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. The key features of type 2 diabetes mellitus (T2DM) caused by high fat diet (HFD) in combination

: with arsenic (As) exposure (pronounced glucose intolerance despite a significant decrease in insulin
resistance) are different from those expected for T2DM. Autophagy has been considered as a
possible link between insulin resistance and obesity. Therefore in this study, we utilized autophagy
gene expression profiling via real-time RT-PCR array analysis in livers of NMRI mice exposed to an

. environmentally relevant and minimally cytotoxic concentration of arsenite (50 ppm) in drinking water

. while being fed with a HFD for 20 weeks. Out of 84 genes associated with autophagy under study, 21

. genes were related to autophagy machinery components of which 13 genes were downregulated when
HDF diet was applied. In this study, for the first time, it was shown that the exposure to arsenic in the
livers of mice chronically fed with HFD along with increased oxidative stress resulted in the restoration
of autophagy [upregulation of genes involved in the early phase of phagophore formation, phagophore
expansion and autophagosome-lysosome linkage stages]. Considering the role of arsenic in the
induction of autophagy; it can be argued that reduced insulin resistance in HFD — As induced diabetes
may be mediated by autophagy upregulation.

Type 2 diabetes mellitus is characterized by impaired insulin secretion, insulin resistance, overproduction of
glucose by the liver, and an abnormal fat metabolism. Obesity, especially of visceral or central type, is common
in type 2 diabetes (up to 80% of diabetics are obese)'. Unquestionably, factors such as genetics, diet, and lifestyle
: are not the only factors increasing the prevalence of diabetes in recent years, and environmental pollution is
* likely to be a contributing factor>’. Among the environmental pollutants, arsenic has attracted more attention.
Epidemiological studies conducted in Bangladesh, Taiwan, Mexico, and the United States indicate a significant
increase in the incidence of diabetes due to the presence of this compound in potable water*~’.
Recent studies have shown that the key characteristics of diabetes in HFD mice treated with inorganic form
of arsenic are different from those expected from type 2 diabetes (pronounced glucose intolerance despite a sig-
nificant decrease in insulin resistance)®-12. Autophagy is the main pathway for clearing the cells from senescent
. proteins or other damaged intracellular structures with impaired functions, and the dysregulation of this process

is involved in several diseases and aging'>!%. In recent years, there has been a better understanding of the relation-
. ship between autophagy and various types of metabolic stresses. There are several types of autophagy in the cells,
. which are often simultaneously active; however, the type of degradation performed by them differs according to
. the type of cell and cellular conditions'>. Macroautophagy, microautophagy, and chaperone-mediated autophagy
. are three known forms of autophagy, among which macroautophagy has a dual role in biogenesis and degrada-
. tion of lipid droplets'é~'8. Previous studies show autophagy involvement in cellular events and liver hemostasis.
. It has previously been shown that hormones and nutrition regulate the activity of this catabolic process in the
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Variable LFD LFD50 HFD HFD50

Liver distribution of Arsenic (ng/g) 12.734+3.520 310.6429.72"" 9.225+1.995 276.7 +17.28%#
FBG (mg/dL) 101.8+7.314 139.5+13.85 207.7+15.92" 114.5+10.98%
ESI (ng/L) 0.3099£0.06996 | 0.1607 0.008793" | 0.1698 +0.02203"" | 0.09067 + 0.03320"
HOMA.IR(arbitrary unit) 6.100+0.6671 4.790+0.2883 9.705+0.8305" 2.525+0.7973%
HOMA B(arbitrary unit) 186.0+35.33 117.0£36.68" 41.25+£9.232" 20.75+5.588"F
ROS (FIU/g) 160.240.28 221.3+17.1° 192.5+10.2 296.8 + 26.227
MDA (nmol/g) 10.53 £2.804 28.62+3.308""" 30.62+2.085"" 52.06 = 1.953""#*

Table 1. Liver distribution of arsenic FBG, FSI, HOMA.IR, HOMA.(3 and oxidative stress markers in the
control (LFD or HFD) and arsenic treated mice (LFD50 or HFD50). Values represented as mean & SE (n=12).
*Significantly different from LFD, *Significantly different from HFD. *Significantly different from LFD + As 50
ppm. **and $ p < 0.05, ** and *p < 0.01, *** and ***p < 0.001.

liver and other organs; however, in recent studies focusing on this pathway, it has been shown that degradation
through autophagy is not only valuable for maintaining hemostasis in the liver, but it also affects other liver
events, such as metabolic disorders, lipotoxicity, proteinotoxicity, infection, carcinogenesis, and pathogenesis
of common liver disease!*~*'. Two of the most important functions of autophagy in the liver include cellular
energetic balance and cellular quality control. Cellular energy balance is achieved through the breakdown of
intracellular macro-molecular reserves, organelle turnover (especially in the mitochondria), and the control of
key enzymes regulating cell metabolism'*-2'. Lysosomal defective amino acids can either be used to make new
proteins, or enter into the Kerbs cycle to make ATP and gluconeogenesis, and then be consumed?*-2%. Activation
of macroautophagy in the liver increases glucagon levels and decreases insulin levels, both of which are autophagy
inhibitors?>**-?7. Macroautophagy in liver cells also has another cargo called lipids. A process by which fatty
particles, cytosolic triglyceride reservoirs, and cholesterol esters accumulate into autophagosomes and are bro-
ken up by lysosomal lipase is called macrolipophagy'®?%. During dietary lipid overload, macrolipophagy inhibits
fat accumulation in the liver®®. Autophagy can also act to maintain the balance survival of energy in the liver
through the glycogen catabolism, which is one of the important sources of energy storage in the liver?-*.. This
process known as glycophagy, is carried out through the participation of the Atg protein called GABARAPL1
(y-aminobutyric acid receptor associated protein-like 1) and the cargo-recognizing receptor called stbdl
(starch-binding domain-containing protein 1)?*3!. Recent studies have shown that the energetic imbalance due
to the specific deletion of the essential autophagy genes in the liver leads to a defect in the ability to regulate the
body’s homeostasis during exposure to lipolysis, proteolysis, and other forms of nutritional stress*®. An energy
imbalance in animals with blocked autophagy will be intensified with a defect in mitochondrial function and this
destructive cycle is due to the inaccurate turnover of this organelle due to a defect in autophagy (mitophagy)?**2.
Chronic lipogenic stimuli or over nutrition in long-term leads to the disruption of macroautophagy. Studies have
shown that down regulation of autophagy can contribute to complications of obesity and diabetes, which appear
as endoplasmic reticulum stress (ER stress) and insulin resistance'***. The mitochondria are the primary sources
of reactive oxygen species (ROS) production, and ROS is capable of activating autophagy through the inhibition
of mammalian target of rapamycin complex 1 (mTORC1) and p53*-%. In our previous studies, we found that
hepatotoxicity, oxidative stress, and liver mitochondrial damage were involved in HFD — As diabetes®.

There have been few studies concerning arsenic-induced changes on autophagy pathway in liver cells**~*. In
a study, it was shown that arsenic could induce autophagy via a ROS-dependent pathway*%. Therefore, the aim of
this study was to specify the involvement of autophagy in diabetogenic effects of chronic exposure to inorganic
arsenic and HFD. In particular, the hypothesis is posed that considering the role of arsenic and ROS in the induc-
tion of autophagy, it can be argued that reduced insulin resistance in HFD — As diabetes is mediated by auto-
phagy upregulation. The findings from this study can increase our knowledge for the prevention and treatment
of arsenic-dependent T2DM.

Results
Liver distribution of arsenic. Arsenic exposure led to the accumulation of this agent in the livers of
LFD + As and HFD + As treated mice (p < 0.001) (Table 1).

Serum glucose and insulin.  FBG and FSI were administered to evaluate glucose homeostasis and insulin
secretion in response to glucose challenge and insulin resistance, respectively. After 20 weeks of LFD consump-
tion, the control LFD mice showed an average FBG level of 101.83 mg/dL. HFD feeding for 20 weeks resulted in a
significant increase of FBG (207.7 mg/dL) in control HFD mice (p < 0.001). Furthermore, lower FBG levels were
detected in HFD mice exposed to 50 ppm of arsenic (114.5mg/dL) in comparison with the control HFD group
(p<0.001).

In general, the mice in the HFD groups showed lower FSI levels compared to the LFD group (p < 0.01).
Compared to the control HFD mice, FSI value in HFD + As exposure group was decreased (p < 0.05). Also,
LFD + As (50 ppm) revealed a significant reduction in FSI when compared to the control LFD group (p < 0.01).

The averages of HOMA-IR values were consistently higher in the control HFD than LFD group (p < 0.05). As
exposure did not change HOMA-IR in LFD-fed mice, but it decreased this index in the HFD group (p < 0.001).
The value of HOMA-(3 was significantly reduced in the HFD control group compared to the LFD control mice
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Figure 1. Involvement of autophagy in diabetogenic effects of chronic exposure with inorganic arsenic and the
use of HFD simultaneously. Macroautophagy is inhibited by insulin amino acid-mTOR signaling pathway in
short- or long-term patterns. Short-term inhibition can be generated through mTORCI by preventing ULK1
and long-term inhibition is achieved through FoxO transcription factors (subgroup of the Forkhead family of
transcription factors) controlling the transcription of genes involved in autophagy. FoxO is phosphorylated and
inhibited by insulin-induced action of PKB (Protein kinase B). Continuous intake of energy and nutritional
stress inhibit autophagy that causes metabolic stress, insulin resistance, and type 2 diabetes. In particular, the
hypothesis is posed that considering the role of arsenic in the induction of autophagy, it can be argued that
reduced insulin resistance in HFD — As diabetes is mediated by autophagy upregulation.

(p <0.05). Further exposure to As (50 ppm) significantly decreased the HOMA-3 values in LFD- and HFD-fed
mice compared to their control groups (p < 0.01 and p < 0.05, respectively) (Table 1).

Hepatic oxidative stress.  As shown in Table 1, HFD induced a rise in ROS formation in the liver. Exposure
to As (50 ppm) increased this variable in LFD-fed mice (p < 0.01) compared to its control. Also, compared to the
control HFD group, overproduction of ROS has occurred in HFD + As (50 ppm) treated mice (p < 0.001). The
results of lipid peroxidation revealed that liver MDA level was significantly higher in the control HFD mice com-
pared to LFD group (p < 0.001). In addition, As (50 ppm) exposure significantly increased this variable in mice
fed with LFD and HFD (p < 0.001) when compared to their controls.

Transcriptomic analysis of autophagy gene expression in HFD, LFD — As, and HFD — As treated
groups. To investigate the hypothesis outlined in this study (Fig. 1), the expressions of autophagy pathway and
genes in LFD — As, HFD and HFD — As treatments were studied by RT2 Profiler PCR Arrays-Mouse Autophagy.
HED significantly reduced the expressions of several autophagy-related indicators in the livers of mice (Fig. 2A).
In contrast, majority of these indicators were increased in the liver tissues of LFD50 mice compared to the control
group (Fig. 2B). In confirmation of the hypothesis set forth in this study, the livers of mice fed with HFD that were
exposed to arsenic showed a restoration in the expression of genes involved in autophagy (Fig. 2C). The results
are displayed as a “Scatter Plot” (Fig. 2A-C). The findings of this study show a significant change of markers that
play a critical role in autophagy machinery components in CMA and macroautophagy, which will be further
discussed in more detail.

Macro autophagy machinery components. The genes and proteins regulating autophagy (as effectors
and modulators) are different in the three types of autophagy, including macroautophagy, microautophagy, and
chaperone-mediated autophagy'®. Microautophagy regulates the entry of cytosolic cargo-proteins and organelles
through the invagination of lysosomal membrane, and the molecular components involved in this type of auto-
phagy have not been elucidated'”*. As shown in Table 2, the findings of this study show a significant change of
markers that play a role in the pathway and structure of autophagy in macroautophagy and CMA. Out of the
84 genes associated with autophagy under study, 21 genes were related to autophagy machinery components of
which 13 genes were downregulated when HDF diet was applied. Remarkably, the exposure to arsenic in this
study led to the upregulation of all the examined genes involved in macroautophagy machinery components as
well as chaperone-mediated autophagy (CMA) when the HFD was received (Table 2).

KEGG pathway of macroautophagy in LFD — As, HFD and HFD — As treated groups.  Asshown
in KEGG pathway (Figs 3, 4 and 5), the macro autophagic pathway involves several specific steps including vacu-
ole formation, ubiquitination, vacuole targeting and autophagosome-lysosome linkage*®-*". The alteration (upreg-
ulation/downregulation) in markers associated with autophagosome formation in the livers of LFD — As, HFD
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Figure 2. Presents change in the expression of autophagy genes. The Scatter Plot graphs show the expression
level (2 2°T) of each gene in the control sample versus the test sample. The black line indicates fold changes
(Z_AACT ) of 1. The pink lines indicate the desired fold-change in gene expression threshold. (A) Changes in
expression of autophagy genes in HFD treated groups. (B) Changes in expression of autophagy genes in

LFD — As treated groups. (C) Changes in expression of autophagy genes in HFD — As treated groups.

and HFD — As treated groups shows the potential involvement of macroautophagy in the new face of type 2
diabetes.

Vacuole Formation, Induction and nucleation. The Autophagy-related genes (ATG) play an important
role in the formation of autophagosomes and the regulation of macroautophagy®">2. As shown in Fig. 6, there was
areduction in the expression of most of the genes (Becnl (BECN), Ulk1 (the Unc-51 like kinase 1 (C. elegans)),
Atgdc, Atg9a, Gabarapll, Gabarapl2, Map1lc3b, and Wipil) involved in the early phase of phagophore formation
in livers of HFD mice in comparison with the control group. A nearly contradictory result was observed regarding
the majority of genes implicated in this phase in LFD group exposed to arsenic. Additionally, arsenic was able
to restore ATG genes expression in the obese mouse liver tissue. Arsenic has induced the expression of Beclin 1,
(6.94 fold change), and ULK1 (1.51 fold change) in the HFD50 group. Beclin 1 and ULK1, along with other key
subunits, cooperate in the formation of the phosphatidylinositol-3-kinase (PI3K) complex necessary for nuclea-
tion and phagophore membrane formation®.

Ubiquitination and phagophore expansion. Elongation of pre-autophagosomal structure requires two
ubiquitin-like systems, including Atg12-Atg5-Atgl6L (Atgl6-like protein) and LC3 conjugation system®*>>. The
microarray analysis indicated that Atgl2, Atg5, and Atgl6L could show upregulation during exposure to arse-
nic in the hepatic cells of mice receiving HFD (5.96, 2.58, 8.91 fold change). The ubiquitin-like Atgl2 protein
is covalently conjugated to the Atg5 protein through the enzymatic activity of Atg7 and Atgl0. The conjugated
Atg12-Atg5 can non-covalently bind with the Atg16L, and this tetramer (Atgl2-Atg5-Atgl6L) acts as an e3-like
ubiquitin ligase contributing to the development of autophagosomal membrane®*>%. In the second conjugation
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Atgl2 4.92 6.06 4.15 6.73 3.3E-02 1.5E—02 5.6E —02 9.5E—03 |3.49 1.59 5.96 3.49 1.59 5.96
Atglell 2.25 4.41 0.76 3.92 2.1E—01 4.7E—-02 5.9E—-01 6.6E—02 |3.17 0.71 8.91 3.17 —1.41 8.91
Atglel2 4.92 8.68 4.10 4.74 3.3E-02 2.4E-03 5.8E—02 3.8E—02 |0.88 0.07 1.55 —1.14 —15.37 1.55
Atg3 4.92 5.08 2.15 3.68 33E—-02 3.0E—02 2.3E-01 7.8E—02 | 0.42 0.38 2.88 —2.37 —2.64 2.88
Atgdb 4.18 5.26 3.02 6.95 5.5E—-02 2.6E—-02 1.2E-01 8.1E—-03 |6.79 3.22 15.19 6.79 3.22 15.19
Atgdc 3.20 6.53 1.41 4.35 1.1IE—-01 1.1IE—-02 3.8E—01 49E—-02 |2.21 0.22 7.65 2.21 —4.54 7.65
Atg5 3.08 4.50 2.11 3.48 1.2E-01 44E—-02 2.3E-01 9.0E—02 | 1.31 0.49 2.58 1.31 —2.03 2.58
Atg7 4.15 7.79 4.15 5.99 5.6E —02 4.5E—-03 5.6E —02 1.6E—02 | 3.57 0.29 3.57 3.57 —3.49 3.57
Atg9a 4.92 8.68 4.15 6.88 33E—-02 2.4E—03 5.6E—02 85E—03 | 3.87 0.29 6.61 3.87 —3.49 6.61
Becnl 4.92 5.96 4.15 6.95 3.3E-02 1.6E — 02 5.6E —02 8.1E—03 |4.06 1.98 6.94 4.06 1.98 6.94
Gabarap 1.24 0.96 0.56 3.16 42E—01 5.1E—-01 6.8E —01 1.1E—-01 |3.76 4.59 6.04 3.76 4.59 6.04
Gabarapll | —0.20 098 | —0.95 —0.16 1.1IE+00 5.1E—01 1.9E+00 1.1IE4+00 | 1.03 0.46 1.74 1.03 —2.19 1.74
Gabarapl2 3.90 4.84 2.43 4.19 6.7E — 02 3.5E—02 1.9E—01 55E—-02 | 122 0.64 3.38 1.22 —1.57 3.38
Hdac6 4.92 6.36 4.15 591 3.3E-02 1.2E-02 5.6E —02 1.7E—02 | 1.98 0.73 3.38 1.98 —-1.37 3.38
Hsp90aal 2.07 1.80 0.05 3.97 2.4E—01 2.9E—-01 9.7E—-01 6.4E—-02 |3.71 4.49 15.08 3.71 4.49 15.08
Hspa8 —2.31 —-137 | —3.34 —0.38 5.0E+00 2.6E+00 1.0E+01 1.3E+00 |3.82 2.00 7.81 3.82 2.00 7.81
Lampl 2.92 1.55 1.52 2.55 1.3E-01 34E-01 3.5E-01 1.7E-01 |0.77 2.00 2.03 —1.30 2.00 2.03
Mapllc3a 4.15 5.98 4.15 6.12 5.6E—02 1.6E — 02 5.6E—02 14E—-02 |3.90 1.10 3.90 3.90 1.10 3.90
Npcl 4.92 4.86 4.08 4.53 3.3E-02 3.4E—02 5.9E—02 43E-02 |0.76 0.79 1.36 —-1.32 —1.26 1.36
Ulk1 4.86 7.39 4.15 4.75 3.4E—02 6.0E—03 5.6E—02 3.7E—02 |0.92 0.16 1.51 —1.08 —6.24 1.51
Wipil 4.75 6.35 2.84 5.03 3.7E—-02 1.2E-02 1.4E—01 3.1E—-02 |1.21 0.40 4.55 1.21 —2.50 4.55

Table 2. Autophagy gene expression profiling regulated with arsenic exposure while fed with HFD or LFD with 1

fold alteration (up- or downregulated) by PCR array. #2~2CT (normalized gene expression) is the expression levels

-cneon - 7~[CT(GOD—CT(HKG)] _ »—ACT
Z—CT(HKG) - - :

**Fold-Change (2724€T ) is the normalized gene expression (2 in the Test Sample divided the normalized

ATy in the Control Sample. % = 27AACT yhere AACT is equal to ACT (expt) — ACT
(ctr]). ***Fold-Regulation represents fold-changze results in a biologically meaningful way. Fold-change values
greater than one indicate a positive- or an up-regulation, and the fold-regulation is equal to the fold-change. Fold-
change values less than one indicate a negative or down-regulation, and the fold-regulation is the negative inverse
of the fold-change. Fold-change and fold-regulation values greater than 2 are indicated in bold; fold-change values
less than 0.5 and fold-regulation values less than —2 are indicated in italic.

of gene of interest (GOI) divided the expression levels of HKG genes.
—ACT
)

gene expression (2~

reaction, ubiquitin-like LC3 is conjugated to phosphatidylethanolamine (PE) by Atg7 and Atg3, and LC3I1 is thus
developed. LC3-1I helps the autophagosome membrane to form autophagosome in the elongation phase®**’. In
the livers of mice receiving HFD, change in the expression of LC3 was roughly at the baseline level (fold change
1.1). This change shows the increasing expression of HFD50 (fold change 3.9) in the livers of mice receiving
arsenic. In addition, although decreased expression of Atg3 was observed in the LFD50 group (fold change 0.42),
increased expression of Atg3 (fold change 2.88) and Atg7 (fold change 3.58) was seen in mouse liver tissue in the
HFD50 group.

HDACS6 (Histone deacetylase 6) is critical for ubiquitin-selective quality control of autophagy and autophago-
some maturation®®. High-fat diet resulted in HDAC6 downregulation (fold change 0.73), and arsenic exposure led
to its overexpression in LFD50 (fold change of 1.98) and HFD50 (fold change 3.38) groups (Fig. 7).

Vacuole targeting and autophagosome-lysosome Linkage. After the completion of autophagosome
formation, this structure is targeted by tethers/docks and then merged with lysosomal vacuole, which leads to
the release of the contents of autophagosome vesicle (autophagic body) into the inner space of lysosomal vacu-
ole®. As soon as the autophagic body is removed by lysosome, its contents are degraded by lysosomal lipases and
hydrolases. The lysosomal efflux transporters regulate the release of the products (amino acids, fatty acids, and
nucleosides) and their restoration into the cytosol®. Different proteins are involved in the events associated with
this fusion process, some of which have been investigated in this study. In the LFD50 group, there was a reduction
in the expression of Npcl, the Niemann Pick type C1, (fold change 0.76) and Lampl1, the Lysosomal-associated
membrane protein 1 (fold change 0.77) genes. In the HFD group, reduction (fold change 0.79) of Npc1 expres-
sion was observed. There was a significant increase in the expressions of all autophagic indicators examined in
the targeting vacuole and autophagosome-lysosome linkage stages in the livers of HFD-fed mice simultaneously
receiving arsenic, which was reported as the upregulation of Gabarap, the Gamma-aminobutyric acid (GABA) A
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Figure 3. KEGG pathway of differentially macroautophagy hepatic gene expression and pathways http://
www.kegg.jp/kegg/keggl html*>*%3, Changes in expression of autophagy genes in HFD treated groups (the up
regulated genes are indicated by green circles and the down regulated genes are indicated by red circles).

receptor-associated protein-like (fold change 6.04), Atg4b (fold change 15.19), Atg4c (fold change 7.65), Lamp1
(fold change 2.03), and Npcl (fold change 1.36) (Fig. 8).

Chaperone-mediated autophagy. CMA is a specific cellular pathway that selectively transfers cytosolic
protein assemblies into lysosomes to be degraded. In this process, no formation of vesicle or change in the lys-
osomal membrane is observed®. In short, in this study, the expressions of CMA-related genes in HFD, HFD50,
and LFD50 groups were significantly higher than in the control group, which showed the highest increase in the
HFD50 group. CMA function can be regulated by adjusting the levels of LAMP-2A and Lys-hsc70 in the lyso-
somes. The heat shock cognate 71 kDa protein (Hsc70), also known as HSPAS, is a member of the heat shock pro-
tein 70 family (Hsp70) that plays an important role in the CMA pathway. Hsc70, along with other cochaperones
(for example, heat shock protein 90, alpha (cytosolic), class A member 1, Hsc90 protein 90) forms a pentapeptide
KFFRQ motif in cytosolic proteins targeted by CMA, forming chaperone/substrate complex®¢2,

The high-fat diet led to the upregulation of Hsc70 (fold change 2) and Hsc90 (fold change 4.49). When
exposed to arsenic, overexpression of Hsc70 and Hsc90 was seen in LFD50 (fold change 3.82, 3.71) and HFD50
groups (fold change 15.08, 7.81), respectively (Fig. 9).
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kegg.jp/kegg/keggl.html*>***. Changes in expression of autophagy genes in LFD — As treated groups (the up
regulated genes are indicated by green circles and the down regulated genes are indicated by red circles).

Discussion
The data presented here strongly suggest that autophagy is activated in mouse liver and its alterations are likely to
be a key component of the cytotoxicity resulting from chronic exposure to arsenic and high-fat diet.

Inorganic arsenic is a global environmental pollutant. Positive relationship of Inorganic arsenic with the inci-
dence of type 2 diabetes mellitus arouses concerns associated with its etiology in diabetes among the general
human population'"®*. Arsenic was increasingly to be blame as a risk factor for type 2 diabetes mellitus. The
most widely recognized types of b-cell death in diabetes are apoptosis and necrosis'"*. Autophagy was recently
recognized in the execution of b-cell death®. Alterations in autophagy occur in systemic diseases such as can-
cer, metabolic dysfunction and in organ-specific pathologies such as neurodegeneration, cardiomyopathies and
non-alcoholic fatty liver disease®®~7°. Thus far, numerous studies have been conducted on arsenic-induced changes
in autophagy pathways. The results of the studies indicate that the role of arsenic in regulation of autophagy is
dependent on the type of cells and cellular stress®*”!-7%, Epidemiological evidence indicates that chronic exposure
to arsenic correlates with hepatic injury, such as fibrosis, cirrhosis, and cancer’-%2.

Liver is an organ in which a high level of metabolic and oxidative stress has been observed due to the presence
of mitochondria. Nutrition, energy, and inflammation are associated with obesity-induced stress and lead to
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Figure 5. KEGG pathway of differentially macroautophagy hepatic gene expression and pathways http://www.
kegg.jp/kegg/keggl.html*>*%*. Changes in expression of autophagy genes in HFD — As treated groups (the up
regulated genes are indicated by green circles).

insulin resistance®. Furthermore, continuous intake of energy and nutritional stress induce inhibitory signaling
on autophagy responses, followed by an inadequate function of cellular organelles that cause metabolic decline,
insulin resistance, and type 2 diabetes®*#*34, Defective autophagy and insulin resistance are highly interrelated
and have extensive effects on the metabolic system. In a study conducted by Yang et al., ATG suppression caused
systemic and hepatic resistance to insulin®. In line with studies confirming the role of autophagy in the func-
tion and survival of adipocytes, ISLET and liver cells, the data of our study suggest that autophagy is likely to be
involved in the apparent mechanism and pathogenesis of type 2 diabetes caused by HFD1333:44:83.85,

In a study by Liu et al. in'! to determine the effect of arsenic on healthy and diabetic mice, it was shown that
although arsenic did not change glucose tolerance in healthy mice, it impaired the function of pancreatic beta
cells as well as increased gluconeogenesis and oxidative damage in the liver. In this study and similar studies, it
has been proven that insulin resistance does not show the diabetogenic effects of arsenic and that the mechanism
leading to manifestations of type 2 diabetes for this toxicant is different from that mentioned for obesity”'. In
our previous pilot studies, it was found that hepatotoxicity, oxidative stress, and mitochondrial liver damage
are associated with this model of diabetes that is caused by chronic exposure to arsenic and high-fat diet®. The
expression of beclin-1, which is one of the key components in early phases of autophagy and autophagosome
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Figure 6. Presents the gene expression profiling of autophagy induction, nucleation and vacuole formation
regulated with arsenic exposure while fed with HFD or LFD with 1 fold alteration by PCR array.
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Figure 7. Presents the gene expression profiling of ubiquitination and phagophore expansion regulated with
arsenic exposure while fed with HFD or LFD with 1 fold alteration by PCR array.
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Figure 8. Presents the gene expression profiling of targeting vacuole and autophagosome-lysosome linkage
regulated with arsenic exposure while fed with HFD or LFD with 1 fold alteration by PCR array.

formation, is increased under oxidative stress conditions. It has also been shown that ROS formation is involved
in the induction of autophagy through thiol modification of the Cys81 site of Atg4®”. Arsenic is capable of
inducing ROS formation. In a study conducted by Zhu et al., it was shown that arsenic could cause autophagy via
a ROS-dependent pathway**.
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Figure 9. Presents the gene expression profiling of Chaperone-mediated autophagy machinery components
regulated with arsenic exposure while fed with HFD or LFD with 1 fold alteration by PCR array.

In our study, for the first time, it was shown that the exposure to arsenic in the livers of mice chronically fed
with HFD along with increased oxidative stress resulted in the restoration of autophagy. This study principally
shows that not only hepatic autophagy severely rise in HFD — As dietary models of murine obesity for 20 weeks
[which was reported as the upregulation of Becn1, Ulkl, Atg4c, Atg9a, Gabarapll, Gabarapl2, Mapllc3b, and
Wipil genes (involved in the early phase of phagophore formation and the initiation of autophagy), LC3, Atgl2,
Atg5, Atg3, Atg7, HDAC6 and Atgl6L genes (required for the ubiquitination and phagophore expansion) and
Gabarap, Atg4b, Lampl, and Npcl (examined in the targeting vacuole and autophagosome-lysosome linkage
stages)], but also that this process may underlie the decreased insulin resistance in these models. Considering
the role of arsenic in the induction of autophagy, it can be argued that reduced insulin resistance as well as other
factors associated with the features of diabetes when using HFD- As may be mediated by autophagy upregulation.

The involvement of autophagy in fat metabolism could be more complex depending on the time of interven-
tion or the age of the experimental animal. Studies have shown that macroautophagy and CMA have a direct rela-
tionship and cooperate in macromolecular degradation to maintain survival and homoeostasis®. At the time of
nutritional stress, the macroautophagic activity increases rapidly, reaching its highest level but decreasing shortly
thereafter. If the nutritional stress persists, the activity of CMA pathway can increase and remain active for a
long period®>#¢%7 In short, in this study, the expressions of CMA-related genes were significantly higher in HFD,
HFD50, and LED50 groups than in the control group. Macroautophagy defect can lead to the activation of CMA
pathway in normal as well as stress conditions®®. CMA upregulation in response to macroautophagy inhibition
improves the clearance of oxidized proteins®**°. The compensatory upregulation of each of them is helpful in
protecting the cells to withstand a variety of damages and maintain cell survival®®®°. The therapeutic potentials via
targeting the link between macroautophagy and CMA in the treatment of metabolic diseases can be considered
in subsequent studies.

Over the past two decades, many findings that emphasize the central role and importance of autophagy in
many human diseases have been obtained®~*°. Different studies on various organisms show the vital role of auto-
phagy in the immune system, metabolic disorders and aging®*?!. Although research has been ongoing for dec-
ades, many of the related events have remained unknown. It seems that regulating the activity of autophagy as an
essential catabolic process for the cytoplasmic digestion of compounds by targeting specific regulatory actors in
the autophagy process can affect the routine and the occurrence of many diseases?'. Autophagy has many roles,
including extensive regulatory effects on metabolism, an essential role in controlling the quality of organelles and
proteins, as well as activating liver defense against pathogens'®-!. It seems that the complexity of liver autophagy
not only originates from its different roles in the physiological and pathological processes, but also it is affected by
the various mechanisms involved in its regulation!®-*!. Although it is generally agreed that the activation of auto-
phagy in the liver would have beneficial effects on hepatic physiology, and its protection against liver disease?*?!.
However, the consequences of autophagy which changes due to drug targets or exposure to toxic materials cannot
be completely predictable. Therefore, considering that both up-regulation and down-regulation of autophagy
have been observed in a variety of diseases, such as metabolic disorders and cancers, it is necessary to identify
the key goals of autophagy in a variety of diseases in order to improve the treatment and make pharmaceutical
compounds more effective!®?*-.

Considering that arsenic activity on liver metabolism may have been related to other autophagy-independent
pathways, further studies can examine other mechanisms involved in arsenic function on insulin resistance or
other aspects of metabolism.

In general, our study presents important details on the regulation of autophagic responses during homeostasis.
Since the more direct evidence can be provided by the Transmission Electron Microscope (TEM) images and LC3
detection we hope that the next researchers will use these methods to complete and improve our study findings. It
is possible that small molecules regulating autophagy or the main molecules involved in it could improve the use
of this regulatory pathway for therapeutic interventions in type 2 diabetes.
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Materials and Methods

Animal treatment. Adult male NMRI mice (30-35g) were obtained from the animal facility of Ahvaz
Jundishapur University of Medical Science (AJUMS), which is fully approved by AJUMS animal care guidelines
and ethics committee (No. IR.AJUMS.REC.1395.415). All the experiments were performed in accordance with
relevant guidelines and regulations. The mice were housed (6 mice per cage) in polycarbonate cages with corncob
bedding at 20 -4 °C temperature with a 12h light/12h dark cycle and 10% humidity.

Chemicals. Sodium arsenite (99% pure) was purchased from Sigma- Aldrich (St. Louis, MO). A Low-fat
diet (LFD, 11% of all calorie supply from fat) and high-fat diet (HFD, 57% of all calorie supply from fat) were
obtained from Javaneh Khorasan laboratory, Mashhad, Iran. RNeasy Mini kit, RT2 First Strand Kit, and 96-well
RT2 Profiler PCR Arrays-Mouse Autophagy were purchased from Qiagen. Lipid Peroxidation (MDA) Assay Kit
and Fluorometric Intracellular Ros Kit were purchased from Sigma-Aldrich (St. Louis, MO). All other commer-
cially available chemicals were of the highest grade.

Methods

Male mice were divided into four groups of 12 in the form of chronic studies as follows: a low- fat diet control
group (LED) (11% fat, 16% proteins, 72.8% carbohydrate kcal/g) and another, a high-fat diet group (HFD) (58%
Fat, 16.4% Protein, 25.5% Carbohydrate, kcal/g). To assess the effect of chronic exposure to arsenic, two other
groups received arsenic while consuming HFD (HFD50) and LED (LFD50). Mouse-specific food was purchased
from Javaneh Khorasan Laboratory (Mashhad, Iran), and its arsenic level was determined using atomic absorp-
tion by Tehran University Academic Center for Education, Culture and Research. The level of arsenic was approx-
imately 5 and 7 ppb in HFD and LFD, respectively, which was negligible given the 50 ppm applied concentration
of arsenic.

Ten times higher concentrations of drinking water arsenic (50 ppm) are needed to achieve liver arsenic con-
centrations similar to those seen in humans exposed to arsenic in west Bengal. Therefore, in the present study, the
livers of mice that drank diH,O containing 50 ppm arsenic are used’.

Decreased ATG7 expression which is a key indicator of autophagy, occurs following HFD at week 16 and ends
at week 22, so the duration of the experimental period was regarded as 20 weeks in this study®.

Serum glucose and insulin analysis. Twenty-four hours after the last experimental day, the overnight
fasting animals were anesthetized by ether. Fasting blood glucose was measured by cutting the tail tip and using
glucometer (Elegance CT-X10, Convergent Technologies, Germany). Then, blood samples were directly collected
by cardiac puncture and centrifuged at 3500 rpm for 20 min. Plasma samples were stored at —70 °C until bio-
chemical assessment was performed. Insulin level measurement was performed by ELISA assay kits (Monobind,
USA), and the sensitivity of hormone detection per assay tube was 0.182 uIU/mL. Then, the serum glucose and
insulin concentrations were used to calculate the homeostasis model assessment-insulin resistance (HOMA-IR)
and basic insulin secretion function index (HOMA-B), which were calculated by the following equations:

HOMA-IR: FSG(mg/dL) x FSI(uIU/mL)/405.
HOMA-B: 20 x FSI(uIU/mL)/(FSG(mmol/L) — 3.5).

where FSI is fasting serum insulin concentration and FSG is fasting serum glucose.

Oxidative stress analysis. In this study, ROS and malondialdehyde (MDA) were analyzed as indicators for
oxidative stress using commercial kits.

Transcriptomic analysis of hepatic gene expression. In this study, we utilized autophagy gene
expression profiling by RT2 Profiler PCR Arrays-Mouse Autophagy (Qiagen). The specific genes included in the
Real-Time PCR Array analysis are listed in Table 3.

Liver sampling and extraction of total cellular RNA. A U-shaped incision was made in the abdominal
cavities of the overnight fasting animals killed after the end of the experiment (20 weeks) to dissect their livers.
After that, the liver tissue samples were washed with normal saline and kept at —80 °C until PCR processing.

RNeasy Plus Mini Kit was used to prepare approximately 30 mg of each sample to which 600l of RLT buffer
was added, followed by centrifugation at maximum speed for 3 minutes to collect the supernatant. The solu-
tion was homogenized, poured in a gDNA Eliminator spin column in a 2-ml collection tube, and centrifuged at
high-speed 8000 x g (>10,000 rpm) for 30 seconds. The obtained solution was mixed by 600 ul of 70% ethanol,
followed by pipetting up and down. Next, 700 pl of the mixture was poured into the RNeasy spin column and
centrifuged at >8000 x g for 15seconds, which subsequently was mixed by 700 ul of RW1 buffer and centrifuged
at >8000 x g for 15seconds. Afterward, 500 pl of the RPE buffer was transferred into the RNeasy spin column
and centrifuged at >8000 x g for 15 seconds and again for 2 minutes. The RNeasy spin column was delivered into
the collection tube, about 30-50 pil of RNase-free water was added, and finally centrifuged at >8000 x g speed for
1 minute. The precipitated phase contained RNA, which was kept until next testing.

Production of cDNA.  All samples were tested for RNA concentration to compute the required RNA volume
using spectrophotometer (Nano Drop 1000, Thermo Scientific, Pittsburgh, PA) at the wavelengths of 260 and
280nm. Then, the cDNA was synthesized by RT2 First Strand Kit. Therefore, the determined amount of RNA
was added to GE buffer and RNase-free water with final volume of 10l to prepare the genomic DNA elimination
mix, followed by incubation at a temperature of 42 °C for 5 minutes and then immediately in ice for one minute.
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Autophagic Vacuole Formation: Atg4b, Atg4c, Atg9a, Gabarap, Gabarapll, Gabarapl2, Wipil, Becnl, Ulkl, Map1lc3

Ubiquitination and phagophore

expansion: Atgl2, Atglell, Atglel2, Atg3, Atg5, Atg7, Hdac6, Mapllc3a

Vacuole targeting and autophagosome-

lysosome Linkage Lampl, Npcl, Gabarap, Atg4b, Atgdc

Chaperone-mediated autophagy Hsp90aal, Hspa8

Regulation of Autophagy

Draml, Aktl, App, Atgl2, Atg5, Bad, Bakl, Bax, Bcl2, Bcl2l1 (BcIXL), Becnl,Bid, Bnip3, Casp3,
Casp8 (FLICE), Cdkn1b (p27Kip1), Cdkn2a (p16INK4a), Cln3, Ctsb, Cxcr4, Dapkl, Eif2ak3,
Fadd, Fas(Tnfrsf6), Hdacl, Htt, Ifng, Igfl, Ins2, Mapk8 (JNK1), Mtor, Nfkb1, Pik3cg, Prkaal
(Ampk), Pten, Snca, Sqstm1, Tgfb1, Tgm2,Tnf, Tnfsf10 (Trail), Trp53 (p53).

Co-Regulators of autophagy and apoptosis

Co-Regulators of autophagy and the cell

eyele Bax, Cdkn1b (p27Kip1), Cdkn2a (p16INK4a), Ifng, Pten, Rb1, Tgfb1, Trp53 (p53).

Autophagy induction by intracellular Eif2ak3, Ifng, Lampl.

pathogens
Autophagy in response to other Ctsd, Ctss, Dram2 (Tmem?77), Eif4gl, Esr1 (Era), Gaa, Hgs, Mapk14(p38alpha), Pik3c3 (Vps34),
intracellular signals Pik3r4, Rps6kbl, Tmem74, Ulk2, Uvrag.

Table 3. Autophagy pathway and genes listed by RT2 Profiler PCR Arrays-Mouse Autophagy.

The kit protocol was used to prepare the reverse-transcription mix containing 5 x Buffer BC3, control P2,
RE3 Reverse Transcriptase Mix and RNase-free water. Next, 10 pul of reverse-transcription mix and genomic DNA
elimination mix were distributed into each tube, pipetted, and incubated at 42 °C for 15 minutes and again at 95°C
for 5minutes and then immediately placed in ice to stop the reaction. Thereafter, 91 ul of RNase-free water was
added to the mixture, pipetted for real-time PCR, and placed at —15 to —30°C.

The Real-Time PCRforRT2 Profiler PCRArrays.  After centrifuging RT2 SYBR Green Mastermix (for 10-15s),
PCR components mix was prepared using the values required for RT2 SYBR Green Mastermix, cDNA synthesis
reaction and RNase-free water according to the kit protocol.

RT2 SYBR Green Mastermix was centrifuged for 10-15 seconds, which combined with cDNA synthesis com-
ponents and RNase-free water were used for PCR components mix preparation based on the kit protocol. PCR
mix (25pl) was transferred into each well of the plate, left at ambient temperature between 15 and 25°C for a min-
ute, and centrifuged at 1000 g to remove the appeared bubbles. The kit guidelines (Roche LightCycler 480) were
followed to set the real-time cycler program. The real-time cycler software was applied to calculate threshold cycle
(Cy). The attained data were analyzed using the 2~ AACT method, indicating fold-change as fold upregulation
(>1) and fold downregulation (<1).

The housekeeping genes in the present study included Actin, Beta (Actb), Beta-2 microglobulin (B2m),
Glyceraldehyde-3-phosphate dehydrogenase (Gapdh), Heat shock protein 90 alpha (cytosolic), and class B mem-
ber 1 (Hsp90abl).

The expression levels of gene of interest (GOI) and HKG genes were divided for normalization of GOI to
HKG.

2 CTeon [CT(GON) —CT(HKG)] AcT
=2 B =2
5~ CT(HKG)

Then, the normalized GOI expression in the experimental sample was divided by the normalized GOI expres-
sion in the control to calculate the fold change in gene expression:

2 ACT (expt)

_ »—AACT
9~ ACT(etrd)
where AACT is equal to ACT (expt) — ACT (ctrl).
The following equation shows the complete calculation:
ZfACT(GOI) expt
m - 2—[CT(GOI)—ACT(HKG)]eXPt - 2—ACT expt __AAcT
2 ACTGOD iy H—[CT(GOD—ACT(HKG)] ctrl © pACTerd

2 ACT(HKG) ctrl

Statistical analyses. Data were presented as means = SE. All the results were analyzed using Graph Pad
Prism (version 7.03). Statistical significance was determined using the one-way analysis of variance with the
Tukey post-hoc test and non-parametric Kruskal-Wallis test. Statistical significance was set at p < 0.05.

Gene Symbol Description.  Aktl: Thymoma viral proto-oncogene 1, Ambral: Autophagy/beclin 1 regulator
1, App: Amyloid beta (A4) precursor protein, Atgl2: Autophagy-related 12 (yeast), Atgl6ll: Autophagy-related
16-like 1 (yeast), Atgl612: Autophagy related 16 like 2 (S. cerevisiae), Atg3: Autophagy-related 3 (yeast), Atg4b:
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Autophagy-related 4B (yeast), Atg4c: Autophagy-related 4 C (yeast), Atg5: Autophagy-related 5 (yeast), Atg7:
Autophagy-related 7 (yeast), Atg9a: Autophagy-related 9 A (yeast), Atg9b: ATG9 autophagy related 9 homolog B
(S. cerevisiae), Bad: BCL2-associated agonist of cell death, Bakl: BCL2-antagonist/killer 1, Bax: Bcl2-associated
X protein, Bcl2: B-cell leukemia/lymphoma 2, Bcl211: Bcl2-like 1,Becnl: Beclin 1, autophagy related, Bid: BH3
interacting domain death agonist, Bnip3: B12 Mm.378890 NM_009760 Bnip3, Casp3: Caspase 3, Casp8: Caspase
8, Cdkn1b: Cyclin-dependent kinase inhibitor 1B, Cdkn2a: Cyclin-dependent kinase inhibitor 2A, Cln3: Ceroid
lipofuscinosis, neuronal 3, juvenile (Batten, Spielmeyer-Vogt disease), Ctsb: Cathepsin B, Ctsd: Cathepsin D,
Ctss: Cathepsin S, Cxcr4: Chemokine (C-X-C motif) receptor 4, Dapkl: Death associated protein kinase 1,
Dram1: DNA-damage regulated autophagy modulator 1, Dram2: VDNA-damage regulated autophagy modula-
tor 2, Eif2ak3: Eukaryotic translation initiation factor 2 alpha kinase 3, Eif4gl: Eukaryotic translation initiation
factor 4, gamma 1, Esr1: Estrogen receptor 1 (alpha), Fadd: Fas (TNFRSF6)-associated via death domain, Fas:
Fas (TNF receptor superfamily member 6), Gaa: Glucosidase, alpha, acid, Gabarap: Gamma-aminobutyric acid
receptor associated protein, Gabarapll: Gamma-aminobutyric acid (GABA) A receptor-associated protein-like 1,
Gabarapl2: Gamma-aminobutyric acid (GABA) A receptor-associated protein-like 2, Hdacl: Histone deacetylase
1, Hdacé6: Histone deacetylase 6, Hgs: HGF-regulated tyrosine kinase substrate, Hsp90aal: Heat shock pro-
tein 90, alpha (cytosolic), class A member 1, Hspa8: Heat shock protein 8, Htt: Huntingtin, Ifng: Interferon
gamma, Igfl: Insulin-like growth factor 1, Ins2: Insulin II, Irgm1: Immunity-related GTPase family M mem-
ber 1, Lampl: Lysosomal-associated membrane protein 1, Mapllc3a: Microtubule-associated protein 1 light
chain 3 alpha, Mapk14: Mitogen-activated protein kinase 14, Mapk8: Mitogen-activated protein kinase 8, Mtor:
Mechanistic target of rapamycin (serine/threonine kinase), Nfkb1: Nuclear factor of kappa light polypeptide gene
enhancer in B-cells 1, p105, Npcl: Niemann Pick type C1, Pik3c3: Phosphoinositide-3-kinase, class 3, Pik3cg:
Phosphoinositide-3-kinase, catalytic, gamma polypeptide, Pik3r4: Phosphatidylinositol 3 kinase, regulatory sub-
unit, polypeptide 4, p150, Prkaal: Protein kinase, AMP-activated, alpha 1 catalytic subunit, Pten: Phosphatase and
tensin homolog, Rab24: RAB24, member RAS oncogene family, Rb1: Rb1 Retinoblastoma 1, Rgs19: Regulator
of G-protein signaling 19, Rps6kb1: Ribosomal protein S6 kinase, polypeptide 1, Snca: Synuclein, alpha, Sqstm1:
Sequestosome 1, Tgfb1: Transforming growth factor, beta 1, Tgm2: Transglutaminase 2, C polypeptide, Tmem?74:
Transmembrane protein 74, Tnf: Tumor necrosis factor, Tnfsf10: Tumor necrosis factor (ligand) superfamily,
member 10, Trp53: Transformation related protein 53, Ulkl: Unc-51 like kinase 1 (C. elegans), Uvrag: UV radia-
tion resistance associated gene,Wipil: WD repeat domain, phosphoinositide interacting 1.

References
1. Smith, C.J. & Ryckman, K. K. Epigenetic and developmental influences on the risk of obesity, diabetes, and metabolic syndrome.
Diabetes, metabolic syndrome and obesity: targets and therapy 8, 295-302, https://doi.org/10.2147/dms0.s61296 (2015).
2. Maull, E. A. et al. Evaluation of the association between arsenic and diabetes: a National Toxicology Program workshop review.
Environmental Health Perspectives 120, 1658 (2012).
3. Hectors, T. et al. Environmental pollutants and type 2 diabetes: a review of mechanisms that can disrupt beta cell function.
Diabetologia 54, 1273-1290 (2011).
4. Navas-Acien, A. et al. Arsenic exposure and type 2 diabetes: a systematic review of the experimental and epidemiologic evidence.
Environmental Health Perspectives 114, 641 (2006).
5. Islam, M. R. et al. Association between type 2 diabetes and chronic arsenic exposure in drinking water: a cross sectional study in
Bangladesh. Environmental Health 11, 38 (2012).
6. Tseng, C.-H. et al. Long-term arsenic exposure and incidence of non-insulin-dependent diabetes mellitus: a cohort study in
arseniasis-hyperendemic villages in Taiwan. Environmental Health Perspectives 108, 847 (2000).
7. Del Razo, L. M. et al. Exposure to arsenic in drinking water is associated with increased prevalence of diabetes: a cross-sectional
study in the Zimapan and Lagunera regions in Mexico. Environmental Health 10,73 (2011).
8. Walton, E S. et al. Inhibition of insulin-dependent glucose uptake by trivalent arsenicals: possible mechanism of arsenic-induced
diabetes. Toxicology and applied pharmacology 198, 424-433 (2004).
9. Paul, D. S., Walton, E. S., Saunders, R. J. & Styblo, M. Characterization of the impaired glucose homeostasis produced in C57BL/6
mice by chronic exposure to arsenic and high-fat diet. Environmental Health Perspectives 119, 1104 (2011).
10. Hou, H., Yu, Y., Shen, Z., Liu, S. & Wu, B. Hepatic transcriptomic responses in mice exposed to arsenic and different fat diet.
Environmental Science and Pollution Research 24, 10621-10629 (2017).
11. Liu, S. et al. Arsenic induces diabetic effects through beta-cell dysfunction and increased gluconeogenesis in mice. Scientific reports
4, 6894, https://doi.org/10.1038/srep06894 (2014).
12. Ahangarpour, A. et al. Effects of butyric acid and arsenic on isolated pancreatic islets and liver mitochondria of male mouse.
Gastroenterology and Hepatology From Bed to Bench 10, 44 (2017).
13. Meijer, A. J. & Codogno, P. Autophagy: Regulation and role in disease. Critical reviews in clinical laboratory sciences 46, 210-240,
https://doi.org/10.1080/10408360903044068 (2009).
14. Codogno, P. & Meijer, A. J. Autophagy: A Potential Link between Obesity and Insulin Resistance. Cell Metabolism 11, 449-451,
https://doi.org/10.1016/j.cmet.2010.05.006 (2010).
15. Cuervo, A. M. Chaperone-mediated autophagy: selectivity pays off. Trends in endocrinology and metabolism: TEM 21, 142-150,
https://doi.org/10.1016/j.tem.2009.10.003 (2010).
16. Kaushik, S., Singh, R. & Cuervo, A. M. Autophagic pathways and metabolic stress. Diabetes, obesity & metabolism 12, 4-14, https://
doi.org/10.1111/j.1463-1326.2010.01263.x (2010).
17. He, C. & Klionsky, D. J. Regulation Mechanisms and Signaling Pathways of Autophagy. Annual review of genetics 43, 67-93, https://
doi.org/10.1146/annurev-genet-102808-114910 (2009).
18. Singh, R. et al. Autophagy regulates lipid metabolism. Nature 458, 1131-1135, https://doi.org/10.1038/nature07976 (2009).
19. Zhang, Y., Sowers, J. R. & Ren, J. Targeting autophagy in obesity: from pathophysiology to management. Nature Reviews
Endocrinology 14, 356-376, https://doi.org/10.1038/s41574-018-0009-1 (2018).
20. Schneider, J. L. & Cuervo, A. M. Liver Autophagy: much more than just taking out the trash. Nature reviews. Gastroenterology ¢~
hepatology 11, 187-200, https://doi.org/10.1038/nrgastro.2013.211 (2014).
21. Madrigal-Matute, J. & Cuervo, A. M. Regulation of liver metabolism by autophagy. Gastroenterology 150, 328-339, https://doi.
org/10.1053/j.gastro.2015.09.042 (2016).
22. Matsui, Y. et al. Distinct Roles of Autophagy in the Heart During Ischemia and Reperfusion. Circulation Research 100, 914 (2007).
23. Eng, C. H,, Yu, K,, Lucas, J., White, E. & Abraham, R. T. Ammonia Derived from Glutaminolysis Is a Diffusible Regulator of
Autophagy. Science Signaling 3, ra31 (2010).

SCIENTIFICREPORTS| (2018) 8:11960 | DOI:10.1038/s41598-018-30439-0 13


http://dx.doi.org/10.2147/dmso.s61296
http://dx.doi.org/10.1038/srep06894
http://dx.doi.org/10.1080/10408360903044068
http://dx.doi.org/10.1016/j.cmet.2010.05.006
http://dx.doi.org/10.1016/j.tem.2009.10.003
http://dx.doi.org/10.1111/j.1463-1326.2010.01263.x
http://dx.doi.org/10.1111/j.1463-1326.2010.01263.x
http://dx.doi.org/10.1146/annurev-genet-102808-114910
http://dx.doi.org/10.1146/annurev-genet-102808-114910
http://dx.doi.org/10.1038/nature07976
http://dx.doi.org/10.1038/s41574-018-0009-1
http://dx.doi.org/10.1038/nrgastro.2013.211
http://dx.doi.org/10.1053/j.gastro.2015.09.042
http://dx.doi.org/10.1053/j.gastro.2015.09.042

www.nature.com/scientificreports/

24.

25.

26.

27.

28.

29.

30.

3

—

32.

33.

34,

35.

36.
37.

38.

39.

40.

4

—

42.
43.
44,
45.
46.
47.
48.
49.
50.

51.
. Saitoh, T. & AKkira, S. Regulation of innate immune responses by autophagy-related proteins. The Journal of Cell Biology 189, 925-935

53.
54.

55.
56.
57.
58.

59.
60.

6

—

62.

63.

64.

65.

66.

Lum, J. J. et al. Growth Factor Regulation of Autophagy and Cell Survival in the Absence of Apoptosis. Cell 120, 237-248, https://
doi.org/10.1016/j.cell.2004.11.046 (2005).

Deter, R. L., Baudhuin, P. & de Duve, C. Participation of Lysosomes in Cellular Autophagy Induced in Rat Liver by Glucagon. The
Journal of Cell Biology 35, C11-C16 (1967).

Mortimore, G. E. & Schworer, C. M. Induction of autophagy by amino-acid deprivation in perfused rat liver. Nature 270, 174,
https://doi.org/10.1038/270174a0 (1977).

Mortimore, G. E. & Mondon, C. E. Inhibition by Insulin of Valine Turnover in Liver: Evidence for a General Control of Proteolysis.
Journal of Biological Chemistry 245, 2375-2383 (1970).

Mei, S. et al. Differential Roles of Unsaturated and Saturated Fatty Acids on Autophagy and Apoptosis in Hepatocytes. The Journal
of Pharmacology and Experimental Therapeutics 339, 487-498, https://doi.org/10.1124/jpet.111.184341 (2011).

Kotoulas, O. B., Kalamidas, S. A. & Kondomerkos, D. J. Glycogen autophagy in glucose homeostasis. Pathology - Research and
Practice 202, 631-638, https://doi.org/10.1016/j.prp.2006.04.001 (2006).

Jiang, S. et al. Starch Binding Domain-containing Protein 1/Genethonin 1 Is a Novel Participant in Glycogen Metabolism. Journal of
Biological Chemistry 285, 34960-34971 (2010).

. Jiang, S., Wells, C. D. & Roach, P. J. Starch-binding domain-containing protein 1 (Stbd1) and glycogen metabolism: Identification of

the Atg8 family interacting motif (AIM) in Stbd1 required for interaction with GABARAPLI. Biochemical and biophysical research
communications 413, 420-425, https://doi.org/10.1016/j.bbrc.2011.08.106 (2011).

Egan, D. F. et al. Phosphorylation of ULK1 (hATG1) by AMP-activated protein Kinase connects energy sensing to mitophagy.
Science (New York, N.Y.) 331, 456-461, https://doi.org/10.1126/science.1196371 (2011).

Yang, L., Li, P, Fu, S., Calay, E. S. & Hotamisligil, G. S. Defective hepatic autophagy in obesity promotes ER stress and causes insulin
resistance. Cell Metabolism 11, 467-478 (2010).

Sui, X. et al. p53 signaling and autophagy in cancer: A revolutionary strategy could be developed for cancer treatment. Autophagy 7,
565-571, https://doi.org/10.4161/auto.7.6.14073 (2011).

Yang, Z. & Klionsky, D. J. Mammalian autophagy: core molecular machinery and signaling regulation. Current opinion in cell biology
22, 124-131 (2010).

Neufeld, T. P. Autophagy and cell growth-the yin and yang of nutrient responses. J Cell Sci 125, 2359-2368 (2012).

Fan, S., Meng, Q., Saha, T., Sarkar, F. H. & Rosen, E. M. Low concentrations of diindolylmethane, a metabolite of indole-3-carbinol,
protect against oxidative stress in a BRCA1-dependent manner. Cancer research 69, 6083-6091 (2009).

Lee, J., Giordano, S. & Zhang, J. Autophagy, mitochondria and oxidative stress: cross-talk and redox signalling. Biochemical Journal
441, 523-540 (2012).

Ahangarpour, A. et al. Evaluation of diabetogenic mechanism of high fat diet in combination with Arsenic exposure in male mice.
Iranian Journal of Pharmaceutical Research 17, 164-183 (2018).

Bai, J. et al. Taurine protects against As203-induced autophagy in livers of rat offsprings through PPAR~ pathway. Scientific Reports
6, 27733, https://doi.org/10.1038/srep27733 (2016).

. Bai, J. et al. Taurine protects against As203-induced autophagy in pancreas of rat offsprings through Nrf2/Trx pathway. Biochimie

123, 1-6 (2016).

Liu, X. et al. MicroRNA-21 activation of ERK signaling via PTEN is involved in arsenite-induced autophagy in human hepatic L-02
cells. Toxicology letters 252, 1-10, https://doi.org/10.1016/j.toxlet.2016.04.015 (2016).

Pan, J.-A. et al. TRIM21 ubiquitylates SQSTM1/p62 and suppresses protein sequestration to regulate redox homeostasis. Molecular
cell 61, 720-733, https://doi.org/10.1016/j.molcel.2016.02.007 (2016).

Zhu, X.-X. et al. Sodium arsenite induces ROS-dependent autophagic cell death in pancreatic 3-cells. Food and chemical toxicology
70, 144-150 (2014).

Cuervo, A. M. Autophagy: many paths to the same end. Molecular and cellular biochemistry 263, 55-72 (2004).

Kanehisa, M. & Goto, S. KEGG: Kyoto Encyclopedia of Genes and Genomes. Nucleic Acids Research 28, 27-30 (2000).

Kanehisa, M., Sato, Y., Kawashima, M., Furumichi, M. & Tanabe, M. KEGG as a reference resource for gene and protein annotation.
Nucleic Acids Research 44, D457-D462, https://doi.org/10.1093/nar/gkv1070 (2016).

Nixon, R. A. & Yang, D.-S. Autophagy and neuronal cell death in neurological disorders. Cold Spring Harbor Perspectives in Biology
4,a008839 (2012).

Choi, A. M., Ryter, S. W. & Levine, B. Autophagy in human health and disease. New England Journal of Medicine 368, 651-662
(2013).

Kanehisa, M., Furumichi, M., Tanabe, M., Sato, Y. & Morishima, K. KEGG: new perspectives on genomes, pathways, diseases and
drugs. Nucleic Acids Research 45, D353-D361, https://doi.org/10.1093/nar/gkw1092 (2017).

Cao, Y. & Klionsky, D. J. Physiological functions of Atg6/Beclin 1: a unique autophagy-related protein. Cell Research 17, 839 (2007).

(2010).

Wirth, M., Joachim, J. & Tooze, S. A. In Seminars in cancer biology. 301-309 (Elsevier).

Romanov, J. et al. Mechanism and functions of membrane binding by the Atg5-Atgl2/Atgl6 complex during autophagosome
formation. The EMBO journal 31, 4304-4317 (2012).

Wu, H. et al. Crosstalk between macroautophagy and chaperone-mediated autophagy: implications for the treatment of neurological
diseases. Molecular neurobiology 52, 1284-1296 (2015).

Tanida, I., Yamasaki, M., Komatsu, M. & Ueno, T. The FAP motif within human ATG?7, an autophagy-related E1-like enzyme, is
essential for the E2-substrate reaction of LC3 lipidation. Autophagy 8, 88-97 (2012).

Yamada, Y. et al. The crystal structure of Atg3, an autophagy-related ubiquitin carrier protein (E2) enzyme that mediates Atg8
lipidation. Journal of Biological Chemistry 282, 8036-8043 (2007).

Lee, J. Y. et al. HDAC6 controls autophagosome maturation essential for ubiquitin-selective quality-control autophagy. The EMBO
journal 29, 969-980 (2010).

Yin, Z., Pascual, C. & Klionsky, D. J. Autophagy: machinery and regulation. Microbial Cell 3, 588 (2016).

Wirawan, E., Berghe, T. V,, Lippens, S., Agostinis, P. & Vandenabeele, P. Autophagy: for better or for worse. Cell Research 22, 43
(2012).

. Chiang, H.-L., Plant, C. & Dice, . A role for a 70-kilodalton heat shock protein in lysosomal degradation of intracellular proteins.

Science 246, 382-385 (1989).

Li, W,, Yang, Q. & Mao, Z. Chaperone-mediated autophagy: machinery, regulation and biological consequences. Cellular and
Molecular Life Sciences 68, 749-763 (2011).

Li, B. et al. Aescin-induced reactive oxygen species play a pro-survival role in human cancer cells via ATM/AMPK/ULK1-mediated
autophagy. Acta Pharmacologica Sinica. https://doi.org/10.1038/541401-018-0047-1 (2018).

Beck, R, Styblo, M. & Sethupathy, P. Arsenic Exposure and Type 2Diabetes: MicroRNAs as Mechanistic Links? Current Diabetes
Reports 17, 18, https://doi.org/10.1007/s11892-017-0845-8 (2017).

Lee, M.-S., Kim, K.-A. & Kim, H. Role of pancreatic 3-cell death and cell death-associated inflammation in diabetes. Current
molecular medicine 12, 1297-1310 (2012).

Sui, X. et al. JNK confers 5-fluorouracil resistance in p53-deficient and mutant p53-expressing colon cancer cells by inducing
survival autophagy. Scientific Reports 4, 4694, https://doi.org/10.1038/srep04694 (2014).

SCIENTIFICREPORTS| (2018) 8:11960 | DOI:10.1038/s41598-018-30439-0 14


http://dx.doi.org/10.1016/j.cell.2004.11.046
http://dx.doi.org/10.1016/j.cell.2004.11.046
http://dx.doi.org/10.1038/270174a0
http://dx.doi.org/10.1124/jpet.111.184341
http://dx.doi.org/10.1016/j.prp.2006.04.001
http://dx.doi.org/10.1016/j.bbrc.2011.08.106
http://dx.doi.org/10.1126/science.1196371
http://dx.doi.org/10.4161/auto.7.6.14073
http://dx.doi.org/10.1038/srep27733
http://dx.doi.org/10.1016/j.toxlet.2016.04.015
http://dx.doi.org/10.1016/j.molcel.2016.02.007
http://dx.doi.org/10.1093/nar/gkv1070
http://dx.doi.org/10.1093/nar/gkw1092
http://dx.doi.org/10.1038/s41401-018-0047-1
http://dx.doi.org/10.1007/s11892-017-0845-8
http://dx.doi.org/10.1038/srep04694

www.nature.com/scientificreports/

67. Thorburn, A. Autophagy and Disease. Journal of Biological Chemistry (2017).

68. Levine, B. & Kroemer, G. Autophagy in the Pathogenesis of Disease. Cell 132, 27-42, https://doi.org/10.1016/j.cell.2007.12.018 (2008).

69. Su, S.-H., Wu, Y.-E, Wang, D.-P. & Hai, J. Inhibition of excessive autophagy and mitophagy mediates neuroprotective effects of
URB597 against chronic cerebral hypoperfusion. Cell death ¢ disease 9, 733, https://doi.org/10.1038/s41419-018-0755-y (2018).

70. Jiang, P. & Mizushima, N. Autophagy and human diseases. Cell Research 24, 69-79, https://doi.org/10.1038/cr.2013.161 (2014).

71. Lau, A. et al. Arsenic Inhibits Autophagic Flux, Activating the Nrf2-Keap1 Pathway in a p62-Dependent Manner. Molecular and
Cellular Biology 33, 2436-2446, https://doi.org/10.1128/mcb.01748-12 (2013).

72. Goussetis, D. J. et al. Autophagy Is a Critical Mechanism for the Induction of the Antileukemic Effects of Arsenic Trioxide. The
Journal of Biological Chemistry 285, 29989-29997, https://doi.org/10.1074/jbc.M109.090530 (2010).

73. Zhang, T. et al. Autophagy Is a Cell Self-Protective Mechanism Against Arsenic-Induced Cell Transformation. Toxicological Sciences
130, 298-308, https://doi.org/10.1093/toxsci/kfs240 (2012).

74. Li, T. et al. Arsenic trioxide promoting ETosis in acute promyelocytic leukemia through mTOR-regulated autophagy. Cell death ¢
disease 9, 75, https://doi.org/10.1038/s41419-017-0018-3 (2018).

75. Mazumder, D. G. Effect of chronic intake of arsenic-contaminated water on liver. Toxicology and applied pharmacology 206, 169-175
(2005).

76. Mazumder, D. G. et al. Chronic arsenic toxicity from drinking tubewell water in rural West Bengal. Bulletin of the World Health
Organization 66, 499 (1988).

77. Hsu, L.-1. et al. Effects of Arsenic in Drinking Water on Risk of Hepatitis or Cirrhosis in Persons With and Without Chronic Viral
Hepatitis. Clinical Gastroenterology and Hepatology 14(1347-1355), e1344, https://doi.org/10.1016/j.cgh.2016.03.043 (2016).

78. Schoen, A., Beck, B., Sharma, R. & Dubé, E. Arsenic toxicity at low doses: epidemiological and mode of action considerations.
Toxicology and applied pharmacology 198, 253-267, https://doi.org/10.1016/j.taap.2003.10.011 (2004).

79. Argos, M., Ahsan, H. & Graziano, J. H. Arsenic And Human Health: Epidemiologic Progress And Public Health Implications.
Reviews on environmental health 27, 191-195, https://doi.org/10.1515/reveh-2012-0021 (2012).

80. Bardach, A. E. et al. Epidemiology of chronic disease related to arsenic in Argentina: A systematic review. Science of the Total
Environment 538, 802-816 (2015).

81. Saint-Jacques, N., Parker, L., Brown, P. & Dummer, T. J. B. Arsenic in drinking water and urinary tract cancers: a systematic review
of 30 years of epidemiological evidence. Environmental Health 13, 44, https://doi.org/10.1186/1476-069x-13-44 (2014).

82. Mazumder, D. N. et al. Chronic arsenic toxicity in west Bengal-the worst calamity in the world. ] Indian Med Assoc 96(4-7), 18
(1998).

83. Hotamisligil, G. S. Endoplasmic reticulum stress and the inflammatory basis of metabolic disease. Cell 140, 900-917 (2010).

84. Zhou, L. et al. Autophagy-mediated insulin receptor down-regulation contributes to endoplasmic reticulum stress-induced insulin
resistance. Molecular Pharmacology 76, 596-603 (2009).

85. Singh, R. et al. Autophagy regulates adipose mass and differentiation in mice. The Journal of clinical investigation 119, 3329-3339
(2009).

86. Massey, A. C., Kaushik, S. & Cuervo, A. M. Lysosomal chat maintains the balance. Autophagy 2, 325-327 (2006).

87. Cuervo, A, Knecht, E., Terlecky, S. R. & Dice, J. E. Activation of a selective pathway of lysosomal proteolysis in rat liver by prolonged
starvation. American Journal of Physiology-Cell Physiology 269, C1200-C1208 (1995).

88. Kaushik, S., Massey, A. C., Mizushima, N. & Cuervo, A. M. Constitutive activation of chaperone-mediated autophagy in cells with
impaired macroautophagy. Molecular Biology of the Cell 19, 2179-2192 (2008).

89. N’Diaye, E. N. et al. PLIC proteins or ubiquilins regulate autophagy-dependent cell survival during nutrient starvation. EMBO
reports 10, 173-179 (2009).

90. Zhang, C. & Cuervo, A. M. Restoration of chaperone-mediated autophagy in aging liver improves cellular maintenance and hepatic
function. Nature medicine 14, 959 (2008).

91. Highlighting advances in autophagy. Nature Cell Biology 20, 223-223, https://doi.org/10.1038/s41556-018-0061-z (2018).

92. Marinkovi et al. Autophagy Modulation in Cancer: Current Knowledge on Action and Therapy. Oxidative Medicine and Cellular
Longevity 2018, 18, https://doi.org/10.1155/2018/8023821 (2018).

93. Klionsky, D. J. et al. Guidelines for the use and interpretation of assays for monitoring autophagy (3rd edition). Autophagy 12, 1-222,
https://doi.org/10.1080/15548627.2015.1100356 (2016).

94. Sui, X. et al. p38 and JNK MAPK pathways control the balance of apoptosis and autophagy in response to chemotherapeutic agents.
Cancer letters 344, 174-179, https://doi.org/10.1016/j.canlet.2013.11.019 (2014).

95. You, L. et al. The role of STAT3 in autophagy. Autophagy 11, 729-739, https://doi.org/10.1080/15548627.2015.1017192 (2015).

Acknowledgements
This paper is issued from Ph.D. thesis of Marzieh Zeinvand-Lorestani and was financially supported by
Toxicology Research Center (Grant number TRC-9505) of Ahvaz Jundishapur University of Medical Sciences.

Author Contributions

Marzieh Zeinvand-Lorestani designed experiments, analyzed data and prepared manuscript. Ali Teimoori and
Marzieh Zeinvand-Lorestani performed experiments. Heibatullah Kalantari, Mohammad Javad Khodayar,
Najmaldin Saki, Fakher Rahim, Akram Ahangarpour and Soheila Alboghobeish reviewed the manuscript.

Additional Information
Competing Interests: The authors declare no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2018

SCIENTIFICREPORTS| (2018) 8:11960 | DOI:10.1038/s41598-018-30439-0 15


http://dx.doi.org/10.1016/j.cell.2007.12.018
http://dx.doi.org/10.1038/s41419-018-0755-y
http://dx.doi.org/10.1038/cr.2013.161
http://dx.doi.org/10.1128/mcb.01748-12
http://dx.doi.org/10.1074/jbc.M109.090530
http://dx.doi.org/10.1093/toxsci/kfs240
http://dx.doi.org/10.1038/s41419-017-0018-3
http://dx.doi.org/10.1016/j.cgh.2016.03.043
http://dx.doi.org/10.1016/j.taap.2003.10.011
http://dx.doi.org/10.1515/reveh-2012-0021
http://dx.doi.org/10.1186/1476-069x-13-44
http://dx.doi.org/10.1038/s41556-018-0061-z
http://dx.doi.org/10.1155/2018/8023821
http://dx.doi.org/10.1080/15548627.2015.1100356
http://dx.doi.org/10.1016/j.canlet.2013.11.019
http://dx.doi.org/10.1080/15548627.2015.1017192
http://creativecommons.org/licenses/by/4.0/

	Autophagy upregulation as a possible mechanism of arsenic induced diabetes

	Results

	Liver distribution of arsenic. 
	Serum glucose and insulin. 
	Hepatic oxidative stress. 
	Transcriptomic analysis of autophagy gene expression in HFD, LFD − As, and HFD − As treated groups. 
	Macro autophagy machinery components. 
	KEGG pathway of macroautophagy in LFD − As, HFD and HFD − As treated groups. 
	Vacuole Formation, Induction and nucleation. 
	Ubiquitination and phagophore expansion. 
	Vacuole targeting and autophagosome-lysosome Linkage. 
	Chaperone-mediated autophagy. 

	Discussion

	Materials and Methods

	Animal treatment. 
	Chemicals. 

	Methods

	Serum glucose and insulin analysis. 
	Oxidative stress analysis. 
	Transcriptomic analysis of hepatic gene expression. 
	Liver sampling and extraction of total cellular RNA. 
	Production of cDNA. 
	The Real-Time PCR for RT2 Profiler PCR Arrays. 
	Statistical analyses. 
	Gene Symbol Description. 

	Acknowledgements

	Figure 1 Involvement of autophagy in diabetogenic effects of chronic exposure with inorganic arsenic and the use of HFD simultaneously.
	Figure 2 Presents change in the expression of autophagy genes.
	Figure 3 KEGG pathway of differentially macroautophagy hepatic gene expression and pathways http://www.
	Figure 4 KEGG pathway of differentially macroautophagy hepatic gene expression and pathways http://www.
	Figure 5 KEGG pathway of differentially macroautophagy hepatic gene expression and pathways http://www.
	Figure 6 Presents the gene expression profiling of autophagy induction, nucleation and vacuole formation regulated with arsenic exposure while fed with HFD or LFD with 1 fold alteration by PCR array.
	Figure 7 Presents the gene expression profiling of ubiquitination and phagophore expansion regulated with arsenic exposure while fed with HFD or LFD with 1 fold alteration by PCR array.
	Figure 8 Presents the gene expression profiling of targeting vacuole and autophagosome-lysosome linkage regulated with arsenic exposure while fed with HFD or LFD with 1 fold alteration by PCR array.
	Figure 9 Presents the gene expression profiling of Chaperone-mediated autophagy machinery components regulated with arsenic exposure while fed with HFD or LFD with 1 fold alteration by PCR array.
	Table 1 Liver distribution of arsenic FBG, FSI, HOMA.
	Table 2 Autophagy gene expression profiling regulated with arsenic exposure while fed with HFD or LFD with 1 fold alteration (up- or downregulated) by PCR array.
	Table 3 Autophagy pathway and genes listed by RT2 Profiler PCR Arrays-Mouse Autophagy.




