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The prevalence of type 2 diabetes is escalating worldwide and it has been suggested that exposure to

endocrine disrupting chemicals, such as phthalates, contributes to the alarming increase. Di(2-ethylhexyl)

phthalate (DEHP) is used as a plasticizer in a variety of everyday products; thus humans are constantly
exposed to it. Animal studies have associated DEHP with adverse health effects such as reproduction and
developmental toxicity, carcinogenicity and metabolic disruption. Concerns over the potential for similar
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adverse effects in humans are mounting. Recent reviews have reported the link between exposure to

a broad set of phthalates and diabetes as well as diabetes-related metabolic conditions. This review
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evaluates the available information in the literature regarding the association between DEHP exposure
and type 2 diabetes and related metabolic conditions, specifically insulin resistance and obesity.

Phthalates are ubiquitous environmental contaminants and exposure to them has been associated with adverse health effects. This review highlights almost two
decades of epidemiological and experimental data associating phthalate exposure, specifically di(2-ethylhexyl)phthalate (DEHP), with diabetes and related

adverse metabolic effects. While some associations are clear, some are inconsistent. Nonetheless, as a precaution, DEHP exposure should be minimized. Further
studies using models relevant to humans and at environmentally relevant doses could provide a better understanding of the association between DEHP and type

2 diabetes in humans.

1 Introduction

Diabetes is a chronic metabolic disease characterized by
elevated blood sugar levels.” Type 2 diabetes (T2D) is caused by
a combination of genetic and lifestyle factors* and accounts for
about 90% of diabetic cases.” It is characterized by insulin
resistance in target tissues and f cell dysfunction.> About 537
million adults were living with diabetes in 2021, a number that
is estimated to increase to 643 million by 2030.° The burden due
to diabetes on the global health-care system and the wider
global economy is unavoidable." Some studies have suggested
that the increase in environmental exposure to endocrine-
disrupting chemicals, such as phthalates, might also
contribute to the alarming increase in the prevalence of dia-
betes.*® Di(2-ethylhexyl)phthalate (DEHP) is one of the most
widely used high molecular weight phthalates, with a produc-
tion of several million tons per year worldwide.® DEHP is mainly
used as a plasticizer to make polyvinyl chloride (PVC) more
flexible in products such as toys and medical devices. It is also
used in food packaging, waterproof clothing, wall coverings and
automobile upholstery.”® DEHP is non-covalently attached to
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PVC and can leach from PVC-laden items into the
environment.®® The widespread use of DEHP gives rise to many
possible opportunities for human exposure, which in the
general population mainly occurs through ingestion of
contaminated food.>'® A review of seventeen food monitoring
surveys conducted in North America, Europe and Asia found
that poultry, fats and oils as well as dairy products (cream and
cheese) contained high concentrations of DEHP and were likely
the main contributors to exposure." In another study, DEHP
levels ranging from 0.02 to 2685 mg kg™ ' were detected in
various commercial food samples.'> People may also be exposed
to DEHP via ingestion of contaminated indoor dust that has
adhered to food or objects®® and through medical tubing
during medical procedures.***** DEHP exposure in the general
population of the United States is estimated to be 1 to 30 pg per
kg of body weight per day.” However, individuals undergoing
chronic treatment such as dialysis and prolonged intensive care
treatment'® and neonates in intensive care units'*'® can be
exposed to higher levels of DEHP. As a result, some govern-
ments have recommended restricting the use of DEHP in
medical devices.™ Once it enters the body, DEHP is metabolized
by lipases to produce the primary metabolite mono(2-
ethylhexyl)phthalate (MEHP) as well as 2-ethylhexanol.
MEHP is further converted to secondary metabolites which are
excreted in urine in their unconjugated form or as glucuronide
conjugates, depending on the species.”*** In humans, 67% of
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orally administered DEHP is excreted in urine after 24 hours
while 75% is eliminated from the body after 2 days.*” Further-
more, MEHP contributes only 5.9% of the excreted urinary
DEHP metabolites while the secondary oxidized metabolites
mono(2-ethyl-5-hydroxyhexyl)phthalate (50H-MEHP/MEHHP),
mono(2-ethyl-5-oxo-hexyl)phthalate (50x0-MEHP/MEOHP),
mono(2-ethyl-5-carboxypentyl)phthalate  (5cx-MEPP/MECPP)
and  mono(2-carboxymethylhexyl)phthalate  (2cx-MMHP/
MCMHP) together contribute 61%. Due to their longer elimi-
nation half-lives, MECPP and MCMHP are considered suitable
indicators of chronic exposure to DEHP while the short elimi-
nation half-lives of MEHP, MEHHP and MEOHP are more
indicative of short-term exposure.”*** DEHP metabolites have
been detected in more than 90% of urine samples in exposure
assessment studies of different populations**=° and to a lesser
extent in breast milk** and amniotic fluid.** This level of expo-
sure has raised concerns about its effects on human health,
prompting the European Union,*® USA** and Canada® to restrict
the use of DEHP in certain products. Although the use of DEHP
is on the decline in these countries,**® DEHP usage is still
unregulated in other parts of the world.*” Studies have associ-
ated DEHP exposure with adverse health effects such as repro-
duction and developmental toxicity as
carcinogenicity.'®*® Moreover, the literature has reviewed the
association between exposure to a broad set of phthalates and
metabolic conditions such as diabetes,***° insulin resistance*"**
and obesity.**** This review documents the association between
DEHP exposure and T2D and its related metabolic conditions.

well as

2 Epidemiological studies

Most of the epidemiological studies relating DEHP exposure to
diabetes and related effects were conducted in countries such as
Canada,” USA** and Korea utilizing biomonitoring data
collected from national surveys. Such data, to the best of our
knowledge, are lacking in South Africa and Africa as a whole and
collecting these data might be beneficial for disease preventa-
tive efforts in the African continent, especially because diabetes
prevalence has risen faster in middle- and low-income countries
than high-income countries." Furthermore, the International
Diabetes Federation estimates that 3 in 4 adults with diabetes
live in low- and middle-income countries.?

2.1 Association between DEHP and diabetes

There is growing evidence that exposure to DEHP may
contribute to the development of disorders related to glucose
and lipid metabolism. Several epidemiological studies have
assessed the relationship between the levels of DEHP metabo-
lite and diabetes. Svensson et al.*®* reported a correlation
between urinary levels of DEHP metabolites (MEHHP and
MEOHP) and the occurrence of T2D in a case-control study
involving 221 Mexican women, with 17.4% of the women having
self-reported diabetes. A case—control study on USA nurses re-
ported a relationship between MECPP and the sum of DEHP
metabolites (SDEHPm) and T2D in middle aged women.* In
another study, data from 2350 women participants in the 2001-
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2008 National Health and Nutrition Examination Survey
(NHANES) indicated that SDEHPm (MEHP, MEHHP, and
MEOHP) was associated with prevalent diabetes.*® Similarly,
a positive association was reported between DEHP metabolites
(MEHHP, MEOHP and MECPP) and self-reported diabetes in
a study conducted in Shanghai involving 2330 adult partici-
pants, while MEOHP, MEHHP, MECPP, MCMHP and ZDEHPox
(sum of oxidative metabolites) were associated with self-
reported diabetes only in males.” One study assessed the rela-
tionship between serum levels of MEHP and the prevalence of
diabetes and found no correlation between the two in an elderly
population sample in Sweden,* which is contrary to the positive
relation observed between urinary MEHP concentration and
T2D in a Chinese adult population sample.** In the same case-
control study, Duan et al.>* also observed a positive relationship
between MEHHP, MEOHP and EDEHPm and T2D but an
inverse association with MECPP and MCMHP. Studies based on
the 2015-2017 Korean National Environmental Health Survey
(KoNEHS)** and 2017-2018 NHANES data®® reported that
MEHHP, MEOHP, MECPP and SDEHPm levels were related to
higher prevalence of diabetes or risk of T2D in adults.

Overall, although some inconsistent findings were reported
for associations of MEHP, MECPP and MCMHP with diabetes,
most of the studies reported a positive relationship between
DEHP exposure and diabetes. Sex-specific associations have
been found in some studies® but not in others® while age-
specific associations were also observed.*>*!

2.2 Association between DEHP and insulin resistance

T2D is associated with insulin resistance and hyperglycemia.
The data correlating the levels of DEHP metabolites to both
these parameters are conflicting. MEHHP and MEOHP were not
found to be associated with insulin resistance in the male
subgroup of the 1999-2002 NHANES,* in adolescents and
young adults from the young Taiwanese cohort study® and in
a population of Korean women.*® The two oxidative metabolites
were also not associated with fasting insulin levels®®*® and
glucose levels.*® Dirinck et al.>” observed no correlation between
DEHP metabolites (MEHP, MEHHP, MEOHP and MECPP) and
glycated hemoglobin (HbA1c), fasting glucose, fasting insulin
levels, the homeostasis model assessment of insulin resistance
index (HOMA-IR) and the homeostasis model assessment of -
cell function (HOMA-B) in an obese Belgian adult cohort. Kim
et al.*® found no association between DEHP metabolites (MEHP,
MEHHP, MEOHP and MECPP) and insulin resistance in a pop-
ulation of Korean girls but reported a positive association with
MEHHP%, a marker reflecting MEHHP metabolism. A study
based on the women subset of the 2001-2008 NHANES also
found no association between SDEHPm (MEHP, MEHHP and
MEOHP) and HbA1lc but reported a positive association with
HOMA-IR.** However, another study reported a positive associ-
ation between MEHP and MEHHP and HbA1lc levels in the
2009-2011 Canadian health survey and further observed that
SDEHPm (MEHP, MEHHP, and MEOHP) was associated with
fasting glucose, fasting insulin, HOMA-IR and HOMA-B.** Duan
et al.> found a positive association between MEHHP and HbA1lc
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levels as well as MEHP and fasting glucose levels in a Chinese
adult population. A study based on the 2015-2017 KoNEHS data
found positive associations between ZDEHPm and glycated
hemoglobin in males while a negative association was observed
with MECPP and SDEHPm (MEHHP, MEOHP and MECPP) in
females (depending on the urinary adjustment method).*”
Positive associations between DEHP metabolites (MEHP,
MEHHP, MEOHP and MECPP) and insulin resistance have been
recorded in adolescents, based on NHANES data covering the
period from 2003 to 2012.>>% Another study reported a positive
relationship between MEHP and increased insulin levels and
HOMA-IR in a cohort of young Taiwanese adults but not
adolescents.> However, using the same data, Lin et al.** found
a positive correlation between MEHP levels and higher insulin
levels, HOMA-IR and HOMA- in adolescents and young adults.
Huang et al.®” reported a positive association between SDEHPm
(MEHP, MEHHP and MEOHP) and fasting blood glucose, fast-
ing insulin and insulin resistance in both men and women
using NHANES data of 2001-2008. James-Todd et al.®®* found
associations between SDEHPm (MEHP, MEHHP, and MEOHP)
and hyperglycemia in a cross-sectional NHANES study (2001-
2010) of 2719 adults. A study involving Korean females also
reported positive associations between EDEHPm (MEHHP,
MEOHP, MECPP and MCMHP) and fasting glucose.®* A recent
NHANES study (2017-2018) also found that MEHHP, MEOHP,
MECPP and their sum are related to fasting insulin levels and
HOMA-IR.>®

Oxidative stress plays a major role in insulin resistance.®
Studies have investigated the link between DEHP exposure and
oxidative stress markers, some of which results from the
interaction of reactive oxygen species (ROS) with DNA or fatty
acids.” There are reports on the relationship between DEHP
metabolites and markers such as serum gamma glutamyl-
transferase (GGT) and urinary malondialdehyde (MDA), F2-
isoprostane, and 8-hydroxydeoxyguanosine (8-OHdG). MEHHP
and MEOHP were correlated with MDA and 8-OHdG in a Korean
adult population sample; MEHHP also had a positive associa-
tion with fasting glucose levels.®® Using the 1999-2006 NHANES
data, Ferguson et al.®® found a positive association between
MEHP and GGT but an inverse association with oxidative DEHP
metabolites (MEHHP, MEOHP, and MECPP). DEHP metabolite
(MEHP, MEHHP, MEOHP, MECPP and MCMHP) levels were
associated with increased levels of F2-isoprostane in a small
cohort of adolescents in New York but no associations with
insulin resistance were found.” One study observed an associ-
ation between DEHP metabolites (MEHP, MEHHP, MEOHP and
MECPP) and higher levels of 8-OHdG and 8-isoprostane during
pregnancy in a nested case-control study in Boston, USA.*”
However, the same DEHP metabolites were not associated with
8-isoprostane during pregnancy in a rural Mexican American
population; instead, a marginal association was observed with
2DEHP.”* DEHP metabolites (MEHHP, MEOHP, MECPP and
MCMHP) were correlated with 8-OHdG in a Saudi Arabian
population sample”>”® while MEOHP was associated with MDA
levels in children.” Rocha et al.” observed a positive relation-
ship between MECPP, MCMHP and DEHPox with 8-OHd G
levels in a Brazilian children population. A longitudinal study
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examined the relationship between prenatal DEHP exposure in
early and late pregnancy and 8-isoprostane levels in children at
5, 9 and 14 years of age in a population of obese/overweight
Mexican American children.” The study found that maternal
MEHP, MECPP and ZDEHP concentrations measured in early
pregnancy were associated with 8-isoprostane in children at 14
years, with borderline associations observed for MEHHP and
MEOHP. Kim et al’ investigated the relationship between
DEHP exposure, oxidative stress and insulin resistance in an
elderly Korean population. SDEHPm (MHEHHP and MEOHP)
was associated with fasting glucose, insulin levels, insulin
resistance and MDA levels in participants with a previous
history of diabetes. The study further established a link between
insulin resistance and higher levels of MDA and concluded that
DEHP might contribute to insulin resistance by inducing
oxidative stress.

Inflammation is another key factor in the development of
insulin resistance and it has been suggested that oxidative
stress can trigger inflammation response involved in insulin
resistance.®® One study examined the relationship between
DEHP exposure in diabetic patients and oxidative stress, adi-
ponectin, and inflammatory cytokines levels.”” Adiponectin has
anti-inflammatory properties and its low levels are associated
with insulin resistance and T2D while the expression of the
inflammatory cytokine tumour necrosis factor a (TNF-a) is
associated with insulin resistance.” In their analysis, Duan
et al.”” reported a positive association between DEHP metabo-
lites (MECPP, MEHHP, MEOHP and MCMHP) and MDA levels
in participants of the study. MEHP and *DEHPm were also
associated with MDA levels in different subgroups of partici-
pants, but this association was not observed in the larger BMI
subgroup. Oxidative DEHP metabolites were positively associ-
ated with serum adiponectin levels while SDEHPm (MEHP,
MEHHP, MEOHP, MECPP and MCMHP) and MEHP showed
inverse associations with adiponectin levels in the larger BMI
subgroup. Oxidative DEHP metabolite levels were negatively
associated with TNF-a. levels while *DEHPm and MEHP
exhibited a positive relationship with TNF-a in the larger BMI
subgroup. The positive association with TNF-o levels was
attributed to phthalates contributing to insulin resistance by
increasing TNF-a levels while the negative association was
attributed to the lower toxicity of oxidative metabolites
compared to MEHP. Lee et al.** also reported a positive asso-
ciation between EDEHPm (MEHHP, MEOHP, MECPP and
MCMHP) and serum adiponectin levels and surprisingly, they
found a similar association with fasting glucose levels in
a Korean female study population, leading to the suggestion
that DEHP possibly affects fasting blood glucose levels via
a mechanism that does not involve adiponectin. A recent study
focusing on a different age group to Duan et al.”” reported
a negative correlation between urinary levels of MEHP and
adiponectin levels along with a positive association between
MEHP and insulin resistance in a Taiwanese study involving
adolescents and young adults.®* Inconsistencies in epidemio-
logical studies regarding DEHP exposure and adiponectin levels
have been observed.®>**
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While some studies suggest that DEHP exposure is associ-
ated with insulin resistance, there are also data suggesting
otherwise. Differences in study populations may account for
some of the observed inconsistencies in these associations”™ but
other sources of variability need to be examined.

2.3 Association between DEHP and obesity

While obesity is a risk factor for diabetes, accounting for about
70% of the risk associated with T2D, the two can exist inde-
pendently of one another.” Obesity is associated with the
development of insulin resistance which in turn predisposes
individuals to T2D.% Parameters such as body mass index (BMI)
and waist circumference are used to predict obesity.*" Several
studies have examined the link between DEHP exposure and
obesity. A positive correlation was found between MEHHP and
MEOHP and waist circumference in men in the 2001-2002
NHANES.* Similarly, a positive association of MEHHP and
MEOHP with BMI and waist circumference was reported in men
but an inverse association between MEHP and these parameters
in females based on NHANES data from 1999 to 2002.* Inter-
estingly, using the same NHANES data for the women subset
(but up to 2004), another study found that MEHP was positively
associated with BMI and additionally reported that the ratio of
MEHP : MEHHP was positively associated with BMI and waist
circumference.® These contradictory findings regarding MEHP
association were attributed to differences in data analysis
methods.** An NHANES study (2001-2010) found associations
between higher concentrations of SDEHPm and central obesity
in male subjects, and further found associations with metabolic
syndrome in men as well as in women less than 50 years of
age.” Furthermore, using NHANES data from 2007-2010,
positive associations were observed between DEHP metabolites
(MEHP MEHHP, MEOHP and MECPP) and an increased risk of
obesity in adults.?** Similar associations were observed with BMI
in a premenopausal American cohort® and with central obesity
in females less than 45 years of age and adults in a Chinese
population (MEHHP and MECPP).** However, DEHP metabo-
lites (MEHHP, MEOHP, and MECPP) were not correlated with
general obesity/BMI and/or abdominal obesity/waist circum-
ference in American women in a nurse's health study®” and in
Korean adult cohorts.>**® A study on obese participants in Bel-
gium reported an inverse association between MEOHP and
BMI*” while another study found a positive correlation in an
elderly population of Anhui province of China, with a stronger
association observed in males.* Van der Meer et al.*® observed
a correlation between MECPP and adiposity-related traits (BMI
and waist circumference) in a study population of adults in
North Netherlands. A positive relation was observed between
MEHHP and *DEHPm (MEHHP, MEOHP and MECPP) and
obesity in adult participants in the 2015-2017 KoNEHS;
however, the association was dependent on the urinary dilution
adjustment method.*”

Such disparities in the association between DEHP metabo-
lites and obesity have also been documented in children. An
NHANES study (1999-2002) found an inverse association
between MEHP and BMI and waist circumference in adolescent
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girls.®?> Other studies found no associations between SDEHPm/
DEHP metabolites (MEHP, MEHHP, MEOHP and MECPP) and
body mass outcomes (BMI z-score, overweight and obesity) in
children and adolescents based on the NHANES data,®*' in
China®*® and in Korea®® but reported that MEHHP% was
positively associated with obesity.*® On the other hand, Wang
et al.®* documented a positive association between MEHP and
BMI and waist circumference in a Shanghai children cohort.
MEHP, MEHHP and ZDEHPm were negatively associated with
obesity in girls in a Shanghai study® while Amin et al®®
observed a positive association of MEHP and MEHHP with
obesity as well as a low to moderate positive association
between DEHP metabolites (MEHP, MEHHP and MEOHP) and
BMI in an Iranian children and adolescent population.
Recently, Seo et al®” found a positive association between
MECPP and obesity in children using KoNEHS data (2015-
2017). Similarly, a prospective case-control study reported
a correlation between higher levels of DEHP metabolites
(MEHP, MEHHP and MEOHP) and BMI z-scores and higher risk
of obesity in a Chinese children population.®®

Longitudinal studies have mostly found no associations
between SDEHPm/DEHP metabolite (MEHP, MEHHP, MEOHP
and MECPP) levels and obesity parameters determined in
a follow-up period of a year in New York children,* up to six
years in girl participants from three centers in USA' and up to
24 years in preschool children from a Swedish birth cohort.**
One study assessed the relationship between serum MEHP
levels and different obesity indices as determined by dual-
energy X-ray absorptiometry and abdominal magnetic reso-
nance imaging in a Swedish elderly population and found no
correlation in a two year follow-up period.>

Different DEHP exposure patterns in different study pop-
ulations may account for some of the disparities observed in the
studies above.”® Additionally, studies found that associations
between concentrations of urinary DEHP metabolites and
obesity vary based on sex,®*>8%8%94 age 63828486 race/ethnicity®*
and differences in the rate of DEHP metabolism due to genetic
variations.** However, other studies did not find sex® or age-
related differences® in the associations. Other sources of
inconsistencies in the studies are the use of different exposure
metrics/exposure assessments; these include urinary dilution
adjustment/corrections for dilution and whether individual or
summed metabolites are presented.**'*> Recently Lee et al*’
demonstrated that the method used to correct urinary phthalate
concentrations for urinary dilution could influence the associ-
ations between DEHP metabolites and obesity. Differences in
adjustment for confounding factors,* varying statistical anal-
ysis® and different standards/parameters being used to deter-
mine obesity (such as BMI and percentage body fat)** may also
contribute to the inconsistencies.

2.4 Variability of DEHP metabolite levels over time

The use of cross-sectional data to conclude on associations
between DEHP metabolites with short half-lives and chronic
diseases has been highlighted as a shortfall of epidemiological
observations.'”® Furthermore, most of the cross-sectional

© 2024 The Author(s). Published by the Royal Society of Chemistry
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studies involve single urine measurements of phthalates which
are thought to reflect recent/acute exposure levels.'**** Thus, it
is suggested that these levels do not reflect long-term exposure
or exposure throughout disease development.®****" As such,
several studies have assessed whether the DEHP metabolite
levels recorded in single urine samples represent an individ-
ual's DEHP exposure over time, primarily based on assessment
of the intraclass correlation coefficient of single metabolites or
SDEHPm. Assessment of DEHP metabolite levels (MEHP,
MEHHP, MEOHP and MECPP) in spot urine samples obtained
during varying periods of pregnancy in various pregnant women
populations showed low within-person reproducibility*®**** and
fair reproducibility of MEHP and MECPP levels."* Analysis of
DEHP metabolites levels (MEHHP, MEOHP, MECPP and
MCMHP) in spot, first morning and 24 hour urine samples
collected from men and women for a period of days up to
several months showed high intraday and interday within-
person variability.'***¢*** A similar trend was observed in
children for urine samples collected over periods ranging from
six months to years.">'** Other studies have however suggested
that single metabolite measurements are representative/
predictive of DEHP exposure over time and have reported
moderate reproducibility*** and good correlation” of DEHP
secondary metabolite (MEOHP, MEHHP and MECPP) levels
from multiple urine samples obtained over 3 years. Another
study reported fair reproducibility in samples collected from
children over periods ranging from days to a year, based on
pooled samples.**®

Reports regarding the consistency of MEHP levels in first
morning/spot urine samples collected over time are inconsis-
tent. One study found consistencies in MEHP levels from urine
samples provided over 2 days.'” Another study found that the
participant's MEHP levels were more consistent in morning
spot urine samples collected 2 to 8 days apart compared to first
morning and 24-hour samples.'”” Casas et al.*** found good
reliability of MEHP levels in pooled urine samples collected over
a period ranging from days to a year. Hauser et al.**® reported
within-subject variability in MEHP levels but moderate sensi-
tivity of a single sample to predict a 3-month average exposure.
Another study found that MEHP levels measured in a single
sample were predictive of an individual's 6-month average
concentration.'” Other studies have however recorded within-
person variability in samples collected over several days,"'®'**
1 to 4 months'****° and even years."?****

The discrepancies in the findings above may be due to
differences in study design, phthalate exposure patterns and
study populations,'**'**'*® variations in an individual's food
consumption patterns*'®*** and changes in phthalate metabo-
lism due to physiological changes during/after pregnancy.*®'%”
On the other hand, it is suggested that the small variability in
phthalate levels over time may be a result of an individual's
consistent daily time-activity patterns and stable microenvi-
ronmental phthalate concentrations'® or consistent long-term
diet patterns.**

The above studies were conducted on specific populations,
with only a few studies reporting large and diverse cohorts;
therefore studies that are representative of the general

© 2024 The Author(s). Published by the Royal Society of Chemistry
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population are necessary. The intraday variability of metabolite
levels has also highlighted the need to factor in the time of
sample collection during the day when carrying out such
studies."**'** Moreover, according to Preau et al.''® the short
elimination time associated with phthalates implies that
determining exposure to phthalates over weeks or months may
require multiple urine measurements. Therefore, longitudinal
studies, with multiple urine measurements of DEHP metabo-
lites at different time points, are warranted to confirm the
exposure-health outcome associations from cross-sectional
studies. This would be especially relevant for diseases that
take time to manifest, such as T2D. Although multiple sample
measurements are associated with logistical and analysis cost
implications,"***” it appears that they are critical for reliable
results in epidemiological studies involving nonpersistent
chemicals."*®

3 Experimental studies

Epidemiological studies have a limitation of failing to establish
a cause-and-effect relationship.®~* To address this short-
coming, experimental studies have been conducted and
a growing body of experimental data suggests a link between
DEHP exposure and diabetes and its risk factors.***** Several
modes of action have been proposed for DEHP and these can
assist in explaining the association between DEHP/DEHP
metabolites and diabetes. These include activation of peroxi-
some proliferator-activated receptors (PPARs), induction of
oxidative stress, impairment of B-cell function and impairment
of adiponectin function.*’

3.1 Peroxisome proliferator-activated receptor activation

PPARs are nuclear receptors which form heterodimers with the
retinoid X receptor (RXR) and bind to peroxisomal proliferator
response element in the promoter regions of their target
genes.”*® The PPAR-RXR heterodimer can function as a tran-
scriptional factor, activating or repressing gene expression,
depending on the presence of co-activators or co-repressors.**”
The PPAR family of transcription factors comprises isoforms
PPARoa, PPARY and PPARP/3. PPARa is predominantly found in
the liver and plays a crucial role in fatty acid catabolism.'*®
PPARY is predominantly found in adipose tissue; it regulates
adipogenesis and plays a role in insulin sensitivity."” Studies
have alluded that DEHP/MEHP exerts its effects through
a mechanism that is mediated by PPARy"**¢ and that MEHP
binds to the ligand binding domain of PPARY.*****® While there
are inconsistent findings on the ability of the parent compound
DEHP to activate PPARs in vitro,"*>'*"**> trans-activation assays
have shown that MEHP is able to activate the three PPAR iso-
forms and further studies in intact cells show that MEHP acti-
vates biological processes that are mediated by PPARs. MEHP
activated both mouse'?*'*"'*>14¢ and human PPARa,"*"*** with
mouse PPARa being activated at lower MEHP concentrations
than human PPARa."*>'*¢ Interestingly, MEHP was found to be
a more potent activator of PPARa than more prevalent mono-
esters such as monobenzyl phthalate and monobutyl phthalate
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whose urinary levels were reported to be higher than that of
MEHP.***° With regard to the stimulation of PPARa target
genes, promoter-reporter gene assays showed that MEHP (250
uM) activated PPARa-dependent transcription of the rat acyl-
CoA oxidase (ACOX) gene with both mouse and human
PPARo. Human ACOX was not responsive with either PPARa,
prompting the authors to conclude that DEHP does not pose
a health risk to humans.**” Similarly, MEHP concentrations of
10-100 puM stimulated the expression of PPARa target genes
ACOX and cytochrome P450 4A in rat liver FAO cells but not in
the human HepG2 cells."® This is contrary to another study
where the FAO cell line was not responsive to similar concen-
trations of MEHP in inducing ACOX gene expression.'** It was
also highlighted that MEHP activation of human PPARa would
possibly be relevant in exceptional cases of high DEHP exposure
since the concentration of MEHP required for PPARa. activation
in in vitro studies is higher than the maximum serum levels of
MEHP detected in the general population.**®

In vitro studies have reported that MEHP can also activate
mouse and human PPARy with no species differences in PPAR
responsiveness to MEHP.'3¢14:1414¢ MEHP (1 to 50 uM) further
induced PPARy dependent adipogenesis in 3T3-L1
cells,'?%14>146118 with significant upregulation of PPARY adipo-
genic target genes at concentrations ranging from 10 to 100
HM‘I‘!S

Another study found that during differentiation, 3T3-L1 cells
treated with MEHP at concentrations of 10-300 uM had reduced
gene expression of PPARY, enhanced expression of some adi-
pogenic markers while the expression of other markers was not
affected."” In addition, the cells accumulated MEHP and had
enhanced lipolysis and glucose uptake. Treatment of murine
mesenchymal stem cells with 100 uM DEHP induced adipo-
genesis and upregulated gene transcription of adipogenic
markers (PPARY,, adiponectin, fatty acid binding protein fatty 4
(FABP4) and lipoprotein lipase).’** While a human adipocyte
cell line was not included in these studies for comparison, few
studies assessed the ability of DEHP/MEHP to activate PPAR
and further induce target genes in human cell models. Human
subcutaneous pre-adipocytes were differentiated in vitro, and on
day 11, the cells (30% undifferentiated and 70% differentiated)
were treated with 100 uM MEHP for 4 to 48 h'*®* MEHP induced
differentiation of the remaining preadipocytes and upregulated
transcription of genes involved in the PPARY signaling pathway,
triglyceride synthesis and storage as well as glyceroneogenesis
in mature adipocytes. It is thus possible that by inducing adi-
pogenesis and lipid accumulation, MEHP could promote
obesity™ which could possibly lead to insulin resistance.
Schaedlich et al.*** assessed the effect of DEHP, at a concentra-
tion similar to that detected in blood bags (50 pg ml™* or 128
pM), on the differentiation of Simpson-Golabi-Behmel
syndrome human preadipocytes. They however reported
downregulation of certain adipogenic marker expressions,
reduced triacylglyceride content and decreased accumulation of
lipid droplets. On the other hand, a study on human lip-
osarcoma SW 872 preadipocytes found that treatment with 10
uM MEHP from day 5 to 11 of adipogenesis increased mRNA
levels of PPAR-a, decreased PPAR-y mRNA levels, but had no
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effect on triglyceride content. The lack of MEHP effect on
triglyceride content was however attributed to the low lipid
content of the cell line used.*** Schaedlich et al.*** highlighted
how differences in cell cultures and study designs in in vitro
studies on human cell models can complicate comparisons.

In vivo, DEHP is converted to MEHP and animal studies
investigating exposure to DEHP have reported contradictory
data pertaining to the induction of adipogenic PPARY target
genes. Feige et al.** reported that DEHP (500 mg per kg per day)
does not activate PPARY and adipogenesis, based on the
inability of DEHP to induce the expression of adipogenic PPARy
target genes in adipose tissue in mice. Instead, DEHP exposure
induced PPARa. mediated fatty acid catabolism in the liver
which protected the mice against diet-induced obesity. Inter-
estingly, DEHP did not protect engineered mouse models
expressing the human PPARa from diet-induced obesity, high-
lighting species differences in DEHP activated biological
processes. However it has been suggested that the differences in
PPARo. between mice and humans are responsible for the
differences in response to DEHP in the two species,'® others
have alluded to differences in the PPARa target genes promoters
and co-activators as the source of these differences since some
PPARa target genes are not activated by either mouse or human
PPARa in mouse models.”” From their findings, Feige et al.**
suggested that exposure to DEHP in humans may result in
weight gain/obesity possibly via decreased PPARo mediated
fatty acid oxidation in the liver. This effect could in turn
possibly lead to insulin resistance. However, the authors
cautioned that this scenario may apply to individuals exposed to
high concentrations of DEHP such as those undergoing dialysis
or frequent blood transfusions. The lack of adipogenesis acti-
vation by DEHP/MEHP was attributed to insufficient MEHP
uptake by the adipocytes and MEHP being a selective activator
of PPARY; they observed that agonists of PPARY promote adi-
pogenesis and weight gain'***** and display different cor-
egulator recruitment patterns to target gene promoters.*® Lv
et al.' also observed upregulated mRNA levels of B-oxidation,
lipid uptake and lipolysis proteins in the white adipose tissue of
male C3H/He mice exposed to 50 and 200 mg per kg body
weight per day DEHP for 5 weeks while lower DEHP levels
(0.5 mg per kg body weight per day) downregulated the
expression of these genes. However, the authors not only re-
ported increased adipogenesis but also found a decline in
mRNA levels of key proteins involved in lipogenesis.***

In contrast, adult mice administered 0.5 mg kg™ " of body
weight of DEHP or MEHP for 24 hours had increased levels of
epididymal adipose and increased expression of PPARY target
genes in epididymal adipose and liver tissues.'**'*®* DEHP also
upregulated the expression of adipogenic transcriptional
factors PPARY, CCAAT/enhancer-binding protein (C/EBP) alpha
and sterol regulatory element binding factor 1 (Srebf1) in the
liver.™** Schmidt et al.*** observed that mice exposed to 0.05 mg
per kg body weight per day DEHP had increased levels of FABP4
gene expression; FABP4 is involved in fatty acid uptake, trans-
port, and metabolism.” In another study, DEHP exposure
(50 mg per kg per day DEHP) in rats upregulated and activated
the Janus-activated kinase (JAK)/signal transducer and activator
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of transcription (STAT) pathway and upregulated fatty acid
metabolism-related genes (FABP4, Acox, and fatty acid synthe-
tase) and leptin expression in adipose tissue."® Interestingly,
the expression of JAK and STAT in the liver was upregulated but
the pathway was inhibited. Furthermore, expression of the
same fatty acid metabolism-related genes was downregulated in
the liver, prompting the authors to conclude that lipid synthesis
and lipolysis in the liver were reduced by DEHP. The authors
suggested that the increased fatty acid synthesis and leptin
levels are associated with DEHP exposure promoting lipid
accumulation; however they also pointed out that this associa-
tion was based on very high DEHP levels to which humans may
not be exposed.***

Consequently, due to the discrepancies in PPARY activation
in vivo, there are inconsistent reports regarding the effects of
DEHP exposure on fat and body mass and whether there are sex
differences in these effects. In one study, DEHP exposure
(1000 mg per kg body mass per day) in mice resulted in
a decrease in body mass and fat mass."® Hayashi et al.**® found
that exposure of adult mice to DEHP at 10 to 140 mg per kg body
weight per day for four weeks did not affect body weight. Other
studies have however found an increase in body weight and fat
mass in female mice while male mice were unaffected following
feeding supplemented with 0.05 mg per kg body weight per
day."” Schmidt et al.*** also reported an increase in body weight
and visceral fat tissue in mice exposed to 0.05 to 500 mg per kg
per day DEHP, although the weight gain was associated with
increased food intake. Male mice exposed to DEHP at 0.5, 5, 50
and 200 mg per kg body weight per day for 5 weeks experienced
increased body weight and fat mass, as well as increased food
intake."* Rats administered DEHP (5, 50 or 500 mg per kg per
day) for four weeks displayed increased body weight'** but in
another study, the same DEHP levels had no effect on body
weight in adolescent rats following a 28 day exposure period
despite increased food intake.'*® Long-term exposure (29 weeks)
of adult female mice on a high fat diet to 0.05 mg per kg body
weight per day DEHP increased body weight and visceral white
adipose tissue'* whereas exposure of male rats to 600 mg per kg
per day for 12 weeks had no effect on body weight."*® Investi-
gations into perinatal DEHP/MEHP exposure have observed an
increase in body mass and fat mass in male mouse offsprings
but not in females perinatally exposed only to low levels of
MEHP (0.05 mg per kg per day) until postnatal day 7 while these
parameters were unaffected by exposure to 0.25 and 0.5 mg per
kg body weight per day MEHP.**® The same authors reported an
increase in body weight in both male and female mice perina-
tally exposed to DEHP at 0.25 mg per kg body weight, but not at
0.05 and 0.5 mg per kg body weight until postnatal day 7.'**
Perinatal exposure of mice to DEHP at 0.05 and 5 mg per kg
body weight per day until weaning (postnatal day 21) resulted in
increased body weight in both male and female offsprings. The
offsprings' body weight increased 9 weeks after weaning, with
female mice having more fat storage.’” Rajesh and Balasu-
bramanian'®* found that offsprings of mice treated with DEHP
(10 and 100 mg per kg per day) from gestation day 9 to 21 had
increased fat mass at postnatal day 60 while the authors re-
ported reduced body weight in a separate study.*> DEHP
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exposure during gestation and lactation at 1.25 and 6.25 mg per
kg per day'*® and 1, 10 and 100 mg per kg per day*®* also reduced
body weight in offsprings but increased body weight at puberty
at a dosage of 700 mg per kg per day.'®* Adult male rats exposed
to 7 and 75 mg per kg per day DEHP during lactation or puberty
did not display changes in body weight.'** Others have attrib-
uted the differences in DEHP/MEHP effects at low and high
concentrations on bodyweight/fat mass to the inverted U-
shaped dose-response curve for DEHP,"*® however, some
studies involving similar concentrations of DEHP/MEHP have
yielded contradictory findings.'**°*'*® Some inconsistencies
reported here may be due to the differences in the study
design,””*** DEHP/MEHP dosage and timing of exposure as
well as the mode of DEHP/MEHP administration and exposure
duration.™® Nonetheless, there seem to be discrepancies
regarding whether DEHP exposure promotes body weight gain
in vivo.

Inconsistencies between in vitro and in vivo data reported in
the abovementioned studies regarding DEHP exposure and
adipogenesis require further investigations. These studies also
highlight the importance of in vivo studies, where all tissues
expressing the different PPAR isoforms are present, especially
for metabolites such as MEHP that can activate all PPAR iso-
forms. In addition, the ability of compounds to elicit species
specific biological effects necessitates the need for additional
experiments in suitable human cell models.

3.2 DEHP and B-cell dysfunction

In T2D, pancreatic B-cells accelerate the production and secre-
tion of insulin in an attempt to compensate for insulin resis-
tance in target cells.*® While this effect initially results in an
increase in insulin levels, it eventually places a burden on the B-
cells, ultimately leading to reduced insulin secretion.'®> Oxida-
tive stress and endoplasmic reticulum (ER) stress have been
associated with B-cell dysfunction that eventually leads to dia-
betes.®® Oxidative damage in f-cells can impair insulin
production/secretion or induce apoptosis.®®

DEHP exposure during pregnancy can be a risk factor for the
development of diabetes in offsprings. For instance, adminis-
tration of DEHP at 1.25 and 6.25 mg per kg per day'* or 1, 10
and 100 mg per kg per day*** during pregnancy and lactation
impaired the expression of genes involved in f cell development
and function in the offsprings. DEHP downregulated the
expression of transcription factors critical for insulin synthesis,
reduced insulin content and upregulated genes involved in ER
stress in pancreatic cells in the offsprings at weaning® and
adulthood.™* Furthermore, adult offsprings displayed elevated
fasting blood glucose and reduced serum insulin levels,
reduced expression of glucose sensors, impaired insulin
signaling, and glucose and insulin intolerance along with
reduced ex vivo insulin secretion upon glucose stimulation.***
Additionally, DEHP exposure increased the level of global
hypermethylation, prompting the authors to suggest that
DEHP-induced hypermethylation is a possible mechanism for
B-cell dysfunction. Global DNA methylation has been associated
with increased risk of insulin resistance, although this
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observation was made in peripheral blood leukocytes and not
diabetes-affected organs.'® Lin et al."*® made similar observa-
tions of fasting hyperglycemia, hypoinsulinemia and glucose
intolerance but only in adult female offsprings and further
noted reduced B-cell mass and insulin content as well as
reduced in vivo and ex vivo insulin secretion upon glucose
stimulation. The male adult offsprings displayed fasting
glucose levels comparable to the control group and increased
fasting serum insulin levels along with increased in vivo and ex
vivo insulin secretion. However, another study found lower
glucose stimulated insulin secretion ex vivo in isolated islets of
adult male offsprings exposed to DEHP during lactation, with
discrepancies in findings attributed to the dose and timing of
DEHP exposure.'* When comparing the effects of DEHP on
glucose homeostasis at different stages of development, adult
offsprings exposed to DEHP during lactation had reduced
insulin sensitivity and were more sensitive to DEHP than those
exposed at puberty.*®® DEHP exposure during lactation and
puberty resulted in elevated fasting blood glucose; however no
effect on serum insulin levels was observed. Unlike Lin et al.'*
and Rajesh and Balasubramanian,”® another study found
a non-significant reduction in pancreatic and duodenal
homeobox 1 (PDX-1) protein levels in male and female
offsprings upon exposure to 7, 70 and 700 mg per kg DEHP
during utero and lactation periods.'®® The offsprings in the high
DEHP group displayed higher fasting blood glucose levels and
reduced insulin sensitivity, with decreased ex vivo glucose
stimulated insulin secretion in male offsprings. In another
study, 3-week-old male rats administered DEHP (750 mg kg™ ')
for 8 weeks had elevated fasting glucose levels, reduced HOMA-
B, damaged pancreatic tissue and increased MDA levels while
superoxide dismutase (SOD) activity remained unaffected.'*®
Inhibition of the phosphatidylinositol 3-kinase/protein kinase B
(PI3K/Akt) signaling pathway was also observed, along with
pancreatic cell apoptosis.

In vitro studies assessing the direct effects of DEHP and its
metabolites on pancreatic B-cells have shown that DEHP expo-
sure affects the ability of these cells to produce and secrete
insulin. In evaluating the suitability of the rat pancreatic B-cell
line INS-1 (subclone 832/13) as a screening system for the
assessment of DEHP effects on B cell function, one study found
that exposure of cells to 100 pM DEHP for 2 hours increased
basal insulin secretion but did not affect glucose stimulated
insulin secretion.’®® Sun et al'*® reported that INS-1 cells
exposed to DEHP (5-625 uM) displayed an increase in ROS and
a decrease in the cells' nuclear factor erythroid 2-related factor 2
(Nrf2)-dependent antioxidant response at higher DEHP doses;
however lower doses of DEHP (5 uM) activated the antioxidant
response. This effect was coupled to decreased insulin mRNA
and protein levels at higher DEHP doses, thus affecting the
amount of insulin released. In addition, DEHP exposure
induced ER stress-mediated apoptosis by activating the protein
kinase RNA-like endoplasmic reticulum kinase/activating tran-
scription factor 4/C/EBP homologous protein (PERK-ATF4-
CHOP) ER signaling pathway."* A more recent study found
that DEHP (30 uM) induced ROS and caused apoptosis in INS-1
cells via inhibition of the PI3K/Akt/Bcl-2 signaling pathway,
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which resulted in reduced insulin secretion due to a reduction
in the number of cells.'”® RIN-5F cells treated with 625 puM
DEHP displayed elevated ROS production and lipid perox-
idation and reduced enzymatic antioxidant levels.””* DEHP also
reduced insulin secretion and the protein levels of insulin
receptor (IR), insulin receptor substrate-1 (IRS-1) and glucose
transporter 2 (GLUT2) and induced apoptotic changes in the
cells. Although She et al.*”? did not assess the effects of DEHP
exposure on insulin-related parameters, they observed that
DEHP (200 and 400 pM) caused INS-1 cell dysfunction via
oxidative stress marked by elevated ROS generation, reduced
glutathione levels and SOD activity and increased MDA levels;
these effects were reduced in the presence of the antioxidant
compound pyrroloquinoline quinone. DEHP also increased
lysosomal membrane permeability, decreased mitochondrial
membrane potential and induced DNA damage. Contrary to She
et al.,'”* a recent study reported that MEHP (0.001-1000 uM) did
not affect ROS and MDA levels or mitochondrial membrane
potential and lysosomal membrane permeability in 1.1B4
pancreatic cells.”” Instead, MEHP induced ER stress and
inflammation (at low MEHP levels), downregulating PPARa and
PPARy expression. Low levels of MEHP decreased insulin
secretion at low glucose concentrations but increased the levels
of proteins involved in B cell function (GLUT1, muscu-
loaponeurotic fibrosarcoma homolog A (MafA), PDX-1 and
glucokinase), while lower glucokinase and GLUT1 protein levels
were observed at high DEHP levels (1000 pM).'”* While the
authors attributed inconsistent findings to the use of DEHP
instead of MEHP, a different study observed increased ROS
generation and decreased antioxidants in INS-1 cells treated
with MEHP (0.1 to 10 uM) for 24 to 72 hours."® Additionally,
there was downregulation of the expression of insulin genes 1
and 2 and PDX-1 genes, along with decreased insulin secretion
at normal glucose stimulation (5.5 mM). Another study found
that a 72 hour treatment of INS-1E cells with MEHP (500 puM)
resulted in reduced insulin secretion following glucose stimu-
lation, an effect that was attributed to cell death due to MEHP-
induced toxicity."* Interestingly, an increase in insulin secre-
tion, was observed following simultaneous exposure of the cells
to 100 pM MEHP and normal levels of glucose (6.7 mM) for 2
hours.

A recent study found that MEHP (400 uM) caused nucleotide-
binding oligomerization domain-like receptor protein 3
(NLRP3)-dependent pyroptosis, an inflammatory programmed
cell death, and affected autophagy in INS-1 cells.”” In other cell
lines, treatment of mouse MING6 cells with DEHP (100 pM to 10
uM) for 24 hours impaired glucose stimulated insulin release,
with decreased insulin content only observed at 1 pM DEHP.
The expression of the GLUT2 gene was upregulated at 10 pM
DEHP while that of PDX-1 and MafA was unaffected by all DEHP
concentrations.'”® Given the limited studies on human B cell
models, one study evaluated the use of the human pancreatic -
cell line Endo C-BH1 as a model for the assessment of DEHP
exposure.””® Decreased insulin secretion by the cells was only
observed after 7 days of DEHP treatment (1-100 nM) and was
associated with a decrease in insulin content at 10 and 100 nM
DEHP. Interestingly, a concentration of 1 uM DEHP increased
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insulin secretion by the cells, prompting the authors to
conclude that the cells exhibit a non-monotonic dose response
to DEHP exposure.

The studies above show that DEHP/MEHP increases gener-
ation of ROS in B cells in vitro, weakens the B-cell antioxidant
system and impairs insulin production/secretion. In some
cases, the oxidative stress was associated with apoptosis (Fig. 1
top panel). Furthermore, these studies suggest that in utero
DEHP exposure causes disturbances in p-cell development and
function as well as glucose homeostasis in the offsprings in
early life or in the long term. As evidenced by the reviewed
studies, most of the data on the effect of DEHP on p-cell
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Fig.1 Overview of some of the proposed mechanisms for the DEHP-
induced metabolic disruption. In the pancreatic B cells (top panel),
DEHP induces oxidative stress-mediated apoptosis (1) and endo-
plasmic reticulum stress (3). Oxidative stress also downregulates PDX-
1 (a transcription factor involved in insulin synthesis) and insulin gene
expression. DEHP/MEHP also binds to PPARYy which together with RXR
binds to PPAR response elements (PPRE) in the promoter regions of
genes involved in insulin synthesis (PDX-1) and glucose sensing
(GLUT2 and glucokinase genes) and downregulates their expression
(2). A combination of these factors ultimately impairs insulin synthesis
and secretion. In the muscle cells (bottom panel) DEHP binds to PPARy
and the PPARy—-RXR heterodimer binds to PPRE in the promoter
region of the GLUT4 gene and downregulates its expression (1). DEHP
induces oxidative stress, downregulating the expression of GLUT4 and
insulin receptor genes (2). Oxidative stress also reduces the levels of
key molecules in the insulin signaling process (2), ultimately reducing
translocation of GLUT4 to the cell membrane. A combination of these
factors results in a decrease in glucose uptake, hence hyperglycemia.
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function were gathered using mouse cell lines while in vivo
studies were conducted in animals such as rats. Since it has
been argued that findings from animal studies are not easily
extrapolated to humans due to species differences,*® the recent
findings by Al-Abdulla et al.'’® which demonstrate that DEHP
concentrations relevant to human exposure impair insulin
secretion in the human pancreatic B-cell line is a step in the
right direction in advancing our understanding of the associa-
tion between DEHP exposure and diabetes.

3.3 DEHP and insulin resistance

Some studies investigating the effects of developmental DEHP
exposure on rat offsprings found that DEHP impairs insulin
signaling in the muscles and liver.'*'*®> Pregnant rats were
administered DEHP (1, 10 and 100 mg per kg body weight per
day) and analysis of adult offsprings showed high fasting blood
glucose levels, lower glycogen levels, impaired glucose and
insulin tolerance in the muscles'** and liver.'®* Further investi-
gations revealed downregulation in the expression of key genes
involved in insulin signaling, along with altered phosphoryla-
tion of key insulin signaling molecules.*'** In addition,
increased methylation in the GLUT4 promoter region contrib-
uted to the downregulation of this gene in DEHP-exposed
offsprings, resulting in a decline in GLUT4 cytosolic protein
levels.*** Furthermore, the offsprings had reduced testosterone
and estradiol levels and displayed liver and kidney damage.'*
DEHP had opposing effects on fasting serum insulin levels in
the two studies.’®'®*> In a separate study, DEHP exposure in
pregnant rats resulted in hypermethylation of the liver IR and
GLUT2 gene promoters and reduced transcription of the cor-
responding genes, along with reduced glucose uptake and
oxidation in adult offsprings.'”” Adolescent rats administered 50
and 500 mg per kg per day DEHP for 28 days displayed higher
fasting blood glucose, serum leptin and serum insulin levels as
well as insulin resistance.'*® These observations were associated
with reduced leptin receptor and IR protein levels (500 mg per
kg per day DEHP group) in the liver. DEHP further interfered
with the Janus-activated kinase 2/signal transducer and acti-
vator of transcription 3/suppressor of cytokine signaling 3
(JAK2/STAT3/SOCS3) pathway. Exposure of 3-week-old male rats
to 750 mg per kg DEHP for 8 weeks elevated fasting glucose
levels, reduced muscle GLUT4 mRNA and protein levels,
reduced insulin sensitivity but had no effect on HOMA-IR."*®
Some of the earliest in vitro studies documenting the effect of
DEHP on glucose metabolism in a liver cell line originated from
a study in which Chang liver cells treated with 200 and 400 uM
DEHP for 24 hour showed reduced IR levels and glucose
oxidation.'”® Moreover, experimental data support the proposed
mechanism of DEHP inducing insulin resistance via oxidative
stress in insulin target cells. Treatment of L6 myotubes with 100
uM DEHP'” or buffalo rat liver cells with 5, 500 and 50 000 nM
DEHP'™ for 24 hours induced oxidative stress and apoptosis,
along with reduced IR and GLUT4 gene expression and protein
content, leading to impaired signaling and reduced glucose
uptake and oxidation. Treatment of a human preadipocyte cell
line with 50 pg per ml DEHP (128 pM) increased ROS levels but
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had no effect on the protein levels of enzyme antioxidants and
GLUT 4 expression.™*

Invivo studies found that treatment of adolescent male mice
with 180 mg per kg per day DEHP for 3 weeks elevated fasting
blood glucose levels and increased levels of HbA1lc but did not
change HOMA-IR levels."** Reduced liver IR, IRS-1 and GLUT4
protein levels, decreased levels of proteins that regulate lipid
metabolism homeostasis and increased serum triacylglycerol
were also observed. In a similar study, female mice exhibited
decreased liver antioxidant enzyme activity and increased MDA
levels.’® These observations were associated with increased
levels of HbAlc and GLUT4 protein, decreased IR and IRS-1
protein levels, while having no effect on fasting glucose, fast-
ing insulin and HOMA-IR levels. Hepatic cellular self-repair was
the suggested reason for the increased liver GLUT4 protein
levels. In both studies, the DEHP effects were aggravated in
adolescent T2D mice compared to normal rats, with the female
mice being more sensitive to DEHP that the male mice.*****
Rats treated with DEHP (10 and 100 mg per kg body weight) for
30 days displayed increased ROS production in adipose®** and
muscles tissue," resulting in impaired insulin signaling and
GLUT4 translocation to the plasma membrane, subsequently
leading to decreased glucose uptake and oxidation along with
elevated blood glucose levels. Reduced glycogen concentration
was also observed.**® Vitamin E and C were able to prevent most
of the DEHP-induced effects, confirming the involvement of
DEHP in inducing oxidative stress."****' In another study, Balb/c
mice given 50 and 250 mg per kg per day DEHP for 56 days had
increased liver ROS and MDA levels; however, the authors did
not further determine whether the oxidative damage was related
to insulin resistance.’® A study on metabolomics and tran-
scriptomics analysis of the long-term exposure (12 weeks)
exposure effects of 600 mg per kg per day DEHP on the rat liver
reported oxidative stress induction, mitochondrial dysfunction,
increased gluconeogenesis but inhibited glycolysis, disturbed
insulin signaling and insulin resistance pathways, increased
expression of apoptotic genes and decreased expression of
proliferative genes."*

Zhang et al.*** studied the effect of DEHP on the rat liver
(0.05, 5 and 500 mg kg~ ") and human hepatocytes cell line L02
(5-100 umol 17 1). In both the rat liver (15 week examination) and
L02 cells, DEHP induced oxidative stress (via increasing MDA
levels and decreasing SOD activity), increased PPARY protein
expression and reduced IR and GLUT4 protein levels. The rats
also exhibited elevated blood glucose, insulin resistance and
liver damage while L02 cells showed reduced glucose uptake
and translocation of the GLUT4 transporter to the cell
membrane. The PPARy antagonist GW9662 was effective in
reducing some of the DEHP-induced effects in L02 cells and the
authors concluded that the DEHP-induced oxidative stress and
GLUT4-associated changes occurred via a PPARy-mediated
mechanism. Transfections studies conducted in isolated rat
adipocytes and CHO-K1 fibroblasts showed that ligand-free
PPARY (in complex with RXR) represses the activity of the
GLUT4 gene by binding to its promoter and further suggested
that exogenous ligands alleviate this effect while endogenous
ligands enhance it."®* However, since the DEHP metabolite
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MEHP activates PPARY"**>*¢ it would seem that DEHP exposure
in the above studies further enhanced PPARy's ability to
downregulate GLUT4 expression. Thus Zhang et al.*** suggested
the decline in the levels of GLUT4 protein following DEHP
treatment in their study to be due to an increase in PPARy
expression, since DEHP and MEHP upregulates the expression
of PPARY at both mRNA and protein levels in vitro."®® Conflict-
ing results have since been reported regarding the effect of
DEHP/MEHP on PPARY expression;'*>'°1132134157 however, most
of the studies did not examine GLUT4 expression. The same
DEHP dose exerted similar'**'*® or differential patterns'* of
PPARY gene expression in different tissues, or exerted different
effects on PPARYy gene and protein expression in the same
tissue.134,154,157

Disturbances in insulin signaling and reduction in the
expression of GLUT4 are some of the proposed mechanisms
through which oxidative stress leads to insulin resistance in
peripheral tissues.®® It would seem that DEHP could down-
regulate GLUT4 expression via PPARy-mediated binding to its
promoter region, thus leading to insulin resistance.** While it
is generally accepted that PPARy ligands induce cellular
changes via binding to PPARY, it has been proposed that the
ligands may also act via mechanisms that are receptor inde-
pendent.’*® Oxidative stress seems to be a common feature
through which DEHP induces its effects in insulin target cells.
Therefore, based on the experimental data, it is possible that
the induction of oxidative stress and subsequent impaired
insulin signaling’** and reduction in the expression of GLUT4
may represent some of mechanisms through which DEHP could
contribute to insulin resistance and subsequently, the devel-
opment of T2D (Fig. 1 bottom panel). While some of the details
of the mechanisms involved in DEHP-induced insulin resis-
tance have been elucidated, further studies are warranted for
a full comprehension of these mechanisms.

3.4 DEHP and impaired adiponectin expression

Adiponectin is synthesized by adipose tissue and it modulates
glucose levels, lipid metabolism and insulin sensitivity in
insulin target organs.'**'*” Low levels of adiponectin are asso-
ciated with insulin resistance, obesity and T2D.'*'* Down-
regulation of adiponectin gene expression, along with increased
leptin expression and an increase in body weight and visceral
fat tissue, was observed in pregnant mice that were exposed to
DEHP."™* Jia et al.*>® found that higher leptin and lower adipo-
nectin serum levels in rats exposed to 500 mg per kg per day
DEHP were associated with an increase in the body mass index
and insulin insensitivity. In another study, DEHP exposure to
male and female mice for 10 weeks did not affect glucose
tolerance, fasting glucose and insulin levels or cause insulin
resistance (based on the HOMA-IR parameter).'” However,
impaired insulin tolerance in female mice, based on insulin
tolerance test, was reported along with a decrease in circulating
adiponectin levels and reduced levels of adiponectin protein in
subcutaneous adipose tissue. The authors suggested that DEHP
induces adipose tissue dysfunction, which was reflected by the
lowered adiponectin levels, and subsequently impaired insulin
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sensitivity."”” Mice exposed to DEHP in combination with a high
fat diet displayed increased fasting insulin levels and low adi-
ponectin levels, which were suggested to contribute to glucose
intolerance. The increased levels of PPARy phosphorylation at
serine 273 in adipose tissue observed in the study were sug-
gested to be the reason for the downregulated adiponectin
expression.**

In vitro studies showed that 3T3-L1 cells treated with 0.01%
DEHP for 48 hours had decreased adiponectin mRNA and
protein levels which were associated with reduced lipid content
and impaired insulin stimulated glucose uptake.'” Exposure of
a human preadipocyte cell line to environmentally relevant
levels of DEHP resulted in reduced adiponectin and increased
leptin secretion but did not affect GLUT4 mRNA levels***** and
GLUT4 translocation to the cell membrane.** This effect was
also associated with reduced triacylglyceride content and
reduced accumulation of lipid droplets.”** The lack of DEHP's
effect on GLUT4 expression and translocation somewhat
contradicts the observations that adiponectin protects against
insulin resistance and the findings in rat muscle cells where
adiponectin enhanced GLUT4 translocation.'”* It would also
seem that a decline in adiponectin levels is associated with
reduced lipid content in these in vitro studies but an increased
body weight/mass in the in vivo studies.

In contrast to epidemiological findings, it seems that
experimental studies agree that DEHP reduces adiponectin
levels. The observation that lowered adiponectin levels did not
affect GLUT4 gene expression and GLUT4 translocation to the
cell membrane in human preadipocytes is surprising since one
would expect an associated decline in these processes. This is
an aspect that can perhaps be clarified with more studies in
human models. According to a recent study, the mechanism
through which DEHP exposure reduced adiponectin concen-
trations is still being elucidated.®*

4 Conclusions

DEHP and its metabolites have relatively short half-lives in the
body and thus it is suggested that they do not bioaccumulate.
However, DEHP is ubiquitous in the environment and thus
prolonged constant exposure, through the use of everyday
products, warrants concern about its effects to human health.
Experimental data in animals suggest that exposure to DEHP
may be an added risk factor for developing diabetes. Further-
more, animal studies on developmental DEHP exposure suggest
that DEHP may cause long term imbalances in glucose metab-
olism that could potentially lead to the development of dia-
betes. The question of whether DEHP exposure results in
adverse effects in humans remains controversial in the scien-
tific community. With that being said, it seems that the
approach should be to err on the side of caution and minimize
exposure to this chemical. This could involve the development
of biomonitoring surveys in developing countries for environ-
mental chemical exposure monitoring, which could then
possibly inform regulatory restrictions regarding the use of
DEHP. In addition, the reasons for disparities in the associa-
tions of DEHP metabolites with insulin resistance and obesity

© 2024 The Author(s). Published by the Royal Society of Chemistry
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need to be investigated. There is also a need to strengthen
efforts in DEHP/DEHP metabolites and diabetes-related
research in areas such as longitudinal epidemiological studies
and experimental studies in cell models relevant to humans, at
environmentally relevant doses.
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