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Abstract

Background Medicinal plants are used to treat various disorders, including diabetes, globally in a range of formulations.
While attention has mainly been on the aerial plant parts, there are only a few review studies to date that are focused on the
natural constituents present in the plant roots with health benefits. Thus, the present study was performed to review in vivo
studies investigating the antidiabetic potential of the natural compounds in plant roots.

Methods We sorted relevant data in 2001-2019 from scientific databases and search engines, including Web of Knowl-
edge, PubMed, ScienceDirect, Medline, Reaxys, and Google Scholar. The class of phytochemicals, plant families, major
compounds, active constituents, effective dosages, type of extracts, time of experiments, and type of diabetic induction were
described.

Results In our literature review, we found 104 plants with determined antidiabetic activity in their root extracts. The bio-
synthesis pathways and mechanism of actions of the most frequent class of compounds were also proposed. The results
of this review indicated that flavonoids, phenolic compounds, alkaloids, and phytosteroids are the most abundant natural
compounds in plant roots with antidiabetic activity. Phytochemicals in plant roots possess different mechanisms of action
to control diabetes, including inhibition of a-amylase and a-glucosidase enzymes, oxidative stress reduction, secretion of
insulin, improvement of diabetic retinopathy/nephropathy, slow the starch digestion, and contribution against hyperglycemia.
Conclusion This review concludes that plant roots are a promising source of bioactive compounds which can be explored
to develop against diabetes and diabetes-related complications.
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Introduction

A recent analysis of the prevalence of diabetes mellitus,
with type 2 diabetes (T2D) being the dominant form, esti-
mated 4.2 million deaths worldwide due to diabetes in 2019.
The direct medical cost for treatment of this metabolic
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disorder was estimated at 760 billion U.S. dollars, corre-
sponding to 10% of the total health care expenses [1]. The
common risk factors for developing T2D are obesity and
lacking exercise. With a worldwide general obesity epi-
demic, the projected numbers of individuals with T2D are
expected to increase dramatically from 463 million in 2019
to 700 million in 2045, highlighting the need for efficient
drugs for managing T2D [1]. Weight-reduction and lifestyle
improvements, such as the increase in physical activity and
intake of functional foods (i.e., foods with health-promoting
effects beyond their nutritional values), are effective meth-
ods for controlling blood glucose levels, alleviating some of
the T2D complications [2, 3]. Pharmaceutical methods for
the treatment of T2D include metformin, which can reduce
30% of the T2D progression even without lifestyle changes,
at the cost of possible side effects such as vitamin B12 defi-
ciency [2, 4]. Generally, T2D is manifested by decreased
insulin-stimulated glucose uptake by the skeletal muscles.
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The resulting low peripheral glucose disposition and high
hepatic glucose production are primary contributors to dia-
betic hyperglycemia, leading to micro- and macro-vascular
complications, including retinopathy, neuropathy, nephrop-
athy, cardiovascular disease, stroke, and amputations [5—8].
The existing clinical agents targeting these complications,
such as acarbose, voglibose, and miglitol, are associated
with gastrointestinal side effects such as nausea, constipa-
tion, and diarrhea due to the nature of their mechanism of
action [9]. Thus, alternative agents with fewer side effects,
such as natural products derived from plants and micro-
organisms, are in demand for future T2D management. In
addition, the increased incidence of diabetes calls for the
development of useful and novel therapy procedures. Plant-
based remedies, in the forms of teas, capsules, extracts, or
isolated phytochemicals, are commonly used as comple-
mentary therapies to control T2D complications [10]. Dif-
ferent plant parts often exhibit distinctive chemical profiles
contributing to antidiabetic bioactivities. Alkaloids, flavo-
noids, phytosteroids, and phenols are the most abundant
compound classes with demonstrated antidiabetic effects
in plant roots [11, 12].

Plants have always been an outstanding source of food,
drug, and recent numbers show that more than 45% of all
approved drugs from 1981 to 2019 are of natural origin
or mimics thereof [13]. With accelerated improvements
in novel analytical techniques [14, 15] and an increase in
the number of studies on natural products with antidia-
betic bioactivity, a range of new compounds from vari-
ous unique plants has been found to possess antidiabetic
activities [16]. While existing reviews predominantly
focus on the antidiabetic bioactivity of the aerial plant
parts, there is limited knowledge of in vivo antidiabetic
effects of natural constituents present in the plant roots
and rhizomes.

Thus, the main aim of this review was to summarize the
potential antidiabetic natural products in plant roots and rhi-
zomes with emphasis on in vivo effects.

Methods

To build and collect data for this review, several data-
bases and search engines, including Web of Knowledge,
PubMed, Science Direct, Medline, Reaxys, and Google
Scholar were used. The used keywords were included:
“medicinal plant roots”, “antidiabetic natural products”,
“diabetic rats”, “in vivo studies”, and “herbal medicine”.
In vitro studies and investigations that did not concern
root and rhizomes were excluded. The search was limited
to studies in English, and the dates of the studies ranged
from 2001 to 2019.

@ Springer

Results and discussion

In the past decades, people have used different parts of
medicinal plants as antidiabetic remedies. Recently, several
traditional plant-based treatments have been reported to
manage diabetes, according to in vitro, in vivo, and clinical
investigations. Plant roots contain a diverse range of phyto-
chemicals such as flavonoids, phenols, alkaloids, tannins,
phytosterol, and saponins [17], with studies showing that
some compounds are being uniquely biosynthesized in the
root system [18-20].

From the literature review, a total of 104 plant species
from 56 families were found to contain antidiabetic com-
pounds in their roots and rhizomes (Table 1). The most fre-
quent plant families which were reported in the reviewed
studies were Fabaceae, Araliaceae, Asparagaceae, Aster-
aceae, and Zingiberaceae, respectively. While not all
reviewed studies report the chemical constituents or bio-
active compounds, the results showed that flavonoids and
phenols, alkaloids, phytosteroids, saponins, tannins, terpe-
noids, anthraquinones, and cardiac glycosides were the most
abundant bioactive components in plant roots and rhizomes
(Fig. 1) as described in detail below. In the reviewed stud-
ies, a range of solvents was used for the extraction of natural
constituents. The most common were ethanol (28%), water
(27%), and methanol (22%). The time of experiments varied
among the studies from 2 h to 120 days. Therefore, we cat-
egorized the time of experiments into two categories: short
time (less than one day) and long-time experiments (more
than one day). The results showed that 17% of the experi-
ments were performed within a day (short time), while 83%
of the experiments were performed in more than one day
(long time). The average time of the two categories were 5 h
and 25 days, respectively (Fig. 2).

Phenols and flavonoids

Phenols constitute the largest group of natural products,
with a chemical structure consisting of an aromatic ring
and a hydroxyl group (CqH;OH). Within this group, fla-
vonoids, which can be sub-categorized into flavonols, fla-
vones, flavan-3-ols, anthocyanidins, flavanones, and iso-
flavones, are the largest subgroup [12]. Generally, flowers,
fruits, leaves, and seeds are rich in phenols and flavonoids.
However, studies have also reported phenols and flavo-
noids as the major chemical constituents in plant roots
[125, 126]. Phenols and flavonoids are synthesized through
the phenylpropanoid pathway, transforming L-phenylala-
nine by phenylalanine ammonia lyase or L-tyrosine by
tyrosine ammonia lyase into p-coumaroyl-CoA, which
eventually enter the phenol and flavonoid biosynthe-
sis pathway (Fig. 3). Studies have shown plant-derived
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phenols, and flavonoids protect against oxidative stress,
which results in improved protection against diabetes
[127]. Phenols and flavonoids are furthermore well-rec-
ognized for their health benefits, including antioxidant,
anti-inflammatory, antidiabetic, anti-ulcer, and anti-cancer
effects [128-132].

Phenols, such as resveratrol, curcumin, chlorogenic
acid, gallic acid, and ellagic acid, as well as flavonoids,
such as quercetin, hesperidin, naringin, rutin, and myri-
cetin, are well-known natural compounds for their poten-
tial antidiabetic properties. Quercetin, as one of the most
abundant flavonoids in the plant kingdom, has been shown
to possess several biological activities related to diabetes,
such as glucose homeostasis, increased insulin sensitivity
and secretion, glucose utilization in peripheral tissues, and
the inhibition of intestinal glucose absorption [133, 134].

Despite promising activities in in vitro models, the
low oral bioavailability of the flavonoid aglycones often
results in vivo concentrations being too low to reach the
relevant therapeutic concentrations [135]. Such challenges
can, however, be alleviated by suitable formulations as
reviewed by Zhao et al. [136].

Alkaloids

Alkaloids cover a wide range of natural products, which
are mainly found in plants [137]. Alkaloids are defined by
containing a non-amide nitrogen atom in their structure
[138]. Amino acids such as histidine, lysine, ornithine,
tryptophan, and tyrosine are the key precursors of most
alkaloids in plants. Generally, due to the pharmacologi-
cal properties of the alkaloids, the primary physiological
function in plant roots of this compound class is protec-
tion against herbivores. Alkaloids are widely distributed
within the plant kingdom and routinely isolated from plant
families such as Solanaceae, Fabaceae, Papaveraceae,
Berberidaceae, and Cannabaceae. The classification of
alkaloids is mainly based on either their heterocyclic ring
system or the name of the plant origin. Nicotine, atropine,
berberine, morphine, and caffeine are some examples of
currently marketed alkaloids for the treatment of cardio-
vascular, inflammatory, and mental diseases [139, 140].
Alkaloids mainly possess activities related to the central
nervous system as well as anti-inflammatory effects, but
antidiabetic activities have also been demonstrated [11].
Particularly the benzylisoquinoline alkaloids berberine
and palmatine, found in root and rhizomes of the Ber-
beridaceae plant family, have shown promising activities
for the treatment of diabetes. Lee has recently reported
that isoquinoline alkaloids isolated from Coptis japonica
showed strong antidiabetic activity as aldose reductase
inhibitors in an in vivo study [141]. Chen et al. reported

@ Springer
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6%

Terpenoids
9%

Fig.1 The class of compounds with antidiabetic bioactivity in plant
roots and rhizomes

that berberine could potentially activate AMPK (5-adeno-
sine monophosphate-activated protein kinase) to improve
insulin sensitivity and subsequently decrease the serum
glucose level [142].

Phytosteroids

Phytosteroids are an important group of secondary metabo-
lites produced by plants. Phytosteroids, found in plant roots
in the two main forms of glycolipids and fatty acid esters
[143], are involved in plant growth regulation, reproduc-
tion and respond to various biotic and abiotic stresses. The
sterol primarily constitutes lipid-like molecules with intrigu-
ing antidiabetic potential. In a clinical study, Baker et al.
have shown that the sterols present in vegetables, fruits, and
seeds have the ability to decrease the concentration of cho-
lesterol in diabetic patients [144]. Today, sterol-rich plant-
based foods have become a focus of attention because of
their enormous health benefits [145]. Nissinen et al. reported
a lowering of the low-density lipoprotein (LDL) cholesterol
concentrations by inhibiting cholesterol absorption in the
small intestine [146], while Semova and co-workers showed
that sterol-rich plant-based food enhanced the effects of anti-
diabetic drugs and reduced the blood glucose level [147].

Saponins
Saponins consist of triterpenoid or steroidal aglycones linked

to oligosaccharide moieties (Fig. 4) and are widely distrib-
uted in the plant kingdom. These secondary metabolites
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Fig.2 The time of experiments
in the reviewed in vivo studies.
A: long-time (more than one
day, n: 90), B: short-time (less
than one day, n: 18)

Fig. 3 Biosynthesis pathway of

phenols and flavonoids in the
plant root system
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are biosynthesized in leaves, flowers, and roots. Saponins
have an important role in plant ecology as a defense system
against pests and herbivores. Saponins are furthermore also
broadly used in the food (additives), cosmetic (soaps), agri-
cultural (pesticides), and pharmaceutical industries (produc-
tion of steroid hormones) [148].

These molecules are well-known for inhibiting
a-amylase, a-glucosidase enzymes, and aldose reductase,
which are key enzymes for managing T2D by lowering
the carbohydrate absorption in the small intestine and
colon [149]. Several in vivo studies supported in vitro
findings of the potential of saponins for the management
of T2D. These include an investigation by Ezzat et al.,
which demonstrated how furostanol saponins from Bal-
anites aegyptiaca reduced the blood glucose level in rats
[150]. Chen et al. showed that a daily injection of sapo-
nins isolated from P. notoginseng resulted in a significant
decrease in the blood glucose level and body mass index
of male mice after 12 days [86]. Diosgenin, as the main
sapogenin in Trigonella. foenum-graecum seeds were
shown by Uemura and co-workers to decrease plasma
and hepatic triglycerides in obese diabetic mice and
resulted in lowered blood glucose levels [151]. Twelve
triterpenoid saponins isolated from A. taibaiensis effec-
tively decreased the blood glucose level, triglyceride, and
Low-Density Lipoprotein-Cholesterol (LDL-C) levels
in diabetic rats. Li et al. suggested that the triterpenoid
saponins might activate the AMPK and can be used as an
adjunctive treatment for metabolic disorders [34].

Tannins

In plants, the physiological role of the polyphenolic tan-
nins is to provide protection against herbivores while also
negatively affect neighboring plant growth. These second-
ary metabolites can be classified into hydrolyzable and
non-hydrolyzable tannins. Structurally, the hydrolyzable
tannins consist of a central polyhydric alcohol (often glu-
cose) which is esterified by phenolic groups such as gallic
acid (gallotannins) or hexahydroxydiphenic acid (ellagi-
tannins) as shown in Fig. 5.

Non-hydrolyzable tannins are distinctively differ-
ent from hydrolyzable tannins as they are polymerized
products of flavan-3-ols and flavan-3,4-diols [152] as
depicted in Fig. 5. It is well-established that tannins cause
a decrease in feed intake, growth rate, feed efficiency, and
protein digestibility, resulting in increased excretion of
proteins and essential amino acids followed by a decrease
of the body mass index [152—-154]. In a study by Ven-
kataiah et al., tannins in the root of A. ilicifolius were
shown to significantly decrease the blood glucose level in
diabetic rats when orally administering 200 mg/kg of the
extract for two weeks [21]. Shokeen et al. treated normal

@ Springer

and diabetic mice with 50% ethanolic extract of R. com-
munis, which is a tannin-rich plant, daily for 20 days and
showed a significant decrease in their fasting blood glu-
cose level, total lipid profile, and liver and kidney func-
tions [103]. Former in vitro studies have also shown that
hydrolyzable tannins may inhibit the a-glucosidase activ-
ity while also slowing the starch digestion. This indicates
a polypharmacological antidiabetic potential of this com-
pound class [155, 156].

Terpenoids

The terpenoids originate from one to several isoprene mol-
ecules (CsHg) and are widely distributed in plants and are
classified based on the number of their isoprene units. The
most simple class of terpenoids is the hemiterpenoids (CsHyg)
with additional isoprene units leading to the monoterpenoids
(C,0H¢), sesquiterpenoids (C;sH,,), diterpenoids (C,,Hs,),
sesterterpenoids (C,sH,y), triterpenoids (C5yHyg), tetraterpe-
noids (C4oHg,), and polyterpenoids ([CsHg],). Terpenoids
are known for their antibacterial, antifungal, and anti-inflam-
matory bioactivity. Furthermore, in vivo and in vitro antidia-
betic activities, targeting a-glucosidase, a-amylase, and pro-
tein tyrosine phosphatase have also been reported, indicating
their pharmacological potential [101, 157]. Several in vivo
studies show that terpenoids enhance glucose metabolism,
prevent the development of insulin resistance, and normalize
plasma glucose and insulin levels [158].

Anthraquinones

Anthraquinones structurally consist of two aromatic rings
joined together by two carbonyl groups, creating a planar,
aromatic structure. In plants, anthraquinones are synthe-
sized through two main biosynthetic pathways: the polyke-
tide pathway and the chorismate/O-succinylbenzoic acid
pathway [159]. These metabolites are present in aerial parts
and roots as both O- and C-glycosides as well as aglycons
(Fig. 6).

Several in vivo studies have shown that anthraquinones
possess activities for treatment of diabetes, suggesting this
compound class as potential antidiabetic candidates [30, 41,
160]. Emodin, aloe-emodin, catenarin, chrysophanol, and
rhein are the most frequently isolated aglycon anthraqui-
nones in the root system possessing a-amylase and a-glu-
cosidase inhibitory activities [160] (Fig. 6).

Cardiac glycosides

The cardiac glycosides consist of a steroid molecule bound
to one or more carbohydrates. The functional groups, which
include methyl, hydroxyl, or aldehyde groups, are attached
to the cardiac glycosides skeleton and play a pivotal role in
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Triterpenoid aglycons

Steroridal aglycons

Taraxasterol Hopanol

Cucurbitadienol Furostanol

Fig.4 Chemical structure of selected triterpenoid and steroidal aglycones of saponins present in the plant root system

the biological activity of these molecules. Cardiac glyco-
sides enhance the heart output force and increase its rate by
acting on the sodium—potassium ATPase pump [161] and
are marketed for the treatment of various heart diseases.
With the sodium—potassium ATPase being involved in

o
T

2 [
OH
OH

OH HO

HO

Punicalagin

OHO@Y

OH

metabolic diseases such as diabetes and obesity, regulation
and enhancement of the ATPase have the potential to benefit
the treatment of diabetes [161]. Several in vivo studies indi-
cate the antidiabetic activity of cardiac glycosides present
in plants [30, 59, 97].

OH

HO OH
HO KE(

Gallotanin

Fig.5 Chemical structure of hydrolyzable (punicalagin) and non-hydrolyzable (Gallotannin) tannins
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Fig.6 Chemical structure of the most frequent anthraquinones in the root system with a-amylase and a-glucosidase inhibitory activities

Conclusion

This review focuses on the literature survey of in vivo anti-
diabetic effects of root and rhizome extracts on streptozo-
tocin-induced or alloxan-induced diabetic mice or rats. The
literature study revealed that most of the phytochemicals
with antidiabetic bioactivity in the plant root system are
involved in the management of diabetes through reducing
hyperglycemia and hyperlipidemia, a-glucosidase inhibi-
tion, and insulin secretion regulation. However, as in vivo
studies of purified secondary metabolites from root extracts
are limited, plant roots constitute a largely uninvestigated
source of candidates for the treatment of diabetes. This lit-
erature review found that flavonoids, phenolic compounds,
alkaloids, and phytosteroids are the most abundant chemical
constituents in the root system possessing antidiabetic activ-
ities. Based on our findings, the plant families Fabaceae,
Araliaceae, Asparagaceae, Asteraceae, and Zingiberaceae
are considered the plant families with root extracts most
likely to include natural antidiabetic compounds. As the
majority of studies on antidiabetic bioactivities of plants
are performed on the aerial parts, whereas root extracts are
less investigated with unique natural products, the root sys-
tem is a promising source of new natural compounds with
antidiabetic activities. This review provides comprehensive
information about the promising plants and plant families
with potential antidiabetic constituents in their root system.
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