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Abstract
Numerous investigations have disclosed the factors involved in type 2 

diabetes; one of the them is a high-fat diet. Researchers have revealed that 
exposure to particulate matter (PM) can increase the risk of insulin resistance 
and diabetes; however, the mechanisms involved are still unclear. Incretin 
hormone receptors (GLP-1R and GIPR) and transcription factor 7-like 2 
(TCF7L2) are key players in nutrient-induced insulin secretion when nutrients 
are taken in. We hypothesized that particulate matter (PM) could trigger insulin 
resistance by interfering with the above mechanisms. 

Thus, we study the role of pancreas malfunction as well as the interaction 
between diesel exhaust (PM) and high-fat diet (HFD) in the development of 
insulin resistance. Four groups of C57BL/6 mice (namely N/F, H/F, N/P, and 
H/P) were studied.

Mice fed the standard, HFD and then exposed them to PM-filtered air for 
10 weeks. We conducted the expression of Gipr, Glp-1r, and Tcf7l2 (variant E4) 
genes, as well as the expression of TCF7L2 proteins. Insulin surrogate indices 
evaluated blood glucose and insulin sensitivity. We also performed blood lipid 
profiling and liver function tests. Despite maintaining their insulin tolerance, mice 
fed a lot of fat showed lower levels of GIPR and pancreatic TCF7L2 proteins, 
a sign of poor glucose tolerance. PM exposure decreased Gipr, Glp-1r, and 
Tcf7l2-E4 expression; however, glucose tolerance and insulin sensitivity did not 
show any significant change.

Moreover, PM significantly increased the levels of pancreatic TCF7L2 
protein. New research shows that PM short-term exposure can alter the way 
genes work that control insulin production and release. This could cause 
glucose and insulin intolerance if it lasts for a long time. 
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Introduction
Various environmental factors can affect epigenetic regulation 

of metabolism, suggesting that metabolic diseases are becoming 
more prevalent as a result of environmental variables [1]. Type-2 
diabetes (T2DM) is a multifactorial disorder that may result from a 
lifestyle, diet, or genetic susceptibility. However, the evidences Show 
that environmental pollution remains a missing piece in the disease 
etiology puzzle. The effect of exposure to air pollution on the chance 
of getting T2DM has been investigated in various studies, and it has 
been shown that ambient air pollution has an important role in the 
insulin resistance induction [2,3]. The main part of air pollution is 
Particulate matter (PM2.5, PM10, and smaller sizes), which can 
potentially contribute to the development T2DM, even at low levels 
[4]. According to recent studies, this can be even more threatening 
when accompanied by other risk factors, such as a high-fat diet (HFD) 
[5]. Researchers have proposed some biological factors (inflammation, 
oxidative stress) to explain this finding. However, due to the intricacy 
of diabetes etiology and the chemical composition of air pollutants, 
the underlying mechanism remains largely unknown [6,7]. 

The canonical pathway, β-catenin/TCF7L2-dependent Wnt 
signaling, which orchestrates several key regulators, has a pivotal 
role in normal insulin synthesis and secretion [8,9]. The islets in the 
pancreas make insulin, glucagon, and the incretin hormones GLP-1 
and GIP. These hormones are crucial for keeping glucose levels stable. 
Primarily, the pancreatic islets express incretin hormones, which 
regulate glucose levels through their respective receptors. Potential 
disruptors of TCF7L2, a functional element of incretin hormones 
and a regulator of their receptors in β-cells, interact with incretin 
receptors, which can impair beta -cell function and lead to diabetes 
[10].

Studies have indicated an intricate and tissue-specific splicing 
pattern for Tcf7l2 with distinct functions. Exon-4-contained variants 
(Tcfl2-E4) are the most common in pancreatic cells. They are also 
known to have inhibitory functions that influence both insulin 
synthesis and β-cell survival [11,12,13].
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A lot of research has been done on the Tcf7l2 gene polymorphism 
and how it affects glucose homeostasis. However, earlier research 
didn't find a link between the genotype that makes someone more 
likely to get T2D and differentially spliced Tcf7l2 transcripts [12,14]. 
A study conducted by Shu et al. (2009) showed that Tcf7l2 expression 
declined in high-fat-fed mice, making us wonder whether the flexible 
frame of splicing and alterations in this gene expression have a critical 
role in the pancreas response to metabolic stress [15].

Several studies have highlighted PM-mediated T2DM due to its 
epigenetic dysregulation outcomes [16]. However, few researches 
have examined the direct effect of PM on the expression of critical 
pancreatic regulatory genes involved in insulin synthesis and 
secretion. Furthermore, in earlier research, the obesogenic diet 
intervention usually came before PM exposure. This study, on the 
other hand, looked at how metabolic challenges might work together 
in a synergistic way.

Methods
Animal Care

Royan Laboratories (Isfahan, Iran) provided male C57BL/6 mice 
(8-12 weeks). We kept the mice on a 12:12-hour light-dark cycle 
and free access to water and food. The Medical Ethics Committee of 
Shahid Sadoughi University approved the study (Registration Code: 
IR.SSU.MEDICINE.REC.1395.244).

Study Design

Following a 12-day acclimatization period in the experimental 
chamber, we randomly assigned mice to four groups: control (N/F, 
n = 10), PM (N/P, n = 10), HFD (H/F, n = 10), and HFD + PM (H/P, 
n = 10). The N/F and N/P groups fed their animals a standard chow 
diet for 10 weeks, while the H/F and H/P groups fed them a diet 
containing 45 percent fat calories. For 10 weeks, we exposed the mice 
to either PM or HEPA-filtered air (FA) for 6 hours per day, 6 days 
per week. Throughout the study, we weighed the animals every two 
weeks. The exposure occurred during the light cycle. Blood glucose 
levels were measured weekly after 6-8 h of fasting by the SD code-free 
glucometer (SD BIOSENSOR, Inc., Korea) (5 μL of blood).

PM Exposure and Monitoring

A well-sealed glass chamber with constant airflow (6 m/h) housed 
the mice. A sucking pump injected particulate matter emissions 
from a light-duty diesel engine into the experimental chambers. 
We obtained real-time data on emitted PM by a monitoring system 
(Environmental Dust Monitor 365, GRIMM, Grimm Aerosol Technik 
GmbH & Co., KG, Ainring, Germany). Hourly particle number 
concentrations (PNCs) were measured with size distributions of 0.25, 
10, and 1 μm. We also performed a zero check on the control cages.

Euthanasia, Blood Sampling, and Tissue Collection

We fasted the mice for 10-13 hours 24 hours after the last PM 
exposure, anesthetized them with thiopental (50 mg/kg, i.p.), and 
euthanized them by cervical dislocation [17]. We used serum 
separator tubes (SSTs) to obtain blood samples through cardiac 
puncture. We refrigerated the tubes overnight, centrifuged them at 
2000 g for 15 minutes, and then stored them for further analysis. We 
quickly dissected and split the pancreas into two halves from the head 

to the tail. We stored one half for ELISA, while we minced the other, 
immersed it in RNA later and stored at -80°C [18,19].

Lipid Parameters 

We analyzed the lipid profiles in blood samples for 10 weeks to 
assess the influence of inhalation exposure to PM on lipid homeostasis. 
We measured HDL-C, TG, and TC levels using commercial kits (Pars 
Azmun, Iran). We calculated the LDL-C level using the Friedewald 
formula [20]. 

Liver Function Test

After 10 weeks of intervention, the available commercial kit (Pars 
Azmun, Iran) measured the levels of ALT, AST and ALP to assess the 
hepatic function status.

Serum/Pancreatic Insulin and TCF7L2 Protein Assessment

Half of the pancreas sample, allocated for protein quantification, 
was rinsed, suspended, and homogenized in ice-cold PBS (1X). The 
suspension was sonicated three times on ice and centrifuged, and the 
supernatant used for ELISA. The pancreatic TCF7L2 protein assay was 
performed using a mouse transcription factor 7-like 2 ELISA kit (My 
Bio Source Inc., San Diego, CA). Serum/tissue total insulin content 
was measured by using ELISA kit (Abnova, Taiwan). The amount of 
insulin in the pancreas was compared to the total protein content of 
the tissue (the Bradford assay was used to measure pancreatic total 
protein) [21]. Insulin sensitivity status was also assessed by calculating 
surrogate indices (log HOMA-IR, QUICKI, %B, %DI, %S).

Analysis of Gene Expression by Quantitative PCR

Total RNA was isolated from the pancreas using the TRIZOL 
Reagent (Life Technologies, Carlsbad, CA) in combination with the 
Total RNA extraction kit (Vivantis Technologies, Malaysia) [22]. 
cDNA was synthesized from 1 μg of mRNA using a High-Capacity 
cDNA Reverse Transcriptase Kit (Thermo Fisher Scientific, Vilnius, 
Lithuania). Quantitative real-time PCR analysis on a Light Cycler 
96 System (Roche Applied Science, Indianapolis, IN, USA) using 
standard procedures. The SYBR Green I Master Kit (Amplicon, 
Odense M, and Denmark) amplified the target genes. The primers 
used for real-time PCR. We determined the fold changes in mRNA 
levels after normalizing them to the internal control β-actin mRNA 
levels.

Statistical Analysis 

We analyzed the data using SPSS19.0 IBM statistics software 
and presented the results as means and SEM. To normalize the non-
normally distributed data, we log10 transformed β%, DI%, and S% 
values. We performed a repeated measures analysis for the weekly 
weight and serum glucose measurements. We used the General Linear 
Model (GLM) univariate analysis, with Bonferroni's adjustment for 
pairwise comparisons, to assess the interaction between PM and HFD 
as fixed factors. Statistical significance was considered at p < 0.05.

Results
Exposure Characterization

As illustrated in Figure 1A, PM exposure was constant during 
the study. The mean concentration of PM in the exposure chamber 
during the 10 weeks of exposure was 120 μg.m-3 (~10-fold higher than 
the ambient PM concentration).
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Bodyweight Investigations

Figure 1B depicts the mean weight in the experimental groups. 
During the study, high-fat-treated mice significantly gained weight 

compared to the control group, whereas PM-exposed mice showed 
no significant weight gain (p = 0.963). GLM univariate analysis did 
not reveal a significant interaction between PM exposure and HFD 
(p = 0.160).

Fasting Blood Glucose, Fasting Serum, and Pancreatic 
Insulin Levels

FBG was monitored weekly during the study and data showed 
FBG levels in the PM-exposed mice were similar to the FA-exposed 
mice. However, FBG levels rose significantly in high-fat-fed mice at 
weeks 7 and 10 compared with the control (Figure 2A-D). The PM-
inhaled groups (p = 0.351) and HFD groups (p = 0.330) did not 
significantly alter their serum levels of insulin after 10 weeks (Figure 
2E). 

However, the pancreatic insulin content increased in both the 
PM- and HFD groups (Figure 2F). The GLM univariate analysis 
revealed a significant interaction between PM exposure and the HFD 
effect on pancreatic insulin levels (p < 0.001).

Effect of Sub-Acute PM Exposure on Glucose Tolerance 
and IR

We generated surrogate indices of insulin resistance and 
sensitivity based on the FBG and insulin levels in blood drawn before 
euthanasia. We adjusted the indices for body weight and found no 
significant change in the insulin sensitivity state of the groups [23,24].

Figure 1: Figure 1 (a): The particulate matter levels (in diameter) in the 
exposure chamber and (b) Mice weight gain during the study (* P = 0.019 
Vs. control). The results are means ± S.E.M.
Figure 1 Alt Text: Figure 2 shows A) A box plot depicting the particulate 
matter levels (by diameter) in exposure chambers on the y-axis against 
weeks on the x-axis. B) A line chart showing mice weight (on the Y-axis) by 
group name against week (on the X-axis).

Figure 2: Fasting blood glucose and insulin levels. FBG levels followed an 
upward trend in 6-8 h fasted mice during the first weeks on a high-fat diet 
(a) after 2 weeks (* P= 0.42 vs. control) and (b) after 4 weeks (* P= 0.29 Vs. 
control) but reached significance after (c) 7 weeks (* P= 0.011 Vs. control). 
However, the difference did not remain significant until (d) 10 weeks on the 
diet when FBG increased significantly in HFD groups compared to the control 
(* P= 0.037 Vs. control). (e) Serum insulin levels, and (f) Pancreatic insulin 
content in PM- exposed (* P ≤ 0.01 vs. control) and HFD-treated (* P= 0.004 
Vs. control) mice. The results are means ± S.E.M
Figure 2 Alt Text: Figure 2 shows clustered bar charts grouped according to 
the diet (high fat or normal) and air quality (polluted or clean) depicting A-D) 
glucose levels on weeks 2, 4, 7, and 10, respectively. E) Serum insulin levels 
among the groups at the end of the study F) Bar chart depicting pancreatic 
insulin levels at the end of the study. Filtered air groups are white bars, and 
polluted air groups are gray.

Figure 3: Effect of PM exposure and high- fat feeding on Lipoprotein profile. 
(a) TG (b) Total cholesterol (* P ≤ 0.01 Vs. control) (c) HDL (* P = 0.007 Vs. 
control) (d) LDL (* P < 0.001 Vs. control), and (e) HDL/LDL ratio (* P ≤ 0.01 
Vs. control). The results are means ± S.E.M.
Figure 3 Alt Text: Figure 3 shows clustered bar charts grouped according 
to the diet (high fat or normal) and air quality (polluted or filtered) depicting 
A-E) serum lipid parameters levels, including triglyceride, total cholesterol, 
HDL-C, LDL-C, and HDL/LDL ratio at the end of the study. Filtered air 
groups are white bars, and polluted air groups are gray.
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Sub-Acute Exposure to PM Altered Serum Lipid Profile 

The serum TG levels were comparable between the control 
and experimental groups (Figure 3A). Serum TC levels increased 
significantly in the HFD groups but did not reach significance in PM-
exposed mice (p = 0.496) (Figure 3B). As shown in Figure 3C, D, mice 
fed an HFD showed a marked increase in serum HDL-C and LDL-C 
levels, while PM-inhaled mice showed no alteration (HDL, p = 0.168; 
LDL, p = 0.113). In comparison to the control group, the HDL/LDL 
ratio decreased significantly in all three groups (Figure 3E).

Sub-Acute PM Inhalation Disrupts Hepatic Function

AST, ALT, and ALP levels increased significantly after 10 weeks 
of exposure in the PM-treated mice (Figure 4A-C). Nevertheless, 
enzyme levels did not change in the HFD groups (AST, p = 0.242; ALT, 
p = 0.466; ALP, p = 0.429). The mice's serum lipid profile, elevated 
hepatic enzymes, and inflammatory status (data not shown) indicate 
the early onset of NAFLD in the PM-inhaled groups.

PM Inhalation Associated with A High-Fat Diet Decreases 
Incretin Receptor Expression 

The gene expression of Gipr declined considerably in both 
HFD-fed mice and PM-exposed groups (Figure 5B). Glp-1r mRNA 
expression was also decreased relative to β-actin in the PM-exposed 
groups. Meanwhile, the high-fat-fed counterparts did not show 
a significant difference compared with the control (p =  0.225) 
(Figure 5A). The GLM univariate analysis also revealed a significant 
interaction between PM exposure and HFD effect on the expression 
of Gipr (p = 0.016).

Sub-Acute PM Inhalation Effect on Tcf7l2 Expression 

HFD hadn't significant effect on the level of Tcfl2-E4 (p = 0.118), 
but it did drop significantly in groups exposed to PM compared to the 
control (Figure 5C). This study also calculated the pancreatic TCF7L2 
protein content to examine the correlation between the expression 
of the E4 variant of Tcfl2 and its protein expression. The amount of 
TCF7L2 protein dropped a lot in the groups that were fed a lot of fat, 
but it went up when they were exposed to PM (Figure 5D).

Discussion
The main finding of our study was that short-term exposure to 

diesel exhaust particulate matter could cause pancreatic dysfunction 
by messing up the way genes are expressed normally in the pancreas. 
The present findings also suggest that exhaust PM exposure may 
enhance the risk of 2DM by promoting insulin-induced insulin 
resistance.

Numerous lines of records discuss the close association, 
between the TCF7L2 and T2DM, but it's unclear how diabetogenic 
environments affect its expression levels. We found that people on 
high-fat diets had less TCF7L2 protein in their pancreas, but their 
Tcf7l2-E4 mRNA levels didn't change much. Previous findings 
regarding the Tcf7l2 gene and protein expression under a high-fat 
diet are controversial. In this case, Shu et al. showed that the TCF7L2 
protein level dropped even though the gene level went up after eating 
an HFD, while Hu et al. found that both the Tcf7l2 gene and protein 
expression went down [15,25]. However, Yang et al. (2012) reported 
an increased TCF7L2 protein expression in mouse pancreas fed on 
an HFD [26]. Later, in 2012, Shu et al. reported that TCF7L2 protein 
expression followed a phasic pattern under an HFD that increased 
in the early weeks of exposure and decreased when hyperglycemia 
became apparent. They concluded that TCF7L2 levels are associated 
with β-cell compensation during a HFD [27]. Also, Tcf7l2+/- mice 
had lower levels of insulin and glucose in their blood, better glucose 
tolerance, and higher insulin sensitivity when fed normal food or an 
HFD compared to their wild-type littermates. This made them less 
likely to get diabetes from their food [26,28]. However, both mild and 
acute specific Tcf7l2 depletion from the pancreas resulted in impaired 
glucose tolerance, while the islet and plasma insulin content remained 
comparable to the control group [29,30]. The most common type of 
TCF7L2 isoform in pancreatic islets is the one that contains exon-
4 and has a lower ability to transactivate genes [12]. No data are 
available on dietary-mediated alterations in the expression of exon 
4-containing isoforms. A study by Pradas-Juni et al. (2014) on human 
B lymphocytes was interesting because it showed that exon 4 was more 
likely to be included in T2D patients with the at-risk T/T genotype, 
but less likely to be included in non-diabetic at-risk T/T carriers [31]. 
When mice were exposed to PM, their Tcf7l2-E4 levels went down, 
which was different from the HFD groups in this study, and based 
on their metabolic traits, the higher exclusion of exon 4 might help 
protect them against metabolic stress. Pradas-Juni et al. (2014) also 
found reduced TCF7L2 protein levels in patients with diabetes with 
an at-risk T/T genotype [31]. The present results showed a reciprocal 
pattern in the alterations of Tcf7l2-E4 and TCF7L2 protein expression 
under both HFD treatment and PM exposure, indicating that exon 
4-containing transcripts may further suppress the transcription of 
Tcf7l2.

Figure 4: Effect of PM exposure and high -fat feeding on Serum hepatic 
enzymes (a) AST (* P = 0.019 Vs. control) (b) ALT (* P = 0.007 Vs. control), 
and (c) Alp (* P = 0.012 Vs. control). The results are means ± S.E.M.
Figure 4 Alt Text: Figure 4 shows clustered bar charts grouped according 
to the diet (high fat or normal) and air quality (polluted or clean) depicting 
A-C) serum hepatic enzymes, including AST, ALT, and ALP, respectively. 
Filtered air groups are white bars, and polluted air groups are gray.

Figure 5: Effect of PM exposure and high- fat diet on the pancreatic 
expression of (a) Glp-1r (* P ≤ 0.01 Vs. control) (b) Gipr in PM exposed (* 
P= 0.011 Vs. control) and HFD treated (* P= 0.001 Vs. control) mice, (c) 
Tcf7l2-e4 (* P= 0.007 Vs. control) (d) TCF7L2 protein content in PM exposed 
(* P ≤ 0.01 Vs. control) and HFD treated (* P ≤ 0.01 Vs. control) mice. The 
results are means ± S.E.M.
Figure 5 Alt Text: Figure 5 shows clustered bar charts grouped according to 
the diet (high fat or normal) and air quality (polluted or clean) depicting A-C) 
mRNA expression levels of GLP-1R, GIPR, and TCF7L2-E4 D) pancreatic 
TCF7L2 protein content. Filtered air groups are white bars, and polluted air 
groups are gray.
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Assessment of mRNA expression also revealed a decline in Gipr 
mRNA levels in HFD. Some studies have extensively documented 
a decreased incretin effect in diabetes mellitus, particularly in GIP 
[32,33]. Later research showed that the loss of the incretin effect was 
caused by lower expression of incretin receptors in pancreatic islet 
cells [34].

Recent data suggests that GIP is responsible for fat intake, while 
GLP-1 is associated with excess caloric intake, which could explain 
the greater reduction in Gipr in HFD groups [35].

Since an HFD is one of the major factors of T2DM, more research 
needs to be done on how incretin receptors affect glucose homeostasis 
in HFD-induced metabolic dysmetabolism. GIP receptor antagonism 
counters obesity and insulin resistance in HFD mice, according to 
McClean et al. and others [36,37]. Another thing is that mice lacking 
Glp-1r and Gipr (Gipr −/−, Glp-1r −/−) and double incretin receptors 
are fed high-fat diets and are attacked with cytokines. These mice 
don't get fat or develop insulin resistance [21,38,39].

Several researchers have also proposed that β-cells have self-
adaptive tricks during diabetes progression. In this line, Kubo et 
al. showed that restoring Glp-1r expression in diabetic db/db mice 
makes glucose intolerance worse compared to db/db control mice. 
They came to the concluded the different effects of Glp-1r activity on 
β-cell functions in diabetic and non-diabetic mice [40]. In line with 
their findings, Srivastava et al. said that the slowed- down incretin 
response is part of a two-phase pattern of expression that happens 
before T2DM develops. It may be a way for the pancreas to deal with 
stress and keep glucose tolerance normal [41].

Previous studies reported increased serum and pancreatic insulin 
in response to an HFD [25,37]. Given that disrupted incretin is one 
of the early markers of β-cell dysfunction, this reduction leads to 
impaired insulin secretion and hyperinsulinemia, as evidenced by the 
elevated FBG despite higher pancreatic insulin and preserved insulin 
sensitivity in the HFD groups [42]. We hypothesize that prolonged 
exposure to excess nutrients could override the compensatory effect 
of receptor loss.

The aforementioned studies suggest that the response to HFD is 
a phasic process, with glucose intolerance peaking within three days 
and remaining in the plateau phase between weeks 1-12 [43].

In agreement, Mosser et al. (2015) reported that fasting insulin 
and insulin tolerance remain unchanged until the 11th week, when 
elevated fasting insulin and insulin intolerance become apparent 
despite early impaired glucose tolerance in HFD mice [44]. Therefore, 
the present study's observation of normal insulin tolerance could 
be the result of testing during the stable transient phase of insulin 
resistance development. This could be due to the relatively higher 
fat content of the control diet compared with similar studies (~14%). 
In studies using the HFD-induced diabetes methodology, the 
administered diet fat content is normally 4–10 times higher than that 
of the control, which is 3.5 times in this study.

These results are the first to show that short-term exposure to 
PM hurts the function of the pancreas. This is likely because it lowers 
the expression of Glp-1r, Gipr, and Tcf7l2, which can make insulin 
resistance worse. We detected no significant changes in fasting blood 

insulin (despite the upward trend), fasting blood glucose, or body 
weight (despite the downward trend) in the PM-exposed groups. 
According to the literature, PM exposure can increase serum insulin 
levels in mice and eventually lead to insulin resistance, though almost 
no data exist on pancreatic insulin content [4,45,46]. However, 
Miranda et al. (2018) reported that maternal exposure to PM increases 
islet insulin content in the offspring, a finding that aligns with current 
findings [47]. Recently, Bosch et al. (2019) showed that intratracheal 
exposure of mice to PM did not affect glucose tolerance, insulin, 
body weight, or fasting glucose, whereas oral administration of PM 
impaired glucose tolerance, decreased insulin, and hadn't effect on the 
body weight, FBS, or insulin sensitivity [48]. They took out pancreatic 
ß-cells and found that the islet insulin content didn't change much 
(even though it was going up), but the number of small islets was 
slightly higher in the mice that were given the drug by mouth [48]. In 
this study, insulin sensitivity was about the same as the control group, 
but serum AST and ALT levels went up a lot in the PM-exposed 
groups, and the HDL/LDL ratio went down a lot, which may make 
the risk of NAFLD higher [49].

Documents showed that PM exposure elevates the risk of fatty 
liver disease [45,46]. High levels of transaminase correlate to insulin 
resistance and T2DM [50,51]. Higher levels of hepatic enzymes, 
alkaline phosphatase, and NAFLD are independent predictors of 
T2DM. These levels often show up before other insulin resistance 
mediators do [50,52,53].

We found no significant evidence of their synergistic effect on 
glucose tolerance and insulin resistance indices when we administered 
PM and HFD simultaneously. However, we observed a synergistic 
effect on pancreatic insulin, TCF7L2 protein, and Gipr expression. 
Xu et al. (2010) looked into how PM could cause insulin resistance 
to develop during the same period, time but with only concentrated 
PM2.5 exposure. They did not find that HFD and PM exposure had 
any synergistic effects on glucose tolerance and HOMA-IR [54]. Still, 
giving HFD and PM2.5 together (through intranasal instillation) in a 
recent study made people less able to handle glucose, but only after 12 
weeks of the study [55].

Conclusion
PM inhalation may make it harder for the pancreas to respond 

properly to insulin needs. This, along with insulin resistance in the 
liver, can make it harder for the body to handle glucose, which can 
eventually lead to 2DM. Our study also showed that distinct metabolic 
stresses can influence islet gene expression, and metabolic stress can 
alter TCF7L2 and incretin receptor expression long before insulin 
resistance develops.
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