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Abstract: Type 2 diabetes (T2D) is characterized by pancreatic beta-cell dysfunction, increased cell
death and loss of beta-cell mass despite chronic treatment. Consequently, there has been growing
interest in developing beta cell-centered therapies. Beta-cell regeneration is mediated by augmented
beta-cell proliferation, transdifferentiation of other islet cell types to functional beta-like cells or
the reprograming of beta-cell progenitors into fully differentiated beta cells. This mediation is
orchestrated by beta-cell differentiation transcription factors and the regulation of the cell cycle
machinery. This review investigates the beta-cell regenerative potential of antidiabetic plant extracts
and phytochemicals. Various preclinical studies, including in vitro, in vivo and ex vivo studies,
are highlighted. Further, the potential regenerative mechanisms and the intra and extracellular
mediators that are of significance are discussed. Also, the potential of phytochemicals to translate
into regenerative therapies for T2D patients is highlighted, and some suggestions regarding future
perspectives are made.
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1. Introduction

Type 2 diabetes mellitus (T2D) is a major global epidemic with increasing morbidity
and mortality linked to its pathophysiology and is, therefore, a serious health burden [1–5].
Despite the introduction of newer drugs in the market, T2D remains a progressive health
challenge because these drugs mainly target the clinical symptoms of T2D rather than ad-
dressing the underlying pathophysiological factors. Consequently, despite treatment, in the
majority of the patients, T2D deteriorates progressively over time, eventually necessitating
insulin supplementation [6–8]. This progressive clinical deterioration of T2D has inspired
the search for new therapeutics that arrest the disease’s progression, protect the remaining
pancreatic beta cells, and restore beta-cell mass in T2D by exploiting the inherent plasticity
of the pancreas [9–15].

Although the regenerative potential of the pancreas is reported to be limited in
adults [16–19], several studies have demonstrated plasticity towards beta-cell neogen-
esis in the adult pancreas following specific physical or physiological stimuli [20–23].
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Mechanistically, this is supported by the loss of transcription factors specific to mature beta
cells [24–27] and the re-expression by beta cells of the pro-endocrine markers Ngn3 and
Nanog, suggesting a progenitor-like status [26–28]. Further, the plasticity of the pancreas is
supported by evidence of pancreatic duct-derived neogenesis, which has been confirmed
by using lineage-tracing experiments in mice [29]. In pregnant, obese, insulin-resistant,
and diabetic humans, the number of single/small clusters of insulin+ cells and bihormone-
expressing cells, and the proportion of insulin+ cells within ducts increase, suggesting that
neogenesis may be an important mechanism in adult humans [30–32]. Using single-cell
RNA sequencing, the existence of multipotent progenitor-like cells within the pancreatic
ducts of the human pancreas in patients with T1D and T2D has been confirmed, even after
chronic disease [33]. Further, apart from the ductal tree, beta-cell progenitors may also be
present in the islets. A “virgin β cell subpopulation” expressing urocortin 3-, MafA-, and
insulin+ has been identified in the periphery of the islet as a potential source of progenitor
cells that can be reprogrammed toward a beta-cell fate [34]. Additionally, adult mouse
islets harbor a population of protein C receptor-positive endocrine progenitors that can be
reprogrammed into any of the four endocrine cell types [35].

Interestingly, interventions, including caloric restriction [27], exogenous transcription
factor [36] and insulin/glibenclamide therapy [37,38], have been able to reverse beta-cell de-
differentiation by restoring the expression of Nkx6.1, Pdx-1 and MafA. Moreover, studies
using animal models of DM include alloxan-induced diabetic Wistar rats [39–42], STZ-
induced diabetic Wistar rats [43–45], and alloxan-induced diabetic Swiss white mice [46].
In addition, other models for beta-cell regeneration, including partially pancreatectomized
Balb/C mice [47] and RIP-CreERT mice crossed with Rosa26-LSL-Lacz mice [48], have been
used to show histological evidence of pancreatic architecture recovery and the regeneration
of pancreatic islets with a significant increase in the size and number of islets following
treatment with herbal remedies compared to diabetic controls, indicating their potential for
treatment of T2D.

Multiple studies have highlighted the antidiabetic effects of plant extracts or their
compounds; however, few studies have considered their effects on pancreatic islets or
beta cells. Further still, of the studies that have investigated the beta-cell regenerative
effects of plant extracts or compounds, for most, the exact mechanism(s) of beta-cell mass
recovery have not been fully elucidated [12,49–51]. The proposed mechanisms include
changes in the transactivation of regulatory genes, transcription factors, cell cycle-related
mediators and several downstream signaling pathways. Further, specific small molecules
and plant extracts or compounds have been described to induce beta-cell regeneration
in vitro. These observations are corroborated in vivo using various models of diabetes
through the augmentation of beta-cell mass and the restoration of beta-cell function.

This review highlights studies that have investigated the regenerative potential of
plant extracts or plant-derived compounds in animal models or cell-based studies, with an
emphasis on the molecular mechanisms that are involved. The eventual goal is to generate
a prism through which the common pathways or mechanisms can be identified for possible
further scientific inquiry, with the ultimate goal of eventually identifying leads and targets.
These could be further validated as either adjunctive to conventional diabetes drugs or as
monotherapy for augmenting beta-cell mass and attenuating beta-cell dysfunction, which
is characteristic of T2D.

A literature survey was performed in “PubMed” “Scopus”, “EBCOhost”, “Google
Scholar” and “Web of Science” using the keywords “anti-diabetic activity”, “beta cell func-
tion”, “beta cell proliferation”, “beta cell regeneration”, “islet regeneration”, “polyphenols”,
“plant extracts”, “plant compounds”, and “beta cell differentiation” to evaluate the effects
of each plant product. To investigate the effects of natural products on pancreatic beta-cell
regeneration in diabetes, we included articles describing the effects of crude plant extracts
or plant-derived compounds on beta-cell function using cell cultures, isolated rodent islets,
diabetic animal models and human islets derived from cadaveric donors. We summarized
all research articles highlighting the mechanistic potential of plant extracts or compounds
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on molecular markers of beta-cell proliferation, de-differentiation, transdifferentiation
and neogenesis.

2. Phytotherapy and Regeneration of Pancreatic Beta Cells

Due to the chronic progressive nature of T2D, there have been persistent efforts to iden-
tify compounds that can stimulate beta-cell regeneration and prevent apoptosis, leading to
a return of endogenous control of glucose homeostasis [12,49–54]. Various plant extracts
and/or plant-derived compounds have been shown to mediate beta-cell regeneration by
modulating the transcription and translation of beta-cell-specific transcription factors and
cell cycle regulatory proteins to enhance cell replication, differentiation and neogenesis. The
regenerative effects of these extracts or compounds are mostly attributed to the presence of
different classes of flavonoids that include flavon-3-ols, flavanones, anthocyanins, flavones
and isoflavones. Certain alkaloids have also been shown to possess beta-cell regenerative
activity [12,49–51]. Figure 1 summarizes the regeneration mechanisms of the various plant
extracts or compounds. Table 1 summarizes beta-cell regenerative mechanisms based on
the in vitro, ex vivo and in vivo studies. The cellular proliferation of remnant beta cells is
critical to the increase in beta-cell mass under physiological and pathophysiological stress
conditions. Replication has been identified experimentally to play a key role in various
models of experimental diabetes. In the context of plant extracts or compounds, cell cycle
regulatory proteins are amenable to alteration to effect enhanced beta-cell proliferation.
Neogenesis, or the differentiation of beta cells from non-beta-cell progenitors, is another
key mechanism for the formation of new beta cells. This is dependent on the expression
of markers for stem/progenitor cells. In the case of beta-cell differentiation from fully
differentiated non-beta cells, poly-hormonal cells, or cells expressing markers for multi-
ple pancreatic cell types, are key features. Various plant extracts and compounds have
displayed a capacity to activate neogenetic processes in different experimental models of
diabetes.
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beta cells or the differentiation of progenitor cells or other islet cell types into functional beta cells.
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Table 1. Plant extracts and compounds with pancreatic beta-cell regenerative activity. Summary of studies related to the beta-cell proliferation activities of plant
extracts and compounds.

Plant Source/
Compound

Plant Extract or
Compound Model(s) Effective

Concentration/Dose Bioactivity Pathway References

1. Agaricus bisporus Agaricus bisporus
lectin

70% pancreatectomized 8-week-old male
C57BL/6J mice 10 mg/kg for 14 days

↑ proliferation of beta cells and duct cells
↑ beta-cell mass

↑ Cdk4 mRNA and protein
↑ cyclin D1 and D2
↑ Cdk4 activity

↑ Rb phosphorylation
↑ Pdx-1 and Ngn3 mRNA expression

Not indicated [55]

2.
Andrographis

paniculata Andrographolide

PANC-1 cells cultured 1.25, 2.5, 5 µM for 96 h
↑ differentiation of PANC-1 cells into

insulin-producing cells
Pdx-1 mRNA and protein levels

Not indicated [56]

8-week-old 150mg/kg STZ-diabetic male
Kunming mice

Transplanted with 200 islets
from normal mice or 500

differentiated islet-like cell
clusters into the renal capsular

for 5 days
Or treated with 50 mg/kg

daily for 40 days

↑ Pdx-1 mRNA and protein levels
↑ insulin+ and Pdx-1+ islets
Restored islet morphology

Pathway not indicated

Not indicated [56]

3. Aralia taibaiensis Chikusetsu saponin
IVa

βTC3 cell line exposed to high glucose
(33.3 mM)

40 µM for 0, 6, 12, 24, 36 or
48 h

↑ cell viability and proliferation
↑ TCF7L2, Wnt3a mRNA and protein

expression
↑ nuclear β-catenin levels

↑ p-GSK-3β
↑ c-Myc, cyclin D1, skp2 protein levels
↓ p53, p21 and p27 protein levels

Wnt/β-
catenin/TCF7L2 [57]

Pancreatic islet cells from male Sprague
Dawley rats exposed to high glucose 40 µM for 24 h

↑Wnt3a mRNA and protein
↑ nuclear β-catenin
↑ p-GSK-3β

↑ TCF7L2, c-Myc, cyclin D1, skp2 protein
levels

↓ p53, p21 and p27

Wnt/β-
catenin/TCF7L2 [57]

β-catenin gene knockout mice
(β-catenin−/−)

4-week-old male mice, HFD-fed for 8
weeks then given 50 mg/kg bwt STZ

120 mg/kg for 30 days

↑Wnt3a mRNA and protein
↑ nuclear β-catenin levels

↑ p-GSK-3β
↑ TCF7L2, c-Myc, cyclin D1, skp2 protein

levels
↓ p53, p21 and p27

Wnt/β-
catenin/TCF7L2 [57]
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Table 1. Cont.

Plant Source/
Compound

Plant Extract or
Compound Model(s) Effective

Concentration/Dose Bioactivity Pathway References

4.
Ervatamia

microphylla Conophylline

AR42J-B13 cells 0.1 µg/mL for 9 or 72 h

Differentiation of AR42J cells into
insulin-expressing cells

↑ Ngn3, NeuroD and Nkx2.2 mRNA
expression

↑ phosphorylation of p38

Not indicated [58]

14.5-day-old embryonic pancreata
0.1 µg/mL for 72 h or

0.1 µg/mL every 2 days for
10 days

↑ number of islet-like cell clusters
↑ number of insulin+ cells
↑ β-cell differentiation

↑ insulin+/Pdx-1+ cells around duct-like
structures

↑ insulin+/Pdx-1+ area

Not indicated [59]

Endocrine cells from neonatal porcine
pancreas

Islet-like cell clusters from the
pancreases of new-born pigs

0.1 µg/mL conophylline alone
or combined with 10 mM

nicotinamide treated for 1, 3, 5
or 6 weeks

↑ number of insulin-producing cells
↑ differentiation of ICC into functional

glucose-responsive cells
↑mRNA levels of Ngn3, Pdx-1, NeuroD

in islet-like cell clusters

Not indicated [60]

STZ-induced one-day-old male neonatal
Wistar rats

5 µg/g subcutaneously on
days 1, 3, 5 and 7

↑ relative area for Pdx-1/insulin-positive
cells

↑ Pdx-1+ ductal cells
↑ number of islet-like cell clusters

↑ β-cell mass

Not indicated [59]

STZ-induced one-day-old male neonatal
Wistar rats

2 µg/g (i.p) conophylline
every other day until day 7 or
200 pmol/g betacellulin daily

for 7 days with 2 µg/g
conophylline every other day

for 7 days

↑ β-cell mass
↑ number and size of islet-like cell

clusters
↑ number of insulin+/BrdU+ cells
↑ Pdx-1+/CK-19+ ductal cells

Not indicated [61]

5.

Epigallocatechin
gallate, Rutin

Endocrine cells from neonatal porcine
pancreas

Islet-like cell clusters from the
pancreases of new-born pigs

0.1 µg/mL conophylline alone
or combined with 10 mM

nicotinamide treated for 1, 3, 5
or 6 weeks

↑ number of insulin-producing cells
↑ differentiation of ICC into functional

glucose-responsive cells
↑mRNA levels of Ngn3, Pdx-1, NeuroD

in islet-like cell clusters

Not indicated [60]

Epigallocatechin
gallate (EGCG) 7-week-old male db/db mice 10 g/kg of diet (EGCG 1%

[w/w]) for 10 weeks

↑ number of islets, islet size, endocrine
area

↓ Cdkn1a and Ppp1r15a
Not indicated [62]
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Table 1. Cont.

Plant Source/
Compound

Plant Extract or
Compound Model(s) Effective

Concentration/Dose Bioactivity Pathway References

6. FTY720
(Fingolimod)

Five-week-old female db/db mice
(BKS.Cg-m+/+Leprdb)

10 mg/kg of FTY720 daily via
oral gavage for 6 weeks

↑ β-cell mass, islet area
↑ proliferation of beta and duct cells
↑ differentiation of ductal cells to

insulin+ cells
↑ expression of Pdx-1, cyclins D1, D2

and D3
↓ p57KIP2

PI3K/Akt
pathway via
Sphingosine
1-phosphate

receptors

[63]

7.
Gardenia

jasminoides Ellis Geniposide

MIN6 cells exposed to high glucose (33.3
mM) or a mixture of IL-1β plus IFN-γ 20 µM for 3 days ↑ p-Akt, p-GSK-3β, nuclear β-catenin

and PKA C-α protein expression
Wnt/β-

catenin/TCF7L2 [64]

Primary islets from male C57BL/6J mice
exposed to high glucose (33.3 mM) or a

mixture of IL-1β plus IFN-γ and
exocrine cells from male C57BL/6J mice

20 µM for 3 days for islets
20 µM for 4 days for exocrine

cells

↑ β-cell proliferation
↑mRNA expression of Pdx-1, TCF7L2,

cyclin D1
↑ protein expression of TCF7L2 and

p-Akt
Islet-like clusters from ductal cells

Pdx-1+, insulin+, MafA+, ductal cells
↑ Pdx-1 and insulin mRNA in exocrine

cells

Wnt/β-
catenin/TCF7L2

and
JAK2/STAT3

signaling

[64]

4-week-old male C57BL/6J mice fed an
HFD for 12 weeks

4-week-old male C57Bl/KsJ
(BKS) mice and

BKS.Cg-Dock7m+/+Leprdb/JNju
(db/db)

100 mg/kg for 4 weeks
100 mg/kg for 35 days

↑ β-cell mass and proliferation
↑ Pdx-1+ duct cells
↑ Ngn3+ duct cells

↑ islet-like cell clusters within ducts
↑ TCF7L2+ beta and duct cells

Wnt/β-
catenin/TCF7L2

and
JAK2/STAT3

signaling

[64]

8.
Various

leguminous
plants

Genistein

INS-1 cells 1 uM genistein for 15 min or
24 h

↑ β-cell proliferation
↑ cyclin D expression

↑ ERK1/2 phosphorylation

cAMP/PKA
and MEK/ERK

signaling
pathways

[65]

Human islet beta cells 1 µM and 5 µM genistein for
24 h

↑ β-cell proliferation
↑ cyclin D expression

↑ cAMP levels and activation of PKA in
human islets

cAMP/PKA
and MEK/ERK

signaling
pathways

[65]

High-fat diet + STZ-diabetic 4-week-old
male C57BL/6J mice

0.25 g/kg in the diet for
28 days ↑ β-cell proliferation

cAMP/PKA
and MEK/ERK

signaling
pathways

[65]



Curr. Issues Mol. Biol. 2023, 45 6222

Table 1. Cont.

Plant Source/
Compound

Plant Extract or
Compound Model(s) Effective

Concentration/Dose Bioactivity Pathway References

9.
Glycine max
(Soybean)

G. max leaves
compounds

(Kaempferol and
pheophorbide a)

MIN6 pancreatic β-cells
50 uM or 100 uM kaempferol

for 48 h
0.1 or 1 µM pheophorbide a

Kaempferol - ↑mRNA levels of IRS2
↑ Akt ↑ FoxO1 phosphorylation

↑ gene expression of Pdx-1, Ngn3 and
Pax4

↑ β-cell proliferation
Pheophorbide a - ↑mRNA levels of IRS1
↑ Ngn3, Pax4 and PKA gene expression

↑ induction of Akt and PKA
phosphorylation
↑ β-cell proliferation

For kaempferol -
IRS2/PI3K/Akt

signaling via
FoxO1

Pheophorbide a
via

IRS1/PI3K/Akt/PKA
signaling

[66]

S-equol

INS-1 cells exposed to 1 mMol/L
streptozotocin 10 µMol/L for 24 h ↑ cell proliferation cAMP/PKA

signaling [67]

STZ-induced 5-week-old male ICR mice 20 mg/kg via oral gavage
twice daily for 7 days

↑ β-cell proliferation cAMP/PKA
signaling [67]

Ethyl acetate extract
of G. max leaves or

pinitol

High-fat diet-fed 4-week-old male
C57BL/6J mice

0.56% extract or 0.15% pinitol
in the diet for 12 weeks

For extract- ↑ islet size, Ngn3 and MafA
mRNA

↓ FoxO1 mRNA
For pinitol- ↑ islet size, ↑ Ngn3, Pax4,

MafA and IRS1 mRNA

Insulin
signaling
pathway

[68]

Ethanol extract of G.
max leaves

5-week-old male C57BLKS/J
lar-Leprdb/Leprdb (db/db)

and
C57BLKS/J lar-m+/Leprdb (db/+) mice

1% extract for 8 weeks

↑ gene expression of IRS1, IRS2, Pdx-1,
Ngn3, and Pax4

↓ FoxO1 gene expression ↑ FoxO1
phosphorylation

IRS2/Akt
signaling via

FoxO1
[66]

10.

Ginseng Ginsenoside Rh2
(GS-Rh2)

70% pancreatectomized- 3-month-old
male C57BL/6J mice 1 mg/kg (i.p) for 14 days

↑ beta-cell proliferation and mass
↑ p-Akt, p-FoxO1, Pdx-1, cyclin D1,

cyclin D2 and Cdk4 protein
↑ Pdx-1, cyclin D1, cyclin D2 and Cdk4

mRNA
↑ Cdk4 activity

Akt/FoxO1/Pdx1
signaling [69]

Ginseng Ethanol extract of
G. radix

Isolated pancreatic islets from male rats
incubated for 24h in high glucose

(20 mM)
50 µg/mL for 8 h ↑ IRS2 mRNA

↑ Pdx-1 mRNA

IRS2/IGF-
1/Pdx-1
signaling

[70]

Panax ginseng
Ethanol extracts of

ripe and unripe
ginseng berries

INS-1 rat insulinoma cells
STZ-induced -8-week-old male

C57BL/6 mice

5, 10, and 20 µg/mL extract
for 24 h

100 or 200 mg/kg extract via
oral intubation daily for

10 weeks

↑ β-cell numbers
↑ cyclin D2, Pdx-1, and IRS2 mRNA

↑ serum insulin
Not indicated [71]
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Table 1. Cont.

Plant Source/
Compound

Plant Extract or
Compound Model(s) Effective

Concentration/Dose Bioactivity Pathway References

11. Gymnema sylvestre Gymnemic acid from
G. sylvestre leaf

2-month-old STZ-induced male Wistar
rats

RIN5-F beta cells exposed to 25 mM high
glucose for 48 h

150 mg/kg b.w; via oral
gavage for 30 days.

1 µM for 24 h

↑ Pdx-1, Ngn3, MafA and NeuroD1
mRNA and protein

↑ E-cadherin, β-catenin, PI3K, AKT,
pAKT, Cyclin D1 and CDK4
↓ FoxO1, GSK-3β and p21cip1
↑ nuclear localization of Pdx-1

PI3K/Akt
signaling [72]

12. Rhodiola rosea Salidroside

Mouse islets from
-10-week-old db/db and

-10-week-old C57BL/6 mice exposed to
diabetic 33.3 mM glucose, the mixture of

2 ng/mL IL-1 β +1000 U/mL IFN-γ,
0.5 mM palmitic acid or 200 µM H2O2

50 µM for 3 days
↑ β-cell proliferation
↑ nuclear Pdx-1
↓ nuclear FoxO1

Akt/FoxO1
signaling [73]

4-week-old male C57BL/6 mice
(HFD-fed)

C57Bl/KsJ (BKS) mice
BKS.Cg-Dock7m+/+Leprdb/J (db/db)

mice

100 mg/kg/day via oral
gavage for 5 weeks ↑ β-cell mass and proliferation Akt/FoxO1

signaling [73]
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Table 1. Cont.

Plant Source/
Compound

Plant Extract or
Compound Model(s) Effective

Concentration/Dose Bioactivity Pathway References

13. Enicostemma
littorale

Swertisin

NIH3T3 cells 15 µg/mL for 8 days

Initial ↑ gene and protein expression of
nestin, Pdx-1, Ngn3, Pax4, Nkx6.1 and

Reg-1
later ↓ expression of stem cell markers
nestin, vimentin and SMA↑ islet cell

differentiation
↓ Smad7 expression
↑ Smad2 expression

SMAD
signaling [74]

PANC-1 cells 15 µg/mL for 8 days

↑ differentiation into islet-like cell
clusters

↑ gene expression of nestin, p38
phosphorylation, unchanged Pdx-1

expression
early ↑ and late ↓ Ngn3 expression

MEPK-TKK
pathway via

p38 phosphory-
lation
SMAD

signaling

[47]

Mouse intra-islet progenitor cells 15 µg/mL for eight days

↑ islet differentiation of mouse intra-islet
pancreatic progenitor cells into beta cells

showing ↑ Ngn3 ↓ Erk1/2 levels
↑ Pax4 expression
↑ n-cadherin
↓ SMAD2/3/7

MEPK-TKK
pathway via

p38 phosphory-
lation
SMAD

signaling

[47]

70% pancreatectomized 3–4-week-old
male Balb/c mice

Single injection of
swertisin-dose not given

↓ Pdx-1
↑ nestin expression
↑ Ngn3 expression
↓ Smad 7 expression

↑ Smad-2/3 phosphorylation
↑ activation of MAP kinase

↑ differentiation of progenitor cells
within the acinar and islet tissues

MEPK-TKK
pathway
SMAD

signaling

[47]

STZ-diabetic 6–8-week-old female
Balb/c mice 2.5 mg/kg for 17 days

↑ nestin, Pdx-1, Ngn3, MafA and Nkx6.1
protein expression Not indicated [75]
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Plant Extract or
Compound Model(s) Effective

Concentration/Dose Bioactivity Pathway References

14. Mangifera indica Mangiferin

Islet cells from male adult (age 3 months)
and aged (age 12 months) mice

Cells incubated with
mangiferin for 24 h

(concentration not given)

↑ Cdk4 activity
↑ inhibition of p16

↑ expression and phosphorylation of
STAT3

STAT3
signaling [76]

70% pancreatectomized 8-week-old male
C57BL/6J mice

30 mg/kg
or

90 mg/kg for 14 days

↑ absolute β-cell mass
↑ beta and duct cell proliferation

↑ cyclin D1, cyclin D2 and Cdk4 mRNA
and protein expression
↑ Cdk4 activity

↑ Rb phosphorylation
↓ p27 mRNA and protein levels

↑ FoxO1, Pdx-1 and Ngn3 mRNA and
protein expression

Not indicated

[77]

70% pancreatectomized 12-month-old
C57BL/6J mice 90 mg/kg (i.p.) for 28 days

↑ proliferation of the islet cells
↑ β-cell volume and mass

↑ transcription and translation of Pdx-1,
cyclin D1, D2 and Cdk4

↓ expression of p16INK4a and p27Kip1

↑ expression and phosphorylation of
STAT3

↓ phosphorylated Rb
↑ Cdk4 activity

STAT3
signaling [76]

15. Oreocnide
integrifolia

Flavonoid-rich
fraction of O.

integrifolia

70% pancreatectomized 7–8-week-old
female Balb/c mice

250 mg/kg for 7, 14, and 21
days

↑ Pdx-1/insulin co-expressing cells
↑ number of neogenic islet nodes

↑ β-cell density
↑ proliferation of ductal precursor cells
↑ Ngn3, Pdx-1 and Reg- 3α/γ mRNA
CK-19/insulin co-expression in ducts

Not indicated [78]

16. Radix puerariae Puerarin

Pancreatic ductal cells from 5-week-old
male C57BL/6 mice fed a high-fat diet 50 µM for 3 days

↑ Ngn3, Pdx-1, and insulin expression
↑ GLP-1R expression, activation of

β-catenin, JAK2 and STAT3 in ductal
cells

↑ Pdx-1+/CK19+ staining
↑ ICC formation

GLP-
1R/Wnt/STAT

signaling
[79]

High-fat diet-fed 5-week-old male
C57BL/6 mice

150 or 300 mg/kg per day for
10 or 20 days via oral gavage

↑ β-cell proliferation
↑ Ngn3+ and Pdx-1+ duct cells

↑ islet-like cell clusters next duct cells

GLP-
1R/Wnt/STAT

signaling
[79]
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Table 1. Cont.

Plant Source/
Compound

Plant Extract or
Compound Model(s) Effective

Concentration/Dose Bioactivity Pathway References

17. Commercially
sourced Quercetin 7-week-old STZ- induced male BALB/c

mice
0.1 or 0.5% (w/w) quercetin in

the diet for 2 weeks ↓ Cdkn1a gene expression Not indicated [80]

18. Rosa canina
Oligosaccharide

isolated from Rosa
canina (ripe fruits)

STZ-induced 8-week-old male Wistar
rats

8–40 mg/kg of
oligosaccharide twice a day
for 21 days via oral gavage

↑ β-cell mass
↑ Ngn3 and Nkx6.1 expression Not indicated [81]

19. Silybum marianum Silymarin

Alloxan-induced male Wistar rats 200 mg/kg for 9 weeks Normalized Pdx-1 protein and pancreas
histology Not indicated [42]

70% pancreatectomized male Wistar rats 200 mg/kg (p.o.) for 3, 7, 14,
21, 42 and 63 days

↑ Pdx-1 gene and protein expression
↑ β-cell proliferation Not indicated [82]

20. Tinospora cordifolia T. cordifolia aqueous
extract PANC-1 cells 15 µg/mL

↑ Pdx-1 mRNA expression
↓ Carbonic anhydrase 9 mRNA

expression
Not indicated [83]

Note: ↑ depicts an increase in mRNA or protein expression or activity, ↓ depicts a decrease in mRNA or protein expression or activity
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3. Extracellular Signaling Pathways That Mediate Phytochemical Induced
Beta-Cell Regeneration

Several extracellular signal molecules and intracellular signaling pathways have been
shown to underlie islet plasticity in situations of beta-cell stress and dysfunction. These
signaling pathways mediate their effects via activation or repression of the transcription
factors that mediate beta-cell proliferation and survival. Several endogenous beta-cell
mitogens that have been identified include glucose, insulin, growth hormone, epidermal
growth factor (EGF), gamma-aminobutyric acid (GABA), glucagon-like peptide (GLP-1),
glucose-dependent insulinotropic polypeptide (GIP), hepatocyte growth factor (HGF) and
SerpinB1. Although intracellular pathways that mediate beta-cell regeneration have been
documented, the full extent of their interactions has not been fully elucidated. Further,
given that most studies have been done either in vitro or in vivo studies using rodent
models, their translatability in the human pancreas remains to be established [14,84,85].
A summary of the signaling pathways that mediate beta-cell proliferation due to plant
compounds is described in the subsequent sections and summarized in Figure 2.
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Figure 2. Signaling pathways that mediate phytochemical-induced beta-cell proliferation. The black
and red arrows represent upregulation/activation and inhibition, respectively.

Multiple signaling pathways have been shown to stimulate beta-cell regeneration by
modulating the transactivation of transcription factors for beta-cell development and cell
cycle control proteins. The pathways illustrated have been described in rodent pancreas,
and it is not clear whether the same pathways are involved in beta-cell regeneration in
humans. The Wnt/frizzled pathway phosphorylates GSK-3β, which inhibits the phospho-
rylation of β-catenin, thus activating the transcriptional activity of Tcf7L2. Tcf7L2 mediates
the transcription of Pitx2 and downstream targets cyclin D1, cyclin D2, cdk4 and cMyc,
activating the cell cycle and enhancing proliferation. On binding to its receptor, GLP-1
activates cAMP-PKA, leading to the phosphorylation and activation of the MEK1 and
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MEK2, which then phosphorylate and activate the MAP kinases Erk1/2. GLP-1 signaling
via pKA interacts with the Wnt pathway by phosphorylating β-catenin. The binding of
insulin and IGF-1 to their respective receptors induces the phosphorylation of serine and
threonine residues on IRS1/2, resulting in the activation of PI3K and Akt. Akt phospho-
rylates and inactivates downstream targets GSK-3β and FoxO1, thereby inhibiting their
antiproliferative effects. Further, downstream of Akt, MDM2/p53 inhibits p21Cip1 activity,
enhancing cell proliferation. Similarly, activation of the JAK-STAT pathway inhibits PTEN
and also activates Akt signaling. Activation of the JAK2/STAT3 signaling also induces
SOCS proteins, which have a role in the temporal control of the JAK2/STAT3 pathway.
Ellipses of the same color depict signals within the same pathway. The black and red
arrows represent upregulation/activation and downregulation/inhibition, respectively.

Dsh: dishevelled; GSK-3β: glycogen synthase kinase-3β; APC: adenomatous poly-
posis colis; Tcf7L2: Transcription factor 7-like 2; Cdk4: cyclin-dependent kinase 4; GLP-1:
glucagon-like peptide 1; cAMP: cyclic adenosine monophosphate; pKA: protein kinase
A; MEK: mitogen-activated protein kinase kinase; Erk1/2: extracellular signal-regulated
kinase; EZH2: enhancer of zeste homolog 2; JAK-STAT: janus kinase-signal transducers
and activators of transcription; SOCS: suppressor of cytokine signaling; IGF-1: insulin-like
growth factor 1; IRS: insulin receptor substrate; PI3K: phosphoinositide 3-kinase; PIP2:
phosphatidylinositol (4,5)-bisphosphate; PIP3: phosphatidylinositol (3,4,5)-trisphosphate;
PDK1: phosphoinositide-dependent kinase 1; PTEN: phosphatase and tensin homolog;
TSC1/2: tuberous sclerosis complex 1/2; Rheb: Ras homolog enriched in brain; mTORC1:
mechanistic target of rapamycin complex; 4E-BP: eukaryotic translation initiation factor 4E-
binding protein 1; S6K1: ribosomal S6 kinase 1; MDM2: mouse double minute 2 homolog;
FoxO1: forkhead box protein O1; Pdx-1: pancreatic and duodenal homeobox 1; TGFβ1:
transforming growth factor β1; Ras: rat sarcomas. Modified with permission [14].

In this review, the term neogenesis has been broadly used to refer to the generation
of beta cells from non-beta cell precursors, including fully differentiated progenitor cells
and non-beta cell pancreatic cells. The delineation between neogenesis and transdiffer-
entiation can be confusing because studies have identified progenitor cells within the
pancreatic ductal structures, while duct cells have also been shown to differentiate into
insulin-producing beta-like cells following reprograming using a cocktail of Pdx-1, Ngn3
and MafA transcription factors (Spears et al., 2021). However, in the studies summarized in
the current review, geniposide [64], T. cordifolia [83], O. integrifolia [78], puerarin [79], swer-
tisin [47], conophylline [58] and andrographolide [56] mediated their beta-cell regenerative
effects via the transdifferentiation of acinar or ductal cells into beta/beta-like cells. Transd-
ifferentiation of these cells into beta cells was associated with a decreased expression of
carbonic anhydrase 9 and an increased expression of pro-endocrine Ngn3, nestin, neuroD1,
Nkx2.2, Pdx-1 and MafA [47,56,58,64,78,79,83]. This expression of pro-endocrine markers
and the loss of ductal cell differentiation marker carbonic anhydrase 9 [83] supports the
initial de-differentiation of these cells into a progenitor-like status and thereafter, the dif-
ferentiation of these progenitor-like cells into beta-like endocrine cells. Additionally, the
upregulated expression of GLP-1R [79], SMAD proteins [47], Wnt/B-catenin, TCF7L2, JAK2
and STAT3 [64,79] implies their role in mediating this conversion. Previous studies have
also reported the involvement of JAK2/STAT3 [86–88], Wnt/TCF7L2 [88], GLP-1R [88] and
EGFR/ERK1/2 [89] signaling in the transdifferentiation of acinar/ductal cells into beta
cells. However, the downstream mediators for transdifferentiation in these pathways need
further elucidation (Figure 3). Although human exocrine and ductal cells can successfully
express endocrine pancreatic markers and secrete insulin in vitro following treatment with
plant extracts or compounds [47,56,83], the potential for human exocrine and ductal cells
to significantly contribute to beta-cell regeneration in vivo would be difficult to estimate
due to the requirement of lineage tracing.
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Figure 3. Summary of molecular signals underlying the transdifferentiation of acinar or ductal cells
into insulin-secreting beta-like cells. Ellipses of the same color depict signals within the same pathway.
Black and red lines represent upregulation/activation and inhibition, respectively. The black and red
arrows represent upregulation/activation and downregulation/inhibition, respectively. The dashed
lines represent pathways where downstream intermediates are unknown/unclear.

Dsh: dishevelled; GSK-3β: glycogen synthase kinase-3β; APC: adenomatous poly-
posis colis; Tcf7L2: Transcription factor 7-like 2; Cdk4: cyclin-dependent kinase 4; GLP-1:
glucagon-like peptide 1; cAMP: cyclic adenosine monophosphate; pKA: protein kinase A;
MEK: mitogen-activated protein kinase kinase; Erk1/2: extracellular signal-regulated ki-
nase; JAK-STAT: janus kinase-signal transducers and activators of transcription; EGF-1: Epi-
dermal growth factor; IRS: insulin receptor substrate; PI3K: phosphoinositide 3-kinase; PIP2:
phosphatidylinositol (4,5)-bisphosphate; PIP3: phosphatidylinositol (3,4,5)-trisphosphate;
PDK1: phosphoinositide-dependent kinase 1; PTEN: phosphatase and tensin homolog;
TGFβ: transforming growth factor beta; Ngn3: neurogenin 3; Pdx-1: pancreatic and
duodenal homeobox 1; MafA: musculoaponeurotic fibrosarcoma oncogene A; Reg-3α/γ:
regenerating islet-derived 3-alpha/gamma. Modified with permission [14].

3.1. PI3K/Akt Signaling Pathway

The Akt signaling pathway is one of the major pathways involved in the maintenance
of beta-cell mass [90]. The key ligands in this pathway are insulin and insulin-like growth
factor (IGF), glucose, GLP-1 and GIP. Stimulation of the GLP-1, GIP, IGF and insulin recep-
tors, which possess intrinsic tyrosine kinase activity, leads to the phosphorylation of tyrosine
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residues in insulin receptor substrate proteins (IRS1 and IRS2), leading to their activation.
The activation of IRS uncovers binding sites for PI3K, leading to its activation and phos-
phorylation of phosphatidylinositol-4,5-biphosphate (PIP2) to form phosphatidylinositol-
3,4,5-triphosphate (PIP3). PIP3 then recruits Akt and phosphoinositide-dependent kinase-1
(PDK1) to the membrane. Here, PDK1 phosphorylates Akt at Thr308, while mTORC2
phosphorylates Akt at Ser473 [91]. Subsequently, Akt is translocated to the nucleus, where
it phosphorylates various target substrates that modulate the beta-cell function and pro-
liferation status. The activity of Akt is regulated by PTEN, which dephosphorylates PIP3;
moreover, protein phosphatase 2A and PH domain leucine-rich repeat protein phosphatase
inactivate Akt by dephosphorylating Thr308 and Ser473, respectively [92,93]. Furthermore,
Akt activity can also be inhibited by JNK, which phosphorylates IRS1 on Ser307, thereby
decreasing the interaction between IRS1 and the insulin receptor (IR) [94]. This explains
why activation of the JNK pathway in the pathogenesis of diabetes results in the inhibition
of Akt signaling via the suppression of IR signaling [95,96]. Activation on the JNK signal-
ing pathway inhibits the ability of Pdx-1 to bind to DNA in beta cells [97]. Furthermore,
mTOR/S6K signaling also inhibits Akt signaling by phosphorylating IRS1 at Ser302, 307,
636 and 639 [98].

The Akt signaling pathway plays a critical role in beta-cell proliferation and survival
in and of itself as well as via the intricate associations with various other molecules and
signaling pathways, including the FoxO1, GSK3β, mTOR, and GLP-1 signaling and epi-
dermal growth factor (EGF) signaling pathways [14,85]. The interactions between Akt and
the ERK1/2 signaling pathways upregulate Pdx-1 expression by inhibiting FoxO1 [85].
Aside from binding to the GLP-1R, GLP-1 transactivates the EGF receptor (EGFR) and
c-Src, resulting in PI3K activation [99]. Moreover, GLP-1 induces cAMP and the cAMP
response element-binding (CREB)-dependent transcription of IRS2 [100]. Exendin-4, a
GLP-1 analog, induces IRS2/Akt signaling in mice, resulting in an increased beta-cell mass,
which suggests a prominent role for IRS2 in GLP-1-mediated signaling [101]. In 60% pan-
createctomized rodents, the proliferation of ductal cells was shown to be mediated by Akt
signaling via the induction of CREB and FoxO1 [102]. Studies have also shown that mTOR,
via its downstream molecules hamartin (TSC1), tuberin (TSC2) and Rheb, interact with
the Akt pathway [98,103]. Following the cues from growth factors or nutrients, mTORC1,
via the phosphorylation of eukaryotic initiation factor 4E-binding protein 1 (4EBP1) and
S6K, induces cell proliferation [104]. Following the phosphorylation of 4EBP1 by mTOR,
eIF4E is released from 4EBP, leading to mRNA translation [105]. The role of mTORC1 in
regulating Akt-mediated beta-cell proliferation is confirmed in studies using mice where
rapamycin inhibited Akt-induced beta-cell proliferation by inhibiting the expression of
cyclin D2 [106]. Similarly, rapamycin treatment inhibited glucose-induced beta-cell pro-
liferation by inhibiting thymidine incorporation [107]. Meanwhile, the deletion of Tsc2
in mouse beta cells resulted in the attenuation of diabetic symptoms and an increase in
beta-cell proliferation [108,109]. Conversely, upstream of Akt, mTORC2 has been shown to
regulate Akt signaling via phosphorylation at Ser473 [110].

Another key target of Akt signaling is Pdx-1. Using transgenic mice engineered
to constitutively express active Akt in beta cells, Jara et al., 2020 [111] showed that Akt
also induced beta-cell expansion, an effect that was mediated by Pdx-1. Moreover, Pdx-1
haplosufficient mice experienced decreased beta-cell proliferation [111]. Similar studies
have indicated that Akt regulates the translation of cyclinD1, cyclinD2, p21 and Cdk4
activity, thereby underpinning the role of the Akt pathway in the regulation of beta-
cell proliferation [112,113]. Another pathway that interacts with the Akt pathway is the
particulate guanylyl cyclase/cyclic guanidine monophosphate/protein kinase G type Iα
(sGC/cGMP/PKG) pathway. Knockdown of protein kinase G type Iα in beta cell lines
suppressed cell proliferation and survival due to a decreased expression of Akt, phospho-
FoxO1 and Pdx-1 [114]. Similarly, INS-1 beta cells and pancreatic islets that were exposed to
atrial natriuretic peptide (ANP), a hormone that activates protein kinase G (PKG) signaling,
experienced enhanced cell proliferation that was mediated by PKG’s activation of the
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PI3K/p-Akt/p-FoxO1/cyclin D2 signaling pathway [115]. Akt signaling also mediates
beta-cell survival by inhibiting apoptotic signals. INS1 cells that overexpressed the active
form of Akt were resistant to palmitate-induced ER stress and apoptosis [116,117]. Akt
also inhibits JNK signaling, thus protecting the cells against oxidative stress and cytokine-
induced damage [118,119].

Glycogen synthase kinase-3β (GSK-3β), a serine/threonine kinase, also has a role in
modulating beta-cell proliferation. Akt phosphorylates GSK-3β on serine 9, leading to its
inactivation [92]. Additionally, GSK-3β phosphorylates β-catenin, thereby targeting its
ubiquitination and proteosomal degradation [120]. Further, GSK-3β phosphorylates cyclin
D1, targeting its degradation [121]. GSK-3β also regulates the Wnt signaling pathway
upstream of β-catenin; moreover, GSK-3β regulation of cyclin D1 expression is dependent
on β-catenin [121–124]. Hyperphosphorylation of GSK-3β led to an increased expression
of cyclin D1 in mouse islets, suggesting a direct role for GSK-3β in regulating beta-cell
proliferation [112], mediated by the effects of Akt. Cyclin D1 is the key cyclin for initiat-
ing cell cycle progression in beta cells [125,126]. Mice with a reduced expression of the
insulin receptor had lower phospho-GSK-3β levels and were more susceptible to ER stress
and apoptosis [127]. GSK-3β haplosufficient mice that were lacking the Irs2 gene had a
mitigated diabetic phenotype that was characterized by enhanced beta-cell proliferation,
increasing the expression of Pdx-1 and suppression of p27 [128]. Conversely, GSK-3β
knockdown [117] or the inactivation of GSK-3β using small molecules [121] protects the
beta cell against apoptosis and the induced proliferation of INS1 beta cells [121], indicating
the key role of the PI3K/Akt/GSK-3 pathway in beta-cell survival and proliferation. In-
deed, GSK-3β has been shown to instigate the translocation of Pdx-1 from the nucleus to
the cytoplasm and decrease the expression of cyclin D1 [129].

FoxO1 is another downstream target of Akt. Akt phosphorylates FoxO1, leading to its
translocation from the nucleus to the cytoplasm, thus inhibiting its transcriptional activity.
Because FoxO1 has been shown to inhibit cell proliferation by inhibiting the cyclin/cdk
complexing and upregulating the expression of p27, p21, p15 and p19 [130], its phosphory-
lation by Akt releases this inhibitory effect, thereby promoting cell proliferation. Further,
inhibition of FoxO1 has been shown to enhance beta-cell mass via an increased expression
of Pdx-1 and cyclin D1 and a decreased expression of p27 in mice that were deficient
for either Irs2 or PDK1, thereby implicating FoxO1 as a downstream target of the Akt
pathway [131–133]. Further, in conditions of insulin resistance, FoxO1 prevents the adap-
tive increase in beta-cell mass [134,135]. Glucose, or GLP-1-induced nuclear-cytoplasmic
shuttling of FoxO1, is mediated by PI3K/Akt signaling and EGFR activation [136,137].

Downstream of the Akt pathway, ribosomal S6 kinase (S6K) is activated by phos-
phorylation at Thr 389 by mTOR and phosphorylation at the T-loop by PDK1 following
stimulation by multiple stimuli, including insulin and growth factors. Subsequent to S6K
activation, the 40S ribosomal protein S6 is phosphorylated, which culminates in increased
translation of a variety of mRNA that encode ribosomal proteins and translation elongation
factors that are critical for cellular growth and proliferation [103,138]. S6K-deficient mice
experience glucose intolerance, characterized by a reduced beta-cell size [138]. S6K is a
negative regulator of Irs1 and Irs2, which inhibits Akt signaling [98].

Akt has been shown to enhance beta-cell proliferation by activating the cyclin D/cdk4
complex [112] and via the phosphorylation of cell cycle inhibitors p21 and p27, leading
to their sequestration in the cytoplasm and subsequently proteosomal degradation [130],
thereby abolishing their inhibition of cdk activity and enhancing cell cycle progression.
PI3K/Akt signaling may also regulate cell cycle progression by inhibiting the transcription
and translation of cell cycle inhibitors [130]. In this sense, Akt signaling has been associated
with increased beta-cell mass via proliferation and neogenesis and increased beta-cell size
in mice overexpressing constitutively active Akt in beta cells [139].
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3.2. Transforming Growth Factor β Pathway

Transforming growth factor β (TGFβ) belongs to a signaling superfamily that mod-
ulates pancreatic development and cellular specification and has been linked to beta-cell
regeneration after pancreatic injury [140]. TGFβ ligands (TGFβ 1–3) bind to TGFβ type II
receptors on the cell membrane, leading to the phosphorylation and activation of TGFβ
type I receptors. Consequently, Smad2 and Smad3 are phosphorylated, after which they
complex with Smad4. The Smad2/3/4 complex translocates to the nucleus, where it ini-
tiates transcriptional activity. Smad7 inhibits the phosphorylation of Smad2/3, thereby
inhibiting TGFβ signaling [141,142].

Studies using adult human islets showed that TGFβ stabilizes the beta-cell phenotype
by preventing its differentiation into duct-like structures. Further, TGFβ signaling prevents
beta-cell apoptosis. However, as these effects of TGFβ occur alongside a dysregulated GSIS
response, TGFβ appears to negatively affect beta-cell function [143]. The effects of TGFβ
signaling appear to depend on the cell type and on the physiological environment [144].
Indeed, Sjoholm and Hellerstrom showed that the effect of TGFβ signaling on beta-cell
function and proliferation is dependent on the glucose concentration [145]. Moreover,
while Smad7 induces beta-cell proliferation in the PDL and ppx models of diabetes, the
overexpression of Smad7 in beta cells induces a reversible diabetic phenotype [146].

Isolated human islet cells exposed to a redifferentiation cocktail containing exendin-4
and activin A demonstrated the upregulation of TGFβR1, Smad2 and TGFβ2 expression
as well as an increased activation of the Smad complex and its subsequent nuclear lo-
calization. However, when the TGFβ pathway was blocked using short hairpin RNA
against TGFβR1 mRNA, cell proliferation, beta-cell-derived cell de-differentiation and
epithelial-to-mesenchymal transition were inhibited [147]. Meanwhile, the mRNA expres-
sion of IAPP, insulin and beta-cell-specific transcription factors was upregulated with an
increase in C peptide-positive cells and the induction of a mesenchymal-to-epithelial transi-
tion [147]. This study thus shows that the repression of the TGFβ pathway maintains the
beta-cell differentiated state. Other studies supporting these findings indicate that Smad3
inhibits MafA transcriptional activity in human and mouse cells via direct interaction with
MafA [148]. Moreover, Smad3 occupies the insulin promoter, thereby inhibiting insulin
synthesis [149]. A similar role for TGFβ signaling has been established, observing inhibi-
tion of HIT-T15 pancreatic beta-cell proliferation by TGFβ signaling. Conversely, TGFβ
inhibition promoted beta-cell proliferation [150]. This proliferative effect was associated
with the decreased protein expression and decreased sequestration of the Cdk inhibitor,
p27, in the nucleus following TGFβ signaling inhibition [150].

A study by Sehrawat et al., 2020, shows that the beta-cell-specific overexpression of
Smad7 in mice augments beta-cell proliferation without affecting beta-cell function. Al-
though some beta-cell-specific transcription factors were downregulated following Smad7
overexpression, NeuroD1 expression was upregulated, potentially helping to maintain
normal beta-cell function [151]. Beta-cell de-differentiation, associated with increased
Smad7 expression, has been confirmed in other studies, suggesting that this may be a
temporary phase prior to proliferation and subsequent redifferentiation [141]. The TGFβ
pathway may also mediate beta-cell de-differentiation via its direct interaction with the
Notch signaling pathway. TGFβ signaling has been shown to upregulate the expression
of Hes-1, which is a downstream Notch target. Here, Smad3 and the intracellular do-
main of Notch 1 (NICD) were shown to interact directly [152]. Similar to TGFβ signaling,
Notch signaling is associated with beta-cell de-differentiation, repressed MafA expression,
enhanced MafA degradation, impaired beta-cell function and enhanced proliferation of
dedifferentiated cells [153]. Smad7 has also been associated with beta-cell regeneration,
observed in adult 60% ppx [154] and PDL [155] diabetic rodent models. In the PDL model,
Smad7-mediated beta-cell proliferation is mediated by the upregulation of cyclins D1 and
D2 and the translocation of p27 from the nucleus to the cytoplasm [156]. A similar mecha-
nism of TGFβ signaling induced beta-cell proliferation via Smad7, through the exclusion of
p27, from the nucleus, has been described [146]. Aside from this direct effect, Smad7 also
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mediates the interaction of the TGFβ signaling pathway with other signaling pathways,
including MAPKs and the inflammatory pathways. TGFβ signaling was shown to increase
phosphorylation of Erk, p38 and Smad2 and decrease JNK phosphorylation [143].

A study by Hayes et al., 2016, identified inhibin beta-B (Inhbb), which is a subunit
of activin and a member of the TGFβ superfamily, as a direct Pdx-1 target and a key
effector of Pdx-1-mediated beta-cell proliferation in rat and human islets, further providing
mechanistic insight into the beta-cell proliferative role of Pdx-1. The proliferative effect of
Pdx-1 was mediated by the ability of Inhbb to increase the expression of cyclin D1 [157].
The beta regenerative importance of TGFβ signaling was recently highlighted in a study by
Wang et al., 2019 [158], which showed a synergistic interaction between the TGFβ signaling
pathway and harmine, a dual-specificity tyrosine-regulated kinase-1a (DYRK1A) inhibitor,
resulting in significantly increased beta-cell replication rates of 5%–8%, leading to increased
beta cell numbers in human and mouse models.

3.3. GLP-1 Signaling and Beta-Cell Regeneration

Glucagon-like peptide 1(GLP-1) is one of the incretin hormones that is produced by
the L cells of the small intestines following the intake of carbohydrates and fat [159]. GLP-
1 has been shown to mediate beta-cell proliferation in both in vitro and in vivo models.
Buteau et al., 2003 [99] established that GLP-1 induced beta-cell proliferation via the c-Src-
dependent cleavage of BTC from the membrane, transactivation of EGFR and downstream
activation of PI3K signaling. Similarly, other studies support increased PI3K activity,
increased Pdx-1 expression and DNA binding activity as events downstream of GLP-1
mediated beta-cell proliferation [160]. Downstream of PI3K, GLP-1 signaling upregulates
the expression of ERK1/2, p38 MAPK and Akt, corresponding to the proliferative response
to GLP-1 [161]. Furthermore, GLP-1 signaling, through its downstream targets PI3K and
PDK, activated PKCζ, enhancing its translocation to the nucleus [161]. Pdx-1, which
has been associated with beta-cell proliferation, is a downstream target of PKCζ. [162].
Moreover, mechanistic studies have identified Akt as an obligatory downstream mediator
of GLP-1-induced beta-cell proliferation [163,164], suggesting that p38 MAPK and PKCζ

potentially act downstream of Akt.
Although the mitogenic effects of GLP-1 or its analogs have been documented for

both the in vivo and in vitro models, these effects may vary depending on the model. For
example, GLP-1 is mitogenic in db/db and C57Bl/6 mice [165,166] but does not seem to
mediate any proliferative effects in the 70% ppx Balb/c mice [167]. Mechanistically, GLP-1
may mediate its beta-cell regenerative effects via both neogenesis and beta-cell replication.
In 4–5-week-old Sprague-Dawley rats, treatment with the GLP-1 analog exendin-4 induced
the differentiation of duct cells into islet cells. These duct cells were found to express the
GLP-1 receptor—furthermore, exendin-4 enhanced beta-cell replication [168]. Similarly, in
neonatal STZ-induced diabetic Wistar rats, GLP-1 and exendin-4 enhanced beta-cell mass
via the differentiation of ductal precursors and augmented beta-cell proliferation [169]. This
confirms that GLP-1 signaling mediates beta-cell proliferation by inducing both neogenesis
and beta-cell replication.

3.4. Wnt/β-Catenin Signaling and Beta-Cell Regeneration

The Wnt signaling pathway is a key regulator of cellular proliferation, the determina-
tion of cell fate and differentiation in multiple organs, including the pancreas [170]. The
canonical Wnt pathway is activated when the Wnt ligands bind to the Wnt Frizzled and
LRP5/6 co-receptors. Dishevelled protein (Dvl)I is activated, which inhibits GSK-3β and
releases β-catenin from its degradation complex, resulting in its stabilization, dephospho-
rylation, and cytoplasmic accumulation and translocation into the nucleus. Here, β-catenin
interacts with members of the TCF/LEF family of transcription factors, which include
TCF7L2 inducing the transcription of target genes [170,171]. In vitro studies show that the
addition of Wnt3a upregulates the expression of Pitx2, cyclin D1, cyclin D2 and cdk4 in
MIN6 cells and in purified human and mouse islets and beta cells [123], leading to enhanced
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beta-cell proliferation. Pitx2 mediates its effects by promoting the transcription of cyclin
D1, cyclin D2 and c-myc and by repressing the inhibitory action of histone deacetylase
1 and the pocket protein p130 [171,172]. β-catenin, an effector molecule downstream of
Wnt, displays similar mitogenic effects in vivo [123]. Further mechanistic interrogation
suggests that the Wnt signaling pathway interacts with the GLP pathway. GLP-1 and
its analog, exendin-4, were shown to activate Wnt signaling in INS-1 cells and isolated
islets via the GLP-1R [173]. Exendin-4-augmented-Wnt signaling was mediated by the
downstream targets Akt and GSK-3β. Moreover, exendin-4-induced-beta-cell proliferation
was predicated on the activation of the Wnt signaling pathway [173]. Wnt signaling was
dependent on active Akt and inactivated GSK-3β. Meanwhile, GLP-1 and the exendin-4
activation of Wnt signaling was mediated by cAMP-dependent pKA, Akt and ERK1/2
activation downstream of the GLP1R. This effect is independent of the activation of PI3K
and EGFR and/or the CREB or GSK-3 statuses [173]. Furthermore, pKA phosphorylates
β-catenin on Ser675, which inhibits its ubiquitination and promotes its complexing with
TCF7L2 and subsequent gene transcription [174]. Exendin-4 was found to induce the
transcription of the cell cycle-initiating protein cyclin D1 by augmenting the interaction
of TCF7L2 and β-catenin with the cyclin D1 promoter [173]. Other studies [175] found an
increased expression of Wnt4, a signaling molecule in the canonical Wnt pathway, further
corroborating the GLP-1/Wnt signaling pathway interplay. Similarly, in the NIT-1 clonal
beta-cell line, Wnt3a treatment achieved augmented cell proliferation that was mediated
by both Wnt/β-catenin signaling and increased IRS2 expression and IRS2 phosphorylation,
as well as Akt phosphorylation and Akt-mediated phosphorylation of GSK-3β, suggesting
crosstalk between the Wnt/β-catenin and IRS2/PI3K/Akt signaling pathways [176].

The Wnt signaling pathway is also involved in mediating beta-cell hyperplasia in the
compensatory phase of T2DM [88,177]. Aside from mediating beta-cell regeneration via
enhancing beta-cell proliferation, the Wnt signaling pathway has been shown to induce beta-
cell neogenesis from the ductal progenitor cells in neonatal mice via the downregulation
of GSK-3β [178], while overexpression of TCF7L2 in human exocrine tissues induced the
formation of islet-like cell clusters within the periphery of the duct cells in a JAK2/STAT3-
dependent mechanism [88]. JAK2/STAT3-mediated exocrine to beta-like cell reprograming
was also associated with an increased expression of the pro-endocrine TFs HNF-6 and
Ngn3 and beta-cell factor Pdx-1 [88].

3.5. JAK2/STAT3 Signaling in Beta-Cell Regeneration

One of the other pathways that have been documented to mediate phytochemical-
induced beta-cell regeneration is the JAK2/STAT3 signaling. Signal transducers and
activators of transcription-3 (STAT3) proteins regulate the cell proliferation of multiple
cell types [179]. Upon binding to their cognate receptors, ligands, which include various
cytokines, EGF, VEGF and leptin, induce the phosphorylation of Janus kinases (JAK);
subsequently, phosphorylation of the receptor tails recruits STAT proteins, which are then
phosphorylated. The activated STAT proteins dimerize and translocate to the nucleus,
where they regulate transcription [180]. Valdez et al., 2016 [181] reported that inflammatory
cytokines activate STAT3, increasing the beta-cell proliferation and numbers by stimulating
the epithelial-to-mesenchymal transition and reprograming mouse and human pancreatic
ductal PANC-1 cells to beta cells via the upregulation of Ngn3 expression. Similarly,
Baeyens et al., 2006 [86] showed that beta-cell neogenesis from adult acinar tissue is
mediated by the JAK2/STAT3 signaling pathway via the upregulated expression of Ngn3.
Moreover, in STAT3-transduced dispersed rat islets, there was a significant increase in
proliferation [179], and in 1.1B4 cells, a human beta-cell line, the transcription of the REG
Iα and REG Iβ genes that are induced during beta-cell regeneration, was regulated by
JAK2/STAT3 signaling [182]. In contrast, suppression of STAT3 signaling with concomitant
exogenous expression of the transcription factors Pdx-1, Ngn3 and MafA augmented
reprogramming of the mPAC and mouse acinar cells into beta cells [183]. The disparities in
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the effects of STAT3 signaling in the mentioned studies may be a result of timing and the
degree of STAT3 activation [183].

4. Conclusions and Future Perspectives: Potential of Phytochemicals as Mediators of
Beta-Cell Regeneration

This review explored the beta-cell regenerative effects of plant extracts and compounds
with a focus on the regenerative mechanisms involved. Primarily, two major mechanisms
appear to be involved. The first is the generation of new beta cells from non-beta cell pre-
cursors or from stem/progenitor cells. The second mechanism is through the enhancement
of cellular proliferation of pre-existing beta cells. Given the scope of the studies covered
in this review, cellular proliferation appears to be more amenable to activation by plant
extracts/compounds. Nevertheless, studies have indicated that regenerative mechanisms
or regenerative capacity are dependent on several factors.

Firstly, islet age appears to play a significant role, and although both young and aged
islets have been shown to possess regenerative potential, this capacity declines with age,
and younger islets display a greater capacity for regeneration [184]. Consequently, plant
compounds have a greater regenerative effect in embryonic pancreata or neonatal pan-
creas [59–61] by inducing both neogenesis and enhancing beta-cell proliferation. The type
of diabetic model may also alter the dynamics of plant compound-derived beta-cell regen-
eration. Indeed, in adult STZ-induced type I diabetic rodent models, beta-cell proliferation
appears to be the predominant regenerative mechanism [65,67,80]. However, this effect
appears to be dependent on the age of the animal [59,61]. Conversely, in type 2 diabetic
models, db/db mice [66,185] and HFD-fed C57BL/6J mice [64,66,68], both neogenesis and
beta-cell proliferation were responsible for beta-cell regeneration.

The severity of pancreatic injury, dysfunction or beta-cell deficiency also appears to
determine the attendant beta-cell regenerative mechanisms [186,187]. Thus, following
pancreatectomy, the regeneration of beta cells occurs essentially via the replication of
existing beta cells [16,188–193]. However, a few studies have reported neogenesis in 60%
ppx mice [20,192]. Conversely, after 90% ppx, beta-cell regeneration is mediated by both
neogenesis and the replication of remnant beta cells [191,193–195]. Essentially, while 90%
ppx causes hyperglycemia, 50–70% ppx does not, and given that hyperglycemia induces
beta-cell proliferation, it is anticipated that the hyperglycemic state in 90% ppx provides
an additional stimulus for beta-cell neogenesis beyond that which is requisite for the
replication of existing beta cells [196]. A partial pancreatectomy of >70% in rodents is an
experimental model of severe pancreatic injury. In 70% of the pancreatectomized mice,
a flavonoid-rich fraction of Oreocnide integrifolia [78], mangiferin [77] and swertisin [47]
induced beta-cell neogenesis and beta-cell proliferation. Severe beta-cell damage has been
suggested to activate more robust beta-cell regenerative mechanisms [187].

Various in vitro models exist for the study of beta-cell regenerative activity. These
include several types of pancreatic beta cell lines, including BTC3, INS-1, MIN-6, RIN-
5F, human beta cells and isolated islets. In these beta-cell models, cellular proliferation
appears to be the exclusive mechanism of regeneration following exposure to plant com-
pounds [57,65,67,71,73,197]. Conversely, in the non-beta-cell in vitro models, including
AR42J-B13, a rat pancreatic cell line of exocrine origin [58], NIH3T3 [74] and human pan-
creatic ductal cells (PANC-1) [47], plant compounds activate neogenetic activity, resulting
in the formation of functional islet-like cell clusters whilst maintaining a population of the
progenitor cells via increased proliferation.

Although the mechanisms that underlie the observed beta-cell regeneration due to
plant extracts/compounds are still not fully elucidated, they appear to involve the mod-
ulation of beta-cell differentiation transcription factors and cell cycle regulatory proteins
and suggest the involvement and interaction of multiple signaling pathways. Interestingly,
beta-cell regeneration appears to be mediated primarily via the PI3K/Akt/FoxO1 signal-
ing pathway [63,66,69,73,197] and, to a lesser extent, the cAMP/PKA pathway [65,67].
Conversely, the SMAD signaling [47,74], JAK2/STAT3 [64] and Wnt/β-catenin [57,64]
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primarily mediate transdifferentiation and beta-cell neogenesis. Although the studies
covered in this review have largely reported on the involvement of single pathways, it
would be important to illuminate the other secondary mediators or pathways that may be
involved. Indeed, recent studies have shown synergistic associations with small molecules
that modulate multiple beta-cell regenerating signaling pathways [158]. Justifiably, any
successful endogenous beta-cell regenerative therapies would need to adopt a multifaceted
approach. Targeting multiple signaling pathways will elicit an augmented regenerative
effect compared to the single pathway effects.

In the context of T2D, beta-cell dysfunction, de-differentiation and apoptosis are re-
sultant of the prevailing diabetic environment that is defined by chronic hyperglycemia,
lipotoxicity, oxidative and ER stress and inflammation [198–203]. Consequently, any clin-
ically meaningful beta-cell regenerative therapy would need to mitigate the metabolic
aberrations that underlie the pathogenesis of diabetes and lead to beta-cell dysfunction and
death. This would suggest that beta-cell regeneration would only be meaningful in concert
with such other complementary therapeutics. Moreover, an overt diabetes diagnosis occurs
when there is already a significant depletion of beta-cell mass. Potentially, therefore, per-
haps early diagnosis and treatment would be complementary to any beta-cell regenerative
approaches, especially where the target is to stimulate the proliferation of remnant beta
cells. Moreover, neogenesis has been noted to be the predominant regenerative mechanism
in humans with impaired glucose tolerance or in newly diagnosed T2D [32].

Moreover, not many studies provide the actual quantitative replicative capacity or
proliferative rates in cases where the regenerative mechanism is via beta-cell replication.
Perhaps it would be useful to have a standardized way to measure these effects that allow
us to translate preclinical beta-cell recovery rates to the clinical setting. As such, a particular
threshold of recovery/regeneration would directly translate to a particular regenerative
rate in human beta cells/or human endocrine cells, as the case may be. Also, the fact
that most of the referenced studies have used preclinical models suggests that, although
promising, and a lot of these regenerative mechanisms and their mediators are much better
understood currently, there still remains a lot of work to be done in determining which
plant extracts/compounds/combinations of compounds might offer the best solution
for human beta-cell regenerative therapy for T2D. Moreso, given that the regenerative
rates differ between rodents, which are primarily used in preclinical studies and human
islet cells [18,204,205], it would be important to evaluate the regenerative effects of these
phytocompounds in human islets and in the clinical setup. Additionally, more research
would be needed to determine whether there exist any indiscriminate effects and hence,
what targeting approaches would be applicable to eliminate the non-target effects and
eliminate risks for neoplasm formation and tumorigenesis. Also, it is still unclear whether
these phytocompound-mediated therapies would need to be administered chronically
and, subsequently, what dose would be required to promote adequate beta-cell mass for
normoglycemia to be maintained. Perhaps, more long-term studies would address these
queries and further establish the stability of the regenerated islets, including their functional
and morphological integrity.
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