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Abstract

Diabetes Mellitus (DM) is recognized as a critical priority because of its epidemic nature. Successful diabetes treatment
is not yet established and nowadays, diabetes is considered a global problem. Recent medications have not proved to
be complete treating agents because, until now no one had completely cured diabetes. Current antidiabetic drugs have
many undesirable side effects. So, an alternative therapy is required. Nowadays, various plant species are used worldwide
as hypoglycemic, antihyperglycemic, antidiabetic and antihyperlipidemic agents. A number of plants contain active
metabolites such as alkaloids, flavonoids, glycosides, carotenoids, terpenoids, etc., which are extensively used in antidiabetic
drugs. About 400 plant species have been reported as having hypoglycemic activity. From these medicinal plants and their
active components, various herbal drugs are being formed. This review aims to understand different plant species used
to date for treating diabetes, the therapeutic potential of fenugreek, the active compounds isolated from fenugreek, the
chemical structure of trigonelline, therapeutic uses of trigonelline as an antidiabetic agent. Research papers, manuscripts
and review papers were searched and relevant contents were studied. One hundred sixty-three papers were included in

this review. The review resulted in a better understanding of the use of trigonelline in diabetes treatment..
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1. Introduction

Diabetes Mellitus (DM) is probably one of the oldest
disorders known to man. It was first reported in an
Egyptian manuscript about 3000 years ago’. In 1936, the
distinction between type 1 and type 2 DM was made.
Diabetes is a major killer worldwide and its unprecedented
rise poses a serious threat to mankind. In 2021, it is
estimated that 537 million people have diabetes and this
number is projected to reach 643 million by 2030 and
783 million by 2045. In addition, 541 million people are
estimated to have impaired glucose tolerance in 2021. It
is also estimated that over 6.7 million people aged 20-79
will die from diabetes-related causes in 20212,

The highest percentage of 387 million diabetic people
live in low- and middle-income countries and comprise
the 40-59 year age group in the population. A population
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survey by the Indian Council of Medical Research
(ICMR) suggested that China leads the survey with an
estimation of 98.4 million cases and India comes next
with 65.1 million diabetes patients®. As per International
Diabetes Federation-2021, 74.2 million adults (20-79
years) are diabetic in India, which is projected to rise
to 124.9 million by the year 20452 ICMR guidelines for
the management of type 2 diabetes- 2018 reveal that the
prevalence of diabetes in urban India, especially large
metropolitan cities has increased from 2% in the 1970s
to over 20% at present and the rural areas are also fast-
catching up?. It has been seen that certain features in
Asian Indians make the latter prone to diabetes and
coronary artery disease*® which include increased insulin
resistance’ and greater abdominal adiposity®. Studies
revealed that a family history of Type 2 Diabetes Mellitus
(T2DM), consumption of fast food, physical inactivity,
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Acanthosis nigricans, and being overweight are the most
significant potential risk factors for diabetes mellitus®.
Quantifying the prevalence of diabetes and the number
of people affected by diabetes, now and in the future, is
important to allow rational planning and allocation of
resources.

Currently, no complete cure for T2DM is available.
The disorder is managed with the help of medicinal
involvementand certain lifestyle modifications. The recent
treatment for diabetes includes some oral anti-diabetic
drugs like sulfonylureas, biguanides, thiazolidinediones,
alpha-glucosidase inhibitors, meglitinides, etc., which
do not meet the needs of all diabetic patients. Some
antidiabetic compounds recently available to treat T2DM
are as follows:

1. Sulfonylurea: It reduces fasting and postprandial
blood glucose level by increasing insulin secretion by
[-cells of the pancreas.

2. Biguanide (Metformin): It helps in insulin
sensitivity and its mechanism. It also improves insulin
secretion by B-cells of the pancreas. Metformin inhibits the
function of mitochondrial enzyme glycerol-3-phosphate
dehydrogenase, which further blocks gluconeogenesis in
the liver'®and kidney*".

3. Alpha-glucosidase inhibitor (Acarbose):
Inhibits the breakdown of disaccharides in the upper
gastrointestinal tract (GIT) thus resulting in reduced
absorption of glucose.

4. 'Thiazoldinediones: = The  mechanism  of
thiazoldinediones is similar to biguanides. They play an
important role in insulin-mediated blood glucose uptake
by cells without increasing insulin secretion.

However, all these antidiabetic drugs exert some
side effects like excessive hypoglycemia, vomiting,
headache, weight gain, nausea, hyponatremia, flatulence,
gastrointestinal disturbance, pernicious anaemia, lactic
acidosis, dizziness, dyspepsia joint pain, etc. Sulfonylurea
shows limited and short glycemic control with an
increased risk of hypoglycemia and weight gain. While
thiazoldinediones are linked with an increased risk of
edema, heart failure and weight gain'2. Therefore, instead
of allopathic drugs for the management of diabetes, herbal
drugs are considered a good option and show negligible
side effects.

Management of this disorder may include lifestyle
modifications, diet exercise, and long-term use of oral
hypoglycemic agents or insulin therapy?. Available
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treatment option for diabetes mellitus is insulin
therapy which shows glycemic control in diabetes,
yet its shortcomings, such as ineffectiveness on oral
administration, short shelf life, the requirement of
constant refrigeration, fatal hypoglycemia in the event of
excess dosage, the reluctance of patients to take insulin
injections and above all the resistance due to prolonged
administration, limit its usage'*.

2. Medicinal Plants with
Antidiabetic and Related
Beneficial Effects

For the last few decades, phytochemistry has been
making rapid progress and herbal products are becoming
more popular. There has been a dramatic rise in the sale
of herbal products. Herbal medicines are produced by
a number of distinguished researchers and due to their
accessibility to traditions, it is still practised even by
practitioners. Ayurveda, the ancient healing system of
India, flourished in the Vedic era in India. According to
historical facts, the classical texts of Ayurveda, Charaka
Samhita and Sushruta Samhita were written around
1000 B.C. The Ayurvedic Materia Medica includes
600 medicinal plants along with therapeutic uses. The
ayurvedic formulations incorporate a single herb or two
or more herbs (polyherbal formulations).

It has been investigated that for a long time, plants-
based herbal medicines or their extracts have been
the major source of drugs for the treatment of diabetes
mellitus in Indian medicine and other systems in the
world!s, because plant products are frequently considered
to be less toxic and freer from side effects than modern
synthetic drugs'®. Ethnobotanical information suggests
that about 800 medicinal plants have become more
important, and the search for more effective and safer
hypoglycemic agents has continued to be an important
area of active research. Many herbs and plants have been
described as possessing hypoglycemic activity when
taken orally’”. However, many florae still wait for an
investigation into their medicinal properties. There are
many plants which possess antidiabetic properties like
fenugreek, bitter melon, turmeric, giloy, gudmar, garlic,
vijayasar, ashwagandha, amla, ginger, red sandalwood,
chiretta, etc., (Table 1).
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Table 1. List of plants showing antidiabetic and other activities

Sr. No. Scientific Name of Common/Ayurvedic Antidiabetic and other Activities References
the Plant Name
a-amylase inhibitor, hypoglycemic,
L. Allium sativum Garlic a-glucosidase inhibitor, 1825
antihyperglycemic
Increase in plasma insulin
1
2. Annona squamosa iug;ler apple or Custard level, hypoglycemic and 2628
PP antihyperglycemic
3. Areca catechu Betel-put palm or Hypoglycemic 2
Supari
Increases peripheral glucose
4. Artemisia pallens Davana utilization or inhibits glucose 0
reabsorption, hypoglycemic
Hypoglycemic, increase in plasma
insulin level, antioxidant, increase
5. Boerhavia diffusa Punarnava in hexokinase activity, decrease in 33
glucose-6-phosphatase and fructose
bis-phosphatase activity
Bombax ceiba Semul Hypoglycemic %
Butea monosperma Palas Anti-hyperglycemic 3z
Caesalpinia . .. . 38.40
8. bonducella Sagargota or Fevernut | Hypoglycemic, hypolipidemic
9. Camellia sinensis Tea Antihyperglycemic, antioxidant 4142
o | ic. hypolipidemic,
10. Capparis decidua Karir YPOgyCcemIS, AYPO ipidemic £
antioxidant
11. Coccinia indica Bimb or Kanturi Hypoglycemic 4
12. Curcuma longa Turmeric Hypoglycemlc, :‘11¥t10x1dar%t,' o
glucosidase inhibitory activity
13. Emblica officinalis Amla Hypoglyce'm'lc, ant10).(1da.n b 48
decreases lipid peroxidation
Hypoglycemic, increase in
14. Enicosterna littoral Nahi hexokinase activity, decrease in sos1
glucose 6-phosphatase and fructose
1,6 bisphosphatase activity
15. Eugenia uniflora Pitanga Hypoglycemic 2
16. Ficus benghalenesis | Banyan Hypoglycemic, antioxidant 3
17. Gymnema sylvestre Gudmar or Merasingi | Antihyperglycemic, hypolipidemic 3435
18. Momordica charantia | Bitter melon Hypoglycemic 657
19. i\;];);nordzca cymbal Kadavanchi Hypoglycemic, hypolipidemic 89
Hypoglycemic, increases
20. Murraya koenigii Curry patta glycogenesis, decreases €0
gluconeogenesis and glycogenolysis
21. Musa sapientum Banana Antihyperglycemic, antioxidant 6163
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Table 1 to be continued...

Hypoglycemic, hypolipidemic,
22. Phaseolus vulgaris Hulga or common bean | inhibit alpha-amylase activity, 64:66
antioxidant.
23. Pterocar"p us Malabar I?no or Indian Hypoglycemic, antihyperlipidemic 710
marsupium kino or Vijayasar
24. Pterocarpus santalinus | Red sandalwood Antidiabetic, antioxidant n
25. Punica granatum Pomegranate or Anar | Antihyperglycemic, antioxidant, z
26. Scoparia dulcis Sweet broomweed AnFlh}fp erlipidemic, hypoglycemic, I
antioxidant
27. Swertia chirayita Chiretta Stlmulates insulin release from B
islets
Syzygium " . . . 77
28. alternifolium Shahajire Antihyperglycemic, hypoglycemic
29. Terminalia bellirica Behada Hypoglycemic, antibacterial -
30. Terminalia chebula Hirda Hypoglycemic, antibacterial e
31. Tinospora cordifolia | Guduchi or giloy Hypoglyce{tllc., z%ntlhyperglycemlc, 187585
a-amylase inhibitors
Hypoglycemic, antioxidant,
3 Trigonella foenum Fenugreek decreased glucose—§—phosphatase 8690
graecum and fructose -1,6-biphosphatase
activity
33. Withania somnifera Ashvagandha Hypoglycemic, . oA
hypocholesterolemic
34. Zea mays Maize or corn Antioxidant, hypolipidemic 2
35. Zingiber officinale Ginger Hypoglycemic, a-amylase inhibitor 18.79.93.94

3. Therapeutic Uses of Fenugreek

One of the medicinal plants having antidiabetic activity
is fenugreek. Trigonella foenum-graecum L. (fenugreek)
originated from East Asia and Northern Africa and
it is one of the medicinally important plants known
historically®. About 260 species of fenugreek have been
described, of which Trigonella foenum-graecum is the
only one cultivated widely. All parts of fenugreek, such
as leaves, seeds and whole plant extract have been used
as antidiabetic®?” and antiaging®!®. Fenugreek seed
extract administration on alloxan-induced diabetic mice
revealed histopathological and ultrastructural changes
in the pancreas by decreasing oxidative stress and
preserving pancreatic B cell integrity’®. Previously, it has
been reported that the seed powder of fenugreek shows
hypoglycemic and hypolipidemic effects in human as well
104 Tt has been commonly used to treat a
variety of diseases including fever, abdominal colic, boils,
etc2B105106 (Table 2).

as animal models
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4, Active Compounds of
Fenugreek

Most of the medicinal research has aimed to evaluate the
therapeutic value of plants and identify the related active
compounds that can be extracted. Many medicinal plants
have antidiabetic potential and bioactive compounds
such as glycosides, alkaloids, terpenoids, carotenoids
and flavonoids have been confirmed to be effective in
both preclinical and clinical studies'>!?, Fenugreek is an
important medicinal plant. Its leaves and seeds contain
a variety of bioactive compounds like alkaloids, amino
acids, coumarins, flavonoids, saponins, etc. (Table 3),
which are beneficial in the treatment of diabetes.

5. Structure of Trigonelline

Trigonelline, a plant alkaloid, was first isolated from
Trigonella foenum-graecum L. In fenugreek seeds, the
percentage of trigonelline is approximately 0.1-0.15 %

J Endocrinol Reprod.
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Table 2. Fenugreek plant parts and their pharmacological activities

Sr. No. Plant parts/ phytochemicals | Pharmacological activities References
L Seed D.ecreasc? in blood glucose and .
triglyceride levels
2. Seeds Hypoglycemic, hypolipidemic 108-110
Reduction in blood glucose, serum total
3. Seeds cholesterol, LDL and VLDL cholesterol 1
and triglyceride levels
4-H isoleuci
4. ydroxyisoleucine Increase in insulin secretion 8
extracted from seeds
5. Seeds Increased number of insulin receptors 12
6 Alkaloids, flavonoids, and Decrease of lipidemia, glycemia and s
’ saponins from seeds cholagogic for treating diabetes mellitus
7. Seed extract rich in saponins | Reduction in plasma cholesterol in rats 1
Seeds Antidiabetic effects 1
9. Seeds Antiulcer potential e
10. Seeds Protection against ethanol toxicity 1z
11. Seeds Hypocholesterolemic effect 8L
12. Total aqueous extract Immunostimulatory effect 120
13. Seeds Anti-hyperthyroid effect 21
14. Seeds Anticancer effect 122124
Table 3. Biologically active compounds of fenugreek
Sr. No. Chemical Group Compounds References
L. Alkaloids Trigonelline, choline 27
Aspartic acid, glutamic acid, lysine, phenylalanine,
5 Amino Acids histidine, leucine,.4—hydr0)fyisoleu'ci'ne, L8131
tryptophan, tyrosine, cysteine, arginine,
canavanine
3. Coumarins Trigocumarin, trimethyl coumarin 132:133
Naringenin, kaempferol, vecenin-1, vecenin-2,
4. Flavonoids tricin, isovitexin, isoorientin. orientin, vitexin, 132134037
luteolin, quercetin, 7, 4’-dimethoxy flavanones
Fenugrin, foenugracin, glycoside, yamogenin,
. trigonoesides, smilagenin, gitogenin,
5. Saponins 8 , gemm, §10g L . 128
sarsasapogenin, yuccagenin, hederagin, diosgenin,
tigonenin, neotigogenin
Folic acid, ascorbic acid, thiamine, riboflavin, .
6. Others e . =
biotin, nicotinic acid, p-Carotene, minerals

of the total seed weight®. It is commonly used as a spice
throughout India’®®. The chemical name of trigonelline is
N-methylnicotinic acid the empirical formula of which
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is CH NO,. Chemically, trigonelline is derived from
vitamin B6. Trigonelline has a zwitterionic structure
similar to that of a substrate D-amino acid and is a useful
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Figure 1. Structure of trigonelline.
(Source:https://pubchem.ncbi.nlm.nih.gov)

active site probe for D-amino acid oxidase'™. The affinity
of trigonelline for D-amino acid oxidase at the enzyme-
bound flavin adenine dinucleotide 3-iminogroup is
higher than in the deprotonated state in the neutral state,
unlike benzoate, which is a monoanionic competitive
inhibitor'*.

6. Therapeutic Uses of
Trigonelline in Diabetes

Trigonelline is believed to be a plant hormone that is
generally distributed in a variety of plant species of
the subclass dicotyledonae™. Moreover, it has been
demonstrated in several animals also such as arthropods,
coelenterates, molluscs, echinoderms,
marine poriferans, marine fishes, etc. It is also present in
the seeds of various legume species and also appears in
the urine of mammals after administration of nicotinic
acid!®. In green coffee beans, trigonelline content is about
0.6-1%. Trigonelline contributes to bitterness in coffee and
it is easily soluble in water. Consumption of coffee helps
in glucose homeostasis'*. Trigonelline has demonstrated

that it has sedative'®, antimigraine'*, antibacterial*®,
147 148,149

crustaceans,

antiviral¢, anti-platelet aggregation'®’
memory retention enhansion®,
hypolipidemic etc., effectx!=.

The hypoglycemic effect of trigonelline was seen in
STZ-HED (Streptozotocin-High Fat Diet) induced T2DM
rats after administration of trigonelline for 28 days**. In

, anti-tumor

hypoglycemic®!
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another diabetic rat model (Sabra albino) trigonelline
showed a good hypoglycemic effect in alloxan-induced
diabetes'2. In KK-Ay mice (genetically modified T2DM
mice model), after administration of trigonelline
and nicotinic acid, the level of serum TNF-a (Tumor
Necrosis Factor-alpha) has been lowered compared to
diabetic mice™. Also, the activity of glucokinase has
been increased after trigonelline administration and
conversely, the activity of G-6p-ase decreased in KKAy
mice®, It is seen that trigonelline has the ability to inhibit
sodium-dependent glucose uptake in the intestinal brush
border of rabbit'>.

In another study by Goto-Kakizaki, it has been
observed that trigonelline improves glucose tolerance
after one hour of the Oral Glucose Tolerance Test'**.
Trigonelline and nicotinic acid have shown hypoglycemic
effects after Oral Glucose Tolerance Test, which
suggests that trigonelline improves glucose tolerance
in diabetes as well as in obesity. These observations
suggest that a diet containing trigonelline helps improve
glucose tolerance. Trigonelline-administrated rats
showed increased insulin levels and improved insulin
sensitivity’*®. Similar observations recorded that the
trigonelline has the ability to regenerate p-cells''. Studies
showed that trigonelline helps in reducing cholesterol
levels in plasma in rat model™. Trigonelline also
decreases fatty acid synthase activity in the liver and,
conversely, it increases the activity of carnitine palmitoyl
transferase and glucokinase, enzymes responsible for the
inhibition of trigonelline in diabetes'.
effect of trigonelline was studied in HT-29/Caco-2 cells
in which trigonelline was involved in the reduction of
Reactive Oxygen Species (ROS) levels™. It has been
demonstrated that after treatment with trigonelline for
28 days, the diabetic rats showed decreased NO (Nitric
Oxide) and MDA (Malondialdehyde) but conversely
raised the level of SOD (Superoxide Dismutase), CAT
(Catalase) and GPx (Glutathione Peroxidase) in the
pancreas. These observations suggest that trigonelline has
the ability to up-regulate antioxidative enzyme activities
by decreasing lipid peroxidation'*. Trigonelline also
induces an antioxidant effect on liposome peroxidation'*.
The alkaloid trigonelline has possible antidiabetic effects
and its treatment through food is considered to decrease
oxidative stress in T2DM rats confirming its antioxidative
effect’. Further nano-scaling of trigonelline reduces

oxidative stress and improves antioxidative status in
160

The antioxidative

diabetic mice!®®
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7. Present Scenario and Future
Perspectives

Diabetes mellitus is routinely treated by a variety
of synthetic antidiabetic drugs like sulphonylureas,
biguanides,  thiazoldinediones, alpha-glucosidase
inhibitors, DPP-4 inhibitors, glinides, etc.!¢!. Despite
the widespread use of these drugs, they cause various
adverse effects'®2, Researchers are looking for antidiabetic
medications made from plants that have a better safety
and efficacy profile. Bioactive compounds isolated
from medicinal plants show prominent antidiabetic
action. Therefore, potential bioactive compounds from
medicinal plants, which have been shown to be effective
in both preclinical and clinical studies and used to treat
diabetes, can be considered potential compounds for the
development of new antidiabetic drugs.

The clinical evidence for fenugreek is stronger than
for other medicinal plants. World Health Organization
monographs as well as the European Medicines Agency
supported the use of fenugreek and officially published
assessment reports on it'>. One of the important bioactive
compounds isolated from fenugreek is trigonelline. It is
also derived from coffee beans, garden peas, hemp seeds
and oats. Plants containing trigonelline at levels of more
than 1000 ppm include fenugreek and coffee. The use of
trigonelline is a potential treatment for certain disorders
related to diabetes such as hyperglycemia, hyperlipidemia,
insulin resistance and diabetic auditory neuropathy.
However, further study of trigonelline’s pharmacological
activities and the exact molecular mechanism is needed,
which would facilitate its development as a drug. This can
also guide the recognition of complex and novel molecular
pathways. Hence, further research on trigonelline will
enable the discovery of several targets for therapeutic
intervention against diabetes mellitus.

8. Conclusion

This review provides comprehensive information about
the promising antidiabetic plant - fenugreek, and its
bioactive compound - trigonelline. Trigonelline from
fenugreek seeds reduces blood glucose by regenerating
B-cells in islets of Langerhans of the pancreas, and thus
insulin secretion also increases. Further, the glucose
uptake by muscle and liver cells also increases which
ultimately leads to a lowering of blood glucose levels.

Vol 27 (1) | March 2023 | http://www.informaticsjournals.com/index.php/jer/index

So, in order to treat diabetes, regular intake of fenugreek
seeds is good, and if one is taking trigonelline, it is the
best way to treat diabetes. Trigonelline can be explored
further to develop pharmaceutical drugs against diabetes
and diabetes-related complications.
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