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Combining the doxycycline-inducible insulin expression with an elevated PA concentration
permitted to simulate the increased insulin synthesis rate and the high concentration of
circulating free fatty acids that T2DM patients typically present. Through this approach, it was
possible to confirm a synergistic toxic effect of PA impairing cell viability, proliferation and
ATP content, activating apoptotic pathways.
As shown in this dissertation, elevated insulin synthesis caused H2O2 generation in the ER,
oxidative and ER stress, and reduction of cell viability. All these effects were more significant
when unfolded proinsulin was accumulated in the lumen of the ER, as it has been speculated
during T2DM progression. Additionally, the toxic effect of high insulin synthesis could be
partially reversed with the antioxidative effect of the catalase. However, when a second insult
like palmitic acid was combined with elevated insulin synthesis, cells were highly damaged,
inducing apoptosis. In this case, the antioxidative catalase protection was vanished, implying the
participation of other processes in cell dysfunction and death.
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development of the disease. Like T1DM, T2DM is also associated with a genetic predisposition,
but the distribution of the several described genetic risk factors to the disease progression is less
unveiled than for T1DM [7]. Beyond other factors, insulin resistance has been strongly
associated with T2DM manifestation. The term denotes a generalized reduced insulin response in
its target tissues. Overweight and obesity are associated with some degree of insulin resistance
[8, 9]. Therefore, physical inactivity and hypercaloric food intake leading to obesity are
considered major predisposing risk factors for T2DM [1, 10]. When insulin resistance appears,
β-cells initially increase their secretory capacity as an adaptive response to maintain glucose
homeostasis. β-cell proliferation and increase of insulin secretion can be observed during this
initial phase of the disease [11]. However, when β-cells are no longer able to compensate for the
high insulin demand, glucose intolerance and T2DM are manifested [12]. A progressive loss of
β-cell function [13] and cell mass as a consequence of β-cell dedifferentiation [14], reduced
proliferation rate [15] and cell death [16] causes progression and aggravation of the disease (Fig.
1).
Further on, chronic hyperglycemia or chronic dyslipidemia have been demonstrated to cause
detrimental effects on β-cell function and metabolism, a concept referred to as glucotoxicity [17]
or lipotoxicity [18], respectively. The combination of both aspects leads to the concept of
glucolipotoxicity, which hypothesizes that a combined excess of these two factors causes
synergistic β-cell damage [11, 19]. The molecular mechanisms linking insulin resistance, high
insulin demand and high free fatty acids with the progression of T2DM are diverse. Among
them, oxidative stress, caused by an excessive generation of reactive oxygen species (ROS) in
different β-cell compartments, is one main focus of interest in the type 2 diabetes β-cell
pathophysiology [20-22].
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As discussed above (see chapter 1.2.3), H2O2 is generated amongst others as a by-product of
insulin synthesis. In the highly secretory active β-cell, where insulin represents approximately
50% of the total protein synthesis [91, 92], the formation of disulfide bonds during insulin
production is associated with the generation of high H2O2 levels mediated by ERO1. Based on
protein synthesis rates and ERO1 activity, it has been estimated that approximately 25% of
intracellular H2O2 formation results from oxidative protein folding in the ER [93]. Considering
that around one million molecules of insulin are produced every minute per cell, it has been
speculated that 3 million molecules of H2O2 per minute are generated during proinsulin folding
[94]. However, even when H2O2 has been proposed necessary for cell signaling, insulin synthesis
and secretion [95, 96] as well as for β-cell proliferation [97], β-cells are highly vulnerable to
ROS formation due to its low expression of the antioxidative machinery [32, 98]. The deleterious
effects of H2O2 in β-cells has been demonstrated by the administration of H2O2, causing, for
example, induction of ER stress (activity CHOP and P58IPK) [99], decrease of cell viability,
proliferation and ATP concentration, or increase of caspase 3 activity [100, 101]. Counteracting
the H2O2 accumulation through the (over)expression of antioxidative enzymes (e.g., catalase)
[102] or the administration of supplements with antioxidative properties [100] and improving
cell function supports the hypothesis about the toxic effect of H2O2 in β-cells.
Oxidative ER stress, caused by an excess of insulin folding in the initial phase of T2DM, can
disturb the ER redox state and thereby disrupting protein folding. An increase of misfolded
proteins in the lumen of the ER, as mentioned before, triggers ER stress pathways, and at the
same time, leads to higher production of ROS. Since the ER redox state is closely linked to ER
protein folding homeostasis, oxidative stress and ER stress are intrinsically entwined
mechanisms related to β-cell dysfunction [57, 103]. Thus, the study of each factor in an
independent manner is difficult to achieve. For example, the induction of insulin synthesis by
glucose stimulation also compromises glucose oxidation and, consequently, the activation of
mitochondrial pathways and mitochondrial ROS generation as previously described (see chapter
2.2.1). However, studying the impact of H2O2 inside the ER by exogenous administration of
H2O2 could imply its possible degradation and flux to other cell compartments and at the end, the
net effect for the ER is limited. On the other hand, the particular thiol-oxidizing ER environment
complicates the technical development of effective tools, e.g., sensors to detect H2O2, making the
study of oxidative ER stress a more complex and challenging process.
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Accumulation of misfolded or unfolded insulin has been described as a consequence of palmitic
acid [18]. Therefore, PA seems to aggravate the existing ER stress caused by excessive insulin
demand under insulin resistance in T2DM [18].
Perturbations in the ER milieu compromising the protein folding capacity have been highlighted
as a cause of ER stress triggered by PA. Some studies have shown that PA induces disturbances
of the SERCA pump activity, decreasing the luminal Ca2+ concentration [117, 118]. Protein
overload caused by impaired proinsulin trafficking from the ER to the Golgi apparatus [119,
120] may be another possible mechanism involved in the pathogenesis of PA in β-cell
dysfunction. Proinsulin retention caused by PA resulted in impaired proinsulin maturation,
protein overload and ER stress leading to apoptosis [121]. Finally, the accumulation of toxic PAderived

metabolites

like

cholesterol,

saturated

phospholipids

[122],

ceramides

or

diacylglycerides, could disrupt the ER lipid raft composition impairing the proper formation of
secretory vesicles or the proper function of cargo proteins. For example, ceramides, synthesized
in the ER out of palmitate, apparently reduce the ER Ca2+ pool, causing protein misfolding, ER
stress, UPR initiation and activity of its apoptotic signals [123, 124].
Although all previously described mechanisms converge in ER stress, PA triggers the classical
UPR activity (see chapter 1.3.2) with some differences. For example, Chop induction has been
demonstrated in cells exposed to PA [117, 125]. However, selective inhibition of eIF2α
dephosphorylation did not improve cell survival against lipotoxicity. [126]. Moreover, aberrance
of the ER membrane caused by PA induces IRE1α activity by its cytosolic instead of its luminal
domain, which classically senses misfolded protein [127]. For this reason, pathways by which
PA induces ER stress still need to be elucidated in more detail.
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2.6 The aims of the project
The main aim of this dissertation thesis was to study the effects of excessive insulin folding and
unfolded insulin accumulation in insulin-producing cells, mainly those related to the potential
generation of H2O2 in the lumen of the ER. Through the use of a cellular model system with a
regulated induction of insulin expression, the direct effect of insulin synthesis on the generation
of H2O2, initiation of ER stress, β-cell dysfunction and death could be characterized.

The specific aims of this project comprised:
•

To establish an insulin-producing cell line expressing the ER-located H2O2 fluorescence
sensor TriPer together with a Tet-On system for the doxycycline-regulated and glucoseindependent expression of human wild-type insulin (Tet-On INS WT) or folding deficient
C96Y insulin (Tet-On INS C96Y). Additionally, an ER-located catalase was expressed to
reverse potential H2O2-related effects.

•

To characterize the established cell lines and to prove the functionality of the TriPer sensor,
the inducible insulin expression system and the antioxidative activity of the ER catalase.

•

To evaluate the H2O2 generation inside the ER during increased insulin synthesis and its
potential toxic effect for β-cells.

•

To determine the activation of ER stress pathways in cells with an increased insulin
synthesis rate and the potential role of H2O2 in these processes.

•

To analyze the influence of high FFA concentrations, as an additional β-cell detrimental and
T2DM-related factor, on H2O2 generation and ER stress pathways in cells with an increased
insulin synthesis rate.
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Table 2. List of kits
Kits

Manufacturer

NucleoSnap Plasmid Midi

Macherey-Nagel

NucleoSpin Gel und PCR Clean-up

Macherey-Nagel

NucleoSpin Plasmid EasyPure

Macherey-Nagel

NucleoSpin RNA Plus

Macherey-Nagel

Table 3. List of buffer and solutions
Buffers/Solutions

Composition

β-galactosidase staining solution

1 mg/ml X-Gal
40 mM citric acid/sodium phosphate buffer
(5x) pH 6.0
5 mM potassium ferricyanide
5 mM potassium ferrocyanide
150 mM sodium chloride
2 mM magnesium chloride

293FT cells medium

DMEM
25 mM glucose
10% FCS
1% Penicillin / Streptomycin
1% Glutamine

Citric acid/sodium phosphate buffer (5x)

36.85 ml of 0.1 M citric acid
63.15 ml of 0.2 M sodium phosphate
pH adjusted at 6.0

Doxycycline stock solution

0.5 mg/mL PBS
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Buffers/Solutions

Composition

FFA medium

RPMI 1640
10 mM glucose
1% FCS
1% Penicillin / Streptomycin

Freezing medium

RINm5F cells medium
10% DMSO
40% FCS

Krebs-Ringer Buffer

50 ml Krebs-Ringer stock solution (10x)
1.2 g Hepes
0.84 g sodium hydrogen carbonate
0.5 g glucose monohydrate pH 7,4
0.5 g bovine serum albumin
double-distilled water to fill up 500 ml

Krebs-Ringer stock solution (10x)

67.21 g/l sodium chloride
3.504 g/l potassium chloride
3.76 g/l calcium chloride dihydrate
2.958 g/l magnesium sulfate heptahydrate
1.633 g/l potassium dihydrogen phosphate

LB medium (pH 7,0)

20 g select peptone
10 g select yeast extract
20 g sodium chloride
dissolve in 2 L double-distilled water

MTT stock solution

5mg MTT /ml PBS
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Buffers/Solutions

Composition

MTT working solution

MTT stock solution diluted in Krebs-Ringer
buffer in a 1:11 ratio

RINm5F cells medium

RPMI 1640
10 mM glucose
10% FCS
1% Penicillin / Streptomycin

SOC medium

4 g select peptone (2%)
1 g select yeast extract (0,5%)
0.1 g sodium chloride (10 mM)
500 µl 1 M potassium chloride (2.5 mM)
2 ml 1 M magnesium chloride (10 mM)
4 ml 1 M glucose (20 mM)
dissolve in 200 ml double-distilled water

Table 4. List of chemicals
Chemicals

Manufacturer

2x GoTaq qPCR Master Mix

Promega

5x Reaction Buffer (Reverse

Thermo Scientific

Transcriptase)
Agarose

Biozym

Alkaline Phosphatase

Thermo Scientific

ATP

Thermo Scientific

BamHI

Thermo Scientific

Bicinchoninic acid solution

Thermo Scientific
24

Chemicals

Manufacturer

Blasticidin

InVivoGen

Bovine serum albumin

Merck

Calcium chloride

Sigma

Citric acid C6H8O7

Sigma

Doxycycline hydrochloride

MP Biomedicals

DMSO

Sigma

DNase I

Avantor

DnpI

Thermo Scientific

dNTPs

Thermo Scientific

EcoRI

Thermo Scientific

EDTA

Sigma

G418

Calbio

GeneRuler 1kb DNA Ladder (ready-to-

Thermo Scientific

use)
Glucose-Monohydrat

Merck

Hepes

Serva

Hydrogen peroxide (30%)

Merck

Ligase

Thermo Scientific

Ligation buffer

Thermo Scientific

Magnesium chloride

Merck

Magnesium sulfate heptahydrate

Merck

Midori Green

Genetics

Sodium chloride

Merck

25

Chemicals

Manufacturer

Sodium hydrogen carbonate

Merck

Sodium hydrogen phosphate 2-hydrate

Merck

Nuclease-free watter

Promega

Palmitic acid

Sigma

PEG 4000

Thermo Scientific

Potassium chloride

Merck

Potassium ferricyanide

Sigma

Potassium ferrocyanide

Sigma

Puromycin

Invivogen

Q5 polymerase

BioLabs

Q5 Buffer

BioLabs

Quant-iT PicoGreen

Invitrogen

RevertAid H Minus Reverse

Thermo Scientific

Transcriptase
RiboLock RNAse

Thermo Scientific

RNase-free water

Macherey-Nagel

RNase H

Fermentas

Select peptone

Carl Roth

Select yeast extract

Carl Roth

T4-PNK

BioLabs

XbaI

Thermo Fisher Scientific

X-Gal

Santa Cruz

Zeocin

InVivoGen
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Table 5. List of immunofluorescence antibodies
First antibodies

Company

Dilution

Source

Insulin

Dako (A0564) (CA, USA)

1:100

Guinea pig

Catalase

Rockland (100-4151) (Pennsylvania, USA) 1:500

Rabbit

Protein disulfide-

Abcam (ab5484) (Cambridge, UK)

Mouse

1:100

isomerase (PDI)

Secondary antibodies

Company

Dilution

Anti-guinea pig DyLight 649

Dianova (Hamburg, Germany)

1:200

Anti-rabbit Alexa Fluor 647

Dianova (Hamburg, Germany)

1:200

Anti-mouse Alexa Fluor 647

Dianova (Hamburg, Germany)

1:200

Table 6. List of Western blot antibodies
Protein

Company

Dilution

Source

LC3BII

Cell Signaling Technology (#2775)

1:1000

Rabbit

PDIA6

Santa Cruz Biotechnology Inc (sc-374494) (CA, USA) 1:1000

Mouse

Actin

Santa Cruz Biotechnology Inc (sc-47778) (CA, USA)

Mouse

1:500

Secondary antibodies

Company

Dilution

Anti-rabbit

Dianova (Hamburg, Germany)

1:40000

Anti-mouse

Dianova (Hamburg, Germany)

1:10000
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Table 7. List of subcloning primers
Primer name

Sequence
forward

5’- AAT CTA GAA ATT GAT CTA CCA TGT CTG
CAC -3’

reverse

5'- ATG GAT CCT TAT AGC TCA TCT TTA ACC
GCC -3'

forward

5’- TATCTAGAATGGGATGGAGCTGTATCATCC-3´

reverse

5´-TATCTAGACTACAGCTCGTCCTTCTCGCTTG-3'

hum Insulin
BamHI

forward

5´-TT GGA TCC ATG GCC CTG TGG ATG CGC-3

hum Insulin
EcoRI

reverse

5´-TT GAA TTC CTA GTT GCA GTA GTT CTC CAG
CTG GTA GA-3'

hum Insulin mut
C96Y

forward

5´-GGA ACA ATG CTA CAC CAG CAT CTG-3´

reverse

5´-ACA ATG CCA CGC TTC TGC-3'

TriPer
XbaI
TriPer
BamHI
ER catalase
XbaI
ER catalase
XbaI

Table 8. List of RT-qPCR primers
Target genes
Primer
rChop

rAtf4

rAtf6

rXbp1s

Sequence
forward

5´-CCA GCA GAG GTC ACA AGCAC-3´

reverse

5´-CGC ACT GAC CAC TCT GTT TC-3'

forward

5´-AAT GGC TGG CTA TGG ATG GG-3´

reverse

5´-TCT GTC CCG GAA AAG GCA TC-3'

forward

5´-GAG AGG TGT CTTG TTT TCG GGG-3´

reverse

5´-CGT GGA CTC CCA GTC TTC AC-3´

forward

5´-CTG AGT CCG CAG CAG GTG-3´

reverse

5´-AAG AGG CAA CAG CGT CAG AA-3´
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hINS

rNrf2

rManf

rHerpud1

rGrp94-

rp62

rPdia6

forward

5´-CCG CAG CCT TTG TG AACC AAC-3´

reverse

5´-GCG GGT CTT GGG TGT GTA GAA GA-3´

forward

5´-CTG TCA GCT ACT CCC AGG TTG-3'

reverse

5´-CGA CTC ATG GTC ATC TAC AAA TGG-3'

forward

5´-AGG CGA CTG CGA AGT TTG TA-3'

reverse

5´-GTC CAC TGT GCT CAG GTC AA-3´

forward

5´-GCT TCC AAA GGA AAA GCG ACA-3´

reverse

5´-CTG TGG ACT CAG CAC CCT TT-3'

forward

5´-AGCTCTATGTGCGCCGTGTATTC-3´

reverse

5´-TCTGAGTCCACCACACCCTTGAC-3'

forward

5´-CCCTCAGCCCTCTAGGCAT-3'

reverse

5´-TTTCTGCAGAGGTGGGTGTC-3´

forward

5´-GACTAGTGCTCGGTCTGGTG-3´

reverse

5´-GATGGCGTTAACTCGATGACA-3´

Housekeeping genes
Primer
rActin

rpl32

rPPIA

Sequence
forward

5´-ATG TGG ATC AGC AAG CAG GA-3´

reverse

5´-AAA GGG TGT AAA ACG CAG CTC A-3'

forward

5´-TGT CCT CTA AGA ACC GAA AAG CC-3´

reverse

5´-CGT TGG GAT TGG TGA CTC TGA-3´

forward

5´-TTG CAG ACG CCG CTG TCT CTT-3'

reverse

5´-TGG AAC TTT GTC TGC AAA CAG-3´
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Mean fluorescence intensity of insulin staining was calculated in all cells and compared between
different doxycycline concentrations (Fig. 20). Similar mean intensities were observed in
RINm5F cells expressing the Tet-On WT INS as in cells expressing the Tet-On WT INS+ER
catalase, being around 2-fold higher than in non-induced cells. In RINm5F expressing Tet-On
C96Y INS or Tet-On C96Y INS+ER catalase, a trend towards an increase of the insulin staining
intensity was detected after doxycycline induction, reaching significance only with 200 nM
doxycycline in cells co-expressing ER catalase. Endogenous insulin was also highly detectable
by the anti-insulin antibody, resulting in a high background even in non-induced cells. This,
combined to the lower affinity of the antibody to the C96Y insulin resulted in lower detection of

***

***

**

2.0

**

**

***

Insulin

2.5

1.5
1.0
0.5
0.0

0

20

100

200

doxycycline (nM)

(Mean fluorescence intensity)

Insulin

(Mean fluorescence intensity)

the C96Y insulin.
2.0
1.5

*

1.0
0.5
0.0

0

20

100

200

doxycycline (nM)

Fig. 20. Mean fluorescence intensity of insulin staining was higher after doxycycline induction in RINm5F cells coexpressing the TriPer sensor and the Tet-On-INS system.
RINm5F cells co-expressing the TriPer sensor and the Tet-On WT INS (light gray bars), Tet-On WT INS+ER catalase (dark gray
bars), Tet-On C96Y INS (red bars) or Tet-On C96Y INS+ER catalase (dark red bars) were incubated for 72 h with increasing
concentrations of doxycycline (0, 20, 100 or 200 nM). Thereafter, insulin was stained by immunofluorescence and detected by
microscopy. Mean fluorescence intensity of insulin staining was significantly higher in Tet-On WT-INS induced cells than in
non-induced cells, and comparable to their counterpart co-expressing Tet-On WT-INS with ER catalase. In the case of Tet-On
C96Y-INS cells insulin detection presented a trend towards an increase after doxycycline induction and only cells co-expressing
ER catalase showed a significant increase after induction with 200 nM of doxycycline. Data are means ± SEM of 3 independent
experiments. *p < 0.05, **p < 0.01, ***p<0.001 vs. 0 nM doxycycline (one-way ANOVA/Tukey´s-Test).

4.5 Insulin expression as a cause of H2O2 generation in the lumen of the ER
To evaluate the potential generation of H2O2 as a consequence of insulin folding, RINm5F cells
expressing the Tet-On INS system and the ER-located TriPer sensor or the HyPer ERM sensor
were incubated with increasing concentrations of doxycycline for the induction of the insulin
expression. Thereafter, changes of the fluorescence ratio of TriPer or HyPer were examined by
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induction. In cells expressing Tet-On WT INS with ER catalase, induction of WT insulin did not
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Fig. 23. Unfolded protein response (UPR) was activated after induction of insulin in RINm5F cells expressing the Tet-On
INS system.
RINm5F cells expressing Tet-On WT INS (light gray bars), Tet-On WT INS+ER catalase (dark gray bars), Tet-On C96Y INS
(red bars) or Tet-On C96Y INS+ER catalase (dark red bars) were incubated for 72 h with doxycycline (0, 20, 100 or 200 nM).
Thereafter, UPR was analyzed by RT-qPCR. Tet-On WT INS cells presented only upregulation of Xbp1s. The increase of Xbp1s
was not significant in their counterparts co-expressing ER catalase. Tet-On C96Y INS cells showed a significant increase of
Xbp1s, Atf4 and Atf6 gene expression after insulin induction, while Tet-On C96Y INS+ER catalase cells showed a significantly
lower expression of Atf4 compared to cells without ER catalase. Data are means ± SEM of 4-8 independent experiments.
*p < 0.05, **p < 0.01, ***p<0.001 vs. 0 nM doxycycline; &p < 0.05 vs. 20 nM doxycycline (one-way ANOVA/Tukey´s-Test);
#p

< 0.05, ##p < 0.01 vs. cells co-expressing ER catalase exposed to the same doxycycline concentration (unpaired, two-tailed

Student’s t-test).
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However, after induction of C96Y insulin Xbp1s showed a significant increase with a
concentration-dependent tendency that reached a 2-fold upregulation with the highest
doxycycline concentration. Similarly, Atf4 presented a significant concentration-dependent
upregulation, reaching a 1.4-fold increase with 200 nM doxycycline. Atf6 gene expression was
significantly higher only with 200 nM doxycycline incubation reaching a 1.3-fold increase
compared to non-induced cells (Fig. 23).
In cells co-expressing the Tet-On C96-INS system together with ER catalase, the gene
expression of Xbp1s was approximately 1.8-fold significantly upregulated with 20 and 100 nM
doxycycline compared to non-induced cells. In the case of 100 nM doxycycline incubation, this
increase was significantly higher than in cells without ER catalase. Atf4 gene expression was 1.3fold upregulated only with 20 nM doxycycline compared to non-induced cells and a nonsignificant increase was observed with the other two doxycycline concentrations. Compared to
cells without ER catalase, Atf4 expression was significantly lower in ER catalase expressing
cells. Atf6 gene expression was approximately 1.2-fold higher after incubation with 20 and 200
nM doxycycline compared to non-induced cells; however, its tendency was similar to the one
shown in those cells without ER catalase co-expression (Fig. 23).
Additionally, Chop gene expression was significantly 1.5-fold upregulated only after inducing
the expression of the C96Y insulin. This upregulation was counteracted by ER catalase coexpression, presenting a significant increase only with 20 nM doxycycline, but a significantly
lower induction with 200 nM doxycycline compared to cells without ER catalase (Fig. 24).
With the gene expression analysis, the activity of the different branches of the UPR was detected
depending on the type of induced insulin, either WT or C96Y insulin. Whilst WT insulin induced
only Xbp1s, C96Y insulin triggered the activity of all three branches of the UPR, including the
activation of proapoptotic pathways by Chop. Co-expression of ER catalase could partially
reduce the UPR activity after induction of either WT or C96Y insulin and also the upregulation
of Chop after induction of C96Y insulin.
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induction of C96Y insulin but not of WT insulin. Moreover, expression of ER catalase
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Fig. 25. Oxidative ER stress mediators were upregulated after the induction of C96Y insulin.
RINm5F cells expressing Tet-On WT INS (light gray bars), Tet-On WT INS+ER catalase (dark gray bars), Tet-On C96Y INS
(red bars) or Tet-On C96Y INS+ER catalase (dark red bars) were incubated with increasing concentrations of doxycycline (0, 20,
100 or 200 nM). After 72 h the gene expression of Nrf2, Manf and Herpud1 was analyzed. WT insulin did not induce the
expression of any of the mentioned genes. On the other hand, C96Y insulin showed an upregulation of Herpud1 with a tendency
related to doxycycline concentrations and a mild elevation of Nrf2 gene expression. Expression of ER catalase in Tet-On C96YINS blocked the Nrf2 upregulation but could not reduce the activity of Herpud1. Data are means ± SEM of 5-6 independent
experiments. *p < 0.05, **p < 0.01, ***p<0.001 vs. 0 nM doxycycline;
ANOVA/Tukey´s-Test);
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Fig. 26. Cell viability decreased after induction of insulin in RINm5F cells expressing the Tet-On INS system.
Viability of Tet-On WT INS (light gray bars), Tet-On WT INS+ER catalase (dark gray bars), Tet-On C96Y INS (red bars) and
Tet-On C96Y INS+ER catalase (dark red bars) cells was measured after 24, 48 and 72 h of doxycycline induction (0, 20, 100 and
200 nM). A significant reduction of cell viability was shown 72 h after induction of WT insulin. A decrease of cell viability was
shown 24 h after inducing the C96Y insulin and it was further extended over time in a doxycycline concentration-dependent
manner. Co-expression of ER catalase did not enhance cell viability. Data are mean values ± SEM of 6 independent experiments.
*p < 0.05, **p < 0.01, ***p <0.001 vs. 0 nM doxycycline;
ANOVA/Tukey´s-Test);
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significantly after 24 h, but in this case, it continuously decreased over time in a concentrationdependent manner, reaching a total reduction of 22.1%, 28.8% and 34.6% after 72 h with 20, 100
and 200 nM doxycycline, respectively (Fig. 28). Co-expression of ER catalase partly decreased
the reduction of caspase 3/7 activity, being evident after the first 24 and 48 h of WT insulin
induction. Differently, in cells expressing C96Y insulin this effect was more obvious after 72 h
of insulin induction, showing a significantly higher caspase 3/7 activity compared to cells
without ER catalase (78% vs. 90.6% with 20 nM doxycycline, 71.2% vs. 80.8% with 100 nM
doxycycline, 65.4% vs. 82.3% with 200 nM doxycycline in Tet-On C96Y INS vs. Tet-On C96Y
INS+ER catalase, Fig. 28).
Unexpectedly, increased insulin synthesis seemed to inhibit caspase 3/7 activity. This effect was
more evident after inducing C96Y insulin and apparently, ER catalase partially reduced the
causal mechanism of this inhibition. Based on these findings, a correlation between increased
insulin synthesis and cell death or apoptosis could not be verified. Therefore, mechanisms related
to cell dysfunction that could explain the loss of cell viability were further studied.
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Fig. 28. Caspase 3/7 activity decreased after induction of insulin in RINm5F cells expressing the Tet-On INS system.
Caspase 3/7 activity was detected in RINm5F cells expressing Tet-On WT INS (light gray bars), Tet-On WT INS+ER catalase
(dark gray bars), Tet-On C96Y INS (red bars) or Tet-On C96Y INS+ER catalase (dark red bars) after 24, 48 and 72 h of
doxycycline induction (0, 20, 100 and 200 nM). A reduction of caspase 3/7 activity was detected 24 h after induction of WT or
C96Y insulin, persisting in the same range over time for WT insulin but continuously decreased in the case of C96Y insulin.
Cells expressing C96Y insulin presented the highest reduction of caspase 3/7 activity after 72 h of doxycycline induction and
after this time, cells expressing ER catalase showed a lower reduction of caspase 3/7 activity. Data are mean values ± SEM of 4-5
independent experiments *p < 0.05, **p < 0.01, ***p <0.001 vs. 0 nM doxycycline; &p < 0.05 vs. 20 nM doxycycline (one-way
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Fig. 30. ATP content decreased after induction of insulin in RINm5F cells expressing the Tet-On INS system.
ATP was measured in RINm5F cells expressing Tet-On WT INS (light gray bars), Tet-On WT INS+ER catalase (dark gray bars),
Tet-On C96Y INS (red bars) or Tet-On C96Y INS+ER catalase (dark red bars) after 24, 48 or 72 h of doxycycline induction (0,
20, 100 or 200 nM) using the CellTiter-Glo reagent. Cells expressing WT insulin presented a significant reduction of ATP
content only in the first 24 hours after doxycycline induction, their counterparts co-expressing ER catalase did not present
significant changes in ATP content. Cells expressing C96Y insulin showed a reduction of the ATP content after 200 nM of
doxycycline, their counterparts co-expressing ER catalase showed a trend towards a non-significant decrease of the ATP content.
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Fig. 31. Gene expression of p21 was downregulated after induction of insulin in RINm5F cells expressing the Tet-On INS
system, whereas co-expression of ER catalase reduced this downregulation.
RINm5F cells expressing Tet-On WT INS (light gray bars), Tet-On WT INS+ER catalase (dark gray bars), Tet-On C96Y INS
(red bars) or Tet-On C96Y INS+ER catalase (dark red bars) were incubated with for 72 h doxycycline (0, 20, 100 or 200 nM).
Thereafter, gene expression of p21 was analyzed by RT-qPCR. Cells expressing WT insulin presented a significant decrease of
the gene expression only with the highest concentration of doxycycline. Cells expressing C96Y insulin showed downregulation
of p21 gene expression at lower doxycycline concentrations. In cells co-expressing ER catalase, neither WT nor C96Y insulin
induction modified p21 gene expression. Data are mean values ± SEM of 4-5 independent experiments *p < 0.05, **p <0.01 vs. 0
nM doxycycline (one-way ANOVA/Tukey´s-Test).

4.7.6.2 Senescence-associated β-galactosidase staining after induction of insulin expression
As a marker of senescence, β-galactosidase was stained in RINm5F cells expressing the Tet-On
INS system either for WT or C96Y insulin with or without ER catalase after 72 h of insulin
incubation (200 nM doxycycline). No β-galactosidase-positive cells were detected after the
incubation, neither for cells expressing WT nor C96Y insulin (Fig. 32) or for cells co-expressing
the Tet-On INS system and ER catalase (data not shown), whereas EndoC-βH1 cells used as
positive control were positive-stained (data not shown) confirming the proper functionality of the
method.
By the analysis of the senescence-related parameters mentioned above, it could be concluded
that increased insulin synthesis did not induce cell senescence in RINm5F cells expressing
elevated amounts of WT or C96Y insulin.
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Fig. 33. Gene expression of p62 was not modified by the induction of insulin in RINm5F cells expressing the Tet-On INS
system.
RINm5F cells expressing the Tet-On WT INS and the Tet-On C96Y INS system were incubated for 72 h with doxycycline (0, 20,
100 and 200 nM). After incubation, p62 gene expression was detected by RT-qPCR. No changes of p62 gene expression were
observed after induction of WT or C96Y insulin compared to non-induced cells.

4.7.7.2 LC3B protein expression after induction of insulin expression
LC3B protein expression was analyzed by Western blot detection after incubation under the
same conditions. No increase of LC3B protein expression was observed after induction of WT or
C96Y insulin, whereas an evidently stronger protein band was detectable in the positive control,
RINm5F cells incubated for 16 h with 25 mM chloroquine (Fig. 34).
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Fig. 34. LC3B protein expression was not increased after induction of insulin in RINm5F cells expressing the Tet-On INS
system.
RINm5F cells expressing Tet-On WT INS, Tet-On WT INS+ER catalase, Tet-On C96Y INS or Tet-On C96Y INS+ER catalase
were incubated for 72 h with 0 nM or 200 nM doxycycline. Additionally, RINm5F cells incubated for 16 h with 25 mM
chloroquine were used as a positive control. Thereafter, LC3B protein expression was detected by Western blot. Insulin induction
was not related to an increase of LC3B protein expression. High expression of LC3B was detected in the positive control.
Depicted blot is representative of 3 independent experiments.
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4.7.8.2 Pdia6 expression after induction of insulin expression
Pdia6 gene expression was analyzed in cells expressing the Tet-On INS system either for WT or
C96Y insulin after 72 h of doxycycline induction. Similar to Grp94 gene expression, Pdia6 gene
expression was not modified by WT insulin induction, whereas C96Y insulin induction triggered
a moderate but non-significant increase of the gene expression, reaching a 1.5-fold increase with
200 nM doxycycline compare to non-induced cells (Fig. 36).
Due to the apparent increase observed in Pdia6 gene expression after C96Y insulin induction,
detection of protein expression by Western blot analysis was tested in RINm5F cells under the
same incubation conditions. A similar protein expression was observed in all non-induced cells,
except in the case of non-induced cells expressing the Tet-On WT INS system, which presented
an evidently lower protein expression (Fig. 37A). After calculating the relative mean intensity of
the bands, a significant 2-fold increase of Pdia6 expression was detected only after the induction
of C96Y insulin (Fig. 37B), whereas cells expressing WT insulin or co-expressing ER catalase
showed a stable protein expression after doxycycline incubation. This data confirmed a
correlation between increased unfolded/misfolded insulin synthesis and upregulation of the
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Fig. 36. Pdia6 gene expression presented a trend towards an increase only after the induction of C96Y insulin in RINm5F
cells expressing the Tet-On INS system.
RINm5F cells expressing the Tet-On WT INS (light gray bars) or the Tet-On C96Y INS (red bars) were incubated for 72 h with
doxycycline (0, 20, 100 or 200 nM). Thereafter, gene expression of Pdia6 was analyzed by qPCR. Only cells expressing C96Y
insulin showed a trend towards an increase of Pdia6 gene expression. Data are mean values ± SEM of 4-5 independent
experiments.
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nM). 16 h before finishing the incubation, 50 µM PA was added to the cells. Thereafter, TriPer
fluorescence was analyzed, as previously described (see chapter 3.5.1). The relative fluorescence
ratio of TriPer was calculated as a percentage of control cells (EtOH-treated cells). PA alone did
not modify the TriPer ratio. However, after induction of WT insulin combined with PA
incubation, the TriPer fluorescence ratio showed a declining trend, reaching a significant
reduction of 5.3% with the highest doxycycline concentration plus PA. Contrary, cells coexpressing WT insulin and ER catalase maintained a stable TriPer fluorescence ratio after
exposure to the different doxycycline concentrations and PA. Similarly, cells expressing C96Y
insulin showed a trend towards a decrease in TriPer ratio after incubation with increasing
doxycycline concentrations together with PA, reaching a significant 9.5% reduction with 200 nM
doxycycline and PA. Cells co-expressing the Tet-On C96Y INS and ER catalase showed no
significant TriPer ratio changes (Fig. 39). Thus, increased insulin synthesis combined with PA,
but not PA alone, led to a detectable generation of H2O2 in the lumen of the ER. The stable
TriPer fluorescence ratio of cells co-expressing ER catalase supported the earlier findings (see
also chapter 3.5.2) that catalase was able to detoxify the generated H2O2 and that the detected
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Fig. 39. Induction of insulin expression in the presence of palmitic acid reduced the TriPer fluorescence ratio of RINm5F
cells co-expressing the Tet-On INS system.
RINm5F cells stably co-expressing Tet-On WT INS (light gray bars), Tet-On WT INS+ER catalase (dark gray bars), Tet-On
C96Y INS (red bars) or Tet-On C96Y INS+ER catalase (dark red bars) and the TriPer sensor were incubated with different
concentrations of doxycycline (0, 20, 100 and 200 nM). 16 h before finishing the incubation, 50 µM PA was added to the cells.
After the incubation, the TriPer ratio was analyzed by live-cell imaging. Induction of WT insulin or C96Y insulin exposed to the
highest doxycycline concentration and 50 µM PA led to a significant TriPer ratio reduction. In contrast, cells co-expressing the
ER catalase presented a stable fluorescence ratio after the same incubation conditions. Data are means ± SEM of 4-6 independent
experiments. *p < 0.05 vs. EtOH-treated cells (one-way ANOVA/Tukey´s-Test); #p < 0.05, ##p < 0.01 vs. cells co-expressing ER
catalase exposed to the same incubation conditions (unpaired, two-tailed Student's t-test).
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PA or doxycycline plus PA did not significantly increase Atf6 expression, even when its
expression was higher than in cells without ER catalase in control conditions. Contrary to Tet-On
WT INS cells, in cells expressing C96Y insulin no significant increase of their Atf6 expression
was observed after incubation with PA alone or together with doxycycline. However, cells coexpressing ER catalase showed a 1.3-fold Atf6 upregulation when the different doxycycline
concentrations were combined with PA (Fig. 40).
Additionally, PA alone caused an approximately 1.5-fold upregulation of Chop gene expression
in all tested cells. However, in cells expressing WT insulin with or without ER catalase, this
upregulation persisted at similar levels even after combined the three different doxycycline
concentrations with PA. Contrary, in cells expressing C96Y insulin, 200 nM doxycycline plus
PA caused a higher Chop gene expression than in controls or in cells treated with PA alone (2.3fold increase vs. control and 1.5-fold increase vs. PA-incubated cells) (Fig. 41). ER catalase coexpression could not reduce this Chop upregulation.
Altogether, this data showed that PA alone triggered the activity of the UPR. However, when it
is combined with high insulin synthesis, either for WT or C96Y, higher UPR activation could be
observed. Moreover, Chop expression was upregulated by PA alone, but only when PA was
combined with C96Y insulin induction, a synergistic effect was detected.
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Fig. 40. Unfolded protein response (UPR) was activated after induction of insulin expression in the presence of palmitic
acid (PA) in RINm5F cells expressing the Tet-On INS system.
RINm5F cells stably expressing Tet-On WT INS (light gray bars), Tet-On WT INS+ER catalase (dark gray bars), Tet-On C96Y
INS (red bars) or Tet-On C96Y INS+ER catalase (dark red bars) were incubated with different concentrations of doxycycline (0,
20, 100 and 200 nM). 16 h before finishing the incubation, 50 µM PA was added to the cells. After the incubation time, UPR was
analyzed by RT-qPCR. Both Tet-On WT-INS cells and Tet-On C96Y-INS cells showed a significant increase of Xbp1s, Atf4, and
Atf6 gene expression after insulin induction combined with PA. ER catalase co-expression could not abolish the UPR activation
under the same incubation conditions. Data are means ± SEM of 4-5 independent experiments. *p < 0.05, **p < 0.01, ***p<0.001
vs. EtOH-treated cells; ●p < 0.05, ●●p < 0.01, ●●●p<0.001 vs. 50 µM PA; &p < 0.05 vs. 20 nM doxycycline + 50 µM PA; $p < 0.05
vs. 100 nM doxycycline + 50 µM PA (one-way ANOVA/Tukey´s-Test); #p < 0.05, ##p < 0.01, ###p < 0.001 vs. cells co-expressing
ER catalase exposed to the same incubation conditions (unpaired, two-tailed Student’s t-test).
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expressing WT insulin, the incubation with doxycycline and PA did not cause higher loss of cell
viability compared to the observed with PA alone. On the other hand, cells expressing C96Y
insulin showed a more profound viability reduction, presenting a significant trend towards a
decrease compared to control and PA-incubated cells (73%, 65% and 64% viable cells after 20,
100 and 200 nM doxycycline plus PA, respectively). Cells co-expressing ER catalase and Tet-On
WT or C96Y INS presented similar viability loss than cells without ER catalase (Fig. 42). Thus,
PA alone reduced already cell viability. However, in cells expressing WT insulin, the PA effect
was not amplified by the accelerated insulin synthesis. Contrary, in cells expressing C96Y
insulin, a synergistic reduction of cell viability was detected with doxycycline and PA. ER
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Fig. 42. Cell viability was significantly reduced after induction of insulin expression in the presence of palmitic acid (PA)
in RINm5F cells expressing the Tet-On INS system.
RINm5F cells expressing Tet-On WT INS (light gray bars), Tet-On WT INS+ER catalase (dark gray bars), Tet-On C96Y INS
(red bars) or Tet-On C96Y INS+ER catalase (dark red bars) were incubated with different doxycycline concentrations (0, 20, 100
and 200 nM). 16 h before finishing the incubation, 50 µM PA was added to the cells. After the incubation time, cell viability was
analyzed by MTT assay. PA alone significantly reduced cell viability. Furthermore, only induction of C96Y insulin combined
with PA decreased cell viability even more. ER catalase co-expression could not protect the cells against doxycycline-PA
toxicity. Data are means ± SEM of 4-5 independent experiments. *p < 0.05, **p < 0.01, ***p<0.001 vs. EtOH-treated cells;
●p

< 0.05, ●●p < 0.01 vs. 50 µM PA (one-way ANOVA/Tukey´s-Test).

4.8.4.2 Cell proliferation after induction of insulin expression in the presence of palmitic acid
Cell proliferation was explored by quantification of BrdU incorporation in RINm5F cells
expressing the Tet-On INS system with or without co-expression of ER catalase after
doxycycline (0, 20, 100 and 200 nM) and PA incubation. PA alone did not modify cell
proliferation rate. However, after combined doxycycline and PA incubation, a significant 8.6%
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reduction of proliferation rate in cells expressing WT insulin was observed with 200 nM
doxycycline and PA. ER catalase co-expression protected against this proliferation reduction
only in cells exposed to 200 nM doxycycline. On the other hand, the proliferation rate of cells
expressing C96Y insulin was significantly reduced by 13% with 100 or 200 nM doxycycline and
PA. However, in this case, ER catalase co-expression could not improve cell proliferation,
showing similar results to cells without ER catalase (Fig. 43). Thus, increased insulin synthesis
in the presence of PA caused a mild reduction of the proliferation rate of cells expressing WT
insulin, whereas cells expressing C96Y insulin showed a more profound reduction of the
proliferation rate. ER catalase partially improved cell proliferation only when PA was combined
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Fig. 43. Cell proliferation was significantly reduced after induction of insulin expression in the presence of palmitic acid
(PA) in RINm5F cells expressing the Tet-On INS system.
RINm5F cells expressing Tet-On WT INS (light gray bars), Tet-On WT INS+ER catalase (dark gray bars), Tet-On C96Y INS
(red bars) or Tet-On C96Y INS+ER catalase (dark red bars) were incubated with different doxycycline concentrations (0, 20, 100
and 200 nM). 16 h before finishing the incubation, 50 µM PA was added to the cells. After the incubation time, cell proliferation
was analyzed by BrdU assay. PA alone did not affect cell proliferation. However, when PA was combined with insulin induction,
a significant reduction was observed in cells expressing either WT insulin or C96Y insulin. In cells co-expressing ER catalase
and WT insulin, the proliferation rate was not affected, but cells co-expressing ER catalase and C96Y insulin showed a
significant decrease in proliferation. Data are means ± SEM of 4-5 independent experiments. *p < 0.05, **p < 0.01, ***p<0.001
vs. EtOH-treated cells; ●p < 0.05, ●●p < 0.01 vs. 50 µM PA (one-way ANOVA/Tukey´s-Test).

4.8.4.3 ATP content after induction of insulin expression in the presence of palmitic acid
ATP content was quantified in RINm5F cells expressing the Tet-On INS system with or without
ER catalase after doxycycline incubation (0, 20, 100 and 200 nM) and PA by the CellTiter-Glo
assay.
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PA alone did not modify the ATP content, except in cells expressing the Tet-On C96Y INS+ER
catalase, in which the ATP content was reduced by 11% compared to control cells. As in
previous experiments, cells expressing C96Y insulin were more affected than cells expressing
WT insulin. A significant 22% reduction of the ATP content was observed only after induction
of WT insulin expression with 200 nM doxycycline in the presence of PA compared to controls.
Cells co-expressing ER catalase were affected in a similar way. A more extended decrease of the
ATP content was observed in cells expressing C96Y insulin, which presented a 15% and 23%
reduction after induction with 100 and 200 nM doxycycline together with PA compared to
control and PA-incubated cells. In this case, cells co-expressing ER catalase were more affected
than cells without ER catalase exposed to identical conditions, showing a significant 31.1%
reduction of the ATP content after incubation with 200 nM doxycycline and PA compared to
controls (Fig. 44). Through this measurement, a reduction of the ATP content was observed in
cells exposed to PA expressing either WT or C96Y insulin. C96Y insulin induction and PA led
to a more profound ATP reduction. Finally, ER catalase co-expression did not avoid this
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Fig. 44. ATP content was significantly reduced after induction of insulin expression in the presence of palmitic acid (PA)
in RINm5F cells expressing the Tet-On INS system.
RINm5F cells expressing Tet-On WT INS (light gray bars), Tet-On WT INS+ER catalase (dark gray bars), Tet-On C96Y INS
(red bars) or Tet-On C96Y INS+ER catalase (dark red bars) were incubated with different concentrations of doxycycline (0, 20,
100 and 200 nM). 16 h before finishing the incubation, 50 µM PA was added to the cells. After the incubation time, ATP content
was quantified by the CellTiter-Glo assay. PA alone did not affect the ATP content of the cells. However, when PA incubation
was combined with insulin induction, a significant reduction was observed in cells expressing either WT insulin or C96Y insulin.
Cells co-expressing the ER catalase were similarly affected. Data are means ± SEM of 4-5 independent experiments. *p < 0.05,
**p < 0.01, ***p<0.001 vs. EtOH-treated cells;
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4.8.4.4 Caspase 3/7 activity after induction of insulin expression in the presence of palmitic
acid
To explore the possible activation of apoptotic pathways after high insulin synthesis in the
presence of palmitic acid, caspase 3/7 activity was detected in RINm5F cells expressing the TetOn INS system with or without ER catalase after doxycycline induction (0, 20, 100 and 200 nM)
and 50 µM PA incubation. PA alone did not trigger a significant caspase 3/7 activity. However,
the combined incubation, doxycycline plus PA, activated this apoptotic pathway. Induction of
WT insulin with 20 and 100 nM doxycycline and PA raised 1.5 times the caspase 3/7 activity
compared to controls. 200 nM doxycycline and PA lead to the highest caspase 3/7 activity,
raising it 2.2 times compared to controls. The ER catalase co-expression did not inhibit this
increase of caspase activity. Differently, cells expressing C96Y insulin showed no activation of
caspase 3/7 activity by 20 and 100 nM doxycycline and PA. Only the combination of 200 nM
doxycycline plus PA increased significantly 1.3-fold the caspase activity of these cells. Likewise,
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Fig. 45. Caspase 3/7 activity was significantly increased after induction of insulin expression in the presence of palmitic
acid (PA) in RINm5F cells expressing the Tet-On INS system.
RINm5F cells expressing Tet-On WT INS (light gray bars), Tet-On WT INS+ER catalase (dark gray bars), Tet-On C96Y INS
(red bars) or Tet-On C96Y INS+ER catalase (dark red bars) were incubated for 72 h with different concentrations of doxycycline
(0, 20, 100 and 200 nM). 16 h before finishing the incubation, 50 µM PA was added to the cells. After the incubation time,
caspase 3/7 activity was detected by the Caspase-Glo 3/7 assay. No activation of caspase 3/7 was not detectable after incubation
with PA alone. However, when PA was combined with doxycycline, a significant increase of caspase 3/7 activity was detected in
cells expressing WT insulin as well as in cells co-expressing the ER catalase. In cells expressing the C96Y insulin, caspase 3/7
activity was detectable only after combining PA with the highest doxycycline concentration. The same pattern was observed in
cells co-expressing the ER catalase. Data are means ± SEM of 4-5 independent experiments. *p < 0.05, **p < 0.01, ***p<0.001
vs. EtOH-treated cells;
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Altogether, high WT insulin synthesis in the presence of PA impressively activated the apoptotic
pathway in a concentration-dependent manner. In contrast, an increase of caspase 3/7 was
detectable in C96Y insulin expressing cells only with the highest doxycycline concentration plus
PA but at a lower rate than in cells expressing WT insulin exposed to the same conditions.
Furthermore, ER catalase did not prevent caspase 3/7 activation.
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be relieved and ER stress persists, apoptotic pathways are triggered [54], causing higher ROS
generation [65]. Therefore, a vicious cycle between proinsulin synthesis, proinsulin
accumulation and H2O2 generation can result in β-cell dysfunction and T2DM progression [57].
Due to the complexity of this process, identifying the independent contribution and impact of
each factor to β-cell dysfunction is very challenging. On the one hand, glucose stimuli for the
induction of insulin synthesis triggers other mechanisms of β-cell damage like elevated
mitochondrial glucose oxidation [21]. On the other hand, tools to quantify H2O2 in the ER were
ineffective until a few years ago, when due to improvements in genetically encoded fluorescent
protein sensors, an ER-located H2O2 sensor was developed. This sensor, called TriPer, has been
created as a fluorometric probe to detect H2O2 in a highly thiol-oxidizing environment [113], as
the lumen of the ER, where oxidoreductase enzymes have high activity [52, 53] and the
GSH/GSSG ratio is very low [138].
Through this project, using a glucose-independent insulin inducible system combined with the
TriPer sensor, it was possible to characterize H2O2 generated in the ER caused by high insulin
synthesis and its impact on oxidative ER stress.

5.1 High insulin synthesis as a cause of H2O2 generation in the lumen of the ER
Insulin synthesis has been proposed as a cause of H2O2 generation in the lumen of the ER [54].
Increased H2O2 generation can cause oxidative ER stress and UPR activity, followed by β-cell
dysfunction and death [57]. However, determining H2O2 in the lumen of the ER remains
challenging. Some tools have been used to determine H2O2 concentrations without success.
Whereas the use of chemical compounds limits ROS detection to the extracellular space having a
low H2O2 specificity [104], other genetically encoded fluorescent protein sensors, like HyPer
targeted to the lumen of the ER, are not able to sense H2O2 due to the oxidation of its reactive
cysteines by PDI enzymes instead of H2O2 [112]. Recently, the functionality of a HyPer-derived
protein sensor, called TriPer, was demonstrated by Melo et al. [113]. The TriPer sensor, located
in the lumen of the ER, is characterized by presenting a fluorescence ratio reduction (488/405
nm) after H2O2 exposure. The detection of H2O2 by TriPer is possible due to its three cysteines,
which give the protein the ability to react with H2O2 after an initial PDI-mediated oxidation
[113].
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In the present work, RINm5F cells were co-transduced with TriPer and a doxycycline-inducible
system (Tet-On INS) for the expression of either wild-type insulin (Tet-On INS WT) or the
misfolded insulin C96Y, also called Akita (Tet-On INS C96Y). Additionally, ER catalase coexpression was used to prevent the potential generation of H2O2 and its possible effects on β-cell
dysfunction. To simulate the elevated insulin synthesis that β-cells suffer during T2DM
progression, RINm5F cells were doxycycline-stimulated for 72 h. This incubation time
represents a much shorter period of high insulin synthesis compared to the chronic process that
β-cells suffer in T2DM. Therefore, potential mild or moderate effects in this model could
represent higher toxic effects in β-cells through the overall T2DM progression. To face this, the
induction of C96Y insulin was used to represent the potential chronic proinsulin accumulation
over the progression of the disease. The highly toxic effect of misfolded proinsulin accumulation
leading to ER stress in β-cells has been previously demonstrated in the Akita mouse [83]. The
same disorders, referred to as Mutant INS-gene Induced Diabetes of Youth (MIDY) syndrome
[139], have been described in patients carrying missense mutations in the INS gene, which
develops early-onset diabetes without autoimmunity [51].
In the present study, the TriPer response to 50 and 100 µM exogenously added H2O2 was
successfully tested, reaching 5 and 6% reduction of its fluorescence ratio (488/405 nm),
respectively. Confirming that this response was exclusively H2O2-caused, ER catalase coexpression abolished the TriPer ratio reduction after H2O2 administration, in the same way as
shown by Melo et al. [113].
The HyPer sensor targeted to the cytosolic face of ER (HyPer ERM) in RINm5F cells expressing
the Tet-On INS system was used as an independent and additional tool to detect ER-generated
H2O2, and secondarily, to explore the potential diffusion of H2O2 from the ER to the cytosol.
HyPer ERM successfully responded to 25 and 50 µM exogenously administrated H2O2,
represented by a 4-5% increase of its fluorescence ratio, similarly to previous observations by
Laporte et al. [106].
Thus, successful H2O2 detection by both sensors, TriPer and HyPer ERM, was established,
enabling their use to study the possible luminal H2O2 generation under high insulin synthesis.
Further on, the proper expression of insulin in cells transfected with the Tet-On INS system was
confirmed. INS gene expression either for WT or C96Y insulin was upregulated immediately
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after 24 h doxycycline induction and reached the highest expression after 72 h of doxycycline
incubation. Additionally, WT insulin content detected by RIA was three-fold higher in cells
exposed to doxycycline than in non-induced cells. On the contrary, C96Y insulin content was not
detectable by RIA. The accumulation of high-molecular-weight protein complexes [84] formed
by the un/misfolded protein may reduce the anti-insulin antibody affinity, impairing the proper
detection of C96Y insulin. These difficulties have been solved by others, tagging the C96Y
insulin with GFP [140, 141] or a special epitope called myc [84, 142], making its detection
easier. However, using tagged proteins may interfere with protein structure, affecting its folding
and biological activity [143] and thereby also disturbing the ER homeostasis. Therefore, in this
approach, non-modified insulin was expressed and another method for insulin detection was
additionally used. Better recognition of C96Y insulin expression was achieved by
immunofluorescence, as presented in chapter 3.4.4.
Once the proper function of the experimental tools was validated, experiments to detect H2O2
resulting from increased insulin folding were performed. Through them, it was possible to
correlate the high insulin induction with a progressive reduction of the TriPer fluorescence ratio.
After 72 h with the highest doxycycline induction, a reduction of 6.7% of the fluorescence ratio
of TriPer was obtained in cells expressing WT insulin and 10.4% in cells expressing C96Y
insulin. As expected, higher H2O2 generation was induced by C96Y insulin expression, through
which unfolded molecules are accumulated in the ER, causing the arrest of WT insulin and
leading to stronger ER stress [62, 83, 84]. In this work, a higher response of the TriPer sensor by
the C96Y insulin induction was detected than the one reached after 100 µM exogenously
administrated H2O2 (approx. 6% reduction). However, these results may not be entirely
comparable due to differences in performed experiments. It has been estimated that a steep
gradient of H2O2 concentration (100–500-fold) between extracellular and intracellular space
exists [90], therefore the exogenously administrated H2O2 could result in a lower final
concentration detected by the ER-located TriPer sensor.
An essential tool in this project to study the deleterious effect of H2O2 was the co-expression of
catalase inside the ER lumen (ER catalase), as it has been previously reported by others [128].
Cells co-expressing the H2O2-detoxifying enzyme showed a stable TriPer fluorescence ratio after
the induction of WT or C96Y insulin, confirming that the TriPer response obtained after insulin
induction was solely H2O2-dependent.
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Supporting the higher H2O2 generation detected by TriPer after C96Y insulin induction, HyPer
ERM showed an increase of its fluorescence ratio in cells expressing C96Y insulin, which was
not observed in cells expressing WT insulin. These results supported the concept that higher
levels of H2O2 were generated by the accumulation of un/misfolded insulin, pointing to possible
mechanisms of H2O2 transport outside the ER lumen when these levels are high enough to
produce ER stress [90]. By contrast, WT insulin folding only induced lower levels of H2O2 in the
lumen of the ER without causing H2O2 diffusion. Thus, in the concept of oxidative eustress,
referred to the use of physiological H2O2 levels in redox signaling, Prdx4 could re-use the ERgenerated H2O2 as a product of insulin folding to increase the disulfide formation [53],
improving the ER folding capacity [144]. On the other hand, in oxidative distress, when
increased H2O2 concentrations caused molecular damage [90], H2O2 may be reduced by a higher
membrane permeability. Recently, the removal of toxic concentrations of H2O2 from the
mitochondria by the peroxiporin AQP8 has been demonstrated in RINm5F cells [145].
Moreover, novel discoveries of other peroxiporines, like AQP11 residing in the ER [146], could
improve the understanding of both eustress and distress caused by H2O2 in the lumen of the ER.
Altogether these data support previous hypotheses that high insulin synthesis generates H2O2 in
the lumen of the ER. Furthermore, the accumulation of unfolded and misfolded insulin causes a
higher H2O2 generation in the ER lumen.

5.2 Insulin expression as a cause of oxidative ER stress
Activation of the Unfolded Protein Response (UPR) is considered to be the classical mechanism
by which cells suffering from ER stress can initially reduce the protein overload; however, if the
overload could not be reduced, the maladaptive UPR induces cellular apoptosis [7, 65]. Three
specific ER sensors contribute to the UPR: PERK, IRE1α and ATF6. Induction of multiple
downstream signaling pathways has been identified for each sensor. PERK induces the
phosphorylation of eIF2α and thereby blocking protein translation. Simultaneously, it increases
ATF4 activity, upregulating genes for redox control, amino acid and glucose metabolism and
protein folding. However, if the stimuli persist, CHOP is also upregulated by ATF4, leading to
apoptotic pathways. IRE1α promotes splicing of XBP1, reducing the protein overload but after
chronic stress, IRE1α can also induce apoptosis through the activation of c-Jun N-terminal
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kinase (JNK). ATF6 activity promotes proper translocation, folding and secretion of proteins but
also, together with PERK, induces the expression of proapoptotic genes [7].
Under high insulin resistance, an increase of insulin synthesis by β-cells as a mechanism to
compensate for the low insulin sensitivity is assumed [11]. However, high insulin synthesis
increases the accumulation of proinsulin in the ER, causing UPR activity [54]. Additionally,
H2O2 generated as a by-product induces ER stress and UPR as well [94]. To study the link of
ER-generated H2O2 during high insulin synthesis and ER stress, UPR activity was determined.
The induction of both insulin variants, WT and C96Y, triggered the expression of Xbp1s. Due to
the essential role of Xbp1s in oxidative proinsulin folding by the regulation of PDI enzymes
enabling insulin biosynthesis [72, 147], upregulation of Xbp1s was not surprising.
However, only C96Y insulin triggered the other two UPR branches. PERK activity related to
upregulation of Atf4 could be expected after insulin induction as a regulator of protein translation
[66] due to the C96Y insulin accumulation. However, this adaptive mechanism to re-equilibrate
the cell homeostasis seems to be disrupted with the additional upregulation of Chop, a wellknown apoptotic inducer [148]. Chop upregulation has been related to H2O2-mediated oxidative
stress [99, 102]. Furthermore, Chop induction has also been linked with the expression of
proinsulin mutant variants [85, 149]. Therefore, these results remark once more the higher effect
of unfolded/misfolded proinsulin on oxidative and ER stress. Additionally, it could be proven
that UPR activity is partially induced by H2O2 generated in the ER during insulin folding. This
premise is supported by the lower UPR activity observed in cells co-expressing ER catalase,
whereby not only Atf4 but also Chop gene expression was significantly lower after induction of
C96Y insulin.
Intracellular levels of H2O2 modify the expression of genes involved in ROS detoxification on
the transcriptome level [150]. Here, the ER luminal generated H2O2 by WT insulin folding was
not enough to induce an oxidative stress response, determined by the analysis of Nrf2 and
Herpud1 gene expression. On the contrary, C96Y insulin modified the expression of these H2O2dependent genes.
Upregulation of Nrf2, an oxidative stress master regulator [151], by C96Y insulin indicated that
the ER-generated H2O2 acts as an inducer of oxidative ER stress. Nrf2 regulation has also been
related to UPR activity as a PERK substrate [152]. Furthermore, Nrf2 has been shown its
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protection in β-cells against oxidative stress and lipotoxicity [76, 153]. In the first case, Nrf2 was
upregulated in β-cells migrating from high insulin synthesis to high UPR activity [76]; in the
second case, its protective effect was observed after short-term exposure to a high fatty acid diet,
inducing β-cell survival and self-repair [153]. Therefore, the Nrf2 induction by C96Y insulin can
be interpreted as a protective response against H2O2 generation and UPR activity. Moreover, the
decline of Nrf2 with the highest doxycycline concentration could represent a loss of its beneficial
effect against the oxidative stress generated by C96Y insulin expression, as a consequence of the
observed Chop upregulation. Confirming the H2O2-specificity of increased Nrf2 expression, ER
catalase could diminish the Nrf2 expression after C96Y insulin induction, supporting that cells
with a higher antioxidative capacity are less prone to oxidative stress.
In turn, Herpud1 was also upregulated by C96Y insulin. H2O2 has been proposed as an activator
of this ER transmembrane protein [154]. However, its role in ER stress has been linked to UPR
activity [155, 156], cooperation in misfolded protein degradation with the ERAD complex [155],
and Ca2+ homeostasis [157]. In this direction, the observed Herpud1 upregulation proved its role
in ER stress as a mechanism to degrade the misfolded C96Y insulin. Furthermore, its activation
by ER stress instead of oxidative stress was demonstrated by cells co-expressing ER catalase
presenting a similar Herpud1 upregulation.
This data could prove that wild-type insulin could partially induce UPR activity without further
activation of ER-associated apoptotic pathways. However, the accumulation of misfolded and
unfolded C96Y insulin leads to a higher UPR activity, oxidative stress and initiation of apoptosis
pathways.

5.3 Role of increased insulin synthesis in cell death and dysfunction
The initial approach to evaluate β-cell dysfunction caused by high insulin synthesis was assessed
by quantification of cell viability. Through this, it was possible to detect that high insulin
synthesis caused a reduction of cell viability. This effect was observed after 72 h of WT insulin
induction, whereas an immediate reduction of cell viability was detected after 24 h of C96Y
insulin induction, confirming again an increase in toxicity caused by unfolded/misfolded insulin
compared to wild-type insulin. Moreover, it could be determined that this reduction of cell
viability was not only H2O2-dependent; due to the fact that co-expression of ER catalase could
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not improve cell viability. Therefore, other mechanisms causing cell dysfunction were further
evaluated.
To clarify if cell viability loss was caused by cell death, including apoptosis, these two
parameters were evaluated without finding an increase after insulin synthesis induction.
Intriguingly, induction of both insulin types seemed to inhibit caspase 3/7 activity. This effect
was more evident after C96Y insulin induction and apparently, ER catalase co-expression
partially reduced the causal mechanism of this inhibition. Therefore, even when increased insulin
synthesis was related to a reduction of cell viability, this viability loss was not caused by cell
death.
Further on, based on the lack of evidence to link increased insulin synthesis with cell death or
apoptosis and because the used cell-viability assay evaluates metabolically active cells,
mechanisms related to cell dysfunction to explain cell viability loss were investigated. In this
context, it was possible to detect a significant reduction of cell proliferation only through C96Y
insulin synthesis. However, a trend pointing to a cell proliferation decrease was observed after
inducing the expression of both insulin variants. This trend was more profound in cells
expressing C96Y insulin, a pattern previously shown by Riahi et al. [86] where the main
mechanism of β-cell dysfunction was impairment of β-cell proliferation and growth caused by
transient inhibition of mammalian target of rapamycin (mTOR) complex (mTORC1). Because of
their origin, RINm5F cells are highly proliferative [158, 159]. Therefore, translating our findings
to primary β-cells with low proliferation [160], this cell proliferation reduction caused by
increased insulin synthesis could represent a relevant mechanism of β-cell failure. Additionally,
the co-expression of ER catalase impaired even more the proliferation of cells expressing C96Y
insulin. Therefore, it can be deduced that increased H2O2 generation is not the main mechanism
involved in reducing cell proliferation.
The lack of protection by ER catalase to improve either cell viability or proliferation could
indicate the importance of low or moderate H2O2 concentrations as a second-messenger. For
example, the effect of H2O2 to induce proliferation has been shown not only in β-cells [97] but
also in other mammalian cells [90] and neuronal cells [161]. Moreover, even when the
detoxifying activity of catalase may protect against H2O2-toxicity, ER catalase expression in this
model could also impair the ER oxidizing environment causing disruption of insulin folding.
However, because other ER antioxidative enzymes like Prdx4 have been proved to play an
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important role in insulin folding network [144], ER catalase was chosen as a good alternative to
reverse specifically and solely the H2O2-effects without affecting directly the expression of
enzymes participating in insulin folding.
Hyperglycemia has been demonstrated to be a pivotal factor of β-cell dysfunction, causing
impairment of the mitochondrial metabolism and lacking of ATP, leading to insulin secretion
deficit [162]. However, with these findings, it could prove that high insulin synthesis
independent of glucose metabolism can also induce decreased ATP content. This effect was
observed at the beginning of WT insulin induction, and in the case of C96Y insulin, this ATP
decrease became more evident immediately after insulin induction and was further progressing
over time. The reduction of the ATP content can be explained by the energy-dependent insulin
folding process [163] and by the UPR activity, which also depends on ATP [164]. Furthermore,
the communication between ER and mitochondria by mitochondria-associated membranes
(MAMs) through stimuli like Ca2+ signaling [61] and ROS [165] could also negatively impact
ATP production. Moreover, cells with ER catalase seemed to be partially protected against this
reduction of ATP content, indicating a potential role of the ER-generated H2O2 in mitochondrial
dysfunction. Supporting evidence has been reported for cardiac cells of rats, where the
administration of antioxidants prevents the opening of mitochondrial permeability transition
pore, inhibiting mitochondrial dysfunction and apoptosis [166]. Thus, an increased glucoseindependent insulin synthesis rate, as it was provoked in this study, resulted in a reduction of the
ATP content. Multiple pathways could lead to this ATP decrease, for example, insulin folding
and trafficking, and further on, during pathophysiological progression, UPR activity, the ERgenerated H2O2 and dysregulation of mitochondrial activity.
Another possible mechanism of cell dysfunction that is not primarily related to cell death but
with cell arrest is senescence [167]. Because of its implications on limiting cell proliferation,
changing the typical cell phenotype and inducing a pro-inflammatory secretory phenotype,
senescence has been implicated in multiple diseases like osteoporosis, metabolic syndrome and
T2DM [168]. Multiple factors can induce senescence, including ROS [167]. In the used RINm5F
cell line, it was not possible to detect the typical pattern of cell senescence markers (increased
expression of p16 and p21 or β-galactosidase staining). Contrary to expectations, p21 was
downregulated by high insulin synthesis, being more affected by C96Y insulin. Additionally, the
co-expression of ER catalase counteracted the p21 downregulation. Interestingly, p21,
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upregulated under senescence conditions [132], has been found to be downregulated under
T2DM conditions, where ER stress upregulated Chop, which inversely controlled p21 gene
expression and induced apoptotic pathways [169]. Based on this, we could also confirm the
association between C96Y insulin, ER stress, Atf4 and Chop upregulation, and downregulation
of p21 gene expression. Therefore, even when accumulating evidence suggests accelerated β-cell
aging and senescence in T2DM development [7, 170, 171, 172], a precise mechanism of β-cell
senescence is not elucidated yet. Moreover, a better model to study cell senescence can also
improve the understanding of this phenomenon in T2DM development. Since RINm5F cells
show a high proliferation rate [158, 159], detection of senescence markers could be more
successful in primary β-cells or the human β-cell-derived EndoC-βH1 cells, which have a very
decelerated proliferation rate [131]. However, the experimental tools applied on this project
required a large amount of cell material, which forced the use of highly proliferative cells for
such investigations.
Following the study of novel pathways of β-cell dysfunction, autophagy is a mechanism where
cellular components are sequestered into lysosomes for degradation. For this reason, it is
considered a cellular protection process but also a potential cell destructor [173]. Autophagy has
been involved in cancer and neurodegenerative disorders [174]. Moreover, it has also been
proved as a potential mechanism of β-cell dysfunction [175]. Because oxidative stress and ER
stress can induce autophagy [5], the activation of some autophagy markers (p62, LC3B) was
verified. However, none of these were activated after insulin induction. Contrary findings related
to C96Y insulin have been reported in the literature. On the one hand, C96Y insulin was found to
induce an increase of autophagosomes apparently by incremented autophagic flux [176]. But on
the other hand, accumulated C96Y insulin in the ER was resistant to lysosomal degradation
causing cellular degeneration and insulin secretion alterations, suggesting the necessity of ER
export for its degradation via autophagy [177]. Therefore, to clarify autophagy's role in
proinsulin degradation, more studies are needed.
Finally, the study of ER chaperones involved in insulin folding revealed interesting findings. On
the one hand, the expression of Grp94, an ER chaperone involved not only in classical pathways
of insulin folding but also in secretion [134] as well as regulation of β-cell development, mass
and function [136] showed a trend towards an increase only after C96Y insulin induction.
However, contrary to previous reports [134] WT insulin did not affect the expression of this
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gene. Detection of gene expression without protein expression could overshadow the real effect
of this chaperone; therefore, a better characterization of this protein should be addressed further
on. On the other hand, PDIA6 has been shown to play a role in the transport of misfolded insulin
[135]. These results confirmed that C96Y insulin induces Pdia6 gene and protein expression.
Remarkably, overexpression of PDIA6 in lung adenocarcinoma cells has been related to
cisplatin-resistance by a decrease of apoptosis markers through inhibition of the JNK/c-Jun
signaling pathway [178, 179]. Therefore, further evaluation of this ER chaperone in the transport
of unfolded or misfolded proinsulin and the apparent caspase 3/7 inhibition could have relevance
for improving β-cell survival.

5.4 H2O2 generation in the lumen of the ER and ER stress caused by and increased insulin
expression and palmitic acid
Combining the doxycycline-inducible insulin expression with the presence of PA allowed us to
study two typical main T2DM risk factors: increased high insulin synthesis and high
concentrations of circulating free fatty acids [11, 19]. The effect of PA on the ER homeostasis of
β-cells has been considered as an aggravator of un/misfolded insulin accumulation and,
therefore, ER stress [18, 116] with subsequent ROS formation [65]. Using TriPer, a PA-induced
increase of H2O2 generation could not be determined in the lumen of the ER. However, the
incubation with both doxycycline plus PA, significantly reduced the TriPer fluorescence ratio,
indicating H2O2 generation inside the ER. The reduction of the TriPer fluorescence ratio
observed with C96Y insulin expression was approximately twice as strong as with the induction
of WT insulin. However, under none of these conditions (WT or C96Y insulin induction plus
PA), the detected H2O2 concentrations exceeded the levels reached by insulin induction alone
(see chapter 3.5.1). A possible explanation could be related to detection limitations of the TriPer
response as described in chapter 3.1.2: no significant differences were found between 50 or 100
µM exogenously administrated H2O2. For this reason, these sensitivity limitations of the sensor
and the experimental settings can be considered as potential reasons for the detection of similar
H2O2 concentrations under the combined condition.
Regarding the UPR activity caused by increased insulin synthesis in the presence of PA, an
evident synergistic effect of both factors on ER stress was revealed after the analysis of UPR
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gene expression. It could be observed that PA alone triggered the activity of the UPR. However,
when PA was combined with high insulin synthesis either for WT or C96Y insulin, a higher
UPR activity was observed, as it was shown by Xbp1s. Once more, the effect of C96Y insulin in
combination with PA was higher on the UPR activity than WT insulin combined with PA.
Moreover, PA alone induced the Chop expression in β-cells, as it has been demonstrated by
others [117, 125, 180]. Additionally, a synergistic effect of Chop expression when PA was
combined with high C96Y insulin induction could be shown. Therefore, it was demonstrated that
high insulin synthesis causing unfolded or misfolded insulin accumulation in the ER acts as a
"first hit" in β-cell function and the addition of PA as a second insult caused higher β-cell
affection and induction of apoptotic pathways.

5.5 Role of high insulin synthesis combined with palmitic acid in cell death or dysfunction
Like in the case of doxycycline incubation alone, cell viability was evaluated after increased
insulin synthesis in the presence of PA. The toxicity of PA was confirmed by cell viability
reduction, as others have shown for RINmF5 cells and other insulin-producing β-cells, including
primary rat islets [48, 49, 180]. Interestingly, when induction of WT insulin was combined with
PA, no further decrease of cell viability was observed. Remarkably, in cells expressing C96Y
insulin, a synergistic reduction of cell viability was detected after insulin induction in the
presence of PA. In line with these observations, PA alone did not affect cell proliferation.
However, when insulin synthesis and PA were combined cell proliferation rate decreased.
Particularly, cells expressing C96Y insulin in the presence of PA were more deeply affected than
cells expressing WT insulin. In the same way, the induction of WT or C96Y insulin in the
presence of PA considerably reduced the ATP content, and again, cells expressing C96Y insulin
in the presence of PA showed less ATP content than cells expressing WT insulin in the presence
of PA. Therefore, these studies could prove that under these conditions, PA alone affected only
cell viability but not the other measured parameters (proliferation, ATP content). However, in
the presence of increased insulin synthesis as a second damaging factor, cell dysfunction
appeared. Therefore, the toxic effect of increased insulin synthesis was intensified in the
presence of PA, causing cell dysfunction.
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Notably, the co-expression of ER catalase could not improve cell functionality after combining
insulin induction with PA. Therefore, the implication of ER stress and ER-generated H2O2 seems
to be just one of the multiple pathways involved in cell dysfunction caused by increased insulin
synthesis and PA. Moreover, the influence of mitochondrial and peroxisomal dysfunction
triggered by insulin synthesis and PA should be considered additionally in the overall cellular
dysfunction.
Finally, different to doxycycline incubation alone, increased insulin synthesis in the presence of
PA activated caspase 3/7. Even when PA alone was associated with a modest increase of caspase
activity, the effect of WT insulin induction in the presence of PA was synergistic, reaching
significantly higher levels than PA or doxycycline alone. Therefore, even when the intense
caspase 3/7 activity did not entirely fit with the moderate cell viability decrease, this caspase 3/7
elevation could represent an initial stage of apoptosis, impacting later also cell viability.
Unexpectedly, a mild increment of caspase 3/7 activity in cells expressing C96Y insulin in the
presence of PA was detected. Considering that 72 h of doxycycline incubation alone reduced the
caspase 3/7 detection by around 30% (see chapter 3.7.3), the apparent absence of caspase 3/7
activity after doxycycline and PA could rather represent a net increase of caspase activity. It was
recently shown that a high level of insulin synthesis has a negative influence on β-cell mass
independently of glucose [181]. Therefore, based on the previously described findings, it can be
speculated that this apparent reduction of caspase 3/7 activity could be linked to the reduction of
the total cell number, quantified by cell viability.
Through this work, it could be demonstrated that the increased insulin synthesis caused an initial
impairment of insulin-secreting cells, which in the presence of a second insult, in this case,
palmitic acid, leads to higher and irreversible cell toxicity through oxidative stress, ER stress and
caspase activity (Fig. 46).
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