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Abstract: The exposure to different substances present in the environment can affect the ability of the
human body to maintain glucose homeostasis. Some review studies summarized the current evidence
about the relationships between environment and insulin resistance or beta-cell dysfunction. Instead,
no reviews focused on the relationships between the environment and the alpha cell, although in
recent years clear indications have emerged for the pivotal role of the alpha cell in glucose regulation.
Thus, the aim of this review was to analyze the studies about the effects of chemical, biological, and
physical environmental factors on the alpha cell. Notably, we found studies focusing on the effects of
different categories of compounds, including air pollutants, compounds of known toxicity present
in common objects, pharmacological agents, and compounds possibly present in food, plus studies
on the effects of physical factors (mainly heat exposure). However, the overall number of relevant
studies was limited, especially when compared to studies related to the environment and insulin
sensitivity or beta-cell function. In our opinion, this was likely due to the underestimation of the
alpha-cell role in glucose homeostasis, but since such a role has recently emerged with increasing
strength, we expect several new studies about the environment and alpha-cell in the near future.

Keywords: environment; alpha cell; glucagon; air pollutants; toxic chemicals; pharmaceutical agents;
fatty acids; heat exposure

1. Introduction

It is well known that the exposure to different substances present in the environment
can affect the ability of the human body to maintain glucose homeostasis, thus possibly
contributing to the onset of diabetes or to the worsening of the metabolic condition in people
already suffering from the disease. In recent years, several review and meta-analysis studies
have summarized the scientific knowledge on the issue, focusing specifically on the effect
of several environmental factors and compounds in the most common types of diabetes, i.e.,
type 1 diabetes [1–15], type 2 diabetes [16–36], and gestational diabetes [37–47]. In addition,
several studies went into more detail about the relationships between environment and
diabetes, focusing on specific etiological factors of diabetes. Specifically, some studies
focused on the relationships between environment and insulin resistance [48–61]. Other
studies mainly analyzed the relationships between environment and beta-cell dysfunction,
with consequent impairment of insulin secretion [62–72].

The interest in the environment and insulin resistance or beta-cell dysfunction is con-
ceivable and expected, since insulin sensitivity and beta-cell function are likely the most
relevant factors in the regulation of glucose homeostasis. However, it is currently clearly
established that other physiological factors play a remarkable role in glucose homeostasis.
In a popular article by De Fronzo [73], eight factors were indicated as relevant for glucose
homeostasis: in addition to decreased glucose uptake by muscles (insulin resistance) and
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decreased insulin secretion (beta-cell dysfunction), other relevant factors were identified
in increased glucagon secretion (alpha-cell dysregulation), increased hepatic glucose pro-
duction, increased lipolysis, increased glucose reabsorption, decreased incretin effect, and
neurotransmitter dysfunction.

Among the indicated factors [73], the role of the alpha cell is interesting for its het-
erogeneous physiological mechanisms of action, not limited to the stimulation of hepatic
glucose production through glucagon secretion but also participating in beta-cell function
regulation [74]. However, to our knowledge, no review study has focused on the relation-
ships between environment and alpha-cell function. The aim of this review is therefore
to identify the relevant studies in the field, and summarize the evidence regarding the
possible effects of both chemical/biological and physical environmental factors on the
alpha cell.

2. Scientific Literature Search Strategy

A search of the scientific literature was performed in PubMed by one of the study
authors, then checked and agreed upon by another author.

Following testing of different PubMed search strings, we identified this final string:
((alpha-cell*[ti] OR α-cell*[ti] OR glucagon*[ti]) AND (environment*[ti] OR atmo-

spher*[ti] OR air[ti] OR pollut*[ti] OR contamina*[ti] OR ambien*[ti] OR habitat*[ti] OR
expos*[ti] OR toxic*[ti] OR territor*[ti])) NOT glucagon-like*[ti].

According to PubMed guidelines, “ti” searches in the article title. The symbol “*”
allows searching for all possible variations of a word root. Notably, we used different terms
for our search, which are sometimes used interchangeably, though strictly speaking they
are not.

The indicated search strategy yielded 102 items (last check: 30 September 2022). We
therefore analyzed each item and selected 26 articles as pertinent for our analysis (none
of which was a review study). However, we noted that almost half of those articles
were published several years ago. For this review, we decided to focus on the articles
published in the nineties or later (i.e., the 1990–today range), ending up with a set of
15 articles. Nonetheless, we will briefly mention the elderly articles in the discussion.
The PRISMA flow chart of our literature search is reported in Figure 1. In the following
sections, we summarize the main aspects of the selected 15 studies. Articles are presented
in two separate sections: the first section is related to studies concerning the effects on
the alpha cell of chemical or biological compounds available in the environment, whereas
the second section describes studies related to the effects on the alpha cell of physical
environmental factors. The first section is then divided into two subsections. In each
section or subsection, articles are reported in chronological order. Synthetic information
about each study is reported in Tables 1–3.

Table 1. Summary information related to the studies concerning the effects on the alpha cell of
various chemical/biological compounds. The number of citations (total/per year) is from SCOPUS
(last checked: 30 September 2022).

Reference Main Aims Type of
Experiment/Population Main Findings Number of Article

Citations

Stošić et al., 2018 [75] Effect of acrylamide * on
alpha-cell structural changes 30 male Wistar rats

Sub-chronic acrylamide
treatment of rats leads to islet
of Langerhans remodeling due

to alpha-cell expansion

11/2.75

Fang et al., 2020 [76]
Effect of Aroclor 1254 *

(polychlorinated biphenyl
mixture) on alpha-cell mass

40 male mice

Sub-chronic Aroclor
1254 exposure leads to

alpha-cell increased apoptosis
and decreased neogenesis,

thus overall resulting in
decreased alpha-cell mass

6/3
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Table 1. Cont.

Reference Main Aims Type of
Experiment/Population Main Findings Number of Article

Citations

Santos-Silva et al.,
2020 [77]

Effect of in utero exposure to
dexamethasone * on alpha-cell

mass and glucagon levels in
the offspring

10 female Wistar rats and
related offspring

In utero exposure to
dexamethasone leads to
postnatal changes in the

morphology of the alpha cell
and to transcriptional changes

in genes involved in alpha-
and beta-cell phenotypes

7/3.5

Asadi et al., 2022 [78]

Effect of in utero exposure to
delta-9-tetrahydrocannabinol †

on glucagon and insulin levels
in the offspring

20 pups (offspring: eight
males, 12 females) from

Wistar rats

In utero exposure to
delta-9-tetrahydrocannabinol

determines an increased
insulin-to-glucagon ratio,
suggesting impairment in

alpha-cell function

0/0

Morsi et al., 2022 [79]
Effect of bisphenol-A * and

dibutyl phthalate * on
alpha-cell apoptosis

36 Wistar albino rats

Exposure to bisphenol-A
determines alpha-cell
apoptosis; exposure to

bisphenol-A and dibutyl
phthalate combined determine

both alpha- and beta-cell
apoptosis, islet atrophy, and

reduced glucagon

0/0

* chemical (non-biological) compound; † biological compound.

Table 2. Summary information related to the studies concerning the effects on the alpha cell of fatty
acids. The number of citations (total/per year) is from SCOPUS (last checked: 30 September 2022).

Reference Main Aims Type of
Experiment/Population Main Findings Number of Article

Citations

Hong et al., 2006 [80]

Effect of palmitate † on
alpha-cell function and the

counteracting effect
of stevioside

Culture of clonal
alpha-TC1-6 cells from

transgenic mice

Prolonged exposure to high
fatty acid levels leads to

glucagon hypersecretion and
triglyceride accumulation, but
stevioside counteracts the fatty

acid effects

27/1.69

Collins et al., 2008 [81]

Effect of palmitate and
oleate † on glucagon and
somatostatin secretion at
different glucose levels

Culture of pancreatic islets
from NMRI mice

Prolonged exposure to high
glucose and/or fatty acids

affects glucagon and
somatostatin secretion, with
larger effects on the former

24/1.71

Kristinsson et al., 2017 [82]

Effect of palmitate on
glucagon and insulin

secretion at basal glucose
levels

Culture of human
pancreatic islets (deceased
donors), and EndoC-βH1

beta-cells

Fatty acid increase both
glucagon and insulin secretion

at fasting glucose
concentrations, but the role of

free fatty acid receptor 1
(FFAR1/GPR40) is crucial for

these effects

33/6.6

Filippello et al., 2018 [83]

Effect of palmitate on
glucagon and GLP-1

secretion of
intestinal L-cells

Culture of murine
GLUTag L-cells

Prolonged fatty acid exposure
increases proglucagon

expression and glucagon
secretion due to the

up-regulation of prohormone
convertase 2

16/4

† biological compound.
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Table 3. Summary information related to the studies concerning the effects on the alpha cell of
physical environmental factors (heat or cold exposure). The number of citations (total/per year) is
from SCOPUS (last checked: 30 September 2022).

Reference Main Aims Type of
Experiment/Population Main Findings Number of Article

Citations

Oda et al., 1995 [84]

Effect of cold exposure on
glucagon secretion in

response to
different secretagogues

Six mature non-lactating goats
of Japanese Saanen breed

Glucagon responses to
different secretagogues do not

differ between cold and
warm environment

0/0

Itoh et al., 1998 [85]

Effect of heat exposure on
glucagon secretion in
response to different
stimulation protocols

Four Holstein heifers

In the hot environment,
glucagon secretion is increased

with respect to the
thermoneutral environment,

especially under arginine and
butyrate stimulation

8/0.33

Itoh et al., 1998 (2nd
article) [86]

Effect of heat exposure on
glucagon secretion in
response to different
stimulation protocols

Four Holstein multiparous
lactating cows

In the hot environment,
glucagon secretion is increased

with respect to the
thermoneutral environment,

especially under arginine

67/2.79
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Table 3. Cont.

Reference Main Aims Type of
Experiment/Population Main Findings Number of Article

Citations

Messias de Bragança
et al., 1999 [87]

Effect of ambient
temperature together with

feed level on plasma
profiles of glucagon

12 + 12 (two replicates)
primiparous lactating sows

Restricted feeding in sows
exposed to a thermoneutral

environment induces an
increase in plasma glucagon,

which favors glucose
availability, whereas under ad
libitum feeding no increase is

observed in glucagon

28/1.21

Morales at al.,
2000 [88]

Glucagon receptor gene
expression and its

modulation by
sympathetic nerve activity

in brown adipose tissue
during cold exposure

Male Wistar rats (number
not specified)

Cold exposure determines
down-regulation of glucagon
receptor gene expression, but

the effect is mediated by
sympathetic nerve activity

7/0.32

Itoh et al., 2001 [89]

Effect of heat exposure on
glucagon secretion and the

role of adrenergic
modulation

Five mature nonpregnant and
nonlactating Suffolk ewes

The adrenergic modulation
does not affect glucagon

secretion to a significant extent
during heat exposure

7/0.33

3. Chemical and Biological Compounds Effect on the Alpha Cell
3.1. Various Chemical/Biological Compounds

In 2018, the study by Stošić et al. [75] aimed at examining the effects of acrylamide on
the structural changes of pancreatic alpha cells (as well as beta cells). Indeed, acrylamide
is a toxic compound used to synthesize polymers for industrial and laboratory processes
and is also formed during the high-temperature preparation of foods rich in carbohydrates
(such as in frying, roasting, and baking). Thus, common foods, such as bread, baked
potatoes, coffee, cereals, and various confectionery products, contain acrylamide, implying
that acrylamide is often ingested on a daily basis. In this study, a group of 20 adult
male Wistar rats were orally treated with acrylamide at 25 or 50 mg/kg of body weight
(10 rats for each group) for three weeks, while a third group of 10 rats was the control and
received distilled water in the same way. Immunohistochemical evaluation of glucagon
(and insulin) expression and stereological analyses of pancreatic alpha cells (and beta
cells) were performed. Specifically, assessed stereological parameters of alpha and beta
cells were volume density, numerical density, surface density, nuclear and cytoplasmatic
volume density, and nucleocytoplasmic ratio. It was found that alpha cells in pancreatic
sections showed a dose-dependent increase of surface, numerical, and volume densities
in acrylamide-treated groups as compared to the control. Additionally, a dose-dependent
increase in the volume density of alpha cell nuclei was observed in the treated groups, while
the volume density of alpha cell cytoplasm did not show significant changes, resulting in
an increase in the nucleocytoplasmic ratio of alpha cells. It was concluded that sub-chronic
acrylamide treatment of adult rats leads to islet of Langerhans remodeling determined by
alpha-cell expansion, with a consequent decline in beta-cell mass.

The study by Fang et al. in 2020 [76] was interested in the effects of environmental
pollutants on the alpha cell (and beta cell as well). Specifically, the focus was on Aroclor
1254, which is a polychlorinated biphenyl mixture. To this purpose, 40 male mice were
randomly divided into five groups and orally gavaged with Aroclor 1254 at different
doses (0.5, 5, 50, and 500 µg/kg) every 3 days for 60 days, or with an equal volume of
vehicle (5 µL/g) with no added Aroclor 1254 in the case of the control group. The pancreas’
histological examination showed that the degree of apoptosis was increased in a dose-
dependent manner in both alpha cells and beta cells. In addition, the proliferation rate of the
alpha cells was not affected by the Aroclor 1254 exposure, whereas that of the beta cells was
increased. Furthermore, the alpha cells showed markedly decreased neogenesis, whereas
again beta cells showed the opposite behavior. Overall, these physiologic phenomena
triggered by the Aroclor 1254 exposure resulted in a decreased alpha-cell mass but an
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increased beta-cell mass. It was concluded that the beta cell showed a compensatory
adaptation to sub-chronic exposure to Aroclor 1254, which may be due to up-regulation of
estrogen and androgen receptors; in contrast, the alpha cell did not show compensatory
mechanisms and hence underwent the indicated mass decrease.

In the study by Santos-Silva et al., again in 2020 [77], the aim was to investigate the
effects of in utero exposure to glucocorticoids (dexamethasone) on the development of
the alpha cell (and beta cell) during postnatal life. Specifically, both morphological and
transcriptional features of alpha and beta cells were analyzed. To this purpose, at 12 weeks
of age, female Wistar rats were housed in individual cages with one male for three days, and
when pregnant, the rats were isolated. On the 14th day of pregnancy, half of the pregnant
rats (10 rats in total) started treatment with dexamethasone (0.1 mg/kg body weight) diluted
in drinking water, until the 19th day of pregnancy. Daily liquid intake and body weight were
monitored and used to adjust the concentration of dexamethasone necessary to provide the
final dosage of 0.1 mg/kg/day, whereas the untreated pregnant rats were used as controls.
It was found that rats born to dexamethasone-treated mothers had increased alpha-cell
mass and circulating glucagon levels. Insulin levels were also increased, despite reduced
beta-cell mass, which was explained by up-regulation in the expression of genes associated
with insulin secretion. It was concluded that in utero exposure to glucocorticoids leads
to postnatal changes in the morphology of the endocrine pancreas and to transcriptional
changes in genes involved in the alpha- and beta-cell phenotypes.

A recent study (2022) by Asadi et al. [78] again addressed the issue of the effects of
in utero exposure to compounds potentially harmful for glucose metabolism. The study
moved from the consideration that the use of medical and recreational cannabis has been
increasing worldwide in the last few years, and such use during pregnancy is a major
concern for the possible adverse effect on the health of the offspring later in life. The
aim of Asadi’s study was therefore to determine the effects of in utero exposure to delta-
9-tetrahydrocannabinol (∆9-THC) on the offspring’s alpha (and beta) cells and related
glucagon (and insulin) patterns. To this purpose, pregnant Wistar rats were injected with
∆9-THC (3 mg/kg per day, intraperitoneally) or vehicle from gestational days 6 to 22 (birth),
this injection regimen resulting in maternal blood ∆9-THC levels comparable to blood
levels observed in humans who are moderate recreational cannabis users. The studied
offspring was composed by four males and six females in each of the two groups (∆9-THC
and controls). In adult female offspring of the ∆9-THC group, an increased serum insulin-
to-glucagon ratio was observed, though ∆9-THC did not alter fasting blood glucose and
serum insulin levels in either male or female adult offspring. It was concluded that the
increased insulin-to-glucagon ratio suggests an impairment in alpha-cell function and may
have direct correlations with early glucose intolerance and insulin resistance, though in the
studied prenatal cannabinoid model, the increased insulin-to-glucagon ratio alterations
were observed exclusively in females’ offspring.

In another recent study, Morsi et al. [79] focused on the possible effects of bisphenol-A
and dibutyl phthalate. In fact, humans are often exposed to such plasticizers, which are
commonly present in plastic materials, in particular in products made of polyvinyl chloride.
Specifically, bisphenol-A is a key chemical in polycarbonates, polystyrene, and epoxy resin
production, whereas dibutyl phthalate is one of the famous phthalate esters that is contami-
nating the environment (microplastic pollution). The Morsi study hypothesized that both
compounds may affect the alpha cells in albino rats when administered at environmentally
relevant doses. Thus, 36 male Wistar albino rats were separated into four equal groups,
undergoing administration of bisphenol-A, dibutyl phthalate, bisphenol-A and dibutyl
phthalate combined, and none of the two (controls). Bisphenol-A and dibutyl phthalate
were given in drinking water for 45 days at a dose of 4.5 and 0.8 µg/L, respectively. It
was found that rats exposed to bisphenol-A alone show alpha-cell apoptosis only, whereas
rats exposed to both chemicals show both alpha- and beta-cell apoptosis, as well as islet
atrophy and reduced glucagon expression. In contrast, rats exposed to dibutyl phthalate
alone showed no changes in either alpha or beta cells. In summary, those findings indicate
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that beta cells are somehow resistant to stress and, hence, to apoptosis, while alpha cells
progress to apoptosis even when exposed to bisphenol-A alone. This suggests the interest-
ing hypothesis that the recently called alpha to beta cell trans-differentiation in diabetic
patients may be a bypass defense mechanism to skip alpha cell stress-induced apoptosis.

3.2. Fatty Acids-Derived Compounds

In our search of the scientific literature, we identified some studies that all focused
on the possible effects on the alpha cell of compounds derived from fatty acids (especially
palmitate, derived from palmitic acid). In fact, the peculiar interest in palmitate is likely
due to its wide use as a low-cost additive in several industrial food products, determining
a remarkable exposure of the general population to this compound. We grouped these
studies on fatty acid-derived compounds in the present subsection.

In 2006, Hong et al. [80] observed that it was already well known (at that time) that
long-term exposure to fatty acids impairs beta-cell function, whereas, in contrast, little
was known about the possible effects on the alpha cell. Thus, the main aim of the study
was to investigate the effects on alpha-cell function of chronic exposure to palmitate (a
compound derived from palmitic acid by esterification). In addition, it was investigated
whether stevioside (an antihyperglycemic agent) may be able to counteract the effects of
palmitate. The experimental procedure was based on an in vitro analysis of alpha-tumor
cell 1 clone 6 (alpha-TC1-6) cells derived from an adenoma in transgenic mice, which were
cultured with palmitate in the presence or absence of stevioside. After 72 h, glucagon
secretion, glucagon content, and changes in gene expression were assessed. It was observed
that glucagon secretion increased in a dose-dependent manner, starting from a palmitate
concentration of 0.25 mmol/L. In addition, from 0.5 mmol/L palmitate concentration
onward, the triglyceride content of the alpha cells increased. As regards stevioside, at a
concentration of 10−6 mol/L or even lower, it was able to reduce palmitate-stimulated
glucagon release. It was concluded that prolonged exposure to high fatty acid levels leads
to hypersecretion of glucagon and an accumulation of triglycerides in clonal alpha-TC1-6
cells, but stevioside can counteract the palmitate effects. Thus, such findings suggested
that stevioside may be a promising antidiabetic agent for the treatment of type 2 diabetes,
especially when associated with alpha-cell dysfunction and related hyperglucagonemia.

In 2008, Collins et al. [81] carried out a study similar to that by Hong et al. [80],
but with some differences. Especially, pancreatic islets rather than alpha-TC1-6 were
cultured, and in addition, the study focused not only on palmitate but also on oleate (an
oleic acid-derived compound). Furthermore, oleate’s effects on somatostatin were also
considered. The pancreatic islets (from NMRI mice) were cultured for 72 h, as in Hong’s
study. The islet cultures were kept at 4.5 or 15 mmol/L glucose, with or without 0.5 mmol/L
oleate or palmitate. The release of glucagon and somatostatin during subsequent 1 h
incubation at 1 or 20 mmol/L glucose was determined, as well as the as well as the islet
content of the two hormones. It was found that prolonged exposure to palmitate or oleate
increased glucagon secretion at 1 mmol/L glucose by 50% (when islets had been cultured
at 15 mmol/L glucose) to 100% (with 4.5 mmol/L glucose in the culture). In addition,
palmitate or oleate essentially abolished the inhibitory effect of 20 mmol/L glucose on
glucagon secretion. As regards somatostatin, glucose-induced somatostatin secretion was
reduced by about 50% following prolonged exposure to either of the fatty acid compounds,
either in 4.5 or 15 mmol/L glucose culture. It was concluded that prolonged exposure to
high glucose and/or fatty acids affects the release of glucagon and somatostatin, and the
specific effect on glucagon may be particularly remarkable.

The study by Kristinsson et al. in 2017 [82] hypothesized that palmitate simultaneously
stimulates secretion of glucagon and insulin at fasting glucose concentrations, likely due
to the free fatty acid receptor 1 (FFAR1/GPR40), which is present in alpha-cells. This
hypothesis was suggested to Kristinsson et al. by previous findings, where it was shown
that in human islets, palmitate is able to enhance glucose-stimulated insulin secretion
via FFAR1. In the 2017 study, analyses were based on human islets obtained from brain-
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dead otherwise healthy individuals with no known metabolic diseases, as well as on the
EndoC-βH1 cells (a cell line strongly resembling human beta cells in terms of glucose and
incretin-stimulated insulin secretion abilities). It was found that the human islet’s basal
glucagon and insulin secretion (but also somatostatin secretion) were increased during
palmitate treatment at normoglycemia, but that secretion of all hormones was lowered
when FFAR1 was inhibited. Some of those findings were confirmed in the EndoC-βH1
human beta-cell line. The main conclusion was that that fatty acids enhance both glucagon
and insulin secretion at fasting glucose concentrations, but FFAR1 is crucial for these
effects. From a clinical point of view, the ability of chronically elevated palmitate levels to
simultaneously increase basal secretion of glucagon and insulin suggests that high levels
of fatty acids can be triggering factors for the development of impaired glucose control
and obesity.

The study by Filippello et al. in 2018 [83] is different from the others reported in
previous paragraphs since it still focuses on glucagon secretion, but at the level of the
intestinal L-cells rather than from the alpha cells. However, we nonetheless included it in
our review study, since we hypothesize that some of the study findings may be relevant for
the alpha cell as well. Indeed, it was reported that some observations suggested L-cells were
able to process from proglucagon not only the incretin hormone glucagon-like peptide 1
(GLP-1), but also glucagon. The main aim of the Filippello study was therefore to investigate
the effects on murine GLUTag L-cells of chronic palmitate exposure on glucagon secretion,
in addition to GLP-1 secretion. To mimic lipotoxicity, cells were cultured in the presence
of palmitate (0.5 mmol/L) or in the absence of palmitate for 24 h. It was found that the
palmitate treatment increased proglucagon expression and glucagon secretion, likely due to
up-regulation of prohormone convertase 2 (an enzyme responsible for the first steps in the
maturation of many peptides from their precursors). In contrast, insulin-stimulated GLP-1
secretion was reduced. It was concluded that the study findings support the hypothesis
of lipotoxicity as a contributor to L-cell dysregulation, with regard to both glucagon and
GLP-1 secretion.

4. Physical Factors Effect on the Alpha Cell

In 1995, Oda et al. [84] performed a study investigating the effects of cold exposure on
glucagon (as well as insulin) secretion in response to a variety of secretagogues; in addition,
the effects of alpha- and beta-adrenergic blockade on the basal levels of plasma glucagon
(and insulin) were evaluated. To achieve this aim, six mature non-lactating female goats of
the Japanese Saanen breed were exposed to a warm environment (18–22 ◦C) and then to a
cold environment (0 ◦C). In both environments, each goat underwent different stimulation
experiments: glucose injection (0.625 mmol/kg); arginine injection (1.25 mmol/kg); bu-
tyrate injection (0.625 mmol/kg); tolbutamide injection (20 mg/kg); phentolamine infusion
(alpha antagonist, 40 µg·kg−1·min−1 infused for 60 min); and propranolol infusion (beta
antagonist, 60 µg·kg−1·min−1). Experiments were given every 3 days, and in the cold
environment, they were started after 7 days of cold exposure. In all the experiments, blood
samples were collected until 90 min from the injection/infusion onset for the measurement
of glucagon (as well as insulin and glucose) concentration. The results of this study led
to the conclusion that the glucagon responses to these stimuli did not differ between a
cold and warm environment. On the other side, cold exposure significantly decreased
the insulin response to arginine, butyrate, and tolbutamide secretagogues; a tendency to
reduce the insulin response to glucose was observed. The effect of the alpha- and beta-
adrenergic blockade on insulin secretion was found to be more effective in the cold than in
a warm environment.

Afterwards, in the late 90s, Itoh and coworkers investigated the effects of heat exposure
on plasma glucagon (as well as insulin and metabolites) in different animal species, using
different stimulation protocols. In particular, in 1998, the first study by Itoh et al. [85] aimed
to investigate this matter in heifers. To achieve this aim, four Holstein heifers were exposed
first to a thermoneutral (temperature: 20 ◦C, relative humidity: 60%) and then to a hot
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(temperature: 30 ◦C, relative humidity: 60%) environment for a 30-day and 16-day period,
respectively. In each environment, all the heifers underwent (on different days) four experi-
ments consisting on the injection of the following test agents: glucose (0.625 mmol/kg),
arginine (0.625 mmol/kg), butyrate (0.625 mmol/kg), and insulin (0.2 U/kg). Venous blood
samples were collected until 180 min after the insulin injection and until 120 min for all
the other experiments. From each blood sample, plasma glucagon (as well as insulin and
metabolites) was measured. It was found that in the hot environment, glucagon secretion
was significantly augmented with respect to the thermoneutral environment, especially
in the arginine and butyrate experiments; in contrast, insulin secretion in response to
butyrate was reduced. These observations led to the conclusion that in the hot environment,
glucagon was more sensitive to secretagogues than insulin.

In the same year, another study by Itoh et al. [86] aimed to investigate the same matter
in lactating cows. To this aim, four Holstein multiparous cows in midlactation were exposed
first to a thermoneutral (temperature: 18 ◦C, relative humidity: 60%) and then to a hot
(temperature: 28 ◦C, relative humidity: 60%) environment for a 17-day and 13-day period,
respectively. In each environment, all the cows underwent (on different days) treatments
with three different secretagogues, namely: a glucose injection (0.625 mmol/kg) followed
by a 30-min infusion of a second dose of glucose (0.022 mmol·kg−1·min−1); an arginine
injection (0.625 mmol/kg); a butyrate infusion (0.021 mmol·kg−1·min−1 over 30 min).
Venous blood samples were collected until 180 min after the onset of the glucose and
butyrate infusions and 120 min following the arginine injection. From each blood sample,
plasma glucagon (as well as insulin, glucose, and non-esterified fatty acids) was measured.
It was found that glucagon’s (as well as insulin) response to the glucose infusion was not
affected by heat exposure. In response to the arginine injection, peak values of glucagon (as
well as insulin) were significantly higher in the hot environment than in the thermoneutral
environment; concomitantly, the increase in plasma glucose concentration was lower
in the hot environment than in the thermoneutral environment. Finally, in response to
butyrate infusion, the insulin peak value was higher in the hot environment. Since glucagon
secretion in response to the arginine injection was increased by heat exposure but the plasma
glucose increase was inhibited, it was concluded that it is likely that gluconeogenesis was
diminished because of the reduced substrate supply and the reduced hepatic sensitivity
to glucagon.

The study by Messias de Bragança and Prunier in 1999 [87] investigated the effects
of ambient temperature together with feed level on plasma profiles of glucagon as well
as glucose, nonesterified fatty acids, and insulin in primiparous lactating sows. Indeed,
lactating sows, especially when primiparous, have high energy requirements for mainte-
nance and milk production; on the other side, exposure to high ambient temperatures leads
to a reduction in feed intake, which results in decreased milk production. The research
hypothesis was that nutrient supply to the mammary glands, which depends on blood
nutrient concentrations (with glucagon and insulin as main regulators), is affected by hot
ambient temperatures. In this study, two replicates of 12 sows (Piétrain × Large White)
were allocated to three different treatment groups during lactation based on environment
temperature (i.e., thermoneutral: 20 ◦C; hot: 30 ◦C) and feeding regimen (restricted or ad
libitum). Specifically, the first and second groups were placed in a thermoneutral environ-
ment with either ad libitum or restricted feeding (three sows per replicate, each); the third
group was placed in a hot environment with ad libitum feeding (six sows per replicate).
Serial blood samples were collected during lactation and postweaning (two days, from
60 min before to 180 min after the afternoon meal). Glucagon (in addition to insulin) was
measured in serial blood samples. Results of the study showed that restricted feeding
in lactating sows exposed to a thermoneutral environment induced increase in plasma
glucagon, which favors glucose availability. In the conditions of ad libitum feeding, no
significant increase was observed in glucagon before and after the meal, comparing sows in
the hot environment with those in the thermoneutral environment. It was then concluded
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that this may possibly cause negative effects on glucose availability to the mammary gland
and on milk production.

In 2000, the study by Morales et al. [88] aimed to investigate glucagon receptor gene
expression and its modulation by sympathetic nerve activity in brown adipose tissue
(BAT) during cold exposure. The research hypothesis originated from the knowledge
that BAT is involved in cold-induced thermogenesis and that it is mainly controlled by
sympathetic innervation. On the other side, it is also known that specific glucagon receptors
are located on the membranes of brown adipocytes. In this study, a group of male Wistar
rats underwent surgical sympathetic denervation of interscapular BAT (unilaterally), and
four days after the surgery, rats were either exposed at 4 ◦C (cold-exposed rats) or kept
at 25 ◦C (thermoneutral control rats) for one week. After animal sacrifice, both pads of
interscapular BAT were dissected for total RNA extraction, and then a semi-quantitative
reverse transcriptase-polymerase chain reaction (RT-PCR) assay was performed. Results of
this study showed that cold exposure resulted in down-regulation of glucagon receptor gene
expression (–44% in terms of the relative abundance of BAT glucagon receptor mRNA for
cold-exposed rats with respect to thermoneutral control rats), but this effect was mediated
by sympathetic nerve activity. Indeed, the cold-exposure effect was completely eliminated
by previous surgical sympathetic denervation of interscapular BAT. These observations led
to the conclusion that glucagon is not supposed to have a major role in the thermogenic
control of BAT.

In 2001, another study by Itoh et al. [89] investigated the effects of heat exposure on
pancreatic secretion of glucagon (as well as insulin) and the role of adrenergic modulation.
To achieve this aim, five mature, nonpregnant, and nonlactating Suffolk ewes, fed at a
maintenance level, were studied. Ewes were housed first in a thermoneutral environment
(temperature 20 ◦C, relative humidity 70%) and then in a hot environment (temperature
30 ◦C, relative humidity 70%) for a 32-day and 24-day period, respectively; they underwent
on different days three experimental protocols with administration in randomized order
of saline, phentolamine (an alpha antagonist, 10 nmol/kg/min), and propranolol (a beta
antagonist, 20 nmol/kg/min) over 75 min. In addition, epinephrine (1.0 nmol/kg/min)
was also infused, starting from 15 min after the onset of saline, phentolamine, or propranolol
and lasting for 60 min. The three experiments were repeated in both the thermoneutral
and hot environments. Venous blood samples were collected 15 min before the infusion
onset and then every 15 min after the infusion onset for a total of 120 min. Blood samples
were analyzed for the assessment of plasma glucagon concentrations. It was found that
basal glucagon was higher during heat exposure, although not significantly; moreover, in
the hot environment, no effect of either alpha or beta-antagonists on glucagon secretion
was observed, leading to the conclusion that the adrenergic modulation probably does not
affect to a significant extent glucagon secretion during heat exposure.

5. Discussion

In this review study, we analyzed the current evidence regarding the effects of chemical,
biological, and physical environmental factors on the alpha cell. Interestingly, we found
studies focusing on the effects of different categories of compounds, including air pollutants,
compounds of known toxicity present in everyday use objects, pharmacological agents,
and compounds often present in food. In addition, some studies focused on the effects of
physical factors, mainly heat exposure. However, despite the broad span of the investigated
compound categories, the overall number of studies in the field has to be considered limited,
especially in comparison to studies related to the effects of exposure to environmental
factors on other relevant actors in glucose metabolism, such as insulin sensitivity [48–61]
and beta-cell function [62–72]. Thus, questions arise about the reasons for such a small
number of studies as compared to those on insulin action and the beta cell. We hypothesize
that this may be due to an underestimation of the role of the alpha cell in the maintenance
of glucose homeostasis. Indeed, in principle, the role of the alpha cell in the regulation of
glycemic levels through glucagon-stimulated hepatic glucose production has been known
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for a long time, but in our opinion, only in recent years has the actual relevance of glucagon
(and of the alpha cell in general) been more clearly elucidated. First, it has been shown that
the effects of glucagon on glucose homeostasis are not limited to the stimulation of hepatic
glucose production. In fact, other important effects have been suggested, such as glucagon
regulation of energy balance and body fat mass through effects on energy expenditure and
food intake, as well as effects on gastric emptying and amino acid metabolism [90–95], the
latter having potential effects on beta-cell function (though partly still controversial [96–98]).
Furthermore, it has been reported that glucagon has a direct potentiating effect on insulin
secretion, somehow similar to the well-known effect of GLP-1, with whom glucagon shares
its precursor [99]. On the other hand, it is becoming evident that insulin control on glucagon
secretion and kinetics may be even more marked than glucose control [100,101], and several
other factors have also been suggested as modulators of glucagon secretion, such as insulin-
like growth factor-1, apolipoprotein A-1, and HDL cholesterol [102,103]. In addition, it is
now clear that the alpha cell exerts effects on the maintenance of glucose homeostasis that
are beyond the effects related to glucagon. As an example, acetylcholine is secreted by
the alpha cells and appears to play a role in beta-cell function [99,104]. In summary, the
reported considerations indicate that the crucial role played by the alpha cell in glucose
homeostasis is now clearly established, and this motivated us to carry out this review
study on the effects of the exposure of the alpha cell to different environmental factors. Of
note, the high number of citations per year of some of the analyzed articles confirms the
relevance of the environment and alpha cell issues.

In the methodological section of this review, we stated that we discarded the articles
published before the nineties. This choice was based on the hypothesis that such early
studies in the field were likely based on methodologies (including measurement procedures)
remarkably different from those available for the more recent studies, thus including the
latter in the review may have resulted somehow in a potential bias when reporting the
main findings. In addition, it has to be noted that all those early articles dealt with the
effects on the alpha cell of environmental temperature variations (heat or cold exposure,
acute or prolonged) [105–115], and these issues were also addressed in the more recent
studies that were included in our review (though it is worth noting that the latest studies
on this issue are from the early 2000s).

Another aspect needs to be discussed. Indeed, the reader may wonder the reason
why it should be important to analyze the environmental effects on specific physiologic
factors involved in glucose homeostasis, such as in fact the beta or alpha-cell function. In
other words, one may be doubtful about the actual clinical relevance of determining the
effect of a specific environmental factor over a specific physiological factor. However, we
believe that the potential relevance is remarkable, at least considered in perspective, for the
near future. Indeed, there has recently been a vigorous move towards precision medicine
in diabetes, including precision diagnostics [116–122]. Thus, we expect that soon it may
become part of the clinical routine for assessing the specific metabolic defects of a patient
with diabetes, or even simple prediabetes or dysglycemia. Indeed, in a patient, the main
defect may be in the field of insulin resistance, beta-cell dysfunction, or in fact alpha-cell
dysfunction (or other defects either): the goal of precision medicine will be identifying the
most relevant personal defects for each patient and prescribing tailored strategies for the
disease care or for diseased prevention. In such a context, we expect that among several
other relevant pieces of information, knowledge of the harmful environmental exposures
for the alpha cell, as well as for the beta cell or other physiological aspects, will certainly
play an important role. As an example, in the event that one patient will be determined
with a remarkable defect in alpha-cell function, appropriate strategies will be suggested to
focus specifically on that aspect, possibly including limitation of the exposure to potentially
alpha-cell harmful compounds for professional reasons. This appears also in line with the
concept recently emerging in the “Total Worker Health” approach [123–126], where the
occupational doctor can cooperate with the general practitioner, the medical specialist, and
possibly other health professionals to ensure improved health care for the individual.
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Some readers may also be interested in the cellular and molecular mechanisms in-
volved in the described effects of chemical and ambient factors on the alpha cell. With
regard to that, the majority of the studies emphasize the need for further investigations to
elucidate such mechanisms clearly. Nonetheless, some possible mechanisms are proposed
and discussed. In the study by Fang et al. [76], it was postulated that the decreased alpha-
cell mass due to exposure to Aroclor 1254 was related to down-regulated expression of the
aristaless-related homeobox (ARX), which is a protein encoded by the homonymous gene.
As regards the studies focusing on in utero exposures, in the study by Santos-Silva et al. [77],
it was reported that the observed changes in the morphology of the alpha cell due to dex-
amethasone exposure were paralleled by a persistent increase in proglucagon gene (GCG)
protein expression. In the study by Asadi et al. [78], the reduction in glucagon secretion by
the alpha cells due to in utero exposure to delta-9-tetrahydrocannabinol was linked to its
ability to affect the development of the fetal pancreas. In fact, delta-9-tetrahydrocannabinol
interacts with the cannabinoid receptor 1 (CB1R) and the transient receptor potential cation
channel subfamily V member 1 (TRPV1), which on their own may act on the neuronal
protein stathmin-2 (Stmn2), known to be a potent suppressor of glucagon secretion. In
the study by Morsi et al. [79], which focused on the effects of bisphenol-A and dibutyl
phthalate on the alpha cell, it was reported that exposure to those compounds determines
pancreatic oxidative stress. This was denoted by an imbalance between malondialdehyde
(MDA, a final product of lipid peroxidation often assumed as marker of oxidative stress)
and superoxide dismutases (SOD, an enzyme acting as an important antioxidant defense
against oxidative stress). This may be the trigger for the action of heat shock protein 60
(HSP60, a mitochondrial chaperone that elicits a heat shock response on exposure to cell
stress in the attempt to assist protein folding and repair the damage). On its side, un-
der certain conditions, HSP60 interacts with the caspase-3 protein, which may determine
alpha-cell vulnerability to bisphenol-A/dibutyl phthalate-induced apoptotic changes. In
summary, the variety of mechanisms reported in the above-mentioned studies indicates the
complexity of the possible effects of the chemical compounds on the alpha cell. In contrast,
in the study by Stošić et al. [75], no mechanisms were proposed for the effects of acrylamide
on the alpha cell, though it appears quite evident that such effects are secondary to a general
remodeling of the islets of Langerhans, especially a mass reduction of the beta cells. With
regard to the mechanisms for the effects on the alpha cell of the fatty acid-derived com-
pounds, the study by Hong et al. [80] suggested that the exaggerated glucagon secretion
caused by palmitate is counterbalanced by stevioside through the enhanced expression
of carnitine palmitoyltransferase I (CPT I, a mitochondrial enzyme), stearoyl-CoA desat-
urase (SCD, an endoplasmic reticulum enzyme), and peroxisome proliferator-activated
receptor-γ (PPAR γ, a nuclear receptor). In the study by Collins et al. [81], it was postu-
lated that some metabolites of the free fatty acids, like palmitoyl-coenzyme A, are able
to activate the KATP-channels, and this may contribute to the loss of glucose regulation
of glucagon secretion. The study by Kristinsson et al. [82] suggested that the palmitate-
induced hypersecretion of glucagon (and of insulin as well) is mediated by the action of the
FFAR1/GPR40 receptor, which signals via phospholipase C (PLC), diacylglycerol (DAG),
and protein kinase C and D1 (PKC/PKD1). This leads to enhanced Ca2+ mobilization from
intracellular Ca2+ stores, activation of calcium channels, enhanced islet respiration, and
ATP production, which eventually facilitates higher glucagon and the insulin secretion. The
study by Filippello et al. [83] suggested that the palmitate-induced glucagon hypersecre-
tion may be due to an unbalance in the ratio between two isoforms of insulin receptor, i.e.,
isoform A and isoform B. This led to increased paired box 6 protein (PAX6) and expression
of proglucagon, especially prohormone convertase 2 (PC2), with the final effect of these
phenomena being, in fact, a rise in glucagon secretion. In the present review study, we also
analyzed the effects of physical environmental factors on the alpha cell. With regard to
the possible mechanisms involved, in the study by Oda et al. [84], it was suggested that
the sympatho-adrenomedullary system may play a role in determining the suppressed
insulin response to stimuli in a cold environment; on the other side, no mechanism was
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advocated to explain the unaltered glucagon response, even though an alpha-adrenergic
mechanism may be involved. Activation of alpha-adrenergic receptors was also mentioned
as a possible mechanism in the first 1998 study by Itoh et al. [85] to explain the enhanced
glucagon secretion following arginine (or butyrate) injection in the hot environment. More-
over, the alteration of the direct sensitivity of the pancreas to secretagogues in the blood,
due to enhanced sympatho-adrenal activity, was believed to play a role. In the other study
of the same year by the same authors [86], although similar results were found in terms
of response to the arginine injection, no mechanism was postulated; different results were
obtained in terms of glucagon in response to butyrate, but no mechanism was postulated as
well. In the study by Messias de Bragança et al. [87], again no mechanism was advocated
to explain, in the condition of ad libitum feeding, the non-significant increase in glucagon
observed in the hot environment before and after the meal. However, considering low-
level feeding, a variation in the amount of carbohydrates absorbed during the meal may
explain the observed decrease in the insulin-to-glucagon ratio between a thermoneutral
and hot environment. In the study by Morales et al. [88], it was supposed that the down-
regulation of glucagon receptor gene expression due to cold exposure may be controlled
by noradrenaline, and the molecular mechanisms involved in this process could involve
intracellular cyclic adenosine monophosphate (cAMP). Eventually, results of the 2001 study
by Itoh et al. [89] excluded the adrenergic nervous system as the responsible mechanism
of glucagon secretion modification during heat exposure, but no alternative mechanisms
were hypothesized. We can conclude that, despite the relative paucity of studies on the
chemical and ambient factors affecting the alpha cell, the heterogeneity and complexity of
the relevant mechanisms have already emerged clearly. This suggests that a remarkable
scientific effort is still needed to investigate such mechanisms in depth.

6. Conclusions

In conclusion, in the present review study, for the first time, the current evidence about
the effects of exposure to different environmental factors on the alpha cell was examined.
Such factors included different categories of compounds, such as air pollutants, toxic
compounds often present in everyday objects, pharmacological agents, food compounds,
and extreme ambient temperatures. In the light of the relevant role of the alpha cell in
glucose homeostasis that has clearly emerged in recent years and is consistent with the
indications of precision medicine for diabetes care, we expect further studies related to the
relationships between environmental exposures and alpha-cell function in the future.
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