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Abstract

Objectives: Operative cum post-mining procedures make many health issues as they enter food
chains and causes bio-magnification. Zinc en-routes through rhizosphere, roots, shoots and
finally in grains. This study was conducted to assess the zinc levels in soil, its translocation in
seven millet plants grown near the area of Zawar Mines, Udaipur i.e. Echinochloa colona,
Echinochloa crusgalli, Eleusine coracana, Panicum miliaceum, Paspalum scrobiculatum, Setaria
glauca and Setaria italic, and the impact of higher zinc accumulated grains on postprandial
hyperglycemic biomarker enzymes, specifically a-amylase and a-glucosidase, total sugar
content and total dietary fiber, considering the role of zinc as a micronutrient involved in
regulation of oxidative stress and in glucose metabolism. Methods: Metallic bioaccumulation
and translocation was assessed by three parameters viz. bio-concentration factor, bio-
accumulation factor and translocation factor. Ethno anti-hyperglycemic millets were screened
for four parameters viz. total sugar content, total dietary fiber, a -amylase and a -glucosidase
inhibitory activity. Results: The zinc concentrations were higher in grains of the millets except
for E. colona and E. crusgalli. The risk assessment for diabetes mellitus Il reveals low levels of
total sugar content in test samples. Total dietary fiber didn't reveal significant variation among
control and test samples. Anti a-amylase and anti a-glucosidase activity were comparatively
higher in test samples of E. colona and E. crusgalli but only E. colona marked as safer for diabetic
patients as grains of E. crusgalli had high levels of zinc, more than ingestible permissible limits.
Conclusion: Zinc content in ethnic millets significantly influence the risk of Type 2 Diabetes
Mellitus. The findings suggest that millets containing adequate levels of zinc may contribute to
improved a-amylase and a-glucosidase inhibitory activity, while lower absorbed zinc levels due
to poor bioavailability may increase susceptibility to the disease.
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INTRODUCTION

In nutrition, various components form different
pillars of health among which minerals are of utmost
importance as they are the basic keys of various
enzymatic functions. These minerals form a balanced
metabolic entity between environment and human
health but in mining zones and industrial areas, these
entities have deviated from ideal levels leading to
hazardous impacts [1-4]. Metal is present in the soil
in various  forms—specially, exchangeable,
oxidizable, reducible and residual forms. Among
these, only the exchangeable metal fraction
contributes to metal mobility and is bioavailable to
plants [5-8]. Rajasthan is rich in terms of mining
zones and ores of various mineral deposits. The
Zawar group of mines are rich in Lead —-Zinc ore
deposits and are situated in Rajasthan, India,
approximately 40 km south of Udaipur. The zinc
moiety in this region varies invariably and affects
human health through both direct and indirect ways
[9,10]. Many plants growing in mining vicinity are
bio-accumulators and indicate high levels of zinc in
roots, shoots and grains when compared with control
or non-mining sites. When such plants are ingested
by the local populace for their ethno-botanical
usage, they affect many biological pathways. Tribal
culture predominantly denies the practice of stored
foods except for staple grains. Among grains, they
prefer millets over cereals due to their economical
and easy availability [11-14].

Cereals and millets despite complex sugar entities
carry a good amount of fiber which in turn affects
satiety, a major cause of obesity and in turn affecting
DMII by hindering obesity [15]. Therefore, in the
present investigation the millets chiefly consumed by
ethnic peoples were prioritized over other plant
materials and seven millets Echinochloa colona, E.
crusgalli, Eleusine coracana, Panicum miliaceum,
Paspalum scrobiculatum, Setaria glauca and S. italica
were used as test samples.

Type 2 Diabetes Mellitus (DMII) describes a category
of metabolic disorders characterized by a high blood
sugar level over a prolonged period of time. These
persistent higher sugar levels specifically higher
postprandial sugar levels are the basic cause of
diabetic-associated multiple pathologies. Amylase
and glycosidase are classified in the largest Glycosyl
hydrolase family, GH13 [16-17]. They are the key
carbohydrate degrading enzymes, help in breaking
down of polysaccharides into smaller molecules and
contribute to elevated blood glucose levels and
postprandial hyperglycemia. Natural a-amylase
inhibitors of plant origin have gained popularity as
alternatives as they are safe and cost-effective and
can manage diabetes mellitus Il [18-19]. Transition
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metals are known to restrict a-amylase function by
inducing changes to their native protein
conformation [20].

Depending on its concentration, Zn can serve as an
essential micronutrient [21,22], or can act as a
hazardous heavy metal toxin [23-25]. It is estimated
that zinc is a vital co-factor for about 3,000 enzymes
and plays vital role in plant’s defence system by
quenching free radicals, and thereby reducing ROS
damage to cell components [26,27]. Zn often acts as
a protein cofactor by binding directly with the
oxygen, sulphur, and nitrogen atoms present in the
side chains of specific amino acids: aspartate,
cysteine, glutamate and histidine [28] and has
significant impact on every aspect of a person’s
metabolic processes and overall health [29]. The
damaging consequences of heavy metals are largely
associated to their capability to interfere with free
radical scavenging mechanisms and metabolic
pathways [30]. Essential nutrients, such as zinc,
selenium, and other can reduce heavy metal
bioavailability and toxicity [31,32]. Zinc causes the
chelation and immobilization of heavy metals which
in turn prevents their absorption by plants from the
soil [33]. At optimum concentration Zn mitigates
heavy metals toxicity with hyper- accumulators’
capacity through the over expression of constitutive
metal transporters and their efficient translocation
capacity [33-34]. It also induces the synthesis of
metallothioneins, the cysteine-rich heavy metal
binding proteins, which effectively immobilize zinc
ions and prevent them from interfering with cellular
functions [35]. Zinc plays important roles in the
adequate insulin synthesis, secretion and its
translocation into the cells. In addition, zinc activates
phosphoinositol-3-kinase and  suppress pro-
inflammatory cytokines [36].

Excess Zn in the soil can interfere with the absorption
and movement of other essential micronutrients and
can directly harm cell membrane and organelles [23].
It can disturb nutrient homeostasis and other vital
physiological activities. Its presence above threshold
limit triggers oxidative stress, cellular damage and
alteration in the structure and functions of enzymes,
resulting in a high generation of free radicals [27,30].
Thus, an adequate amount of zinc is essential for
structural, catalytic and regulatory functions of
various enzymes and their stability [37-39].

Zn uptake in plants is determined by its availability
in the soil and the plant's ability to absorb and
manage its internal water and mineral levels [40].
Naaz and coworker, explained the mechanism of Zn
absorption from the soil, role of transporter proteins
and factors governing zinc availability in the soil [41].
Numerous studies demonstrated that free radicals
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play a significant role in insulin resistance and
diabetes mellitus [42]. En-route of zinc in humans
through contaminated soils via grains can impact
sugar levels in diabetic patients [10]. Exposure to
hazardous metals from unregulated mining and
industrialization, is known to contribute to oxidative
stress and related diseases. However, there is
currently no evidence linking heavy metals with type
2 diabetes, with the exception of arsenic [43].
Previous studies have examined the effect of varying
zinc levels on tolerance, accumulation capacity, and
stress responses in different millets species [41,44].
Building on this line of research, the purpose of the
current in vitro study was to assess the zinc levels in
soils, its translocation within millet plants and the
impact of higher zinc- accumulated millet grains on
postprandial hyperglycemic biomarker enzymes
i.e.a-amylase and a-glucosidase, total sugar content
and total dietary fiber. Such studies on health risk

Int J Pharm Biol Sci.

assessment of dietary exposure to metallic trace
elements like lead, cadmium and other toxic
elements support continuous monitoring of toxic
elements in staple foods, strengthen the
management of food safety and support the creation
of national policies [45-50].

2. MATERIALS AND METHODS

2.1 Study area

The Zawar Belt with zinc- lead deposits (Mochia,
Balaria, Zawar Mala, Baroi and Bawa) situated within
the Lower to Middle Proterozoic Aravalli Super
groups, forming a 20 Km long mineralized zone that
includes intercalated dolomite, quartzites and
conglomerates, geographically spread around 24° 18'
48" and 24" 22' 48" N and 73" 40' and 73 45'24" E in
Rajasthan [51]. A tropical continental monsoon is the
prevailing climate type of the area. (Plate 1).

Pl;te 1: Zawar Belt witfw zinc lead depositsat Mochia;'Balaria, Zawar Mala, Baroi.and Bawa
(24 18'48" and 24 22! 48" N and 73 40' and 73 45'24" E)

@ Baroi Mine

Zawar Mala-Mine

2.2 Sample collection

Rhizospheric soil samples were taken from the Zawar
Belt with zinc- lead deposits Mochia, Balaria, Zawar
Mala, Baroi and Bawa. The millet species i.e. E.
colona (EC1), E. crusgalli (EC2), E. coracana (EC3), P.
miliaceum (PM), P. scrobiculatum (PS), S. glauca (SG)
and S. italica (Sl) were gathered from 17 locations
surrounding the mining and land fill area.
Additionally, a control soil sample was also collected
from a forested conserved land that was unaffected
by mining activities. Metal contaminated free millet
plant species were collected from mining deficit
areas which were used as control. Soil samples and
plant specimens were transported to the laboratory
after being placed in pre-cleaned, sealable, airtight

bags. Millets plant specimens (Herbarium Ac. No.
MC/MS 110-124/2023) were identified by Prof. S. S.
Katewa, Department of Agrostology and
Ethnobotany, MLSU, Udaipur (Raj.) and are kept in
Department of Botany, B N University, Udaipur (Raj.)
for future reference.

2.3 Sample preparation and analysis

Zinc was analyzed according to Ure, 1990 [52]. The
soil samples were oven-dried at 100° C for 24 hours,
ground to a fine powder and sieved through a sieve
of 2.0 mm mash size to get rid of impurities from the
samples. Vegetative millet plant materials were
initially washed for the removal of dust and other
adhered impurities. Later on, they were washed with
deionized water and pressed over filter papers to
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remove moisture and subsequently seeds were
ground and sieved to obtain fine powder for zinc
analysis. 1.0 g of each sample were taken in 250 ml
glass beakers and digested with concentrated nitric
acid and perchloric acid by heating the mixture of
samples on a hot plate in a fume cupboard at 200°C.
The volume of sample solutions and control was
made up to 10.0 ml with deionized water.
Millets/Grains were analyzed for zinc by oven drying
at 105 C for two hours, subsequently cooled to room
temperature and ground to a fine powder. 1 g of
sample was turned to ash at 450° C and digested to
clear solution with 5 ml of HNOs. The residue was
made to 50 ml by adding deionized water. Metal
content in an analyte was determined using atomic
absorption spectrophotometer. Metallic
bioaccumulation and translocation were assessed by
three parameters viz. bio-concentration factor (BCF),
bioaccumulation factor (BAF) and translocation
factor (TF) [53-55].

. c
i. BCF = =reot
Csoil
. C
ii. BAF = -shoot
Csoil
C
iii. TF = -shoot
CI‘OOt

Croot, Cshoot and Csoil are metal concentrations in the
plant root, shoot and rhizosphere respectively. The
concentrations are expressed as (mg /kg). TF >1
depicts that translocation of metals was functionally
made to the shoot from the root. BAF is further
represented as hyper-accumulator, accumulator and
excluder to plant species which accumulates metals
as >1, 1 and <1, respectively.

2.4 In vitro biochemical evaluation for anti-diabetic
potential

Int J Pharm Biol Sci.

Ethno anti-hyperglycemic millets were screened for
their anti-diabetic potential for four parameters viz.-
Total Sugar Content (TSC), Total Dietary Fiber (TDF),
Anti a-amylase Activity (AAA) and Anti a-glucosidase
Activity (AGA). For in vitro studies, the aqueous
extract was prepared by cold maceration of
respective grains by soaking 100g in 500ml of
distilled water for 24 hours and followed by filtration.
Respective extracts were stored at 5-8 C in dark
bottles.
Total sugar content

Carbohydrates were first hydrolysed
into simple sugars using dilute hydrochloric acid. The
millet samples were weighed (100 mg) and into
boiling tubes, HCI (2.5 N, % ml) was added and the
tubes were kept in a boiling water bath for 3 hours
for hydrolysis. The tubes were cooled to room
temperature. Sodium carbonate was added to the
samples until the effervescence ceased. This
neutralized the samples. The volume was made up to
100 ml and centrifuged. The supernatant was
collected and 0.1 ml aliquots were taken for analysis.
The standards were prepared by taking 0, 0.2, 0.4,
0.5, 0.8, and 1 ml of the working standards. Zero (0)
served as blank. The volume was made up to 1 mlin
all the tubes including the sample tubes by adding
distilled water. To all tubes 4 ml anthrone reagent
was added. The tubes were heated for eight minutes
in a boiling water bath. The contents of the tube
were cooled rapidly and the dark green colour was
read at 630 nm. A standard graph was drawn by
plotting the concentration of the standard on the X-
axis versus absorbance on the Y-axis.

mg of glucose X100

Total sugar content =

Total dietary fiber

Total dietary fiber was screened using a combination
of enzymatic and gravimetric methods (AOAC
International, 1997). Fat-free dried samples bran
were gelatinized with heat stable a-amylase and
then enzymatically digested with protease and
amyloglucosidase enzymes to remove the protein
and starch present in the sample and subsequently

Volume of the test sample

ethanol was added to precipitate the soluble dietary
fiber. The residue was washed with ethanol and
acetone and was dried and weighed. One portion of
the sample was analysed for protein while the other
part was turned to ash using muffle furnaces. TDF
was calculated as the weight of the residue minus the
weight of the protein and ash reported as a
percentage of the original sample weight.

[(R Sample - P Sample - A Sample) -B] * 100

TDF% =

S
Where, Residue weight (mg) (R) = W2-W1; Ash weight (mg) (A) = W3-W1; B = R (blank) — P (blank) - A (blank);

P = Protein weight (mg) and S = Sample weight (mg).

Anti a-amylase activity

The assay mixture containing 200 pul of 0.02M sodium
phosphate buffer, 20 ul of enzyme and the aqueous
millet extract in the concentration range 20-100
pugml? were incubated for 10 minutes at room
temperature followed by the addition of 200 ul of

starch in all test tubes. The reaction was terminated
with the addition of 400 pl DNS (3,5-Dinitrosalicylic
acid) reagent and placed in a boiling water bath for 5
minutes, cooled and diluted with 15 ml of distilled
water and absorbance was measured at 540 nm. The
control samples were prepared without any millet
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extract. The % inhibition was calculated according to
the formula [56].

Int J Pharm Biol Sci.

Abs 549 (control) - Abs 540 (extract) * 100

Inhibition (%) =

Anti a-glucosidase activity

The yeast alpha glucosidase was dissolved in 100 mM
phosphate buffer pH 6.8 and was used as the enzyme
extract. P-Nitrophenyl-a-D-glucopyranoside was
used as the substrate. Aqueous millet extracts were
used in the concentration ranging from 20-100 pgml
1, Different concentrations of millet extracts were

Abs 549 (control)

mixed with 320 pl of 100 mM phosphate buffer pH
6.8 at 30°C for 5 minutes. 3 ml of 50 mM sodium
hydroxide was added to the mixture and the
absorbance was read at 410 nm. The control samples
were prepared without any extracts. The % inhibition
was calculated according to the formula [56].

Abs,q, (control) - Abs,,, (extract) * 100

Inhibition (%) =

The IC 50 values for both a-amylase and a-
glucosidase were determined from plots of percent
inhibition versus log inhibitor concentration and
were calculated by nonlinear regression analysis
from the mean inhibitory values. Acarbose was used
as the reference a-amylase and a-glucosidase
inhibitor.

2.5 Statistical analysis

The data obtained in triplicate were subjected to
ANOVA at a significance level of P<0.001, 0.01 and
0.05.

3. RESULTS AND DISCUSSION

In the current era, the soil is continuously
contaminated through various anthropogenic
activities [57]. In mining sites, bio-magnification of
metals in plants of adjoining areas is a common
observation and their channelization through food
chain causes alarming clinical pathologies among
which endocrine maladies are of utmost prominent
[58].

Rajasthan state inhabits a large number of nomadic,
seminomadic, tribal and rural population which
resides in remote areas and depends on ethno-foods
for their survival among which millets are more
popular.

3.1 Bio-concentration factor (BCF), Bioaccumulation
factor (BAF) and Translocation factor (TF):

Zinc concentration in soil samples and rhizosphere
was between 27 to 30 mgkg™? in control sites while
35.5 to 36.87 mgkg? in mining sites. Highest bio-
concentration factor of zinc in control sites was
obtained in S. glauca (0.28) followed by P.
scrobiculatum (0.24) whereas in mining sites, similar
to the control site both the species had similar higher
concentration but in addition, E. colona had

Abs,o(control)

comparatively higher accumulation in mining site as
compared to control site revealing significant
bioaccumulation in root tissue. Comparison of bio-
concentration factor (BCF) in between control sites
and mining sites reveals a higher preference of
23.81% accumulation in E. colona followed by
23.53% in E. crusgalliand 16.67% in E. coracana. BCF
was comparatively lower in P. miliaceum, P.
scrobiculatum, S. glauca and S. italica and were in the
range of 4 to 9 %. The zinc content in roots and
shoots was nearly similar in S. glauca whereas it was
12.50 % more in P. scrobiculatum in the mining site
as compared to the control site. Bioaccumulation
factor (BAF) was significantly high in mining sites
i.e.7.14 t0 26.32% over control site as being higher in
E. coracana (26.32%) followed by P. miliaceum
(22.73%) and E. colona (17.39%) while lowest in S.
glauca (7.14%). Translocation factor (TF) was found
to be higher in all the studied millet species in the
mining site by 13.33 to 21%. TF was found to be 21%
higher mining site as compared to control in P.
miliaceum followed by 19.33% in E. crusgalli. Change
in TF over both the sites was nearly similar in E.
colona, E. coracana, S. glauca and S. italic (Figure 1).
BAF values of all the millets were less than one
indicating their excluder nature but the values were
still higher up to 24% in crops growing in mining
adjoining fields as compared to control sites. In
addition, higher TF values specifically of P. miliaceum
and E. crusgalli indicates accumulation of zinc in
significant quantities in aerial parts. Higher
bioaccumulation of zinc in staple food/ millets and
their daily consumption over long periods can cause
chronic diseases [59].
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Echinochloa colona (EC1), Echinochloa crusgalli (EC2), Eleusine coracana (EC3), Panicum
miliaceum (PM), Paspalum scrobiculatum (PS), Setaria glauca (SG) and Setaria italica (Sl)
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Figure 1: Comparison of Bioconcentration factor (BCF), Bioaccumulation Factor (BAF) and Translocation
Factor (TF) of studied millets in control sites (CS) and Mining sites (MS)

3.2 Zinc concentration in grains:

Zinc concentration differed in grains of all the studied
millets except in P. scrobiculatum in which the
concentration was nearly similari.e. 19.73 and 19.75
mgkg? in both control and mining site. Zinc
concentration was higher up to 16.02% in grains
collected from mining sites in E. colona followed by
12.41% and 11.74% in E. crusgalli and P. miliaceum
respectively (Figure 2).

Higher accumulation of zinc in grains in mining site
may lead to chronic maladies and impairment of
organs passively leading to endocrine dysfunctions
as the Recommended Dietary Allowance of zinc for
adults is 11 mg per day for men and 8 mg/ day for
women while the tolerable upper intake level for

adults is 40 mg per day, a value based on reduction
in erythrocyte copper-zinc superoxide dismutase
activity [30, 60]. Nearly 100 specific enzymes (e.g., EC
1.1.1.1 alcohol dehydrogenase) depend on zinc for
their catalytic action. Zinc deficiency impairs various
activities including major biochemical pathways
regulated through metalloenzymes [18,61,62].
Higher intakes of 150-450 mg of zinc per day have
been associated with chronic effects as low copper
status, altered iron function, reduced immune
function, and reduced levels of high-density
lipoproteins [63]. Reductions in a copper-containing
enzyme, a marker of copper status, have been
reported with even moderately high zinc intakes of
approximately 60 mg/day for up to 10 weeks [30,64].

30 -
25 - 22.83
20 -
2
315
£
10 -
5 4
**%p<0.001; **p<0.01; *p<0.05
0 . . . . . . .
EC1 EC2 EC3 PM PS SG si
Echinochloa colona (EC1), Echinochloa crusgalli (EC2), Eleusine coracana (EC3), Panicum

Figure 2: Comparison of Zinc concentration in grains of studied millets at mining site (MS) and

control site (CS)
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3.3 Total sugar content (TSC) and Total dietary fiber
(TDF)

Total sugar content (TSC) was found to be lower in all
millets growing in zinc contaminated soils except in

Int J Pharm Biol Sci.

P. miliaceum in which the TSC in grains differed only
by 0.90% in control and test samples. TSC decreased
by 30.22% in S. glauca, 29.66% in E. crusgalli and
28.57% in E. coracana (Figure 3).

Figure 3: Comparative % total sugar content (TSC) in grains of studied millets in mining site (MS) and control

site (CS)

Total Dietary Fiber (TDF) did not differ largely in all
test samples as compared to control samples
revealing no effect of zinc concentrations in soil and
was not affected by translocation factor. TDF was
found to be slightly higher in E. colona (2.82%), P.

miliaceum (1.65%) and S. glauca (1.51%) at zinc
contaminated mining sites while decreased slightly in
P. scrobiculatum (2.09%) followed by and S. italica
(1.68%) and E. crusgalli (1.13%) (Figure 4).

Figure 4: Comparative % total dietary fibre (TDF) in grains of studied millets in mining site (MS) and control

site (CS)

Prevailing beliefs over the past regarding sugars and
diabetes admonished that simple sugars would
confer a higher postprandial glycemia than starch, as
different types of sugars may have variable
metabolic effects on glycemia or lipemia [65].
Consequently, diets for diabetic patients have been
sugar restricted for fear of stimulating
hyperglycemia, exaggerating insulin response to
carbohydrates and causing possible cardiomyocyte

dysfunction and/or accelerated loss of B-cells [66].
Various studies concluded that fibers intake and
obesity are inversely correlated, indicating their role
in starch and cholesterol control [67-68]. Reduction
in total sugar content and persistence of dietary
fibers in zinc contaminated sites may help in
regulating and managing glycemic levels in DMII
patients [43,69,70].
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3.4 Anti a-amylase activity (AAA) and Anti a-
glucosidase activity (AGA)

Highest AAA was obtained in S. jtalica as 47.63% in
CS and 48.72% in MS followed by E. coracana as
45.66% in CS and 46.13% inhibition in MS but
comparison of inhibitory activity on both CS and MS
didn’t vary significantly revealing neutral impact of
zinc concentrations in plant parts and rhizosphere
while comparison of activities in CS and MS reveals

Int J Pharm Biol Sci.

increased AAA by 8.57% in E. colona and 7.48% in S.
glauca (Figure 5). As akin to the activity of AAA, AGA
was also found to be increased by 11.84% and10.77%
in both E. colona and S. glauca while was nearly equal
on both CS and MS in S. italica while contrary to all
other millets responses AGA of Eleusine decreased
sharply in zinc contaminated site by 26.86% (Figure
6).

Figure 5: Comparative Anti a-amylase activity (AAA) in grains of studied millets in mining site (MS) and

control site (CS)

Figure 6: Comparative Anti a-glucosidase activity (AGA) in grains of studied millets in mining site (MS) and

control site (CS)

4. CONCLUSION

The  highest bioconcentration factor and
bioaccumulation was found in S. glauca but the
translocation efficacy was not at par with that of BCF
and BAF. Total sugar content was lower in test
samples as compared to control samples and total

dietary fiber did not change significantly revealing a
positive characteristic of zinc concentrations. The
activity of key enzymes i.e. a-amylase and a-
glucosidase determine the status of postprandial
hyperglycemia. The grains of E. colona and S. glauca
obtained from the mining site revealed the highest
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anti a-amylase and anti a-glucosidase activity
revealing their preferred usage over other millets in
diabetic patients but the zinc concentration in S.
glauca is more than ingestible permissible limits and
hence cannot be subjected for usage as higher levels
lead to acute and chronic zinc toxicity causing a
disturbance in copper metabolism, reduced iron
function and high density lipoproteins, neutropenia,
atherogenic cardiac function etc. Higher zinc
concentrations also indicate pollution load which
may cause bio-magnification if used for prolonged
periods. E. colonais is safer as it has permissible limits
of zinc in grains and is rich in anti a-amylase and anti
a-glucosidase activity and therefore can help in
better management of glycemic levels in diabetic
patients.

Dietary interventions play a preventive and
supportive role by protecting against oxidative
damage. Such research offers an evidence-based
approach and policy suggestions for promoting the
consumption of zinc- rich and bioavailable millet
varieties as a beneficial nutritional strategy for
reducing the risk of Type 2 diabetes Mellitus in the
local population.

Acknowledgement: The authors would like to thank
Prof. S. S. Katewa, for the taxonomic identification of
millets species.

‘No interest

Competing Interest:

declared.’

competing

Funding: This research received no specific grant
from any funding agency in the public, commercial or
not-for-profit sectors.

5. REFERENCES:

1. Naz A, Chowdhury A, Chandra R and Mishra BK.
Potential human health hazard due to bioavailable
heavy metal exposure via consumption of plants with
ethnobotanical usage at the largest chromite mine of
India. Environmental Geochemistry and Health, 42:
4213-4231, (2020).

2. Repkina, N., Murzina, S. A., Voronin, V. P., and Kaznina,
N. Does methyl jasmonate effectively protect plants
under heavy metal contamination? Fatty acid content
in wheat leaves exposed to cadmium with or without
exogenous methyl jasmonate
application. Biomolecules, 13(4): 582, (2023).

3. Gao, L., Xue, Z.,, and Gnanachandrasamy, G. Visual
analysis of contaminated site studies in recent 30 years
based on bibliometrics and knowledge
graph. Environment, Development and
Sustainability, 27(8): 17833-17859, (2025).

4. Yang, G., Zhang, H., Maus, V., Su, C., and Zhang, X.
Dynamic coupling of habitat quality and landscape
ecological risk for sustainable ecosystem management

10.

11.

12.

13.

14.

15.

16.

17.

18.

Int J Pharm Biol Sci.

in open-pit mining area. Environmental Monitoring
and Assessment, 198(2): 92, (2026).
Khoshgoftarmanesh, A. H., Afyuni, M., Norouzi, M.,
Ghiasi, S., and Schulin, R. Fractionation and
bioavailability of zinc (Zn) in the rhizosphere of two
wheat cultivars with different Zn deficiency
tolerance. Geoderma, 309: 1-6, (2018).

Zhang, J., Yang, S., Yang, H., Huang, Y., Zheng, L., Yuan,
J., and Zhou, S. Comparative study on effects of four
energy plants growth on chemical fractions of heavy
metals and activity of soil enzymes in copper mine
tailings. International Journal of
Phytoremediation, 20(6): 616-623, (2018).

Akhavan, A., and Golchin, A. Leaching properties of zinc
from hazardous zinc leach residues under simulated
environmental conditions. Arabian  Journal of
Geosciences, 17(6): 199, (2024).

Dev, P, Singh, S. K., Kumar, C., Goswami, S., Jaiswal, S.,
Rana, N., .and Mattar, M. A. Exploring Nickel and Zinc
contamination in cultivable lands of eastern Uttar
Pradesh, India. Environmental = Monitoring and
Assessment, 198(2): 125, (2026).

Aery, N. C., and Tiagi, Y. D. Biogeochemical studies of
the zinc deposit areas in the environs of Udaipur: on
cadmium-the pathfinder for zinc, (1985).

D'Souza, R., Favas, P. J., Varun, M., and Paul, M. S.
Dynamics of trace element bioavailability in soil:
agronomic enhancement and risk assessment. Medical
Geology: En route to One Health, 203-216, (2023).
Census, 2011-
https://www.censusindia2011.com/rajasthan-
population.html

Arora, A., Lohar, M. Comparative study of informant
consensus factor for ethno-functional foods among
Bhil, Meena, Garasia and Damor tribes of Southern
Rajasthan, India. Studies on Ethno-medicine, 13(2): 71-
77, (2019).

Shah, H., Lohar, M., Arora, A., and Kapoor, C. Study of
ethno hypoglycemic food plants used by tribal’s of
Southern Rajasthan (India). J Pharmacogn
Phytochem, 8(3): 4450-2, (2019).

Lokur, A., Donde, K. J., and Pius, J. (Eds.). MILLETS—
2023: A Transdisciplinary Approach to Its Resurgence
and Sustainability. Allied Publishers, (2023).

Larsen, K. V., Cobbina, S. J., Ofori, S. A., and Addo, D.
Quantification and health risk assessment of heavy
metals in milled maize and millet in the Tolon District,
Northern Ghana. Food science & nutrition, 8(8): 4205-
4213, (2020).

Samanta, S. Structural and Catalytical Features of
Different Amylases and their Potential
Applications. Jordan Journal of Biological
Sciences, 15(2), (2022).

An, Y., Tran, P. L, Yoo, M. J.,, Song, H. N., Park, K. H.,
Kim, T. J., ... and Woo, E. J. The distinctive permutated
domain structure of periplasmic a-amylase (MalS)
from glycoside hydrolase family 13 subfamily
19. Molecules, 28(10): 3972, (2023).

.Kashtoh, H., and Baek, K. H. New insights into the
latest advancement in a-amylase inhibitors of plant
origin with anti-diabetic effects. Plants, 12(16): 2944,
(2023).

International Journal of Pharmacy and Biological Sciences

Sunita Jain"etal | 126
www.ijpbs.com or www.ijpbsonline.com


http://www.ijpbs.com/
http://www.ijpbsonline.com/
https://www.censusindia2011.com/rajasthan-population.html
https://www.censusindia2011.com/rajasthan-population.html

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

ISSN: 2230-7605 (Online); ISSN: 2321-3272 (Print)

. Khator, R.,and Monga, V. Recent advances in the
synthesis and medicinal perspective of pyrazole-based
a-amylase inhibitors as antidiabetic agents. Future
Medicinal Chemistry, 16(2):173-195, (2024).

Liao, S. M., Shen, N. K., Liang, G., Lu, B,, Lu, Z. L., Peng,
L. X., ... and Huang, R. B. Inhibition of a-amylase activity
by Zn2+: insights from spectroscopy and molecular

dynamics simulations. Medicinal Chemistry, 15(5):
510-520, (2019).
Solanki, M. The Zn as a vital micronutrient in

plants. Journal of microbiology, biotechnology and
food sciences, 11(3): e4026-e4026, (2021).

Mued, M. M., Yadav, A. S,, Siddiqui, S., Rao, P. S., Khan,
N., and Pratap, D. Zinc in Wheat Cultivation:
Physiological Roles, Agronomic Impact, and
Management Strategies—A Comprehensive
Review. International  Journal of Plant and
Environment, 11(03): 428-436, (2025).

Kaur, H., and Garg, N. Zinc toxicity in plants: a
review. Planta, 253(6): 129, (2021).

Sheikh, F., Sachdev, S., and Bauddh, K. Understanding
Hyperaccumulation of Zinc in Plants. In Zinc in Soil-
Plant Continuum (pp. 259-276). Singapore: Springer
Nature Singapore, (2025).

Ulhassan, Z., Sheteiwy, M. S., Khan, A. R., Hamid, Y.,
Azhar, W., Hussain, S., ...and Zhou, W. Zinc toxicity in
plants: a brief overview on recent developments. Zinc
in Plants, 77-93, (2025).

Hubner, C., and Haase, Hinteractions of zinc-and
redox-signaling pathways. Redox biology, 41: 101916,
(2021).

Shamsi, I. H., Zhang, Q., Ma, Z., Noreen, S., Akhter, M.
S., Igbal, U., and Ullah, N. Zinc Toxicity and Tolerance
in Plants: Insights from Omics Studies. Heavy Metal
Toxicity and Tolerance in Plants: A Biological, Omics,
and Genetic Engineering Approach, 275-292, (2023).
Maret, W. Chemistry meets biology in the coordination
dynamics of metalloproteins. Journal of Inorganic
Biochemistry, 251: 112431, (2024).
Permyakov, E. A. Metal
proteins. Encyclopedia, 1(1): 261-292, (2021).
Jomova, K., Alomar, S. Y., Valko, R., Nepovimova, E.,
Kuca, K., and Valko, M. The role of redox-active iron,
copper, manganese, and redox-inactive zinc in toxicity,
oxidative stress, and human diseases. EXCLI
journal, 24: 880, (2025).

Sharma, K., Tayade, A., Singh, J., and Walia, S.
Bioavailability of nutrients and safety measurements.
In Functional Foods and Nutraceuticals: Bioactive
Components, Formulations and Innovations (pp. 543-
593). Cham: Springer International Publishing, (2020).
Kumar, P, and Dey, S. R. Dietary interventions for
reducing heavy metal toxicity. In Heavy Metal Toxicity
and Neurodegeneration, 407-425, Academic Press,
(2025).

Hassan, M. U., Nawaz, M., Mahmood, A., Shah, A. A,,
Shah, A. N., Muhammad, F., .and Qari, S. H. The role of
zinc to mitigate heavy metals toxicity in
crops. Frontiers in Environmental Science, 10: 990223,
(2022).

Bhat, B. A,, Rather, M. A. R. A,, Pirzadah, T. B., Nazir, R.,
Mir, R. A., and Qadir, R. U. Plant hyperaccumulators: A

binding

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

Int J Pharm Biol Sci.

state-of-the-art review on mechanism of heavy metal
transport and sequestration. Frontiers in Plant
Science, 16: 1631378, (2025).

Roy, B., Maitra, D., Sarkar, S., Podder, R., Das, T.,
Ghosh, J.,, and Mitra, A. K. Biofim and
metallothioneins: A dual approach to bioremediate the
heavy metal menace. Environmental Quality
Management, 33(4): 659-676, (2024).

Fernandez-Cao, J. C., Warthon-Medina, M., H. Moran,
V., Arija, V., Doepking, C., Serra-Majem, L., and Lowe,
N. M. Zinc intake and status and risk of type 2 diabetes
mellitus: a  systematic review and meta-
analysis. Nutrients, 11(5): 1027, (2019).

Fariduddin, Q., Saleem, M., Khan, T. A., and Hayat, S.
Zinc as a versatile element in plants: an overview on its
uptake, translocation, assimilatory roles, deficiency
and toxicity symptoms. Microbial biofertilizers and
micronutrient availability: The role of zinc in
agriculture and human health, 137-158, (2021).

Costa, M. |., Sarmento-Ribeiro, A. B. and Gongalves, A.
C. Zinc: from biological functions to therapeutic
potential. International  Journal of Molecular
Sciences, 24(5): 4822, (2023).

Razzaque, M. S., Wimalawansa, S. J. Minerals and
human health: from deficiency to
toxicity. Nutrients, 17(3): 454, (2025).

Adil, B. H., Kaith, W. K., Khalil, S. G., and Obaid, A. S.
Toxicity of Zinc Oxide Nanoparticles Prepared with
Plasma Jet for in Vitro and in Vivo Study. Journal of
Physical Science, 35(1): 53-65, (2024).

Naaz, S., Husain, R., Sachdev, S., and Ansari, M. I. Zinc:
Uptake, Toxicity, and Tolerance in Crop Plants and
Management of Zn-Contaminated Soil. In Enhanced
Crop Production Setup Under Various Micro and Nano
Contaminants: Sustainable Use, Production and Future
Prospects (pp. 129-147). Singapore: Springer Nature
Singapore, (2025).

Bjgrklund, G., Dadar, M., Pivina, L., Dosa, M. D.,
Semenova, Y., ad Aaseth, J. The role of zinc and copper
in insulin resistance and diabetes mellitus. Current
medicinal chemistry, 27 (39): 6643-6657, (2020).
Chepkorir, L. Assesmsnt of Zinc, Lead and Cadmium
Contributions to Diabetes and Hypertensin: A Case
Study of Marakwet east and Marawet West Sub
Counties (Doctorial dissertation, University of Eldoret),
(2022).

Jatav, P. K., Dadhich, A., Kothari, S. L., Jain, R., and
Kachhwaha, S. Exploring the effects of Zinc
accumulation in  millets and oats: Morpho-
physiological and toxicological implications. Journal of
Stored Products Research, 114: 102756, (2025).

Bazié, B. S. R., Compaoré, M. K. A., Bandé, M., Kpoda,
S. D., Méda, N. S. B. R., Kangambega, T. M. O, ... and
Kabré, E. Evaluation of metallic trace elements
contents in some major raw foodstuffs in Burkina Faso
and health risk assessment. Scientific Reports, 12(1):
4460, (2022).

Huang, C. C., Cai, L. M., Xu, Y. H,, Jie, L., Chen, L. G., Hu,
G. C,, ... and Mei, J. A comprehensive exploration on
the health risk quantification assessment of soil
potentially toxic elements from different sources

International Journal of Pharmacy and Biological Sciences

Sunita Jain"etal| 127
www.ijpbs.com or www.ijpbsonline.com


http://www.ijpbs.com/
http://www.ijpbsonline.com/

47.

48.

49.

50.

51.

52.

53.

54.

55

56.

57.

ISSN: 2230-7605 (Online); ISSN: 2321-3272 (Print)

around large-scale smelting area. Environmental
Monitoring and Assessment, 194(3); 206, (2022).
Choquenaira-Quispe, C., Angulo Vargas, S. J., Rojas-
Tamata, K., Yucra Condori, H. R., and Villanueva Salas,
J. A. Quantification and health risk assessment of lead
and cadmium in wheat, rice and their processed
products from Peru. Journal of Environmental Science
and Health, Part B, 57(4): 297-304, (2022).

Kadala, C. D., Rwiza, M. J., Mwaijengo, G. N., Sawe, S.
F., and Mataba, G. R. Multimedia assessment of heavy
metal pollution and health risks in a riverine agro-
mining landscape. Environmental Monitoring and
Assessment, 198(2): 86, (2026).

Xie, J., Du, Y., Balajiang, G., Zhao, W., Chen, Y., Yu,
T..and Dang, Y. Health risk assessment of cadmium
exposure via multiple pathways in preschool children

from the inland region of Northwest
China. Environmental Monitoring and
Assessment, 198(2): 122, (2026).

Yeganeh, M., Shahbazi, K., Cheraghi, M., sadat

Hasheminasab, K., Marzi, M., and Beheshti, M. Risk
assessment of dietary exposure to cadmium and lead
through wheat and rice consumption in
Iran. Ecotoxicology and Environmental Safety, 309:
119582, (2026).

Mukhopadhyay, S. Dolomite hosted zinc-lead deposits
of Zawar, Aravalli Supergroup, Udaipur district,
Rajasthan, India, 490-510, (2023)

Ure, A. M. Methods of analysis for heavy metals in
soils. Heavy metals in soils, 58-102, (1995).

Liu XiaoHai, L. X., Gao YunTao, G. Y., Sardar Khan, S. K.,
Duan Gang, D. G., Chen AiKui, C. A., Ling Li, L. L., ... and
Wu Xue Can, W. X. Accumulation of Pb, Cu, and Zn in
native plants growing on contaminated sites and their
potential accumulation capacity in Heging, Yunnan,
(2008).

Alloway, B. J., Ed. Heavy metals in soils: trace metals
and metalloids in soils and their bioavailability, Vol. 22,
Springer Science and Business Media, (2012).

. Chowdhury, A., Maiti, S. K. Identification of metal

tolerant plant species in mangrove ecosystem by using
community study and multivariate analysis: A case
study from Indian Sunderban. Environmental Earth
Sciences, 75 (9): 744, (2016).

Jung, M., Park, M., Lee, H. C., Kang, Y. H., Kang, E. S.,
and Kim, S. K. Antidiabetic agents from medicinal
plants. Current medicinal chemistry, 13(10): 1203-
1218, (2006).

Karki, D., and Verma, A. Pollution assessment of heavy
metals in groundwater and agricultural soil in tailing of
Zawar mines, Udaipur, Rajasthan. EQA-International
Journal of Environmental Quality, 38: 37-47, (2020).

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Int J Pharm Biol Sci.

lya, S. F. D., Mohammed, M. I, Koki, I. B., and
Abubakar, A. R. New perspectives into health risks and
Environmental Hazards caused by Agricultural
pesticides and Heavy Metals, 10(1): 350- 365, (2025).
Asdeo, A. Toxic metal contamination of staple crops
(wheat and millet) in periurban area of Western
Rajasthan. Int Ref J Eng Sci, 3(4): 8-18, (2014).
Cousins, R. J. Theoretical and practical aspects of zinc
uptake and absorption. Mineral Absorption in the
Monogastric Gl Tract, 3-12, (1989).

Thompson, M. W. Regulation of zinc-dependent
enzymes by metal carrier proteins. Biometals, 35(2):
187-213, (2022).

Mathias, R. C., Shree, P., Annapoorneshwari, M.,
Krupa, P. M., Rajatha Sriram, J. S., and Hegde, S. The
Mechanisms of Uptake, Translocation, and Distribution
of Zinc in Plants. In Zinc in Soil-Plant Continuum (pp.
63-96), Springer Nature Singapore, (2025).
Varaprasad, D., Kumari, M. R., Narasimham, D.,
Himabindu, Y., Chakradhar, T., Parveen, S. N., .and
Chandrasekhar, T. In vitro effect of chromium, lead and
manganese on seed germination, growth and mineral
composition of finger millet (Eleusine coracana). Ann.
Plant SOIL Res, 23: 129-134, (2021).

Cheng, Y. and Chen, H. Aberrance of zinc
metalloenzymes-induced human diseases and its
potential mechanisms. Nutrients, 13(12): 4456, (2021).
Volek, J. S., Phinney, S. D., Krauss, R. M., Johnson, R. J.,
Saslow, L. R., Gower, B., .. and Hamdy, O. Alternative
dietary patterns for Americans: low-carbohydrate
diets. Nutrients, 13(10): 3299, (2021).

Paul, S., Joseph, D., and Majumdar, M. Health risk
assessment of Macro, Trace-elements and heavy metal
in various Indian Antidiabetic Polyherbal
formulations. Environmental Science and Pollution
Research, 28(30): 40929-40937, (2021).

Alahmari, L. A. Dietary fiber influence on overall health,
with an emphasis on CVD, diabetes, obesity, colon
cancer, and inflammation. Frontiers in Nutrition, 11:
1510564, (2024).

Razouki, A. S., Hameed, W. R., Naeem, B. A., Falaih, H.
H., Nassar, S. A., & Mashchal, M. B. Metabolic Effects

of Dietary Fiber, Carbohydrate, Glucose, Lipid
Metabolism on Human Health and Nutritional
Therapy. Current Clinical and Medical

Education, 3(03): 11-23, (2025).

Chasapis, C. T., Loutsidou, A. C., Spiliopoulou, C. A., and
Stefanidou, M. E. Zinc and human health: An
update. Archives of toxicology, 86 (4): 521-534, (2012).
Dubey, P., Thakur, V., and Chattopadhyay, M. Role of
minerals and trace elements in diabetes and insulin
resistance. Nutrients, 12(6): 1864, (2020).

International Journal of Pharmacy and Biological Sciences

Sunita Jain"etal 128
www.ijpbs.com or www.ijpbsonline.com


http://www.ijpbs.com/
http://www.ijpbsonline.com/

