORDS

beta carotene, thyroid hormone levels, thyroid cancer, hormonal imbalance, vitamin
A, retinol
1 Introduction

Thyroid hormones (THs) have various functions in almost all cell types. Thyroid

malfunction is prevalent across the globe, and it is identified as a controllable and treatable

disease. Taking into account the greater knowledge of thyroid disorders we do have today

and the accessibility of effective diagnostic tests for assessing THs, it is vital to manage TH
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secretion abnormalities cautiously (1). Subclinical hypothyroidism

is when thyroid-stimulating hormone (TSH) levels are slightly

elevated (between 4.6 and 8.0 mIU/ml) despite normal free T4

levels, while overt hypothyroidism is characterized by decreased

free T4 levels. On the other hand, subclinical hyperthyroidism is

marked by mildly suppressed TSH levels (usually still above 0.1

mIU/ml) and normal TH levels, while overt hyperthyroidism is

characterized by increased TH levels (2). In most cases,

hypothyroidism and hyperthyroidism are caused by pathological

processes within the thyroid gland known as primary thyroid

disease. However, in uncommon situations, hypothyroidism and

hyperthyroidism are caused by dysfunction of the hypothalamus,

pituitary, struma ovary, or responsive thyroid cancer metastases (3,

4). Autoimmunity is the most common cause of thyroid gland

dysfunction in iodine-deficient populations, resulting in Graves’

disease, Hashimoto’s thyroiditis, and pregnancy hypothyroidism.

Also, recent studies reported that oxidative stress (OS) is associated

with hyperthyroidism and hypothyroidism (5). The mechanism of

these two clinical conditions is different, and OS is produced by

separate pathways: elevated reactive oxygen species (ROS)

formation in hyperthyroidism and decreased antioxidant

availability in hypothyroidism (6). In addition, THs can play an

oxidative role in target cells (7).

Beta-carotene (b-carotene), known as a fat-soluble pigment, is

found in red, orange, and yellow vegetables and fruits. When the

body is deprived of vitamin A, beta-carotene is transformed into

vitamin A. b-Carotene is an antioxidant and a substance that

prevents activated oxygen molecules from damaging cells (8).

Phytochemicals like b-carotene are crucial in fighting free radicals

as they target various enzymes across multiple pathways (9). Also,

the intake of other antioxidants such as vitamin C and vitamin E in

rats showed that they can reduce oxidative stress (10, 11). Alongside

b-carotene, selenium is also an antioxidant that is associated with

TH levels. Rostami et al. reported that decreased selenium level in

the serum is a trigger of oxidative stress, resulting in thyroid

dysfunction (12). As a result, these findings can be helpful in the

treatment of thyroid disorders and in decreasing harmful events

caused by OS. However, there is a lack of both in vivo and in vitro

studies to understand the association and mechanism between b-
carotene and TH levels with OS events and other thyroid-related

complications. This study was conducted in order to review the

mechanisms through which beta-carotene/retinol and THs interact

and further review the findings of clinical studies in this regard.

The aim of this review paper is to investigate the potential

association between beta-carotene consumption and thyroid

hormone levels. Beta-carotene is a precursor to vitamin A, which

plays an important role in thyroid hormone synthesis and

metabolism. There is growing interest in the potential health

benefits of beta-carotene, particularly its ability to prevent chronic

diseases such as cancer and cardiovascular disease. However, some

studies have suggested that high levels of beta-carotene intake may

interfere with thyroid function, leading to alterations in thyroid

hormone levels. This review will examine the available evidence on

the relationship between beta-carotene consumption and thyroid

hormone levels, including both observational and interventional
Frontiers in Endocrinology 0282
studies. We will also explore the potential mechanisms by which

beta-carotene may affect thyroid function and identify areas

for further research. Overall, this review aims to provide a

comprehensive assessment of the current evidence on the

association between beta-carotene consumption and thyroid

hormone levels and to inform future research in this area.

Research on the relationship between beta-carotene

consumption and thyroid hormone levels is an area of active

investigation, and future studies are likely to build on the existing

body of research. One possible direction for future research is to

conduct clinical trials that examine the effects of beta-carotene

supplementation on thyroid hormone levels in humans. This type

of study would involve giving participants beta-carotene

supplements and monitoring their thyroid hormone levels over

time to determine whether there is a causal relationship between

beta-carotene consumption and changes in thyroid function.

Another potential avenue for future research is to explore the

mechanisms by which beta-carotene affects thyroid hormone

levels. For example, studies could investigate the role of beta-

carotene in regulating the activity of enzymes that are involved in

thyroid hormone synthesis or metabolism. In addition, future

studies could examine the relationship between beta-carotene

consumption and other markers of thyroid function beyond just

thyroid hormone levels, such as TSH or thyroid antibodies. This

could provide a more comprehensive understanding of the

relationship between beta-carotene and thyroid health. Therefore,

the field of research on beta-carotene consumption and thyroid

hormone levels is still evolving, and future studies are likely to shed

more light on this important topic.
2 Search strategy

The search strategy used a combination of relevant medical

subject headings (MeSH terms) and keywords, including

(“beta carotene” OR “beta-Carotene 15,15-Monooxygenase”)

AND (“Thyroid Hormones” OR “hypothyroidism” OR

“hyperthyroidism” OR “T3 thyroid hormone” OR “T4 thyroid

hormones” OR “mechanism of action” OR “thyroid” OR “vitamin

A” OR “Retinoid” OR “Retinol” OR “thyroid stimulating hormone”

OR “TSH”). The search strategy was designed to be comprehensive

and was iteratively refined based on the initial search results. The

search results were then screened based on the inclusion and

exclusion criteria, and the relevant studies were selected for full-

text review.
2.1 Inclusion criteria

To identify relevant studies for this review, a comprehensive

search strategy was employed using electronic databases, including

PubMed, MEDLINE, and Google Scholar. The search was limited to

studies published between January 1990 and December 2022, and

only English-language articles were included. The following

inclusion criteria were used:
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• Studies reporting on the relationship between beta-carotene

consumption and thyroid hormone levels in humans

• Studies reporting on the effects of beta-carotene

supplementation or dietary intake on thyroid function

tests, including the levels of TSH, triiodothyronine (T3),

and thyroxine (T4)

• Studies that reported beta-carotene intake through dietary

sources or supplements

• Studies that included adult human subjects
2.2 Exclusion criteria

The following exclusion criteria were used to ensure the

relevance and quality of the studies included in this review:
• Studies that did not report on the relationship between

beta-carotene consumption and thyroid hormone levels

• Studies that did not include human subjects

• Studies that were not published in English or were

published before January 1990 or after December 2022

• Studies that were not peer-reviewed or were of low quality,

as assessed by the authors
3 Is beta-carotene level different
among men and women?

Studies have reported sex differences in beta-carotene levels,

with women generally having higher concentrations than men. The

underlying mechanisms for these differences are not yet fully

understood, but sex hormones such as estrogen and testosterone

may play a role. For instance, estrogen can increase the expression

of beta-carotene transporter proteins in the liver, leading to higher

plasma concentrations of beta-carotene in women (13). Thyroid

hormones are important regulators of metabolism, growth, and

development in the body. The thyroid gland produces two main

hormones: T4 and T3. Several studies have reported sex differences

in thyroid hormone levels, with women having higher levels than

men. This may be due to the influence of estrogen on thyroid

hormone production and metabolism. Estrogen can enhance the

conversion of T4 to T3, the more active form of thyroid hormone,

leading to higher circulating levels of T3 in women. Additionally,

estrogen can increase the number of thyroid hormone receptors in

target tissues, further amplifying the hormonal effects (14). The

differences in beta-carotene and thyroid hormone levels between

men and women may have important implications for overall

health and disease risk. For instance, low levels of beta-carotene

have been linked to increased risk of cancer, cardiovascular disease,

and other chronic conditions. On the other hand, high levels

of thyroid hormone may increase the risk of osteoporosis,

atrial fibrillation, and other health problems (15). Therefore,

understanding the sex differences in these biomarkers can help
tiers in Endocrinology 0383
identify individuals who may be at higher risk of certain diseases

and inform targeted prevention and treatment strategies.
4 Beta-carotene and retinoid:
the peripheral metabolism of
thyroid hormones

Carotenoids are lipophilic antioxidants copiously present as

colored pigments in vegetables and fruits. Carotenoids can be

extracted from various parts of plants, including the green parts,

flowers, fruits, seeds, roots, and tubers. These compounds are found

in a range of vegetables like carrots, pumpkins, spinach, and

tomatoes, as well as fruits such as watermelons and raspberries

(Figure 1). Within plant cells, carotenoids are situated in the

organelles of chloroplast known as thylakoid membranes.

There are hundreds of types of carotenoids in nature; however,

almost 20 types, including beta-carotene, can be found in human

tissues (16). Beta-carotene, a tetra-terpenoid containing two b-ionic
rings, is one of the most common carotenoids in the human diet

(17). It plays countless biological roles in the human body. The most

vital function of beta-carotene is acting as a precursor of vitamin A

(8). As beta-carotene cannot be produced in the human body, it

must be supplied by consuming plant-based nutrition. In the

intestine, beta-carotene is absorbed by enterocytes concurrently

with consumed lipids. At the basolateral aspect of the enterocytes,

beta-carotene gets cleaved by beta-carotene 15–15′-oxygenase,
synthesizing retinal, which then converts to retinoic acid (RA)

and retinol (17, 18). Vitamin A derivates subsequently influence

physiological growth and development, as well as eyesight,

regulation of the immune system, and reproduction (8, 17, 19). In

addition to these effects, the endocrine system has a significant link

with the retinoid system (20). Thyroid hormones, including T3 and

T4, are vital hormones in the metabolism of different organs. These

hormones mainly act through the cytosolic functions of T3, which

adjust gene expression by attaching to TH receptors (21). RA does

not participate in thyroid organogenesis; nevertheless, it plays a key

role in preserving an improved thyroid cell phenotype (22). In a

flatfish model, it was discovered that dietary vitamin A content

significantly affected thyroid follicle development, increasing the
FIGURE 1

Quantitative sources of b-carotene.
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number of follicles as well as elevating the colloid content of THs

during the pre-metamorphosis stage and reducing THs, particularly

T3, in cortical vesicles during the pro-metamorphosis stage (23).

Vitamin A contributes to the synthesis of T4 as well as the

establishment of an intracellular receptor for T3 (24). It has been

observed that vitamin A deficiency damages the formation of

thyroglobulin, which is a protein precursor of THs (25, 26).

Individuals with elevated serum levels of TSH and decreased or

normal free T4 have shown high levels of serum retinol and beta-

carotene (27). Patients undergoing RA therapy are supposed to be at

an increased risk of hypothyroidism (28). Some may suppose that,

as the conversion of beta-carotene to retinol is reduced in patients

with hypothyroidism, there must be a negative association between

their serum concentrations in these patients. Studies have shown

that as retinol synthesized from retinyl esters stacks in the serum,

both beta-carotene and retinol levels rise in hypothyroidism (29).

Furthermore, certain links have been reported between vitamin A

and iodine metabolism. Vitamin A and iodine co-deficiency in

children elevates TSH levels and the chance of goiter (30). The use

of RA can also decrease the risk of hypothyroidism in patients

undergoing radioactive iodine therapy for functional nodules (31,

32). All in all, RA has been linked to thyroid function at different

levels of the hypothalamus–pituitary–thyroid axis. Table 1

represents an overview of the potential therapeutic benefits of

vitamin A derivatives in different thyroid disorders.
5 Molecular mechanism of vitamin
A metabolization and relation to
thyroid hormones

As the understanding of the link between vitamin A and the

thyroid grows, many investigators are exploring the molecular

structures by which b-carotene and RA affect thyroid

performance. RA exerts its effects through nuclear receptors

belonging to the steroid family, known as RA receptors (RAR).

These receptors, together with the retinoid X receptor (RXR), form

heterodimers to bind DNA on RA response element sequences

situated in the promoter area to promote or suppress gene

expression (20). These interactions may trigger biological

pathways involving different tissues and organs (39). The
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endocrine system has an inseparable relationship with the

retinoid system as the RXR provides heterodimers for certain

hormone nuclear receptors, including thyroid receptors (20).

A crosstalk between THs and RA signaling has been observed in

previous studies. In a preclinical study of mouse models, it was

observed that iodothyronine deiodinase type 2 (DIO2) and

iodothyronine deiodinase type 3 (DIO3) switching is reduced in

fetuses with neural tube defects born from mothers with

hyperthyroidism. It should be noted that the enzyme DIO3

degrades T3 to diiodo-l-thyronine and converts T4 to reverse T3,

while DIO2 converts T4 to T3. Researchers explained the reduction

in DIO3 expression by elevated levels of inhibitory histone in the

DIO3 promoter area, indicating that overactive RA signaling can

ectopically de-repress TH signaling (40). Fernández et al. evaluated

the influence of vitamin A on flatfish development in terms of TH

signaling. Gene expression analysis revealed that the mRNA levels

of retinoid receptors, retinol-binding protein, and TH receptors

including TRaa, TRab, and TRb along with TSHb were

upregulated in larvae fed with rotifers with 50 times above

normal vitamin A content compared with the control group (23).

Froöhlich et al. found that retinol promoted the binding of TSH to

thyroid cells but did not influence the expression of the sodium–

iodide symporter mRNA and protein (41). Another group of

researchers investigated the effects of RA on thyroid function in

rats treated with all different doses of RA. The thyroid iodine

content diminished in rats treated with all-trans-retinoic-acid

(ATRA) for 14 days and rose in those treated with 13-cis-RA. In

the ATRA group, sodium–iodide symporter function and

thioperoxide activity remained unmodified; however, dual oxidase

activity remarkably decreased (42).

RA also regulates the effects of THs on target tissues. It has been

reported that ATRA or RAR enhances the uptake of THs through

transcriptional upregulation of monocarboxylate transporter in the

extraembryonic endoderm development period (43). Furthermore,

RAR and thyroid receptors share some cofactors such as

cytoplasmic adaptor for RAR and thyroid receptor (CART1). It

has been suggested that the C-terminal CoRNR box of CART1 is in

charge of the interaction with the nuclear receptor co-repressor 1

binding region of RAR and thyroid receptor (44).

In conclusion, an increasing number of evidence demonstrates

the regulation of thyroid hormones by vitamin A and its derivatives

from the gene expression level to their effect on target tissues.
TABLE 1 Overview of the potential therapeutic benefits of vitamin A derivatives in different thyroid disorders.

Disorder Therapeutic effects Ref

Hypothyroidism Administration of vitamin A increases free T4 concentrations in patients with hypothyroidism. (33)

Subclinical hypothyroidism Retinyl palmitate supplementation is beneficial for reducing the risk of subclinical hypothyroidism in women of reproductive age. (34)

Hyperthyroidism High doses of vitamin A are effective in decreasing symptoms and metabolic rates in patients suffering from hyperthyroidism. (35)

Goiter Vitamin A supplementation in combination with iodized salt reduces the thyroid volume and serum TSH levels significantly. (36)

Thyroid eye disease b−Carotene reduces the H2O2−induced proliferation in eye involvement secondary to thyroid diseases. (37)

Thyroid cancer ATRA inhibits the malignant properties of thyroid cancer cells and stimulates apoptosis. (38)
frontiers
T4, thyroxine; TSH, thyroid-stimulating hormone; ATRA, all-trans retinoic acid.
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6 Beta-carotene level in
hypothyroidism: past history
and molecular mechanism

Hypothyroidism is a prevalent disorder that is more common in

women, the elderly, and certain ethnic groups. Clinical

hypothyroidism is characterized by high levels of TSH and low

FT4 levels. In contrast, subclinical hypothyroidism is characterized

by normal FT4 levels and high serum TSH levels. For instance, the

hypothalamic, pituitary, and thyroid axis must be unimpaired.

There must be no associated disease, and this pattern must be

persistent for a minimum of 4 weeks. The subjective nature of the

symptoms of hypothyroidism varies with the level of biochemical

thyroid hormones. Common symptoms include weariness, cold

intolerance, dry skin, constipation, voice changes, and aches and

pains in the muscles. The sensitivity and specificity of these

symptoms and the scoring system to identify hypothyroidism are

inadequate (45). Moreover, patients with overt hypothyroidism

express more and more significant symptoms. Hypothyroidism is

mainly diagnosed with biochemical changes rather than clinical

symptoms (46). Indeed, in adults, the upper limit of the TSH

baseline range typically rises with age. Additionally, patients have

their TSH reference range, which effectively spans just 25% of the

general reference range (47). Currently, the monotherapy of L-

thyroxine is the first-line treatment of hypothyroidism to normalize

the T3 and T4 levels; also, it is approved that patients with higher

TSH levels (≥10 mIU/L) should receive medication. The initial dose

of L-thyroxine is 50 mg daily; later, in non-pregnant individuals,

experts suggest that the dose of L-thyroxine be adjusted by

maintaining the TSH level within the standard reference range

(48). Furthermore, recent clinical trials suggest combination

therapy of L-thyroxine and LT3, which had better results in

preventing disease progression (49, 50).

Several factors cause hypothyroidism. The most prevalent cause

of hypothyroidism is iodine deficiency, one of the crucial elements

of thyroid hormones (51). Recently, it was believed that the high

profile of b-carotene is also related to hypothyroidism. There is

evidence that thyroid hormones are associated with retinol and b-
carotene metabolism (52). In a recent trial of 101 patients, Kiuchi

et al. reported that high levels of b-carotene were associated with a

lower free T4 and a high concentration of TSH in plasma; the

prevalence of high serum b-carotene was 8% in patients with

primary hypothyroidism and 6.5% in patients with subclinical

hypothyroidism (27). Also, in another study, Goswami et al., in

agreement with a previous study, reported that in women with

hypothyroidism, higher levels of b-carotene and retinol were

observed; however, the mentioned study did not include men

(53). As a result, it is believed that the high b-carotene level is

correlated with a lower level of T4; however, in terms of retinol,

there are controversial reports. Aktuna et al. reported that in

hypothyroidism, b-carotene levels were substantially greater than

in hyperthyroidism. In addition, serum retinol concentrations

did not differ between hypothyroidism, euthyroidism, and

hyperthyroidism, nor was a substantial rise found in

hypothyroidism (52). T3 increases CMO1 (BCMO1) mRNA
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expression and enzyme performance in Caco-2 BBe cells in the

human intestine, resulting in high serum b-carotene profile in

patients with hypothyroidism. Furthermore, the conversion of b-
carotene to retinol is inhibited in patients with hypothyroidism, and

a negative relationship persists between b-carotene and retinol (54).
In adults, RAR, RXR heterodimer, intestine-specific homeodomain

transcription factor, and intestinal scavenger class B type 1 regulate

b-carotene intake and intestinal BCMO1 activity. With sufficient

vitamin A, intestinal transcription factor (ISX) inhibits both

BCMO1 activity and intestine b-carotene intake via SRB1. ISX

regulation, which suppresses BCMO1 and SRB1, is decreased in

vitamin A deficiency (VAD) due to decreased retinoic acid profile,

resulting in normal regulation of BCMO1 and SRB1. One possible

explanation for the relationship between b-carotene and THs is that

b-carotene is absorbed by cells in the intestine, which may lead to

lowering the levels of THs in individuals with b-carotenemia, and

this is supported by current evidence. In conclusion, in order to

understand the exact relationship of retinol and b-carotene in

thyroid disorders, further in vivo and in vitro studies are required

(55). Figure 2 shows the proposed molecular mechanism of action.
7 Beta-carotene level in
hyperthyroidism and its possible
mechanism of action

The clinical condition known as hyperthyroidism is carried

on by the blood rising level of thyroid hormones. In the

United States, the overall prevalence of hyperthyroidism is

1.2% compared with 0.5% in overt hyperthyroidism and 0.7%

in subclinical hyperthyroidism (56). The most prevalent cause

of hyperthyroidism is Graves’ disease. Graves’ disease is an

autoimmune condition in which antibodies activate TSH

receptors and increase TH secretion (51). Hyperthyroidism can

cause a variety of symptoms such as heat intolerance, sweating,

trembling, widened eyes, drooping eyelids, weight loss, muscle

weakness, and psychiatric conditions (57). Several laboratory tests

are used in the diagnosis of hyperthyroidism. Low TSH and elevated

levels of free T4 are usually characterized as laboratory findings of

hyperthyroidism. Also, we have to mention that free T3 tests are not

reliable (58). Furthermore, the radioactive iodine uptake test

quantifies the amount of iodine that is absorbed by the thyroid

gland. An elevated level of iodine uptake is commonly observed in

individuals with Graves’ disease, as opposed to those with a toxic

multinodular goiter or an adenoma (59). The treatment options

for hyperthyroidism range from conservative therapy to total

thyroidectomy. Despite the originating cause of hyperthyroidism,

beta-blockers suppress the adrenergic symptoms. Theoretically,

propranolol also inhibits 5-monodeiodinase, preventing the

peripheral conversion of T4 to T3. The management pathway for

hyperthyroidism produced by an excess of thyroid hormones

is determined by the patient’s age, symptoms, comorbidities, and

individual preferences (60). As previously mentioned, the potential

link between hyperthyroidism and elevated b-carotene levels

remains unclear. Additional preclinical and clinical studies are
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needed to fully understand the link between hyperthyroidism and

b-carotene. Although numerous biochemical factors accompany

hyperthyroidism, an increase in b-carotene or a decrease in vitamin

A levels is not among them. Further investigation is required to

elucidate the exact correlation between elevated thyroid hormone

levels and the presence of b-carotene and retinol.
8 Retinoid and the inhibition of TSH
secretion

Several observational studies have reported a correlation

between VAD and thyroid dysfunction or enlargement of the

thyroid gland (goiter) (61, 62). Figure 3 represents the schematic

nuclear receptor of retinoid X heterodimers and its association with

thyroid hormonal secretion. Studies in children with severe goiter

have shown lower serum retinol and retinol-binding protein levels

compared with children with mild or no goiter (63). Various

impacts on the pituitary–thyroid axis have been observed in

relation to VAD. The level of vitamin A plays a role in regulating

both thyroid metabolism (64) and peripheral thyroid hormone

metabolism (65–67). An in vitro preclinical study on rats

demonstrated that vitamin A influences the secretion of

thyrotropin or TSH by the pituitary gland. Moreover, VAD leads

to enlargement of the thyroid gland (68) and reduced thyroid iodine

uptake (69). VADmight also affect thyroid metabolism via a central

mechanism. In the central axis, the thyroid hormone receptor is

found in two isoforms: a and b (70, 71). The effect of RA on the

expression of the pituitary TSHb gene was investigated through its

interaction with the RXR receptor. It was found that RA inhibits

gene expression by binding to half-sites located on the promoter

DNA. However, no significant effect was observed on the

hypothalamic TRH level. Such findings suggest a potential

mechanism for regulating thyroid hormone synthesis and
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secretion (72). Additionally, the authors discovered that retinoids

increased thyroid hormone metabolic clearance via mechanisms

mediated by deiodinase and non-deiodinase enzymes in some

organs such as the liver and pituitary gland. The administration

of VAD in rats increased the levels of plasma T3, T4, and free T4

index, as well as pituitary TSHb mRNA. Despite the presence of

high serum TT4, the expression of elevated TSH mRNA indicates

that the impact of VAD has caused a general insensitivity in the

pituitary thyrotrope’s response to thyroid hormone. This suggests

that further investigation into the mechanisms behind this effect

may be warranted. In patients with cutaneous T-cell lymphoma

receiving bexarotene therapy (synthetic retinoid), blood TSH levels

and free T4 have been found to decline (70). In one report, 19 of 27

patients with bexarotene therapy experienced symptoms of

hypothyroidism (fatigue, constipation). High TSH suppression

was observed in patients receiving high doses of bexarotene (>300

mg/m2 daily) (71). In a double-blind, randomized study of six

healthy subjects treated with a single dose of bexarotene (400 mg/

m2) or placebo, plasma TSH levels decreased as early as 12 h after

therapy and reached a nadir at 24 h. Free T4 and free T3 levels were

also significantly lower than placebo over 48 h (73).
9 Retinoid influences the glycoprotein
a-subunit and TRH gene expressions

Pituitary glycoprotein hormones are formed by two different

subunits, the alpha (a) and beta (b) subunits. Among FSH, LH, and

TSH hormones, the alpha subunit is common, but the beta subunit

is unique for each of the three hormones (74). Retinoids are a group

of vitamin A derivatives that are part of the vision system (11-cis-

retinal), and they regulate the genes involved in cell death: how they

differentiate and proliferate. Vitamin A is transformed by enzymes

to all-trans-retinoic acid; after that, it is converted to isotretinoin

and 9-cis-retinoic acid in the microsomes of the liver (70). Two

groups of nuclear receptors mediate the activity of all-trans- and 9-

cis-retinoic acid: one is called the RXRs and the other one is RARs

(75, 76). Both 9-cis- and all-trans-retinoic acids can activate RARs,

but on the other hand, 9-cis-retinoic acid, unsaturated fatty acids,
FIGURE 3

Nuclear receptor of retinoid X heterodimers and its association with
thyroid hormonal secretion.
FIGURE 2

The proposed molecular mechanism of b-carotene metabolism and
its effects. Abbreviations: RAR, retinoic acid receptor; RXR, retinoid X
receptor; ISX, intestinal transcription Factor; SRB-1, scavenger
receptor class B type 1; BCMO-1, beta-carotene oxygenase 1.
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and many natural or synthetic ligands named rexinoids can activate

RXRs (77). LGD1069 called bexarotene and LG100268 are two of

the highly RXR-selective synthetic rexinoids (78). Janssen et al. in

their preclinical study among murine TaT1 thyrotrope cells found

that a retinoid X receptor antagonist named LG101208 makes a

71%–81% increase in the levels of TSHb mRNA in vitro at 24 and

48 h and a 47% to 53% increase in the levels of D2 and glycoprotein

a-subunit mRNA, and the RXR agonist LG100268 decreases the

levels of the glycoprotein a-subunit, TSHb, and D2 mRNA (79).

Hypothalamus TRH controls TH production. The TRH gene

promoter site is made up of three isolated sites that altogether

suppress the promoter. Two of the three sites only bind to TH

receptor monomers, while the last one can bind to monomers or

homodimers of the TH receptor and even to heterodimers of TR/

RXR (80). The in vivo usage of LG100268 among mice in a

preclinical study decreased serum TSH and T4 levels but had no

effects on hypothalamic TRH mRNA levels (70). Accordingly,

after RXR antagonist usage, similar hypothalamic preproTRH

mRNA levels were observed in murines compared with the

controls, despite raised T4 levels (79). Altogether, bexarotene is

demonstrated to cause central hypothyroidism by affecting the

TSHb gene regulatory regions and concurrent influence on the a-
subunit and TRH synthesis (81). Sharma et al. in an experiment

in TaT1 cells and after 48 h of treatment with LG100268 (RXR

selective) and TTNPB (RAR selective) found that treatment with

LG100268 significantly reduced both TSH subunits and D2

mRNA levels, whereas TTNPB showed no influence (70).

In summary, retinoid agonists decrease glycoprotein a-subunit
and TRH gene expressions, and ret inoid antagonists

increase them.
10 Retinoid in thyroid eye disease

Thyroid eye disease (TED) is an autoimmune infiltrative disease

known as the most common cause of orbitopathy or dysthyroid

ophthalmopathy worldwide (82, 83), found in up to 50% of patients

with Graves’ disease (GD) (84). Graves’ orbitopathy (GO)

pathogenesis is uncertain and the underlying cause remains

undetected (85). The clinical features of GO consist of proptosis,

eyelid edema, diplopia, corneal abrasion, and optic neuropathy (86,

87). GO standard treatment is based on corticosteroids and

radiotherapy (RT) to reduce the activity and duration of the

disease. Oxidative stress plays a significant role in the worsening

of TED leading to the investigation of antioxidants such as

selenium, which have the potential to limit the progression of

TED (88). Increased oxidative stress is a defining feature of

hyperthyroidism (89). It appears that increases in many types of

oxidative stress are involved in GO progression (89, 90).

Antioxidants have been studied to find out how they counteract

the effects of oxidative stress in TED (88, 90–93). This imbalance of

antioxidants in TED patients is due to the growth of orbital

fibroblasts, synthesis of autoantibodies, degradation of

preadipocytes to adipocytes, and secretion of endogenous

cytokines (TNFa, IL1-b, and IFNg), which consequently leads to

fibro-adipose tissue development and inflammation of the
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extraocular muscle. A few studies have tried to find out the role

of antioxidants in autoimmune hyperthyroidism and thyroiditis in

TED treatment, with conflicting results regarding the effects of

different types of antioxidants. Rotondo Dottore et al. reported that

retinol, beta-carotene, and vitamin E significantly reduced H2O2-

induced secretion of glutathione disulfide and IL-1 in GD, but not

in control fibroblasts. Beta-carotene increased orbital fibroblast

growth in GD and retinol decreased IFN-g in GD and controlled

fibroblasts (94). In a systematic review about the effect of

antioxidants in TED, results showed that b-carotene, retinol, N-
acetyl-l-cysteine (NAC), vitamin C, melatonin, resveratrol, vitamin

E, and quercetin may have some efficacy in the management of

TED. Although various antioxidants have shown potential for

managing TED, there is insufficient evidence to support the

implementation of any specific antioxidant or combination

thereof in routine clinical practice. It appears that more clinical

studies are needed to confirm the effects of beta-carotene on

GD (95).
11 Beta-carotene thyroid cancer
association and its possible
mechanism of action

RAs modulate cell division and development of various cell

types by binding to a RAR and also RXR (96). Each receptor has

three subtypes, namely, a, b, g, and different analogs of RA have

been utilized for the treatment and chemoprophylaxis of neoplasms

such as acute promyelocytic leukemia (97) and skin carcinoma (98,

99). Recently, a reduction of RAR-b expression has been discovered

in several malignancies, such as non-small cell lung carcinoma,

squamous cell carcinoma of the head and neck, and breast and

cervical cancers. Some studies show that downregulation of RAR-b
and RXR-b correlates with end-stage lung cancer (100, 101).

Rochaix et al. (102) reported that reduced RAR-b protein

expression was found in all cases of papillary thyroid carcinoma

(PTC) and in 50% of cases of follicular carcinoma. Carotenoid

concentration is an indicator of PTCs, and underexpression of RA

receptors also appears to be related to PTC deterioration and

stage, likely providing an additional diagnostic indicator of PTC.

Differentiated thyroid carcinomas (DTCs) have a mild proliferation

that can be completely treated with the combination therapy of

surgery and radioiodine therapy. The efficacy of therapeutic

methods is reduced in cases of dedifferentiated thyroid

carcinomas. In vitro studies have demonstrated the potential of

RA therapy to restore thyroid cancer cells to their original

specialized state, as evidenced by the increased transcription of

thyroid-specific proteins (103–106) and elevated cellular

radioiodine uptake (107). RA also plays a role in opposite growth

pathways, such as limiting cell division and stimulating cell death.

Simon et al. (108) reported an investigation of the efficiency of RA

treatment for end-stage thyroid carcinomas (13-cis-retinoic acid:

1.5 mg/kg/day for 5 weeks). A positive effect was observed in 20% of

the patients, in whom tumor regression or stabilization correlated

with decreased Tg plasma level or increased iodine uptake.
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Malignancy size showed no alteration or regression in 56% of

the patients.
12 The relation between vitamin A
and thyroid function in pregnant
and obese individuals

Thyroid physiologic changes during pregnancy include a

moderate increase in gland size and vascularization. Thyroid

stimulation occurs since the first trimester, caused by beta-human

chorionic gonadotropin (b-HCG), due to structural similarity with

TSH (109). b-HCG has a thyrotropic activity that causes a decrease

in serum TSH in the first trimester (110). There is estrogen

stimulation and the level of circulating thyroid-binding globulin

(TBG) in the blood increases (111). In early pregnancy, total

thyroxine (TT4) and triiodothyronine (TT3) are increased and

peak in the second trimester (112). Generally, pregnant women

have lower free-hormone concentrations compared with non-

pregnant women (113, 114). During pregnancy, thyroglobulin

often rises, indicating increased thyroid activity (115). The fetal

THs are synthesized after 12 weeks of gestation; before this time,

maternal THs are responsible for the physiological development of

the fetal brain (116, 117). Vitamin A is essential for pregnant

women to maintain night vision and for fetal ocular health, fetal

skeleton development, and immune system maintenance (118–

121). The most important adverse effects caused by additional

vitamin A intake, especially in the early stages of pregnancy, are

spontaneous abortion and congenital anomalies of the central

nervous and cardiovascular systems (122, 123). Teratogenicity

risk is increased when daily usage of vitamin A exceeds 10,000

IU. Malformations (e.g., urinary tract malformations) are reported

in children whom their mothers use high doses of vitamin A

(>25,000 IU/day) (124, 125).

The prevalence of obesity is increasing worldwide with lifestyle

and environmental alterations (126). Disorders of glucose and lipid

and vitamin deficiency are common in obese individuals (127).

Obese individuals are vitamin-deficient, particularly the fat-soluble

vitamins like vitamin A (VA) (127). VA is significantly lower in

individuals with metabolic syndrome (128, 129). Obesity and TH

dysfunction are significantly linked (130, 131). Iodine is required for

the metabolism of THs as well as micronutrients such as VA (25).

Thyroid metabolism, TH synthesis, TH peripheral function, and

TSH secretion are all regulated by VA (68, 132). The synthesis of

thyroglobulin, T4 and T3 formation, and thyroid iodine uptake are

affected by VAD (68, 132), while VA supplementation reduces TSH,

mean thyroglobulin, and thyroid size (133). Bingwei Ma et al. in a

study found that subclinically hypothyroid (SH) obese had lower

VA levels than euthyroid obese and also VA-deficient obese had

lower FT4 and higher TSH than normal obese (134). Farhangi et al.

in an interventional study found that VA supplementation in both

obese and non-obese women significantly decreases TSH and

increases serum T3 (34). This might be due to decreased

responsiveness of tissue to THs or increased hepatic conversion
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of T4 to T3 by VA supplementation as reported by Morley et al.

(135). In summary, obesity is associated with lower vitamin A and

elevated TSH levels, and vitamin A supplementation might reduce

the risk of hypothyroidism.
13 b-carotene conversion
products and their effects
on thyroid hormone level

All the fruits that are colored and leafy vegetables that are green

have pigments called carotenoids (136). Carotenoids are various,

and among them, b-carotene has provitamin A activity and is

assumed to be of great nutritional value. Up to 80% of our daily

vitamin A originates from provitamin A carotenoids which can be

found in fruits and vegetables (137, 138). Animals cannot synthesize

vitamin A. It is supplied as animal food resources or as provitamin

A carotenoids (139). Vitamin A, which is called retinol, and RA as

its active metabolite play key roles in the growth and differentiation

of cells and vertebral development (139). Vitamin A deficiency may

lead to xerophthalmia, immune system impairment, blindness, and

a higher risk of death (137). b‐Carotene supplementation can fight

against vitamin A deficiency complications such as reducing night

blindness incidence (140–143). Absorbed b-carotene is metabolized

throughout centric and eccentric pathways. The centric pathway is

carried out by b-carotene 15,15'-monooxygenase enzyme (BCO1)

which produces retinal, and in the eccentric pathway, apo-10'-

carotenal is produced by b-carotene 9',10'-dioxygenase enzyme

(BCO2). Retinal dehydrogenase enzymes metabolize retinal to

retinol, and after esterification to retinyl esters, it is packed with

non-converted b-carotene into chylomicrons (144, 145). Toxicity is

not observed in individuals consuming large amounts of b-carotene
because of the reduction in vitamin A production efficiency at

increasing doses (137, 146, 147). Vitamin A alterations on thyroid

function include alteration in the TH-binding capacity of the serum

proteins, decrease in total T4 and T3 levels, increase in thyroid

radioactive iodine uptake, and alteration in T4 to T3 conversion

(135). McCarrison in a preclinical study found that a deficiency of

vitamin A leads to rat thyroid hypertrophy (148). Drill found that

vitamin A deficiency leads to hypertrophy of the thyroid gland and

excessive vitamin A decreases the amount of thyroid colloid (149).

Morley et al. found an integral thyroxine and vitamin A

relationship. An increase in vitamin A leads to TH reduction, and

vitamin A deficiency leads to an increase in THs (150). Di Bella

et al., in a preclinical study among rats, demonstrated that vitamin

A affects the thyroid gland by producing a dwindled gland, higher

radioiodine uptake, and enhanced hepatic conversion of T4 to T3.

Thyroid gland overactivity may be explained by vitamin A-based

stimulation of cathepsin activity which controls proteolysis (151).

In summary, b-carotene in the human body converts to vitamin A

which if decreased leads to thyroid hypertrophy and TH increase.

Higher vitamin A intake may increase radioiodine uptake and raise

the hepatic conversion of T4 to T3. In addition, the b-carotene-
metabolizing pathways are shown in Figure 4.
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14 The effect of hypo/hyperthyroidism
and their association with
antioxidant status

Oxygen-free radicals have an effect on the mechanism

of tissue damage of multiple pathologic pathways (152),

including hypothyroidism and hyperthyroidism (153–155). The

accessible data related to oxidant stress and antioxidant role in

hypothyroidism are rare and inconsistent. Hypothyroidism is a

decrease in free radical production as a result of the metabolic

suppression brought about by the reduction in serum thyroid

level (154, 156). However, other lines of evidence reported

that hypothyroidism increased oxidative stress (157), and

hyperthyroidism is associated with a metabolic increase and,

therefore, an increased amount of oxidative stress and peroxides

and even an increase (158–160) or a decrease (161) in antioxidant

enzymes. Studies showed that hyperthyroidism treatment reduced

oxidative stress (162). A study examined the effects of

hyperthyroidism on the antioxidant defense system, specifically

serum levels of thiobarbituric acid-reactive substance (TBARS),

vitamin E, and coenzyme Q10. The results show that

hyperthyroidism leads to increased TBARS and reduced

antioxidants. However, these values were normalized in euthyroid

patients. In addition, studies take into account the possible negative

effects of hyperthyroidism on important antioxidant enzymes such

as Mn or Cu, Zn, superoxide dismutase, catalase, and glutathione

peroxidase (163). In the systemic investigation, hyperthyroidism

had a role in the decline of serum alpha-tocopherol (162, 164) and

CoQ10 in humans (162, 165). Baskow et al. found in hypothyroid

patients (166) a high malondialdehyde (MDA) level, an oxidative

stress agent that is made by lipid peroxidation, as well as NO, and a

low activity of paraoxonase-1 (PON-1), a liver enzyme made with

an antioxidant agent. On the other hand, levothyroxine therapy

reduced MDA levels and increased PON-1 activity, although several
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similar studies had different conclusions (166). They claimed that in

hypothyroidism the prooxidant environment could affect the

development of atherosclerosis. MDA rising levels also represent

mild thyroid failure (167). Increased OS has a role in the reduction

of antioxidants and also leads to hyperlipidemia. Furthermore, a

considerable association exists between MDA and LDL-cholesterol,

serum cholesterol, and triglyceride levels. The antioxidant level was

not significantly different in clinical hypothyroidism, mild thyroid

failure, and controls. OS can also damage the thyroid itself, which

appears in iodine-excess conditions. This matter was investigated

both in vitro and in animals (168, 169). Iodide induced action on

hydrogen peroxide production in the thyroid and damaged

thyrocytes at high accumulation (170). Subudhi and colleagues

discovered that when hypothyroid rats were given vitamin E and

curcumin supplements, the mitochondrial oxidative stress levels of

their livers were improved and hyperlipidemia was reduced (171).

Table 2 is a summary of reports on b-carotene and vitamin A levels

in association with thyroid hormones.
15 Recent clinical studies

Due to the importance of the thyroid gland in maintaining

normal metabolism in the human body, many researchers have

tried to evaluate the crosstalk between vitamin A derivatives and

THs in human subjects and compare the results of animal studies at

a clinical level. In developing countries, because of the prevalence of

iodine and vitamin A co-deficiency, the risk of thyroid disorders,

particularly in children, has been of interest. Zimmermann et al., in

a study on 404 children from regions with mild to moderate iodine

and vitamin A deficiency, showed that vitamin A supplementation

caused a significant decrease in mean thyroglobulin, median TSH,

and thyroid volume. They proposed that in the presence of vitamin

A, the thyroid gland is less triggered by excess TSH and the chance

of goiter is reduced (133). In a similar study of 138 pediatric patients
A B

FIGURE 4

Metabolic pathways of b-carotene. The membrane proteins SCARB1 and CD36 can mediate absorption in the intestinal epithelium, or absorption
can occur passively by diffusion. When inside the cytoplasm of an enterocyte, there are two ways a substance can be metabolized. (A) The
metabolic route most frequently taken, which culminates in the release of retinyl esters (RE) or b-carotene into the bloodstream in tandem with
chylomicrons. (B) Both the conventional metabolic route and the alternate cleavage-generating apo-carotenal molecule are depicted. Similar
metabolic by-products are produced by both substances (all-trans-RA, ATRA). Abbreviations: RAL, retinal; ROH, retinol; B1ChM-b, carotene–
chylomicron–b-carotene; CD36, cluster of differentiation 36; SCARB1, scavenger receptor class; ChM-RE, chylomicron-RE.
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with goiter, vitamin A supplementation in combination with

iodized salt reduced thyroid volume and serum TSH levels more

significantly than iodized salt alone (36). Similar studies have also

been conducted on adult populations. The studies mainly focused

on assessing the impact of vitamin A supplementation on the

thyroid function of patients with thyroid disorders. However,

some researchers evaluated the baseline status of vitamin A in

patients with such diseases. For instance, Ibrahim et al. studied the

nutritional condition of female patients with thyroid disorders.

They found that in women with hyperthyroidism, the average

vitamin A intake was considerably higher than in those with

hypothyroidism (175). Farhangi et al. in a randomized controlled

trial assessed the effects of vitamin A supplementation on thyroid

status in obese women. The obese women received placebo or

vitamin and non-obese subjects received vitamin A. They found

that vitamin A supplementation led to a noticeable decrease in TSH

levels in both obese and non-obese subjects. Furthermore, serum T3

levels rose in both treated groups, while serum T4 levels dropped in

the three groups after the trial. Their findings confirmed a marked

decrease in serum retinol-binding protein in the obese group

treated with vitamin A, but no meaningful change was detected

in serum transthyretin (34). Haugen reported that a high dose of

vitamin A was effective in reducing symptoms and metabolic rate in

individuals suffering from hyperthyroidism (35). On the other

hand, recent studies have shown the benefits of vitamin A

supplementation in individuals with hypothyroidism. As an

illustration, Rabbani et al. designed a randomized controlled

trial where 86 hypothyroid patients either were treated with

supplementation including zinc gluconate, magnesium oxide, and

vitamin A or received placebo. They demonstrated that in the
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intervention group, serum free T4 concentrations elevated

considerably, while after the intervention, the differences in serum

total T4, TSH, and free T3 were not significant (33). As might be

noticed, the results of previous studies in terms of the effects of

vitamin A on THs have been controversial. These discrepancies

might be justified by the presence of complex feedback between the

hypothalamus–pituitary–thyroid axis (176). In T4, as most of this

hormone is bound to transporter proteins, the alterations in its

serum levels may be masked. Regarding TSH, T3 is the main

regulator of TSH release from the pituitary gland negatively

influencing TSH synthesis. Thus, a lack of alteration in serum

FT3 can lead to no change in TSH levels (33). Overall, despite

differences between the findings of previous studies on this topic,

there is a strong body of evidence on the potential of vitamin A

supplementation in the treatment of thyroid disorders in

human subjects.
16 Discussion and future perspectives

TH receptors are nuc lear receptors that require

heterodimerization with RXR. In fact, RXR regulates the function

of thyroid receptors with the outcome being determined by the

ligands of the two receptors (177). Various studies have confirmed

the influential role of vitamin A on THs from gene expression to

impact on the target cells; a reciprocal effect has also been

discovered suggesting the effects of THs on vitamin A

metabolism. Hence, vitamin A and thyroid functions are

inseparably linked; however, some underlying mechanisms are

still unclear (19, 178, 179). In the case of these mutual
TABLE 2 Reports of b-carotene and vitamin A levels in association with thyroid hormones.

Author Year Status Outcome Ref

Sachiko Kiuchi
et al.

2018 b-Carotene and hypothyroidism The prevalence of hyper b-carotenemia in patients with primary hypothyroidism is 8%, and
in patients with subclinical hypothyroidism, the prevalence is 6.5%.

(27)

Goswami UC
et al.

1999 b-Carotene, hypothyroidism, and
hyperthyroidism

b-Carotene and retinol levels were elevated in hypothyroidism but were decreased in
hyperthyroidism.

(53)

Steven I.
Sherman et al.

1999 Retinoid and thyroid hormones in
a patient with cutaneous T-cell
lymphoma

Retinoid treatment of the patient with cutaneous T-cell lymphoma decreases the level of
thyroid hormones.

(71)

A. R. Angioni
et al.

2005 Retinoid and TSH Chronic retinoid intake reduces the level of TSH in serum. (172)

Wendy M.
Golden et al.

2007 Retinoid and TSH Retinoid administration can reduce TSH concertation in healthy adults. (73)

Mervat M. El-
Eshmawy et al.

2016 Vitamin A and thyroid hormones
in patients with hepatitis C virus

Vitamin A deficiency is associated with hyperthyroidism condition. (173)

Mahdieh
Abbasalizad
Farhangi et al.

2012 Vitamin A and TSH in
premenopausal women

Vitamin A treatment may decrease the likelihood of subclinical hypothyroidism in
premenopausal women since serum TSH levels were considerably reduced in vitamin A-
treated participants.

(34)

G. Ceresini
et al.

2002 Vitamin A and TSH In healthy individuals, treatment of vitamin A appears to have little effect on TSH
production; the findings also imply that the interaction between T3 and vitamin A in the
regulation of TSH secretion is unlikely.

(174)

RK Miller et al. 1998 Safe dosage of vitamin A and b-
carotene in pregnant women

It is believed that a daily dose of 10,000 IU/day is safe in pregnant women, and intake of b-
carotene is not teratogenic at any dose.

(122)
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interactions, a major factor that should be noticed is the accessibility

of vitamin A, which is dependent on the equilibrium between the

enzymes which are responsible for the production or inactivation of

the RA RAR or could be limiting in rigorous nutritional deficiencies

(180). This matter becomes more complex knowing the severe

impact of vitamin A and iodine co-deficiency on thyroid function in

individuals from regions with nutritional crises. Indeed, providing

sufficient intake of these micronutrients is a major health issue that

needs to be tackled in developing countries (22). Even with

providing adequate nutritional intake, there are still complexities

in the case of RA–thyroid interactions. RA synthesis and

deactivation are regulated via complex pathways. Knowledge of

the mechanisms can facilitate understanding of the links between

RA and endocrine hormones including THs (181, 182). At the

clinical levels, the results of studies assessing the impact of vitamin

A supplementation on human subjects with thyroid disorders have

been controversial yet mostly promising. Recently, the use of

vitamin A derivatives as a potential therapeutic option in thyroid

cancer has gained the interest of researchers like never before (38,

183, 184). At this moment, we might have effective techniques to

tackle some problems in this area. With recent improvements in

genome engineering, we will be able to assess the effects of small

modifications to RARs/RXRs encoding genes on thyroid hormonal

pathways. On larger scales, these types of studies might help

discover new pathways in the regulation of the hypothalamus–

pituitary axis affecting other endocrine organs. With advances in

molecular pharmaceutics and nanoformulation, synergistic drug

combinations and polymer micelles might be offered to improve the

efficacy of vitamin A derivatives and reduce their adverse effects.

Novel machine learning techniques can help analyze large data sets

produced by genomic studies and facilitate the understanding of the

dynamic associations between RA-related genes and subsequent

hormonal processes (185). The proposed mechanism of the role of

beta-carotene in affecting thyroid hormones is shown in Figure 5.
17 Conclusion

In recent years, significant progress has been made in advancing

our comprehension of retinoic acid and thyroid interactions at both

the molecular and clinical levels. Although the positive effects of

vitamin A on patients with thyroid disorders and malignancies are

widely accepted, the underlying mechanisms still require further

elucidation. Additionally, the efficacy of vitamin A supplementation

in thyroid disorders can be improved by conducting large-scale

studies utilizing novel pharmacological techniques. These studies

will allow for a more comprehensive understanding of the intricate

interactions between retinoic acid and thyroid hormones, paving

the way for the development of more effective therapeutic strategies.
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Thus, continued research in this area is crucial for improving

patient outcomes and advancing our knowledge of the complex

relationship between retinoic acid and thyroid function.
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164. Ademoğlu E, De GÖKkuŞU C, Yarman S, Azizlerli H. The effect of
methimazole on the oxidant and antioxidant system in patients with
hyperthyroidism. Pharmacol Res (1998) 38(2):93–6. doi: 10.1006/phrs.1998.0336

165. Mancini A, De Marinis L, Calabrò F, Fiumara C, Goglia A, Littarru GP.
Physiopathological relevance of coenzyme Q10 in thyroid disorders: CoQ10
concentrations in normal and diseased human thyroid tissue. Biomed Clin Aspects
Coenzyme Q (1991) 6:441–8.

166. Baskol G, Atmaca H, Tanrıverdi F, Baskol M, Kocer D, Bayram F. Oxidative
stress and enzymatic antioxidant status in patients with hypothyroidism before and
after treatment. Exp Clin Endocrinol Diabetes (2007) 115(08):522–6. doi: 10.1055/s-
2007-981457

167. Torun AN, Kulaksizoglu S, Kulaksizoglu M, Pamuk BO, Isbilen E, Tutuncu
NB. Serum total antioxidant status and lipid peroxidation marker malondialdehyde
levels in overt and subclinical hypothyroidism. Clin Endocrinol (2009) 70(3):469–74.
doi: 10.1111/j.1365-2265.2008.03348.x

168. Zhang N, Wang L, Duan Q, Lin L, AhmedM,Wang T, et al. Metallothionein-I/
II knockout mice aggravate mitochondrial superoxide production and peroxiredoxin 3
expression in thyroid after excessive iodide exposure. Oxid Med Cell Longevity (2015)
2015:267027. doi: 10.1155/2015/267027

169. Vitale M, Di Matola T, D’Ascoli F, Salzano S, Bogazzi F, Fenzi G, et al. Iodide
excess induces apoptosis in thyroid cells through a p53-independent mechanism
Frontiers in Endocrinology 1595
involving oxidative stress. Endocrinology (2000) 141(2):598–605. doi: 10.1210/
endo.141.2.7291

170. Corvilain B, Collyn L, Van Sande J, Dumont JE. Stimulation by iodide of
H2O2generation in thyroid slices from several species. Am J Physiol-Endocrinol Metab
(2000) 278(4):E692–E9. doi: 10.1152/ajpendo.2000.278.4.E692

171. Subudhi U, Das K, Paital B, Bhanja S, Chainy GB. Supplementation of
curcumin and vitamin e enhances oxidative stress, but restores hepatic
histoarchitecture in hypothyroid rats. Life Sci (2009) 84(11-12):372–9. doi: 10.1016/
j.lfs.2008.12.024

172. Angioni A, Lania A, Cattaneo A, Beck-Peccoz P, Spada A. Effects of chronic
retinoid administration on pituitary function. J Endocrinol Invest (2005) 28(2):961–4.
doi: 10.1007/BF03345332

173. El-Eshmawy MM, Arafa MM, Elzehery RR, Elhelaly RM, Elrakhawy MM, El-
Baiomy AA. Relationship between vitamin a deficiency and the thyroid axis in clinically
stable patients with liver cirrhosis related to hepatitis c virus. Appl Physiol Nutrition
Metab (2016) 41(9):985–91. doi: 10.1139/apnm-2016-0056

174. Ceresini G, Rebecchi I, Morganti S, Maggio M, Solerte SB, Corcione L, et al.
Effects of vitamin a administration on serum thyrotropin concentrations in healthy
human subjects. Metabolism (2002) 51(6):691–4. doi: 10.1053/meta.2002.32724

175. Ibrahim HS, Ghit MM, El-Azeem A, Niveen M. Assessment of nutritional
status of women suffering from thyroid dysfunction and osteoporosis. Egyptian J Nutr
Health (2020) 15(1):1–16. doi: 10.21608/ejnh.2020.117358

176. Mullur R, Liu Y-Y, Brent GA. Thyroid hormone regulation of metabolism.
Physiol Rev (2014) 94(2):355–82. doi: 10.1152/physrev.00030.2013

177. Liu Y-C, Yeh C-T, Lin K-H. Molecular functions of thyroid hormone signaling
in regulation of cancer progression and anti-apoptosis. Int J Mol Sci (2019) 20(20):4986.
doi: 10.3390/ijms20204986

178. Olson CJH, Krois CR. Thyroid hormone regulation of retinoic acid synthesis in
brown adipose tissue. FASEB J (2019) 33(S1):485.8–.8. doi: 10.1096/fasebj.
2019.33.1_supplement.485.8
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Mating modifies the expression
of crucial oxidative-reductive
transcripts in the pig oviductal
sperm reservoir: is the female
ensuring sperm survival?

Manuel Álvarez-Rodrı́guez1,2, Jordi Roca3, Emilio A. Martı́nez3

and Heriberto Rodrı́guez-Martı́nez1*

1Department of Biomedical and Clinical Sciences (BKV), BKH/Obstetrics and Gynecology, Faculty of
Medicine and Health Sciences, Linköping University, Linköping, Sweden, 2Department of Animal
Reproduction, Instituto Nacional de Investigación Agraria y Alimentaria (INIA)-CSIC, Madrid, Spain,
3Department of Medicine and Animal Surgery, Faculty of Veterinary Medicine, University of Murcia,
Murcia, Spain
Background: Mating induces large changes in the female genital tract,

warranting female homeostasis and immune preparation for pregnancy,

including the preservation of crucial oxidative status among its pathways.

Being highly susceptible to oxidative stress, sperm survival and preserved

function depend on the seminal plasma, a protection that is removed during

sperm handling but also after mating when spermatozoa enter the oviduct.

Therefore, it is pertinent to consider that the female sperm reservoir takes up this

protection, providing a suitable environment for sperm viability. These aspects

have not been explored despite the increasing strategies in modulating the

female status through diet control and nutritional supplementation.

Aims: To test the hypothesis thatmatingmodifies the expression of crucial oxidative-

reductive transcripts across the entire pig female genital tract (cervix to infundibulum)

and, particularly in the sperm reservoir at the utero-tubal junction, before ovulation, a

period dominated by estrogen stimulation of ovarian as well as of seminal origin.

Methods: The differential expression of estrogen (ER) and progesterone (PR)

receptors and of 59 oxidative-reductive transcripts were studied using a species-

specific microarray platform, in specific segments of the peri-ovulatory sow

reproductive tract in response to mating.

Results: Mating induced changes along the entire tract, with a conspicuous

downregulation of both ER and PR and an upregulation of superoxide dismutase

1 (SOD1), glutaredoxin (GLRX3), and peroxiredoxin 1 and 3 (PRDX1, PRDX3),

among other NADH Dehydrogenase Ubiquinone Flavoproteins, in the distal

uterus segment. These changes perhaps helped prevent oxidative stress in the

area adjacent to the sperm reservoir at the utero-tubal junction. Concomitantly,

there were a downregulation of catalase (CAT) and NADH dehydrogenase

(ubiquinone) oxidoreductases 1 beta subcomplex, subunit 1 (NDUFB1) in the

utero-tubal junction alongside an overall downregulation of CAT, SOD1, and

PRDX3 in the ampullar and infundibulum segments.
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Conclusions:Natural mating is an inducer of changes in the expression of female

genes commanding antioxidant enzymes relevant for sperm survival during

sperm transport, under predominant estrogen influence through the

bloodstream and semen. The findings could contribute to the design of new

therapeutics for the female to improve oxidative-reductive balance.
KEYWORDS
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Created with BioRender.com.
1 Introduction

Oxidative stress is critical to reproductive success and any

distress of antioxidant capacity in the reproductive epithelia is

capable of disturbing endocrine status in sows (1) Natural mating

adds another dimension. On one hand, it imposes the transit and

permanence of the foreign spermatozoa and of immunologically

foreign proteins in the seminal plasma (SP). On the other hand,

mating occurs solely under oestrus, a period dominated by estrogen

influence, both humoral and local, considering the SP of the boar

contains relevant concentrations of the hormone, up to 11.5 µg/

ejaculate (2). These seminal estrogens condition the local release of

prostaglandins, imposing dramatic increases in myometrial and

myosalpingeal contractions ruling sperm transport (3). Mating calls

for a decision by the female immune system; to maintain protection

against pathogens and up to 80% of surplus foreign spermatozoa

while at the same time allowing the survival of an aliquot of

potentially fertile spermatozoa in the sperm reservoir (4). Such

status of tolerance to male antigens is initiated at mating and
0297
maintained throughout pregnancy, as documented by several

studies (5–9) including a large cohort of orchestrated events in

the female, which includes preservation of cell homeostasis

controlled by, among other factors, the correct oxidative-

reductive balance of thousands of genes.

How do these genes react to endocrine changes and

reproductive events such as mating? Mating in sows occurs

during standing oestrus, a period of the estrous cycle dominated

by estrogens of ovarian and seminal sources (2, 10), and mating is,

per se, capable of affecting gene expression in tissues of the genital

tract of the female (5) without considering the hormone levels

present in the SP. It is well recognized that mating and deposition of

semen modify the onset and the duration of ovulation in sows (11),

effects also recognized as being affected by the SP (12), a composite

fluid recently proposed as acting as a particular pheromone (13).

Mating and deposition of semen also cause dramatic changes in the

expression of genes, particularly of those related to immune

function, in the internal genital tract of sows during the pre/peri

ovulatory stage of oestrus (6), including the cortisol receptor and
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some prostaglandins (9) and other complex molecules such as the

RNA binding molecules, which have an active part of the immune

response to the presence of spermatozoa (and seminal plasma) in

the reproductive tract (8). The hypothesis behind these changes

includes the existence of a tolerance status in the female, not yet

fully understood, that allows the sperm to survive in the female

genital tract, in particular, the sperm stored in the sperm storage

site. If deprived of the antioxidant protection of the seminal plasma

(14), the spermatozoa in the storage site are quite susceptible to

oxidative stress, a common cause of sperm death (15).

Sperm transit through the female genital tract is quite rapid, and

after only 1-2 h enough sperm is sequestered to ensure fertilization

(16). Such quick transport is issued by myometrial and

myosalpingeal contractions, under the stimulus of estrogens from

the ovary and/or seminal plasma (2, 14, 15, 17). Under this period of

estrogen influence, spermatozoa are stored in the utero-tubal

junction (UTJ) for up to 36 h or more, being kept viable and

fertile, expecting spontaneous ovulation (18–20) and the changes

that progesterone issues on the UTJ, including sperm capacitation

(21). Sperm capacitation, which is triggered by ionic changes in the

sperm environment, is also related to the endocrine variations in the

female (14), being partially regulated by estrogen (22) and

progesterone (20).

However, is it possible to manage female tolerance through diet

composition? This question remains yet unknown because most of

the studies included the addition of antioxidants during pregnancy

and not before, for preparation during the peri-ovulatory phase.

Nutritional studies are usually focused on, for example, fiber

addition that leads to increased oocyte maturation, prenatal

survival, and litter size, being fluid hormones and metabolites,

hypothalamic satiety center on gonadotropin secretion and

epigenetics would affect strong candidates for the mechanism

(23). Other examples of nutritional add-ons are lycopene, which

improves maternal reproductive performance (24), and cysteamine,

which alleviates oxidative stress and enhances angiogenesis in the

porcine placenta (25). In addition, taurine supplementation to gilts

during late gestation and lactation has a large effect on offspring

growth and oxidative stress (26) as does resveratrol, which

increased the oxidative status of offspring (27).

Most of the nutritional studies are oriented to map the

oxidative-reductive balance in the organism, with little attention

being paid to the expression in the female genital tract. An example

of analytical parameters to be assayed in this regard is the

superoxide dismutase (SOD) (SOD1: soluble , SOD2:

mitochondrial, and SOD3: extracellular), which catalyzes the

dismutation of the superoxide radical into a molecular oxygen

and hydrogen peroxide. If abundant, hydrogen peroxide leads to

many types of cell damage (28). Catalase (CAT) is an important

second reactive oxygen species (ROS)-scavenger, converting

hydrogen peroxide into water and oxygen. In addition,

peroxiredoxins are a highly conserved family of cysteine-

dependent peroxidases that reduce hydrogen peroxide, lipid

hydroperoxides, and peroxynitrite and have emerged as one of

the most important scavenging enzymes, together with CAT and

glutathione peroxidases (29). Moreover, caspases are cysteine-

aspartic proteases that are involved in several programmed cell
Frontiers in Endocrinology 0398
death functions but act locally, with minimum effect on

surrounding tissues (30). Finally, the oxidative phosphorylation

pathway (OxPhos) is the primary pathway for energy production,

but also to balance the oxidative-reductive balance in several cells

and tissues. NADH:ubiquinone oxidoreductase (complex I) is the

first of three large enzyme complexes located in the inner

mitochondrial membrane which form the electron transport

chain that carries electrons from NADH to molecular oxygen

during oxidative phosphorylation (31). The NADH-ubiquinones,

which are implicated in the respiratory chain complexes,

participated in the NADH transfer of electrons and the oxidation

of NDAH into its oxidized form (NAD+) (32) and, ultimately, are

involved in the oxidation-reduction process, including post-

translational protein modifications.

In the present study, we analyzed the effect of natural mating on

the expression of genes relevant to the oxidative-reductive capacity

of specific segments of the female internal genital tract of pigs pre-

periovulation, relative to the basal expression of non-mated sows.

We hypothesized that mating, on a particular endocrine milieu,

modifies the expression of crucial oxidative-reductive transcripts

across the entire pig female genital tract (cervix to infundibulum)

that are of relevance for the survival of spermatozoa during sperm

transit and particularly in the sperm reservoir (UTJ) during the

lengthy pre-fertilization period.
2 Materials and methods

2.1 Ethics approval

Animal handling and experiments were carried out in

accordance with the European Community Directive 2010/63/EU,

22/09/2010, and current Swedish legislation (SJVFS 2017:40). The

study was accepted by the Regional Committee for Ethical Approval

of Animal Experiments (Linköpings Djurförsöksetiska nämnd,

Linköping, Sweden). Permits number 75-12 (10/02/2012), ID1400

(02/02/2018), and Dnr 03416-2020 (26/03/2020).
2.2 Tissue collection

Weaned sows (parity 1-3, n = 8) and young matured boars (9-11

months of age, n = 5) of the Swedish Landrace breed (Sus scrofa

domestica) were held in individual pens at the Translational

Medicine Centre (TMC/CBR-3) of Linköping University under

temperature and light control. Animals were fed with commercial

feedstuff, and water was provided ad libitum. Females were

cervically infused with protein-free Beltsville thawing solution

(Control group, n = 4) or mated with a single male (Mating

group, n = 4), as previously described (5–7). After 24 h of each

treatment, sows were subjected to general anesthesia during the

tissue collection procedure. The following specific segments were

retrieved: cervix (Cvx), distal uterus (DistUt), proximal uterus

(ProxUt), UTJ, and the oviductal segments isthmus (Isth),

ampulla (Amp), and infundibulum (Inf). Tissue samples were

directly plunged into liquid nitrogen and stored in cryovials at
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-80°C until mRNA expression analyses. Fixed and stained paraffin

sections of complementary tissues confirmed the presence of

spermatozoa in the UTJ of mated sows.
2.3 Oestradiol and progesterone
concentrations in blood

Oestradiol (E2) and progesterone (P4) blood plasma

concentrations were individually measured using porcine enzyme-

linked immune sorbent assay (ELISA) kits (Cat#MBS700342 and

Cat#MBS703577, MyBiosource Inc., San Diego, CA, USA), after

preparation of a standard curve for the individual hormones. The

optical density of each microplate well was determined using a

microplate reader (TECAN, Sunrise GmbH, Grödig, Austria) set at

450 nm.
2.4 Transcriptome analysis
and bioinformatics

Total RNA from reproductive samples was extracted following

a TRIzol (Invitrogen, Carlsbad, CA, USA) modified protocol (25).

RNA concentration, integrity evaluation, cDNA synthesis, and

microarray analyses (GeneChip® Porcine Gene 1.0 ST Array,

Affymetrix Inc., 3420 Central Expressway, Santa Clara, CA, USA)

were performed according to methods previously described (25).

Only samples with RNA values larger than 9 were employed for

microarray hybridization. The GeneChip®Whole Transcript Plus

reagent kit (Affymetrix, Santa Clara, CA, USA) was used to

synthesize cDNA (250 ng/reaction). An initial incubation of the

hybridization cocktail at 99°C for 5 min was done after a fall to 45°C

before loading the array chip (GeneChip® Porcine Gene 1.0 ST

Array, Affymetrix Inc., 3420 Central Expressway, Santa Clara, CA,

USA). The cocktail hybridization solution (130 mL) was then put

into each array chip and incubated for 16 h at 45°C under 60

rotations/min. The hybridized cartridge array was unloaded after

incubation and washed and stained with the GeneChip® Fluidics

Station 450 (Affymetrix, Santa Clara, CA, USA) before being

scanned with the Affymetrix GeneChip® Scanner GCS3000

(Affymetrix, Santa Clara, CA, USA).

Transcriptomic results were processed as previously described

(6, 33). Briefly, the array chip data were processed using robust

multi-array average (RMA) normalization, computing average

intensity values by background adjustment , quanti le

normalization among arrays, and finally, log2 transformation for

extracting the expression values of each transcript in the probe set.

The normalized mRNA expression data of the 60 selected

transcripts were analyzed using the Transcription Analysis

Console (TAC, Affymetrix). Differentially expressed transcripts

were calculated using a linear model and the empirical Bayes’

approach implemented in the package limma, included in the

TAC console. A principal component analysis-based p-value
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correction was used, establishing a fold change (FC) >1 or < -1.

GO terms and pathways were analyzed by PANTHER (34) based on

the KEGG database (35). ClustVis (BETA) were used for the

elaboration of the principal component analysis and the

hierarchical clustering of the oxidative-reductive genes (36).
3 Results

3.1 The tissues explored were under
estrogenic influence

Oestradiol concentrations (mean ± SD in pg/ml) were 376.50 ±

27.76 in controls versus 349.10 ± 62.19 in mated sows (ns).

Progesterone concentrations (mean ± SD in ng/ml) were <0.68 ±

0.34 without significant differences between the sow groups. The

hormone concentrations confirmed the animals were all in pre/

peri-ovulatory oestrus, with a predominant estrogen influence.
3.2 The genes commanding progesterone
and estrogen receptors showed a clear
pattern of downregulation in the mated
periovulatory sow

Gene expression of estrogen and progesterone receptors (ER

and PR) showed a conspicuous pattern of down-regulation in all

genital tissues studied, from Proximal Uterus to Infundibulum

(Figure 1; Supplementary Table 1). The ER levels further

confirmed the degree of tissue stimulation by estrogens.
3.3 Differential expression of the 59
oxidative-reductive transcripts

The differential expression of the 59 oxidative-reductive

transcripts across tissues showed a significant number of down-

and upregulation in response to natural mating, as depicted in the

volcano plot (Figure 2). The principal component analysis

explained more than 64% of the variation in the two components,

tightly grouped the DistUt and ProxUt tissues, and showed the UTJ

as the most distal group from the rest of the tissues, interestingly

showing that the UTJ had more proximity to the Cvx expression

than the oviductal tissues (Isth, Amp, and Inf) (Supplementary

Figure 1). The hierarchical clustering analysis through a heap map

representation (Supplementary Figure 2) showed a heterogeneous

grouping pattern in some of the tissues, with the endometrial tissues

being the ones showing a more discrete grouping pattern.

In addition, transcripts were classified following PANTHER

and KEGG databases, according to molecular function (Figure 3A),

particularly for catalytic activity and binding. In terms of protein

class (Figure 3B), most transcripts belonged to metabolic

interconversion enzymes. As for the cellular component
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(Figure 3C), all transcripts were classified into cellular anatomical

entities and protein-containing complexes. Cellular and metabolic

processes, followed by a response to stimulus and biological

regulation, were the main categories inside biological process
Frontiers in Endocrinology 05100
classification (Figure 3D). Finally, the four most abundant

pathways of the oxidative-reductive transcripts were the FAS

signaling pathway, apoptosis signaling pathway, Huntington’s

disease, and CCKR signaling map. (Figure 3E).
3.4 Peroxiredoxins 1 and 3 expression
increases in the distal uterus in response
to mating

The detailed analysis of the differential expression of

peroxiredoxins (PRDX) showed upregulation in the DistUt

(PRDX1 and PRDX3), and downregulation in both the Inf

(PRDX1, PRDX3, and PRDX4) and the Amp (PRDX3) (Figure 4).
3.5 Classical oxidative-reduction markers
showed a balanced up- and
downregulation across tissues

The cytoplasmic subtype SOD1 is one of the members of the

SOD protein family catalyzing the conversion of superoxide radicals

into hydrogen peroxide and oxygen. Our results showed an

upregulation in DistUt and a downregulation in Amp and Inf

(Figure 5A). The mitochondrial subtype (SOD2) showed

upregulation in the first part of the oviductal tissues (Inf)

(Figure 5A). In contrast, no differences were found in SOD3, the

extracellular subtype of SOD (Supplementary Table 1).

CAT, an oxidoreductase that together with SOD protects from

radical attacks, converts hydrogen peroxide into oxygen and water.

Our results showed a decrease in its expression in the UTJ, Isth, and

Inf (Figure 5B).

Our findings revealed a differential pattern of expression of

glutaredoxin (GLRX), a redox enzyme that employs glutathione as a

cofactor and becomes essential to maintaining homeostasis and
FIGURE 1

Summary of significant differential expression of progesterone and estrogen receptors. Box-plot representation of the log2 signal intensity of the
selected transcripts by tissue, Cvx, cervix; DistUt, distal uterus; ProxUt, proximal uterus; UTJ, utero-tubal junction; Isth, isthmus; Amp, ampulla; and
Inf, infundibulum. The green color “*” represents a relative decrease relative to the negative control (p < 0.05). PR, progesterone receptor; and ER,
estrogen receptor.
FIGURE 2

Volcano plot depicting a summary of the differential expression
analyses of transcripts in the reproductive internal genital tract
segments (cervix, distal uterus, proximal uterus, utero-tubal junction,
isthmus, ampulla, and infundibulum), 24 h after natural mating vs
unmated, Sham (infusion of BTS extender) controls. The x-axis
shows the log2 fold-changes in expression and the y-axis the
statistical significance (-log10 p-value). This figure depicts p < 0.05
and p < 0.01 relative to the control.
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oxidative equilibrium (Figure 5C). GLRX1 (in Inf) and GLRX3 (in

DistUt) were upregulated, whereas GLRX2 was downregulated in

Inf. No differences were found in GLRX5 expression among tissues

(Supplementary Table 1).

Finally, the antioxidant protein 1 (ATOX1) showed a decrease

in its expression in the Inf (Figure 5D).
3.6 Caspases 1 and 3 showed a high
downregulation pattern across
reproductive tissues, except in the UTJ

CASPs, cysteine-aspartic proteases involved in several

programmed cell death functions, were mapped in our study

(Figure 6). CASP1, with a pro-inflammatory function, was

downregulated in DistUt, ProxUt, Isth, and Amp. In addition,

CASP3, an initiator of apoptosis, was uniformly downregulated in

all the tissues, except in the UTJ. CASP2, CASP8AP2, and CASP9

expression, all apoptosis initiators, were upregulated in DistUt. In

contrast, no differences were found neither in CASP6, an apoptosis
Frontiers in Endocrinology 06101
executioner, nor in the apoptosis and caspase activation inhibitor,

in any of the collected tissues (Supplementary Table 1).
3.7 NADH dehydrogenase (ubiquinone)
oxidoreductases showed a heterogeneous
expression pattern in the distal uterus of
the periovulatory sow

The 37 NADH dehydrogenase (ubiquinone) oxidoreductases

(NDUF) included in the present study (Supplementary Table 1)

showed a heterogeneous pattern of differential expression. Thus, 9

out of 16 NDUF (NDUFA2, NDUFA5, NDUFA8, NDUFA10,

NDUFA12, NDUFAB1, NDUFAF1, NDUFAF6, and NDUFAF7)

(Figure 7), and 5 out of 12 (NDUFB6, NDUFC2, NDUFS3,

NDUFS6, and NDUFV1) (Figure 8) were upregulated in DistUt.

In contrast, the pattern of downregulation was heterogeneously

distributed across tissues, being the Inf the main tissue presenting

this repression in 8 out of 16 (Figure 7) and 7 out of 12

(Figure 8) NDFUs.
B C

D E

A

FIGURE 3

PANTHER classification showing differential gene expression (DEG) of the 59 oxidative-reductive (OR) genes. The bar plots represent different
percentages of DEGs classified according to (A) molecular function, (B) protein class, (C) cellular component, (D) biological process, and (E) pathway.
frontiersin.org

https://doi.org/10.3389/fendo.2023.1042176
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org
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4 Discussion

The present study analyzed a particular timeframe, 24 h after

natural mating when spermatozoa had colonized the female sperm

reservoir in the UTJ (14). This particular period of the estrous cycle

is dominated by estrogens, both of ovarian and seminal origin. The

analyses of circulating estradiol and progesterone in the examined

sows confirmed estrogens dominated, and the analyses of the

estrogen (ER) and progesterone (PR) receptor transcripts indicate

the dominance pressed the production of ERs. Certainly, semen was

signaling to the female to activate its local immune system to

counteract incoming micro-organisms, cells, and proteins from

damaging effects (7). The female, nevertheless, tolerates a certain

proportion of spermatozoa, those colonizing the UTJ-reservoir and

further on the hemi-allogeneic embryos and their placentas, for the

entire pregnancy (37). Estrogens, particularly oestradiol, exert clear

effects on the immune system during this particular period (38) as

well as on the genital tract epithelia (39) and the spermatozoa, cells

provided with, among others, estrogen receptors (40–42).

Most current studies focus on improving the oxidative-

reductive balance in sperm samples, but few of them focus on the

environment that spermatozoa find when arriving at the sperm
FIGURE 4

Summary of significant differential expression of peroxiredoxins
(PRDX). Box-plot representation of the log2 signal intensity of the
selected transcripts by tissue, Cvx, cervix; DistUt, distal uterus;
ProxUt, proximal uterus; UTJ, utero-tubal junction; Isth, isthmus;
Amp, ampulla; and Inf, infundibulum. The red color “*” represents a
relative increase relative to the negative control (p < 0.05), whereas
the green color “*” represents a relative decrease relative to the
negative control (p < 0.05). PRDX1, peroxiredoxin 1; PRDX1,
peroxiredoxin 3, and PRDX4, peroxiredoxin 4.
B

C D

A

FIGURE 5

Summary of significant differential expression of superoxide dismutase (SOD); glutaredoxins (GLRX); and catalase (CAT). Box-plot representation of the
log2 signal intensity of the selected transcripts by tissue, Cvx, cervix; DistUt, distal uterus; ProxUt, proximal uterus; UTJ, utero-tubal junction; Isth,
isthmus; Amp, ampulla; and Inf, infundibulum. (A) SOD1, superoxide dismutase 1; cytoplasm; and SOD2, mitochondrial. (B) CAT, catalase.
(C) GLRX1, glutaredoxin 1; GLRX2, glutaredoxin 2; and GLRX3, glutaredoxin 3. (D) ATOX1, antioxidant protein 1. The red color “*” represents a relative
increase relative to the negative control (p < 0.05); whereas the green color “*” represents a relative decrease relative to the negative control (p < 0.05).
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storage place in the female and even further on during the transit

towards the site where the fertilization takes place in the tubal

ampulla. Furthermore, most of the antioxidants and other

nutritional complements are used postpartum or during lactation

but, to the best of our knowledge, little attention is paid to

supplements before mating to favor another early reproductive

event as the peri-ovulatory period. In pigs, the SP contains major

antioxidants whose overall amount relates to fertility (43). Thus, in

the present study, we aimed to analyze how crucial antioxidant

biomarkers modify their expression within the pre/periovulatory

phase. The rationale behind this was that this restricted period

accounts for the main interaction and cross-talk between

spermatozoa (and its eventual cargo, including the one inside the

extracellular vesicles) and its sperm storage place (12). The survival

of spermatozoa in the female genital tract depends on the seminal

plasma and its antioxidant properties, but only before the

spermatozoa reach the UTJ, the place where seminal plasma

becomes scarce. So, the secretion produced by epithelial cells

turns critical for sperm survival and fertilization capacity afterward.

PRDXs are thioredoxin-dependent peroxide reductases localized

either in the cytoplasm (PRDX1 and PRDX2) or the mitochondria

(PRDX3) and they protect the cell from ROS. PRDX1 controls

ovulation in mice through a decrease in intracellular ROS (44),

confirmed by the described role of PRDX1 in antioxidant scaffold

during maternal to zygotic transition in mice (45). In the male

counterpart, PRDXs in human testis, epididymis, and spermatozoa

prevent H2O2-induced damage to spermatozoa (46), with PRDX1

being essential at the epididymis level to fight against the oxidative

damage (47). Our results showed an increase of PRDX1 and PRDX3 in

DistUt, maybe facilitating the passage of the spermatozoa toward the

female reproductive tract. PRDX3 is involved in the thioredoxin

pathway (48) and is involved in the protection of late events, as
Frontiers in Endocrinology 08103
placental function, from oxidative stress occurring in mitochondria

(49). Moreover, lower levels of PRDX3 were found in cumulus cells

from higher-quality human embryos (50), establishing a negative

correlation that could explain, at least in part, the downregulation

that we found in Amp and Inf, as preparatory homeostasis for oocyte

passage. Moreover, PRDX4 plays an important role in regulating male

fertility, showing a positive correlation with litter size (51, 52).

However, and in agreement with our results, the PRDX1 was

upregulated in endometrial epithelial cells in response to

trophectodermal small extracellular vesicles (53), so whether this

upregulation is the starting point for preparation for embryo

implantation requires further analysis. Overall, and in light of our

findings, we suggest a concerted mechanism of both the PRDX1 and

SOD1, PRDX1 and SOD1 are upregulated in DistUt and PRDX1 and

SOD1 are downregulated in DistUT.

Linseed oil improved the antioxidant capacity of boars, including an

increase in CAT abundance (54). In contrast, while CAT looks like a

protective agent for the male gamete (54), our results showed a

significant decrease in its expression in the UTJ and the oviductal

tissues (except Amp (p=0.0833). Indeed, from the group of pure

antioxidant enzymes, CAT, SOD, ATOX1, and GLRXs, only SOD1,

GLRX1, and GLRX3 showed an increase in their expression locally:

DistUt, Inf, and DistUT, respectively. In females, CAT supplementation

improved fetal growth, modulating antioxidant capacity (55). In

addition, resveratrol improved the antioxidant status of sows by

increasing levels of CAT and SOD1, and also other molecules such as

GPX4, agreeing with a recent research paper by our group where we

found increased expression of GPX4 in high fertility boars (56). These

results are supported by other studies using an antioxidant treatment on

sows (from day 85 of gestation), where they confirmed an increase in

the placental expression of SOD (57), as previously demonstrated in the

human placenta, the increase in the expression of antioxidant enzymes

was in response to oxidative stress (58).

The decreases in mRNA expression of the cytosolic antioxidant

GLRX1 and the mitochondrial antioxidant PRDX3 are involved in age-

related ovarian oxidative damage to lipid, protein, DNA, and other

cellular components vital for maintaining ovarian function and fertility

(59). GLRX2, a gene associated with oxidative stress, was

downregulated in the presence of antioxidant supplementation

during in vitro culture of mice oocytes (60). Our results showed a

downregulation of GLRX2 in the Inf, which could be associated with

the preparation of the receptacle to the soon-to-be ovulation. This idea

could be supported by the aberrant redox gene expression patterns and

disrupted redox homeostasis in prepubertal porcine oocytes that lead to

a decrease in developmental competence (61). GLRX3 has a conserved

function in protecting cells against oxidative stress and its deletion in

mice causes early embryonic lethality, which may be associated with

defective cell cycle progression (62). Our results highlighted the

increase of GLRX3 mRNA in DistUt, perhaps relevant for the

preparation of endometrium receptivity.

Concerning CASPs, CASP-2, 8, 9, 10, and 12 are classed as initiators

or pro-apoptotic caspases, whereas Casp-3, 6, and 7 are classed as

downstream effector caspases that are cleaved and activated by these

initiators (30). In the murine oviduct, the CASP3, CASP6, and CASP12

were detected through the estrous cycle, as a plausible indicator of a

certain level of basal apoptosis in this anatomical region (63). Results
FIGURE 6

Summary of significant differential expression of caspases (CASP).
Box-plot representation of the log2 signal intensity of the selected
transcripts by tissue, Cvx, cervix; DistUt, distal uterus; ProxUt,
proximal uterus; UTJ, utero-tubal junction; Isth, isthmus; Amp,
ampulla; and Inf, infundibulum. The red color “*” represents a
relative increase relative to the negative control (p < 0.05), whereas
the green color “*” represents a relative decrease relative to the
negative control (p < 0.05). CASP1, caspase 1; CASP2, caspase 2;
CASP3, caspase 3; CASP8AP2, caspase 8 associated protein 2;
CASP9, caspase 9; and CASP14, caspase 14.
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from CASP3 in our study showed an interesting pattern, with the UTJ

being the only one not showing downregulation on CASP3 expression

in response to mating. We could hypothesize that the caspase activity

through the female genital tract in response to the travel of spermatozoa

is repressed, avoiding a highmobilization ofmacrophages, at least at this

particular period. Interestingly, the dietary supplementation of CAT in

sows leads to a dramatic reduction of CASP3 and CASP9 (64) which

partially agrees with our results on CASP3, but not in the case of CASP9,

since we found an increase in CASP9 in DistUt. This overexpression is

consistent with the results in CASP2 and CASP8AP2, all of the

apoptosis initiators, and may be involved in sperm clearance in the

endometrium for later preparation for implantation. Previous studies

have mapped the increase of mRNA abundance of CASP1, with a pro-

inflammatory function, up to 18 days of gestation (65). Our results agree

with the low level found by authors at 0 and 5 days, confirming the

relevance of these low levels for the later reproductive success in this

species. Since CASP1 acts by increasing the level of IL-1b, the lower

levels obtained in our study relative to the un-mated control make sense.

Finally, expression of mRNA for CASP14 was higher in oviducts
Frontiers in Endocrinology 09104
collected from mice at dioestrus than metaestrus (63), and our results,

during the periovulatory phase, showed an increase of expression in

ProxUt, whereas showing a downregulation in the Cvx.

Oxidative phosphorylation pathway Complex I includes several

subunits, and 28 out of 37NDUFs included in the present study showed

significant expression differences. Interestingly, 14 out of 28 NDUFs

were upregulated in DistUt. The pattern of downregulation was

heterogeneously distributed across tissues, being the Inf the main

tissue presenting this repression in 15 out of 28 NDUFs. NADH:

ubiquinone oxidoreductase (complex I) is the first of three large

enzyme complexes located in the inner mitochondrial membrane

which form the electron transport chain that carries electrons from

NADH to molecular oxygen during oxidative phosphorylation (31).

Antioxidant addition during in vitro culture of bovine embryos reduced

theNDUFA2, improving resilience to stress (66). In contrast,maybedue

to thematrix differences, our results showed an increase of NDUFA2 in

DistUt, as well as so many other NDUFs analyzed in the present study.

NDUFA8 was downregulated in ovine oocytes matured in the presence

of lipopolysaccharide (67).However, whether there is a relation between
FIGURE 7

Summary of significant differential expression of NADH dehydrogenase (ubiquinone) oxidoreductases (NDUF) Part 2. Box-plot representation of the
log2 signal intensity of the selected transcripts by tissue, Cvx, cervix; DistUt, distal uterus; ProxUt, proximal uterus; UTJ, utero-tubal junction; Isth,
isthmus; Amp, ampulla; and Inf, infundibulum. The red color “*” represents a relative increase relative to the negative control (p < 0.05), whereas the
green color “*” represents a relative decrease relative to the negative control (p < 0.05). NDUFA1, NDUF 1 alpha subcomplex, subunit 1; NDUFA2,
NDUF 1 alpha subcomplex, ubunit 2; NDUFA3, NDUF 1 alpha subcomplex, subunit 3; NDUFA4L2, 1 alpha subcomplex, 4-like 2; NDUFA5, NDUF 1
alpha subcomplex, subunit 5; NDUFA6, NDUF 1 alpha subcomplex, subunit 6; NDUFA7, NDUF 1 alpha subcomplex, subunit 7; NDUFA8, NDUF 1
alpha subcomplex, subunit 8; NDUFA10, NDUF 1 alpha subcomplex, subunit 10; NDUFA12, NDUF 1 alpha subcomplex, subunit 12; NDUFA13, NDUF 1
alpha subcomplex, subunit 13; NDUFAB1, NDUF 1 alpha subcomplex, subunit 5; NDUFAF1, NDUF 1 alpha subcomplex assembly factor 1; NDUFAF4,
NDUF complex assembly factor 4; NDUFAF6, NDUF complex assembly factor 6; and NDUFAF7, NDUF complex assembly factor 7.
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the downregulation of its expression in Inf and upregulation in both

DistUt and ProxUt in our study requires further research. NDUFAB1 is

a promotor of ovarian follicle development by stimulating granulosa cell

proliferation in hens (68) and establishing a direct link with the

increased capacity in egg-laying production. We observed a decrease

in the Inf and an increase in DistUt, the latter may be highlighting the

necessity of a decrease in the apoptotic activity to the allowance of sperm

travel towards the uterus. NDUFAF1 interacts to form the core

mitochondrial respiratory complex I assembly complex (69).

NDUFAF1 is indispensable for activation-induced IL-2 and IL-4 (70),

both necessary for the establishment of cellular immunity memory.

NDFUAF7 is essential for complex I assembly and early vertebrate

embryogenesis (71), and it seems relevant in our experimental design,

being upregulated in DistUt and ProxUt, as well as UTJ and Isth. In

addition, the antioxidant curcumin, administrated orally in mice, can

increase the abundance of several proteins, including the ones involved

in protein phosphorylation, namely, NDUFB3, NDUFAB1, and

NDUFA7 (72). Our results showed a significant decrease of these

three genes in the Inf, suggesting the necessity of a controlled

downregulation in this specific tissue may be related to the soon

reception of the oocyte; however, further mechanistic studies are
Frontiers in Endocrinology 10105
needed. Moreover, NDUFB3 plays a pivotal role in recurrent

pregnancy loss in humans when it is upregulated (73). In addition,

NDUFB3 has been identified as a candidate gene to climate adaptation

in cattle (74) and plays an important role in development (75). Our

results showed a reduced expression ofNDUFB3 inAmpand Inf. As for

NDUFB6, previous results in rats have demonstrated that NDUFB6

decreased in oocytes from preovulatory exposure to a low-protein diet

compared to the control diet (76). Thus, its overexpression in DistUt

may suggest a necessary role of this gene in the complex I formation at

this level. The expression of NDUFB8 was reduced in an experimental

model of androgen excess in rats (77), and these changes were also

confirmed in a previous study on maternal nutrient restriction in

baboon-cultured skin fibroblast (78). Thus, despite our results

showing a decrease at the Inf level, which could be read as damage in

the mitochondrial structure, it seems that the decrease could play

another role at the Inf level, yet not fully understood. NDUFC1 is a

key activator of cell proliferation and apoptosis (79). Therefore, our

results showing downregulation in Inf could be linked to a low necessity

of this relevant process in this tissue. Reduction of NDUFC2 was

associated with mitochondrial impairment (80) and the

overexpression in DistUt suggests a relevant function in this specific
FIGURE 8

Summary of significant differential expression of NADH dehydrogenase (ubiquinone) oxidoreductases (NDUF) Part 2. Box-plot representation of the
log2 signal intensity of the selected transcripts by tissue, Cvx, cervix; DistUt, distal uterus; ProxUt, proximal uterus; UTJ, utero-tubal junction; Isth,
isthmus; Amp, ampulla; and Inf, infundibulum. The red color “*” represents a relative increase relative to the negative control (p < 0.05), whereas the
green color “*” represents a relative decrease relative to the negative control (p < 0.05). NDUFB1, NDUF 1 beta subcomplex, subunit 1; NDUFB2,
NDUF 1 beta subcomplex, ubunit 2; NDUFB3, NDUF 1 beta subcomplex, subunit 3; NDUFB5, 1 beta subcomplex, subunit 5; NDUFB6, NDUF 1 beta
subcomplex, subunit 6; NDUBA8, NDUF 1 beta subcomplex, subunit 8; NDUFC1, NDUF 1 subunit C1; NDUFC2, NDUF 1 subunit C2; NDUFS3, NDUF
iron-sulfur protein 3; NDUFS4, NDUF iron-sulfur protein 4; NDUFS6, NDUF iron-sulfur protein 6; and NDUFV1, NDUF flavoprotein 1.
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tissue and at the periovulatory stage. NDUFS4was reduced in advanced

antral atretic follicles in the porcine (81). In contrast, our results

confirmed an increase at the Cvx level, suggesting a healthy and

relevant overexpression in this tissue. NDUFS6 was detected

downregulated in adult mesenchymal stem cells (82), as a

measurement of senescence. Our results suggested a specific role in

the ProxUt, being downregulated after mating. Finally, maternal

nutrition modulates fetal development in gilts, with the non-treated

with high-energy diet sows overexpressing the NDUFV1 genes, which

are involved in energymetabolism (69, 83). Our results, downregulation

in DistUt and ProxUt, suggest the endometrium plays a relevant

function in relation to the oxidative phosphorylation status.

Previous studies from our group (6–9, 84) highlighted the

presence of a complex immunomodulatory expression of several

genes in response to mating in pigs. In particular, semen-induced

downregulation of cytokine, interleukine, interferon-gamma, and

JAK/STAT pathways in the sperm reservoir (6). In particular, the

anti-inflammatory IL-10 was upregulated in the UTJ (84), and the

pro-inflammatory cytokine CXCL8 was downregulated in the

cervix and proximal uterus (8). Even heat sock proteins,

associated with several controlling physiological aspects, were

downregulated in the female tract in response to mating (9).

Considering all the aforementioned results, the present study

specifically focused on oxidative-reductive transcripts, to discover

the differential effect of mating on the expression of key targets of

possibly designable nutritional additives. Maternal nutrition

triggers thousands of different expression patterns and affects

several different genes and complex pathways. Increasing our

knowledge of the expression status in sows, before and after

mating, is a relevant starting point of reproductive success and

could lead to the development of new additives or procedures to

increase the preparation of the female genital tract to succeed in

decreasing embryo losses, which is a major concern in this species.

Our results showed that a fine tune of the mRNA abundance was

triggered during the pre-ovulatory stage, a period dominated by

estrogenic influence, particularly by the upregulation of SOD1, SOD

2, CASP2, CASPAP2, CASP9, PRDX1, and PRDX3. These

transcripts can become plausible targets when designing diet

contents leading to an increase in the oxidative-reductive enzymes.
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Bioinformatics, Assam University, Silchar, India
Colorectal cancer (CRC) is one of the most deaths causing diseases worldwide.

Several risk factors including hormones like insulin and insulin like growth factors

(e.g., IGF-1) have been considered responsible for growth and progression of

colon cancer. Though there is a huge advancement in the available screening as

well as treatment techniques for CRC. There is no significant decrease in the

mortality of cancer patients. Moreover, the current treatment approaches for

CRC are associated with serious challenges like drug resistance and cancer re-

growth. Given the severity of the disease, there is an urgent need for novel

therapeutic agents with ideal characteristics. Several pieces of evidence

suggested that natural products, specifically medicinal plants, and derived

phytochemicals may serve as potential sources for novel drug discovery for

various diseases including cancer. On the other hand, cancer cells like colon

cancer require a high basal level of reactive oxygen species (ROS) to maintain its

own cellular functions. However, excess production of intracellular ROS leads to

cancer cell death via disturbing cellular redox homeostasis. Therefore, medicinal
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plants and derived phytocompounds that can enhance the intracellular ROS and

induce apoptotic cell death in cancer cells via modulating various molecular

targets including IGF-1 could be potential therapeutic agents. Alkaloids form a

major class of such phytoconstituents that can play a key role in cancer

prevention. Moreover, several preclinical and clinical studies have also

evidenced that these compounds show potent anti-colon cancer effects and

exhibit negligible toxicity towards the normal cells. Hence, the present evidence-

based study aimed to provide an update on various alkaloids that have been

reported to induce ROS-mediated apoptosis in colon cancer cells via targeting

various cellular components including hormones and growth factors, which play

a role in metastasis, angiogenesis, proliferation, and invasion. This study also

provides an individual account on each such alkaloid that underwent clinical trials

either alone or in combination with other clinical drugs. In addition, various

classes of phytochemicals that induce ROS-mediated cell death in different kinds

of cancers including colon cancer are discussed.
KEYWORDS

oxidative stress, mutation, IGF-1, colon cancer progression, alkaloids, HIF-1a, IGFBP-
3, apoptosis
1 Introduction

Globally, cancer is one of the highest mortality-causing diseases.

Though there is a drastic improvement in the current treatment

schedules followed for various cancers, there is no marked decrease

of death rate (1, 2). Among the various dreadful cancers, colorectal

cancer (CRC) stood in third and second globally regarding

prevalence and death rates, respectively (3, 4). Moreover, a rapid

rise in the cases and death rates of CRC has been predicted soon (5).

By 2035, a global rise of 2.5 million cases has been estimated (6).

However, the CRC incidence varies from country to country, and

the maximum number of cases have been reported from the

developed world (7). Colorectal tumors were more influenced by

gender and sex, where male populations have been affected more

significantly than the females (8). In addition, the other risk factors,

such as age, consumption of alcohol, diet with high fat and low

fruits, vegetables, and maintaining low physical activities, influences

the level of progression of the disease (5). Growing evidence also

suggests that mutations in the growth factors such as insulin-like

growth factor 1 (IGF-1) also shows a massive impact on the

development of colon cancer via activating rat sarcoma/mitogen-

activated protein kinase/phosphatidylinositol-3 kinase/protein

kinase B (RAS/MAPK/PI3K/AKT) pathways (4, 9). On the other

hand, hormonal alterations also show significant role in production

of ROS, which plays an important role in CRC development.

Various studies have revealed that hormones like thyroid

hormones, corticosteroids and catecholamines are also involved

in the generation of ROS by modulating various signaling molecules

and pathways like NADPH oxidase (NOX) pathway, mitochondrial

electron transport chain (ETC), nitric oxide (NO), and nuclear

factor erythroid 2-related factor 2 (Nrf2), apart from their normal

functions (10, 11). In addition, some diseases like inflammatory
02110
bowel disorder (IBD) also serves as significant risk factors for colon

cancer (12, 13).

Recently, there has been a huge advancement in the screening

and treatment techniques of CRC. Among the various available

treatments, surgery is the preferred treatment option for colon

cancer patients (14). However, these treatments cannot effectively

reach low-income patients and can only extend the survival

time of CRC patients (4, 14). Furthermore, many effective

chemotherapeutic drug candidates such as 5-fluorouracil,

oxaliplatin, capecitabine, and irinotecan that are clinically

recommended for colon cancer treatment either individually or in

combination exhibit severe toxicity to normal cells (15, 16).

Therefore, there is an urgent need for novel drug treatment with

ideal characteristics to treat colorectal carcinoma. From ancient

days natural products, specifically medicinal plants and herbal

products, have played a significant role in identifying novel

treatments against various diseases (17–24). Moreover, several

studies have reported plant-derived components as safe to use,

and they exhibited minimal toxicity towards non-cancerous cells (2,

25). Hence, these phytocompounds have also been suggested for use

together with other clinically recommended chemotherapy drugs to

reduce toxicity.

In general, cancer cells require a high level of reactive oxygen

species (ROS) compared to normal cells due to elevated metabolic

rate and mitochondrial dysfunction, and this makes the cancer cells

more vulnerable to oxidative stress. Hence, an increased level of

ROS than required can trigger the death-inducing signals in cancer

cells via irreversible damage to various biomolecules. In contrast to

cancer cells, normal cells develop potent antioxidant proteins that

can nullify the toxic effects of ROS (26). Therefore, minimal

elevation of intracellular ROS than the threshold limit via

intervention with external agents can make the cancer cells more
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sensitive to oxidative stress than the normal cells (27–29). There are

several phytocompounds, such as curcumin, capsaicin,

sulforaphane, alpha-lipoic acid, and piperine belonging to the

class of alkaloids, flavonoids, terpenoids, and phenolic

compounds that are known to initiate ROS-mediated apoptotic

cell death. Among the various chemical classes, alkaloids are the

most divergent and vigorously investigated class of phytochemicals

in different diseases including cancer. Various alkaloids like

vincristine, vinblastine, evodiamine, sanguinarine, matrine,

tetrandrine, camptothecin, and berberine have already proved

their anti-cancer potentials via targeting different kinds of

essential signaling molecules such as MAPK, extracellular signal-

related kinases 1/2 (ERK1/2), tumor suppressor protein (p53), p38

mitogen-activated protein kinase, c-Jun N-terminal kinase (JNK),

and PI3K/Akt. Hence, forced activation of ROS in the cancer cells

through small molecules like alkaloids derived from medicinal

plants and altering the signaling molecules that initiate the death

process can improve the cancer condition. Moreover, several kinds

of alkaloids like berberine, camptothecin and epigallocatechin as

such or as derivatives have been under clinical trials at different

stages (30; 31). Some of them have till now exhibited a good safety

profile as compared to other recommended drugs (32, 33). Hence,

this evidence-based study focused on the alkaloids and their ROS-

mediated apoptotic signaling pathways. In addition, other classes of

phytocompounds that induce ROS-mediated apoptosis and have

been used in clinical trials either individually or in combination

with other clinical drugs have also been looked at. Several studies

have revealed that the synergetic or combination effect of medicinal

plants or phytocompounds provides a novel therapeutic tool.

Moreover, combinations of herbal compounds with existing

clinical drugs have also been reported to increase the specificity

and minimize the toxic effects of existing chemotherapy drugs. In

this way, the current review acts as a standalone reference to all the

classes of herbal compounds that involve ROS-mediated apoptotic

cell death.
2 Methodology

The most relevant literature to conduct the study was extracted

from electronic databases SCOPUS, and PubMed. The key words and

the phrases used for collecting the highly relevant articles included

colorectal cancer, alkaloids, ROS-mediated apoptosis, medicinal

plants, phytochemicals, current therapies, side effects, hormones

and growth factors, clinical trials, and related terms. Later, the

findings from the selected studies were summarized by focusing on

the alkaloids that induce ROS mediated apoptosis in colon cancer.

The articles not published in English language were excluded.
3 ROS: sources and role in
cancer development

ROS are highly active and most unstable oxygen containing

metabolic products, generally produced by various endogenous and

exogenous sources. Among the multiple endogenous sources,
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mitochondria-based metabolic pathways, p450 metabolism,

endoplasmic reticulum, peroxisome, activated macrophages, and

neutrophils mainly contribute to ROS generation (Figure 1).

Besides, there are other resources such as monoamine oxidase,

sirtuins, forkhead box O3 (FOXO3), alpha-ketoglutarate

dehydrogenase (a-KGDH), nuclear factor erythroid 2-related

factor 2 (Nrf2) and mitochondrial p66shc (proapoptotic protein)

which also contribute to ROS generation (34). In addition, the

innate immune response shown by the host against the pathogens

also generates ROS as a defense mechanism. However, persistent or

chronic inflammation leads to excessive production of ROS and

develops various kinds of diseases including colon cancer. In a

recent study, Sahoo and his group revealed that lipopolysaccharides

(LPS)-induced chronic inflammation in the intestine may also lead

to cancer in the gut. They observed that LPS treatment can enhance

the levels of pro-cancer genes and help in cell proliferation in the

colonoids obtained from the dogs suffering from IBD. Therefore,

the persistent or chronic inflammatory diseases like IBD also play a

part in the development of colon cancer though oxidative stress

(13, 35).

In addition, there are many exogenous sources like tobacco

smoking, radiation, chemotherapeutic agents, anti-inflammatory

drugs, chemicals containing quinones, organic solvents, pesticides,

and other heavy metals (like cadmium, chromium, and arsenic) that

also produce ROS intermediates by interacting with other

molecules. In general, ROS like hydroxyl radical (•OH),

superoxide radical (O2
•–), and hydrogen peroxide (H2O2) at a

limited level are crucial to cellular activities (Figure 1). They act

as secondary messengers, promoting various essential cellular

activities such as signal transduction, immune responses, and

gene transcription. However, when the levels of ROS increase

beyond the limit, it leads to oxidative stress and damages various

vital biomolecules such as lipids, proteins, deoxyribonucleic acids

(DNA), and ribonucleic acids (RNA). Moreover, ROS also initiate

the development of various diseases, such as cardiovascular

diseases, cataracts, neurodegenerative diseases, inflammation,

diabetes mellitus, and cancer (Figure 1). Furthermore, ROS plays

an important role in the initiation, development, and progression of

cancer. Besides, the cancer cells themselves require a high level of

ROS in contrast to the normal cells due to the high metabolic rate

and increased energy demand. These increased levels of ROS via

multiple sources interact with various essential signaling molecules

thereby activating various growth factors like epidermal growth

factor (EGF), and IGF-1, and inducing mutation in their receptors.

Mutated EGF receptor (EGFR) elevates the expression of its

downstream signaling molecules such as rat sarcoma - rapidly

accelerated fibrosarcoma (RAS-RAF), MAPK, AKT, PI3K and

mammalian target of rapamycin (mTOR). In the initial stage of the

pathway, the EGFR initiates son of sevenless homolog 1 (Sos 1) gene-

mediated activation of RAS-RAF molecules. Then the activated RAS-

RAF initiates the phosphorylation of MAPK, which later activates

ERK1 and ERK2. The activated ERK immediately phosphorylates the

various components of cytoskeleton like MAP 1, 2, and 4 in the

cytoplasm, which controls the cell morphology and other functions.

In addition, the activated ERK also shifts to the nucleus and helps in

the transcription of various signaling molecules like proto-oncogene
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fos proto-oncogene (c-Fos), transcription factor Jun (c-Jun), cellular

myelocytomatosis oncogene (c-Myc), erythroblast transformation

specific (ETS) domain-containing protein ETS domain

transcription factor ELK1 (Elk-1) and cyclic adenosine

monophosphate (cAMP) dependent transcription factor ATF2

(activating transcription factor 2) (36). Mitogen-activated

extracellular signal-regulated kinase (MEK) and ERK signaling

molecules, proto-oncogene B-Raf (BRAF) (a downstream

proto-oncogene of the RAF family) play a significant role in the

activation of RAS. On the other hand, RAS also triggers the activation

of PI3K signaling molecules, which promotes the conversion of PI-3,

phosphatidylinositol 4,5-bisphosphate (PIP2) to phosphatidylinositol

(3,4,5)-trisphosphate (PIP3). This PIP3 activates protein kinase B/Akt

via phosphoinositide-dependent kinase 1 (PDK1) dependent

phosphorylation. Then the activated Akt inactivates the

transcription activity of FOXO and its interlinked downstream

signals via phosphorylation and finally promotes the survival,

proliferation, and growth of cancer cells (37). Besides Akt

activation, it also inhibits glycogen synthase kinase-3 (GSK-3) via

phosphorylation. This inactivation of GSK-3 protein leads to the

activation of various signaling molecules such as (wingless gene)

WNT/b-catenin, nuclear factor kappa B (NF-kB), mTOR and its

respective downstream signals (Figure 2).

In addition, activated EGFR directly phosphorylates and

activates phosphoinositide-specific phospholipase C gamma 1

(PLC-g1). This PLC-g1 facilitates the generation of PIP3 and

diacylglycerol (DAG) from PIP2. DAG further triggers PKC

activation and enhances intracellular calcium (Ca+2) release,
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ultimately leading to carcinogenesis (38). Moreover, EGFR also

promotes transcriptional activation of signal transducer and

activator of transcription 3 (STAT3) in the nucleus via direct

interaction and enhances its biological functions such as tumor

growth, differentiation, and apoptosis (Figure 2). On the other

hand, angiogenesis is another critical factor that plays a

prominent role in the colon cancer progression.

Besides, ROS also initiate the activation of vascular endothelial

growth factor (VEGF) via upregulation of the activity of hypoxia-

inducible factor 1-alpha (HIF-1a). This activated VEGF binds to

its respective receptor to further activate its downstream signaling

molecules (39). There are three types of VEGF receptors such as

VEGF receptors 1, 2, and 3 (VEGFR-1, -2, and -3). Moreover,

they are all different in their activities and sites of action (40).

Among the various VEGFR receptors, VEGFR-1 is found

explicitly in various cancers, epithelial and inflammatory cells

and promotes biological functions via interacting with VEGF.

This receptor predominately helps the cancer cells to migrate

during angiogenesis (41). Furthermore, it also shows a significant

contribution to inflammatory disease conditions, including

various cancers, through the activation of downstream signals

such as PI3K/Akt/MAPK/ERK, resulting in the release of various

inflammatory cytokines, including tumor necrosis factor alpha

(TNF-a), and interleukins (IL-1b, IL-6, and IL-8). As shown in

Figure 2, these cytokines finally promote tumor growth in

respective tissues (42).

In addition, ROS also induce transforming growth factor-beta

(TGF-b), which plays a vital role in various fibrotic diseases.
FIGURE 1

Sources of ROS generation which play dual role as secondary messengers that promote cellular activities at limited levels and as inducers of various
diseases including cancer at excessive levels.
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Growing evidence suggests that TGF-b also shows impact on tumor

growth and progression, which is mediated by ROS. In cancer cells,

ROS initiated TGF-b was reported to induce the MAPK signaling

pathway via activating Ras and TGF-b-activated kinase 1 (TAK1)

(34). The activated MAPK further triggers its downstream signaling

molecules like ERK1 and ERK2. Finally, this MAPK and TGF-b
together with other cytokine molecules, recommend epithelial-

mesenchymal transition (EMT), where the tumor epithelial cells

adopt mesenchymal-like characteristics that can help in tumor

progression and metastasis (Figure 2).
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Furthermore, ROS also induce IGFs that play a pivotal role in

cancer survival and progression. Several studies revealed that ROS-

mediated IGF-I activation also activates its corresponding receptor

IGF-1 via phosphorylation. As shown in Figure 2, this activated

IGF-1 turns on its downstream signaling, such as MAPK, Akt,

mTOR and NF-kB via induction of Ras-Raf proto-oncogenes (9).

The pathways mentioned above are involved in ROS-mediated

signaling in cancer development. The subsequent sections

highlight growth factors and corresponding signaling in

cancer progression.
FIGURE 2

Basal levels of ROS initiate mutation in various transmembrane receptors thereby modulating multiple signaling molecules/pathways that involve
tumor growth and progression.
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4 ROS mediated apoptotic signaling

ROS are short-lived metabolic by-products that generally

possess an unpaired electron in their respective outermost shells.

Because of the unpaired electron, the ROS are highly reactive and

show both dangerous and beneficial effects (43, 44). In fact, at the

level or below the threshold limit, ROS assist in the development of

various cancers via initiation of mutations in various signaling

molecules like p53 as well as upregulation of oncogenes like Ras and

c-Myc. However, cancer cells initiate apoptotic cell death

mechanisms due to ROS accumulation beyond the threshold limit

(45). Normally, ROS-associated apoptotic cell death can be

triggered via activation of intrinsic or mitochondrial signaling

and upregulation of extrinsic or death receptor signaling.

In the intrinsic pathway, excessive ROS production (e.g., by H2O2)

modulates mitochondrial permeability transition (MPT) pore and

mitochondrial membrane depolarization. As a result, two very

essential groups that consist of inactive pro-apoptotic molecules are

released in the cytoplasm. One such group contains signaling

molecules like cytochrome c, second mitochondria-derived activator

of caspase (Smac)/DIABLO (a direct IAP binding protein with low

PI), and serine protease Htr (with high-temperature requirements) A2

(Omi) (nuclear-encoded mitochondrial serine protease). Significantly,

all these molecules are involved in caspase-dependent apoptotic

pathways (43). To be specific, cytochrome c facilitates the

proteolytic maturation of both caspases-3 and 9 via allosteric

activation of apoptotic peptidase activating factor 1 (APAF-1). This

activation finally leads to the formation of apoptosomes (46, 47). In a

similar manner, as shown in Figure 3, other pro-apoptotic proteins

like Smac/DIABLO as well as HtrA2/Omi also initiate the apoptotic

process via inhibition of IAP like XIAP (47, 48). The second group

released from the mitochondrial membrane comprises signaling

molecules like apoptosis-inducing factor (AIF), endonuclease G, and

caspase-activated DNAse (CAD). After immediate release AIF,

endonuclease G, and CAD proteins slide inside the nucleus and

initiate caspase-dependent apoptotic features in the cells like DNA

fragmentation as well as chromatin condensation (47, 49). Besides, the

Bcl-2 family proteins also control the release of various apoptotic

signaling molecules including cytochrome c. In the Bcl-2 family,

proteins such as Bax, Bak, Bid, Bad, Bim, Bik, and Blk facilitate

apoptosis. The other remaining proteins like B-cell leukemia/

lymphoma proteins (Bcl-2, Bcl-x, Bcl-XL, Bcl-XS, Bcl-w) and BAG

(Bcl-2–associated athanogene), favor inhibition of apoptosis signaling

(50, 51). Interestingly, these Bcl-2 family proteins can be significantly

tuned by tumor suppressor protein p53. Several studies revealed that

p53 directly interacts with Bcl-2 family proteins and helps in

mitochondrial membrane depolarization and increases the release of

apoptotic signals. To be specific, p53 plays a role in promoting p53

upregulated modulator of apoptosis (Puma) and Bcl2 homology

domain 3 (BH3) (Noxa), the two essential proteins of the Bcl2

family (Figure 3). A previous report reveals that Puma, in particular,

enhances Bcl-2-associated X protein (BAX) and Noxa supports p53

mediated apoptotic signaling (3, 52). Additionally, excessive ROS

upregulation influences apoptosis through the elevation of Ca2+

levels, which increases mitochondrial permeability (52).
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Furthermore, an elevated level of ROS or prolonged oxidative

stress induces endoplasmic reticulum (ER) stress via increasing

protein misfolding. This intrinsic pathway promotes the unfolded

protein response and activates C/EBP homologous protein (CHOP)

by triggering the induction of IRE1a, ASK, and p38 MAPK

proteins. This finally leads to apoptosis by upregulation of Bcl-2

apoptotic protein. At the same time, excess ROS also prompts the

discharge of Ca2+ from the ER lumen. Furthermore, due to the

proximity of mitochondria to the ER, a maximum amount of Ca2+

is absorbed into mitochondria. This condition leads to Ca2+

overload in mitochondria and initiates the opening of MPTs, and

facilitates the release of molecules like ATP and cytochrome c.

These molecules further enhance ROS production and apoptotic

signaling, as shown in Figure 3.

On the other hand, ROS also induces apoptosis via the

regulation of signaling molecules involved in the extrinsic

pathway. In this pathway, several death receptors like death

receptor 1 (DR1) or tumor necrosis factor receptor 1 (TNF-

R1), death receptor 2 (DR2) or type-II transmembrane protein

(Fas), death receptor 3 (DR3) or TNF receptor family (TRAMP),

death receptor 4 (DR4) or TNF-related apoptosis-inducing

ligand-receptor-1 (TRAIL-R1), death receptor 5 (DR5) or

TNF-related apoptosis-inducing ligand-receptor-1(TRAIL-R2)

and death receptor 6 (DR6) or TNF receptor superfamily

member 21(TNFRSF21), that are derived from the TNF-R

superfamily, have been found to be involved prominently in

the apoptosis process. Generally, the extrinsic apoptotic pathway

gets triggered via induction of transmembrane death receptors

through interacting with various receptor-specific ligands such as

Fas ligand (FasL), TNF-a, Apo3 ligand (Apo3L), and Apo2

ligand (Apo2L) (53). However, ligands like FasL, TNF-a, and
Apo are mainly produced by activated macrophages and interact

with specific death receptors, thereby initiating the apoptosis

process in the cancer cells (54, 55). In the first step, the FasL and

TNF-a interact with transmembrane proteins Fas or DR2 and

TNFR1 or DR1 that consist of respective death domains. Both

death receptors initiate apoptosis signaling in different manners.

In the TNF-a/TNFR1 pathway, the immediate interaction of

TNF-a ligand to its receptor initiates the activation of TNFR1 via

trimerization (Figure 4). This step engages other corresponding

adapter molecules like TNFR type 1-associated DEATH domain

protein (TRADD) and forms a complex in the cytoplasm. This

complex activates and attracts a few more partners or signaling

molecules, which decides the fate of the pathway (either cell survival

or cell death). In this process, the TRADD complex attracts and

activates other signaling molecules like tumor necrosis factor receptor

2 (TRAF2) and receptor-interacting protein kinases (RIP). This, in

turn, triggers NFkB and MAPK-mediated cell survival process by

increasing the levels of antioxidants as well as anti-apoptotic proteins

such as Bcl-XL, X-linked inhibitor of apoptosis protein (XIAP), and

inhibitors of apoptosis proteins (cIAP 1, 2) (53, 56) (Figure 4). On the

other hand, the TRADD complex also stimulates apoptosis via

recruiting FAS-associated death domain (FADD) protein. This

complex promotes procaspases 8 and 10, which regulate the

expression of caspases 3, 6 and 7 as shown in Figure 4.
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Similarly, FasL activates apoptosis by binding to its

corresponding receptor DR2 or Fas. This step activates the DR2

or Fas receptor via trimerization and recruits the other adaptor

molecules like FADD. These linkages further recruit pro-caspase-8

through DED. This finally promotes the generation of DISC and

triggers the downstream caspases such as caspases 3 and 6 and

initiates the apoptotic signals in the cancer cells by inducing

apoptotic features like nuclear condensation, DNA damage, and

membrane blebbing (Figure 4).

In the same way, excessive ROS levels also initiate apoptosis via

activation of PI3K/Akt/mTOR signaling pathway by altering the

binding activity of various hormones and growth factors to their

respective receptors. This evidence-based study specifically

highlights the IGF-1 and its role in apoptosis. Several reports

suggest that excessive intracellular ROS production trigger

HIF-1a mediated apoptosis in cancer cells via activation of IGF-1

binding protein 3 (IGFBP-3) and inhibition of IGF-1 signaling. This

step blocks the binding of IGF-1 to its receptor and subsequently

inactivates the downstream signaling molecules like PI3K, Akt, and

mTOR that help in tumor growth and progression, shown in

Figure 5. Finally, this inhibits the NF-kB protein and promotes

apoptosis. Therefore, the phytocompounds like alkaloids that

induce ROS and modulate different kinds of signaling molecules,

including hormone-related growth factors, can be exploited in

colon cancer treatment (57).
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5 Current treatment strategies of
colon cancer and their limitations

Several studies revealed that colon cancer treatment depends on

the tumor stage and location. In the early stage, a tumor can be

surgically eliminated from the site. However, in the advanced stage,

chemotherapy as a single drug or combined with other drugs or

radiation is the only option. Among the chemotherapy drugs,

fluoropyrimidines have been highly recommended for the

treatment of colon cancer. However, fluoropyrimidine derivatives

like 5-fluorouracil alone have not been found to be effective. In

addition, it also exhibited multiple side effects such as neutropenia,

stomatitis, nausea, alopecia, photosensitivity, cardiotoxicity, and

sub-acute multifocal leukoencephalopathy. Therefore, its usage as

a single drug is limited for colon cancer treatment (58).

Subsequently, a platinum derivative named oxaliplatin has been

introduced in the standard colon cancer treatment, and it was co-

administered with 5-fluorouracil and leucovorin (folinic acid) to

reduce the toxicity. This drug has specifically been used in the

advanced stage of colon cancer. However, in clinical studies,

oxaliplatin drug exhibited characteristic side effects as compared

to other platinum derivatives including generation of neurotoxicity,

hematotoxicity, gastrointestinal tract toxicity, neurolopathy,

thrombocytopenia and nephrotoxicity. In addition to these

toxicities, oxaliplatin increases CRC patients’ death rate when
FIGURE 3

Excessive ROS generation induce mitochondrial mediated apoptosis through modulation of various signaling molecules.
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included in the treatment regimen (58, 59). Irinotecan

hydrochloride, a camptothecin derivative, was introduced to

improve the CRC treatment. This drug has been recommended in

combination with 5-fluorouracil, leucovorin, and oxaliplatin to treat

metastatic CRC. Interestingly, this combination increased the
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survival time by more than 30 months. However, the active

metabolite of irinotecan (SN-38), an active metabolite of

irinotecan hydrochloride showed severe toxicity, including

neutropenia, by developing polymorphic glucuronidation.

Additionally, two monoclonal antibodies such as cetuximab and
FIGURE 4

ROS-mediated extrinsic apoptosis via alteration of numerous intermediate signals.
FIGURE 5

Excessive ROS levels induce apoptosis of cancer cells via activation of HIF-1a and its interlinked IGFBP-3 protein. IGFBP-3 inhibits PI3K/Akt/mTOR
and triggers apoptosis.
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bevacizumab, belonging to the class of EGFR and angiogenesis

antagonists, respectively, have been added to the irinotecan

hydrochloride treatment strategy. Cetuximab was also reported to

specifically bind to and inhibit EGFR, whereas bevacizumab

inhibited VEGF. Together with an irinotecan hydrochloride

treatment regimen (comprising 5-fluorouracil/leucovorin), both

cetuximab and bevacizumab are considered helpful in managing

metastatic CRC patients. The inclusion of cetuximab can

significantly reduce the progression of metastatic CRC. On the

other hand, the inclusion of bevacizumab in the irinotecan

hydrochloride treatment regimen can increase the survival rate of

CRC patients by over 4 months as compared to other standard

treatments. However, cetuximab, as a single drug or combined with

irinotecan treatment, was associated with various adverse effects

such as asthenia, leukopenia, abdominal pain, and neutropenia (60).

Similarly, adverse effects like gastrointestinal hemorrhage and

bowel ischemia have been associated with bevacizumab (61).

Besides, panitumumab, another monoclonal antibody, and an

EGFR inhibitor, have recently been introduced specifically to treat

metastatic CRC patients with RAS wild type via interaction with

PI3K/Akt/mTOR signaling molecules. This drug also showed severe

toxicity related to skin including dermatitis, pruritus, paronychia,

and erythema (62).

In addition, capecitabine, the first oral prodrug of 5-

fluorouracil, was used in combination with intravenous

irinotecan. However, this combination was administered with or

without bevacizumab to treat metastatic CRC. Capecitabine

administration was associated with toxicities such as hand-foot

syndrome, leukopenia, and proteinuria. In addition, this drug has

also shown toxicities like 5-fluorouracil (63, 64). Another prodrug

of 5-fluorouracil, known as tegafur, is orally used to treat colorectal

cancer liver metastases in combination with 5-fluorouracil. This

combination blocks the crucial metabolizing enzyme of 5-

fluorouracil and increases the serum concentration of 5-

fluorouracil. Hence, in the current treatment regimen, this

combination along with oral leucovorin has been included as a

typical treatment for stage III colon cancer. Moreover, tegafur also

shows serious side effects like neutropenia, thrombocytopenia,

mucositis, and asthenia (65, 66). Recently, regorafenib, a kinase
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inhibitor has been approved for the treatment of metastatic CRC.

This drug inhibits various kinases such as fms-related receptor

tyrosine kinase 1 (FLT1), TEK receptor tyrosine kinase, rapidly

accelerated fibrosarcoma (Raf-1) proto-oncogene, KIT proto-

oncogene receptor tyrosine kinase, serine/threonine kinases, and

kinase insert domain receptor (KDR). This drug has also proved its

efficacy by increasing the survival time by 2.5 months. Moreover,

this drug shows few side effects compared to other currently used

chemotherapeutic drugs (64). Recently, another monoclonal

antibody named dostarlimab, an anti-programmed cell death

protein PD-1, has been introduced in colon cancer treatment

regimen. The clinical study results show that dostarlimab can

completely eradicate colon cancer. Moreover, this drug has also

exhibited minimal toxicity in the CRC patients (67). Another

monoclonal antibody, a PD-1 inhibitor, nivolumab was

introduced to treat microsatellite instability high CRC. The study

results revealed that nivolumab possess a better disease control rate

of microsatellite instability high CRC (68). At the same time, when

co-administrated with ipilimumab (a CTLA4 inhibitor),

nivolumab improved cancer conditions and showed 80% disease

control rate (69–71). Similarly, another monoclonal antibody

named prembrolizumab was introduced to efficiently treat

microsatellite instability high defective DNA mismatch repair

CRC with a much higher rate of overall response and

progression free survival rate. In the study, prembrolizumab has

been found to increase the survival time by 8.3 months and the

overall survival rate by 43.8% (72). However, almost all existing

drugs, including immunotherapy, sooner or later have been

becoming less effective, mainly due to resistance, associated

toxicities, and immune escape (73, 74), as detailed in Table 1.

Hence, there is an urgent need to develop a potential therapeutic

tool against CRC. Among the various sources, medicinal plants and

their derived compounds play essential roles in drug discovery.

They show various pharmacological functions, including anti-

cancer and immunomodulatory effects. Several plant derived

compounds as such or combined with other clinical drugs have

been used to treat various cancers. Phytocompounds like berberine,

epigallocatechin, and lycopene have recently undergone clinical

trials to manage colon cancer at different stages. Hence, this
TABLE 1 Problems associated with current drug therapies for colon cancer.

Drug Side effects/Adverse effects Reference

Fluoropyrimidine (5-
fluorouracil)

Neutropenia, Stomatitis, Nausea, Alopecia, Photosensitivity, Cardiotoxicity, and Sub-acute multifocal leukoencephalopathy (58)

Oxaliplatin Neurotoxicity, Hematotoxicity, Gastrointestinal tract toxicity, Neurolopathy, Thrombocytopenia and Nephrotoxicity.
Increases the death rate of CRC patient.

(58, 59)

Irinotecan hydrochloride SN-38, an active metabolite of irinotecan shows side effects like Neutropenia due to polymorphic glucuronidation (58, 59)

Cetuximab Asthenia, Leukopenia, Abdominal pain, and Neutropenia (60)

Bevacizumab Gastrointestinal hemorrhage and Bowel ischemia (61)

Panitumumab Severe skin toxicities including Dermatitis, Pruritus, paronychia, and Erythema (62)

Capecitabine Hand-foot syndrome, Leukopenia, and Proteinuria (63, 64)

Tegafur Neutropenia, Thrombocytopenia, Mucositis, and Asthenia (65, 66)
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evidence-based study highlights phytochemicals, specifically the

alkaloids that induce ROS-mediated apoptosis.
6 Role of phytocompounds in
inducing ROS mediated apoptosis
in colon cancer

Cancer is the second leading cause of mortality and a substantial

global health concern. Despite significant advancements in

treatment modalities, cases of various cancers and deaths have

still been on the rise. In 2020, nearly 19.3 million new cancer cases

and 10 million new deaths have been reported, accounting for the

extreme increase of cases and deaths worldwide (75). Among the

various cancers, CRC stood second in terms of cancer-related

deaths (6, 75). This continuous rise in CRC cases is due to the

lack of efficient screening and treatment methods. In addition,

colon cancers were being detected at an advanced stage or at

metastasis stage in most cases, which made it difficult to treat the

patients. Moreover, currently recommended treatments such as

surgery, radiation, chemotherapy, and combination treatments

also exhibit serious challenges like non-specificity to cancer cells,

side effects as well as drug resistance, thus limiting the efficacy of

various treatment options (76).

Given the severity of the disease, there is an urgent need to find

a novel treatment with minimal toxicity to the CRC patients. Due to

the never-matched chemical library and other favorable factors,

medicinal plants and derived phytochemicals act as potential

resources for novel drug discovery against various diseases,

including cancer (77, 78). In fact, plant secondary metabolites

such as alkaloids, terpenoids, flavonoids, steroids, saponins, and

phenolic compounds have been held responsible for their antitumor

activity as well as other biological functions of the medicinal plants

(76, 79, 80). For example, taxol, vincristine, vinblastine, and

podophyllotoxin form the primary secondary metabolites with

proven anticancer potentials via modulating various signaling

molecules of death pathways (78, 81, 82). However, studies

revealed that in most cases these anticancer phytochemicals also

show toxicity towards non-cancerous cells, which is a serious

challenge to the treatment (83). Hence, there is an urgent need

for unique and ideal therapeutic tools that can selectively target

cancer cells alone.

Generally, cancer cells require a high level of ROS to run normal

biological functions such as differentiation and development and

maintain an increased metabolic rate. In addition, ROS at the

required level also help in tumor progression, metastasis, and

angiogenesis. However, the level of ROS exceeds the limit, leading

to oxidative damage to the cells, specifically in cancer cells (27). This

discrete damage to cancer cells alone is due to the increased

mitochondrial dysfunction, which makes the cancer cells more

sensitive to oxidative stress than the normal cells. Hence, a slight

increase in ROS levels by using external agents can induce cell death

through various death mechanisms in cancer cells. Among the

different kinds of programmed cell deaths, apoptosis is a well-

studied and vital pathway involved in several diseases, including
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cancer. In cancer, the malignant cells maintain shallow levels of

apoptosis, which result in tumor growth and progression. Hence,

forced activation of apoptotic signaling molecules via up-regulation

of ROS through introduction of small molecules from various

sources can help to treat cancer better. Mounting evidence also

suggests that medicinal plants and their derived components are

better sources for novel drug discovery because of their minimal

toxic effects.

Among the several classes of phytocompounds, alkaloids serve

as a vital source for identification of novel drug candidates against

various diseases including cancer. In addition, they can also induce

ROS-mediated cell death by regulating various intrinsic and

extrinsic apoptotic signaling molecules in different cancers,

including colon cancer (24, 84). Alkaloid compounds that induce

ROS-mediated apoptosis in colorectal cancer have been discussed in

detail. Additionally, various classes of phytocompounds that initiate

ROS-mediated apoptosis in different cancer cells are mentioned in

Supplementary Tables 1–6. In this way, the current evidence-based

review serves as a complete reference for all kinds of phytochemicals

that promote ROS-associated apoptosis via targeting various

signaling molecules, including IGF-1 in cancer cells.
6.1 Alkaloids as anti-colon cancer agent

Alkaloids are plant-derived naturally occurring secondary

metabolites. These compounds mostly contain nitrogen as the

heteroatom, which imparts basic nature to these molecules. There

are several kinds of alkaloids based on heterocyclic rings that show

numerous medicinal potentials against malaria, neurodegenerative

diseases, viral infections, arrhythmia, hepatitis, asthma, bacterial

infections, hypertension, eye infections as well as different kinds of

cancers, including colon cancer (85). Various kinds of alkaloids that

induce ROS-mediated apoptosis in colon cancer, either alone or in

combination with other drugs, are discussed below.

6.1.1 Isoquinoline alkaloids
These compounds are known to show potential anti-colon cancer

activity via targeting cancer cells alone through initiating ROS-

dependent apoptosis. Evidence suggests that benzophenanthridine

alkaloids belonging to the class of isoquinoline type of alkaloids can

trigger ROS-mediated cell death in cancer cells. Among this class of

compounds, sanguinarine is a naturally derived alkaloid isolated from

Macleaya cordata, belonging to the family Papaveraceae. This

compound killed the colon cancer cells like human colon

adenocarcinoma (SW480) and human colon cancer (HCT116), as

well as reduced the SW480 and HCT-116 cell-generated tumor

growth in an orthotopic model of nude BALB/c mice. Sanguinarine

also induced intrinsic apoptotic cell death in colon cancer cells via

increasing ROS-mediated mitochondrial permeabilization and

releasing important signaling molecules like cytochrome c and

ATP. In fact, apoptosis was initiated through the activation of Bax

(dependent), which disrupted the association of serine-threonine

kinase receptor-associated protein (STRAP) and maternal

embryonic leucine zipper kinase (MELK) proteins. Then ultimately

activated the caspase 3 protein and its function (86). In another study,
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sanguinarine induced ROS mediated apoptotic cell death in colon

cancer cells through DNA damage wherein the apoptotic activity was

p53 independent (87). In addition, 6-methoxydihydrosanguinarine, a

natural sanguinarine derivative, induces apoptotic cell death in

various cancer cells via ROS production (88). Berberine, another

isoquinoline type of alkaloid isolated from the Berberis genus, also

produces an anti-colon cancer effect by upregulating ROS and

apoptotic signals. In a study, this compound was reported to

trigger apoptosis through ROS generation in colon cancer cells like

human colorectal adenocarcinoma (HT-29) and HCT-116 cells via

increasing the expression of lnc RNA cancer susceptibility candidate

2 (lncRNAs CASC2). lncRNA CASC2 later interacts with AU-rich

element RNA-binding factor 1 (AUF1) to block the translation of

Bcl-2 triggering apoptosis (89). This compound also initiated

apoptotic mediated cell death in mouse conditionally immortalized

epithelial (IMCE) cells that were inherited with adenomatous

polyposis coli (Apc) multiple intestinal neoplasias (min) mutation.

This investigation also revealed that berberine kills IMCE via

inducing ROS, which initiates the release of AIF from

mitochondria and triggers apoptosis in caspase-independent

manner. Moreover, berberine did not show toxicity towards

normal colon epithelial cells i.e., young adult mouse colon

epithelial cells (90). In addition, berberine inhibits the migration of

SW480 and HCT-116 cells via activation of AMPK through

upregulation of ROS and downregulation of glucose levels. Thus

activated AMPK decreases the activity of integrin b1 protein and

initiates cell death (91). In another investigation, berberine showed

ROS-mediated apoptosis in human colon carcinoma (SW620) cells

by increasing JNK, c-Jun, and p38 MAPK phosphorylation. On the

other hand, these compounds also enhance the release of cytochrome

c and activate caspases 3 and 8 to support Fas-mediated apoptosis

(92). Li and the team also studied the effect of berberine on

azoxymethane or dextran sulfate sodium-induced colon tumors in

mice. In their study, berberine reduced the tumor size to 60% via

activation of AMPK and reduction of mTOR activities. They

concluded that the tumor regression activity is associated with

reduced activity of cyclin D1, nonhistone nuclear protein (Ki-67),

cyclooxygenase-2 (COX-2), survivin, NF-kB, and increased activity of
caspase-3 function. This compound also inhibits the migration and

metastasis of SW620 and human colon cancer cell line (LoVo) cells

via down-regulating the expression of COX-2, prostaglandin E2

(PGE2), Janus kinase 2 (JAK2), and STAT3 signaling molecules.

Besides, it also suppresses the solid tumor growth in BALB/c mice

and lung metastasis developed by SW620 and LoVo cells (93, 94). On

the other hand, berberine inhibits colon tumor growth via targeting

signaling molecules like TNF-a, EGFR, and Wnt/b-catenin signals

(95–97). Furthermore, recent combination studies of berberine with

Andrographis paniculata extract also showed an excellent anti-colon

cancer effect, where they inhibited the growth of HT-29 cells and

colon carcinoma cell line (RKO) cells and their corresponding in vivo

tumor growth. This activity was initiated by an increase in the ROS

levels, which finally altered the genes involved in DNA replication

(98). Furthermore, when combined with evodamine an indole

alkaloid, berberine enhances the anti-tumor activity. This

combination promotes apoptosis in cancer coli-2 (Caco-2) and
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HT-29 cells via modulation of Nrf2-mediated pathways (99).

Cepharanthine, a biscoclurine or bis benzylisoquinoline alkaloid

extracted from Stephania cepharantha Hayanta, also significantly

induced oxidative stress-mediated apoptosis in p53 mutated colon

cancer cells HT-29 and SW620 cells. Cepharanthine initiated

apoptosis in HT-29 cells, which is linked with cell cycle arrest at

growth 1 (G1) phase and cyclin-dependent kinase inhibitor 1 or

CDK-interacting protein 1 (p21Waf1/Cip1) level increase (100).

Coptisine, another isoquinoline alkaloid extracted from Coptis

chinensis Franch, reportedly triggered ROS-dependent apoptosis in

HCT-116 cells. It reduced the growth and migration and finally

promoted caspase-mediated apoptosis in HCT-116 cells by altering

mitochondrial membrane potential as well as modulating various

signaling molecules like Bcl-2, Bcl-XL, XIAP, Bax, Bad, cytochrome c,

Apaf-1, AIF, caspase-3, PI3K and Akt. In addition, coptisine reduces

the HCT-116 generated tumor growth by inducing apoptosis in nude

BALB/c mice (101). In another study, this compound was reported to

induce cell cycle arrest at G1 phase as well as inhibit HCT-116

xenograft tumor growth via targeting Milk Fat Globule EGF And

Factor V/VIII Domain Containing (MFG-E8) gene and rat sarcoma-

extracellular signal-regulated kinase (RAS-ERK) pathways (101–103).

Moreover, alkaloids like neferine and isoliensinine isolated from

Nelumbo nucifera (lotus) plants have shown significant anticancer

potential by enhancing the chemo- sensitivity of colon cancer cells

towards cisplatin treatment. These two alkaloids and cisplatin

increased the ROS levels in human CRC (HCT-15) cells, leading to

caspase-3 dependent apoptosis through the deactivation of MAPK/

PI3K/Akt/mTOR signaling molecules. In addition, this combination

was also found to decrease the resistance towards cisplatin and

increase apoptotic markers in colon cancer stem cells via uplifting

Ca2+ level and damaging mitochondrial membrane integrity (104,

105). Recent studies revealed that palmatine, another isoquinoline

alkaloid, induces apoptosis in colon cancer cells like HCT-116,

SW480, HT-29, and, in HCT-116 cell xenograft tumor via

increasing ROS levels and decreasing mitochondrial membrane

potential. This leads to release of cytochrome c protein. Palmatine

is believed to target various signaling molecules such as aurora kinase

A (AURKA), Bcl-xl, Bcl2, caspase 3 and 9 to induce apoptosis (106).

Tetrandrine, a bisbenzylisoquinoline alkaloid derived from the roots

of Stephania tetrandra, also triggers oxidative stress-mediated cell

death in HCT-116 cells through modulation of E2F transcription

factor 1 (E2F1) and p53/p21Cip1 levels (107, 108). Nano formulation

of this alkaloid showed an enhanced anticancer effect against Lovo

cells through ROS-mediated upregulation of JNK and caspase-3

activity (109). Similarly, xylopine, an isoquinoline alkaloid isolated

from the stem of Xylopia laevigata, also induces oxidative stress-

mediated apoptosis in HCT-116 cells by triggering apoptosis in p53

independent manner via induction of cell cycle arrest at growth 2

(G2)/mitosis and cytokinesis (M) phase, and caspase-3 activity (110).

For more clarification, the above-mentioned compounds are

presented in the Supplementary Table 7.

6.1.2 Indole alkaloids
Indole alkaloids also show a prominent anticancer effect.

Camptothecin, a well-studied compound under the class of indole
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alkaloids, extracted from Camptotheca acuminata belonging to the

family Nyssaceae showed potent anticancer effects (111). Evidence

suggests that this molecule exhibits anti-tumor activity against

various cancer cells, including colon cancer. Notably, the

anticancer effect of camptothecin is associated with the apoptosis

mechanism, which is mediated by ROS (112). A study by Park and

colleagues reported that camptothecin kills the HCT-116 cells

through activating apoptosis signaling associated with TNF-related

apoptosis-inducing ligand (TRAIL). This study also found that

camptothecin induces DNA damage and activates Bax, p53, and

p21 proteins. This step finally leads to the death of colon cancer cells.

Their investigation also proved that hypoxia condition reduces the

apoptotic cell death of HCT 116 cells via decreasing Bax. The study

concluded that ROS are essential for camptothecin’s anti-tumor

activity (113). In addition, camptothecin, along with other

chemotherapeutic drugs, initiates apoptosis in colorectal

adenocarcinoma (DLD1) and HCT-116 colon cancer cells via

increasing mitochondrial fission and decreasing complex I activity

as well as mitochondrial size. This mitochondrial change provokes

excess ROS production, which helps to activate apoptotic signaling

(114). Furthermore, Wenzel and coworkers found that

camptothecin at 50μM can induce apoptotic cell death in HT-29

colon cancer cells through upregulating caspase-3 activity via

increasing mitochondrial superoxide ROS production. This

caspase-3 activation triggers the apoptotic characteristics, like loss

of plasma membrane integrity and nuclear fragmentation, in the

HT-29 cells. In addition, this study also revealed that camptothecin

modulates various signaling molecules like Bcl-2, Bax, Bak, p21,

COX-2 and NF-kB in HT-29 cells, which promote apoptosis.

However, ascorbic acid treatment at 50uM reverses the changes

made by camptothecin in various signals and inhibits the apoptosis

process via scavenging the superoxide radicals in HT-29 cells (115).

In another study, Guo et al. showed that prodrug formulation of

camptothecin via conjugating with lysine or arginine amino acids

enhances water solubility, tumor penetration capacity as well as

pharmacokinetic properties. This study also proved that prodrug

formulation of camptothecin increases the mitochondrial ROS

production much better than the camptothecin alone, thereby

decreasing the murine colorectal carcinoma (CT-26) cells induced

tumor size in Bagg albino (BALB/c) mice via initiating apoptosis

process (116). Besides, the semi-synthetic derivative of

camptothecin like irinotecan hydrochloride (IH) also shows anti-

colon cancer activity. Moreover, SN-38, the active metabolite of IH,

significantly improves the patients’ colon cancer condition and

survival rate up to 30 months. Nowadays, IH is highly

recommended to treat metastatic CRC in combination with other

clinical drugs like 5-fluorouracil and oxaliplatin (117). A study

conducted by Britten and his colleagues showed that irinotecan

reduces the growth of HT-29 cells generated tumors drastically

when co-administered with other compounds like 6-

hydroxymethylacylfulvene and 5-fluorouracil (118). In another

experiment, Allegrini and his team demonstrated that irinotecan,

when co-adminis tered with the ant iangiogenic drug

thrombospondin-1 (TS-1) to nude mice bearing HT-29 cells
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generated tumor, a significant reduction in the size of the tumor

occurs as compared to the control as well as individual treatment. At

the same time combination of TS-1 with irinotecan did not affect

much growth of HT-29 cells (119, 120). Moreover, this combination

is non-toxic to the normal cells. In another study, an anti-folate

agent used in combination with SN-38, an active metabolite of

irinotecan to treat 5-fluorouracil resistant HT-29 cells and found a

significant growth inhibition of the cells. This combination also

potentially reduced the HT-29 cell-oriented solid tumor in BALB/c

nude mice (119, 120). Results from the clinical study also revealed

that when irinotecan was given in combination with oxaliplatin,

capecitabine, and bevacizumab for 8 cycles to a patient suffering

from advanced tumor provided promising results by increasing the

survival time. Similarly, irinotecan co-administered with 5-

fluorouracil and oxaliplatin also showed a significant recovery in

advanced colon cancer patients (121, 122). Additionally, all the

indole alkaloids that induce ROSmediated apoptosis in colon cancer

are presented in Supplementary Table 7 for detailed clarification.

6.1.3 Capsaicinoids
Capsaicinoids are another alkaloid class that induce ROS-

mediated apoptosis in colon cancer cells. Capsaicin is a significant

alkaloid that belongs to the class of capsaicinoids, reported to up-

regulate apoptotic signals in colon cancer cells through increasing

intercellular ROS (123). In a study conducted by Yang and his team,

capsaicin was found to reduce the viability of colon cancer cells like

human colon carcinoma (Colo320DM) and LoVo cells through

initiating caspase-dependent apoptosis, which is linked with an

increase in intracellular ROS production and altering mitochondrial

membrane potentials (124). In another investigation, a group of

researchers reported that capsaicin can trigger apoptosis in HT-29

colon cancer cells via activating peroxisome proliferator-activated

receptor –g (PPAR- g) as well as AMPK but not the vanilloid

receptor (125). Lu et al. showed that this compound induces

apoptotic cell death in colo 205 cells as well as its corresponding

tumor xenograft through targeting various signaling molecules like

Fas, cytochrome c, Bax, Bcl-2 p53, p21, and caspases 3, 8 and 9. In

addition, this apoptotic activity is strongly associated with increased

intracellular ROS, Ca2+ production, and damage to mitochondrial

membrane integrity (125–127). Furthermore, capsaicin in

combination with 3,3′- diindolylmethane enhances the anti-

cancer potential by inducing apoptosis in colon cancer cells like

HCT116, SW480, LoVo, Caco-2, and HT-29 via targeting apoptotic

markers like Fas, NF-kB, p53 and other proteins (128). Capsaicin,

combined with resveratrol, have also been reported to induce

apoptotic cell death in HCT-116 cells by increasing nitric oxide

(NO) concentration and p53 level. The increase in p53 level

decreases murine double minute 2 (Mdm2) and increases Bax

expression to promote apoptosis (129). Supplementary Table 7

provides further information on capsaicinoids.

6.1.4 Carbazole alkaloids
Carbazole alkaloids constitute another plant-based alkaloid

class, exhibiting an anti-colon cancer effect. Clausenidin is the
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one belonging to the carbazole alkaloid class, isolated from the roots

of Clausena excavata and also reported to initiate caspase-9

dependent apoptosis in HT-29 cells through cell cycle arrest at

quiescent phase (G0)/G1 phase, triggered by increasing ROS

mediated mitochondrial membrane depolarization (130). More

details can be found in Supplementary Table 7.

6.1.5 Diterpenoid alkaloids
Besides, diterpenoid alkaloids too exhibit anti-colon cancer

effect (Supplementary Table 7). Lappaconitine hydrochloride

(LH) is one such compound and a derivative of C 18-diterpenoid

alkaloid. Song and colleagues suggested that this compound

demonstrates an anti-colon cancer effect by inhibiting

proliferation and increasing apoptosis in HCT-116 cells.

Moreover, this activity is associated with increased ROS and

decreased mitochondrial membrane potential. They also found

that LH reduces the tumor volume of the HCT-116 cells-oriented

xenograft model via altering the MAPK pathway (131).

6.1.6 Piperidine alkaloids
Piperine, a piperidine alkaloid obtained from black pepper also

reported to trigger apoptotic cell death in HT-29 cells through cell

cycle arrest at the G1 phase (Supplementary Table 7). This activity is

achieved via targeting various markers, including cyclin D1, D2,

and cycl in-dependent kinase inhibitor (p21WAF1 and

p27KIP1) (132).

6.1.7 Amide alkaloids
Amide alkaloids are an essential group of alkaloids derived from

plants. They also show potent anti-colon cancer effects

(Supplementary Table 7). Piperlongumine is a critical compound

from this class, extracted from the fruits of Piper species. Reports

suggested this compound also induces apoptosis in HCT-116 via

increasing ROS and decreasing antioxidant enzyme glutathione S-

transferase. It targets JNK, MEK, and ERK proteins but not Bax,

p21, and p53 to induce selective apoptosis in colon cancer cells. In

addition, piperlongumine is also used in combination with

oxaliplatin, a first-line drug of choice for metastatic colon cancer.

This combination enhanced anti-colon cancer activity by increasing

the level of ROS-mediated apoptosis, which is linked with

upregulation of mitochondrial dysfunction and ER related

apoptotic markers in HCT-116 and LoVo cells (133, 134).

6.1.8 Carboline alkaloids
Carboline alkaloids also show prominent anti-cancer potential

(Supplementary Table 7). Kim et al. (135) reported another alkaloid

harmine, a carboline derivative, extracted from Peganum harmala.

This compound can induce ROS-dependent apoptosis in HCT-116

cells. In a study, they investigated the anti-colon cancer potential of

harmine hydrochloride. This compound found found to activate

apoptotic cell death in HCT-116 cells through increasing apoptotic

[capases 3 and 9, poly (ADP-ribose) polymerases (PARP)] as well as

pro-apoptotic proteins (Bax) and decreasing anti-apoptotic protein
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(Bcl-2) markers. These investigations also revealed that the harmine

hydrochloride compound mainly alters ERK/PI3K/Akt/mTOR

signaling pathway to initiate apoptosis. In addition, this

compound also triggered apoptosis in SW620 cells by inducing

arrest at the sub-G1 phase and decreasing mitochondrial membrane

potential. Notably, harmine promotes caspase-dependent apoptotic

cell death in SW620 cells through downregulation of ERK/PI3K/

Akt/mTOR-related pathways (45, 135, 136).

6.1.9 Quinolizidine alkaloids
Likewise, a study revealed the anti-colon cancer effect of

oxymatrine (Supplementary Table 7), a quinolizidine alkaloid

extracted from the roots of Sophora flavescens – a Chinese

traditional medicine. These compounds induce apoptosis in

colon cancer cells via ROS generation. Moreover, earlier reports

suggests that co-administration of oxymatrine with doxorubicin

produces a better anti-colon cancer effect via enhancing apoptotic

signals (cleaved caspase-3, cleaved caspase-9 and Bax/Bcl-2 ratio)

in HT-29 and SW620 cells mediated by ROS generation. In

addition, this combination also reduces the growth of HT-29

generated tumor xenograft in a dose dependent way via

modulating E-cadherin and N-cadherin level. Besides,

oxymatrine also increases the sensitivity of 5-fluorouracil

resistant cells like HCT-8 and initiates apoptosis by promoting

inhibition of EMT and NF-kB activity (137, 138).
6.1.10 Proto alkaloids
In a few studies, researchers reported colchicine, a proto

alkaloid, to show an anti-colon cancer effect through up-

regulation of ROS and its associated apoptotic markers. They

showed that colchicine induces apoptosis in HT-29 cells by

regulating ROS and decreasing mitochondrial membrane

integrity. This compound was ultimately reported to trigger

apoptosis by activating BAX, caspase 3, p38 and deactivating

AKT signaling molecules. In another investigation, this

compound reportedly initiated ROS-mediated apoptosis in HCT-

116 and Colo-205 cells by depolymerizing microtubules and

arresting the cell cycle at the G2/M transition state (139, 140).
6.2 Alkaloids and other phytocompounds
in clinical trials against colorectal cancer

Existing drugs for colon cancer treatment have been showing

various side effects, including resistance. Therefore, there is a rise in

demand for novel therapeutics to overcome the toxicities and

limitations (2). Multiple pieces of evidence support medicinal

plants and their derived phytochemicals as a suitable and potent

source of drug discovery against various diseases. In this evidence-

based study, various classes of phytocompounds have been

discussed, including the alkaloids that are of clinical value for

colon cancer treatment. Such compounds include berberine,

epigallocatechin-3-gallate (EGCG), curcumin, lycopene, fisetin,
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and resveratrol. These compounds have recently been used in

different phases of clinical trials against CRC. In a clinical study,

a patient suffering from CRC was advised to take 0.3 g of berberine

daily two times, and there was no sign of a tumor in the later stage.

Berberine was strongly recommended to decrease the chances of

recurrence of colorectal adenoma and polypoid lesions. Moreover,

this drug was safe and showed no severe side effect (33). In addition,

EGCG is also in the early stage of CRC clinical trials. The

chemopreventive effect of Teavigo (purified tea extract with 94%

EGCG) has been evaluated. CRC patients with curative resections

were administered orally with 450 mg of EGCG twice daily. Blood

was drawn from the patients at 0, 3, 6, 9, 12, 15, and 18 months and

a colonoscopy was done after a year (141). Furthermore, lycopene, a

carotenoid, was also tested against metastatic CRC and was found to

decrease skin toxicity associated disease as a single drug or in

combination with panitumumab (31). Likewise, resveratrol, a

stilbenoid compound, was also studied against metastatic CRC

with liver metastases. A 5.0 g daily dose of the compounds

administered for two weeks, could markedly induce caspase-

dependent apoptosis in metastatic liver cells of CRC patients

(142, 143).

Similarly, curcumin, a polyphenol compound, was also effective

against various cancers, including CRC. In addition, some other

phytocompounds that act as immune boosters or immune

modulators help in blocking colon tumor progression. One such

compound is fisetin, a flavonoid compound, evaluated in patients

suffering from CRC for its anti-inflammatory effect. CRC patients

under chemotherapy were fed with 100 mg of fisetin for 7 weeks. At

the end of chemotherapy, various inflammatory markers were

evaluated, and fisetin was found to reduce the levels of IL-8 and

high-sensitivity C-reactive protein (hs-CRP) in CRC patients.

Hence, fisetin may be suggested as an adjuvant treatment to the

conventional therapies followed to CRC patients (32). Other details

regarding the phytocompounds that are under clinical trials aere

provided in Table 2.
7 Conclusions and future perspective

Colon cancer globally occupies the third and second positions

regarding of prevalence and death rate, respectively. However, there

is a vast improvement in the screening and early detection

techniques as well as treatment schedules. Therefore, the CRC

death rate has slightly decreased in recent times. Yet the

incidence of the disease is increasing. This is due to the rise of

multiple side effects and limitations in the existing therapies that are

followed against CRC. Hence, there is an immediate need for

typical, potential, and alternate treatment regimens that can

overcome the existing limitations. Several documented evidence

suggests that phytocompounds that induce ROS-mediated

apoptosis in cancer cells could pose a better and alternative

cancer treatment. Moreover, these compounds exhibit minimal

toxicity and high specificity to cancer cells in most cases. Their
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selective cytotoxicity of ROS induced on cancer cells are due to the

features like continuous mitochondrial dysfunction and

compromised antioxidant defense mechanism. This leads the

cancer cells to become more susceptible to oxidative stress.

Therefore, slight increase of ROS than the threshold limit by

using external agents like phytocompounds can lead the cancer

cells to oxidative stress induced apoptotic cell death. However,

normal cells can nullify the minimal ROS due to its proper

antioxidant defense mechanism and escape from the ROS

mediated cell death. Hence, researchers now-a-days focus on

plants and their derived compounds that induce ROS for

identifying novel drug candidates against various diseases

including CRC.

This evidence-based study discusses important plant-based

alkaloids that induce cell death via ROS-mediated apoptosis in

colon cancer. Alkaloids can induce ROS-associated apoptosis via

altering multiple signaling molecules that involve various vital

characters like proliferation (Ki-67, STRAP, MELK, JNK, PI3K/

Akt/mTOR/Wnt/b-catenin, ERK, MEK, MAPK-p38), cell cycle

(cyclin D1, D2, surviving, c-Jun), inflammation (TNF-a, COX-2,
NF-kB), oxidative stress (Nrf2, GSK-3b), tumor suppression (p53,

E2F1, AMPK, PPAR- g), metastasis or angiogenesis (IGF-1, MFG-

E8, integrin b1, ERK, EGFR, E-cadherin, N-cadherin, PGE2) and
apoptosis (cytochrome C, AIF, Bax, p21, p21WAF1, p27KIP1, p53/

p21Cip1, caspases 3 and 9, XIAP, Bcl-2, IncRNA CASC2, AUF1,

PARP) of colon cancer cells (Figure 6). Many of these alkaloids have

shown promising results in various colon cancer preclinical studies.

For example, alkaloids like coptisine, camptothecin, capsaicin,

lappaconitine, oxymatrine, sophoridine, aleutianamine, and

palmatine have shown positive results in different kinds of

preclinical models and effectively reduced colon tumor growth.

Similarly, preclinical and clinical data suggest berberine (an

isoquinoline alkaloid) as a future drug candidate to treat colon

cancer. Moreover, berberine works well against CRC and shows

negligible toxicity. Furthermore, most alkaloids currently available

in the market against various diseases are largely extracted from

medicinal plants. Therefore, plant-derived alkaloids provide a

potential and novel therapeutic source for effectively

managing CRC.

Recent evidence suggests that diet and its related factors

(hormonal alteration) are also the leading causes for the

generation of 70 to 90% of CRC cases. Food material influences

the gut microbiome composition (bacterial strains), which plays a

vital role in the colon cancer progression. The gut microbiome is

known to be occupied with two significant strains Bacteroides and

Prevotella. However, a diet containing fruits and vegetables

increases the Prevotella strain in the gut, which can break down

the dietary phytochemicals in the lumen into tiny fatty acids like

butyric acid. Multiple pieces of evidence revealed that butyric acid

exhibits promising anti-cancer and anti-inflammatory effects.

Taken together, dietary phytochemicals like alkaloids, which can

modulate the gut microbiome, improve the host’s immunity, up

regulate the intracellular ROS, and thus could be of promising
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TABLE 2 Phytocompounds assessed in clinical trials for colon cancer treatment.

Phytocompound Biological
source and
Class of the
compound

Structure Information (type of
clinical trial, number of
patients, period, and
outcome)

Status of
the
study

Reference

Berberine Plant: Berberis
vulgaris,
Berberis
thunbergii,
Berberis
darwinii.
Family:
Berberidaceae.
Plant: Rhizoma
coptidis, Family:
Ranunculaceae.
Type:
Isoquinoline
alkaloid

O

N+

O

O

O
In Phase II clinical study, fixed
dose of berberine
hydrochloride, reduces the
chances of reoccurrence and
generation of another new
colorectal adenomas. This study
was done with 1000
participants for 3 years

Completed (33), NCT03281096

Camptothecin Plant:
Camptotheca
acuminate.
Family:
Nyssaceae.
Type: Alkaloid

O

O

O

N

N
HO

In clinical trials phase II, 100
mg administration of
Camptothecin to metastatic
colon cancer patients shows
partial response in patients
with liver metastasis. In this
study 67 patients with
metastatic colorectal cancer
were participated for nearly 2
years.

Completed (30)

Curcumin Plant: Curcuma
longa. Family:
Zingiberaceae.
Type:
Polyphenol
compound

O
O O

OH
O

HO
In phase I clinical study,
curcumin capsules containing
3.6g of curcumin administered
to patients suffering with
advanced CRC that shows
resistance to available
chemotherapy drugs. This
study was done on 23 patients
suffering with advanced colon
tumor were for 4 months.

Completed (144)

Epigallocatechin Plant: Camellia
sinensis.
Family:
Theaceae.
Type:
Polyphenol
compound

O

OH

OH
HO

HO

HO HO

In early phase I clinical trials,

Teavigo™ a natural extra

purified green tea extract with
94% Epigallocatechin induces
alteration in methylation
pattern as compared to control.
In this study fifty after surgery
colon cancer patients were
taken part for 1 year study.

Study in
progress
(estimated
date of
completion-
June, 2024)

(141), NCT02891538

Fisetin Plant: Fragaria
ananassa,
Family:
Rosaceae. Plant:
Malus
domestica,
Family:
Rosaceae.
Type:
Flavonoid

O

O

HO

HO

HO

In double-blind, randomized
placebo-controlled clinical trial,
the fisetin was evaluated for its
anti-inflammatory effect in the
colon cancer patient receiving
chemotherapy treatment. In
this study 100mg of fisetin
administered to the patient
prior to the chemotherapy and
found the decreased level of
inflammatory markers. This
study was done on 37 colon
cancer patients for seven weeks.

Completed (32),
IRCT2015110511288N9

Lycopene Plant: Solanum
lycopersicum.
Family:
Solanaceae.

In clinical trials phase II, 20 mg
of lycopene reduced the skin
toxicity of metastasis CRC
patients with panitumumab

Completed (31), NCT03167268

(Continued)
F
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TABLE 2 Continued

Phytocompound Biological
source and
Class of the
compound

Structure Information (type of
clinical trial, number of
patients, period, and
outcome)

Status of
the
study

Reference

Type:
Carotenoids

treatment. In this study 28
patients received with anti-
EGFR inhibitor were
participated for 12 weeks.

Resveratrol Plant:
Vaccinium
uliginosum,
Family:
Ericaceae.
Plant: Vitis
vinifera,
Family:
Vitaceae. Plant:
Ribes nigrum,
Family:
Grossulariaceae.
Type:
Polyphenol
compound

HO

HO
OH

In Phase I clinical study,
resveratrol of 20 mg in the
form of tablet was administered
to the patient with CRC. This
compound found to alter Wnt
signaling in colon cancer. 11
colon cancer patients were
involved in this study for 14
days.

Completed (142, 143),
NCT00256334
F
rontiers in Endocrinolo
gy
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FIGURE 6

Various sources that promote colon cancer progression. Effects of alkaloids in reducing the colon cancer growth via increasing ROS production and
modulating the important signals that trigger apoptosis are also shown.
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therapeutic value against CRC. Hence, it may be concluded that

consuming diet that contains fruits and vegetables that possess

secondary metabolites like alkaloids can better control various kinds

of cancers including colon cancer.
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Glossary

AIF Apoptosis-inducing factor

AKT Protein kinase B

APAF1 Apoptotic peptidase activating factor 1

APC Adenomatous polyposis coli

ATF2 Activating transcription factor 2

AUF1 U-rich element RNA-binding factor 1

AURKA Aurora kinase A

BAG Bcl-2-associated athanogene

BAX Bcl-2-associated X protein

BRAF Proto-oncogene

CAD Caspase-activated DNase

CAMP Cyclic adenosine monophosphate

CHOP C/EBP homologous protein

C-MYC Cellular myelocytomatosis oncogene

DAG Diacylglycerol

DIABLO Direct IAP-binding protein with low pI

DNA Deoxyribonucleic acid

E2F1 E2F transcription factor 1

EGF Epidermal growth factor

EGFR Epidermal growth factor receptor

ELK-1 ETS-domain transcription factor

EMT Epithelial–mesenchymal transition

ERK1/2 Extracellular signal-regulated kinases

ETS Erythroblast transformation specific

FADD Fas-associated death domain

FASL Fas ligand

FOXO3 Forkhead box O3

G2 Growth 2

GSK-3 Glycogen synthase kinase-3

HIF-1a Hypoxia-inducible factor 1-alpha

HTRA2
(OMI)

Nuclear-encoded mitochondrial serine protease

IGF-1 Insulin-like growth factor 1

IGFBP-3 Insulin-like growth factor (IGF) binding protein-3

IL Interleukin

JNK c-Jun N-terminal kinase

KDR Kinase insert domain receptor

KI-67 Non-histone nuclear protein

a-KGDH Alpha-ketoglutarate dehydrogenase

(Continued)
F
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lncRNA
CASC2

Long non-coding RNA cancer susceptibility candidate 2

MAPK Mitogen-activated protein kinase

MEK Mitogen-activated extracellular signal-regulated kinase

MELK Maternal embryonic leucine zipper kinase

MFG-E8 Milk Fat Globule EGF And Factor V/VIII Domain Containing

MPTP Mitochondrial permeability transition pore

mTOR Mammalian target of rapamycin

NF-kB Nuclear factor-kappa B

NRF2 Nuclear factor erythroid 2-related factor 2

p21Waf1 Cyclin-dependent kinase inhibitor 1 or CDK-interacting
protein 1

P38 p38 mitogen-activated protein

P53 Tumor suppressor protein

PDK1 Phosphoinositide-dependent kinase-1

PI3K Phosphatidylinositol 3-kinases

PIP2 Phosphatidylinositol 4, 5-bisphosphate

PIP3 Phosphatidylinositol (3, 4, 5)-trisphosphate

PLCg1 Phospholipase C gamma 1

PUMA p53 upregulated modulator of apoptosis

RAF Rapidly accelerated fibrosarcoma

RAS Rat sarcoma

RIP Receptor-interacting protein kinases

RNA Ribonucleic acid

ROS Reactive oxygen species

SMAC Second mitochondria-derived activator of caspase

SOS1 Son of sevenless homolog 1

STAT3 Signal transducer and activator of transcription 3

STRAP Serine-threonine kinase receptor-associated protein

TAK1 Transforming growth factor-b (TGF-b)-activated kinase 1

TGF-b Transforming growth factor beta

TNFR1 Tumor necrosis factor receptor 1

TNFRSF21 Tumor necrosis factor receptor superfamily member 21

TNF-a Tumor necrosis factor-alpha

TRADD Tumor necrosis factor receptor type 1-associated death domain
protein

TRAIL-R1 TNF-related apoptosis-inducing ligand receptor 1

TRAMP Tumor necrosis factor (TNF) receptor family

VEGF Vascular endothelial growth factor receptor

VEGFR-1 Vascular endothelial growth factor receptor 1

XIAP X-linked inhibitor of apoptosis protein

WNT Wingless-related integration site.
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Protective effects of exogenous
melatonin therapy against
oxidative stress to male
reproductive tissue caused by
anti-cancer chemical and
radiation therapy: a systematic
review and meta-analysis of
animal studies

Niloofar Dehdari Ebrahimi1, Alireza Sadeghi1,2†,
Sara Shojaei-Zarghani2,3, Mohammad Amin Shahlaee1,
Erfan Taherifard4, Zahra Rahimian5, Zahra Eghlidos5,
Negar Azarpira1* and Ali Reza Safarpour2†

1Transplant Research Center, Shiraz University of Medical Sciences, Shiraz, Iran,
2Gastroenterohepatology Research Center, Shiraz University of Medical Sciences, Shiraz, Iran,
3Colorectal Research Center, Shiraz University of Medical Sciences, Shiraz, Iran,
4MPH Department, Medical School, Shiraz University of Medical Sciences, Shiraz, Iran, 5Department of
Medicine, Shiraz University of Medical Sciences, Shiraz, Iran
Background: Male testicular dysfunction is a considerable complication of anti-

cancer therapies, including chemotherapy and radiotherapy, partly due to the

increased oxidative stress caused by these treatments. Melatonin is an effective

antioxidant agent that protects testicles against physical and toxic chemical stressors

in animal models. This study aims to systematically review themelatonin’s protective

effects against anti-cancer stressors on rodential testicular tissue.

Materials and Method: An extensive search was conducted in Web of Science,

Scopus, and PubMed for animal studies investigating exogenous melatonin’s

protective effects on rodent testicles exposed to anti-cancer chemicals and

radiotherapeutic agents. Using the DerSimonian and Laird random-effect model,

standardized mean differences and 95% confidence intervals were estimated from

the pooled data. The protocol was prospectively registered in the International

Prospective Register of Systematic Reviews (PROSPERO: CRD42022355293).

Results: Themeta-analysis included 38 studies from 43 studies that were eligible for

the review. Rats and mice were exposed to radiotherapy (ionizing radiations such as

gamma- and roentgen radiation and radioactive iodine) or chemotherapy

(methotrexate, paclitaxel, busulfan, cisplatin, doxorubicin, vinblastine, bleomycin,

cyclophosphamide, etoposide, Taxol, procarbazine, docetaxel, and chlorambucil).

According to our meta-analysis, all outcomes were significantly improved by

melatonin therapy, including sperm quantity and quality (count, motility, viability,
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normal morphology, number of spermatogonia, Johnsen’s testicular biopsy score,

seminiferous tubular diameter, and seminiferous epithelial height), serum level of

reproductive hormones (Follicle-Stimulating Hormone and testosterone), tissue

markers of oxidative stress (testicular tissue malondialdehyde, superoxide

dismutase, glutathione peroxidase, catalase, glutathione, caspase-3, and total

antioxidant capacity), and weight-related characteristics (absolute body,

epididymis, testis, and relative testis to body weights). Most SYRCLE domains

exhibited a high risk of bias in the included studies. Also, significant heterogeneity

and small-study effects were detected.

Conclusion: In male rodents, melatonin therapy was related to improved

testicular histopathology, reproductive hormones, testis and body weights, and

reduced levels of oxidative markers in testicular tissues of male rodents. Future

meticulous studies are recommended to provide a robust scientific backbone for

human applications.

Systematic review registration: https://www.crd.york.ac.uk/prospero/display_

record.php?ID=CRD42022355293, identifier CRD42022355293.
KEYWORDS

rodents,melatonin,male reproduction, testicular tissue, cancer, radiotherapy, chemotherapy
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1 Introduction

Cancer is the second dominant cause of death globally. In 2020,

19.3 million new patients with cancer were diagnosed, and 10 million

deaths associated with cancer were detected worldwide (1). Radio-

and chemotherapy are among the most common treatments for

malignancies. These strategies are considered double-edged swords,

which exert unwanted side effects on healthy tissues, including the

male reproductive system. Radiotherapy and chemotherapy could

cause male testicular dysfunction, partly by increasing testicular

oxidative stress and subsequently inducing lipid peroxidation, DNA

damage, mitochondrial dysfunction, and apoptosis (2, 3). These

therapeutic methods could also trigger endoplasmic reticulum (ER)

stress and inflammation in the testes, leading to cell death and

potentially impairing male fertility (2, 4, 5). Differentiating

spermatogonia cells are more sensitive than spermatocytes,

spermatids, and Leydig cells, which produce testosterone, to the

mentioned cytotoxic effects (6, 7). Radio- and chemotherapy are

known to cause several reproductive impairments in males, including

but not limited to a decrease in sperm count (oligozoospermia),

absence of sperm in the ejaculate (azoospermia), morphological

abnormalities in spermatozoa (teratozoospermia), low sperm

motility (asthenozoospermia), and reduced sperm viability. These

effects may persist for an extended period, possibly lifelong (3, 8).

Furthermore, undergoing cancer treatments can lead to reduced

testosterone levels, as well as compensatory damage to the

hypothalamic-pituitary-gonadal axis and Sertoli cells (2, 9). With

dramatically increased survival rates, especially in patients of younger

ages, reducing the side effects of anti-cancer therapies and preserving

fertility can improve their quality of life.

Melatonin is secreted naturally by the pineal gland and is

known for its functions in circadian rhythms. Additionally,

research is being conducted to evaluate its effects on various

diseases, including cancer, cardiovascular disease, and metabolic

disorders (10). Also, melatonin membrane receptors (MT1 and

MT2) are detectable in several testicular cells, including Sertoli cells,

Leydig cells, and germ cells (11), which suggest fundamental roles in

the optimal reproductive function in the physiologic conditions

(11–13). Decreased serum melatonin levels and downregulation of

its receptors are reported following chemotherapy treatments (14–

16). The administration of melatonin has been suggested as a

potential protective measure against the adverse effects of

radiotherapy and chemotherapy on multiple organs, including the

brain, heart, kidney, liver, and intestine. This protective effect is

thought to be mediated by various mechanisms, such as anti-

inflammatory, antioxidant, anti-nitrosative, anti-apoptotic,

immune regulatory, and antioxidant defense system-related gene

expression regulatory properties (17, 18).

Several studies have investigated melatonin’s protective

properties against radiotherapy and chemotherapy-induced

injuries on the male reproductive system (19–23). However, no

meta-analysis study has reported the net effects and discussed the

underlying mechanism. Therefore, we aimed to assess the

impact of melatonin on radiotherapy- and chemotherapy-

induced male reproductive dysfunction and shed light on the

underlying mechanisms.
Frontiers in Endocrinology 03132
2 Materials and methods

This systematic review and meta-analysis was designed based

on the Preferred Reporting Items for Systematic Reviews and Meta-

analyses guideline (PRISMA) (24). Prospective protocol registration

was done at the International Prospective Register of Systematic

Reviews (PROSPERO: CRD42022355293).
2.1 Data sources and search

A comprehensive search strategy was developed using

“melatonin” and “reproductive indices” and related terms. Three

online databases (Web of Science, Scopus, and PubMed) were

searched for studies published since January 1st, 1970, until

September 9th, 2022. Moreover, to include additional studies, a

manual backward and forward citation search was conducted for all

included studies. The search strategy and syntax details are

exhibited in Supplementary Material 1.
2.2 Study selection

The duplicate records were removed and uploaded to the

Rayyan web-based tool for systematic review management (25).

Three reviewers (NDE, ET, and MAS) screened the records

independently by titles and abstracts. Then, full texts were

retrieved for each study for screening by eligibility criteria.

Disagreements were resolved through discussion.

Studies were considered eligible to include if they met the

following criteria: (a) controlled animal studies, (b) included male

rodents who were exposed to anti-cancer chemo- or radiotherapy

agents, (c) in at least one intervention arm, melatonin was

administered, (d) one or more positive control arms (with or

without placebo), (e) The major characteristics of testicular tissue

have been reported (sperm analyses, biochemical, and

histopathologic). Studies were excluded if they had (a) ex-vivo

and in-vitro designs, (b) non-rodent subjects, (c) stressors other

than conventional anti-cancer chemo- and radiotherapy, and (d) a

combination of melatonin and other drugs was administered.

Furthermore, human trials, letters, and reviews were excluded

from this review. We did not apply any restrictions based on the

language or date of publication.
2.3 Data extraction and assessment of the
risk of bias

Data extraction was performed into an Excel spreadsheet by

four reviewers (NDE, NE, ZR, and MAS). The differences were

resolved by discussion. Based on the results of each study, the

following outcomes were extracted (if available): (a) study

characteristics (first author, country, and publication year), (b)

subject characteristics (sample size, age, and species), (c) chemical

or radiation agent and their dosages, route of administration, and
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duration of exposure, (d) melatonin’s dosage, duration of therapy,

administration route, and timing of administration relative to

stressor, (e) sperm-related characteristics (count, motility,

viability, normal morphology, number of spermatogonia,

seminiferous epithelial height, Johnsen’s testicular biopsy score

(JTBS), and seminiferous tubular diameter), (f) serum

reproductive hormone levels (Follicle-Stimulating Hormone

(FSH) and testosterone), (g) tissue oxidative stress markers

(glutathione (GSH), Catalase (CAT), testicular tissue Superoxide

dismutase (SOD), Malondialdehyde (MDA), glutathione

peroxidase (GPx), Caspase-3, and Total Antioxidant Capacity

(TAC)), and (h) weight-related characteristics (absolute body,

testis, epididymis, and relative testis to body weights).

Based on the Systematic Review Centre for Laboratory Animal

Experiments (SYRCLE) tool for animal intervention studies, the risk of

bias was assessed independently by two reviewers (AS and NDE) (26).
2.4 Data synthesis and statistical analysis

Data were analyzed using Stata MP Version 16 (StataCorp,

College Station, TX, USA), and a p-value <0.05 was considered

statistically significant. Based on the DerSimonian-Laird method, a

random effect model was utilized to pool the effect sizes using

Standardized Mean Difference (SMD) for meta-analyses. Also, a

95% confidence interval (CI) was reported for each effect size. The

residual heterogeneity between studies was evaluated using the

Cochran’s Q statistic, I-squared, and p-value. I-squared was

interpreted as “perhaps not important”, “moderate heterogeneity”,

“substantial heterogeneity”, and “considerable heterogeneity” when

values were 0-40%, 30-60%, 50-90%, and 75-100%, respectively

(27). Multiple intervention arms were combined using Cochrane’s

formula to avoid overcalculations in the studies with shared control

groups (27). To identify potential sources of heterogeneity,

subgroup analyses were applied only in cases of three or more

available studies per subgroup. Also, to obtain missing data,

reviewers tried to reach the authors via email and waited for at

least one month for responses. Studies were removed from the

analyses if their missing data were crucial. Also, when minimum,

median, quartiles, and maximum were the only available statistics,

mean and standard deviation were estimated using previously

published statistical methods (28, 29). Furthermore, funnel plots

were developed for outcomes with more than ten studies (27).

Visual inspection for asymmetry and Egger’s regression test for

small-study effects were done to detect publication bias (30).
3 Results

3.1 Search results

A total of 10,039 and 5 records were obtained from the systematic

database and manual citation searching, respectively. The title and

abstract of 9,028 unique documents were screened after omitting

1,016 duplicate records. 97 articles were checked for eligibility, and a

final 43 articles were included in the systematic review. Among the
Frontiers in Endocrinology 04133
included studies, 5 (21, 31–34) were only included in the narrative

evidence synthesis, and 38 were used in the meta-analyses. The

PRISMA flow diagram is presented in Figure 1.
3.2 Study characteristics

Included studies were published between 2003 and 2023 in

English (n=36) (14, 19–22, 31–66) and Persian (n=2) (67, 68). The

studies were published from Iran (n=11) (20, 40, 45, 53–55, 59, 61,

65, 67, 68), Turkey (n=9) (21, 31, 36–39, 43, 47, 64), Egypt (n=9)

(33–35, 41, 42, 44, 46, 48, 60), China (n=7) (14, 19, 32, 49, 62, 63,

66), India (n=4) (22, 50, 52, 57), Thailand (n=1) (58), Nigeria (n=1)

(56), and South Korea (n=1) (51). Studies employed rats (n=25)

(20–22, 31, 34–37, 39, 41–44, 46–48, 51, 56–58, 61, 62, 64, 65, 68)

and mice (n=18) (14, 19, 32, 33, 38, 40, 45, 49, 50, 52–55, 59, 60, 63,

66, 67) as subjects. To induce stress, the included studies employed

ionizing radiations (n=9) (21, 39, 46, 48–50, 59, 60, 64) and

chemical agents (n=34) (14, 19, 20, 22, 31–38, 40–45, 47, 51–58,

61–63, 65–68). For chemical therapy, methotrexate (58, 62),

paclitaxel (63), busulfan (19, 32–34, 45, 53–55, 65, 67, 68),

cisplatin (14, 20, 22, 37, 40–44, 47), doxorubicin (51, 57, 66),

vinblastine (22), bleomycin (20, 22), cyclophosphamide (31, 47,

52, 61), etoposide (20), Taxol (35), procarbazine (36), docetaxel

(38), and chlorambucil (56) were employed. Melatonin was

administered intraperitoneal (IP, n=32) (14, 19–22, 31–41, 43,

45–47, 49, 50, 53–55, 58–61, 63–68) and oral (n=8) (42, 44, 48,

51, 52, 56, 57, 62). Detailed study characteristics, including stressor

and melatonin dosages, duration of exposure to each one, and

number and age of rodents, are provided in Table 1 and

Supplementary Material 2.
3.3 Outcomes

The pooled SMDs were statistically significant for all of the 21

outcomes. The outcomes were classified into four categories: (a)

sperm-related parameters, (b) reproductive hormones, (c) markers of

oxidative stress and apoptosis in testicular tissue, and (d) body and

testicular weights. The pooled outcomes included absolute

epididymis, testis, and body weights, testis to body relative weight,

caspase-3 activity, tissue CAT, GPX, MDA, SOD, and GSH activity,

TAC, serum FSH and testosterone levels, JTBS, normal sperm

morphology, number of spermatogonia, seminiferous epithelial

height, seminiferous tubular diameter, sperm count, motility, and

viability. The overall pooled effect sizes for each outcome are

summarized in the Figure 2. Detailed forest plots of the overall

pooled effects sizes for each outcome are presented in Figures 3–6.

3.3.1 Sperm-related parameters
The pooled SMDs for each sperm-related parameter were: JTBS

(SMD = 3.36, 95% CI: 2.21 to 4.51, p-value <0.01), normal sperm

morphology (SMD = 2.9, 95% CI: 2.04 to 3.76, p-value <0.01),

number of spermatogonia (SMD = 3.99, 95% CI: 1.83 to 6.16, p-

value <0.01), seminiferous epithelial height (SMD = 3.91, 95% CI:

2.12 to 5.7, p-value <0.01), seminiferous tubular diameter (SMD =
frontiersin.org
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2.55, 95% CI: 1.56 to 3.54, p-value <0.01), sperm count (SMD =

3.03, 95% CI: 2.26 to 3.79, p-value <0.01), motility (SMD = 3.44,

95% CI: 2.5 to 4.39, p-value <0.01), and viability (SMD = 2.98, 95%

CI: 1.29 to 4.68, p-value <0.01). Between-study heterogeneity was

substantial to considerable for sperm-related parameters with JTBS

(I2 = 75.88% and p-value for Q test <0.01), normal sperm

morphology (I2 = 78.48% and p-value for Q test <0.01), number

of spermatogonia (I2 = 86.16% and p-value for Q test <0.01),

seminiferous epithelial height (I2 = 90.1% and p-value for Q test

<0.01), seminiferous tubular diameter (I2 = 80.84% and p-value for

Q test <0.01), sperm count (I2 = 82.04% and p-value for Q test

<0.01), motility (I2 = 83.15% and p-value for Q test <0.01), and

viability (I2 = 88.72% and p-value for Q test <0.01).

3.3.2 Reproductive hormones
The combined SMDs for serum FSH and testosterone levels were

(SMD = -2.47, 95% CI: -4.03 to -0.9, p-value <0.01) and (SMD = 2.57,

95% CI: 1.54 to 3.6, p-value <0.01), respectively. Between-study
Frontiers in Endocrinology 05134
heterogeneity was considerable for serum reproductive hormone

levels with FSH (I2 = 88.9% and p-value for Q test <0.01) and

testosterone (I2 = 89.17% and p-value for Q test <0.01).

3.3.3 Testicular tissue’s oxidative markers
For each oxidative marker, the pooled SMDs were as follows:

caspase-3 (SMD = -2.28, 95% CI: -4.25 to -0.32, p-value = 0.02),

tissue CAT (SMD = -2.28, 95% CI: -4.25 to -0.32, p-value = 0.02),

GPX (SMD = 3.62, 95% CI: 1.73 to 5.5, p-value <0.01), MDA (SMD

= -2.64, 95% CI: -3.76 to -1.52, p-value <0.01), SOD (SMD = 2.56,

95% CI: 1.46 to 3.67, p-value <0.01), and GSH (SMD = 2.03, 95%

CI: 1.15 to 2.91, p-value <0.01) activity, and TAC (SMD = 1.09, 95%

CI: 0.28 to 1.9, p-value = 0.01). Between-study heterogeneity was

considerable for oxidative markers of testicular tissue with caspase-

3 (I2 = 85.43% and p-value for Q test <0.01), tissue CAT (I2 = 87.3%

and p-value for Q test <0.01), GPX (I2 = 85.61% and p-value for Q

test <0.01), MDA (I2 = 90.79% and p-value for Q test <0.01), SOD

(I2 = 87.3% and p-value for Q test <0.01), and GSH (I2 = 80.83% and
FIGURE 1

PRISMA flow diagram illustrating the process of selection of the studies.
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TABLE 1 Basic characteristics of the included studies.

First author
[year]

Country Rodent Age of
subjects

Number of
subjects
(intervention/
control)

Model of
intervention

Type of OS SYRCLE
score

Wang [2018] (62) China Rats N/M 8/8 Preventive Chemical agent (Methotrexate) 2

Wang [2022] (63) China Mice 8 weeks 10/10 Therapeutic Chemical agent (Paclitaxel) 3

Yalcınkaya [2009]
(poster) (64)

Turkey Rats 10-12 weeks 10/10 Therapeutic Radiation (Gamma radiation) N/A

Zangoie [2019] (65) Iran Rats N/M 6/6 Therapeutic Chemical agent (Busulfan) 2

Zhang [2022] (14) China Mice 8 weeks 8/8 Therapeutic Chemical agent (Cisplatin) 4

Zi [2022] (66) China Mice 6-8 weeks 5/5 Preventive Chemical agent (Doxorubicin) 3

Hussein [2006] (46) Egypt Rats 3 months 20/20 Preventive Radiation (Roentgen radiation) 2

Khan [2015] (49) China Mice 8-9 weeks 3/3 Preventive Radiation (Gamma radiation) 2

Kushwaha [2021] (50) India Mice 8-10 weeks 6/6 Preventive Radiation (Gamma radiation) 2

Lee [2012] (51) South
Korea

Rats 8 weeks 6/6 Preventive Chemical agent (Doxorubicin) 3

Madhu [2015] (22) India Rats N/M 8/8 Preventive Chemical agent (Cisplatin +
Vinblastine + Bleomycin)

4

Manda [2003] (52) India Mice 6-8weeks 10/10 Preventive Chemical agent
(Cyclophosphamide)

3

Mirhoseini [2014] (53) Iran Mice 6-7 weeks 7/7 Therapeutic Chemical agent (Busulfan) 3

Taheri Moghadam
[2021] (54)

Iran Mice 4-6 weeks 6/6 Preventive Chemical agent (Busulfan) 3

Moradi [2021] (20) Iran Rats 13-15 weeks 5/5 Preventive Chemical agent (Bleomycin +
Etoposide + Cisplatin)

3

Cebi Sen [2018] (39) Turkey Rats N/M 12/12 Preventive Radiation (Radioactive iodine) 3

Patil [2009] (57) India Rats N/M 6/6 Preventive Chemical agent (Doxorubicin) 2

Aboelwafa [2022] (35) Egypt Rats 16-18 weeks 5/5 Therapeutic Chemical agent (Taxol) 4

Alp [2014] (36) Turkey Rats N/M 6/8 Preventive Chemical agent
(Procarbazine)

2

Atessahin [2006] (37) Turkey Rats 8 weeks 6/6 Preventive Chemical agent (Cisplatin) 3

Baş [2019] (38) Turkey Mice 6-8 weeks 8/8 Therapeutic Chemical agent (Docetaxel) 3

Chabra [2014] (40) Iran Mice N/M 5/5 Preventive Chemical agent (Cisplatin) 2

Cui [2017] (19) China Mice 8 weeks 3/3 Therapeutic Chemical agent (Busulfan) 3

Edrees [2012] (41) Egypt Rats N/M 5/5 Preventive Chemical agent (Cisplatin) 2

Kamal El-Dein [2020]
(48)

Egypt Rats N/M 6/6 Therapeutic Radiation (Gamma radiation) 3

El-Shafaei [2018] (42) Egypt Rats N/M 10/10 Therapeutic Chemical agent (Cisplatin) 3

Yilmaz [2019] (43) Turkey Rats 3-5 months 8/8 Preventive Chemical agent (Cisplatin) 3

Filobbos [2020] (44) Egypt Rats 12 weeks 10/10 Preventive Chemical agent (Cisplatin) 3

Mohamad Ghasemi
[2010] (i) (45)

Iran Mice N/M 6/6 Therapeutic Chemical agent (Busulfan) 3

(Continued)
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p-value for Q test <0.01) activity, and TAC (I2 = 55.14% and p-value

for Q test 0.06).

3.3.4 Body and testicular weights
The pooled SMDs were absolute epididymis (SMD = 0.74, 95%

CI: 0.15 to 1.33, p-value = 0.01), testis (SMD = 1.25, 95% CI: 0.69 to

1.81, p-value <0.01), and body weights (SMD = 1.06, 95% CI: 0.36 to

1.76, p-value <0.01), and testis to body relative weight (SMD = 1.41,

95% CI: 0.55 to 2.26, p-value <0.01). Body and testicular weights

showed moderate to substantial heterogeneity between studies with

absolute epididymis (I2 = 49.45% and p-value for Q test 0.06), testis

(I2 = 78.68% and p-value for Q test <0.01), and body weights

(I2 = 79.33% and p-value for Q test <0.01), and testis to body relative

weight (I2 = 74.82% and p-value for Q test <0.01).
3.4 Subgroup analyses

The subgroup analyses were conducted on rodent species

(mice versus rats), timing of intervention (preventive versus

therapeutic, respectively, indicating melatonin therapy was

started before and after the induction of stress), route of

administration of melatonin, and type of stressor (chemical
TABLE 1 Continued

First author
[year]

Country Rodent Age of
subjects

Number of
subjects
(intervention/
control)

Model of
intervention

Type of OS SYRCLE
score

Ilbey [2008] (47) Turkey Rats 6 weeks 6/6 Preventive Chemical agent (Cisplatin and
Cyclophosphamide)

3

Mohamad Ghasemi
[2010] (ii) (55)

Iran Mice 6-8weeks 8/8 Therapeutic Chemical agent (Busulfan) 2

Ferdosi Khosroshahi
[2013] (Farsi) (68)

Iran Rats N/M 10/10 Therapeutic Chemical agent (Busulfan) 2

Mohammd Ghasemi
[2009] (Farsi) (67)

Iran Mice 6-8 weeks 8/8 Therapeutic Chemical agent (Busulfan) 2

Olayaki [2019] (56) Nigeria Rats N/M 10/10 Therapeutic Chemical agent (Chlorambucil) 2

Tawfik [2006] (60) Egypt Mice 7-9 weeks 6/6 Preventive Radiation (Gamma radiation) 3

Sukhorum [2020] (58) Thailand Rats N/M 8/8 Preventive Chemical agent (Methotrexate) 2

Tajabadi [2020] (59) Iran Mice 6-8 weeks 5/5 Therapeutic Radiation (Gamma radiation) 2

Torabi [2017] (61) Iran Rats 6-8 weeks 7/7 Preventive Chemical agent
(Cyclophosphamide)

3

Take [2009] (21) Turkey Rats 6-7 weeks 32/32 Preventive Ionizing irradiation 2

Zhang [2019] (32) China Mice 3 weeks 20/20 Preventive Chemical agent (Busulfan) 3

Abou-El-Naga [2021]
(33)

Egypt Mice N/M 5/5 Therapeutic Chemical agent (Busulfan) 3

Abd-El-Aziz [2012]
(34)

Egypt Rats N/M 10/7 Therapeutic Chemical agent (Busulfan) 3

Simsec [2008] (31) Turkey Rats 5-6 weeks 5/5 Preventive Chemical agent
(Cyclophosphamide)

2

fr
OS, oxidative stress; N/M, not mentioned; N/A, not applicable; SYRCLE, Systematic Review Centre for Laboratory Animal Experimentation.
FIGURE 2

Summary of overall pooled effect sizes for each outcome. Sperm-
related parameters are indicated in purple, reproductive hormones
in green, oxidative markers of testicular tissue in cyan, and body and
testicular weights in red.
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versus radiation). Subgroup analyses failed to indicate the source

of heterogeneity. However, significant between-group differences

were observed between the relative timing of intervention for

serum FSH level and rodent species for JTBS and normal sperm

morphology and count. The forest plots for subgroup analyses are

provided in the Supplementary Material 3.
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3.5 Sensitivity analyses and risk of
bias assessment

The results’ robustness was assessed using the leave-one-out

method. After removing each study from the analyses, the pooled

effect sizes did not significantly change. The forest plots for
A B

D

E

F

G

H

C

FIGURE 3

Forest plots for the overall pooled effects sizes of sperm-related parameters including (A) JTBS, (B) normal sperm morphology, (C) number of
spermatogonia, (D) seminiferous epithelial height, (E) seminiferous tubular diameter, (F) sperm count, (G) sperm motility, and (H) sperm viability.
JTBS, Johnsen’s testicular biopsy score.
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sensitivity analyses for each outcome are provided in the

Supplementary Material 4.

A risk of bias assessment was conducted using the SYRCLE tool

for evaluating included studies. A study would receive a score of 1 if

regarded as low risk in each domain. Based on the included studies,

the scores ranged from 2 to 4. According to the evaluations of the

studies, the results regarding sequence generation, random housing,

allocation concealment, random outcome assessment, and blinding

were all deemed unclear. No other sources of bias were detected for

studies. The risk of bias assessment was impossible for one of the

included studies since it was a poster (64). Detailed quality

assessment results are presented in Supplementary Materials 5

and Figure 7.
Frontiers in Endocrinology 09138
3.6 Publication bias

Funnel plots were created for the following outcomes: absolute

testis weight, body weight, normal spermmorphology, seminiferous

tubular diameter, serum testosterone level, sperm count, sperm

motility, tissue GSH, MDA, and SOD. Evaluations for publication

bias showed a significant small-study effect across the outcomes.

Nevertheless, it is essential to interpret the results of the small-study

effects tests with caution since they may be affected by other factors.

For example, in the presence of between-study heterogeneity (the

case of this study), the symmetry of funnel plots can be affected (30,

69). The funnel plots and Egger’s test results for small-effect studies

are provided in the Supplementary Material 6.
A

B

FIGURE 4

Forest plots for the overall pooled effects sizes of reproductive hormones, including (A) serum FSH and (B) testosterone level. FSH, Follicle-
Stimulating Hormone.
frontiersin.org

https://doi.org/10.3389/fendo.2023.1184745
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org


Dehdari Ebrahimi et al. 10.3389/fendo.2023.1184745
4 Discussion

We demonstrated that melatonin could have beneficial effects

against testicular abnormalities induced by radiotherapy and

chemotherapy. Furthermore, we found that melatonin had a

significantly greater impact on seminiferous tubular diameter,

GPx, and FSH levels in preventive models rather than in

therapeutic models. The strength of the melatonin’s effects on

JTBS, sperm counts, and morphology also depended on the

animal type. We also detected the model of intervention and

rodent species as the sources of heterogeneity in different analyses.
Frontiers in Endocrinology 10139
4.1 Sperm quantity and quality

In the current meta-analysis, melatonin restored testicular

injuries caused by radiotherapy and chemotherapy, which was

indicated by increased spermatogonia and sperm count, normal

morphology, motility, and viability, testis and epididymal weight,

and seminiferous tubular height and diameter. These results agree

with our previous meta-analyses, which revealed the beneficial

impact of melatonin on testicular injuries induced by metabolic

disorders, physical and toxic chemical triggers in animal models

(70–72). Radio- and chemotherapy can cause disturbances in
A B

D

E

F

G

C

FIGURE 5

Forest plots for the overall pooled effects sizes of testicular tissue’s oxidative markers, including (A) caspase-3, (B) tissue catalase, (C) glutathione
peroxidase, (D) malondialdehyde, (E) superoxide dismutase activity, (F) total antioxidant capacity, and (G) glutathione activity.
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spermatogenesis through different mechanisms. These treatments

may exert their effect by damaging DNA (DNA cross-link,

breakage, alkylation, and intercalation) and induction of

apoptosis, lipid peroxidation, increased oxidative stress,

inflammation, hormonal imbalance, and mitochondrial damage,

which result in abnormal sperm characteristics (6). Melatonin, as a

potent antioxidant with anti-inflammatory and anti-apoptotic

properties, can cross the cell membrane and penetrate the nucleus
Frontiers in Endocrinology 11140
(73). As a direct free radical scavenger, melatonin can protect DNA

against the destructive effects of Reactive oxygen species (ROS)

induced by chemotherapy and radiotherapy (74). Melatonin’s

ability to counteract the harmful effects of anti-cancer treatments

can improve sperm morphology, motility, count, and viability.

Zhang et al. reported that melatonin alleviates the cytotoxicity

and anti-mitotic effects of busulfan, an alkylating chemotherapy

agent, in the cultured spermatogonial progenitor cells. They found
A B

D

C

FIGURE 6

Forest plots for the overall pooled effects sizes of body and testicular weights, including (A) absolute epididymis weight, (B) absolute testis weight,
(C) body weight, and (D) testis to body relative weight.
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that the blockage of MT1 and MT2 in these cells antagonizes the

observed effects of melatonin (32). In another in-vitro study,

melatonin reversed the morphological changes caused by busulfan

in the type A spermatogonial stem cells (19).
4.2 Reproductive hormone levels

Testosterone is produced by the Leydig cells located in the testis’s

interstitial space, and the luteinizing hormone induces its secretion.

Testosterone is required for normal spermatogenesis, and its serum

concentration is positively associated with normal spermmorphology

and higher live birth rates (75). Sertoli cells, located in the

seminiferous tubules with critical roles in spermatogenesis and

androgen synthesis, are also targeted by FSH (76). Melatonin

administration elevated animal testosterone and reduced FSH levels

in this meta-analysis. According to our recent meta-analysis,

melatonin increases testosterone levels but does not affect FSH in

rodents with toxin-induced testicular injuries (70). The existing body

of research suggests that melatonin can inhibit the biosynthesis of

FSH by decreasing the secretion of gonadotropin-releasing hormone

(GnRH). Since melatonin administration has been observed to

diminish the number of pituitary GnRH receptors, it is plausible

that the observed reductions in plasma FSH concentrations may stem

from inhibiting the pubertal increase in GnRH secretion (77).

Previous studies have yielded inconsistent findings regarding

the impact of melatonin on testosterone levels (70–72). In

this regard, da Costa et al. have reported that melatonin

supplementation in pubescent rats may lead to a decline in

testosterone levels in adulthood, potentially due to its influence

on the estrogenic capacity of Leydig cells. Nonetheless, they also

demonstrated that melatonin could exert a protective effect against

the decrease in testosterone levels caused by the deleterious effects

of diabetes, suggesting this protective effect may stem from

melatonin’s ability to upregulate androgen receptor genes (78).

Our results suggest melatonin’s protective effects against

decreased testosterone levels induced by anti-cancer treatments.

The blockages of MT1 and MT2 in the Leydig cell membrane

downregulated steroidogenic genes (79). Melatonin can increase the

expression of steroidogenic genes by binding to its nuclear

receptors, including retinoic acid receptor-related orphan receptor

a (RORa) (13). Furthermore, elevated melatonin levels improve

testosterone synthesis by decreasing Leydig cells’ apoptosis (13),

which may explain melatonin’s protective effect in our study.

Nonetheless, there is contradictory evidence. Melatonin did not

affect testosterone levels in animals with physical damage to the

testes (71) and healthy human males (80, 81). Therefore, there is a

need for more studies to determine melatonin’s effects on

reproductive hormones and male infertility induced by

oxidative stress.
4.3 Oxidative stress

Oxidative stress is among the causative factors for male

infertility (82). In this regard, our results demonstrated
Frontiers in Endocrinology 12141
melatonin’s beneficial effects on testicular enzymatic and non-

enzymatic antioxidants in this study. By stimulating the activities

of key antioxidant enzymes such as CAT, GSH-Px, SOD, and

GSH while concurrently reducing the activity of MDA, a marker

of lipid peroxidation, melatonin protects the testicular tissue

against oxidative damage-induced radiation and chemotherapy.

Previously, we detected similar efficacy of melatonin in metabolic

disorders, physical- and chemical-induced testicular injuries (70–

72). Furthermore, melatonin decreased microwave and

radiofrequency electromagnetic radiation-induced oxidative

stress (83). Literature suggests that melatonin increases

antioxidant enzyme expression and activity during physiological

and pathological conditions. These enzymes play a crucial role in

mitigating the deleterious effects of free radicals by converting

them into less reactive or non-toxic molecules, thus serving as a

vital defense mechanism against oxidative stress. These enzymes

can be recursively altered by free radicals, compromising their

efficacy. In this context, melatonin acts as a potent scavenger of

free radicals and can directly neutralize their destructive effects.

Therefore, melatonin exerts a dual influence on the antioxidant

system, both directly and indirectly, by regulating the activity of

antioxidant enzymes and mitigating their damage by free radicals

(84–86). In a recent study, Zhang et al. observed that the

administration of cisplatin to mice results in apoptosis of Leydig

cells by the downregulation of the SIRT1/Nrf2 signaling pathway,

which plays a crucial role in anti-inflammatory response, anti-

oxidative stress, and cell protection. However, the authors also

suggest that melatonin can counteract the harmful effects of

cisplatin by stimulating the SIRT1/Nrf2 pathway through its

interaction with MT1/MT2 receptors (14, 87). Furthermore,

melatonin, as a potent scavenger of reactive oxygen and

nitrogen species, could also alleviate free radical formation by

improving the electron transport chain efficiency of the inner

mitochondrial membrane; by doing so, melatonin can reduce

electron leakage, which is a significant source of free radical

formation (88).
4.4 ER stress and apoptosis

In this study, we observed melatonin’s beneficial effects on

reducing caspase-3 activity, which is a crucial mediator of apoptosis.

This result aligns with our previous studies indicating melatonin

protection against the apoptotic effects of metabolic disorders,

physical injuries, environmental pollutants, and heavy metals on

testes (70–72). Melatonin could alleviate testicular B-cell

lymphoma-2 (Bcl-2)-associated X pro-apoptotic protein (BAX)

and upregulate Bcl-2 anti-apoptotic protein following

chemotherapy (20, 89). Radio- and chemotherapy could also

trigger ER stress through different signaling pathways (including

inositol-dependent protein 1 a (IRE1a), PRKR-like ER kinase

(PERK)-eukaryotic translation initiating factor 2a (eIF2a), and
MAPK), leading to cell death and potentially impairing male

fertility (90).

Melatonin has been demonstrated to mitigate ER stress and

inhibit intrinsic apoptotic pathways in anti-cancer treatment-
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induced ER stress (17, 19). In this regard, melatonin counteracted

busulfan-induced ER stress and its downstream apoptotic proteins,

including P53, caspases, and CCAAT enhancer binding protein (C/

EBP) homologous protein (CHOP), in mouse testes and

spermatogonial stem cells (19). Melatonin may reverse

radiotherapy and chemotherapy-induced ER stress by suppressing

the phosphatidylinositol 3-kinase (PI3K)/protein kinase B (AKT)

pathway (17). Eliminating ER stress by melatonin could improve

blood-testis barrier impairment and, thereby, spermatogenesis

abnormalities following busulfan treatment (91).
4.5 Inflammation

Pro-inflammatory cytokines play a key role in maintaining the

normal physiological functions of testicular cells by acting as

growth and differentiation factors (92). However, their increased

levels during acute and chronic genitourinary tract inflammation

are linked to oxidative stress and male infertility (93). Melatonin

supplementation is reported to reduce testicular inflammation in

infertile men (94). It may also reverse the radiotherapy- and

chemotherapy-induced male reproductive toxicities by attenuating

the testicular levels of inflammatory cytokines, including

interleukin-1b (IL-1b), tumor necrosis factor-a (TNF-a), and
interleukin-6 (IL-6) (2, 5, 17, 20, 62, 95). These effects may be

attributed to melatonin’s inhibition of the p38 mitogen-activated

protein kinase (MAPK) signaling pathway and, subsequently, toll-

like receptor 4 (TLR-4) and nuclear factor kappa B (NF-kB) in the

testes (96). The activated TLRs are associated with low sperm

motility, sperm apoptosis, and male infertility (97). Yet, more

studies should be performed to evaluate other affected cytokines

and cascades by exogenous melatonin.
4.6 Limitations

Our study had several limitations. First, our data was extracted

from animal studies, and it is unclear whether such effects could

be translated to humans. Furthermore, most available animal

studies evaluating the effects of melatonin therapy on

male infertility used rodent models, making the conclusions

hard to generalize to other animals. Second, there was high

methodological and statistical heterogeneity between the

included studies. Third, our meta-analysis is also limited by the

low quality of the eligible studies and a high level of publication

bias. Also, a dose-response meta-analysis was not feasible due to

insufficient data and differences in the route of administration.

Finally, none of the included studies have reported and evaluated

possible adverse outcomes.
5 Conclusion

In the current meta-analysis of animal studies, we conclude

melatonin’s protective influence on the side effects of radiotherapy
Frontiers in Endocrinology 13142
and chemotherapy on testicular tissue. Improving testicular

function and morphology, ameliorating hormone levels, and

alleviating oxidative stress and apoptosis are some proposed

mechanisms for the observed effects of melatonin. However, more

meticulous animal studies should be performed to clarify other

potential underlying mechanisms. Future studies are recommended

to evaluate melatonin dose responses to provide doses with anti-

infertility effects.
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since weaning ameliorates steroidogenic function and sperm motility of streptozotocin-
induced diabetic rats. Andrology (2016) 4(3):526–41. doi: 10.1111/andr.12158

79. Gao Y, Wu X, Zhao S, Zhang Y, Ma H, Yang Z, et al. Melatonin receptor
depletion suppressed hCG-induced testosterone expression in mouse Leydig cells. Cell
Mol Biol letters. (2019) 24(1):1–14. doi: 10.1186/s11658-019-0147-z

80. Luboshitzky R, Levi M, Shen-Orr Z, Blumenfeld Z, Herer P, Lavie P. Long-term
melatonin administration does not alter pituitary-gonadal hormone secretion in
normal men. Hum reproduction. (2000) 15(1):60–5. doi: 10.1093/humrep/15.1.60

81. Zizzo J, Reddy R, Kulkarni N, Blachman-Braun R, Ramasamy R. Impact of low-
dose melatonin supplementation on testosterone levels in US adult males. Urology
(2022) 169:92–5. doi: 10.1016/j.urology.2022.07.048

82. Mannucci A, Argento FR, Fini E, Coccia ME, Taddei N, Becatti M, et al. The
impact of oxidative stress in male infertility. Front Mol Biosci (2022) 8:1344. doi:
10.3389/fmolb.2021.799294

83. Shokri M, Shamsaei ME,Malekshah AK, Amiri FT. The protective effect of melatonin
on radiofrequency electromagnetic fields of mobile phone-induced testicular damage in an
experimental mouse model. Andrologia (2020) 52(11):e13834. doi: 10.1111/and.13834

84. Aysun H, Burcu B. (2018), Ch. 3.

85. Chainy GBN, Sahoo DK. Hormones and oxidative stress: an overview. Free
Radical Res (2020) 54(1):1–26. doi: 10.1080/10715762.2019.1702656

86. Sahoo DK, Chainy GBN. Hormone-linked redox status and its modulation by
antioxidants. Vitam Horm. (2023) 121:197–246. doi: 10.1016/bs.vh.2022.10.007

87. Chung J-Y, Chen H, Zirkin B. Sirt1 and Nrf2: regulation of Leydig cell oxidant/
antioxidant intracellular environment and steroid formation. Biol Reprod (2021) 105
(5):1307–16. doi: 10.1093/biolre/ioab150

88. Leon J, Acuña-Castroviejo D, Sainz RM, Mayo JC, Tan DX, Reiter RJ. Melatonin
and mitochondrial function. Life Sci (2004) 75(7):765–90. doi: 10.1016/j.lfs.2004.03.003

89. Zi T, Liu Y, Zhang Y, Wang Z, Wang Z, Zhan S, et al. Protective effect of
melatonin on alleviating early oxidative stress induced by DOX in mice
spermatogenesis and sperm quality maintaining. Reprod Biol Endocrinol (2022) 20
(1):1–11. doi: 10.1186/s12958-022-00977-4

90. Karna KK, Shin YS, Choi BR, Kim HK, Park JK. The role of endoplasmic
reticulum stress response in male reproductive physiology and pathology: A review.
World J Mens Health (2020) 38(4):484–94. doi: 10.5534/wjmh.190038

91. Zhao J, Wang M, Wang Y, Xu J, Ma C, Tang Y, et al. Endoplasmic reticulum
stress promotes blood-testis barrier impairment in mice with busulfan-induced
oligospermia through PERK-eIF2a signaling pathway. Toxicology (2022) 473:153193.
doi: 10.1016/j.tox.2022.153193

92. Hales DB, Diemer T, Hales KH. Role of cytokines in testicular function.
Endocrine. (1999) 10:201–17. doi: 10.1007/BF02738619

93. Azenabor A, Ekun AO, Akinloye O. Impact of inflammation on male
reproductive tract. J Reprod Infertil (2015) 16(3):123.
frontiersin.org

https://doi.org/10.1016/S1001-7844(10)60016-8
https://doi.org/10.1016/S1001-7844(10)60016-8
https://doi.org/10.1016/j.fertnstert.2006.02.094
https://doi.org/10.1016/j.fertnstert.2008.07.1758
https://doi.org/10.1016/j.fertnstert.2008.07.1758
https://doi.org/10.18869/acadpub.ijrr.18.4.765
https://doi.org/10.1186/s12929-015-0156-9
https://doi.org/10.4103/jpbs.JPBS_303_20
https://doi.org/10.1111/j.1439-0272.2011.01269.x
https://doi.org/10.1023/B:CBTO.0000013342.17370.16
https://doi.org/10.5812/ircmj.14463
https://doi.org/10.5935/1518-0557.20200081
https://doi.org/10.18502/ijrm.v13i5.7153
https://doi.org/10.18502/ijrm.v13i5.7153
https://doi.org/10.18502/ijrm.v18i12.8029
https://doi.org/10.29252/ijrm.15.7.403
https://doi.org/10.26355/eurrev_201811_16293
https://doi.org/10.1111/jcmm.17177
https://doi.org/10.1016/S1569-9056(09)74862-6
https://doi.org/10.1007/s00580-019-03040-8
https://doi.org/10.1186/s12958-022-00977-4
https://doi.org/10.1002/0470870168.ch6
https://doi.org/10.3389/fendo.2023.1119553
https://doi.org/10.3389/fendo.2023.1119553
https://doi.org/10.3389/fendo.2023.1202560
https://doi.org/10.18388/abp.2003_3637
https://doi.org/10.1179/135100003225002709
https://doi.org/10.1016/j.fertnstert.2019.01.034
https://doi.org/10.3389/fendo.2018.00763
https://doi.org/10.1210/endo-115-6-2303
https://doi.org/10.1210/endo-115-6-2303
https://doi.org/10.1111/andr.12158
https://doi.org/10.1186/s11658-019-0147-z
https://doi.org/10.1093/humrep/15.1.60
https://doi.org/10.1016/j.urology.2022.07.048
https://doi.org/10.3389/fmolb.2021.799294
https://doi.org/10.1111/and.13834
https://doi.org/10.1080/10715762.2019.1702656
https://doi.org/10.1016/bs.vh.2022.10.007
https://doi.org/10.1093/biolre/ioab150
https://doi.org/10.1016/j.lfs.2004.03.003
https://doi.org/10.1186/s12958-022-00977-4
https://doi.org/10.5534/wjmh.190038
https://doi.org/10.1016/j.tox.2022.153193
https://doi.org/10.1007/BF02738619
https://doi.org/10.3389/fendo.2023.1184745
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org


Dehdari Ebrahimi et al. 10.3389/fendo.2023.1184745
94. Riviere E, Rossi SP, Tavalieri YE, de Toro MMM, Ponzio R, Puigdomenech E,
et al. Melatonin daily oral supplementation attenuates inflammation and oxidative
stress in testes of men with altered spermatogenesis of unknown aetiology. Mol Cell
Endocrinology (2020) 515:110889. doi: 10.1016/j.mce.2020.110889

95. Akaras N, Bal T, Atilay H, Selli J, Halici M. Protective effects of agomelatine on
testicular damage caused by bortezomib. Biotech Histochem (2017) 92(8):552–9. doi:
10.1080/10520295.2017.1350748
Frontiers in Endocrinology 16145
96. Deng S-L, Zhang B-L, Reiter RJ, Liu Y-X. Melatonin ameliorates inflammation
and oxidative stress by suppressing the p38MAPK signaling pathway in LPS-induced
sheep orchitis. Antioxidants (2020) 9(12):1277. doi: 10.3390/antiox9121277

97. Fujita Y, Mihara T, Okazaki T, Shitanaka M, Kushino R, Ikeda C, et al. Toll-
like receptors (TLR) 2 and 4 on human sperm recognize bacterial endotoxins and
mediate apoptosis. Hum Reprod (2011) 26(10):2799–806. doi: 10.1093/humrep/
der234
frontiersin.org

https://doi.org/10.1016/j.mce.2020.110889
https://doi.org/10.1080/10520295.2017.1350748
https://doi.org/10.3390/antiox9121277
https://doi.org/10.1093/humrep/der234
https://doi.org/10.1093/humrep/der234
https://doi.org/10.3389/fendo.2023.1184745
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org


Frontiers in Endocrinology

OPEN ACCESS

EDITED BY

Dipak Kumar Sahoo,
Iowa State University, United States

REVIEWED BY

Suvranil Ghosh,
University of Texas Southwestern Medical
Center, United States
Virendra Kumar Yadav,
Hemchandracharya North Gujarat
University, India

*CORRESPONDENCE

Adriana Kolesarova

adriana.kolesarova@uniag.sk

RECEIVED 22 June 2023

ACCEPTED 20 October 2023
PUBLISHED 07 November 2023

CITATION

Mihal M, Roychoudhury S,
Sirotkin AV and Kolesarova A (2023)
Sea buckthorn, its bioactive constituents,
and mechanism of action: potential
application in female reproduction.
Front. Endocrinol. 14:1244300.
doi: 10.3389/fendo.2023.1244300

COPYRIGHT

© 2023 Mihal, Roychoudhury, Sirotkin and
Kolesarova. This is an open-access article
distributed under the terms of the Creative
Commons Attribution License (CC BY). The
use, distribution or reproduction in other
forums is permitted, provided the original
author(s) and the copyright owner(s) are
credited and that the original publication in
this journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permitted
which does not comply with these terms.

TYPE Review

PUBLISHED 07 November 2023

DOI 10.3389/fendo.2023.1244300
Sea buckthorn, its bioactive
constituents, and mechanism
of action: potential application
in female reproduction

Michal Mihal1, Shubhadeep Roychoudhury2,
Alexander V. Sirotkin3 and Adriana Kolesarova1,4*

1Institute of Applied Biology, Faculty of Biotechnology and Food Sciences, Slovak University of
Agriculture in Nitra, Nitra, Slovakia, 2Department of Life Science and Bioinformatics, Assam University,
Silchar, India, 3Department of Zoology and Anthropology, Faculty of Natural Sciences, Constantine
the Philosopher University in Nitra, Nitra, Slovakia, 4AgroBioTech Research Centre, Slovak University
of Agriculture in Nitra, Nitra, Slovakia
Sea buckthorn (Hippophae rhamnoides L.) is a flowering shrub, and its berries

have been utilized for decades as a raw ingredient in cuisines and herbal

remedies. This evidence-based study focuses on its key bioactive constituents,

and mechanism of protective effects with a focus on female reproductive

processes. Parts of the plant contain phenols, carotenoids (lycopene, carotene,

lutein, and zeaxanthin), flavonoids (isorhamnetin, quercetin, glycosides, and

kaempferol), tocopherols, sterols, polyunsaturated fatty acids, minerals,

vitamins, omega 3, 6, 9 and rare omega 7 fatty acids etc. Key polyphenolic

flavonoids such as isorhamnetin and quercetin are believed to be mainly

responsible behind its health benefits (against cardiovascular diseases,

metabolic syndrome, obesity etc.) through properties including anti-cancer,

antioxidant, and anti-inflammatory activities. These sea buckthorn constituents

appear to mediate healthy ovarian cell proliferation, death, and hormone release,

as well as decrease ovarian cancer possibly through apoptosis, and hormonal

(estrogen) release. Thus, sea buckthorn and its bioactive ingredients may have

potential in the management of gynecological problems such as uterine

inflammation, endometriosis, and easing symptoms of vulvovaginal atrophy in

postmenopausal women (by targeting inflammatory cytokines and vascular

endothelial growth factor – VEGF). Apigenin, myricetin, and luteolin have also

been recommended as prospective ovarian cancer preventative and adjuvant

therapy options as they can inhibit ovarian cancerogenesis by triggering

apoptosis and halting the cell cycle in ovarian tumors. Furthermore, its oil

(containing carotenoid, sterol, and hypericin) has been speculated as an

alternative to estrogen replacement therapy for postmenopausal women

particularly to improve vaginal epithelial integrity. However, it is uncertain

whether steroid hormone receptors, reactive oxygen species (ROS), and

inflammatory regulators are actually behind sea buckhorn’s actions. Sea
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buckthorn, and its compounds’ health promoting potential warrants further

validation not just in vitro and in animal research, but also in clinical trials to

identify and/or standardize optimal methods of delivery of biologically

active molecules.
KEYWORDS

Hippophae rhamnoides , isorhamnetin, quercetin, reproduction, female,
proliferation, apoptosis, cancer
1 Introduction

Nowadays, population diseases are becoming more and more

widespread. Many factors are responsible for this phenomenon, be

it stress, free radical production or lifestyle. The maintenance of the

body’s redox status has been credited in large part to hormones (1).

For example, estradiol has been proven to have a greater impact on

the oxidant-antioxidant balance in numerous tissues. Although

progesterone lacks the typical chemical structure of an

antioxidant, it appears to lessen oxidative damage when present

at high amounts (2, 3). Despite these findings, it is important to

supplement dietary polyphenols and phytonutrients commonly

found in plants. This evidence-based study focuses on the

bioactive constituents, and mechanism(s) of protective effects of

sea buckthorn (Hippophae rhamnoides L.) with a focus on female

reproductive processes. Sea buckthorn is a flowering shrub

belonging to the family Elaeagnaceae. It is native to cold

temperate regions of Eurasia (4). This economically and

ecologically important medicinal plant is a winter hardy,

dioecious, wind-pollinated multipurpose shrub bearing yellow or

orange berries with nitrogen-fixing ability. It grows widely in cold

regions of the Indian Himalayas, China, Russia, and many other

North American and European countries. Due to its enormous

potential as a bioresource for land restoration, preventing soil

erosion, and its variety of uses, it is frequently referred to as “cold

desert gold” (5). Because of its usage in pharmaceutical and

cosmetic compounds, as a source of energy, soil enhancer, and as

rich nutritional content, sea buckthorn has a high economic worth

(6). Almost all parts of the plant may be used as food, firewood,

traditional medicine, and a fence. This plant includes many

chemical compounds with a range of biological and medicinal

effects (7). Sea buckthorn has been used for centuries as a

medicinal and nutritional supplement across Asia and Europe (8).

Its berries have been utilized for decades in many parts of the world

as a raw ingredient in cuisines and herbal remedies. Berries’

therapeutic and/or nutritional properties make them an affordable

source of raw material for the pharmaceutical industry, which

benefits mankind (7). As herbal dietary supplements are used

more often in many nations, it is crucial to regulate food

items that include these ingredients. However, there is little

information on the plant and its extracts’ safety assessment

(8). Several medicinal benefits of this plant have been well

documented, including antioxidant, antitumor, hepatoprotective,
02147
or immunomodulating activities (9, 10). Medicinal plants have

widely been acknowledged to be the basis for active principles for

both therapeutic and preventive measures. Recently, a range of

pharmaceuticals have been reported for their antioxidant and

anticancer potentials and regulation of hormonal levels to the

advantage of management of several disease conditions. Alkaloids,

phenols, and acetogenins isolated from graviola (Annona muricata)

have not only shown promise as possible cancer-fighting agents but

also in modulation of cellular proliferation and necrosis. This

plant’s extract has been reported to downregulate anti-apoptotic

genes involved in the pro-cancer metabolic pathways and

decreasing the expression of proteins involved in cell invasion

and metastasis while upregulating proapoptotic genes and genes

involved in the destruction of cancer cells (11). Plant-derived

polyphenols including resveratrol, curcumin, quercetin, green tea

flavonoids, caffeic acid phenethyl ester, luteolin, xanthohumol,

genistein, alpinetin, proanthocyanidins, anthocyanins, silymarin

as well as phenolic substances such as thymol, alkaloids like

berberine, storage polysaccharides like tamarind xyloglucan, and

antioxidant hormones (e.g. melatonin) have been reported to target

cellular signaling pathways to reduce intestinal inflammation

occurring with inflammatory bowel disorder (1). Plant-based

inhibitors of dipeptidyl peptidase-IV (an enzyme that triggers the

catalysis of insulinotropic hormones by abating endogenous insulin

levels and elevating glucose levels in blood plasma) such as

alkaloids, phenolic acids, flavonoids, quercetin, and coumarin

have recently been proposed as anti-diabetic by virtue of their

hypoglycemic and antioxidative properties (12).

However, a summary of sea buckthorn’s physiological and

therapeutic effects on female reproductive systems and/or diseases

is still lacking. The latest research on sea buckthorn’s components,

characteristics, physiological effects, and therapeutic uses is

reviewed together with their methods of action at multiple

regulatory levels, with a focus on female reproductive systems.

The aim of this study was to review the progress in the research

on sea buckthorn [regardless of the Latin name, Hippophae

rhamnoides (including all subspecies)] and its potential application

in female reproduction made from 2015 to 2023. Publications about

the biological activity of sea buckthorn extracts and their constituents

and the mechanism(s) of action have also been described. However,

the number of available articles on pharmacological properties of

different extracts or natural products from this plant is very large,

hence the concerned section of the article only highlights some
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important aspects of research made during the last five years. The

literature search was performed using Google Scholar, PubMed, and

Scopus search engines, with a time limit from 2015 to 2023.

Keywords “sea buckthorn” or ‘rhamnoides’ were combined with

‘flavonoids’, ‘isorhamnetin’, “phenolic compounds”, ‘quercetin’,

‘ovarian tumor’, ‘female reproduction’, “anti-inflammatory activity”,

“anticancer activity”, “antiviral activity” etc. Finally, 84 original

articles from this period were included in this review.
2 Major bioactive constituents

Together with leaves, sea buckthorn berries are rich in a variety

of vitamins and other physiologically active components, including

up to 106 nutraceutical and 74 bioactive chemicals (13) or even up

to 190 bioactive compounds (4). Different parts of the plant contain

phenols, carotenoids (lycopene, carotene, lutein, and zeaxanthin),

flavonoids (isorhamnetin, quercetin, glycosides, and kaempferol),

tocopherols, sterols (4, 13–15), polyunsaturated fatty acids,

minerals, vitamins, omega 3, 6, 9 and rare omega 7 fatty acids

(4), and dietary fibers (16). The oil derived from sea buckthorn seed

is the only natural oil that contains a 1:1 ratio of omega 3 and omega

6 fatty acids (linolenic and linoleic acids) and has b-sitosterol as
primary phytosterol (16). Berries are an excellent supply of vital

polyunsaturated fatty acids, sugars, and tocopherols, while leaves

are a good source of polyphenols (17, 18). H. rhamnoides L. subsp.

yunnanensis (Yunnanensis), H. rhamnoides L. subsp. mongolica

(Mongolica), H. rhamnoides L. subsp. turkestanica (Turkestanica)

and H. rhamnoides L. subsp. sinensis are four different subspecies of

sea buckthorn that have had their phytochemical compositions

studied.H. rhamnoides L. subsp. yunnanensis has the largest cellular

antioxidant and antiproliferative characteristics, whereas sinensis

subspecies has the highest total phenolic content and related total

antioxidant activity (19). Total flavonoid concentration of sea

buckthorn is around 23 mg quercetin equivalent/g dried extract,

and total polyphenol content is about 46 mg gallic acid equivalent/g

dried extract (20). However, the bioactive content of berries is also

affected by age, fruit size, climate, geographic location, and

extraction process (21). Zheng et al. (22) found a variety of

beneficial chemicals in these berries, including oleanolic acid, 19-
Frontiers in Endocrinology 03148
alpha-hydroxy ursolic acid, succinic acid, ursolic acid, 5-

hydroxymethyl-2-furancarbox-aldehyde, octacosanoic acid,

palmitic acid, hippophae cerebroside, and 1-O-hexadecanolenin.

Recently, a number of phytoprostanes, phytofurans, tocopherols,

tocotrienols, carotenoids, and free amino acids have been detected

in sea buckthorn berry juice (23). Berries contain high amounts of

polysaccharides (18) and dietary fibers (7, 16). Some bioactive

phenolic components, including quercetin-3-O-galactoside,

quercetin-3-O-glucoside, kaempferol, and isorhamnetin (24, 25),

as well as flavonol glycosides (di- and tri-glycosides) (15) have been

detected in leaf extracts. Six compounds from sea buckthorn leaf

extract have been isolated previously: kaempferol-3-O- b-a-(6’’-O-
coumaryl) glycoside , 1-feruloyl-b-a-glucopyranoside ,
isorhamnetin-3-O-glucoside, quercetin-3-O-b-a-glucopyranoside,
quercetin-3-O-b-a-glucopyranosyl-7-O-a-l-rhamnopyranoside,

and isorhamnetin-3-O-rutinoside (26). Tannin fractions from

leaves have been separated, and the main components are

hydrolyzable gallo- and ellagi-tannins of the monomeric type:

strictinin, isostrictinin, casuarinin, and casuarictin (25). Data

show that sea buckthorn is a rich source of several biologically

active compounds that may be helpful to health and effective in the

prevention and treatment of a variety of illnesses (27). As

mentioned above, key sea buckthorn polyphenolic flavonoids

include isorhamnetin and quercetin (Figure 1).
3 Physiological and
therapeutic actions

In recent years, research has shown that sea buckthorn can help

with illness prevention and healing, including viral infections and

cancer (15, 28) owing to its antioxidant (29, 30), anti-inflammatory

(31), antiviral (32), antimicrobial (24, 30, 33), and antibacterial (34,

35 ) proper t i e s . Ca rd iopro t ec t i v e , an t i - a the rogen i c ,

hepatoprotective, hypolipidemic (29, 36, 37), dermatological (4),

antiproliferative (20), and anticancer (e.g., colon, liver, lung,

cervical, ovarian, and breast cancer cells) effects have been

reported, too (6, 15, 38). Proanthocyanidins, curcumin, and

resveratrol have been demonstrated to have considerable

advantages in cancer chemoprevention and radiotherapy (39).
FIGURE 1

Sea buckthorn polyphenolic flavonoids isorhamnetin (left) and quercetin (right).
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Similarly, kaempferol has been shown to suppress the growth of

breast cancer (40). A higher dietary intake of phenolic substances,

particularly flavonoids, and procyanidins, has been linked to a

decreased risk of cancer (41). Aurolognans, bioactive constituents

of sea buckthorn, have been linked with hepatoprotective,

hypolipidemic, and anti-obesity effects (37). Moreover, anti-

inflammatory action of this plant could be due to the presence of

triterpenes – oleanolic, asiatic, and maslinic acids (42). Table 1

summarizes the physiological and therapeutic activities of sea
Frontiers in Endocrinology 04149
buckthorn preparations through in vivo and in vitro

experimentations on several experimental models.
3.1 Protective role against cardiovascular
diseases, metabolic syndrome, and obesity

The physicochemical and functional features of sea buckthorn

berry pomace powder (PP) justify its usage as a fiber-rich dietary
TABLE 1 Physiological and therapeutic actions of sea buckthorn preparations.

Action (s) Preparation Experimental model Results Reference(s)

Anti-
inflammatory

Ethanolic leaf
extract

Human keratinocytes cell line
HaCaT, human monocytic leukemia

cell line THP-1

Inhibition of tumor necrosis factor a (TNF a) and intercellular
adhesion molecule 1 expression by casuarinin present in sea
buckthorn; decrease in TNF a-induced pro-inflammatory

mediators, such as interleukin 6, interleukin 1b, interleukin 8,
monocyte chemoattractant protein-1

(31)

Myricetin (a
flavonoid from
sea buckthorn)

Rats with high-fat-diet Reducing inflammation by regulating butyric acid producing
intestinal microorganisms and protecting intestinal barrier

function

(43)

Sea buckthorn
extract

Rats with high-fat-diet Promotion of ZO-1 and occludin mRNA expression in
intestinal tight junction proteins; repair of intestinal mucosa;
anti-inflammatory role in inhibiting the signal pathway of

NOD-like receptor

(44)

Antioxidant Aqueous seed
extract

Liposome model system, Listeria
monocytogenes, Yersinia

enterocolitica

Good antioxidant effect in different assay systems (reducing
power, DPPH assay and liposome model system).

(33)

Fermented sea
buckthorn juice

H2O2-treated C2C12 cells Increase in intracellular SOD and glutathione peroxidase (GSH-
Px) activity; decrease in ROS content, catalase (CAT) activity,

and malondialdehyde (MDA) content

(30)

Aqueous and
hydroalcoholic
leaf extract

Baby hamster kidney cell line 21
BHK-21, Bacillus cereus,
Pseudomonas aeruginosa,

Staphylococcus aureus, Enterococcus
faecalis, Escherichia coli

Potent antioxidant activity determined by ABTS, DPPH and
FRAP assays; cytoprotective activity against hydrogen peroxide,
hypoxanthine-xanthine oxidase induced cell damage; growth

inhibition against bacteria.

(24)

Antiviral Ethanolic leaf
extract

Dengue virus type-2 infected human
peripheral blood mononuclear cells

Maintaining the cell viability of Dengue-infected cells, decrease
in the TNF a and increase in the interferon g production in

Dengue-infected cells.

(32)

Sea buckthorn
leaf extract

MDCK (Madin-Darby Canine
Kidney) cells infected with influenza
viruses A/Victoria, A/PR, B/Lee and

B/Maryland

Extreme anti-influenza activity; flavonols did not interact
directly with influenza viral particles, and inhibited initial stage

of virus replication only

(15)

Sea buckthorn
DMSO extract

HSV-2 infected Vero cells Dose dependent inhibitory effect against HSV-2 virus (45)

Antibacterial Phenol rich
fraction from

leaves

Escherichia coli, Salmonella typhi,
Shigella dysenteriae, Streptococcus
pneumoniae and Staphylococcus

aureus

Broad spectrum antibacterial effect by growth inhibition of
certain medically important bacterial species.

(34)

Chitosan
extracted from
sea buckthorn

leaves

Staphylococcus aureus, Escherichia
coli, Salmonella typhimurium,

Listeria monocytogenes

Enhanced antibacterial properties (30)

Sea buckthorn
seeds

Escherichia coli, Staphylococcus
aureus, Salmonella, Pseudomonas

aeruginosa, Bacillus subtilis

Potential promotion of food preservation by sea buckthorn seed
polyphenols

(46)

(Continued)
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additive (16). PP had strong hydration qualities in addition to

having a high protein content (21.09 g/100 g) such as 4.24 g/g and

9.98 mL/g of water-holding capacity and swelling capacity,

respectively. The functional potential of the tested PP was

determined by its in vitro hypoglycemic and hypolipidemic

qualities, which were shown to be comparable to and, in some

cases, superior to those of other dietary fiber powders made from

by-products of the processing of fruits and vegetables. Berry PP had

a cholesterol-binding capacity of 21.11 to 23.13 mg/g (16).

Traditionally, sea buckthorn berries also serve as a Chinese

medicine with multiple bioactivities (18). A recent bioassay-

guided investigation applied to seek the hepatoprotective and

hypolipidemic ingredients has been able to isolate three new (10

→ 10’’)-biauronlignans (1–3), three new 10-(4’’-hydroxy-benzyl)-

auronlignans (4–6), three new 10-O-b-D-glucopyranosyl-

auronlignans (7–9), and eleven known auronlignan derivatives

(10–20). Their structures have been established using lengthy and

thorough infrared (IR), ultraviolet/visible (UV/Vis), nuclear

magnetic resonance (NMR), and mass spectroscopy (MS)

spectrum investigations, and these results have been compared

with the published references. While compounds 2, 5, 8, and 12

displayed mild pancreatic lipase activity inhibition and reduced the

moderately FFA-induced lipid accumulation in HepG2 liver cells,

compounds 1, 4, 7, 11, 15, and 19 demonstrated moderate

hepatoprotective activities against the damage in acetaminophen-

induced HepG2 cells (37). In addition, structural data of a

homogeneous polysaccharide from sea buckthorn (SBP-1-A) has

recently been described, and it was discovered that SBP-1-A has a

backbone of around 3,4).-b-l-Rhap-(1 → 4)-a-d-GalAp-(1 → with
Frontiers in Endocrinology 05150
side chains made up of a-l-Araf, b-d-Galp, b-d-Glcp, and a-d-Glcp,
of which the arabinose, glucose, and galactose residues have been

identified as the primary monosaccharide compositions with a

percentage surpassing 92%. Furthermore, the protein-free

polysaccharide fraction (SBP-1) obtained after isolation of crude

SBP showed an outstanding anti-obesity effect. According to the

findings, consuming SBP-1 might increase the expression of

peroxisome proliferator-activated receptor gamma coactivator 1

(PGC1a), uncoupling protein 1 (UCP-1), and PR domain

containing 16 (PRDM 16) in adipocytes, activate brown

adipocytes, and boost thermogenesis, which would prevent fat

buildup and weight gain. It is crucial to remember that the type

of preparation, its chemical composition, and its concentration all

appear to have an impact on how sea buckthorn preparations affect

hemostasis. The sea buckthorn preparations seem to be excellent

regulators of hemostasis, particularly blood platelet function, due to

their high phytochemical contents, notably phenolic components.

Additionally, it is still uncertain how much of these preparations

should be used for prophylaxis and therapy, and recommendations

for using sea buckthorn preparations are frequently based on sparse

clinical investigations. Thus, more randomized clinical studies with

bigger samples are required, particularly those including healthy

volunteers and those with the greatest cardiovascular risk factors.

Additionally, the effects of several sea buckthorn components on

hemostasis, including fibrinolysis and coagulation systems as well as

blood platelet activities, should be studied in these trials. Since there

is currently no reliable information about the anti-hemorrhagic

effectiveness of sea buckthorn preparations in either people or

animals, it is also crucial to investigate the role of various sea
TABLE 1 Continued

Action (s) Preparation Experimental model Results Reference(s)

Anticancer Ethyl acetate and
ethanol:water sea

buckthorn
extracts

Co-cultured human intestinal
epithelial cell line Caco-2, human
hepatocyte carcinoma cell line Hep

G2

Dose-dependent antiproliferative effect by inhibition of cancer
cell proliferation.

(6)

Copper
nanoparticles

synthesized from
stem extracts of
sea buckthorn

HeLa cells Concentration-dependent reduction in cell viability (as
measured by MTT assay), and apoptotic activity (as detected by

ROS production)

(47)

Sea buckthorn
leaf extract

Lung cancer cells NCL-H1299,
human ovarian cancer cells HeLa
and SKOV, and cervix cancer cells

Caski

Fascinatingly higher and wider range of cytotoxic activities
against lung, ovarian, and cervical cancer cells

(15)

Hepatoprotective Ethanolic extract
of berries

Male mice C57BL/6 Protective effect against acetaminophen (APAP)-induced
hepatotoxicity associated with the activation of the Nrf-2/HO-1-

SOD-2 signaling pathway; suppression of APAP-induced
increase in the ratio of B-cell lymphoma protein 2-associated X.

(13)

Ethanolic extract
of sea buckthorn

berries

Pathogen-free Kunming mouse Sea buckthorn flavonoids significantly reduced the weight, liver
fat accumulation, and serum triglyceride level of obese mice

induced by high-fat diet and inhibited the chronic inflammatory
reaction caused by obesity

(48)

Sea buckthorn
berry seed oil

(SBO)

BALB/c mice Protective effect of SBO against cyclophosphamide -induced
liver damage, which reflected its antioxidant properties

(49)
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buckthorn products in the prevention and treatment of

cardiovascular disorders (50). Recently, phytoprostanes in sea

buckthorn juices have been discovered, and their quantities are

highly connected with the capacity to reduce inflammation through

inhibition of the 15-lipoxygenase enzyme (23). Due to the presence

of possible inhibitors of a-amylase, a-glucosidase (tocopherols,

tocotrienols, and certain amino acids), and pancreatic lipase

(xanthophylls), sea buckthorn juice can be an intriguing anti-

diabetic and anti-obesity diet. Juices act more effectively in

lowering neurological alterations due to the presence of

phytoprostanes, phytofurans, tocopherols, tocotrienols, and amino

acids, making them possible anti-aging agents in the prevention of

Alzheimer’s disease, the most prevalent kind of dementia. Juice

from sea buckthorn may be crucial in the body’s fight against

diseases brought on by free radical assault (23). Sea buckthorn

insoluble dietary fiber (IDF) can be modified to increase its in vitro

hypoglycemic capacity. Examples of these modifications include

IDF, milled insoluble dietary fiber, and co-modified insoluble

dietary fiber. Ball milling, as well as ball milling coupled with

cellulose treatment reportedly enhanced the characteristics of IDF

which provide a foundation for the extensive utilization of sea

buckthorn resources (27).
3.2 Anti-inflammatory properties

Maslinic acid functions via the nuclear factor kappa light chain

enhancer of activated B cells (NF-kB) and erythroid 2-related factor

2 (Nrf2) signaling pathways, whereas oleanolic and asiatic acids act

via the NF-kB, mitogen-activated protein kinase (MAPK), and Nrf2

signaling pathways to exert anti-inflammatory effects on

macrophages. These three substances can be employed as natural

anti-inflammatory dietary supplements because they exhibited

specific inhibitory effects on the LPS-induced inflammatory

response in vitro. However, more research is necessary, including

in vivo investigations, to encourage the usage of sea buckthorn-

derived products (42). The active components of sea buckthorn that

are responsible for the biological effects haven’t yet been fully

identified. The flavonoids quercetin and isorhamnetin, a 3′-O-
methylated metabolite of quercetin, are thought to be principally

in charge. There is proof that isorhamnetin can prevent cells

from proliferating (42), promote apoptosis and mitigate

tumor development (51–53), suppress inflammatory processes

(33, 42, 54), improve cognitive functions (54), and affect

numerous metabolic processes (33). The anti-cancer (29, 55),

cardioprotective (56), and anti-obesity (57) effects of quercetin

have been reported, too. Presence of several flavonoids including

isorhamnetin (54, 58), auronlignan (18), polysaccharides (37, 59),

and dietary fibers (16, 27) indicate towards the anti-cholesterol and

anti-obesity effects of sea buckthorn. Thus, a number of physiological

and pathological processes can be targeted by sea buckthorn and its

bioactive compounds. Nevertheless, a majority of the studies on sea

buckhorn action were performed for medicinal purposes in

pathological conditions, including on cancer cells. Therefore,

obtained information could potentially be helpful for management

of tumors, but the biological value of the information is limited due
Frontiers in Endocrinology 06151
to the fact that whether and how the dietary consumption of sea

buckwheat could affect healthy organism and its cells. Even the

applicability of sea buckthorn for treatment of cancer is yet to be

sufficiently demonstrated by clinical trials. Furthermore, sea

buckthorn constituents responsible for the effect of the whole plant

remains to be identified. The molecules, which might be responsible

for sea buckhorn effect have been hypothesized on the basis of their

presence in the plant and the similarity of their as well as whole plant

effects. But there isn’t a single thorough experiment that has

compared these impacts. Furthermore, there is no conclusive

evidence of a functional connection from the similarities of the

effects. Therefore, extensive research is needed to identify the

components of sea buckthorn that are responsible for its biological

and therapeutic effects.
4 Mechanism of action

4.1 Mechanism of action of sea buckthorn

Although the evidence for each of these processes is weak and the

interactions between these mechanisms are poorly understood,

extracellular and intracellular modes of action of sea buckthorn

and its constituents on cells have been postulated. Nevertheless, it

has been proposed that the ability of sea buckthorn to prevent and to

treat infections and cancer (15) as mentioned previously can mainly

be due to its antioxidant (29), anti-inflammatory (31), antiviral (32),

antimicrobial (24, 33), and antibacterial (34, 35) properties.

Numerous clinical disorders, including allergies, cancer, and many

others, are mostly driven by inflammation. By stimulating Nrf2-

dependent pathways, sea buckthorn’s anti-inflammatory effects may

be mediated (60). An effective anti-inflammatory target, the heme

oxygenase-1 (HO-1) axis, is known to be regulated in part by Nrf2.

Nrf2 is essential for regulating the production of antioxidant genes,

which in turn have anti-inflammatory effects (60). The protective

action of sea buckthorn polysaccharide is linked to the activation of

the Nrf-2/HO-1-SOD-2 signaling pathway (36). Recent

investigations revealed a relationship between the production of

additional inflammatory mediators including the NF-kB pathway

and macrophage metabolism and the Nrf2/antioxidant response

element system (60). It’s interesting to note that a sea buckthorn

polysaccharide has been shown to protect the liver against

acetaminophen (APAP)-induced liver damage in rats. Enzymes

l ike a lan ine aminot rans fe rase (ALT) and aspar ta t e

aminotransferase (AST) have been able to be reduced by it (36).

The antioxidant qualities of sea buckthorn’s components have been

used to describe a variety of its therapeutic benefits. In the liver,

brain, and plasma, for instance, sea buckthorn supplementation

elevated glutathione (GSH) and GSH-Px levels and the production

of nitric oxide (NO) and the inducible nitric oxide synthase (iNOS),

which was linked to lessened liver damage (36) and oxidative and

nitrosative stress in liver and brain of rats (61). Antioxidant

chemicals, especially phenolic components such as flavonoids

kaempferol, isorhamnetin, and quercetin, are responsible for sea

buckthorn’s antitumor action. These flavonoids defend against

oxidative stress, which can cause cancer and genetic alterations in
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cells (50, 62). The formation of ROS was reduced along with the

reduction in glioma cell viability after sea buckthorn extract

treatment, at the very least (26). Masoodi et al. (63) has proposed

that sea buckthorn reduces the production of a certain antigen and

inhibits cellular growth in prostate cancer cells. Additionally, rat

glioma cells’ fast multiplication was suppressed by sea buckthorn leaf

extract, which is thought to have done so via causing the first stages

of cell death. The increased expression of B-cell lymphoma 2/Bcl-2-

associated X protein (Bcl-2/Bax) and acetaminophen-induced

inhibition of c-Jun N-terminal kinase phosphorylation are further

signs of sea buckthorn’s impact on cytoplasmic apoptosis (36). The

pro-apoptotic Bax gene expression was increased by sea buckthorn

extracts, and its localization, accumulation, and translocation in the

nuclei were all encouraged (26). However, as demonstrated in

human retinoblastoma cells, the quercetin-induced rise in

cytochrome c levels together with the activation of caspase-3 and

caspase-9 results in apoptosis in cancer cells (64). Additionally, it was

shown previously that buckthorn procyanidins might cause cell

death in a dose-dependent way (65). It is possible that these

procyanidins might block intracellular fatty acid synthase (FAS)

activity and cause human breast cancer cells to undergo apoptosis.

At least, sea buckthorn procyanidins were discovered to restrict the

proliferation of cancer cells, and FAS is a critical enzyme for de novo

long-chain fatty acid production, which is present in high amounts

in cancer cells (65). Several flavonoids (especially isorhamnetin)

affecting a number of enzymes regulating fat synthesis and

metabolism can be responsible for their hypolipidemic,

cholesterol-lowering, and anti-obesity effects (58). In addition, the

anti-obesity effects of sea buckthorn polysaccharides could be due to

their stimulatory action on brown adipose tissue and thermogenesis

inducing its “burning” (37). Finally, sea buckthorn’s anti-diabetic

and anti-obesity effects can be attributed to the ability of its dietary

fibers to reduce glucose production and metabolism via suppression

of glucose adsorption, glucose diffusion inhibition, starch digestion

inhibition, starch pasting interference, and a-amylase activity (27).

Androgen receptors are the next potential mediator of sea

buckthorn’s actions on tissues that are dependent on hormones.

These receptors control the expression of androgen-responsive genes

through ligand-dependent transcription factors. The target androgen

responsive genes cannot be activated, and prostate cancer growth

cannot be stopped if the androgen receptor is somehow kept in the

cytoplasm and its shuttling into the nucleus is blocked. Prostate

cancer cells’ androgen receptors have been shown to be affected by

the administration of sea buckthorn leaf extracts, which was

correlated with the suppression of genes that respond to

androgens, cellular growth, and survival of these cells (63). The

beneficial effects of sea buckthorn on spermatogenesis may be due to

its effect on androgen receptors. By increasing spermatogonia

proliferation, stem cell survival, and lowering sperm abnormalities,

sea buckthorn therapy enhanced spermatogenesis and had a

protective effect against the negative effects of gamma radiation

(66). Available literature demonstrates a number of signaling

molecules and mechanisms mediating sea buckthorn’s actions on

various targets in the organism and/or their pathologies at a cellular

level. Some of their mediators could be specific for particular target

cells or organs (e.g., steroid hormones for steroid-dependent
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processes). Other mediators could be more pervasive, such as

those that influence cell proliferation, apoptosis, and oxidative

processes. Additionally, although they haven’t been fully explored

yet, functional hierarchy linkages between the mediators of sea

buckthorn’s effects are feasible. Last but not least, studies of the

effects of sea buckthorn and its mediators have primarily used cell

cultures. As a result, appropriate in vivo research should be used to

confirm the findings gained using such models.
4.2 Mechanism of action of selected sea
buckthorn constituents – isorhamnetin
and quercetin

One of the most potent active components in sea buckthorn

berries is isorhamnetin, a 3′-O-methylated metabolite of quercetin

that has a wide range of pharmacological effects, including anti-

cancer ones. The modulation of PI3K/AKT/PKB, NF-kB, MAPK,

and other signaling pathways, as well as the production of

associated cytokines and protein kinases involved in controlling

cell apoptosis and proliferation, are all part of the mechanisms of

action (53, 54). Through the activation of apoptotic genes and

apoptosis and the downregulation of oncogenes, isorhamnetin can

inhibit the development of cancer. Isorhamnetin has also been

demonstrated to inhibit the PI3K-AKT-mTOR pathway

(phosphatidylinositol 3-kinase, protein kinase B, and the

mammalian target of rapamycin), which in turn inhibits the

proliferation of cancer cells by inducing cell cycle arrest at

the G2/M phase. Additionally, isorhamnetin can increase the

production of cyclin B1 protein while decreasing the

phosphorylation levels of AKT, phosph-p70S6 kinase, and

phosph-4E-BP1 proteins (52). Additionally, isorhamnetin can

enhance liver and kidney functioning by lowering blood levels of

urea nitrogen, AST, and ALT. Additionally, by preventing the

dimerization of the toll-like receptor 4, isorhamnetin can reduce

infection-induced liver and kidney inflammation as well as

inflammation-induced cell death (33). Some physiological actions

of isorhamnetin could be mediated by an interplay of several

intracellular signaling pathways. For example, isorhamnetin can

mitigate the adverse effect of obesity on cognitive functions by

suppression of neuroinflammation via downregulation of MAPK-

and NFkB-dependent pathways (54). Quercetin is another

ingredient that may contribute to the benefits of sea buckthorn.

Quercetin’s ability to influence intracellular signaling pathways that

regulate cell proliferation and apoptosis may be the cause of its anti-

cancer effects (29, 55, 67). It can cause cell cycle arrest through

suppression of its promoters cyclin B1 and MAPK/ERK1/2 and

activation of transcription factor p53. It can also prolong DNA

repair and promote apoptosis through inhibition of survivin,

activation of transforming growth factor-b (TGF-b), PI3K/AKT/
mTOR, Wnt/-catenin, NOTCH, sonic hedgehog signaling pathway

(SHH), Janus kinas Additionally, quercetin can inhibit

tumorigenesis by controlling VEGF and its receptors, which are

the factors that stimulate tumor vascularization (55). The presence

of quercetin, tannins, and other polyphenolic flavonoids in sea

buckthorn extract, as well as their radical scavenging and anti-
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inflammatory properties, may be responsible for the protection of

spermatozoa (66), and cardiomyocytes (56, 57). Some possible

mechanisms of action of sea buckthorn and its bioactive

components on cancer cells are summarized in Figure 2. In fine,

the literature concerning the mechanisms and/or mediators of

action of sea buckhorn compounds isorhamnetin and quercetin

indicate an existence of multiple pathways of these molecules on

target cells. The key mechanisms of their action (e.g., related to cell

proliferation, apoptosis, or oxidative stress) are like mechanisms of

sea buckthorn whole plant’s effects. Nevertheless, it remains to be

investigated whether the effects of the whole plant and

its mechanisms

of action could be explained by the presence of only

isorhamnetin and quercetin, or other constituents and their

mechanisms of action could be involved in mediating sea

buckthorn’s effects. Furthermore, the data concerning these

mediators, which were obtained predominantly by in vitro

experiments, require verification by corresponding in vivo studies.
5 Effect on female reproductive
processes

5.1 Ovary cancer preventive effects of
sea buckthorn

There is no evidence accessible in scientific databases about the

effects of entire sea buckthorn on ovarian functions. Dietary sea

buckthorn oil did not influence bovine ovarian folliculogenesis,

oocyte quality, or embryo developmental ability (68). Nonetheless,

some physiologically active sea buckthorn elements have been
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shown to influence female reproductive processes. However, the

direct impact of quercetin on fundamental ovarian cell processes

(proliferation, apoptosis, and hormone release) may vary depending

on the species (69). Quercetin also inhibits the development of

human metastatic ovarian cancer cells and affects the intrinsic

apoptotic mechanism (70–73). Isorhamnetin, another sea

buckthorn component, can stimulate ovarian cell proliferation

and estrogen release (52, 70), and suppress estrogen-dependent

ovarian cancer development (70, 73). Other physiologically active

components of sea buckhorn have also been proven to be

advantageous to ovarian cancer cells. Apigenin, myricetin, and

luteolin have been shown to cause apoptosis, decrease cell

proliferation, limit cell invasion, and stop the cell cycle of ovarian

cancer. Furthermore, apigenin, myricetin, and luteolin have been

recommended as prospective ovarian cancer preventative and

adjuvant therapy options (70, 74). Another sea buckthorn

ingredient that can inhibit ovarian cancerogenesis is kaempherol.

In cultivated ovarian cancer cells, it can at least trigger apoptosis

and halt the cell cycle (70, 73, 75–77). Furthermore, kaempherol can

inhibit angiogenesis in ovarian tumors (76). As a result, sea

buckthorn components may influence ovarian cell proliferation,

death, and hormone release. In ovarian cancer cells, on the other

hand, sea buckthorn components can cause apoptosis, decrease cell

proliferation, and stop the cell cycle. Nonetheless, the relevance of

the collected data is restricted by the fact that the claimed effects on

ovarian functions are primarily the product of in vitro

investigations, with majority of these tests being done on ovarian

cancer cells rather than healthy cells. There is a need for more

information on the entire sea buckthorn’s activity on ovarian

functions (including dysfunctions and malignant transformation)

both in vitro and in vivo.
FIGURE 2

Possible mechanisms of action of sea buckthorn and its bioactive components on cancer cells.
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5.2 Effect on vagina and uterus

Traditionally, sea buckthorn has been used to treat gynecological

diseases such as uterine inflammation and endometriosis. Its oil helps

reduce the symptoms of endometriosis and uterine inflammation.

These effects might be linked to the carotenoid, sterol, and hypericin

content of the plant (55). Consumption of sea buckthorn extract or

oil may also be beneficial in the avoidance of vaginal difficulties

during menopause, which is associated with vaginal atrophy and the

thinning and drying of the vaginal mucosa. Menopausal women who

used sea buckthorn oil had better vaginal epithelial integrity and a

higher vaginal health score. It has been proposed as an alternative to

estrogen replacement therapy for postmenopausal women’s vaginal

health (78). Furthermore, a novel vaginal gel containing sea

buckthorn oil (Meclon Idra Alfasigma) has recently been registered.

It appears to be a viable option as a local agent for alleviating

symptoms of vulvovaginal atrophy (vaginal dryness, itching, and

burning feeling) and enhancing sexual function in postmenopausal

women (79). Sea buckthorn also has a high concentration of vitamins

C and E. Infertile or subfertile women undergoing controlled ovarian

stimulation may benefit from vitamin C and E supplementation in

terms of uterine features, endometrial thickness, and endometrial

blood flow. Furthermore, the antioxidant and anticoagulant

properties of vitamins C and E are assumed to be responsible for

the increase in fertility (80). In contrast to its effect on the ovary, sea

buckthorn, and its components have been shown to have a

therapeutic effect on the management of gynecological problems

such as uterine inflammation, endometriosis, and signs of

vulvovaginal atrophy in postmenopausal women. We summarized

the important effects in Table 2. However, the effect of sea buckthorn

on the healthy vagina and uterus has not been thoroughly established.

Furthermore, the components of sea buckthorn that affect these

organs are mainly unknown. Even the role of vitamins in

mediating the benefits of sea buckthorn is more or less theoretical

and requires scientific validation.
6 Mechanism of action on female
reproductive processes

There is inadequate information to support the mechanism of sea

buckthorn’s impacts on female reproductive systems. Nonetheless,

existing evidence allows us to sketch some of the processes and

mediators of sea buckthorn or its active ingredients in the female

reproductive system. Sea buckthorn oil has been shown to reverse

endometriosis in rat. The therapy lowered the levels of inflammatory

cytokines (inflammation markers and promoters) and VEGF

(angiogenesis markers and promoters) (55). Therefore, cytokines

and VEGF could be extracellular mediators of the curative action

of sea buckthorn on endometriosis. Imran et al. (76) also

hypothesized that kaempferol would reduce tumor development

and angiogenesis by lowering VEGF expression via hypoxia-

inducible factor 1a (HIF-1a), a physiological activator of VEGF

synthesis. Some sea buckthorn flavonoids have also been shown to

operate on ovarian cells via intracellular regulators of proliferation
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and death. For example, quercetin promotes caspase-3 expression,

which may result in DNA fragmentation and apoptosis. In addition,

quercetin has been demonstrated to reduce the expression of anti-

apoptotic proteins while increasing the synthesis of pro-apoptotic

proteins in a variety of cancer cell lines, including ovarian cancer (71,

72). Isorhamnetin has the potential to influence ovarian cancer cell

proliferation and apoptosis by targeting intracellular PI3K/Akt
frontiersin.or
TABLE 2 Physiological and therapeutic actions of sea buckthorn and its
constituencies relating to female reproductive processes.

Therapeutic
action(s)

Preparation Experimental
model

Refer-
ence(s)

In vivo studies

Prevention of
vaginal

complications
during

menopause

Sea buckthorn
extract/oil

(Three months,
during which

subjects consumed
3 g of sea

buckthorn or
placebo oil daily)

Menopausal women (78)

Improving sexual
function in

postmenopausal
women

Sea buckthorn oil
(Active vaginal gel
or placebo was
applied for 14
days and then
twice a week for
90 consecutive

days)

Menopausal women (79)

Can improve
uterine

characteristics,
endometrial
thickness, and

endometrial blood
flow

Sea buckthorn
[2 years combined

therapy of
clomiphine citrate
(from day 2-6 of

the
cycle) and
vitamins E

(400mg) and C
(500

mg) (ndash;from
day 1-14 days of

the cycle)]

Infertile and
subfertile women

(80)

Cell line studies

Suppresson of
estrogen-
dependent

ovarian cancer
development

Isorhamnetin and
quercetin DMSO

solution

Human ovarian
granulosa-like KGN

cells

(70)

Promoting
ovarian cell
proliferation,

estrogen release

Isorhamnetin
DMSO solution

Human ovarian
granulosa-like KGN

cells

(70)

Inducing
apoptosis and
blocking cell cycle
in cultured
ovarian cancer
cells

Kaempherol
DMSO solution

Human breast
cancer MCF-7 and
MDA-MB-453 cells

(75)

Suppression of
angiogenesis in
ovarian tumor

Kaempherol
DMSO solution

Triple-negative
breast cancer cells
(TNBC)

(76)
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signaling pathway promoters of the cell cycle (cyclins) and apoptosis

(Bax, Bcl, and cytochrome) (52, 77). Kampherol has been shown to

enhance the production of morphological indications of apoptosis

(membrane blebbing) and the accumulation of apoptotic intracellular

markers and promoters (caspases 3, 8, and 9, as well as Bax) while

decreasing the expression of anti-apoptotic Bcl-2. Furthermore,

kaempferol caused cell cycle arrest at the G0/G1 checkpoint, as well

as inhibition of cyclin B1 and Cdc2 expression (75). Imran et al. (76)

suggested that kaempferol can induce apoptosis and cell cycle arrest

at the G2/M phase via upregulation of checkpoint kinase 2/cell

division cycle 25C/cyclin-dependent kinase 2 (Chk2/Cdc25C/

Cdc2), receptors DR5 and DR4, c-Jun N-terminal kinase (JNK), C/

EBP homologous protein (CHOP), p38, p21, the extracellular signal-

regulated kinase 1/2 (ERK1/2) proteins, caspase-3, -7, -8, Bad, Bax,

and p53 proteins. The ability of sea buckthorn (50) and isorhamnetin

(52) to affect ROS, the known promoters of apoptosis, indicates that

this sea buckthorn flavonoid can impact ovarian cell viability and

result in events impacting oxidative stress. Finally, sea buckhorn

constituents isorhamnetin (52, 70) and quercetin (69, 81) can affect

the production of estrogens and other ovarian hormones, which are

considered as key regulators of ovarian functions and female

reproduction and fecundity (81). This fact indicates that sea

buckthorn might impact reproductive processes through hormonal

mechanisms, too. The few relevant published findings suggest that sea

buckthorn may be useful in the treatment of endometriosis by

influencing extracellular regulators of inflammatory processes such

as cytokines and VEGF. However, the intracellular mediators of this

therapeutic activity still need to be identified and verified. It is

uncertain whether this plant or its active ingredients have an effect

on the healthy vagina and uterus. More is known about the

mechanisms/mediators of sea buckthorn and its components’

impact on ovarian cells. Sea buckthorn flavonoids have been shown

to suppress ovarian cancer cells by downregulating VEGF, anti-

apoptotic proteins, upregulating pro-apoptotic proteins,

suppressing the cell cycle at various checkpoints, p-AKT, and

inducing oxidative and endoplasmic reticulum stress and

autophagy. Hormones may also play a role in modulating the

effects of plant constituents’ isorhamnetin and quercetin on female

reproductive organs. However, it should be emphasized that the

mediators and processes of sea buckthorn or its components are

postulated primarily on the basis of indirect evidence - since these

regulators have been altered following the administration of the plant

or its constituents. More direct experimental data is needed to

understand the functional interrelationships between plant

compounds and reproductive process regulators. When compared

to known mediators of its effects on non-reproductive processes, the

number of recognized mediators of sea buckthorn on female

reproductive organs is small. More research would very certainly

add to the list of mediators of sea buckthorn’s physiological and

therapeutic effects on female reproductive systems. Although

hierarchical interrelationships between numerous mediators of sea

buckthorn’s activities on the ovary, vagina, and uterus are plausible,

they have yet to be thoroughly investigated.
Frontiers in Endocrinology 10155
7 Potential for application
in reproduction

Sea buckthorn is being studied as a functional food as well as a

herbal medication for animal and human health, including the

treatment of numerous female reproductive diseases. Although

there are some publications on the effects of sea buckthorn

chemicals quercetin and isorhamnetin on healthy ovarian cells, it is

uncertain if sea buckthorn extract or its constituents could be effective

in influencing healthy female reproductive processes. More data,

however, is available on the use of sea buckthorn and its components

to prevent and/or perhaps treat ovarian cancer. Flavonoids found in

sea buckthorn can decrease cancer cell proliferation, cause apoptosis,

prevent cell cycle arrest, and slow tumor development. This might

point to the possible use of sea buckthorn flavonoids in the

prevention and treatment of ovarian cancer.

Furthermore, ovarian cancer is linked to other gynecological

diseases such as endometriosis (82). The potential use of sea

buckthorn and its active ingredients in the treatment of

gynecological problems such as uterine inflammation,

endometriosis, and symptoms of vulvovaginal atrophy in

postmenopausal women has been proven (82). No toxicity of sea

buckthorn berries (50) or sea buckthorn berry oil (8) has been

reported including no treatment-related maternal toxicity or

embryotoxicity (8). According to the data, sea buckthorn products

can be used as functional foods, nutritional supplements, and

medicines. However, it cannot be ruled out that extracted and

purified sea buckthorn compounds/molecules might be used in

place of dietary sea buckthorn or its extract. Although such a

substitute may be more expensive, the dose and ingredients may be

easier to define, and the biological and/or therapeutic efficiency may

be greater and more predictive than the raw plant product. Taken

together, the available evidence on sea buckthorn’s beneficial effects

suggests that it has potential therapeutic applications in phytotherapy

of cancer, endometriosis, and/or other reproductive dysfunctions.
8 Conclusions and possible direction
of future studies

Sea buckthorn elements appear to alter healthy ovarian cell

proliferation, death, and hormone release, as well as decrease

ovarian cancer (by triggering ovarian cancer cell apoptosis and

autophagy, decreasing cell growth, invasion, and halting the cell

cycle). Furthermore, sea buckthorn and its bioactive ingredients

may be effective in the treatment of gynecological problems such as

uterine inflammation, endometriosis, and easing symptoms of

vulvovaginal atrophy in postmenopausal women by targeting

inflammatory cytokines and VEGF, as previously indicated.

Nonetheless, many elements of sea buckhorn activity and

application remain unknown to science. Inadequate research has

been conducted on the effects of sea buckhorn extract on female
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reproductive processes and the roles of major individual elements.

There is no information concerning the possible functional

interrelationship among various plant constituents in the

regulation of reproductive and non-reproductive processes,

for example.

The mediators of sea buckthorn action have also been studied

insufficiently, whilst the role and hierarchical interrelationships

between signaling molecules mediating sea buckthorn actions

remain rather speculative so far. They are based mainly on

similar interrelationships between mediators of other substances.

For example, it is possible that plant flavonoids with antioxidant

properties could block ROS, prevent oxidative stress, and resulting

inflammatory processes, mutagenesis, apoptosis, and arrest cell

cycle (81, 83). It is possible that this is a case of sea buckhorn

isoflavones, too. Nevertheless, such mechanisms might be proposed

based on indirect indications only – the action of flavones on some

indices of oxidative, inflammatory processes, apoptosis, or

proliferation. Furthermore, plant flavonoids usually have

phytoestrogenic properties – the ability to affect the receptors of

steroid hormones, which in turn are the important regulators of cell

proliferation, apoptosis, and cancerogenesis (81, 84). Sea buckthorn

components/molecules can affect steroid hormones and steroid

hormones-dependent processes, as discussed earlier. However, it

is uncertain whether steroid hormone receptors, ROS,

inflammatory regulators, and so on actually cause sea buckhorn

function. Although research on this plant has concentrated on its

medicinal potential and use, the function of sea buckhorn extract

and some of its important components on a healthy female

reproductive system is still mostly unknown. It is also necessary

to identify and/or standardize optimal methods of delivering

biologically active molecules of sea buckhorn. This plant’s and its

compounds’ medicinal potential should be validated not just

in vitro and in animal research, but also in clinical trials. The

findings of the few reported studies listed above may just be the
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beginning steps toward understanding the biology and therapeutic

potential of this interesting plant and its active ingredients, which

will require further confirmatory research.
Author contributions

Conceptualization: MM, SR, AK. Writing – original draft

preparation: MM. Writing – review and editing: SR, AK.

Supervision: AK.
Funding

This study was supported by the Ministry of Education, Science,

Research and Sport of the Slovak Republic projects APVV-18-0312,

VEGA 1/0266/20, and KEGA 033SPU-4/2021.
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be

construed as a potential conflict of interest.
Publisher’s note

All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.
References
1. Sahoo DK, Chainy GBN. Chapter Eight - Hormone-linked redox status and its
modulation by antioxidants. In: Litwack G, editor. Vitamins and hormones, vol. 121.
Cambridge, Massachusetts, USA: Academic Press (2023). p. 197–246. Available at:
https://www.sciencedirect.com/science/article/pii/S0083672922000826.

2. Chainy GBN, Sahoo DK. Hormones and oxidative stress: an overview. Free Radic
Res (2020) 54(1):1–26. doi: 10.1080/10715762.2019.1702656
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Glossary

ALT alanine aminotransferase

APAP acetaminophen-induced apoptosis

AST aspartate aminotransferase

Bcl-2/Bax B-cell lymphoma 2/Bcl-2-associated X protein

CAT catalase

FAS fatty acid synthase

GSH glutathione

GSH-Px glutathione peroxidase

HFD high fat diet

IDF insoluble dietary fiber

iNOS inducible nitric oxide synthase

IR infrared

LDL-C lipoprotein-cholesterol

MAPK mitogen-activated protein kinase

MDA malondialdehyde

MS mass spectroscopy

NF-kB nuclear factor kappa light chain enhancer of activated B cells

NMR nuclear magnetic resonance

NO nitric oxide

Nrf2 erythroid 2–related factor 2

p-Akt phosphoinositide 3-kinase

PGC1a peroxisome proliferator-activated receptor gamma coactivator 1

PI3K-Akt-
mTOR

phosphatidylinositol 3-kinase – protein kinase B - the
mammalian target of rapamycin

PP pomace powder

PRDM 16 PR domain-containing 16

ROS reactive oxygen species

SBSO sea buckthorn oil

SHH sonic hedgehog signaling pathway

SOD superoxide dismutase

STAT signal transducer and activator of transcription

TC total cholesterol

TG triglyceride

TGF b transforming growth factor-beta

TNF a tumor necrosis factor alpha

UCP-1 uncoupling protein 1

UV/Vis ultraviolet/visible

VEGF vascular endothelial growth factor
F
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Modulatory effect of
pomegranate peel extract on key
regulators of ovarian cellular
processes in vitro

Adriana Kolesarova1,2*, Simona Baldovska1, Ladislav Kohut1,
Jaromir Vasicek3,4, Eva Ivanisova5, Julius Arvay5,
Michal Duracka2 and Shubhadeep Roychoudhury6

1Institute of Applied Biology, Faculty of Biotechnology and Food Sciences, Slovak University of
Agriculture in Nitra, Nitra, Slovakia, 2AgroBioTech Research Centre, Slovak University of Agriculture in
Nitra, Nitra, Slovakia, 3Institute of Farm Animal Genetics and Reproduction, NPPC - Research Institute
for Animal Production Nitra, Lužianky, Slovakia, 4Institute of Biotechnology, Faculty of Biotechnology
and Food Sciences, Slovak University of Agriculture in Nitra, Nitra, Slovakia, 5Institute of Food
Sciences, Faculty of Biotechnology and Food Sciences, Slovak University of Agriculture in Nitra,
Nitra, Slovakia, 6Department of Life Science and Bioinformatics, Assam University, Silchar, India
In this study, response of ovarian cells (human granulosa cell line HGL5, and

human adenocarcinoma cell line OVCAR-3) to short-term pomegranate peel

extract (PPE) treatment (for 24 hours in cell culture) was evaluated in vitro.

Quantitative and qualitative screening of polyphenols revealed punicalagins a
and b as major polyphenolic components. Total phenolic content (TPC) was

93.76 mg GAE/g d.w. with a high antioxidant activity of 95.30 mg TEAC/g d.w. In

OVCAR-3, PPE treatment inhibited the metabolic activity, and increased cyclin-

dependent kinase 1 (CDKN1A, p21) level at the highest dose, but not in HGL5.

Flow cytometry analysis could not detect any significant difference between

proportions of live, dead, and apoptotic cells in both cell lines. Reactive oxygen

species (ROS) revealed an antioxidant effect on HGL5, and a prooxidant effect by

stimulating ROS generation in OVCAR-3 cells at the higher doses of PPE.

However, in contrast to HGL5, PPE treatment decreased release of growth

factors – TGF-b2 and EGF at the highest dose, as well as their receptors

TGFBR2 and EGFR in OVCAR-3 cells. PPE also influenced steroidogenesis in

granulosa cells HGL5 by stimulating 17b-estradiol secretion at higher doses. In

conclusion, the present study highlighted the bioactive compounds in

pomegranate peels and the possible mechanisms of action of PPE, shedding

light on its promising role in ovarian cancer (chemo)prevention and/

or management.

KEYWORDS

HGL5, growth factors, OVCAR-3, Punica garanatum L., proliferation, apoptosis,
steroidogenesis, reactive oxygen species
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1 Introduction

Pomegranate (Punica granatum L.), a fruit widely consumed for

its taste and nutritional value has garnered scientific attention due

to its potential health-promoting properties. It is a rich source of

polyphenolic compounds with great bioavailability. While much of

the research has focused on the pomegranate’s edible arils and juice,

the pomegranate peel, a by-product in the processing of

pomegranate products, which is usually discarded as a waste, has

recently gained recognition for its remarkable health benefits (1–3).

Pomegranate peel extract (PPE) has been reported to contain a

significant amount of proteins, polysaccharides, minerals, vitamins,

dietary fibers, alkaloids, and polyphenols such as flavonoids

(catechin , epicatechin , quercet in , rut in , kaempferol ,

anthocyanins), hydrolyzable tannins (punicalin, punicalagin), and

phenolic acids (ellagic acid, gallic acid, caffeic acid, ferulic acid, p-

coumaric acid) (1, 4–7). Polyphenolic compounds found in PPE are

believed to exert notable antioxidant, anti-inflammatory,

antibacterial, and anti-cancer activities (1, 2, 8). Moreover,

various preparations of pomegranate (juice, seed oil, peel extract)

have been used in clinical studies for their potential therapeutic

actions. Pomegranate’s polyphenols have shown anticancer effect

through the regulation of cellular redox balance, cell cycle arrest in

the G2/M phase, induction of apoptosis and DNA damage of cancer

cells, as well as by modulation of key signalling pathways (3, 9).

Cancer is one of the major reasons for mortality across

the globe. Gynaecological cancers represent a key cause of

mortality among women (10), and ovarian cancer is one of the

most common gynecological malignancies (11, 12). Reproductive

dysfunctions underlie similar causes and mechanisms, including

accumulation of reactive oxygen species (ROS) resulting in cellular

oxidative stress (13). Studies have focused on the bioactive

ingredients of food products that may provide a useful alternative

therapeutic approach, particularly based on the capability of

phytocompounds to influence reproductive processes and prevent

disorders. Therefore, identifying natural phytocompounds with

anticancer properties is increasingly emphasized (10, 14, 15).

Studies have reported the anticancer potential of pomegranate or

its bioactive substances for various cancer types, including breast

(16, 17), lung (18, 19), colon (20), skin (21), prostate (22), and

cervical (23) cancers. However, studies on ovarian cancer are not

sufficient to arrive at any definitive conclusion regarding specific

bioactive substances and their mechanisms of action. Thus,

understanding of the effects of pomegranate products such as

pomegranate peel extract (PPE) and its mechanism of action on

ovarian cell models (both non-cancerous and cancerous) will be

beneficial both for the society in the fight against ovarian cancer as

well as development of beneficial health supplements in the agri-

food industry. The present study aimed to identify the polyphenolic

substances in pomegranate peel extract (PPE), its total polyphenol

content (TPC), antioxidant capacity. Furthermore, the modulatory

effects of PPE were determined in vitro on key markers of cellular

processes related to proliferation, apoptosis, oxidative stress, and

steroidogenesis using human ovarian non-cancerous (HGL5) and

cancerous (OVCAR-3) cellular models in order to contribute to a

better understanding of the mechanism(s) of action of PPE.
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2 Materials and methods

2.1 Materials

Pomegranate fruits harvested at the state of complete ripeness

were obtained from Spain. All used analytical standards (chlorogenic

acid, 4-OH-benzoic acid, trans-caffeic acid, trans-p-coumaric acid,

rutin, myricetin, resveratrol, apigenin, genistein, kaempferol),

acetonitrile (HPLC gradient grade), methanol (HPLC grade),

phosphoric acid (ACS grade), and luminol (5-amino-2,3-dihydro-

1,4-phthalazinedione) were obtained from Sigma Aldrich (Sigma-

Aldrich Chemie GmbH, Germany). Propidium iodide (Molecular

Probes, Switzerland), specific nuclear fluorochrome Yo-Pro-1

(Molecular Probes, Switzerland) and specific membrane marker

Annexin V-FITC (Annexin V Apoptosis Detection Kit, Spain) were

used for flow cytometry. Other chemicals and solvents used in this

study were of analytical grade.
2.2 Extract preparation

PPE was prepared prior to cell culture experiments as

previously described (24). Separated pomegranate peels were cut

into small pieces and lyophilized. The solid-liquid extraction of 2g

grounded pomegranate peel powder was achieved in 20ml non-

denatured ethanol (80% v/v) for four hours by horizontal shaker

Unimax 2010 (Heidolph Instruments, GmbH, Germany) at room

temperature and in the dark. Prepared suspensions were filtered

and stored at 4°C.
2.3 High performance
liquid chromatography

PPE was filtered through syringe PTFE filter (0.45μm, 25mm)

(Agilent Technologies, Germany) and stored at 4°C. Quantitative

and qualitative determination of phenolic compounds were

performed by HPLC system with diode array detector (HPLC-

DAD) instrumentation Agilent Infinity 1260 (Agilent Technologies,

Germany). Double deionized water (ddH2O) was treated (18.2MΩ/

cm) in a Simplicity 185 purification system (Millipore SAS, France).

Analyses were performed in a Cortecs column (4.6mm x 150mm x

2.7μm) (Waters, USA). Mobile phases consisted of 0.1% H3PO4 in

ddH2O (v/v) (A) and acetonitrile (B). The mobile phase flow was

0.6mL/min, and the sample injection was 5μL. The column

thermostat was set to 30°C and the samples were kept at 6°C in

the sampler manager. The detection wavelength was set at 265nm,

320nm, and 372nm. The compounds were identified by comparing

with retention time and UV spectra by running the samples for 30

min after the addition of pure standards (25).
2.4 Total polyphenol content

Determination of TPC was performed by Folin–Ciocalteu’s

spectrophotometric assay (26). A total of 100μL PPE was mixed
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with 0.85mL of Folin-Ciocalteu reagent (Merck, Germany) in a

50mL volumetric flask. After 3 minutes, 5mL of 20% sodium

carbonate solution (Sigma Aldrich, USA) was added. The mixture

was stirred, and the flask was filled with distilled water to the mark.

Obtained solution was incubated at room temperature for 2 hours

to allow the development of the characteristic blue color, after

which the absorbance was measured at 765nm using a Shimadzu

UV-VIS scanning spectrophotometer (Shimadzu, Japan). TPC was

expressed in mg of gallic acid equivalents (GAE) per g of dried fruit

peel weight (d.w.), based on the calibration curve (R² = 0.996).
2.5 Antioxidant activity

Antioxidant activity was determined by 2,2-Diphenyl-1-

picrylhydrazyl (DPPH) radical scavenging assay (27) with DPPH•

radical (Sigma Aldrich, USA) and methanol (Sigma Aldrich, USA)

used to produce a working DPPH solution. 1mL PPE was pipetted

into 3.9mL working DPPH solution, stirred, and left in dark for 10

minutes. Antioxidant activity was measured using a Shimadzu UV-

VIS scanning spectrophotometer (Shimadzu, Japan) and expressed

as mg of Trolox equivalent antioxidant capacity (TEAC) per g of

dried fruit peel weight (d.w.), based on the calibration curve (R²

= 0.994).
2.6 Cell culture

Human ovarian granulosa cells HGL5 were obtained from

ABM® (Canada) and human ovarian adenocarcinoma cells

OVCAR-3 were obtained from ATCC® (USA). HGL5 cells were

cultured in DMEM medium (Sigma-Aldrich, USA) supplemented

with 10% FBS (Sigma-Aldrich, USA), 1% antibiotic/antimycotic

solution (Invitrogen, USA) at a 37°C and in a 5% CO2 incubator.

OVCAR-3 cells were cultured in RPMI 1640 medium (Gibco-BRL,

USA) supplemented with 10% fetal bovine serum (Sigma-Aldrich,

USA), 1% antibiotic/antimycotic solution (Invitrogen, CA, USA),

1% non-essential amino acids (Sigma Aldrich, United Kingdom) at

37°C and in a 5% CO2 incubator. Between 10 and 25 passages of

ovarian cells were used in this study (28, 29).
2.7 Pomegranate peel extract treatment
to cells

Prior to the experiments, PPE was dissolved in a culture

medium and diluted to the desired concentrations. Cells

were cultured in plates for 24 hours and treated with PPE

(at doses 12.5, 25, 50 and 100 mg/mL). As a positive control

(+Control), 80% ethanol in an amount corresponding to the

highest used concentration of the respective extract was used

and the final ethanol concentration in well was less than 0.1%.

All the procedures followed were in accordance with the

institutional guidelines.
Frontiers in Endocrinology 03162
2.8 Cell viability

Cells (1×104 cells/mL/well) were cultured in a 96-well plate and

treated with different concentrations of PPE. Cell viability was

determined using AlamarBlue reagent (BioSource International,

Belgium). After treatment, 1 mL of AlamarBlue reagent was added

to each well at the indicated time 4 hours before the endpoint and

incubated at 37°C. Resazurin reduction (oxidized indigo blue state

into the reduced pink state) was measured by recording the

absorbance at 560 nm and 590 nm using a microplate reader

(Multiskan FC, ThermoFisher Scientific, Finland) and the results

were expressed as percentage of viable cells (30).
2.9 Flow cytometry

Live, apoptotic, and dead cells’ percentages were determined by

uptake rate and dye retention with a little modification of the

method used previously (28). At 5x105 cells/mL per well density

cells were seeded in 6-well plates and treated to experimental

groups. Yo-Pro-1 and Annexin V-FITC stains were used to detect

apoptotic cells. Propidium iodide was used to stain dead cells. After

centrifugation at 300xg for 5 minutes, cells were adjusted to 1x106

cells/mL in phosphate buffered saline (without Ca and Mg) and

stained with 1μL Yo-Pro-1 solution (100μmol/L) for 15 minutes in

the dark at room temperature. According to manufacturer’s

instructions, Annexin V staining was done. 4μL of propidium

iodide (μg/mL) was used to stain cells just prior to flow

cytometry analysis FACS Calibur (BD Biosciences, USA). In each

sample, at least 50,000 events (cells) were evaluated. Cell Quest Pro

(BD Biosciences, USA) software was used for data analyses. The

assay identified three separate populations: unstained live cells (Yo-

Pro-1–/PI– and AnV–/PI–), apoptotic cells (Yo-Pro-1+/PI– and

AnV+/PI–), and dead cells (only PI+). Cultivation with

staurosporine was used as a positive control for the purpose of

initiating apoptotic processes in cells (Figure 1).
2.10 Enzyme linked immunosorbent assay

At 4x105 cells/mL per well density cells were re-seeded in a 6-well

culture plate (Grainer, Germany). Cell supernatants were collected to

determine the levels of steroid hormones 17b-estradiol (cat. no.
DNOV003) and progesterone (cat. no. DNOV006) by using ELISA

kits (NovaTec Immundiagnostica GmbH, Germany). Cell lysates

were subjected to determine the levels of human cyclin-dependent

kinase inhibitor 1 (CDKN1A, p21; cat. no. EH14267), growth factors

– human transforming growth factor b 2 (TGF-b2, cat. no. EH0288)

and human epidermal growth factor (EGF, cat. no. EH0009), as well

as their receptors (TGF-b receptor type-2 – TGFBR2, cat. no.

EH0286; and EGF receptor – EGFR, cat. no. EH0010) according to

manufacturer’s instructions by using ELISA kits (FineTest, China).

ELISA microplates were briefly pre-coated with an antibody, and into

the wells the standards, controls, and samples were pipetted. A biotin-

conjugated antibody was added to the wells after removal of any
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unbound substance. Streptavidin-conjugated horseradish peroxidase

was added to the wells after washing and incubated followed again by

washing. Substrate solution was added to the wells thereafter and a

stop solution was used to stop color development. Colour intensity

was measured spectrophotometrically by using an ELISA microplate

reader (Thermo Scientific Multiskan FC, Finland), and results were

expressed as mean (29).
2.11 Reactive oxygen species

Intracellular ROS production was detected through

quantification by chemiluminometric method. Firstly, at a density

of 4x104 cells/mL per well cells were re-seeded into 24-well plate

followed by PPE treatment for 24 hours. Thereafter, ROS

generation was assessed based on luminol (28). 10μL luminol

(5mM) and 400μL experimental sample or control comprised the
Frontiers in Endocrinology 04163
samples. 400μL of medium, 10μL luminol and 50μL hydrogen

peroxide (30%; 8.8 M; Sigma-Aldrich) served as positive control.

Glomax Multi+Combined SpectroFluoroLuminometer (Promega

Corporation, USA) was used to measure chemiluminescence in

15 cycles of 1 minute each. The results were expressed as relative

light units (RLU)/second/104 cells (28).
2.12 Statistics

All the experiments were replicated thrice, and data were

expressed as mean ± standard error of mean (SEM) followed by

analysis of variance (ANOVA) and Dunnett’s test. GraphPad Prism

5 program (version 3.02 for Windows; GraphPad Software, USA)

was used for further analysis and statistically significant differences

were set at p<0.05.
FIGURE 1

Flow cytometry dot plots used for measuring live, dead, and apoptotic cells. R1: unstained live cells (YP1–/PI– and AnV–/PI–), R2: apoptotic cells
(YP1+/PI– and AnV+/PI–), R3: dead cells (only PI+).
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3 Results

3.1 Polyphenol content and antioxidant
activity of PPE

Quantitative and qualitative screening of polyphenolic

compounds revealed ellagitannins punicalagins a (19 007.83 ±

78.77 mg/kg) and b (28 964.55 ± 29.99 mg/kg), and flavonoid

rutin (10 789.80 ± 21.15 mg/kg) as most abundant polyphenols in

PPE (Table 1). PPE presented a rich source of polyphenols with

TPC of 93.76 ± 0.15 mg GAE/g d.w. of pomegranate peels and a

total antioxidant capacity of 95.30 ± 0.20 mg TEAC/g d.w. of

pomegranate peels.
3.2 PPE treatment inhibits metabolic
activity of human ovarian cancer
cells in vitro

To investigate the effects of PPE on the viability of ovarian cells

in vitro, non-cancer cells HGL5 and cancer cells OVCAR-3 were

treated with PPE for 24 hours. A significant decrease (p<0.05) in the

number of viable OVCAR-3 cells was observed in all groups treated

by PPE as compared to control, with no impact as such on HGL5

cells (Figure 2).
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3.3 PPE treatment does not affect the
proportion of live, apoptotic, and dead
human ovarian cells in vitro

Flow cytometry analysis did not confirm any significant change

between the proportion of live, apoptotic, and dead ovarian cells

after treatment of HGL5 or OVCAR-3 cells with PPE (Table 2).
3.4 PPE treatment increases cyclin-
dependent kinase inhibitor 1 in human
ovarian cancer cells in vitro

To further evaluate the effects of PPE on human ovarian cells,

the levels of CDKN1A, p21 as a possible inhibitor of apoptosis after

treatment with PPE was measured. No significant changes in the

expression of CDKN1A was noted in ovarian granulosa cells HGL5

after PPE treatment. However, the highest concentration of PPE

(100 μg/mL) led to a significant increase (p<0.05) in CDKN1A level

in cancer cells OVCAR-3, as compared to control (Figure 3).
3.5 PPE treatment induces ROS production
in human ovarian cancer cells in vitro

Generation of ROS, which is closely related to the occurrence of

oxidative stress in human ovarian cells was measured to

comprehensively understand the mechanism of action of PPE.

Interestingly, cell-specific effect of PPE was observed. In case of

ovarian granulosa cells HGL5, ROS production was significantly

suppressed (p<0.05) by PPE at all used concentrations exhibiting an

antioxidative effect of PPE. On the other hand, a significant PPE-

induced ROS production was noted in cancer cells OVCAR-3 at higher

doses (50 and 100 μg/mL) of PPE, as compared to control (Figure 4).
3.6 PPE treatment influences release of
growth factors and their receptors by
human ovarian cancer cells in vitro

Immunological assays were performed to draw the response of

ovarian cells to PPE treatment with an emphasis on selected growth

factors and their receptors. In contrast to ovarian granulosa cells

HGL5 where PPE treatment did not exert any significant effect, PPE

treatment decreased the release of growth factors – transforming

growth factor b 2 (TGF-b2) and epidermal growth factor (EGF) at

the highest dose of 100μg/mL PPE used (p<0.001), as well as the

expression of their receptors TGFBR2 (p<0.001) and EGFR

(p<0.05) in ovarian cancer cells OVCAR-3, in a dose-specific

manner (Figure 5). As assayed by ELISA from cell lysates, the

highest dose of 100μg/mL PPE administration in the present study

unequivocally showed higher levels of growth factors TGF-b2, EGF,
and their receptors (TGFBR2 and EGFR) in OVCAR-3 cells, as

compared to control. TGFBR2 expression was significantly higher

(p<0.001) at other higher doses of PPE treatment to OVCAR-3

cells, too, as compared to control (Figure 5).
TABLE 1 Screening of the polyphenolic compounds in pomegranate
peel extract (PPE).

Phenol
compound(s)

Average
content

in mg/kg d.w.

Concentration
(average, mg/2g

d.w.)

Punicalagin a 19 007.83 ± 78.77 38.02

Punicalagin b 28 964.55 ± 29.99 57.93

Gallic acid 222.20 ± 0.30 0.44

Ellagic acid 2 265.05 ± 0.73 4.53

Ellagic acid
ekvivalent

4 358.78 ± 32.02
8.72

Chlorogenic acid 65.92 ± 0.97 0.13

trans-Caffeic acid 48.26 ± 0.57 0.10

4-hydroxybenzoic
acid

589.04 ± 1.58
1.18

trans-p-Coumaric
acid

237.63 ± 1.23
0.48

Rutin 10 789.80 ± 21.15 21.58

Myricetin 10.41 ± 0.25 0.02

Resveratrol 768.28 ± 2.32 1.54

Quercetin 12.73 ± 0.50 0.03

Apigenin 452.56 ± 163.6 0.91

Genistein 28.13 ± 0.06 0.06

Kaempferol 1 352.03 ± 3.01 2.70
Data are expressed as mean ± standard error of mean (SEM). HPLC-DAD analysis.
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3.7 PPE treatment affects steroidogenesis
in human ovarian granulosa cells in vitro

To evaluate potential effect on steroidogenesis, ELISA assay was

performed to determine the release of steroid hormones 17ß-

estradiol and progesterone by ovarian granulosa cells HGL5 (but
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not by ovarian epithelial adenocarcinoma cells OVCAR-3). The

results exhibited a decreasing tendency of progesterone secretion

(albeit statistically insignificant) at all doses of PPE used in the

study. Interestingly, PPE’s influence on ovarian steroidogenesis was

clear in granulosa cells HGL5 through stimulation (p<0.05) of 17b-
estradiol secretion at higher doses of 50 and 100μg/mL (Figure 6).
TABLE 2 Live, apoptotic, and dead human ovarian granulosa cells HGL5 and cancer cells OVCAR-3 after pomegranate peel extract (PPE) treatment in vitro.

HGL5 YP1/PI +Control 12.5 µg/mL PPE 25 µg/mL PPE 50 µg/mL PPE 100 µg/mL PPE

Live cells (%) 98.08 ± 0.71 98.03 ± 0.79 97.60 ± 1.17 97.68 ± 1.13 97.80 ± 0.84

Apoptotic cells (%) 0.08 ± 0.07 0.16 ± 0.08 0.11 ± 0.05 0.09 ± 0.04 0.10 ± 0.05

Dead cells (%) 1.84 ± 0.64 1.82 ± 0.77 2.29 ± 1.11 2.23 ± 1.11 2.08 ± 0.78

AnV/PI

Live cells (%) 97.13 ± 0.37 96.75 ± 0.95 96.60 ± 0.62 96.23 ± 0.57 95.80 ± 0.62

Apoptotic cells (%) 1.14 ± 0.27 1.20 ± 0.18 1.41 ± 0.27 1.61 ± 0.30 2.05 ± 0.37

Dead cells (%) 1.75 ± 0.57 2.05 ± 1.12 2.02 ± 0.82 2.17 ± 0.71 2.17 ± 0.88

OVCAR-3 YP1/PI +Control 12.5 µg/mL PPE 25 µg/mL PPE 50 µg/mL PPE 100 µg/mL PPE

Live cells (%) 81.88 ± 1.13 80.50 ± 3.06 79.20 ± 2.42 79.43 ± 3.07 81.00 ± 2.98

Apoptotic cells (%) 9.28 ± 1.79 11.11 ± 1.84 11.39 ± 2.26 11.09 ± 2.19 12.54 ± 3.39

Dead cells (%) 6.82 ± 1.17 9.20 ± 1.76 9.42 ± 2.30 8.05 ± 1.94 7.43 ± 1.93

AnV/PI

Live cells (%) 83.03 ± 1.36 81.48 ± 1.37 82.68 ± 1.38 82.98 ± 2.60 82.60 ± 2.20

Apoptotic cells (%) 8.33 ± 1.37 8.76 ± 0.33 8.77 ± 0.39 8.14 ± 1.03 10.66 ± 1.49

Dead cells (%) 8.69 ± 1.34 9.80 ± 1.24 8.60 ± 1.01 8.89 ± 1.70 9.32 ± 1.49
+Control group is represented by cells cultured with ethanol in an amount corresponding to the highest concentration of PPE used. Other experimental groups represent cells treated with PPE in
different concentrations (12.5, 25, 50 and 100 μg/mL). Data are expressed as mean ± standard error of mean (SEM). Flow cytometry.
FIGURE 2

Viability of human ovarian granulosa cells HGL5 and cancer cells OVCAR-3 after pomegranate peel extract (PPE) treatment in vitro. +Control
represents a culture medium with ethanol in an amount corresponding to the highest used concentration of PPE. Statistical differences were tested
using one-way analysis of variance (ANOVA) followed by Dunnett 's multiple comparison test. Data are expressed as mean ± standard error of mean
(SEM). Statistical differences are indicated from the vehicle (*p<0.05, **p<0.01, ***p<0.001). AlamarBlue test.
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4 Discussion

Pomegranate and its phenolic substances are a subject of

increasing scientific interest because of their possible health

benefits. Studies have revealed a link between the intake of dietary

phytonutrients and the risk of ovarian cancer development (23).

Promising cytotoxic, anti-proliferative, and proapoptotic effects of

pomegranate have been confirmed experimentally using cancer cells

both in vitro and in vivo (9, 23, 31). Pomegranate peels, usually

inedible part of pomegranate fruit is considered as a waste by-

product. However, it contains large numbers of polyphenolic

compounds (32, 33) and exerts numerous beneficial properties,
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including anti-cancer activity (34–36). The present study was

designed to determine the biological effects of phytonutrients

present in pomegranate peel extract (PPE) on human ovarian

non-cancerous (HGL5) and cancerous (OVCAR-3) cells in vitro.

More than 50% of the bioactive phytocompounds of

pomegranate has been reported from its peels. Pomegranate peel

largely contains hydrolyzable tannins punicalagins a and b, and
punicalins, up to 22-33% (37) and rutin as detected from peel

extract (4). Recently, a positive correlation of antioxidant capacity

has been established with TPC of pomegranate peels (38). The

present study also confirms PPE as an excellent source of

polyphenolic compounds with strong antioxidant capacity, among
FIGURE 4

Production of reactive oxygen species (ROS) by human ovarian granulosa cells HGL5 and cancer cells OVCAR-3 after pomegranate peel extract
(PPE) treatment. +Control represents a culture medium with ethanol in an amount corresponding to the highest used concentration of PPE.
Statistical differences were tested using one-way analysis of variance (ANOVA) followed by Dunnett´s multiple comparison test. Data are expressed
as mean ± standard error of mean (SEM). Statistical differences are indicated from the vehicle (**p<0.01, ***p<0.001). Chemiluminescence.
FIGURE 3

Presence of cyclin-dependent kinase 1 (CDKN1A, p21) in human ovarian granulosa cells HGL5 and cancer cells OVCAR-3 after pomegranate peel
extract (PPE) treatment in vitro. +Control represents a culture medium with ethanol in an amount corresponding to the highest used concentration
of PPE. Statistical differences were tested using one-way analysis of variance (ANOVA) followed by Dunnett´s multiple comparison test. Data are
expressed as mean ± standard error of mean (SEM). Statistical differences are indicated from the vehicle (***p<0.001). ELISA.
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which punicalagins a and b, and flavonoid rutin presented as the

main active compounds.

Studies have reported that pomegranate extracts or punicalagin

effectively inhibit proliferation of cancer cells (20, 21, 23, 31, 34, 35,

39). In the present study, PPE did not exert any harmful effect on

the viability of ovarian granulosa cells HGL5. In addition, it did not

seem to induce any change at the nuclear level as it did not impact

the percentage of live, apoptotic, or dead ovarian granulosa cells. On

the other hand, treatment with PPE at all the doses used in the study

led to a reduction in the metabolic activity of ovarian cancer cells

OVCAR-3. However, flow cytometry could not confirm any
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significant changes either at the level of the nucleus or the cell

membrane as the number of live, apoptotic, and dead ovarian

cancer cells did not differ significantly. Previously, Adaramoye

et al. (31) reported a significant anti-proliferative effect of

punicalin in human prostate tumor cells PC-3 and LNCaP, which

was also associated with the induction of apoptosis. However, less

harm was caused to normal prostate cells BPH-1. In SKOV3 human

ovary cancer cells, seed extract of pomegranate inhibited the cell

growth although the mechanism was not clear (40).

CDKN1A, p21 plays an important role in anti-proliferative or

proapoptotic processes and is induced by tumor protein p53 upon
A B

FIGURE 6

Release of progesterone (A) and 17b-estradiol (B) by human ovarian granulosa cells HGL5 after pomegranate peel extract (PPE) treatment. +Control
represents a culture medium with ethanol in an amount corresponding to the highest used concentration of PPE. Statistical differences were tested
using one-way analysis of variance (ANOVA) followed by Dunnett´s multiple comparison test. Data are expressed as mean ± standard error of mean
(SEM). Statistical differences are indicated from the vehicle (*p<0.05, ***p<0.001). ELISA.
A B F

C D G H

E

FIGURE 5

Release of growth factors and expression of their receptors by human ovarian granulosa HGL5 and cancer cells OVCAR-3 after pomegranate peel
extract (PPE) treatment. TGF-b2 levels in PPE treated HGL5 cells (A) and in PPE treated OVCAR-3 cells (B). Expression of TGFBR2 in PPE treated
HGL5 cells (C) and in PPE treated OVCAR-3 cells (D). EGF levels in PPE treated HGL5 cells (E) and in PPE treated OVCAR-3 cells (F). Expression of
EGFR in PPE treated HGL5 cells (G) and in PPE treated OVCAR-3 cells (H). +Control represents a culture medium with ethanol in an amount
corresponding to the highest used concentration of PPE. Statistical differences were tested using one-way analysis of variance (ANOVA) followed by
Dunnett´s multiple comparison test. Data are expressed as mean ± standard error of mean (SEM). Statistical differences are indicated from the
vehicle (*p<0.05, ***p<0.001). ELISA.
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DNA damage or oxidative stress. Additionally, it mediates cell cycle

arrest from G1 to S phase, induces apoptosis and is associated with

DNA repair (41). Anticancer activity of pomegranate´s punicalagin

was associated with cell cycle arrest and increase in p21 expression

(42). In a human ovarian cancer cell line A2780, fruit juice as well as

the polyphenols of pomegranate such as ellagic acid and luteolin

suppressed cell proliferation and migration via downregulation of

matrix metalloproteinases (MMP-2 and 9) albeit in a

concentration-dependent way (43). The present study reveals

similar intracellular events after PPE treatment, when CDKN1A,

p21 levels were increased in cancer cells OVCAR-3 without any

impact on non-cancer cells HGL5. Recently, urolithin A, a

metabolite of ellagitannins, have been reported to inhibit the

viability of prostate cancer cells and induce apoptosis by

increasing p53 and p21 expression (22). Moreover, ellagic acid

present in pomegranate can inhibit the proliferation of breast

cancer cells MCF-7 by increasing the expression of cyclin-

dependent kinase inhibitors (p21, Cip1, p15 and p19) (44), as

well as proliferation of ovarian cells ES-2 and PA-1 by increasing

p53 and p21 levels, leading to cell cycle arrest in the G1 phase (45).

Punicalagin present in pomegranate peel can exhibit anticancer

activity in vitro through cell cycle arrest, regulation of proliferation

or survival signals, and catabolic processes such as apoptosis and

autophagy (46). In addition, treatment with punicalagin (10 to

100μM) can reduce the viability of cervical cancer cells ME-180 and

increase ROS production as well as induce alterations in

mitochondrial membrane potential, which can lead to cytotoxic

effect on cancer cells (23). Another study reported that punicalagin

(12.5 - 200 μM) can affect the viability and proliferation of cervical

cancer cells HeLa in a time- and dose-dependent manner by

induction of cell cycle arrest in the G1 phase, induction of

apoptosis by modulating the expression of apoptosis-associated

proteins, downregulating the expression of anti-apoptotic Bcl-2,

and upregulating the expression of pro-apoptotic Bax (47).

Similarly, punicalin and ellagic acid can promote apoptotic

processes in cervical cancer cells Hela and NIH-3T3 by regulating

protein expression related to apoptosis (48). Our study also revealed

rutin as a flavonoid present in PPE in significant amounts. It can

exert antioxidant, proapoptotic, and anti-proliferative activities,

increase ROS production and alter Bax/Bcl-2 mRNA expression,

and at the same time decrease CDK4 and cyclin D1 expressions, and

induce cell cycle arrest in the G0/G1 phase (49).

Oxidative stress refers to disturbance in the balance between the

production of ROS and the effectiveness of the antioxidant system,

which has been observed in cancer patients, too (50). Oxidative stress

is linked with cellular aging and irreversible changes in DNA. It has

also been implicated in the progression of degenerative diseases (51).

ROS production by PPE treated ovarian cells in the present study

confirmed the relationship between the viability of cancer cells and

ROS generation. Furthermore, both antioxidant and prooxidant

effects of PPE was seen in the present study, depending on the cell

type. Based on the results of this study, it may be suggested that PPE

can induce oxidative stress in ovarian cancer cells by increasing the

ROS levels, which may lead to induction of cytotoxicity. On the
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contrary, antioxidant effects of PPE have been confirmed by the

reduction in ROS production in ovarian granulosa cells HGL5.

According to previous studies, punicalagin exhibits strong

antioxidant and anti-inflammatory effects and can protect cells by

directly scavenging free radicals, ROS and RNS (52, 53). Similarly, the

antioxidant and hepatoprotective effects of pomegranate peel powder

was earlier confirmed in a biological model of Wistar rats in vivo.

Pomegranate peel powder was further recommended for use as a

component of functional foods (54).

Stimulation by growth factors, such as EGF and TGF plays a key

role in the activation of molecular signalling pathways associated with

proliferation and cell growth, whereby altered signalling may lead to

the development of cancer (44, 55). TGF-b is a secreted cytokine

described as a tumor suppressor and TGF-ß2 receptors bind TGF-ß2,

thereby engaging the TGF-ß signalling pathway. Mutations in TGF-b
signalling pathway occur in various cancer types, including ovarian

cancer (56). In the present study, PPE treatment induced changes in

the presence of TGFBR2 in a cell-dependent manner. Modulatory

activity of PPE in cancer cells OVCAR-3 (but not in HGL5) have

been noted by inhibition of TGF-ß2 release, as well as reduction of

TGFBR2. This could result in suppression of cell proliferation

induced by PPE. Similarly, inhibitory effects of ellagic acid from

pomegranate on MCF-7 breast carcinoma cells were found to be

mediated by arrest of cell cycle at the G0/G1 phase through the TGF-

b/Smads signalling pathway (44). EGF is characterized by

overexpression in various cancer cell types, and binding to its

receptor EGFR triggers a series of important processes ultimately

affecting cell growth, differentiation, and proliferation (57). The

current study revealed the suppression of higher EGF levels, as well

as EGFR levels after PPE treatment to ovarian cancer cells OVCAR-3,

with no impact on non-cancerous HGL5 cells. These findings are

indicative of an undeniable effect of PPE on the secretory activity of

ovarian cells in vitro.

Furthermore, pomegranate possesses strong anti-cancer

activity, as exhibited by a variety of mechanisms including anti-

estrogenic, anti-proliferative, anti-angiogenetic, anti-inflammatory,

and anti-metastatic effects. The prevention or treatment of breast

cancer could be associated with inhibition of the mechanisms that

govern the estrogen activity, such as the antagonism of the estrogen

receptor or the inhibition of estrogen synthesis (58). Ellagitannin-

derived compounds present in pomegranate may exert modulatory

effect on estrogen synthesis by inhibition of aromatase activity (16).

Phytosubstances present in pomegranate peels, especially

ellagitannins and punicalagins may play an essential role as

possible modulators of steroidogenesis (24, 59, 60). Therefore, the

release of steroid hormones by granulosa cells treated with PPE was

monitored in the present study. PPE treatment has been found to

inhibit the secretion of progesterone (although insignificant

statistically) and stimulate that of 17b-estradiol. These results are

in line with previous studies indicating that pomegranate is an

excellent source of phytoestrogens (61, 62).

In fine, pomegranate peel extract represents an excellent source

of polyphenolic substances, including phytoestrogens, and shows

potential as a promising chemoprotective agent with efficacy in
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cancer cells without harmful effect on non-cancer ovarian cells in

vitro by regulating several signalling pathways with a remarkable

impact on steroidogenesis, cell proliferation, and apoptosis.
5 Conclusions

The present study highlighted the bioactive compounds present

in pomegranate peels and the possible mechanisms of action of

PPE, shedding light on its promising role in ovarian cancer

prevention or management. In this context, PPE presents an

excellent source of polyphenolic phytonutrients, mainly

pun ica l ag ins wi th s t rong ant iox idant capac i t y and

phytoestrogenic activity on human ovarian granulosa cells in

vitro. In addition, PPE can exert a cell-specific cytotoxic effect on

human ovarian cancer cells by inhibiting growth factors release,

metabolic activity, and cell proliferation as well as by stimulating

ROS production by ovarian cancer cells without any significant

harmful effect on non-cancerous cells. However, further

confirmatory studies are essential to understand the therapeutic

potential of PPE for paving way to its clinical use.
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Oxidative stress, resulting from dysregulation in the secretion of adrenal

hormones, represents a major concern in human health. The present review

comprehensively examines various categories of endocrine dysregulation within

the adrenal glands, encompassing glucocorticoids, mineralocorticoids, and

androgens. Additionally, a comprehensive account of adrenal hormone

disorders, including adrenal insufficiency, Cushing’s syndrome, and adrenal

tumors, is presented, with particular emphasis on their intricate association

with oxidative stress. The review also delves into an examination of various

nutritional antioxidants, namely vitamin C, vitamin E, carotenoids, selenium, zinc,

polyphenols, coenzyme Q10, and probiotics, and elucidates their role in

mitigating the adverse effects of oxidative stress arising from imbalances in

adrenal hormone levels. In conclusion, harnessing the power of nutritional

antioxidants has the potential to help with oxidative stress caused by an

imbalance in adrenal hormones. This could lead to new research and

therapeutic interventions.

KEYWORDS

adrenal hormone imbalance, oxidative stress, nutritional antioxidants, reactive oxygen
species, HPT axis
1 Introduction

Adrenal hormone imbalance or dysfunction refers to a condition characterized by

aberrant production or regulation of hormones such as cortisol, aldosterone, and

dehydroepiandrosterone (DHEA) inside the body. The presence of this imbalance can

significantly impact various physiological processes, resulting in a diverse array of health
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complications (1). Oxidative stress, which occurs when the body’s

antioxidant defence systems cannot neutralize reactive oxygen

species (ROS), is one of the main causes of these negative effects

(abnormal production or regulation of hormones such as cortisol,

aldosterone, and DHEA) (2). A study with human cells found that

too much glucocorticoid causes too much ROS to be made, which

disturbs the balance of metabolic processes and changes the way

the vascular endothelium looks and works (3).

Endogenous antioxidant systems control ROS, chemically

reactive molecules produced by cellular metabolism (4). However,

when there is an imbalance in the adrenal hormones, this delicate

balance is disturbed, which results in increased ROS generation and

reduced antioxidant defences (5). The aforementioned imbalance

may arise due to factors such as chronic anxiety, hormone

dysregulation, environmental pollutants, and suboptimal dietary

selections (6). Through increased mitochondrial respiration and

oxidative phosphorylation, glucocorticoids directly cause oxidative

stress in neurons. The incubation of cortical neurons with acute

corticosterone resulted in a dose- and time-dependent increase in

mitochondrial oxidation, membrane potential, and calcium-

holding capacity (7).

Oxidative stress caused by an imbalance in the adrenal

hormones has many effects. Oxidative stress can damage lipids,

proteins, and DNA, which can cause cellular dysfunction and tissue

damage (5). Furthermore, it can turn on inflammatory pathways

and mess up the complex signaling networks needed to keep

physiology in balance (8). Consequently, adrenal hormone-related

diseases like adrenal insufficiency and Cushing’s syndrome often

show signs of oxidative stress, like fatigue, immune dysfunction,

cognitive impairment, and accelerated aging (9).

A crucial part of physiological balance is the complicated

relationship between antioxidants in the diet and oxidative stress-

induced adrenal hormone imbalance (10). The finely tuned

regulation of adrenal hormones can be disrupted by oxidative

stress, which is caused by an imbalance between reactive oxygen

species and the body’s antioxidant defense mechanisms (2).

Antioxidants serve an important role in preventing oxidative

damage by neutralizing free radicals and protecting the delicate

equilibrium of the adrenal glands. Adrenaline hormones such as

cortisol and adrenaline, which are essential for stress response and

overall hormonal harmony, may be dysregulated when this balance

is disrupted. Nutritional antioxidants are bioactive substances

found in different foods that can eliminate ROS and boost the

body’s own antioxidant defences. Some of these molecules are

vitamins (like C and E), minerals (like selenium and zinc),

phytochemicals (like polyphenols and carotenoids), and other

parts of food (11).

The primary objective of this review is to elucidate the

mechanisms by which adrenal hormone imbalance induces

oxidative stress and investigate the potential contributions of

nutritional antioxidants in mitigating such imbalances.

Understanding the intricate interplay between adrenal hormone

imbalance, oxidative stress, and nutritional antioxidants can give

novel insights regarding therapeutic modalities for disorders

associated with adrenal hormones, thereby enhancing holistic

well-being.
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2 Overview of the adrenal gland

The adrenal glands, which are located atop each kidney, are

important components of the endocrine system, playing a key role

in maintaining homeostasis and responding to stress. Each adrenal

gland is divided into two sections: the outer adrenal cortex and the

inner adrenal medulla (12). The adrenal cortex is further subdivided

into three zones, each of which is responsible for the production of a

distinct hormone. Mineralocorticoids, primarily aldosterone, are

produced by the outermost zona glomerulosa and regulate

electrolyte balance and blood pressure. The zona fasciculata

produces glucocorticoids, particularly cortisol, which are involved

in glucose metabolism, anti-inflammatory responses, and stress

management. Androgens are produced by the innermost zona

reticularis, which aids in the development of secondary sexual

characteristics (13) (Figure 1).

The adrenal medulla, an extension of the sympathetic nervous

system, on the other hand, produces catecholamines such as

epinephrine (adrenaline) and norepinephrine (14) (Figure 1),

which have widespread impacts on the cardiovascular system,

metabolism, and other body systems. They cause the bloodstream

to release glucose and fatty acids, priming the body for increased

activity. Furthermore, these hormones increase bronchiole dilation,

resulting in enhanced oxygen uptake (15). The hormones produced

by the adrenal glands are many and diverse, regulating a wide range

of physiological functions. Aldosterone influences blood pressure

and electrolyte balance through regulating sodium and potassium

levels (16). Cortisol has an impact on metabolism, immunological

function, and the body’s reaction to stress. Androgens play a role in

the development of secondary sexual characteristics in men (17).

Furthermore, the adrenal glands produce dehydroepiandrosterone

(DHEA) and its sulfate (DHEA-S), which are precursors of sex

hormones that influence sexual development and reproductive

function. The interplay of these hormones is complex, regulating a

wide range of physiological processes and contributing to the body’s

ability to adapt to both short-term and long-term stressors (18).
3 General overview of adrenal
hormone disorders

Adrenal hormone disorders, also called adrenal gland disorders,

are characterized by dysfunction or imbalance in the hormones

produced by the adrenal glands. The adrenal glands are located on

top of the kidneys and are responsible for producing hormones that

regulate numerous physiological processes. Common adrenal

hormone disorders include adrenal insufficiency, Cushing’s

syndrome, and adrenal tumors (19).
3.1 Adrenal insufficiency

When the adrenal glands do not produce enough cortisol and,

occasionally, aldosterone, it is known as adrenal insufficiency (20).

Adrenal insufficiency is a common disorder with multiple causes
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that can be categorized as primary (adrenal), secondary (pituitary),

and tertiary (hypothalamus) forms (21). Primary adrenal

insufficiency, often called Addison’s disease, is mostly caused by

autoimmune adrenal gland damage, but infections and genetic

abnormalities can also contribute. Primary adrenal insufficiency is

characterized by fatigue, frailty, weight loss, low blood pressure, salt

cravings, and skin hyperpigmentation (22). When the pituitary

gland is unable to produce enough adrenocorticotropic hormone,

which stimulates the adrenal glands to synthesize cortisol,

secondary adrenal insufficiency develops (23). Tertiary adrenal

insufficiency caused by exogenous steroid medication is common

but difficult to diagnose due to its non-specific symptoms (21).
3.2 Cushing’s syndrome

Long-term cortisol exposure causes Cushing’s syndrome.

Exogenous Cushing’s syndrome is caused by corticosteroid use,

while endogenous is caused by adrenal gland excessive production

of cortisol (24). The etiology of endogenous Cushing’s syndrome

encompasses various factors, including the presence of adrenal

tumors (adenomas or carcinomas), pituitary tumors (Cushing’s

disease), or tumors that generate ACTH elsewhere in the body

(25). Cushing’s syndrome is linked to severe morbidities and a

higher mortality rate. Cardiovascular disease is the leading cause of

systemic complications and the leading cause of mortality. The

prognosis of the disease is primarily influenced by the diagnostic

and therapeutic difficulties that continue to be a significant obstacle

(26). Weight gain (especially in the trunk and face), muscle

weakness, thinning skin, easily bruising, elevated blood pressure,

glucose intolerance, and mood swings are all typical signs of

Cushing’s syndrome (27).
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3.3 Adrenal tumors

Tumors of the adrenal glands can be benign (noncancerous) or

malignant (cancerous). Adrenal adenomas are the most prevalent

adrenal tumor type and are typically nonfunctional, meaning they

do not produce excessive hormones (28). Specific hormones, such

as cortisol (which causes Cushing’s disease) or aldosterone (which

causes primary aldosteronism), can be overproduced as a result of

functional adrenal tumors (29). Rare but aggressive malignant

tumors known as adrenal carcinomas can produce too much

hormone and invade adjacent tissues (30). Clinical assessment,

hormone level measurements (such as cortisol, aldosterone, and

adrenal androgens ACTH), imaging tests (such as CT scan and

MRI) to look for abnormalities in the adrenal glands, and

occasionally specialized tests like the dexamethasone suppression

test or adrenal vein sampling are used to diagnose adrenal hormone

disorders (31). The exact illness and its underlying cause will

determine the available treatments. They could include radiation

therapy, surgery to remove adrenal tumors, hormone replacement

therapy (such as cortisol or aldosterone replacement), or drugs to

control symptoms or hormone production (28).
3.4 Adrenal steroidogenesis

The pathophysiology of lethal adrenal disorders is heavily

influenced by oxidative stress, and mutations in antioxidant

defense genes can have a considerable impact on adrenal

steroidogenesis. Because of their high metabolic activity, the

adrenal glands, which are required for the production of steroid

hormones that regulate different physiological processes, are

vulnerable to oxidative damage (32). Excessive oxidative stress
FIGURE 1

Adrenal gland structure and hormone production. The figure was produced with BioRender (Biorender.com; accessed on 29th July 2023).
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can disrupt adrenal steroidogenesis by disrupting key enzymes

involved in hormone synthesis, resulting in cortisol and

aldosterone production dysregulation. Mutations in antioxidant

defense genes, which are important for reducing oxidative

damage, worsen this sensitivity. Such genetic variants weaken

cellular defense mechanisms against ROS, raising oxidative stress

levels in the adrenal glands. This complex interplay between

oxidative stress and genetic factors might lead to the emergence

and progression of life-threatening adrenal disorders (33).
4 Oxidative stresses

Oxidative stress occurs when prooxidant molecules like ROS and

reactive nitrogen species (RNS) get produced in excess when

antioxidant systems are not working efficiently (34, 35). The

mitochondrial respiratory chain produces superoxide anion, hydroxyl

radical, and hydrogen peroxide during aerobic metabolism (36). RNS

includes peroxynitrite-nitrosoperoxycarbonate is produced when

peroxynitrite and carbon dioxide react with nitric oxide (NO) (37).

Under normal physiological settings, the body makes ROS as a

byproduct of metabolism and other cellular processes. Though ROS

are important for cell signaling, immune function, and defence against

pathogens (38), oxidative stress can be produced by either excessive

ROS generation or insufficient antioxidant defence mechanisms (2).

Environmental pollutants, exposure to ionizing radiation, certain

drugs, chronic inflammation, and lifestyle choices such as excessive

alcohol use, a poor diet, and smoking can all contribute to oxidative

stress (39). In addition, elevated oxidative stress has been associated

with several diseases and conditions, including diabetes, neurological

disorders, cardiovascular diseases, and cancer (40).

When ROS levels exceed the antioxidant defences of the body, they

can damage lipids, proteins, and DNA. This is also known as oxidative

damage, and it can interfere with normal cellular function and

contribute to the development of numerous diseases and aging

processes (41). This is also linked to Alzheimer’s, Parkinson’s,

cardiovascular diseases, and cancer (42). ROS play a major role in

disease development, including cancer, neurodegenerative diseases,

cardiovascular diseases, diabetes, and inflammatory diseases. The

production of ROS is increased in obesity due to the metabolic

burden imposed by excessive macronutrient intake and the

availability of substrates (43). Metabolic perturbations in the adipose

tissue of individuals with obesity arise as a consequence of

mitochondrial dysfunction and endoplasmic reticulum stress within

the cellular milieu (44). The accumulation of ROS leads to cellular

impairment and subsequently contributes to the pathogenesis of

inflammatory and cardiovascular disorders (45). The communication

of pro-inflammatory cytokines by mitochondrial ROS serves to

reinforce the relationship between OS and inflammation (46).

The human body employs a sophisticated array of antioxidants

to combat oxidative stress. These include enzymatic antioxidants such

as superoxide dismutase (SOD), catalase, glutathione peroxidase, and

non-enzymatic antioxidants, including glutathione (GSH).

Antioxidants have the ability to counteract ROS and mitigate cellular

damage caused by oxidative stress (47).
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The management of oxidative stress is crucial for the maintenance

of overall health. A balanced, nutritious diet high in antioxidants,

regular exercise, avoiding exposure to environmental toxins, and

reducing lifestyle factors known to reduce oxidative stress, whereas

smoking and binge drinking, are all effectively increase oxidative stress.

Additionally, it’s crucial to note that some antioxidant supplements

have been investigated for their possible advantages in lowering

oxidative stress, while the data for their efficiency is conflicting and

should be reviewed with a healthcare provider (39, 48).
5 Adrenal hormonal imbalance-
associated oxidative stress

Adrenal hormonal imbalance-related oxidative stress is caused by

dysregulation in the finely tuned endocrine system, specifically the

adrenal glands (49). The adrenal glands are vital for maintaining

physiological homeostasis by secreting hormones such as cortisol and

adrenaline. When this equilibrium is upset, either by chronic stress or

pathological situations, it can result in the overproduction or

underproduction of these hormones, which contributes to oxidative

stress (50).

Excess cortisol release, which is frequently associated with

chronic stress, activates the glucocorticoid receptor, boosting the

creation of reactive oxygen species (ROS) within cells. These ROS

molecules, which include superoxide and hydrogen peroxide, cause

oxidative damage to cells by destroying lipids, proteins, and DNA

(51). Furthermore, disturbed hormonal balance changes

antioxidant defense mechanisms, worsening oxidative stress (52).

The mitogen-activated protein kinase (MAPK) and nuclear factor-

kB (NF-kB) pathways have both been associated in adrenal hormonal

imbalance-associated oxidative stress. When activated by stress-

induced hormonal imbalances, these pathways promote the

production of pro-inflammatory cytokines and genes associated with

oxidative stress, increasing the overall oxidative burden on cells (53).

Furthermore, the hypothalamic-pituitary-adrenal (HPA) axis, a key

component in stress response, plays an important role in adrenal

hormonal imbalance. Abnormal HPA axis signaling can cause

persistent cortisol increase, causing oxidative stress via many

mechanisms, including mitochondrial dysfunction and endoplasmic

reticulum stress (54). The adrenal glands generate hormones such as

glucocorticoids, mineralocorticoids, and androgens, (Figure 1) which

play significant roles in regulating various physiological processes (55).

The Table 1 provides a brief overview of the impact of hormonal

imbalances on oxidative stress, with a focus on glucocorticoids,

mineralocorticoids, and androgens. In the case of glucocorticoids, both

excess (Cushing’s syndrome) and insufficiency (Addison’s disease)

contribute to oxidative stress through a variety of mechanisms, such as

decreased antioxidant defenses, increased reactive oxygen species (ROS)

generation, and impaired mitochondrial function, which ultimately

results in chronic inflammation. Mineralocorticoids, whether in excess

(Hyperaldosteronism) or in deficiency (Hypoaldosteronism), are linked

to oxidative stress, mainly via activation of the renin-angiotensin-

aldosterone system (RAAS) and disruption of cellular homeostasis due

to sodium and potassium imbalances. Androgens, whether in excess
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(Hyperandrogenism) or in deficiency (Hypoandrogenism), cause

oxidative stress by affecting immunological responses, fostering chronic

inflammation, causing mitochondrial dysfunction, and causing oxidative

damage in reproductive organs, thereby affecting fertility and

reproductive health (Table 1).
5.1 Glucocorticoids hormone imbalance
-associated oxidative stress

In the brain, lungs, and blood cells, the association between

glucocorticoids and oxidative stress has been established. Numerous

inflammatory and autoimmune disorders are frequently treated with

glucocorticoids. The glucocorticoids’s excess led to myopathy,

osteoporosis, diabetes, and hypertension, among other diseases. All

of the previously mentioned pathophysiological conditions are

linked to oxidative stress. ROS from glucocorticoids can cause

many pathological conditions (58). Dexamethasone, a synthetic

glucocorticoid, has been documented to elicit the production of

ROS either through direct means or as a consequence of

endothelial nitric oxide synthase (eNOS) uncoupling, which is

attributed to the constrained availability of tetrahydrofolate (59,

60). When glucocorticoids are produced in excess, they cause

glucose levels to rise; this leads to glycation, which increases ROS

production; this, in turn, reduces catalase (CAT), glutathione

peroxidase (GPx), and SOD levels in the hippocampus, impairing

cognitive functions (61). By raising mitochondrial respiration and

oxidative phosphorylation, glucocorticoids directly cause neuronal

OS (62). A cascade of negative effects is associated with the role of

adrenal corticosterone in hippocampus oxidative stress. This disease

is characterized by increased lipid peroxidation and protein carbonyl

(PC) concentrations, as well as a decrease in antioxidant enzyme

activity such as GPx, SOD, and CAT (63). Another study found that

short-term exogenous cortisol administration did not enhance

juvenile brown trout oxidative stress levels but did increase GSH
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levels, indicating that the increased GSH may have reduced the

formation of ROS (64). Therefore, cortisol may prevent rather than

cause oxidative stress and may activate antioxidant defences via

genomic pathways in addition to influencing other systems that

regulate the formation of pro-oxidants like ROS (65).

Familial glucocorticoid deficiency (FGD) arises due tomutations in

the ACTH-receptor components (MC2R, MRAP) or the general

steroidogenesis protein (StAR). These mutations lead to an inability

of the adrenocortical cells to synthesize glucocorticoids in response to

ACTH stimulation. Nicotinamide Nucleotide Transhydrogenase (NNT)

mutations are responsible for the development of FGD. These

mutations were observed to decrease the ability of adrenocortical

cells to effectively detoxify ROS. Mutations in NNT result in the

manifestation of OS as well as phenotypic and functional

abnormalities in mitochondrial activity. These findings provide

compelling evidence supporting the important role of NNT in

maintaining proper mitochondrial function in cases of adrenocortical

insufficiency (66).
5.2 Mineralocorticoids hormone
imbalance-associated oxidative stress

According to numerous clinical and investigations in animal

models, the most significant physiological mineralocorticoid,

aldosterone, causes OS and inflammation in patients with chronic

and stable heart failure (67). Aldosterone raises blood pressure,

affecting the heart. Mineralocorticoid receptors directly affect cardiac

function, electrical conduction, OS, inflammation, and fibrosis, further

harming the heart (68). Aldosterone/salt-induced hypertension in rats

results in renal damage and an increase in the production of ROS in the

renal cortex (69). According to Patni et al. (70) findings, an increase in

renal OS causes the induction of apoptosis in the renal tubules. It has

been demonstrated that aldosterone stimulates superoxide radical

formation in endothelial cells by activating Rec1 (71). The
TABLE 1 Adrenal hormonal imbalance-associated oxidative stress.

Hormone Imbalance Effects on Oxidative Stress Reference

Glucocorticoids Excess (Cushing’s syndrome)
or deficiency
(Addison’s disease)

- Reduced antioxidant defenses: decreased endogenous antioxidant synthesis (e.g., glutathione,
SOD, catalase).
- Increased ROS generation: Activation of NADPH oxidase stimulates ROS production
(superoxide anions, hydrogen peroxide).
- Impaired mitochondrial function: Impairment of mitochondrial activity, which results in
increased ROS generation within the mitochondria.
- Inflammation and oxidative stress: Immune system imbalance and promotion of chronic
inflammation, linked to increased oxidative stress.

(33)

Mineralocorticoids Excess (Hyperaldosteronism)
or
deficiency
(Hypoaldosteronism)

- Excess aldosterone can lead to increased activation of the renin-angiotensin-aldosterone
system (RAAS), which is in relation with oxidative stress.
- Mineralocorticoid imbalances can disrupt sodium and potassium balance, disrupting cellular
homeostasis and causing oxidative stress indirectly.

(56)

Androgens Excess (Hyperandrogenism) or
deficiency (Hypoandrogenism)

- Inflammation and oxidative stress: An imbalance in androgen levels can alter the
immunological response and contribute to chronic inflammation, both of which lead to
increased oxidative stress.
- Mitochondrial dysfunction: Changes in testosterone levels can impair mitochondrial function
and increase ROS generation, leading to oxidative stress.
- Excess androgen levels can cause oxidative damage to reproductive organs, impacting fertility
and reproductive health.

(57)
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mineralocorticoid receptor (MR) is activated during both physiological

and pathological events since tissue damage, OS, and inflammation are

frequent components of disease situations. It has been utilized in

clinical trials to treat heart and kidney disease connected to

hypertension and other chronic diseases by blocking MR signaling

withMR antagonists (MRAs), which suppresses fibrosis in these organs

as MRAs likely have cardio-protective effects by directly blocking

cardiac and vascular MR (72, 73).

To avoid aldosterone-induced oxidative damage, kidney cells

were tested for their potential to up-regulate nuclear factor-

erythroid-2-related factor 2 (Nrf2) (74). Aldosterone first activated

Nrf2 in vitro as an antioxidant response. Although aldosterone-

induced oxidative or nitrative stress quickly stimulated antioxidant

or detoxifying enzymes such SOD, thioredoxin (TRX), HO-1, or

GCSc, this adaptive survival response appeared to be fleeting and

overpowered by a chronic increased generation of ROS/RNS. As a

result, oxidative DNA damage happened. Additionally, even though

Nrf2 activation was seen in vivo, aldosterone-treated rat kidneys

showed significant DNA damage, showing that the response was

insufficient to shield the animals from these side effects (75).
5.3 Androgens hormone imbalance-
associated oxidative stress

Testosterone, the main male steroid hormone, causes

spermatogenesis and secondary sexual characteristics. Testosterone is

anabolic. Usually, it speeds up metabolism. Increased metabolic rate

increases O2 consumption and ROS generation. Thus, testosterone

increases OS. However, testosterone’s role in OS is controversial.

Multiple studies have demonstrated that testosterone induces OS in

the muscle, testis, and human placenta (76); others indicate that

testosterone has antioxidant properties in the prostate and nervous

tissue (77). Testosterone supplements improve the OS parameters in

brain tissues and raise antioxidant enzyme levels to reduce oxidative

damage. According to in vitro research, testosterone treatment in

newborn rats specifically protects the cerebellar granule cells from

OS-induced cell death. By inhibiting OS, testosterone contributes to the

protection of neurons (78). Adrenal androgen imbalances, such as

dehydroepiandrosterone (DHEA) and androstenedione, have been

linked to oxidative stress in the body. Elevated amounts of these

androgens, which are commonly found in conditions such as polycystic

ovarian syndrome (PCOS) and some adrenal disorders, can upset the

delicate balance of cellular redox processes. This imbalance can result

in an excess of reactive oxygen species (ROS), which then overwhelms

the body’s antioxidant defences, resulting in oxidative stress. This type

of oxidative stress is recognized as a key factor in the pathogenesis of a

variety of health problems, ranging from metabolic disorders to

inflammation-related diseases, emphasizing the importance of

understanding and managing adrenal androgen imbalances to

mitigate oxidative stress and its associated health consequences (79).

According to, Tam et al. (80) study, androgen deprivation increased

ROS anabolism and decreased antioxidant detoxification, which in turn

caused OS in the ventral prostate of rats. These researchers discovered

that castration caused 4-hydroxynonenal and 8-hydroxy-20-deoxy-

guanosine protein adducts in the regressing epithelium, which suggests
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oxidative damage. Additionally, castration considerably decreased the

expression of important antioxidant enzymes (AOEs) (GPx1,

thioredoxin, SOD2, and peroxiredoxin 5) and markedly increased the

expression of ROS-generating NAD(P)H oxidases. Testosterone

supplementation partially repaired oxidative damage in ventral prostate

epithelia of castrated rats receiving testosterone replacement therapy had

a partial decrease in NAD(P)H oxidase expression but an increase in

GPx1, SOD2, peroxiredoxin 5 expression, thioredoxin, CAT, glutathione

reductase (GR), c-glutamyl transpeptidase, and glutathione synthetase

expression in the regenerating ventral prostate tissue. The augmentation

of mitochondrial functionality, alterations in intracellular GSH

concentrations, and elevation of c-glutamyl transpeptidase activity

collectively facilitated the physiological amplification of androgens,

leading to the potentiation of OS in LNCaP human prostate cancer

cells that are responsive to androgens (81). Prasad et al. (82) showed that

testosterone injection to mice caused the down-regulation of CAT, SOD,

GST, and GR in the prostate gland. Androgens lowered the activity of

AOEs in the heart of rats (83), while orchidectomy enhanced aortic Cu/

ZnSOD (84). Borst et al (85) found that testosterone supplementation

significantly increased the revival of cardiac work following ischemia/

reperfusion in vitro, while orchidectomy significantly lowered rat left

ventricular AOE activities. In contrast, Klapcinska et al. (86) showed that

castration of male rats lowered the levels of CAT, SOD, GPx, and GR in

the left ventricle of the heart, as well as GSH and protein-thiol groups,

and increased lipid peroxidation and nitrotyrosine concentrations.

Increases in a- and c-tocopherol tissue concentrations in the left

ventricle appeared to be a compensatory reaction to the increased OS

brought on by gonadectomy. Although androgen replacement restores a

healthy serum testosterone level, it decreases left ventricular tissue

antioxidant status. The favorable effect of endurance training on SOD

and CAT activities was reversed, and myocardial lipid peroxidation was

enhanced in adolescentmaleWistar rats administeredwith a high dosage

of testosterone (87).

Dehydroepiandrosterone levels gradually decline with age. It has

been suggested that DHEA is an effective ageing index with links to

geriatric syndromes. There is evidence that low DHEA levels are

linked to the beginning and progression of metabolic syndrome and

diabetes mellitus, as well as a decrease in bone mineral density (88,

89). Numerous studies have revealed that markers in the oxidative

circulation are higher than normal in PCOS patients and that

oxidative stress plays a role in the development of PCOS (90). In

PCOS, hyperglycemia-induced oxidative stress may be capable of

directly promoting hyperandrogenism. The link between plasma

testosterone or androstenedione and ROS production suggests this.

In vitro investigations have revealed that the ovarian steroidogenic

enzymes responsible for androgen production are stimulated by

oxidative stress and inhibited by antioxidants such as statins (91, 92).
6 Role of nutritional antioxidants in
alleviating adrenal
hormone imbalance

Nutritional antioxidants are substances that can be found in a

variety of foods and are essential in defending the body against free
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radical damage, oxidative stress, and the negative impact of reactive

oxygen species (ROS). They function by scavenging or neutralizing

these harmful chemicals, reducing cellular damage, and improving

general health (71). Different types of nutritional antioxidants are

depicted in (Figure 2). It was revealed to scavenge hydroxyl radical

(˙OH), superoxide anion radical (O2˙
-), hydrogen peroxide (H2O2),

hypochlorous acid (HOCl), nitric oxide (NO˙), peroxynitrite

(ONOO-), singlet oxygen (1O2) and stimulates antioxidant

enzymes (AOEs) SOD, Catalase, GPx, GR by nutritional

antioxidants (59, 93) (Figure 3).
6.1 Vitamin C against adrenal hormone
imbalance-associated oxidative stress

Water-soluble vitamin C, also referred to as ascorbic acid, is a

potent antioxidant. Essential for the preservation of overall well-

being, it is imperative due to its involvement in numerous pivotal

physiological processes (94). Free radicals are unsteady molecules

that can harm cells, resulting in several health issues and hastening

aging. Vitamin C functions as an antioxidant that assists in

scavenging these free radicals and lowering oxidative stress (95).
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Vitamin C is required for the production of collagen, a structural

protein found in the epidermis, bones, tendons, and blood vessels.

Collagen is necessary for the formation of scar tissue, so it plays a

crucial role in wound healing. Additionally, vitamin C promotes

healthy gums, teeth, and cartilage (96). It is well-known that

vitamin C supports immune function. It promotes the production

of white blood cells, which are essential for fending off infections

and pathogens. It enhances natural killer cells and immune system

function (97). Plant-based diets and iron supplements contain non-

heme iron, which is better absorbed with vitamin C. Iron deficiency

anemia can be prevented by boosting iron absorption with vitamin

C (98). Other antioxidants in the body, such as vitamin E, are also

renewed by vitamin C. It facilitates the restoration of the

antioxidant capacity of vitamin E, which enables it to continue

fulfilling its protective function in cell membranes. Citrus fruits like

lemons, oranges, and grapefruits, berries like strawberries, kiwi,

pineapple, mango, papaya, bell peppers (especially yellow and red),

Brussels sprouts, broccoli, and leafy greens like spinach and kale are

all excellent sources of vitamin C. Furthermore, achieving this

outcome is feasible by administering vitamin C supplements (99).

Excess cortisol production in circumstances such as Cushing’s

disease or persistent stress can contribute to increased oxidative
FIGURE 2

Sources of different types of nutritional antioxidants.
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stress in the body. Vitamin C can help reduce the oxidative stress

consequences caused by adrenal hormone imbalance (100).

Vitamin C is a powerful antioxidant capable of scavenging and

neutralizing reactive oxygen species (ROS) produced during

oxidative stress. It helps stabilize free radicals by giving electrons,

preventing them from causing harm to cellular components (95).

Vitamin C is essential for regenerating other antioxidants such as

vitamin E, glutathione, and coenzyme Q10. These antioxidants also

aid in the reduction of oxidative stress and the maintenance of a

healthy cellular environment (47). Vitamin C is required for the

manufacture of collagen, a protein that provides structure as well as

support to a variety of tissues throughout the body, including the

adrenal glands. Vitamin C promotes collagen synthesis, which aids

in the integrity and function of the adrenal glands, potentially

lowering the risk of hormone imbalances. Chronic oxidative stress

caused by adrenal hormone abnormalities may weaken the immune
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system (101). Vitamin C improves immune function by promoting

the growth and activity of immune cells like lymphocytes and

phagocytes. This can assist the body in fighting infections and

other immune-related problems (97). Vitamin C has been

demonstrated to influence the body’s stress response. It aids in

the regulation of cortisol production, the principal stress hormone

generated by the adrenal glands. Vitamin C may indirectly assist in

minimizing oxidative stress associated with chronic stress by

maintaining adrenal health and normalizing cortisol levels (100).

Several studies have revealed a link between stress-related

behavior and ascorbic acid. Animal studies show that ascorbic acid

reduces stress-induced cortisol production. Ascorbic acid modulates

the hypothalamic-pituitary-adrenal (HPA) axis (Figure 4) by directly

“braking” cortisol secretion (102). Since ascorbic acid is a cofactor for

adrenal cortex enzymes involved in glucocorticoid biosynthesis, this

vitamin is necessary for its production (103). By acting as a cofactor
FIGURE 3

Schematic representation of nutritional antioxidant effects.
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for 11b-hydroxylase, for instance, the ascorbate somewhat increases

the conversion of 11-deoxycortisol to cortisol and keeps the cortisol

tone at physiological levels (104). Ascorbic acid appears to play a

significant part in the stress response, as evidenced by the high

amounts of ascorbic acid found in the adrenal glands and the

production of ascorbic acid in response to ACTH (100). This is

supported by studies showing that ascorbate release occurs before

corticosteroid release in the adrenal gland after systemic

administration of ACTH to hypophysectomized rats (105), a

finding that suggests ascorbate must first be released by the adrenal

gland for steroid synthesis (or release) to begin when there is stress.
6.2 Vitamin E against adrenal hormone
imbalance-associated oxidative stress

A class of fat-soluble substances with antioxidant capabilities is

referred to as vitamin E. It can be found in seeds, leafy green

vegetables, nuts, and vegetable oils. There exist two principal

variants of vitamin E, namely alpha-tocopherol and gamma-

tocopherol. It is worth noting, however, that the term “vitamin E”

encompasses a group of eight distinct compounds. These compounds

are present in a variety of food sources and are also accessible in the
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form of dietary supplements (106). Vitamin E antioxidants serve to

protect cells against the detrimental effects of free radicals. Free

radicals are responsible for inducing cellular damage and

contributing to the process of aging. Vitamin E mitigates oxidative

stress inside the human body through its ability to counteract the

detrimental effects of free radicals (39). Vitamin E is predominantly

acknowledged as a lipid-soluble antioxidant, whereby it operates

within lipid-rich compartments of cellular structures, such as cell

membranes, to mitigate lipid oxidation. Furthermore, it is widely

believed that the immune system and gene expression may

experience advantageous effects (107).

Adrenal hormone imbalance can increase oxidative stress in the

body, and some evidence suggests that vitamin E may protect against

it (108). As an antioxidant, Vitamin E neutralizes free radicals and

ROS generated during cellular metabolism. Adrenal hormone

imbalance can enhance ROS production, causing oxidative damage

to cells and tissues. Vitamin E aids in the scavenging of these

damaging chemicals, thereby lowering oxidative stress (109). It has

been demonstrated that vitamin E affects the body’s hormone levels,

especially those of the adrenal glands. Vitamin E may assist in

regulating adrenal gland activity and perhaps lessen the production

of stress-related chemicals like cortisol by fostering hormonal

equilibrium. This may indirectly lessen the oxidative stress brought
FIGURE 4

Hypothalamic-Pituitary-Adrenal (HPA) axis and role of selenium and ascorbic acid supplements. The figure was produced with BioRender (Biorender.
com; accessed on 29th July 2023).
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on by the imbalance of adrenal hormones (110). Chronic adrenal

hormone imbalance can cause the body to become inflamed,

increasing the risk of oxidative stress. Due to its anti-inflammatory

qualities, vitamin E may help lessen inflammation brought on by an

imbalance in adrenal hormones. Vitamin E can indirectly lower

oxidative stress levels by reducing inflammation (111). Cell

membranes are protected from oxidative damage by vitamin E.

Unbalanced levels of adrenal hormones can worsen oxidative stress

within cells, which can harm biological components. Vitamin E helps

maintain appropriate cellular function and lessens oxidative stress-

related damage by maintaining the integrity of cell membranes (112).

The consideration of the impact of glucocorticoids on the

production of free radicals in the context of stressful situations

holds significant importance. Long-term treatment of glucocorticoids

is associated with oxidative brain damage in primates, which has

been demonstrated (113). According to Al-Sowayan (114), vitamin E

therapy reduces exposure to neurotransmitters that cause hypotension

by boosting total glutathione, hydrosulfide groups, and selenium levels

in the liver and serum. Vitamin E’s chain-breaking antioxidant

activities minimize oxidative damage by scavenging free radicals (115).
6.3 Carotenoids against adrenal hormone
imbalance-associated oxidative stress

A class of pigments known as carotenoids can be found in many

different fruits, plants, and other living things. They have been known

for being antioxidants and are important for human nutrition (116).

In the human body, carotenoids function as antioxidants to help

shield cells from injury from harmful compounds known as free

radicals. Oxidative stress is a result of free radicals and is linked to

several chronic diseases and the aging process. Carotenoids combat

these free radicals, minimizing oxidative damage and boosting

general health (117). It is worth noting that a mere fraction of the

extensive repertoire of carotenoids, exceeding 600 in number, are

habitually ingested by people in general. Beta-carotene, lycopene,

lutein, zeaxanthin, and astaxanthin are a few well-known carotenoids.

Every carotenoid has different antioxidant capabilities and potential

health advantages. Many fruits and vegetables contain large amounts

of carotenoids. Beta-carotene is abundant in orange and yellow fruits

and vegetables like carrots, sweet potatoes, mangoes, and apricots.

Watermelons and tomatoes both contain significant levels of

lycopene. Zeaxanthin and lutein are found in leafy green vegetables

like kale and spinach. Seafood frequently contains astaxanthin,

especially salmon and shrimp (118).

Due to their antioxidant action, carotenoids have been linked to

many health advantages. Particularly concentrated in the retina, lutein,

and zeaxanthin help prevent age-related macular degeneration (AMD)

and cataracts. Beta-carotene and astaxanthin, in particular, can help

prevent UV damage to the skin and enhance its appearance (119).

Carotenoids reduce inflammation and boost immune cell function,

boosting immunity. Certain carotenoids, such as lycopene, have been

linked to a reduced risk of heart disease by protecting blood vessels

from oxidative injury. Carotenoids are absorbed differently depending

on food preparation (cooking, chopping, etc.), the presence of dietary

lipids, and individual metabolic differences. Carotenoids are more
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readily absorbed when consumed with a modest amount of fat. In

order to exert their full effects, certain carotenoids, such as beta-

carotene, must be converted into vitamin A in the body (120).

Carotenoids have been studied for their possible advantages in

lowering oxidative stress and promoting general health because of

their well-known antioxidant qualities. Although there is little

direct study on the benefits of carotenoids directly on oxidative

stress related to oxidative stress linked with adrenal hormone

imbalance, their antioxidant and anti-inflammatory characteristics

may have beneficial impacts (121).

The body uses carotenoids like beta-carotene, lycopene, and lutein

as powerful antioxidants. They aid in scavenging dangerous reactive

oxygen species (ROS) and free radicals produced by cellular

metabolism. Oxidative stress arises due to increased ROS production,

instigated by an aberration in the equilibrium of adrenal hormones.

Carotenoids possess the ability to scavenge ROS, thereby mitigating the

deleterious effects of oxidative damage (122). Unbalanced levels of

adrenal hormones can cause chronic inflammation, which is intimately

related to oxidative stress. Anti-inflammatory characteristics found in

carotenoids make them useful for controlling the inflammatory

response. Carotenoids may indirectly lower oxidative stress levels

linked to adrenal hormone imbalance by lowering inflammation

(123). Unbalanced adrenal hormones can impact immunological

performance and perhaps exacerbate oxidative damage. Through the

stimulation of immune cell activity and the modulation of

immunological responses, carotenoids have been demonstrated to

support immune system function. An immune system that is in

good health is better able to tolerate oxidative stress and minimize its

effects (124). Although the direct effects of carotenoids on adrenal

hormones have not been thoroughly investigated, they may indirectly

influence the body’s hormonal balance. Certain hormones, particularly

sex hormones, are partly produced and metabolized by carotenoids.

Carotenoids may benefit adrenal hormone imbalance by promoting

hormonal equilibrium, potentially lowering oxidative stress (125).

When combined with other antioxidants like vitamins E and C,

carotenoids can offer more antioxidant protection (126).

Depression is significantly influenced by carotenoid-cleaving

enzymes, which are involved in the metabolism of carotenoids. It

should be noted that the oxidative degradation of carotenoids,

facilitated by carotenoid oxygenases, results in the formation of

apocarotenoids. Retinal, retinol, retinoic acid, and abscisic acid are

examples of apocarotenoids. By hyperactivating the hypothalamic-

pituitary-adrenal (HPA) axis, retinoic acid, the active form of vitamin

A, has been related to depressed behavior. Retinoic acid can cause suicide

in sensitive people (127, 128). According to a study, eating foods high in

carotene and vitamin C is linked to less severe depressive symptoms

(129). Lower carotenoid levels may also be a result of bad eating habits

linked to obesity and overweight, which have been linked to an enhanced

risk of depression due to inflammation or HPA axis dysregulation (10).
6.4 Selenium against adrenal hormone
imbalance-associated oxidative stress

Selenium is an indispensable trace mineral that serves as a

potent antioxidant in the body. It exerts a protective effect on
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cellular structures by synergistic interactions with other

antioxidants, such as vitamin E, thereby mitigating the deleterious

impact of free radicals and oxidative stress-induced damage (130).

Numerous antioxidant enzymes, such as glutathione peroxidase,

which works to scavenge free radicals and lessen oxidative cell

damage, require selenium as a cofactor. Free radicals can damage

cells and cause chronic diseases like cancer, heart disease, and

neurological disorders (131). By scavenging these free radicals,

selenium reduces oxidative stress. In order to maintain a strong

immune system, selenium is essential. It aids in controlling

immunological responses, improves immune cell performance,

and encourages the formation of antibodies (132). The synthesis

and metabolism of thyroid hormones depend on selenium. It

converts inactive thyroid hormone (T4) into active thyroid

hormone (T3) to sustain proper thyroid function. Selenium has

been investigated for its potential role in lowering the risk of specific

cancers, including skin, lung, prostate, and colorectal cancers (133).

As an antioxidant, it can aid in preventing DNA damage to cells and

stop the development of cancer cells. By lowering oxidative stress,

enhancing blood vessel function, and reducing inflammation,

selenium may benefit heart health. These outcomes may assist in

reducing the risk of cardiovascular conditions, such as heart disease

and stroke. The health of the male reproductive system depends on

selenium. It contributes to sperm production and aids in preserving

the sperm cells’ structural integrity. It has been demonstrated that

selenium supplementation enhances sperm motility and lessens

sperm DNA damage (134). The recommended daily selenium

intake varies depending on various factors, such as age, gender,

and specific medical conditions. The recommended daily intake

(RDA) for adults is about 55 micrograms per day. It is crucial to

remember that consuming too much selenium can be hazardous, so

stick to the recommended dosages. Brazil nuts, organ meats like

liver and kidney, whole grains, eggs, and poultry are all excellent

sources of selenium (135).

Selenium’s antioxidant capabilities and function in promoting

the activity of antioxidant enzymes may have implications for

lowering oxidative stress, even though there is little direct study

on its impact on adrenal hormone imbalance-related oxidative

stress (136).

Several antioxidant enzymes, such as thioredoxin reductases

and glutathione peroxidases, require selenium in order to function.

These enzymes are essential for scavenging ROS and guarding cells

against oxidative damage. Increased ROS formation from adrenal

hormone imbalance causes oxidative stress. To strengthen the

body’s defence against oxidative stress, selenium aids in activating

these antioxidant enzymes (137). The formation of glutathione, a

potent antioxidant and detoxifying molecule, requires selenium.

Glutathione is a key component of cellular antioxidant defence

mechanisms and aids in the reduction of oxidative stress. Selenium

shortage might hinder the production of glutathione, thereby

aggravating the oxidative stress brought on by an imbalance in

adrenal hormones. The generation and function of glutathione are

supported by adequate selenium levels, promoting antioxidant

defence (138). Unbalanced adrenal hormones can impact

immunological performance and perhaps exacerbate oxidative

damage. Immunomodulatory characteristics of selenium are well
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recognized, and it supports healthy immune system operation. A

healthy immune system can better manage oxidative stress and

lessen its harmful effects (139). Thyroid hormone metabolism,

which is closely related to the control of adrenal hormones,

involves selenium. The thyroid and hormonal equilibrium in the

body may be supported by maintaining healthy selenium levels.

Selenium may indirectly help to reduce the oxidative stress brought

on by the imbalance of adrenal hormones by encouraging hormonal

equilibrium (140).

Endocrine components of the “fight or flight” stress response include

the hypothalamic-pituitary-adrenal (HPA) axis (Figure 4) (141).

Corticotropin-releasing hormone (CRH) from the hypothalamus

causes the anterior pituitary to release ACTH in response to stress.

The production of corticosteroids, including the glucocorticoid class of

stress hormones, is then triggered by ACTH acting on the adrenal gland.

Almost every tissue in the body contains the GC receptor (GCR) (142).

Because of their ability to reduce inflammation, GCs are frequently given

for a wide range of ailments and diseases (143). Selenium appears to have

a significant protective effect against the harm and dysfunction brought

on by excessive activation of the HPA axis. Our research group has

conducted a recent assessment of the progress made in investigating the

relationship that has been extensively studied in the brain using rodent

models in recent years (144).

A comprehensive investigation on porcine subjects has yielded

noteworthy findings about the impact of selenium insufficiency on the

antioxidant capacity and subsequent induction of oxidative stress

within adrenal tissue. This phenomenon has been observed to occur

through the mediation of the toll-like receptor 4 (TLR4)/NF-kB

pathway. This observation contributes to the expanding body of

evidence regarding the potential involvement of selenium in

modulating the physiological functions of the adrenal gland (145).

The observed correlation between selenium deficiency and reduced

levels of miR-30d-R_1, a microRNA (miRNA) known for its inhibitory

effect on TLR4 expression, implies a potential link between the

dysregulation of the TLR4/NF-kB pathway and the onset of

inflammatory processes (146). It is noteworthy to observe that the

overexpression of TLR4 in human adrenocortical cells resulted in a

reduction in the production of cortisol and aldosterone (147).

Consequently, selenium has the potential to facilitate the functioning

of the HPA axis through its ability to induce a mechanism of

downregulation of TLR4 miRNA, thereby promoting the synthesis of

adrenal steroids. The observed phenomenon of reduced corticosterone

secretion due to selenium deficiency can be attributed to the blunting of

the adrenal response to ACTH (139). The involvement of

selenoproteins in the development of the HPA axis represents a

captivating correlation between selenium and the physiological

reaction to stress. During the developmental process of

neuroendocrine cells, an intriguing observation was made about

activating the Selenot gene in the adrenal medulla (148).
6.5 Zinc against adrenal hormone
imbalance-associated oxidative stress

The immune system, cell division, and growth are just a few of the

basic activities in the body that zinc is crucial for. Despite its relative
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lack of recognition as an antioxidant, zinc exhibits antioxidant

properties and plays a crucial role in bolstering the body’s

overarching antioxidant defense mechanisms (149). By scavenging

damaging free radicals, zinc functions as an antioxidant to help

protect cells from oxidative stress. Free radicals are unstable

molecules that can harm cells and speed up the aging process. They

also have a role in several disorders. Zinc is an antioxidant that helps to

stabilize these free radicals and stop them from doing any harm. In

addition to having antioxidant qualities, zinc also helps several enzymes

involved in antioxidant defence systems function. It is an essential part

of the enzyme SOD, which assists in converting superoxide radicals

into less dangerous molecules (150). Additionally, zinc helps in the

production of metallothionein, a protein that helps control metal levels

and protects against oxidative damage. Enriching zinc consumption is

crucial for the body to have a healthy antioxidant system. Oysters, red

meat, chicken, beans, nuts, and whole grains are healthy food sources of

zinc. Additional zinc supplements are available, which may be

advantageous for people with specific health issues or zinc

deficiency (151).

Zinc’s antioxidant capabilities and involvement in hormonal

balance may have implications for lowering oxidative stress, even

though there is little direct study on its effects on adrenal hormone

imbalance-related oxidative damage (150).

Superoxide dismutase and catalase are two antioxidant enzymes

that utilize zinc as a cofactor. These enzymes aid in reducing oxidative

stress and neutralizing reactive oxygen species (ROS). Unbalanced

levels of adrenal hormones can increase the generation of ROS, which

increases the risk of oxidative damage. The body’s defence against

oxidative stress is aided by zinc because of its role in the functioning

of antioxidant enzymes (152). The synthesis, secretion, and

metabolism of numerous hormones, particularly adrenal hormones,

depend heavily on zinc. The proper production and control of these

hormones can be hampered by an imbalance in the adrenal

hormones. Zinc may indirectly lessen the oxidative stress brought

on by an imbalance in adrenal hormones by promoting hormonal

equilibrium (153). Unbalanced levels of adrenal hormones might

affect how well the immune system works, thereby increasing

oxidative stress. Zinc is important for immune system health and

influences the growth and functioning of immune cells. A healthy

immune system can better manage oxidative stress and lessen its

harmful effects (154). Zinc aids in DNA repair processes and

promotes healthy cellular operation. DNA can be harmed by

oxidative stress, which can also harm other biological components.

Zinc’s role in DNA repair promotes cellular health by preserving the

integrity of genetic information and minimizing damage brought on

by oxidative stress (155). Inflammation, which is strongly related to

oxidative stress, can be brought on by a chronic adrenal hormone

imbalance. The anti-inflammatory qualities of zinc make it possible

to control the inflammatory response. Zinc may indirectly help lower

oxidative stress levels linked to an imbalance in adrenal hormones by

reducing inflammation (156).

Additionally, research has shown that cortisol impacts micronutrient

metabolism, particularly magnesium, zinc, and selenium. Cortisol

increases the expression of genes for metallothionein and ZIP-14,

which accumulate zinc in the liver and adipose tissue, promoting

hypozincemia in obese people (157).
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Morais et al. (158) performed a correlation analysis to

determine if cortisol affected zinc, magnesium, and selenium

homeostasis in study participants. The plasma and erythrocyte

zinc levels did not correlate with urine cortisol levels. Cortisol/

cortisone ratio and erythrocyte zinc levels also correlated negatively.

This study found hypozincemia in obese women due to elevated

cortisol levels, which promote the production of metallothionein

and ZIP-14 genes.
6.6 Polyphenols against adrenal hormone
imbalance-associated oxidative stress

A class of naturally occurring substances called polyphenols can

be found in a wide range of plant-based foods, such as fruits,

vegetables, whole grains, herbs, and spices. Since they are

recognized for having antioxidant capabilities, they can aid in

preventing free radical damage to the body’s cells. Polyphenols

are dietary antioxidants important for preserving general health and

preventing chronic disorders (159).

By scavenging free radicals, polyphenols function as powerful

antioxidants. Free radicals, characterized by their inherent

instability, possess the capacity to inflict cellular damage and

contribute significantly to the pathogenesis of various medical

conditions, including but not limited to cancer, cardiovascular

illnesses, and neurodegenerative disorders (160). By scavenging

free radicals, polyphenols function as powerful antioxidants. Free

radicals are unsteady molecules that can harm cells and play a role

in the emergence of a number of illnesses, such as cancer, heart

disease, and neurological disorders (161). Polyphenol-rich diets

may have several positive health effects. Reducing inflammation,

preventing cardiovascular disease, promoting brain health, boosting

immunological function, and maybe lowering the risk of some

cancers are a few of these (160). Inflammatory pathways in the body

have been proven to be modulated by polyphenols, which help to

lessen chronic inflammation, which is linked to a number of

diseases like heart disease, obesity, and some types of cancer.

Polyphenols may have biological effects besides their antioxidant

action, such as encouraging good gut bacteria, enhancing blood

sugar regulation, and promoting healthy aging processes (161).

Fruits, vegetables, tea, coffee, and cocoa are just a few examples of

plant-based meals rich in polyphenols, a broad set of substances. Due

to their anti-inflammatory and antioxidant capabilities, which may

help lower oxidative stress and enhance general health, they have

attracted much interest. While there is little direct evidence on how

polyphenols affect the oxidative stress brought on by adrenal

hormone imbalance, their antioxidant and anti-inflammatory

properties may have implications for reducing oxidative stress (162).

Strong antioxidants, polyphenols can trap and deactivate free

radicals and reactive oxygen species (ROS) produced by oxidative

stress. Unbalanced levels of adrenal hormones can increase the

generation of ROS, which increases the risk of oxidative damage.

By quenching these detrimental chemicals and shielding cells from

oxidative damage, polyphenols can help decrease oxidative stress

(160). Inflammation, which is strongly related to oxidative stress, can

be brought on by a chronic adrenal hormone imbalance. The
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inflammatory response can be modulated by polyphenols, which

have anti-inflammatory effects. Polyphenols may indirectly help

lower oxidative stress levels linked to an imbalance in adrenal

hormones by reducing inflammation (163). Polyphenols have been

demonstrated to alter the body’s signalling systems and hormone

levels. Polyphenols may have indirect impacts on hormone control

even though their direct effects on adrenal hormones are not fully

understood. Polyphenols may potentially assist in lowering oxidative

stress linked to adrenal hormone imbalance by supporting hormonal

equilibrium (164). Unbalanced levels of the adrenal hormones can

cause mitochondria to malfunction and produce more ROS. It has

been demonstrated that polyphenols enhance mitochondrial function

and defend them against oxidative damage. Polyphenols support

cellular health by protecting mitochondrial health and lowering

oxidative stress (163). Superoxide dismutase (SOD) and catalase are

two examples of endogenous antioxidant enzymes that can be

stimulated by polyphenols. These enzymes are essential for

reducing ROS and preserving redox equilibrium. Polyphenols may

offer extra defence against oxidative stress related to an imbalance in

adrenal hormones by increasing the activity of these antioxidant

enzymes (165).

Polyphenols activate the redox-sensitive transcription factor

nuclear factor erythroid 2-related factor-2 (Nrf2) (166). Contrarily,

research suggests that polyphenols can modify the glucocorticoid

receptor’s (GR) activity. In fact, GR and FK506 binding protein 5

(FKBP5) expression can be changed by the polyphenolic flavonoid

icariin, which enhances GR stability and lessens GR sensitivity to GC in

vivo (167). More research is required in this area since manipulation of

the GR regulatory system is currently an intriguing target for the

treatment of stress-related illnesses (168).
6.7 Coenzyme Q10 against adrenal
hormone imbalance-associated
oxidative stress

A naturally occurring substance in the body is coenzyme Q10

(CoQ10). CoQ10 plays a pivotal role in generating adenosine

triphosphate (ATP), which serves as the primary energy source

for cells. Additionally, CoQ10 performs the role of an antioxidant,

assisting in preventing cell deterioration brought on by harmful

molecules known as free radicals. CoQ10 acts as an antioxidant to

combat free radicals and stop oxidative stress, which can cause

cellular damage and be a factor in several health issues (169). In

order to stabilize free radicals and lessen their potential for harm, it

donates electrons. Small levels of coenzyme Q10 are included in

some meals, including meat, fish, and whole grains. However,

CoQ10 production by the body tends to decrease with aging, and

some diseases or drugs might further lower its levels. CoQ10

supplements are therefore offered to support optimal levels of this

substance. CoQ10 has been researched for its possible health

advantages in several illnesses, even though it is primarily known

for its role in energy production and as an antioxidant (170).

Despite the limited body of research investigating the specific

impact of CoQ10 on oxidative stress resulting from imbalances in

adrenal hormones, it’s inherent antioxidant properties and
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involvement in cellular energy metabolism suggest potential

efficacy in mitigating oxidative stress (171).

CoQ10 is a powerful antioxidant that protects cells from the

damage that free radicals and reactive oxygen species (ROS) cause

when they combine with oxygen. Dysregulation of adrenal

hormones can lead to increased production of ROS, hence

contributing to oxidative stress. CoQ10 helps eliminate these

harmful molecules, which lowers oxidative stress and keeps the

health of cells (172). CoQ10 is an important part of the electron

transport chain, which is a process that helps cells make energy

(ATP). A lack of adrenal hormones can change how cells use

energy, which can increase oxidative stress. CoQ10 may help

restore cellular balance and lower oxidative stress by helping cells

make energy more efficiently (173). CoQ10 can make antioxidants

like vitamin E, vitamin C, and glutathione, which are important

parts of the body’s antioxidant defence system, from scratch. By

regenerating and reusing these antioxidants, CoQ10 makes them

more effective at fighting oxidative stress caused by an imbalance in

adrenal hormones (174). A lack of adrenal hormones that lasts for a

long time can cause inflammation, which is linked to oxidative

stress. CoQ10 has anti-inflammatory qualities and can help control

the way the body reacts to inflammation. CoQ10 may indirectly

help reduce oxidative stress by reducing inflammation (51). CoQ10

keeps cell parts, like cell walls and mitochondria, from getting

damaged by oxidation. Unbalanced adrenal hormones can cause

oxidative stress in cells, which can damage the structures of cells.

CoQ10 helps keep cell walls and mitochondria working well, which

reduces damage caused by oxidative stress (175).

When it comes to disorders with the pituitary and adrenal

glands, there is proof of mitochondrial dysfunction in people with

Cushing’s syndrome. This is shown in respiratory chain complex

enzyme activity (176) and oxidative stress (measured by total

antioxidant capacity and plasma 15-F2t-isoprostane) (177).

However, there haven’t been many studies on how CoQ10 affects

pituitary and adrenal function in endocrine therapy. Some

pituitary/adrenal problems may be associated with low levels of

CoQ10 in the blood, according to preliminary investigations (178).

Plasma CoQ10 levels were evaluated in six patients with ACTH-

dependent adrenal hyperplasia, 19 with secondary solitary

hypoadrenalism, and 19 with concurrent hypothyroidism

(multiple pituitary deficits). Compared to numerous pituitary

deficits and ACTH-dependent adrenal hyperplasia, CoQ10 levels

were considerably lower in secondary isolated hypoadrenalism.

Patients with acromegaly apparently have lower plasma CoQ10

levels (179).
6.8 Probiotics against adrenal hormone
imbalance-associated oxidative stress

Typically, probiotics are not regarded as a direct source of

antioxidants. However, some probiotic strains have been

demonstrated to have indirect antioxidant benefits or to be able to

improve the body’s antioxidant state via a variety of mechanisms (180).

A healthy, diversified gut flora, which is important for the

digestion of food components, can be maintained with the use of
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probiotics. Some helpful bacteria in the stomach can accelerate the

breakdown and creation of bioactive molecules with antioxidant

capabilities from dietary antioxidants, such as polyphenols found in

fruits and vegetables. The availability and potency of antioxidants in

the body may increase as a result of this metabolic activity (181). It

has been demonstrated that probiotics can indirectly lower

oxidative stress by enhancing gut health and lowering

inflammation. Probiotics can assist in maintaining gut barrier

function, preventing the transfer of risky bacteria and endotoxins

into the bloodstream, and reducing systemic inflammation by

supporting a healthy gut microbiota. This can then support

general antioxidant defence mechanisms and minimize oxidative

stress (182). Probiotics can increase the body’s natural synthesis and

activity of endogenous antioxidants. For instance, it has been

discovered that specific probiotic strains enhance the production

of glutathione, a potent antioxidant that aids in neutralizing free

radicals and the defence of cells against oxidative damage (180).

Probiotics can interact with intestinal mucosal cells and other

tissues to enhance their antioxidant defences. They can affect

cellular signaling pathways that produce antioxidant enzymes like

SOD and catalase, which remove free radicals and minimize

oxidative stress (183).

Probiotics, known as beneficial microorganisms that promote a

healthy gut microbiota, have exhibited promising potential in

modulating the equilibrium of adrenal hormones and mitigating

challenges associated with oxidative stress. The interaction between

the gut microbiota and the adrenal glands is reciprocal, which

means that each can have an impact on the other’s operation.
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Dysbiosis, a condition characterized by perturbations in the

composition and function of the gastrointestinal microbiota, has

been implicated in various pathological states, encompassing

abnormalities of adrenal hormone levels and elevated oxidative

stress (184).

Probiotics support a balanced population of good bacteria in the

gut, enhancing overall gut health (Figure 5). Better nutrient

absorption, especially of antioxidants and other vital micronutrients

necessary for preventing oxidative stress, is made possible by a

healthy gut lining (185). Probiotic supplementation has been

shown to exert a modulatory effect on the body’s inflammatory and

immunological responses. Chronic inflammation can disturb the

equilibrium of the adrenal hormones and is linked to increased

oxidative stress. Probiotics may indirectly aid adrenal gland

function and lessen oxidative stress by lowering inflammation

(186). In the gut, some probiotic strains can create antioxidants.

For instance, it has been demonstrated that certain Lactobacillus and

Bifidobacterium species produce antioxidants like glutathione, which

can help mitigate oxidative stress and protect against cell damage

(187). Probiotics can convert polyphenols present in fruits and

vegetables, for example, into bioactive compounds with antioxidant

properties. This transformation engenders heightened accessibility

and potency of antioxidants, thereby fostering equilibrium in adrenal

hormone levels and mitigating the impact of oxidative stress (180).

Probiotics can influence the body’s response to stress and help

regulate cortisol levels. By promoting a balanced stress response,

probiotics may assist in regulating adrenal hormone production and

mitigating the harmful effects of stress-induced oxidative stress (188).
FIGURE 5

Health benefits of probiotics and their effects on brain, gut, and microbiome (BGM) axis modulating of HPA axis and cortisol release. The BGM axis
network of routes that facilitate the exchange of information and signals encompasses neuronal elements (vagus nerve, neurotransmitters, and
enteric nervous system), the HPA axis, and stress hormones like cortisol. Furthermore, immune mechanisms, specifically cytokines, contribute to this
complex interplay. (SCFAs), Short-chain fatty acids; (ANS), autonomic nervous system; (ROS), reactive oxygen species; (HPA axis), Hypothalamic–
pituitary–adrenal axis. The figure was produced with BioRender (Biorender.com; accessed on 30th Oct 2023).
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Bidirectional connections within the brain-gut-microbiome

(BGM) axis have been demonstrated in several preclinical and

clinical research studies (189, 190). The communication between

gut microbes and the central nervous system is facilitated through a

complex network of interconnected channels, which encompass the

nervous, endocrine, and immune signaling mechanisms. The brain

possesses the capability to exert influence on the structural and

functional organization of the gut microbiota. This influence is

primarily mediated by the autonomic nervous system (ANS), which

regulates various aspects, including gut permeability, regional gut

motility, intestinal transit and secretion. The HPA axis operates

under the fundamental mechanism of negative feedback and

assumes a pivotal function in eliciting the body’s stress response

and governing various physiological processes, encompassing

digestion, immune system functionality, and energy equilibrium

(191). Stress hormones induce the disruption of tight junctions,

consequently leading to increased permeability of the intestinal

barrier (192). Dietary probiotic supplementation has been shown to

offer potential alleviation of the HPA axis response to acute stress

(193). For example, the administration of a probiotic treatment

containing L. farciminis in a murine model has been reported to

effectively mitigate the stress-induced hyperpermeability,

endotoxemia, and, thus, ameliorating the stress response of the

HPA axis.

Moreover, recent research findings have indicated that using

probiotics and prebiotics, which serve as agents that regulate the

composition of the gastrointestinal microbiota, may offer potential

advantages in mitigating the manifestations of stress-related infertility
Frontiers in Endocrinology 15185
(194). The beneficial effects of probiotics on infertility associated with

stress have been attributed to various mechanisms, such as regulating

the HPA axis, modulation of the immune response, and restoring

microbial homeostasis (184). The HPA axis plays a pivotal role in

maintaining reproductive health by governing the intricate regulation

of the stress response. The HPA axis can be disrupted by stress,

resulting in variations in cortisol levels, the primary stress hormone

(49). Multiple studies have provided evidence indicating that probiotics

possess the ability to modulate the HPA axis and reduce cortisol levels,

thereby alleviating the adverse impact of stress on reproductive health

(194). Under stressful circumstances, Lactobacillus casei strain Shirota

(LcS) may prevent cortisol hypersecretion and physical symptoms,

possibly through reducing stress reactivity in the paraventricular

nucleus (PVN) and vagal afferent signaling to the brain (195).

According to Nasri et al. (196), selenium and probiotic co-

administration to women with polycystic ovary syndrome (PCOS)

reduced modified Ferriman Gallwey (mF-G) scores and

total testosterone.

The role of nutritional antioxidants in alleviating adrenal

hormone imbalance is depicted in (Figure 6) (Table 2).
7 Search strategy

This review paper’s search strategy included a thorough study of

scientific databases such as PubMed, Scopus, Google Scholar, and

Web of Science, utilizing a combination of keywords and controlled
FIGURE 6

Role of nutritional antioxidants in alleviating adrenal hormone imbalance.
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vocabulary terms. The most commonly used terms were “oxidative

stress,” “oxidative stress,” “nutritional antioxidants,” “reactive

oxygen species,” and “adrenal hormone imbalance.” The search

was refined using Boolean operators (AND, OR) to ensure relevance

to the review’s focus on the potential of nutritional antioxidants

against oxidative stress linked with adrenal hormone imbalance.

Furthermore, specific terms relating to adrenal gland function, such

as “glucocorticoids,” “mineralocorticoids,” “androgens,” and

“adrenal hormone disorders” such as “adrenal insufficiency,”

“Cushing’s syndrome,” and “adrenal tumors,” were added to

collect relevant literature. The search included experimental and

clinical investigations, as well as review papers, to provide a full

picture of the current level of knowledge on the topic. The inclusion

criteria included publications published in the previous decade, and

the search approach was iterative, with continual refinement based

on the identified literature until a thorough selection of relevant

studies was obtained.
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In conclusion, the effectiveness of nutritional antioxidants in

combating oxidative stress caused by adrenal hormone imbalance is

undeniable. Antioxidants, such as vitamin C, vitamin E,

carotenoids, selenium, zinc, polyphenols, coenzyme Q10, and

probiotics, play vital roles in mitigating the negative effects of

oxidative stress on adrenal hormone balance. By mitigating

dangerous free radicals and reducing oxidative damage, these

antioxidants can aid in the restoration and maintenance of

adrenal hormone function. In addition, the article discusses

adrenal hormone abnormalities such as adrenal insufficiency,

Cushing’s syndrome, and adrenal tumors. The findings imply that

utilizing the efficacy of dietary antioxidants may offer therapeutic

approaches for alleviating oxidative stress associated with adrenal

hormone abnormalities, opening up new areas for investigation.
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TABLE 2 The role of nutritional antioxidants in Adrenal
hormone function.

Nutritional
Antioxidant

Role in Adrenal
Hormone Function

Reference

Vitamin C - Supports the production of androgens,
glucocorticoids, and mineralocorticoids
- Serves as a cofactor in the process by
which cholesterol is transformed
into pregnenolone

(103)

Vitamin E - Protects adrenal cells from oxidative
stress
- Possibly plays a function in regulating
cortisol levels

(197)

Carotenoids - Carotenoids contained in several foods,
beta-carotene and lycopene, act as
antioxidants
- Aiding in the reduction of oxidative
stress in the adrenal glands

(10)

Selenium Important in the synthesis of
selenoproteins such as glutathione
peroxidase, which protects adrenal cells
from oxidative damage.

(144)

Zinc - Zinc is required for the synthesis,
release, and general function of adrenal
hormones
- As an antioxidant, it protects cells from
oxidative stress.

(198)

Polyphenols Reduce oxidative damage and
inflammation in the adrenal glands to
help with adrenal hormone balance.

(161)

Coenzyme Q10 - Plays a critical function in the cellular
energy production process
- Supports the overall function of the
adrenal glands and may lessen
oxidative stress.

(179)

Probiotics - Indirectly altering adrenal hormone
balance and encouraging optimal function
by mitigating oxidative stress
and inflammation.

(199)
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JL, Yubero-Serrano EM, López-Miranda J. Coenzyme Q10 supplementation for the
reduction of oxidative stress: clinical implications in the treatment of chronic diseases.
Int J Mol Sci (2020) 21(21):7870. doi: 10.3390/ijms21217870

174. Hajiluian G, Heshmati J, Jafari Karegar S, Sepidarkish M, Shokri A, Shidfar F.
Diabetes, age, and duration of supplementation subgroup analysis for the effect of
coenzyme Q10 on oxidative stress: A systematic review and meta-analysis. Complement
Med Res (2021) 28(6):557–70. doi: 10.1159/000515249
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The multiple actions of grape
and its polyphenols on female
reproductive processes with an
emphasis on cell signalling
Ladislav Kohut1, Simona Baldovska2, Michal Mihal1,
Lubomir Belej3, Alexander V. Sirotkin4,
Shubhadeep Roychoudhury5 and Adriana Kolesarova1,2*

1Institute of Applied Biology, Slovak University of Agriculture in Nitra, Nitra, Slovakia,
2AgroBioTech Research Center, Slovak University of Agriculture in Nitra, Nitra, Slovakia,
3Institute of Food Sciences, Slovak University of Agriculture in Nitra, Nitra, Slovakia,
4Department of Zoology and Anthropology, Constantine the Philosopher University,
Nitra, Slovakia, 5Department of Life Science and Bioinformatics, Assam University, Silchar, India
Grapes are an economically important fruit crop, and their polyphenols (mainly

phenolic acids, flavanols, flavonols, anthocyanins, proanthocyanidins, and

stilbenes) can exert a wide range of health benefits as an interesting and

valuable dietary supplement for natural complementary therapy. However,

their potential physiological and therapeutic actions on reproductive

processes have not been sufficiently elucidated. This evidence-based study

presents current knowledge of grape extracts and polyphenols, as well as their

properties and therapeutical actions in relation to female reproduction in a

nutshell. Grape extract, and its polyphenols such as resveratrol,

proanthocyanidin B2 or delphinidin may influence female reproductive

physiology and pathology, as well as regulate multiple signaling pathways

related to reproductive hormones, steroid hormones receptors, intracellular

regulators of oxidative stress and subsequent inflammation, apoptosis, and

proliferation. Their role in the management of ovarian cancer, age-related

reproductive insufficiency, ovarian ischemia, PCOS, or menopausal syndrome

has been indicated. In particular, the potential involvement of grapeseed extracts

and/or proanthocyanidin B2 and delphinidin on ovarian steroidogenesis, oocyte

maturation, and developmental capacity has been implicated, albeit at different

regulatory levels. Grape polyphenols exert awide range of health benefits posing

grape extract as an interesting and valuable dietary supplement for natural

complementary therapy. This evidence-based study focuses on the actions of

grapeseed extract and grape polyphenols on female reproductive processes at

various regulatory levels and multiple signalling pathways by regulating

reproductive hormones (GnRH, gonadotropins, prolactin, steroid hormones,

IGFBP), steroid receptors, markers of proliferation and apoptosis. However,

lack of knowledge of standardized dosages so far limits their clinical

application despite the wide range of their biological and therapeutic potentials.
KEYWORDS

grapeseed extract, phenolic compounds, proanthocyanidin, resveratrol, delphinidin,
female reproduction, steroid hormones, proliferation
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1 Introduction

Grape is an economically important and one of the most grown

fruits worldwide (1). Most of the production (about 80% of the yield)

is used for wine making (2). An important by-product of grape

processing – grape pomace is the most important residual after juice

extraction or wine making and consists of peel, seed, stem, and pulp

(3). Grape pomace is considered a rich source for the extraction of a

wide range of valuable phytonutrients, which exhibit a variety of

bioactivities, such as antioxidant, anti-inflammatory, cardioprotective,

anti-aging, antimicrobial and anti-cancer properties (4–9). Bioactive

substances including proanthocyanidins, anthocyanins, phenolic

acids, stilbenes, and flavonols are abundant in grape by-products

(10) that can help in prevention or management of several conditions

such as inflammatory conditions characterized by bowel disruption

and the involvement of the immune system and colorectal cancer.

Grape by-products can promote remarkable effects in reducing pro-

inflammatory, pro-oxidative, and proliferative actions in

inflammatory bowel diseases and colorectal cancer both in vivo and

in vitro (10). Moreover, bioactive substances, such as resveratrol (11),

anthocyanidins like delphinidin (12) and procyanidin such as

procyanidin B2 (13) are valuable in multiple industries, including

pharmaceuticals, agri-food, or cosmetics (13–15). Another abundant

by-product of winemaking is grapeseed oil, which is processed from

grapeseeds and presents an excellent source of g-tocotrienol, and a-
tocopherol. It also contains fatty acids mainly linoleic, oleic, palmitic,

and stearic acids, as well as polyunsaturated fatty acids (PUFAs),

monounsaturated fatty acids (MUFAs) and saturated fatty acids

(SFAs) (16). Furthermore. secondary plant metabolites such as

polyphenols are produced by the grape berries during the growth in

reaction to environmental stressors. They form significant

components of red wines that enhance the sensory qualities and

antioxidant capacity (17). Red wine polyphenols comprise newly

generated ones during the winemaking process (such as highly

polymerized polyphenols) in addition to those found in grapes as

mentioned earlier many of which are recognized to possess beneficial

impacts on health (17). Although several studies have summarized the

most known physiological and therapeutic effects of grapes and their

by-products (12, 15, 18–20), the action of grape extract and grape

polyphenols on reproductive processes has not been sufficiently

elucidated yet. The present evidence-based study summarizes the

current knowledge concerning the provenance, properties, as well as

physiological and therapeutic actions of grape extract and grape

polyphenols on various cellular processes with a focus on

female reproduction.
2 Provenance, bioactive substances
and physiological actions

Grapes (Vitis vinifera L.) present an important source of

phenolic compounds including phenolic acids, tannins,

coumarins, flavonoids, flavones, and stilbenes (7). Grape pomace

also contains neutral polysaccharides (30%), pectic substances

(20%), and insoluble proanthocyanidins (15%) (21).
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Among grape pomace compounds with high nutraceutical

value, polyphenols (phenolic acids, flavanols, flavonols,

anthocyanins, proanthocyanidins, and stilbenes) are the most

interesting due to their bioactive properties (22–24). One of the

most efficient bioactive compounds found in grape skin, seeds, and

wine is stilbenoid resveratrol (25, 26), widely known primarily for

its phytoestrogenic and antioxidant activities (27). Additionally,

polyphenolic pigments anthocyanidins, including delphinidin,

mainly extracted from grape skins, are responsible for many of

the red-orange to blue-violet colors (28). Grapeseeds contain

proanthocyanidins, which are composed of epicatechin and

monomeric catechin, gallic acid, and polymeric and oligomeric

proanthocyanidins (29). Interestingly, proanthocyanidins present

more powerful free radical scavengers than vitamins C, E, or b-
carotene (30). Monomeric and dimeric flavanols, as well as mono-

and diglycosides have been identified in grapeseed extracts.

Diglycosylated flavanol dimers have been detected in grape skin

extracts, too. The concentration of the mono- and diglycosides

depends largely on the grape variety and grape source (31). Major

bioactive compounds present in different parts of grape and grape

products are given in Table 1.

Grape polyphenols are effective inhibitors of enzymes linked

with various ailments. Findings indicate an inverse relationship

between the consumption of grapes or grape products and the

development of age-related complications including cardiovascular

disorders with an estimated 6–7% reduction in deaths from

cardiovascular disorders (7). Studies demonstrated biological

activities including antioxidant, cardioprotective, anti-cancer,

anti-inflammatory, anti-aging, and antimicrobial properties

exerted by grape polyphenols such as anthocyanins, flavanols,

flavonols, and resveratrol. Chromatographic analysis confirmed

the presence of 19 phytochemicals. The prominent compound

was catechin followed by gallic acid, caftaric acid, and epicatechin

(4–6 , 48) . Moreover , sk in pro tec t ion , an t id iabe t i c ,

immunomodulatory and anti-neurodegenerative activities as well

as hepatoprotective and neuroprotective effects using phenolic

compounds gathered form grape ethanol extract have been

reported (11, 15, 18, 48).

Oxidative stress has been associated with the pathogenesis of

several chronic diseases and inflammatory processes. Polyphenols

are strong antioxidants that act as a defense barrier against free

radicals, as well as non-radical oxidants (49). Phenolic acids,

stilbenoids, tannins, quinones, coumarins and flavonoids from

grapes have the potential to enhance the oxidant capacity of cells

stimulating enzymatic expression and reducing the reactive oxygen

species (ROS) by either inhibiting their production or by directly

scavenging them or via xenobiotic detoxification. For example,

administration of Bordo grape juice to human test subjects, led to

elevation of antioxidant activities and lowering of blood glucose

(50). Grape polyphenols, particularly flavanols can maintain cellular

protein homeostasis (proteostasis). Since impaired proteostasis is

closely involved in all amyloid diseases, grapeseed extracts may be a

valuable therapeutic agent for the prevention and/or management

of neurodegenerative diseases (51). The antimicrobial activity

against Gram-positive bacteria and antioxidant properties could
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be associated with phenolic compounds found in grape stems (52).

Resveratrol isolated from grape stems was applied on hepatocellular

carcinoma Hep-G2 (hepatoma G2) cells, breast adenocarcinoma

MCF-7 cells, colon carcinoma HCT116 cells, and lymphoblastic

leukemia cells (1301). After treatment, it was shown that resveratrol

possesses anti-proliferative and apoptotic effects (53).

Anthocyanidins have been found to possess anti-aging and anti-

inflammatory properties (28). Lim and Song (12) described the

possible use of delphinidin according to its effect on different types

of cancers and various chronic diseases. For the study, they used

ovarian adenocarcinoma cells (SKOV3) which were then treated

with delphinidin alone or with various inhibitors of cell

signaling proteins.

Grape pomace contains a high level of antioxidants with the

ability to counteract chronic inflammatory symptoms which was

demonstrated on colorectal adenocarcinoma-derived intestinal

epithelial cell line Caco-2 after grape pomace ethanolic extract

treatment (54). Additionally, grapeseeds contain several

flavonoids and non-flavonoids which can exert antioxidant and

anti-inflammatory activities. Beneficial effects of grapeseed extract

in relation to oxidative stress and metabolic disorders such as
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insulin resistance have been associated with the modulation of

plasma adipokines in mammals (55 , 56) . Grapeseed

supplementation has the potential to scavenge oxygen free

radicals in the egg yolk in mammals and chicken, as well as it can

reduce oxidative damage in the liver in rats (57, 58). It has been

reported that grapeseed proanthocyanidin extract possess anti-

inflammatory and antioxidant activities (13, 59, 60), and can

reduce cytotoxicity as well as genotoxicity (49), including

decreasing oxidative damage induced by aflatoxins (61).

Proanthocyanidin B2 found in grapeseed present one of the most

valuable components of grapeseed extract and can be used due to its

protective action against oxidative stress and development of

cardiovascular diseases demonstrated on human umbilical vein

endothelial cells (HUVEC) (62, 63). In this regard, grape extracts

and their polyphenols exhibit protective effects against different

toxins and a variety of mechanisms of their action, disturbing

physiological homeostasis through increase in superoxide

dismutase (SOD) levels and glutathione peroxidase activities, as

well as decrease in malondialdehyde (MDA) levels or activation of

the nuclear erythroid 2-related factor 2/ARE pathway demonstrated

on PC12 rat cells (26). Possible physiological and therapeutic

actions of grape polyphenols depending on their bioactive

substances are presented in Table 2.
3 Effect on female
reproductive processes

Reproductive dysfunctions can be indicated by a negative

correlation between muscle growth and reproductive effectiveness

(76, 77). Exposure to oxidative stress can lead to the inflammation

initiation which is the trigger of multiple reproductive disorders,

including ovarian cancer or multiple reproductive defects, such as

oocyte mutation, polycystic ovary syndrome (PCOS),

endometriosis, as well as can affect ovarian folliculogenesis,

oocyte maturation and the release of sex hormones (78–80).

Bioactive phytonutrients are known to impart several properties

such as anti-inflammatory and antioxidant activities that may have

a beneficial impact on reproductive functions (81, 82). Polyphenols

can pass through various protective barriers in reproductive organs,

which can possibly affect their physiological functions (11, 83, 84).

Moreover, grape seed extract had positive impact on improving

fertility in golden laying hens (85). Although few studies have been

carried out on reproductive cells we have summarized the available

information related to the effects of grape polyphenols on female

reproductive organs and their (dys)functions in a nutshell. The

action on female reproductive processes is presented in Figure 1.
3.1 Effect on ovaries

Oxidative stress plays an important role in ovarian aging and

can lead to decline of fertility in animals and humans (71, 86).

According to Shen et al. (87), apoptotic processes induced by

oxidative stress in granulosa cells are considered a major cause of
TABLE 1 Major bioactive compounds in different parts of grape and
grape products.

Grape
part/product

Bioactive compounds References

Seeds

catechin
epicatechin

epicatechin-3-O-gallate
proanthocyanidins
procyanidin B2

dimeric procyanidin
gallic acid

[15, 29, 32–36]

Skin

epigallocatechin
kaempferol
myricetin

trans-resveratrol
quercetin

proanthocyanidins
ellagic acid

[15, 32, 33, 37–40]

Leaves

kaempferol
myricetin
quercetin
gallic acid
ellagic acid

[32, 41]

Stems

quercetin 3-O-glucuronide
rutin
astilbin

trans-resveratrol

[15, 38, 42, 43]

Raisin
hydroxymethylfurfural
hydroxycinnamic acid

[41, 44, 45]

Red wine

catechin
cyanidin-3-glucoside
peonidin-3-glucoside
cetunidin-3-glucoside
delphinidin-3-glucoside

resveratrol
quercetin

hydroxycinnamic acid

[43, 45–47]
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follicular atresia. It has been reported that polyphenols can improve

the amount and quality of oocytes in mice and humans which was

demonstrated after treating oocytes (71, 88). Beneficial effects of

grapeseed extract on oocyte maturation and early development

based on the mean numbers of cleavage, morula, and blastocyst

rates have been observed in sheep (89). Grapeseed procyanidin B2

can positively affect oocyte viability in mice and promote their

maturation and developmental capacity (74). The use of grapeseed

extract could also be effective in the prevention or treatment of

PCOS. Short-term grapeseed extract treatment provided a beneficial

impact on PCOS positive women’s metabolic status (90).

Furthermore, grapeseed extract can exert a positive impact on

health in reproductive insufficiency and menopause and, also

prevent negative morphological changes in ovaries due to

reproductive ageing (71, 91). This effect could be due to the

presence of proanthocyanidin B2, which has been observed in rat

ovaries as a possible protection against age-dependent degenerative

changes (11, 71). Some studies have described the protective role of

proanthocyanidin B2 from grapeseed against damage to rat ovarian

tissue induced by ischemia or ischemia/reperfusion (70, 71, 92).

Grapeseed extract can affect resistance to chemotherapy and reduce
Frontiers in Endocrinology 04194
human ovarian cancer cell growth (13). Delphinidin such as a

member of the anthocyanidin family and a natural pigment in

grapes may be a pivotal therapeutic target for the prevention of

epithelial ovarian cancer (12). Grapeseed ethanol extract, as well as

proanthocyanidin B2 can modulate human granulosa cell functions,

including steroidogenesis, and can exert phytoestrogenic activity

with a positive effect on steroid hormone production in human

granulosa cells (93). Available data suggest the potential of using

maternal diet supplemented with grapeseed extract in the

improvement of egg quality in hens. Furthermore, grapeseed

extract can ameliorate egg quality by decreasing the rate of

double yolk eggs and by improving the size of normal eggs and

the elasticity of the shell (60). In contrast, supplementation of

dietary polyphenol resveratrol could not impact egg production

and egg quality related to the shell, yolk, and albumen in quails (67).

In hens, grapeseed proanthocyanidins have been reported to play an

important role in the prevention of ovarian aging process by

reducing oxidative stress (71).
3.2 Effect on uterus

Colitti et al. (94) described the possible impact of grapeseed

extract on endometrial functions. In heifers, grapeseed extract (oral

administration) affected the expression of several genes in the

uterine endometrium. In addition, anti-inflammatory properties

of resveratrol present in grapes can contribute to the prevention of

endometriosis. This well-known phytonutrient has been considered

a novel drug in endometriosis prevention and/or treatment (72, 95).

Resveratrol has also been reported to modulate the response of

endometrium to progesterone and estrogen during decidualization

and reinforce hormone action during human endometrial stromal

cell (ESC) differentiation, which could lead to improvement of

women’s health (73). Another study provided evidence of

promising chemopreventive properties of proanthocyanidins in

grapeseeds against cervical cancer. Proanthocyanidin B2 can

suppress cervical cancer proliferation and growth and induce

apoptosis through the mitochondrial signaling pathway (68).

Thus, available literature so far suggests the impact of grape

polyphenols on uterine endometrium, decidualization, and their

potential to prevent and/or treat endometriosis and cervical cancer.

Physiological and therapeutic actions of grape polyphenols on

female reproductive processes are presented in Table 3.
4 Regulation of female
reproductive processes

Grape, grape extract and their bioactive polyphenols can affect

female reproductive processes via extracellular regulators and

multiple intracellular signaling pathways. Their mechanism(s) of

actions on female reproductive processes have been studied

insufficiently, however, there are some studies describing the

possible mechanism(s) of effect on female reproduction (11).
TABLE 2 Physiological and therapeutic actions of grape polyphenols.

Action(s) Bioactive
compounds

References

Anti-inflammatory

catechin
epicatechin
kaempferol
resveratrol
procyanidin

[34, 39, 40, 47]

Anti-proliferative
Anti-cancer

catechin
epicatechin-3-O-gallate

resveratrol
procyanidin B2

malvidin-3-glucoside

[4, 5, 34–36, 41,
45, 64]

Antioxidant

catechin
epicatechin-3-O-gallate

rutin
myricetin
kaempferol
quercetin
resveratrol
gallic acid

[39–41, 43, 45,
64, 65]

Neuroprotective
procyanidin B2

malvidin-3-glucoside
peonidin-3-glucoside

[35, 45]

Anti-diabetic

epigallocatechin
rutin

myricetin
quercetin

[37, 40, 43]

Anti-bacterial

catechin
epicatechin
quercetin
resveratrol

[65, 66]

Action on female
reproductive processes

myricetin
resveratrol

procyanidin B2
delphinidin

[8, 12, 13, 59, 60,
67–75]
frontiersin.org

https://doi.org/10.3389/fendo.2023.1245512
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org


Kohut et al. 10.3389/fendo.2023.1245512
4.1 Hormonal regulation
and steroidogenesis

Phenolic compounds present in grapes can affect the essential

regulators of reproductive processes, including hypothalamic

neurohormones (GnRH, oxytocin, LH and FSH), steroid

hormones (estradiol , progesterone, testosterone) and

prostaglandins (96). Furthermore, due to the chemical similarity

of polyphenols to the structure of estrogens, they may exert

hormone-like effects (estrogen-agonistic or antagonistic) by

binding or activating estrogen receptors (ERa and ERß) (11, 97).

A flavonol myricetin present in red wine can block insulin-like

growth factor I (IGF-I)-induced progesterone production by

granulosa cells and stimulate IGF-I induced estradiol production

(75). Similarly, resveratrol can increase prolactin and IGF-I binding

protein 1 (IGFBP1) release, which can result in enhanced

decidualization of human embryonic stem cells (ESCs) in vitro

(73). Grapeseed extract can influence insulin sensitivity by

increasing insulin receptors expression and stimulation (98).

Regarding the effect on steroidogenesis, grape extracts, as well as

grapeseed proanthocyanidin B2 improved progesterone and
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estradiol secretion and this was associated with a higher level of

the cholesterol carriers, steroidogenic acute regulatory protein

(StAR), cyclic adenosine monophosphate response element-

binding protein (CREB), and mitogen-activated protein kinases

extracellular signal-regulated kinases 1/2 (MAPK ERK1/2)

phosphorylation in both primary luteinized human granulosa

cells (hGC) and human tumor granulosa cells (KGN). Taken

together, GSE and GSPB2 in vitro treatments decrease oxidative

stress and increase steroidogenesis without affecting cell

proliferation and viability in human granulosa cells (93).Another

study described the ability of grapeseed extract to modulate an

aromatase inhibitor in vitro as well as in vivo in aromatase-

transfected MCF-7 (MCF-7aro) BC xenograft mice (99). Oral

administration of grapeseed to heifers can alter progesterone

release during estrous cycle after daily oral administration of

grapeskin extract for 3 weeks (94). A flavonol myricetin present

in red wine can directly affect ovarian function, including

steroidogenesis in bovine granulosa cells and theca cells in vitro.

These cells were gathered from non-pregnant beef cows. Moreover,

myricetin has been able to reduce some of the inhibitory effects of

mycotoxins on granulosa cell functions (75).
FIGURE 1

Possible involvement of bioactive constituents of grape (mainly its polyphenols) in female reproductive processes, and their pathological alterations.
frontiersin.org

https://doi.org/10.3389/fendo.2023.1245512
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org


Kohut et al. 10.3389/fendo.2023.1245512

Frontiers in Endocrinology 06196
4.2 Proliferation and apoptosis

Grape polyphenols may affect ovarian cell functions and

physiological processes. Interestingly, it has been demonstrated

that grapeseed proanthocyanidin B2 may play an important role

in the regulation of apoptosis and proliferation in the ovaries (71).

In addition, grapeseed proanthocyanidin B2 treatment can inhibit

hydrogen peroxide (H2O2)-induced apoptosis in granulosa cells

possibly via let-7a upregulation, resulting in protective effect and

promotion of viability of porcine granulosa cells (59). Furthermore,

grapeseed extracts can inhibit Akt phosphorylation, which can

regulate multiple cellular processes such as cell proliferation,

survival, and metabolism (100). Another grape constituent,

delphinidin inhibits ovarian cancer cell proliferation via

inactivation of PI3K/AKT and ERK1/2 mitogen-activated protein

kinase signaling pathway, which could be a pivotal therapeutic

target for the prevention of epithelial ovarian cancer (12).

Lipophilic grapeseed proanthocyanidin can exert an anti-

proliferative effect on cervical cancer HeLa cells by increasing

ROS production, resulting in the induction of cellular apoptosis,

and cell cycle arrest in the G2/M phase. Proanthocyanidin can

reduce mitochondrial membrane potential, upregulate Bax/Bcl-2

ratio, increase the release of cytochrome c, and activate caspase-3

and poly(ADP-Ribose)polymerase (PARP), and thus it can induce

apoptotic processes in cervical cancer cells through the intrinsic

mitochondria l /caspase-mediated pathway (8) . Higher

concentrations (50 to 100 mg/mL) of grapeseed extract and

proanthocyanidin B2 can inhibit cell proliferation in a human

ovarian granulosa-like tumor cell line KGN and hGCs, associated

with decrease in cyclin D2 level and an increase in p21 and p27

levels to induce cell cycle arrest in G1 phase (93). While

proanthocyanidin B2 did not influence nuclear and cytoplasmic

apoptosis in porcine granulosa cells (59), it inhibited the ovarian

cancer cell viability and enhanced the resistance to chemotherapy

(13). Moreover, both grapeseed extract and proanthocyanidin B2

can increase the cleaved caspase-3 level and impair Bcl-2-associated

death promoter protein (BAD) phosphorylation, resulting in cell

death. Thus, both can inhibit the expression of intracellular markers

(MAP kinase, cyclin D2, Akt phosphorylation), and promote the
TABLE 3 Physiological and therapeutic actions of grape polyphenols on
female reproductive processes.

Bioactive
compound
(s)/ extract

Experimental
model(s)

Effect(s)
Reference

(s)

Procyanidin B2

a type 1 diabetes
mouse oocytes

reducing
oxidative stress;

promoting
mitochondrial

function;
improving

oocyte quality,
maturation, and

embryo
development

[74]

porcine
granulosa cells

reducing
oxidative stress;
inhibiting of

H2O2-
induced
apoptosis

[59]

ICR mice
granulosa cells

improving cell
viability;
inducing
apoptosis;
reducing

oxidative stress

[70]

Procyanidin

human ovarian
cancer cells A2780

and
A2780/T

enhancing
cytotoxicity;
suppressing
inflammation

[13]

Proanthocyanidins
human cervical
cancer cells HeLa

and SiHa

inhibiting cell
growth;
inducing
apoptosis

[68]

Grape seed
proanthocyanidin
extract (GSPE)

hyline brown
hen ovaries

reducing
oxidative stress;

preventing
ovarian aging

[71]

Lipophilic grape
seed

proanthocyanidin
(LGSP)

human cervical
cancer cells HeLa;
HeLa-derived
xenograft

zebrafish model

increasing ROS
production;
inhibiting cell

growth;
inducing
apoptosis

[8]

Myricetin
bovine granulosa
cells (GC) and
theca cells (TC)

direct effect on
steroidogenesis;
reducing of
inhibitory
effects

of mycotoxins

[75]

Delphinidin
ovarian cancer
cells SKOV3

inhibiting of
cell

proliferation
[12]

Resveratrol

human
endometriotic
implants in
nude mice

inhibiting of
endometriosis

lesions
[95]

Sprague-Dawely
rat ovaries

protecting and
restoring
ovarian

functions after

[69]

(Continued)
TABLE 3 Continued

Bioactive
compound
(s)/ extract

Experimental
model(s)

Effect(s)
Reference

(s)

radiotherapy-
induced
premature

ovarian failure
(POF);

suppressing
of inflammation

immortalized
human

endometrial
stromal cell
(t-HESC)

enhancing
decidualization;

decreasing
cell

proliferation

[73]
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expression of proliferation inhibitors or apoptotic markers (p21,

p27) in ovarian granulosa and ovarian cancer cells (13, 93, 101).
4.3 Oxidative stress

It is known that oxidative stress is a key promoter of

reproductive alterations that can negatively affect ovarian

functions through apoptosis induction. Moreover, it can

dysregulate the expression of related genes (59, 87). ROS

production can lead to oxidative stress affecting ovarian functions.

Thanks to its protective properties against oxidative stress,

grapeseed proanthocyanidin B2 can prevent ovarian aging by

oxidative stress suppression in hens (71). In addition,

proanthocyanidins can improve oocyte quality, viability, and

maturation, as well as developmental capacity by inhibiting ROS

production in murine oocytes (74). Dietary grapeseed extract

supplementation can reduce ROS levels in egg yolk suggesting a

reduction in both oxidative stress and lipid peroxidation in

reproductive broiler hens (60). Additionally, a decrease in lipid

peroxidation level and an increase in antioxidant capacity in egg

yolk have been observed in laying hens, fed with grape pomace flour

(102–104). Furthermore, grapeseed extract and grape polyphenols,

such as resveratrol and proanthocyanidin B2 may suppress

oxidative stress in non-cancerous and cancerous granulosa cells

by promoting antioxidant enzymes (59, 93, 105). Moreover,

grapeseed extract may exert a negative prooxidant or beneficial

antioxidant effect through modulation of NOX actions (106) and

possess the ability to regulate ROS production in human granulosa

cells. At low concentrations (0.1 to 10 mg/mL), it can reduce

oxidative stress by decreasing ROS content and NOX4

expression (93).

Hypothalamic–pituitary–adrenal axis is activated by stress,

which can increase glucocorticoid secretion and disrupt the

ovarian cycle (94). Maternal dietary supplementation of grapeseed

extract can reduce plasma and tissue oxidative stress associated with

the modulation of adipokines content in plasma and peripheral

tissues in broiler hens (93).

Regarding the anti-inflammatory activity of grapes, a study

indicated that grapeseed extract may reduce the expression of pro-

inflammatory interleukins in rats suffering from PCOS (107).

Furthermore, resveratrol acts in counteracting the inflammatory

signaling pathway associated with radiotherapy-induced premature

ovarian failure. Resveratrol has been reported to ameliorate cell

damage in ovary induced by ionizing radiation and have a

protective effect on endometriosis via downregulation of

prostaglandins, interleukins, and stimulating inflammation

transcription factor NF-kB (69, 72). Furthermore, resveratrol

activates SIRT1 expression, resulting in the inhibition of poly

(ADP-Ribose)polymerase-1 (PARP-1) and NF-kB expression-

mediated inflammatory cytokines, as well as can restore ovarian

function by increasing anti-Müllerian hormone (AMH) levels (69).

Similarly, grapeseed procyanidin has demonstrated an inhibitory

effect on NF-kB activity and MAPK/ERK pathway mediated YB-1
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in ovarian cancer cells, suggesting its potential use as a chemo-

sensitizer to overcome multidrug resistance in ovarian cancer

patients (13).

Based on available reports, grape extract, and its polyphenols

such as resveratrol, proanthocyanidin B2 or delphinidin may be

considered to influence female reproductive physiological and

pathological processes, as well as regulate multiple signaling

pathways related to sex hormones, steroid receptors, intracellular

regulators of proliferation, oxidative stress, inflammation, and

apoptosis (11).
5 Possible application in reproductive
biology and medicine

Utilization of grape by-products has attracted increasing

attention for the availability of grape skins, their health benefits

and pharmacological use. Grape polyphenols can play an important

role in the prevention of reproductive disorders due to their ability

to mitigate the negative impact of oxidative stress and inflammation

on the reproductive processes. Moreover, the beneficial impact on

oocyte maturation, cell viability, cell proliferation, as well as

steroidogenesis has been reported. Resveratrol from grape stems

may have a potential to prevent endometriosis and could serve as a

novel dietary supplement. Furthermore, available data suggest the

possible use of grapeseed extract to improve oocyte quality, as well

as healthy gravidity, embryogenesis, and labour due to its beneficial

effect on the endometrium. Moreover, the applicability of grapeseed

extract including proanthocyanidin B2 in the prevention and/or

management of endometriosis, age-related menopausal

reproductive insufficiency and ovarian or cervical cancers has

been mentioned. Therefore, grape extract and polyphenols

present a promising biostimulator, which can be used as dietary

supplement in the improvement of reproduction in the field of

animal production, biotechnology, or assisted reproduction.

Similarly, phytoestrogenic activity of grape might be used as a

potential alternative tool to the hormonal treatment of disorders

related to estrogen deficiency, such as menopausal syndrome, and

osteoporosis. However, to our knowledge, such potential of grape

extract or grape polyphenols has not been examined in depth yet.
6 Conclusions and possible directions
of future studies

The present review sheds light on the potential health benefits of

grape polyphenols while also emphasizing the need for further

research and a more cautious interpretation of the findings. It is

evident thatconfirmatory claims about the therapeutic effects of grape

polyphenols cannot be made at this stage, given the intricacies of

human physiology and the many variables at play. Grape polyphenols

exert a wide range of health benefits posing grape extract as an

interesting and valuable dietary supplement for natural

complementary therapy. This evidence-based study focuses on the
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actions of grapeseed extract and grape polyphenols on female

reproductive processes at various regulatory levels and multiple

signalling pathways by regulating reproductive hormones (GnRH,

gonadotropins, prolactin, steroid hormones, IGFBP), steroid

receptors, markers of proliferation and apoptosis. Moreover, the

role of grapes in various reproductive disorders, including

reproductive insufficiency, PCOS, menopausal syndrome, ovarian

cancer or ovarian ischemia has been indicated. Studies also

demonstrate the impact of grapeseed extracts or their bioactive

constituents (proanthocyanidin B2, resveratrol, delphinidin) on

steroidogenesis, oocyte quality and maturation, and developmental

capacity. However, lack of knowledge of standardized dosage limits

the clinical applications of grapeseed extract despite the wide range of

biological and therapeutic potential.

On the other hand, it should be remembered that in vitro and in

vivo studies have been performed with far greater quantities of

polyphenols than those frequently found in human diets. Hence, the

extent of grape polyphenols consumed on a regular basis is an open

question and needs to be addressed in future studies. Determining

suitable doses for therapeutic applications remains a critical

challenge, as highlighted in the previous sections. The appropriate

dosage of grape polyphenols is a key factor in achieving the desired

health outcomes, and future research should focus on defining these

optimal dosage ranges and accounting for potential variations in

individual responses. Moreover, the studies have mainly been

performed in vitro or in vivo, whilst clinical studies are lacking

and the efficacy of all grape phytosubstances on reproductive

processes has not been tested properly yet.
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fraction to the antioxidant properties of wine. Food Chem Toxicol (2008) 46(8):2815–
22. doi: 10.1016/j.fct.2008.05.014
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Grape seed polyphenols and fatty acids of autochthonous Prokupac vine variety from
Serbia. Chem Biodivers (2019) 16:7. doi: 10.1002/cbdv.20190.0053

48. Recinella L, Chiavaroli A, Veschi S, Cama A, Acquaviva A, Libero ML, et al. A grape
(Vitis vinifera L.) pomace water extract modulates inflammatory and immune response in
SW-480 cells and isolated mouse colon. Phytother Res (2022) 36:12. doi: 10.1002/ptr.7581

49. Mancini M, Cerny MEV, Cardoso NS, Verissimo G, Maluf SW. Grape seed
components as protectors of inflammation, DNA damage, and cancer. Curr Nutr Rep
(2023) 12:141–150. doi: 10.1007/s13668-023-00460-5

50. Copetti C, Franco FW, MaChado EDR, Soquetta MB, Quatrin A, Ramos VDM,
et al. Acute consumption of bordo grape juice and wine improves serum antioxidant
status in healthy individuals and inhibits reactive oxygen species production in human
neuron-like cells. J Nutr Metab (2018) 2018:4384012. doi: 10.1155/2018/4384012

51. Mahdipour R, Ebrahimzadeh-Bideskan A, Hosseini M, Shahba S, Lombardi G,
Malvandi AM, et al. The benefits of grape seed extract in neurological disorders and
brain aging. Nutr Neurosci (2022) 26(5):369–83. doi: 10.1080/1028415X.2022.2051954

52. Leal C, Santos RA, Pinto R, Queiroz M, Rodrigues M, Saavedra MJ, et al.
Recovery of bioactive compounds from white grape (Vitis vinifera L.) stems as potential
antimicrobial agents for human health. Saudi J Biol Sci (2020) 27(4):1009–15.
doi: 10.1016/j.sjbs.2020.02.013

53. Elgizawy HA, Ali AA, Hussein MA. Resveratrol: isolation, and its
nanostructured lipid carriers, inhibits cell proliferation, induces cell apoptosis in
certain human cell lines carcinoma and exerts protective effect against paraquat-
induced hepatotoxicity. J Med Food (2021) 24(1):89–100. doi: 10.1089/jmf.2019.0286

54. Calabriso N, Massaro M, Scoditti E, Verri T, Barca A, Gerardi C, et al. Grape
pomace extract attenuates inflammatory response in intestinal epithelial and
endothelial cells: Potential health-promoting properties in bowel inflammation.
Nutrients (2022) 14(6):1175. doi: 10.3390/nu14061175

55. Decorde K, Agne A, Lacan D, Ramos J, Fouret G, Ventura E, et al. Preventive
effect of a melon extract rich in superoxide scavenging activity on abdominal and liver
fat and adipokine imbalance in high-fat-fed hamsters. J Agric Food Chem (2009) 57
(14):6461–7. doi: 10.1021/jf900504g
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Olchowik M, Piwocka K, et al. High potency of a novel resveratrol derivative, 3, 3′,
4, 4′-tetrahydroxy-trans-stilbene, against ovarian cancer is associated with an oxidative
stress-mediated imbalance between DNA damage accumulation and repair. Oxid Med
Cell Longev (2015) 2015:135691. doi: 10.1155/2015/135691

106. Tousson E, Elgharabawy RM, Elmasry TA. Grape seed proanthocyanidin
ameliorates cardiac toxicity induced by boldenone undecylenate through inhibition
of NADPH oxidase and reduction in the expression of NOX2 and NOX4. Oxid Med
Cell Longev (2018) 2018:9434385. doi: 10.1155/2018/9434385

107. Salmabadi Z, Kouchesfahani HM, Parivar K, Karimzadeh L. Effect of grape seed
extract on lipid profile and expression of interleukin-6 in polycystic ovarian syndrome
wistar rat model. Int J Fertil Steril (2017) 11(3):176–93. doi: 10.22074/ijfs.2017.5007
frontiersin.org

https://doi.org/10.1371/journal.pone.0107045
https://doi.org/10.1016/j.bcp.2016.01.019
https://doi.org/10.1155/2016/6147345.6147345
https://doi.org/10.1155/2018/9390810.9390810z
https://doi.org/10.3390/molecules24040667
https://doi.org/10.1530/REP-19-0425
https://doi.org/10.1007/s43032-020-00241-3
https://doi.org/10.1007/s43032-020-00241-3
https://doi.org/10.1016/j.fct.2022.113288
https://doi.org/10.1093/ps/85.1.70
https://doi.org/10.1093/ps/86.7.1478
https://doi.org/10.3390/ijms20225568
https://doi.org/10.1530/REP-18-0583
https://doi.org/10.1146/annurev-pathmechdis-012419-032654
https://doi.org/10.1016/j.bioteChadv.2015.08.001
https://doi.org/10.1016/j.bioteChadv.2015.08.001
https://doi.org/10.1155/2019/8748253
https://doi.org/10.1155/2013/650984
https://doi.org/10.1093/humupd/dmu058
https://doi.org/10.1080/01635581.2015.1029639
https://doi.org/10.3390/ijms20071526
https://doi.org/10.1074/jbc.M112.349902
https://doi.org/10.3390/cells8101132
https://doi.org/10.3390/cells8101132
https://doi.org/10.14715/cmb/2018.64.4.16
https://doi.org/10.14715/cmb/2018.64.4.16
https://doi.org/10.1515/hmbci-2013-0044
https://doi.org/10.3390/ijms20174215
https://doi.org/10.1016/j.theriogenology.2007.07.018
https://doi.org/10.1095/biolreprod.110.086744
https://doi.org/10.3390/antiox9101023
https://doi.org/10.1016/j.reactfunctpolym.2005.02.016
https://doi.org/10.1017/S0007114511001589
https://doi.org/10.1016/j.cell.2007.06.009
https://doi.org/10.4103/1735-5362.293517
https://doi.org/10.1080/09712119.2015.1031785
https://doi.org/10.1080/09712119.2015.1031785
https://doi.org/10.1016/j.rvsc.2018.01.022
https://doi.org/10.1016/j.jtherbio.2019.01.003
https://doi.org/10.1155/2015/135691
https://doi.org/10.1155/2018/9434385
https://doi.org/10.22074/ijfs.2017.5007
https://doi.org/10.3389/fendo.2023.1245512
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org


Kohut et al. 10.3389/fendo.2023.1245512
Glossary

ADP adenosine diphosphate

AMH anti-Müllerian hormone

BAD Bcl-2-associated death promoter protein

Bax Bcl-2-associated X protein

Bcl-2 B-cell lymphoma protein 2

CDKI cyclin-dependent kinase inhibitor

CREB cyclic adenosine monophosphate response element-binding protein

ERK1/2 extracellular signal-regulated kinases ½

ERa estrogen receptors alpha

ERß estrogen receptors beta

ESC endometrial stromal cell

FSH follicle-stimulating hormone

GnRH gonadotropin-releasing hormone

H2O2 hydrogen peroxide

HeLa human cervical cancer cells

hGC primary luteinized human granulosa cells

IGF1 insulin-like growth factor 1

IGFBP insulin-like growth factor binding protein 1

KGN human ovarian granulosa-like tumor cell line

let-7a a member of the let-7 miRNA family

LH luteinizing hormone

MAP mitogen-activated protein

MAPK mitogen-activated protein kinase

MCF-7 human breast cancer cells

MUFA monounsaturated fatty acids

NF-kB nuclear factor kappa B

NOX NADPH oxidase

PARP poly(ADP-ribose) polymerase

PARP-1 poly(ADP-ribose)polymerase-1

PCOS polycystic ovary syndrome

PI3K phosphoinositide 3-kinase

PPAR-g peroxisome proliferator-activated receptor g

PUFAs polyunsaturated fatty acids

ROS reactive oxygen species

SFA saturated fatty acids

SIRT1 sirtuin 1

SOD superoxide dismutase

StAR steroidogenic acute regulatory protein

YB-1 Y-box binding protein 1
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