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Abstract

The changing climate has significant impacts on human health, particularly in the management of diabetes. Worsening
diabetes outcomes result from increased weather events and environmental degradation, impacting heat stress, physical
activity, food security, and healthcare access. Furthermore, climate change poses indirect risks to diabetes management by
threatening food security, as climate change aggravates existing vulnerabilities in diabetes management, particularly by
limiting access to fresh food and healthcare resources. This review examines the impacts and investigates ways to reduce
climate-related effects on diabetes. One effective adaptation method involves the integration of paan (Piper betle), a
traditional medicinal plant native to South and Southeast Asia. The phytochemical properties of paan have displayed
promise in treating diabetes. They provide an environmentally sustainable approach to help regulate blood sugar levels
and enhance insulin efficiency. In regions impacted by climate change and with potential interruptions to standard
healthcare services, paan provides a viable, readily accessible substitute. This multifaceted relationship between climate,
healthcare, and diabetes underscores the necessity for comprehensive strategies that incorporate both medical and
environmental considerations to improve health outcomes for individuals at risk. This review thoroughly explores the
potential of paan as a complementary therapy for diabetes treatment by combining the effects of climate change with
traditional medicinal practices. It emphasizes the potential of paan to aid in adaptive health measures in climate-impacted
regions and indicates a necessity for more research to enhance its medicinal benefits.
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Highlights

® Climate change influences outspread of diabetes in India

Paan aligns with sustainable, locally accessible healthcare strategies in climate-affected regions
Paan presents a promising complementary method for managing diabetes due to its phytochemicals
Clinical and animal studies suggest paan lowers blood sugar and boosts insulin sensitivity
Standardized formulations and safety tests are crucial for using betel leaf in diabetes care

INTRODUCTION

Temperature fluctuations, particularly during
global warming, weather events, and long-term
environmental changes, pose serious public health
challenges, affects both communicable and
non-communicable diseases (NCDs). While much
attention has been focused on the effects of a changing
climate on communicable diseases, its impact on
chronic diseases such as diabetes is also becoming
increasingly clear. Diabetes, a major global health
problem characterized by persistent hyperglycemia,
affects an estimated 537 million adults worldwide, and
that number is projected to increase by 783 million by
2045 (International Diabetes Federation, 2021; Sun
et al., 2021). This variation in number highlights the

need for effective management strategies as the climate
continues to change.

In this context, traditional medicinal plants such
as paan offer a promising complementary approach to
diabetes treatment. Native to South and Southeast
Asia, traditional medicine systems, for example, in
Ayurveda, paan have long been used for their potential
therapeutic benefits. In Ayurveda, paan is classified as
“Kashaya” (an astringent) and is used to balance the
doshas of the body and regulate blood glucose levels
(Singh and Desar, 2024). The phytochemical
composition of paan contains a variety of bioactive
compounds, namely polyphenols, alkaloids, and
essential oils that contribute to its medicinal properties.
Animal models and clinical trials have provided
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evidences to support the effectiveness of paan in
treating diabetes (Kottaisamy et al., 2021). Research
has highlighted that the various extracts of Piper betle
exhibit significant antioxidant and anti-inflammatory
activities (Das et al., 2015). Achieving uniform efficacy
in paan-based treatments necessitates standardization
and more rigorous research.

Paan cultivation aligns with sustainable
agricultural practices, presenting an environmentally
friendly option for local food production. It is important
to build a health system that includes preventive health
services, which are important for the treatment of
diabetes during heat stress. This includes disaster
preparedness and the availability of essential
medicines and supplies (Satoh et al., 2019).
Supporting local agriculture and producing
climate-resilient food can ensure that people with
diabetes have access to nutritious food even when
living in a stressful environment. Climate-smart
agriculture and disaster preparedness strategies are
critical to reducing the impact of food insecurity
(Levi et al., 2023). This review focuses on a
comprehensive analysis of the role of paan in diabetes
treatment by the phytochemical profile, which also
helps in improving resilience against climatic
challenges. By addressing existing research gaps, this
review contributes to a greater understanding of how
traditional treatments such as paan can complement
modern health approaches, especially in climate
change, which may be an effective future direction.

Effects of temperature on blood glucose
Temperature changes, especially heat waves,
directly impact people with diabetes. Environmental
heat stress alters physiological processes, increasing
susceptibility to hyperglycemia by influencing insulin
sensitivity. Ambient pressure can worsen
hyperglycemia, putting people at greater risk for
diabetes complications such as heart disease and
kidney damage (Ratter-Rieck et al., 2023). Research
suggests that there is a relationship between
temperature and blood sugar control in people with
type 1 and type 2 diabetes (Kenny et al., 2016; Dendup
et al., 2018). Diabetes are more susceptible to
health-related problems during extreme weather
conditions, including heat stroke and heart attack. This
increased risk is primarily due to poor
thermoregulation in people with diabetes, especially
those with obesity and heart disease. One study that
investigated the hottest heat wave in July 2007 in
Belgrade, Serbia, found a substantial increase in
mortality among elderly individuals, particularly

noting that diabetes mellitus had a marked 286%
increase in related deaths during the heat wave
(Bogdanovic et al., 2013; Ratter-Rieck et al., 2023).

The impact of climate change on agriculture
threatens food security, which directly affects diabetes
management. Extreme weather patterns such as
droughts and floods disrupt food production, leading
to shortages in nutritious foods, especially in
low-income regions. Reduced access to fresh fruits,
vegetables, and whole grains increases the risk of
poorly managed diabetes as patients may rely on
processed, high-sugar foods due to scarcity (Yen et al.,
2022). The interplay between poor diet and diabetes
has long been established, and climate-induced food
crises exacerbate this issue. Poverty can lead to food
insecurity (Al-Worafi et al., 2024; Tapkigen et al.,
2024). Research has shown that countries facing severe
climatic disruptions report higher rates of
diabetes-related complications due to nutritional
deficits (Al Shihabi ez al., 2022). Climate
change-related environmental disasters, including
hurricanes, floods, and wildfires, greatly affect the
delivery and accessibility of medical treatment. People
with diabetes continue to rely on insulin, blood sugar
monitors, and healthcare providers to manage their
disease. Natural disasters limit access to these
important resources, leading to serious diabetes
problems. A report on diabetes management during
disasters highlighted how Hurricane Katrina
contributed to the diabetes crisis by destroying the
clean infrastructure of healthcare (Fonseca et al.,
2009). Similarly, another study highlights the
importance of disaster planning in diabetes
management (Satoh e al., 2019). Physical activity is
fundamental to diabetes management, and climate
change will change the ability to exercise outdoors.
Heat, air pollution, and extreme weather conditions
can affect physical activity in people with diabetes,
increase obesity, and contribute to poor glycemic
control (Venkatasamy et al., 2013; You et al., 2022;
Al-Worafi et al., 2024). Climate change due to
migration often leads to urbanization, leading to
poorer lifestyles, increased food insecurity, and lower
physical activity. These lifestyle changes contribute
to the development and prevalence of diabetes
(Berggreen-Clausen et al., 2021). Migrants in
particular face difficulties in accessing healthcare,
which in turn leads to higher rates of poor healthcare.
The literature has documented the association between
rapid urbanization and increasing diabetes in these
regions (Misra and Ganda, 2007).
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Effects of paan (Piper betle) on climate and
agriculture

Paan can positively affect soil health by promoting
organic matter retention and enhancing soil fertility.
The integration of paan cultivation with agroforestry
practices often leads to improved nutrient cycling and
soil structure (Fahad et al., 2022). This not only benefits
the paan plants but also supports the overall
agricultural productivity of the area. It also contributes
to aiding carbon sequestration. The trees associated
with paan cultivation,-absorb CO, from the
atmosphere, contributing to climate change mitigation.
This dual benefit of producing a marketable crop while
sequestering carbon makes paan farming
environmentally valuable (Ullah et al., 2020). Paan
cultivation is often conducted sustainably, utilizing
practices that minimize deforestation and land
degradation. Farmers who rely on naturally occurring
trees for support may manage their harvesting practices
in a way that does not threaten the integrity of the
forest ecosystems. This sustainable approach not only
provides livelihoods but also promotes ecological
health (Saha and Azam, 2004). Cultivation of paan
can enhance the resilience of agricultural communities
to climate change impacts. By promoting diverse
cropping systems and restoring forest cover, paan farms
can help mitigate the effects of extreme weather events,
such as floods or droughts. This resilience is
particularly essential in coastal regions where climate
variability poses significant risks to traditional
agricultural systems (Das and Bhattacharji, 2023). It
also contributes to biodiversity conservation,
especially in forested regions. The cultivation practices
often coexist with a variety of support trees, which
help maintain the ecological balance within the forest
ecosystems. For instance, the Khasia tribes in
Bangladesh practice paan farming alongside other tree
species, which fosters biodiversity and protects the
natural habitat (Saha and Azam, 2004).

Role of various bioactive compounds of paan (Piper
Betle) in diabetes management

Phytochemical constituents of paan: Paan
(Piper betle) is an important source of bioactive
compounds and holds promise for diabetes
management, though its efficacy under environmental
stress warrants focused attention. While it is known
for its rich phytochemical composition, which includes
many bioactive compounds with therapeutic potential,
discussions often generalize the role of these
phytoconstituents in diabetes management. This
review aims to address this gap by focusing on the

efficacy of Paan in managing diabetes, specifically
under environmental stress, acknowledging, that these
components contribute to its medicinal properties and
play an important role in affecting diabetes
management in varying environmental conditions.

Polyphenols: Antioxidant arsenal- Polyphenols are
a diverse group of compounds characterized by their
antioxidant properties. In paan, polyphenols such as
flavonoids, tannins, and phenolic acids are present in
significant amounts. These compounds have been
shown to exert beneficial effects on blood sugar
metabolism and insulin sensitivity and are crucial in
combating oxidative stress, a key player in the
pathogenesis of diabetes (Pandey and Rizvi, 2009;
Al-Ishaq et al., 2019 ; Aryal et al., 2024). Among the
polyphenols, flavonoids such as quercetin, kaempferol,
and myricetin stand out. These compounds have been
widely studied for their ability to alter glucose
metabolism and improve insulin resistance (Varshney
et al., 2019). Quercetin, in particular, has been shown
to improve glucose uptake in skeletal muscle by
increasing the glucose transporter GLUT4. This effect
not only lowers blood sugar but also plays a role in
enhancing metabolic functions, including insulin
signaling (Varshney et al., 2019; Zhou et al., 2023).
Kaempferol has been found to activate the
AMP-activated protein kinase (AMPK) pathway, which
plays an effective role in maintaining
energy homeostasis. Activation of the AMPK pathway
also promotes the breakdown of fatty acids and reduces
the accumulation of lipids in the liver and skeletal
muscles, further improving insulin sensitivity
(Yang et al., 2022). These compounds exhibit
antihyperglycemic effects by inhibiting the activity of
carbohydrate-digesting enzymes such as alpha-amylase
and alpha-glucosidase. Tannins reduce sugar
absorption from the small intestine by blocking
enzymes, which reduces the absorption of glucose,
preventing postprandial blood glucose spikes, thus
preventing post-diabetic conditions, a common
problem in diabetes management (Omar et al.,
2022). Tannins also have antioxidant properties that
help to neutralize free radicals and reduce oxidative
stress and related problems (Bigham et al., 2022).
Phenolic acids, such as caffeic acid and chlorogenic
acid, are known for their dual effects as antioxidants
and anti-inflammatory agents. For example,
chlorogenic acid has been shown to lower blood sugar
levels in the intestines and improve insulin sensitivity
by regulating glucose-6-phosphatase, an enzyme
involved in glucose production in the liver (Meng
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et al., 2013). This dual effect makes phenolic acids
important therapeutic agent in controlling blood sugar.
This thereby reduces the oxidative stress (Meng et al.,
2013). Studies comparing different Piper betle varieties
found variations in antioxidative properties,
suggesting that specific cultivars may offer strong
therapeutic effects (Dutta and Banerjee, 2023).

Alkaloids: Bioactive compounds with
multifaceted benefits-Alkaloids are nitrogen-containing
compounds with many chemical properties. The main
alkaloid in the leaves, piperine, has been widely studied
for its effects on improving insulin sensitivity and
glucose metabolism. It shows that piperine treatment
resulted in moderate weight loss, significantly improved
glycolipid metabolism, and reversed insulin resistance
and glucose intolerance in MSG-induced obese mice.
The antidiabetic effect of piperine is likely due to its
strong inhibition of systemic and adipose inflammation.
Overall, piperine, a promising natural alkaloid, holds
potential for the development of antidiabetic therapies
(Liu et al., 2020).

This action not only lowers blood sugar
levels but also helps control insulin levels, a major
problem in type 2 diabetes. Piperine also lowers blood
sugar levels by inhibiting glucose-6-phosphatase and
modulating the activity of insulin receptor substrates
(IRS), proteins that play a key role in insulin resistance
(Boura-Halfon and Zick, 2009; Stojanovic-Radic
et al.,2019). Chavicine, another alkaloid found in the
leaves, has been shown to have anti-inflammatory
properties that are effective in treating diabetes. While
research on chavicine is limited, preliminary research
suggests that it may help reduce inflammation and
oxidative stress, thereby protecting pancreatic beta
cells from damage (Igbal ez al., 2016; Dinic et al., 2022).
Another alkaloid, Piperlongumine, has also shown
promise in reducing oxidative stress and improving
insulin sensitivity, making it useful in combating
diabetes (Xu et al., 2021a).

Essential oils: A therapeutic complement-
The essential oil obtained from the leaves has
many medicinal properties. This essential oil
plays a role in the anti-inflammatory and antioxidant
properties of the leaves. Research reveals Eugenol’s
potent antidiabetic effects, added to its ability to
inhibit o-glucosidase and prevent the formation of
advanced glycation end products, thereby delaying
glucose absorption and minimizing blood sugar spikes.
It also boosts key enzymes involved in carbohydrate
metabolism, such as glucose-6-phosphate

dehydrogenase and hexokinase, while lowering levels
of creatine kinase and blood urea nitrogen. Tahir et al.
(2016) demonstrated that S. aromaticum, which
contains a high concentration of Eugenol, exhibits
stronger antidiabetic activity compared to C. cyminum.
Eugenol’s inhibition of a-amylase reduces
carbohydrate digestion, leading to lower blood glucose
levels in a dose-dependent manner. Further studies in
diabetic rats showed that Eugenol significantly
increased hepatic glycogen and plasma insulin while
reducing glycosylated hemoglobin and blood glucose
levels (Al-Trad et al., 2019; Nisar et al., 2021).
Caryophyllene is a sesquiterpene with anti-inflammatory
and antioxidant properties. It has been shown to
modulate inflammatory pathways and reduce oxidative
damage, which can be beneficial for individuals with
diabetes. It inhibits the production of
pro-inflammatory cytokines, such as TNF-o and IL-6,
thereby reducing inflammation and protecting
pancreatic beta cells from damage. By reducing
inflammation, betel leaf helps to improve insulin
sensitivity and preserve beta-cell function, both of
which are crucial for diabetes management.
B-Caryophyllene is another essential oil component
with potential therapeutic effects. It has been reported
to have anti-inflammatory and antioxidant effects, which
may help mitigate diabetes-related inflammation and
oxidative stress (Gushiken et al., 2022).

Terpenoids and other compounds: Terpenoids are
another class of phytochemicals found in the leaves
that account for their medicinal properties. These
compounds have been shown to have antioxidant and
anti-inflammatory properties, making them useful for
diabetes. Linalool is a monoterpene found in betel leaf
that has been shown to activate the nuclear factor
erythroid 2-related factor 2 (Nrf2) pathway, leading to
increased production of antioxidant enzymes such as
superoxide dismutase (SOD) and catalase. By
activating the Nrf2 pathway, it enhances the body’s
antioxidant defenses, reducing oxidative stress and
protecting against diabetes-related complications
(Tamilmani et al., 2023; Bar et al., 2024).

Clinical and pre-clinical studies: evidence supporting
paan’s (Piper betle) antidiabetic effects

Several studies have investigated the effects of paan
on diabetes through both animal models and human
trials. Animal studies using diabetic rat models have
demonstrated that paan extract can significantly lower
blood glucose levels and improve metabolic
parameters. For example, administering varying doses
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of red betel combination extract for 14 days led to
lowered blood glucose and triglyceride levels, an
increase in pancreatic Langerhans B-cell islets and HDL
levels, as well as a reduction in body weight loss in
diabetic rats (Safithri et al., 2023). Another study
conducted by Sembiring et al. (2023) showed that
red betel leaf extract effectively lowers blood glucose
levels and repairs pancreatic tissue and B cells in
diabetic mice. The extract reduced blood glucose most
significantly at 100 mg (from 406 mg/dL to 168.6 mg/
dL), followed by 300 mg and 500 mg doses. It also
improved pancreatic tissue health, reducing
inflammation, with no necrosis observed. The findings
suggest that red betel leaf extract promotes pancreatic
healing, enabling insulin production and stabilizing
blood sugar may help protect against diabetes-related
complications (Sembiring et al., 2023). While
preclinical studies have provided promising results,

21

clinical studies are needed to confirm the antidiabetic
effects of betel leaf in humans. A pilot study conducted
by Pane et al. (2023) investigated the effects of betel
leaf extract on glycemic control in patients with type
2 diabetes. The results have shown that chewing paan
inhibits the increase in BGL of type 2 diabetes patients-
a marker of glycemic control. Additionally, the study
found that paan extract was well-tolerated, with no
significant adverse effects reported. This suggests that
betel leaf can be a viable complementary therapy for
diabetes management (Singh et al., 2023). The
improvement in insulin sensitivity observed in animal
models suggests that paan extract may serve as an
adjunct therapy for diabetes. Despite the promising
results from pre-clinical studies and pilot clinical trials,
more extensive clinical trials are needed to confirm
the efficacy and safety of paan in diabetes

management.

Table 1. A list of phytochemicals found in Piper betle, along with their chemical structure and relation to insulin

sensitivity.

Sl Phytochemicals Chemical Structure

No. derived from

Biological activity

References

betel leaf

1 Hydroxychavicol Hypoglycemic and hypolipidemic Jesonbabu et al.,
effects, potential diabetes treatment, 2011; Srividya
and inhibition of osteoclastogenesis. et al., 2015
Also exhibits in hibitory activity
against gastrointestinal pathogens.

2 Chavibetol Major phytotoxic constituent of Kemprai et al.,
betel oil, promising volatile 2023
phytotoxin, anti - cancer, and
antioxidant agent

3 Eugenol Anti-inflammatory, antioxidant, Nangle et al.,
traditionally used for digestive 2006; Baviskar
disorders, decreases glucose etal., 2017,
transport Chilukoti et al.,

2023

4 Piperine Anti-inflammatory and antioxidant  Liu et al., 2020
effect, reduces body weight,
fat mass, triglyceride and
glucose level, improves sensitivity
of exogenous insulin

5 Quercetin Strong alpha-glucosidase Azaharet al.,
inhibitory activity decreases 2020

serum glucose and blood glycated
hemoglobin levels while
ameliorating endothelial
dysfunction.

Cont. Table 1.
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Table 1., Cont. ...

Sl Phytochemicals Chemical Structure
No. derived from

betel leaf

Biological activity

References

6 Catechol

Redox-active, can donate
electrons to quench oxidative
free radicals, and can accept
electrons to quench reductive
free radicals

Kim et al., 2019

7 Gallic acid

Alleviates oxidative stress and
hematological abnormalities,
diminishes the oxidative stress,

and inhibits hyperglycemia-induced
cytokine production

Xuetal.,2021b

8 Caffeic acid Exhibits different pharmacological ~ Matboli et al.,
activities like anti-diabetic, 2017
anti-inflammatory, antioxidant,
and antimicrobial activities

9 Vanillin Potent antidiabetic effect, Salau et al., 2021

suppresses blood glucose, serum
cholesterol, and triglyceride,
improves pancreatic B-cell function,
glucose tolerance, and pancreatic
morphology

10 Caryophyllene

Possesses stimulant and medicinal
properties, antiplatelet,
anti-inflammatory effects,

as well as immunomodulatory,
gastroprotective, and antidiabetic
activity

Hashiesh et al.,
2020

CONCLUSION

The increasing connection between climate change
and diabetes presents considerable difficulties for
worldwide healthcare systems, particularly when
considering the efficacy of Piper betle (Paan) in
diabetes management under environmental stress.
Especially in susceptible areas, increases in
temperatures, severe weather occurrences, and food
security and healthcare availability exacerbate blood
sugar outcomes. Changes in agricultural productivity
due to climate change impact access to nutritious and
reasonably priced foods, making it more challenging
to manage diabetes amid rising temperatures and
reduced medical services during disasters. Prompt
implementation of adaptation tactics such as improving
healthcare facilities, guaranteeing food stability, and
executing community-focused measures is essential
in lessening the effects of climate change on diabetes

management.

Paan cultivation offers several advantages
concerning climate and environmental sustainability
and may have direct implications for its efficacy in
diabetes management under stressed environmental
conditions. It plays a crucial role in biodiversity
conservation, enhances soil health, and promotes
effective land use practices, all of which can be
affected by climate change. Paan cultivation can also
provide resilience against climate-related challenges,
making it an advantageous crop in various ecological
settings. Furthermore, it also shows potential as an
additional method for managing diabetes. It is rich in
bioactive compounds like polyphenols, alkaloids, and
essential oils, showing promise in managing glucose
metabolism, improving insulin sensitivity, and
decreasing inflammation. Research with both humans
and animals backs up the idea that it can help reduce
blood sugar and enhance overall metabolic health,
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suggesting it could be a practical substitute for traditional
therapies, especially when access to conventional
medications is limited due to environmental stressors.
Although the evidence shows potential, there are still
gaps in knowledge, especially regarding the lasting
effectiveness and safety of paan in treating diabetes
complications such as heart disease and nerve damage
under conditions of environmental stress.

The fact that paan comes from nature, is easily found
locally, and is affordable, makes it attractive in areas
dealing with diabetes and climate change, where
healthcare access may be limited. Utilizing it fits into
sustainable health plans by offering a culturally
recognized and locally obtained choice for controlling
diabetes in resource-limited environments. By merging
age-old treatments with contemporary medical care,
societies can enhance their resistance to the twin threats
of climate change and chronic illness.

Although current regulatory guidelines for herbal
medicines, including betel leaves, emphasize stringent
quality control and safety measures to ensure consumer
protection and therapeutic efficacy. These guidelines
aim to standardize the manufacturing processes,
prevent contamination, and accurately determine the
concentration of active compounds. Compliance with
these regulations is crucial for maintaining the quality,
safety, and efficacy of betel leaf products, thereby
promoting their rational use and minimizing potential
health risks (Balkrishna et al. 2024).

In a nutshell, managing the interconnected
challenges of climate change and diabetes necessitates
a comprehensive strategy that combines traditional
medical remedies with natural solutions such as paan,
while also accounting for the impacts of environmental
stress on both disease management and agricultural
practices. This underscores the significance of
integrating paan cultivation into broader agricultural
and environmental strategies for the potential
treatment of diabetes. Policymakers, healthcare
providers, and researchers need to work together to
enhance, the resilience of health systems and maximize
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