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Abstract
Background and Aim: Individuals exposed to heavy metals are known to experience physiological and biochemical 
changes, which raise questions regarding possible health effects. In our earlier research, significant concentrations of 
vanadium (V), mercury (Hg), cadmium (Cd), and arsenic (As) were found in food and medical packaging materials. This 
study aimed to evaluate the cognitive, physiological, and biomarker effects of select heavy metal exposure in Wistar rats.

Materials and Methods: Over a 13-week period, five groups of rats (six rats per group, with both males and females) were 
assessed to study the effects of oral exposure to V, Hg, Cd, and As. The study focused on evaluating physiological, cognitive, 
and biochemical markers, with the results compared to those of a control group.

Results: Comparing all groups of rats treated with heavy metals, the study revealed significant deficits in learning and spatial 
orientation (water maze test); rats treated with V, Cd, and Hg showed signs of depression. Rats treated with As also showed 
signs of hyperactivity, which may indicate a connection to attention-deficit hyperactivity disorder (rat tail suspension test). 
The groups exposed to different heavy metals varied in their physiological (water and food intake, urine and feces output) 
and biochemical responses (enzyme-linked immunosorbent assay, prostate-specific antigen, T3, T4, thyroid-stimulating 
hormone, carcinoembryonic antigen, and blood glucose analysis), with Hg exhibiting the strongest impacts. Rats given Hg 
showed signs of hypothyroidism, such as increased food intake and weight gain.

Conclusion: This study clarifies the complex relationships between exposure to heavy metals and various biological 
systems, shedding light on their potential health impacts. The findings provide insight into the effects of heavy metals 
on neural and thyroid tissues, as well as their propensity to cause cellular dedifferentiation. However, the study has 
certain limitations, such as the relatively short duration of exposure and the use of only a few selected biomarkers. 
Future research should focus on long-term exposure studies, incorporate a broader range of biomarkers, and explore the 
underlying mechanisms at a molecular level to better understand the full spectrum of health risks associated with heavy 
metal exposure.
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Introduction

The possible health hazards associated with 
heavy metals, such as vanadium (V), cadmium (Cd), 
arsenic (As), and mercury (Hg), are a major issue when 
they are found in food and drug packaging. When con-
sumed, these metals can leach into consumables, poten-
tially harmful to human health [1]. Transition metal V, 
which is frequently used in alloys, is found in some 
packaging materials [2]. Cd is often used in stabilizers 
and pigments as a coating and plasticizer in packaging 

materials [3]. As is present in dyes and pigments of 
the textiles, non-stick coated pans, or even ceramics 
[4]. Although not a direct constituent of materials, Hg 
is an important element in industrial machinery used 
in manufacturing processes and often finds itself as a 
contaminant in packaging materials [5].

The transfer of heavy metals from packaging 
materials to packaged constituents may occur due to 
direct contact and may be enhanced by the effects of 
moisture, temperature, pH, time of contact, etc. [6]. 
Given the huge market for these materials in the pres-
ent day, the consumption of these materials in both the 
food and drug packaging industries is expected. It is, 
therefore, imperative to study the effects of these met-
als on health. The effects of heavy metals in humans 
include reproductive complications, neurotoxicity, 
organ damage, and cancer in subjects exposed to these 
metals over a period of time [7]. The imperceptible 
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leaching of heavy metals into packaged items and 
their consumption remains to be explored. When 
heavy metals such as V, Cd, Hg, and As seep into food 
through different processes during manufacturing or 
from packaging materials, it can seriously endanger 
human health. Exposure to V has been linked to gas-
trointestinal and respiratory problems, whereas Cd is 
a recognized carcinogen that negatively impacts the 
kidneys and lungs [8–10]. Hg can be harmful to the 
nervous system, especially in developing fetuses and 
young children [11]. Strong toxins and carcinogens, 
such as As, can damage many organ systems and have 
been linked to a number of cancers [12, 13]. Previous 
studies showed the deposition of heavy metals in tis-
sues such as the brain, thyroid, and gonads and are 
most susceptible to any damage. Hence, the study was 
undertaken to understand the functional incapacities 
of the organs upon exposure to heavy metals [14]. In 
continuation of our previous study [15], this study 
examines the amount of heavy metals found in pack-
aging materials and their effect on Wistar strain rats on 
cognitive, biochemical, and physiological parameters.
Materials and Methods
Ethical approval

This study was approved by the Institutional 
Animal Ethics Committee of Kasturba Medical 
College, Mangalore (KMC/MNG/IAEC/09/2023). 
This study was conducted in accordance with the 
ARRIVE guidelines [16]. Animals were sacrificed by 
an overdose of ether (20% of their body weight).
Study period and location

The study period was for 13 weeks (June to 
September-2023) and was conducted at Department of 
Biochemistry, Central Animal House, Bejai, Kasturba 
Medical College, Mangalore.
Standard heavy metals

Heavy metal standards were procured from the 
Nanoshel Group of Companies, Intelligent Materials, 
Pvt. Ltd., Punjab, India. V pentoxide, As trioxide, Cd 
acetate, and laboratory-grade mercuric chloride were 
in the purity range of 98.5%–99.9%.
Experimental animals

Twenty-one-day weanlings of Wistar strain rats 
of either sex were bred and procured from Central 
Animal House, KMC, Mangalore, and were chosen 
for the study and housed in separate cages with 2 ani-
mals in each cage of the same gender. Animals were 
fed regular rat chow (commercially available organic 
rat chow procured from Champaka Feeds and Foods, 
Bangalore, India) and water. A  12-h dark and light 
cycle was maintained along with a room temperature 
of 25°C (±2°C) in accordance with Committee for the 
Purpose of Control and Supervision of Experiments 
on Animals guidelines [17]. Animals were accli-
matized for 2 weeks, by which time they attained a 
weight of 100–120 g, after which they were included 
in the study.

Dosage and route of administration
The lethal dose 50 (LD50) values for individual 

heavy metals were tested as per The Organization for 
Economic Cooperation and Development guidelines 
(Up-and-Down Procedure) using 8-week-old nullipa-
rous and non-pregnant female rats [18]. Briefly, after 
an overnight fast during which food but not water 
was withheld, the test substance was given to the 
animals through gavage in a single dose during the 
experimental procedures. The animals were weighed 
before dosing, and the dose was determined by mea-
suring each animal’s individual body weight. Food 
was not allowed for an extra 3–4 h after the drug was 
administered. One animal was initially dosed in the 
study’s limit test at 2000 mg/kg. Four more animals 
received doses one after the other if the animal sur-
vived [19]. We calculated the lethal doses; The LD50 
for V was 84 mg/kg, Hg 15 mg/kg, As 40 mg/kg, and 
Cd 233 mg/kg.
Study groups

Wistar strain rats 100–120 g were grouped as fol-
lows. The total number of rats were 6 rats per group 
(3 males and 3 females) = 30 rats.
• Group 1: Control group, untreated (1 mL of water)
• Group 2: V treated (16.8 mg/kg)
• Group 3: Hg treated (3 mg/kg)
• Group 4: As treated (8 mg/kg)
• Group 5: Cd treated (46.6 mg/kg).

Preparation of doses
Based on the LD50 values, it was decided to use 

the test doses and groups as mentioned above. One-
twentieth of the LD50 dose was administered to the rats 
to assess chronic toxicity. To create a stock solution 
containing 100 µg of heavy metals per mL, each salt 
was dissolved in distilled water. The dose was pre-
pared at each time treatment was administered to the 
rats.
Duration of the study

The study was lasted for 13  weeks, where the 
heavy metal salts were dosed every alternate day by 
oral gavage with ad libitum access to food and water. 
The flow chart of the methodology is highlighted in 
Figure-1.
Cognitive function tests

Morris’s water maze and rat tail suspension tests 
were conducted as part of cognitive and behavioral 
studies.

Morris water maze test
Spatial learning and memory were evaluated 

using the Morris water maze test. The method was 
followed as described by Vangalapati et al. [20]. 
Testing was started on the 90th  day after treatment 
and continued for 3 days. A sizable water pool was 
filled with a submerged platform. Animals were 
trained on a visible platform on days 1 and 2 for a 
hidden platform. On day 3, a final trial was conducted 
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to test spatial memory by recording the time spent 
in the target quadrant (Time to platform- TTP), time 
spent to reach the target quadrant, and time spent in 
the original quadrant. The test was performed in trip-
licate. The average of the 3 values was taken as the 
test result.

Rat tail suspension test
On the 94th day following treatment, a tail sus-

pension test was conducted. Rats were suspended by 
their tails and allowed to dangle freely as part of the 
rat tail suspension test, an established technique for 
evaluating behaviors resembling depression and meth-
odology as described by Zhai et al. [21]. The time of 
mobility and immobility of rats was recorded in sec-
onds. Mice were deemed immobile when they gave up 
trying to flee and hung by their tails motionless. The 
test was performed in triplicates. The average of the 3 
values was taken as the test result.
Physiological tests

Food and water intake
Water and rat chow were weighed and placed in 

the cage for consumption. The total water and chow 
consumed over a period of 13 weeks were recorded in 
grams (g).

Rat weight
The weight of the rats was monitored weekly. 

Each rat was weighed using a precise weighing bal-
ance before administering the dose, with measure-
ments recorded to the closest gram.

Quantification of urine and feces
During the 12th week of the study, each rat was 

individually placed in the metabolic cage for 12 h to 
collect and quantify their urine and feces [22].
Biochemical investigations
Blood glucose estimation by glucometer

Blood samples were collected by puncturing the 
lateral tail vein with a sterile 23 gauze needle. The test 
was performed after an overnight fast of 8–12 h using 
a glucometer and commercially available test strips 
(Accuchek, India; Procured from Durga Laboratory, 
Mangalore, Karnataka, India) [23].

 Enzyme-linked immunosorbent assay (ELISA) tests
Prostate-specific antigen (PSA), carcinoembry-

onic antigen (CEA), and thyroid function tests (T3, 
T4, thyroid-stimulating hormone [TSH]) were esti-
mated in the serum samples using commercially avail-
able ELISA kits procured from Origin Diagnostics, 
Kerala, India, on an ELX-800 ELISA plate reader 
(Agilent Technologies, U.S.A).
Sacrificing the rats

All rats were sacrificed by an overdose of ether 
(20% of their body weight) [24], blood (3 mL) was 
collected by cardiac puncture, and the collected blood 
was centrifuged at 1278× g for 15 min. The serum was 
aliquoted and stored at −20°C for the above tests. The 
carcass was discarded in accordance with biosafety 
standards (Ramky Energy and Environment Ltd, 
Mangalore, India).
Statistical analysis

All the tests were performed in triplicates (cog-
nitive function tests), mean ± standard deviation 
of all the other parameters were noted in Microsoft 
Excel 2021 (Microsoft Office, Washington, USA), 
and the normality of the data was checked using the 
Shapiro–Wilk test, and accordingly, Student’s t-test or 
the Mann–Whitney U test was used to evaluate any 
significant difference. These statistical tests were con-
ducted using Jamovi (3rd  generation, version  2.4.11; 
https://www.jamovi.org).
Results
Cognitive function tests
Morris water maze test

The escape latency and time spent in the target 
and original quadrant were quantified in seconds (s) 
for all five groups and are presented in Table-1.

Tail suspension test
After recording the duration of mobility and 

immobility, the average of the three readings was cal-
culated. The results are shown in Table-1.

Rats treated with V and Hg took noticeably longer 
to reach the target quadrant in the Morris water maze 
(Table-1). Rats treated with V, Hg, or Cd remained in 
the original quadrant for a significantly longer period 

Chronic toxicity estimation

Cognitive function test

Morriss water maze test
Rat tail suspension test

Physical analysis

Food intake
Water intake
Urine output
Feces output

Weight of the rats

Biochemical estimation

Blood glucose estimation      
- ELISA
- PSA
- CEA
- T3
- T4
- TSH

Figure-1: The flow chart of methodology.
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of time than rats treated with As. Rats treated with V, 
As, Hg, and Cd spent a notably longer amount of time 
in the target quadrant. In contrast to the control group, 
the As group demonstrated significantly greater time 
of mobility during the tail suspension test, whereas 
the V- and Cd-treated rats demonstrated significantly 
less time of mobility. Rats treated with Cd and Hg 
were immobile for noticeably longer periods of time 
than rats treated with As, who were significantly less 
immobile.
Physiological tests

The intake of food and water was monitored 
throughout the 13 weeks and is listed in Table-2.

Weight of the rats
The weight of the rats was monitored through 

13 weeks and is presented in Table-2.

Amount of urine and feces
Urine and feces excreted by rats receiving 

heavy metal treatments were quantified using meta-
bolic cages in the 12th week of the study. Values were 
recorded and presented in Table-2.

Table-2 indicates that the food intake of the 
Cd- and V-treated groups was significantly lower than 
that of the control group, Hg, but the Cd-treated group 
consumed significantly more food than the control 
group. Over the course of 13 weeks, the water intake 
of the V, Cd, and As-treated rats was significantly 
lower than that of the control group. Over the course 
of 13 weeks, the weight of the V-treated rats was nota-
bly lower than that of the control rats. An analysis 
conducted between the V-treated rats and the control 
group revealed a noteworthy reduction in the amount 
of urine and feces that were collected.
Biochemical investigations
Blood glucose estimation

The estimation was performed by providing the 
rats with an overnight fast of food on the 95th day by 
puncturing the tail vein. The blood glucose ranges 
observed in this study are presented in Table-3.

ELISA
The serum samples were analyzed for selected 

biochemical parameters, such as PSA, CEA, and thy-
roid hormone levels. The thyroid type was also ana-
lyzed. The recorded results are shown in Table-3.

In Table-3, when comparing the As and control 
groups, blood glucose estimation in rats showed a 
statistically significant increase in glucose. All other 
groups, except for V, had hyperglycemia. According 
to the PSA kit (Origin Diagnostics) analysis results, 
rats treated with As and V showed statistically sig-
nificant differences (higher than control) when com-
pared with the control groups. A clear trend was noted 
in the evaluation of CEA scores. Only rats treated 
with V, Hg, or As exhibited significantly higher lev-
els. Significant variations were found when thyroid 
markers were examined. Rats treated with Cd and Ta
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Hg showed significantly higher TSH levels than the 
control group. Rats treated with Hg showed differ-
ent patterns for T3 and T4. T4 levels were signifi-
cantly higher in Cd-treated rats as well. The type of 
thyroid was analyzed using thyroid function tests as 
per Beynon and Pinneri [25]. After analyzing the thy-
roid hormone tests, it was determined that the con-
trol group’s thyroid function was normal, whereas 
the rats treated with Hg and Cd had secondary 
hypothyroidism.

Together, these results provide a thorough under-
standing of the various effects of exposure to heavy 
metals on physiological systems, highlighting the 
necessity of ongoing research to identify the underly-
ing mechanisms and guide the development of mitiga-
tion strategies for possible health risks.
Discussion
Cognitive function tests
Morris water maze test

The Morris water maze test is where rodents are 
expected to reach the target quadrant, and any devia-
tions from this test suggest neurological deficits, cog-
nitive function, and behavioral misadaptability [26]. 
Finding the escape platform took longer in the V- and 
Hg-treated groups than in the other groups, suggest-
ing a significant deficit in local geographic orienta-
tion and memory retrieval. This is consistent with 
earlier research that suggested that these elements 
have a neurotoxic effect on cognition [27]. With the 
exception of the V, As, and Cd-treated groups, there 
were notable variations in the amount of time spent in 
the original quadrant, highlighting the effects on per-
ceptive deficiency and changes in exploratory pattern. 
All experimental groups consistently spent less time 
in the target quadrant than the control group, indi-
cating altered navigation strategies and failed mem-
ory consolidation. Reduced preference for the target 
quadrant is a sign of altered navigation strategies or 
problems with spatial memory consolidation [28]. 
Exposure to a heavy metal mixture impaired cogni-
tive function and memory in rats, with sex-specific 
differences noted, suggesting potential metal-metal 
interactions and a need for further research to under-
stand the combined neurological impact of heavy 
metal mixtures as per a study conducted by Selorm 
et al. [29]. Many variables, including oxidative stress 
from free radical formation, disruption of neurotrans-
mitters, and stimulation of neuronal excitons, have 
been linked to the central nervous system’s suscep-
tibility to heavy metal toxicity, resulting in damage 
to multiple brain regions [30]. The effects of heavy 
metals on memory processes may differ among spe-
cies; hence, it may not be appropriate to generalize 
the findings. However, mice do not experience this 
negative effect [31]. Despite this, the observed dif-
ferences in our study highlight the need for focused 
research on the neurobiological mechanisms underly-
ing these behavioral changes.Ta
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Rat tail suspension test
The rat tail suspension test provides a consis-

tent method for quantifying depressive-like behavior, 
which helps evaluate neurobehavioral responses in 
preclinical studies. The initial phase of active strug-
gle (mobility phase) in response to the tail suspension 
stressor was severely affected in the Cd- and V-treated 
groups, indicating a depressive-like effect. Although 
Hg-treated rats also showed a similar trend, the results 
were not statistically significant. The opposite was 
observed in the As-treated rats, where the active strug-
gle phase was longer than the control time. During the 
study, it was observed that these (As treated) rats were 
generally hyperactive in their cages compared with 
the other treatment groups. Muñoz et al. [32] showed 
an association between As and the development of 
attention-deficit hyperactivity disorder in children. In 
the 2nd phase of the test, a short period of immobil-
ity is expected. The Cd, Hg (Significant), and V (Not 
significant) groups showed a longer period of immo-
bility compared with the controls. Feng et al. [33] and 
Volchegorskii et al. [34] reported that the immobility 
phase of the tail suspension test is caused by an inca-
pacity or reluctance to maintain effort. This is com-
pared to clinical findings in which there is frequently 
no consistent effort in performing a task, which is 
reflected in significant psychomotor deficits. As with 
Phase 1 of active struggle, the As-treated groups 
showed a lower value of Phase 2 immobility, again 
signifying hyperactivity disorder.
Physiological tests

V exposure is known to cause metabolic toxic-
ity, as evidenced by reduced food and drink intake, 
lower body weight, and reduced fecal and urine excre-
tion [35]. The changes noted are signs of systemic tox-
icity affecting different organ systems. Gastrointestinal 
discomfort, decreased kidney function, and behavioral 
changes have been documented after V exposure [36]. 
A  significant increase in food intake was observed 
in the Cd- and Hg-treated groups and the associated 
increase in weight signifies metabolism-related regu-
latory systems due to heavy metal exposure. Given the 
pandemic rise in obesity and diabetes mellitus, it may 
be worthwhile to pursue the neurobiological effects, 

hormone signaling, and control of metabolic pathways 
involved in hunger and energy balance in Cd and Hg 
toxicity [37, 38], a common contaminant of packaged 
food. Food consumption by the As-treated group indi-
cated that As exposure did not have a direct impact 
on hunger, but water consumption was significantly 
decreased. In line with this finding, the weight of the 
rats did not differ from that of the control groups. The 
significantly lower water intake in this group indicates 
nephrotoxic effects that may interfere with water and 
electrolyte balance. Thus, the study of heavy metals 
has different physiological disturbances in rats, which 
requires further detailed elucidation.
Biochemical investigations

Earlier research has shown a possible connec-
tion between exposure to heavy metals and glucose 
dyshomeostasis [39]. All heavy metal-treated groups 
showed higher fasting glucose values compared with 
the control group; however, a statistical difference 
was obtained with the As- and Hg-treated groups only. 
Kirkley et al. [40] showed that As disrupts a number 
of biological functions, notably the metabolism of glu-
cose. Studies on Hg have shown contradictory results 
in which Hg exposure either caused hyperglycemia or 
showed no effect [41, 42]. Hence, each heavy metal 
may have varying effects on biological functions in 
general and glucose regulation and insulin sensitiv-
ity in particular. Similar conflicting results have been 
reported for Cd and V toxicity [42–45].

PSA, CEA, T3, T4, and TSH were selected to 
analyze the possible influence of heavy metals on the 
most sensitive tissues and those with high turnover.

Serum CEA levels are frequently used to mea-
sure the effectiveness of treatments and to modify the 
adhesion, spreading, proliferation, and migration of 
endothelial cells both in vitro and in vivo [46]. With 
the exception of Cd, all heavy metal-treated groups 
(V, Hg, As) showed significantly higher CEA levels 
than the controls. Similar results were found for PSA, 
whereas V showed significant elevation in PSA levels. 
Belonging to the Kallikrein family, PSA, thought to 
be expressed only in prostatic tissue, is now known 
to show tissue distribution in the breast, cervix, pla-
centa, lungs, heart, etc. Its status as a tumor marker of 
the prostate gland has also changed over time because 

Table-3: Biochemical investigations on animal model treated with heavy metals.

Biochemical 
tests/Groups 

Control Vanadium Cadmium Arsenic Mercury

Mean ± SD Mean ± SD p‑value Mean ± SD p‑value Mean ± SD p‑value Mean ± SD p‑value

Blood glucose 
(mg/dL)#

117 ± 15 129 ± 23 0.3 144 ± 36 0.12 196 ± 44 0.002* 188 ± 52 0.01

PSA (ng/mL)# 0.09 ± 0.05 3.05 ± 2.9 0.002 0.13 ± 0.01 0.1 1.96 ± 2.2 0.04 0.68 ± 0.6 0.06
CEA (ng/ml) 27.07 ± 2.1 32.7 ± 1.4 0.001 29.9 ± 7.7 0.404 31.20 ± 1.2 0.002 30.8 ± 2.76 0.026
TSH (ng/mL) 0.13 ± 0.01 0.10 ± 0.01 0.1 0.87 ± 0.27 0.005* 0.27 ± 0.2 0.06 1.9 ± 1.1 0.005
T3 (ng/mL) 7.85 ± 0.8 7.88 ± 0.8 1 7.3 ± 0.2 0.8 6.4 ± 0.26 0.4 0.13 ± 0.12 0.002
T4 (ng/mL) 190.2 ± 41 193.3 ± 50 0.5 261 ± 25.3 0.01 193.0 ± 56 1 47.53 ± 13.2 0.002

**p‑value was calculated by comparing all the test values to the control group. *any value <0.05 was considered 
significant. #mg/dL=milligrams per deciliter, #ng/mL=Nanograms per milliliter (Detection values). PSA=Prostate‑specific 
antigen, CEA=Carcinoembryonic antigen, TSH=Thyroid‑stimulating hormone, SD=Standard deviation
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infection, inflammation, injury, or malignancies in 
the tissues where it is distributed can lead to a rise 
in PSA levels [47]. This calls for a thorough investi-
gation of the molecular pathways that heavy metals 
use to induce CEA and PSA expression, as this may 
shed light on their possible involvement in acute and 
chronic toxicity [48, 49].

Thyroid tissues are by far very sensitive to 
changes in toxic elements, reactive oxygen species, 
and metabolic abnormalities. The effects of heavy 
metal poisoning on the thyroid gland are well docu-
mented. In this study, we found that Cd and Hg had 
serious and demonstrably harmful effects on the 
thyroid gland. Cd-treated rats showed secondary 
hypothyroidism, indicating pituitary involvement. 
Pamphlett et al. [50] stated that thyroid function 
abnormalities have been linked to Cd and Hg, which 
may cause hypothyroidism in people. These metals 
can cause inflammatory reactions, hinder the thyroid 
gland’s ability to absorb iodine, and interfere with 
the synthesis of thyroid hormones, all of which can 
lead to inflammation and damage to thyroid tissue. 
However, the most frequent reports indicate a picture 
of primary hypothyroidism in which the thyroid gland 
is affected [51]. A significant hypothyroid status with 
increased TSH and decreased T3 and T4 levels was 
observed in the Hg-treated groups. The incidences of 
autoimmune thyroiditis and thyroid cancer were pre-
viously reported by Boi et al. [52]. The mechanism is 
attributed to genotoxic effects, oxidative damage, and 
the autoimmune response. The thyroid function tests 
in the V- and As-treated groups were comparable to 
those of the control group.

The primary limitation of this study is the lack of 
investigation into molecular mechanisms within spe-
cific tissues, highlighting the need for future research 
to comprehensively understand the widespread effects 
of heavy metals. Further studies focusing on select 
heavy metals and their impact on specific molecular 
mechanistic pathways, organs, and their respective 
biomarkers will elucidate the nuances of heavy metal 
toxicity and their mechanisms of action.
Conclusion

The evaluation revealed the complex and mate-
rial-specific effects of heavy metal exposure on vari-
ous physiological parameters in Wistar rats. Our study 
shed light on the effects and behavioral responses, 
cognitive processes, and quantitative evaluations of 
metabolic parameters. The noted changes in biochem-
ical estimations highlight their extensive influence on 
endocrine and metabolic processes. The results of the 
study can be extrapolated to human health from expo-
sure to environmental and occupational heavy metals. 
The investigation also necessitates further understand-
ing of the molecular mechanisms underlying these 
complex effects, focusing on the reduction of health 
hazards and successful public health initiatives.
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